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Abstracts
QUANTIFYING PRECAMBRIAN CRUSTAL EXTRACTION: THE
ROOT IS THE ANSWER. D. Abbott'. D. Sparks2, C. Herzbergl, W.
Mooney4, A. Nikish.in~. andY. Zhao~. 1Lamont-Doherty Earth Observatory,
USA, 2Texas A&M University, College Station TX 77843, USA, lRutgers
Geological Survey, Menlo
University. New Brunswick NJ 08903. USA,
Parle CA 94025, USA, SGeological Faculty, Moscow State University,
Moscow 119899, Russia, 6University of California-Santz Cruz, Santa Cruz
CA 95064, USA.

•us.

We use two different methods to estimate the total amount of continental
crust that was extracted by the end of the Archean and the Proterozoic. The
first method uses the sum of seismic thickness of the crust, the eroded thick·
ness of tbe crust, and the trapped melt within the lithospheric root to esti·
mate total crustal volume. This method finds an average equivalent thickness
of Archean crust of 69 ± 9 krn and an average equivalent thickness of Proterozoic crust of 61 ± II km. Much of this crust never reached the surface,
but remained within the continental root as congealed, iron rich komatiitic
melt The second method uses experimental estimates of percentage of par·
tial melting versus the length of the melt column to estimate the amount of
crust extracted through time. This metbod flnds that the average equivalent
thickness of Archean crust was 63 ± 5 krn, and the average equivalent thick·
ness of Early Proterozoic crust was 44 ± 2 km. It is likely that some of this
crust remained trapped within the lithospheric root and that some of the Early
Proterozoic crust contains recycled Archean age crust. Overall, we find that
31-53% of continental crust was extracted by the end of the Archean, most
likely by 2.7 Ga. Between 54 and 84% of continental crust was extracted by
the end of tbe Early Proterozoic, most likely by 1.8-2.0 Ga. Our resultS are
most consistent with geochemical models that call upon large amounts of
recycling of early extracted continental crust. We call upon trapped Fe-rich
melt within the lithospheric root to solve the iron problem, rather than lithospheric delamination.
AMPHIBOLE-VEINED LITIIOSPHERIC MANTLE SOURCES FOR
RECENT ALKALINE BASALTS IN THE NORTHERN CANADIAN
CORDILLERA. A.·C. Abrahamt.2, D. Francis'. and M . Polve2,
'Department of Earth and Planetary Sciences, McGill University, 3450 Uni·
versity Street, Montreal. Quebec H3A 2A 7, Canada (abraham@geosci.
lan.mcgill.ca), lUnitt! Mixte de Recherche-Centre National de Ia Recherche
Scientifique 5563, Universite Paul Sabatier, 38 rue des 36 Pouts, 31 400
Toulouse, France.
Primitive Tertiary to recent alkaline volcanic rocks in the Northern
Canadian Cordillera define two compositional end members, olivine nephe·
linite (NEPH) and hypersthene normative olivine basaJts (Hy-NORM). NEPH
are Si·undersatwated rocks (ne >15 wt%) that define an end member char·
acterized by large enrichments in incompatible trace elements, but isotopi·
cally depleted in term of their Sr, Nd, and Pb composition. They have low
concentrations of large ion lithophile elements (LILE) compared to other incompatible elements such as Nb, Th, U, and the light rare earth elements
(LREE) [I ]. The Hy-NORM end member is characterized by the lowest trace·
element concentrations, but still exh.ibit a general enrichment in the most in·
compatible elements. Hy-NORM always have higher Ph-isotopic ratios than
NEPH, and their 87Srf86Sr and ~'lNdf144Nd signatures vary with the tectonic
block through which they have erupted [I].
The relative behavior of LILE and LREE in NEPH requires the presence
of a K·bearing phase in their mantle sources [2]. Incongruent melting of
amph.ibole (I Amph = 0.45 Liq + 0.45 Cpx + 0.1 Sp) produces liquids consistent with both major and trace-element concentrations of the most Nb-rich
NEPH of each individual center (Fig. 1). The NEPH end member may rep·
resent amphibole-rich veins that developed in the sublithospheric mantle by
tbe migration of asthenospheric fluids. Their depleted isotopic signatures
coupled with high contents of Rb, Sm, Th, and U indicate that this enrich·
ment is relatively recent.
Primitive Hy-NORM from the northern Canadian Cordillera have majorelement signatures similar to other small alkaline centers erupted on phan·
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Fig. 1. Trnce-element concentrations normalized to primitive mantle.

erozoic continental margins [e.g., 3]. They are characterized by h.igh Si02 ,
FeO, Tip, and low CaO, similar to primitive OIB olivine tholeiites as opposed to MORB olivine tholeiites. They have, however, higher Al20 3 than
primitive 018, and have h.igher Na20 contents than both OIB and MORB
(Fig. 2). The Si02 content indicates a last equilibration at relatively low
pressure, between 10 and 15 kbar [4] consistent with the absence of garnet
in the amph.ibole melting reaction. Hirose and Kushiro [4] showed that FeO
and A!p3 are strongly dependent on the composition of the source. The h.igh·
FeO content of the Hy-NORM might be explained by the existence of a source
more Fe-rich than pyrolite under the Northern Cordillera (Fig. 2).
The h.igh Na20 contents may indicate that primitive Hy·NORM were
generated by low degrees of partial melting or might be a source signature,
characteristic of phanerozoic continental mantle. The Al 20 3 and CaO con·
tents of the most primitive lavas suggest, however, that clinopyroxene was
exhausted in their residue, implying relatively large degrees of partial melt·
ing. Although the Sr-Nd-Pb-isotopic signatures of the Hy-NORM depend on
tbe tectonic block through which they erupted, they cannot be explained by
contamination by the upper crust [I]. The terrane dependence of the major,
trace and isotopic compositions of primitive Hy-NORM is consistent with
their derivation from distinct lithospheric roots.
References: [I] Abraham et a!. , in preparation. [2] Francis D. and
Ludden J. (1995) J. Perro/., 36, 1171-1191. [3) Zhang M. and O'Reilly S. Y.
(1997) Chern. Geol., 136, 33-54. [4] Hirose K. and Kushiro I. (1993) EPSL,
114, 477-489.
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Fig. 2. Na20 vs. FeO for primitive Hy-NORM compared to primitive OIB
and MORB olivine tholeiites.
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STABLE ISOTOPES IN DEEP-SEA CORALS: A NEW MECHANISM
FOR "VITAL EFFECTS." J. Adkins 1, E. Boykl. and W. Curry',
1Lamont-Doherty Earth Observatory. Col umbia University. Route 9W, Pa li
sades NY 10964, US A. 1Departm cnt or Earth and Planeta ry Sciences,
Mnssachussetts Institute of Technology, Cambridge MA 02139, USA, lDepanment of Geology and Geophysics, Woods Hole Oceanographic Institution. Woods Hole MA 02543, USA.

recalculated to activ iti es at temperatures using EQ316 (v. 7.2a; [2]). The
chlorite compositions and run products w.:re also e)(amined by ATEM [3).
Results an d Discussion: Fluid-mineral equilibria involving natural
trioctahedral ch loritcs may be modeled by presuming a binary sotid solu1 ion
having c linochlore and chamosi te as phase components such that the equilibrium reaction becomes

Several studies have established that the aragonitic ske leton~ of deep-sea
corals arc out of equilibrium for the stable isotopes or C and 0 . Values of
I)IJC and l)IISQ in deep-sea corals arc lim:arly correlated across a r.mge of more
than 12%o for C and 4%o for 0. However, the heaviest isotopic values, within
a single specimen, can obtain inorganic equilibrium. As deep-sea corals grow
in a temporally stable temperature, salinity and l)llC of DIC environment, the
tread in l\13C and 1\ 180 values mus t be related to the biomineralization
mechanism itself. R.:ceot work has n:latcd potential chaoges in this "vltal
effect" to climate variations in the past [I J. [n our work, '"e establish a regular
panern of l\ 13C and lPSO io tbo: coral Desmophyllrun cri,ragnlli and propos<'
new mechanism for the ca use of this vital effect.
The radially symmetric species D. cris tagalli has thin septa that are attached around an outer rim by ''innerseptal" aragonite. In general the thio
septa, growing toward tlre center of the coral, are isotopically heavier than
the thicker material around tlre ouL~ ide. Microsampling of the ardgonilc shows
that the stable isotopes arc strongly correlated with the coral's banding partern. On a photographic negati ve image, optically de.nsc white bands are
further out of equiUbrium than dark bands. Th.:se dark bands. in the thinnest
portion of the septa. are at l)r8Q equilibrium. to the degree that rllis value
is !mown. All of the rnierosarnpled specimens show a breilk in the linear relationship between I) ISQ :urd l)JJC at the lightest values. In this region. 1)13C
reaches a maximum depletion while I)IBO cont inues to decrease.
This break in slope is an important clue thrtt a previous mechanism for
isotopic disequilibrium in conus, based on kinetic fractionation effects, might
be incorrect. In two landmark papers. McConnaughey proposed that the s low
step of C02 hydration in the e~tra cellular calcifying fluid (ECP) fractionates
C and 0 and that this isotopic signature is preserved more strongly in fast
precipitating aragon ite [2]. Using the same picture of the ECF as McConnaughey, we propose a thenno<.lynamic mechan ism that allows for a slope
break at the lightest values and still works in the presence of Ca ATPase,
an cuzymc found in cora ls that catalyzes C02 hydration. Because bicarbonate and carbouatc ions can not diffuse across the ECF membrane, isotopically light C02 (aq) is an important source of C to the aragonite sk.eleton. This
light C mixes with ambient DTC, which llas several "leaky" pa1hways inro
the ECF. Carbon diox.ide diffusion is driveo by a pH grndicntthar is actively
mai nta ined by the coral to increase the alkalinity of the ECF. This pH increase a lso decreases the 1i l8Q of the aragonite by the pH effect originally
documented by McCrea [3) and further examjned in more detail by others
[4.5) . In this model, the stable isotopes are coupled because the increased pH
of Ihe ECF (dominati ng the 11 180 signal) also controls the relative importance
or C02 diffus ion (dominating thollllC signal) into the calcirying region. 1l1i~
mcchartism may have wider application in biological carbonates as many organisms have very similar s lopes of (\13C vs. (\18Q.
References: [ I] Smith et a l. (1997). [2} McConna ughey ( 1989).
[3) McCrea ( 1950). [4} Usdowski et al. (1991). [5) Zeebc (1999).
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THE SOLUBILITY OF IRON·MAGNESIUM CHLORITE IN HYDRO'IliERMAL SOLUTIONS. S. U. Aja, Department of Geology. Brooklyn
College of the City University of New York, 2900 Bedford Avenue, Brooklyn
NY 11210, USA
Introduction: Solid mixtures or kaol inite aud natural ch!orites t±quart1.)
and/or ch lorite-gibbsite have been equilibrated in aqueous 1.0 M NaCJ, 0.00 I
or 0.005 M MgCJ 2 solutions at 2s•. 125°, 175•, and 2oo•c aod saturated
vapor pressures. Reversibi lity of fl uid-mineral equilibria was demonstrated
by approaching final solution compositions from high and low log a 1flMs't+f
a11• and from silica nuder- and supersaturation. AI the end of the experiments,
the solutions were separated using immiscible displacement techniques [J]
and analyzed by determining pH, Eh. and the concentrations of various meta l
ions (Nn, Mg. Fe, Si. Ti. Ni, Cr. and AI). The measured composi tions wt'rc

(MgsA l)(AISi,)010(0H) 8 + 5Fe•l ..
(fetl5AI)(A 1Sil}0 10(0H) 8 + SMg+2

This presupposes that AJ•.I. Fe•3• and Si0 2.•q (in addition to Cr·1\•qJ•
a1 constant activi ties and that the leve ls of
Mg and Fe··Zare controlled by the appropriate phase components. However,
this is more likely to be true for experiments conducted under elevated conditions as opposed to those con.ducted under low tcmperatu.res. Furthermore,
a graphical analysis of the solution data indicated that the chloritcs reacted
with a fixed composition during the course of the experiment. That is, natuml chlorites may be presumed to behave thcnnodynumicaUy as 1-componeot
phases during isothermal. isobaric experiments and thus the thermodynamic
properties of mixing the endmembcr components to yield the starting bulk
composition arc fixed . But being that some of the above species were not
buffered. tht: solution data were interpreted using the equi librium constant
approach. The reaction between kao linite and the Mg-rich chlorite at 25",
125", and 175" was modeled us ing equations 2. 3. and 4 r~spectively [3}.
NP·\oq)• and Mn2·•1oq 1) are fixed

( Mg8.30l Fe2' o.861Fel+0.343Al !.264Clto.o19MnM17Nio.o14CrJ•o.o01)
CSi, _1,oAinso)Ozo(OHlJ 6 + 12.989 H+ + 0.215 O.?ll!l ,.
At 2 Siz0 5 (0H)~ + 8.303Mgh + 2.5 J4AI(0H)-4 +
1.204 Fe(Of-1)- 4 + 0.017MnZ• + 0.019Ca2• + 0014Ni2• +
0.007Cr3• + 3.75Si0 21"'11 + 5.058H~O

(2)

(Mgs.Jo:l Fe2+o.B6J Fel• o.3nA 11.26oiCaomoMno.O J7N io.oJ4Crl•o.oo7)
(Si 5_750 Aiu 50)020(0H) 1b + 16.601 B• ,.
AI2Si20 5 (0H) 4 + 8.303Mg2• + 2.514A I(0Hh +
1.204 Pe(OHJ- 4 + 0.017Mn2• + 0.019Cah + 0.01 4N i2• +
0.007Cr3• + J.75Si021oq1 + 9.272H~O + 0.086 02{~l

(3)

(Mgs.3o3Fe?-t o.sb1Fe3 ~o.3'i.!Alz.z64Cao.OJ9Mno.o 17N io.o14Crl+o.oo7}
(Si~.750 AI 2450 )020(0H)J 6 + 16.707 W + 0.215 02( ) ,.
6
2.257AI1Si20 5 (0H) 4 + 8.303Mg2• + 0.602 Fe10 3 + 0.017Mn2• + (4 )
0.019Cal• + 0.01 4Ni1+ + 0.007Crh + 1.263Si0 2<•q) + 9.272H 20
1l1e equilibrium cons tants thus calcu lated bave been
Table 1.

~; ummarized
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TABLE I. Log K for Mg chlorite-kaolinite reaction.
Reaction

Log K

2
3
4

52.43 ± 7.50
62.33 ± 6.89
79.06 ± 2.60

In order to eva luate the mixing properties for chlorite solid sol utions. U1e
Mg/H activity ratios measured at 25°C were compared with values predicted
for (cndmember} cl iuochlore-kaolinite equilibria; the comparison indicates
!hal lhc experimentally measured assemblage is more stable. At quart7. saturation, for instance, the predicted value of log alflM&2•fa~~· is 5.4 orders of
magnitude higher than the measured value for the clinochlore-kaolinite
compatibility. Apparently, the Gibbs energy of mixing (6.G"n»•) for Fe-Mg
chlorite solid solutions ITJJly be significanlly larger than currenlly presum~d
in the literature.
Acknowledgments: We thank the donors of the Pet.rolcum Research
Fund, administered by U1e American Chemical Society, for U1cir support of
this work,
References: [J J Aja et at. (199 1) GCA. 55, 1353-1364. [2] Wolery
(1993) LLNL, UCRL-MA-1 10662. [3] Aja S. U. aud Small J. S. ( 1999) Eur.
.1. Mineral., iu press.
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HIGHLY SIDEROPHILE ELEMENTS IN MANTLE SULFIDES: IN
SITU LASER ABLATION MICROPROBE INDUCTIVELY COUPLED
PLASMA MASS SPECTROMETRY ANALYSIS. 0. Alard', W. L.
Griffin'. J.P. Lorand 2, S. Jackson'. and S. Y. O'Reilly2, 'Key Centre for Geochemical Evolution and Merallogeny of Continents, Department of Earth and
Planetary Sciences. Macquarie University, Sydney, NSW 2109. Australia
(oalard@laurel.ocs.mq.edu.au), 2 Laboratoire de Mineralogic, Museum
National d'Histoire Naturelle. European Space Agency-Centre National de
Ia Recherche Scientifique 7058, 61 Rue Buffon, 75005 Paris, France.
The geochemistry of the siderophile and chalcophile elements potentially
carries large amounts of information on processes in mantle-derived rocks.
In particular, the platinum group elements (PGE), which are classified with
Au and Re as highly sideophile elements (HSE) may be even more useful
than the more commonly used REE. Sulfide phases are thought to be the maio
hosts for the HSE in mantle rocks; PGE contents on the order of tens of ppm
have be-e o reported for sulfide inclusions in peridotite-paragenesis diamonds
[I] and for sulfide fractions from the Lherz orogenic massif [2]. However
these two studies have yielded contrasting choodrite-normalized PGE panems;
sulfides in diamond have high IPGE (Os, lr, and Ru) contents and PdflrN <I,
and "massif" sulfides have lower lPGE contents and PdflrN > 1.
We have determined the HSE (PGE + Au) contents of single mantle
sulfide grains using a custom-built Nd:YAG UV laser-ablation microprobe
linked to a Perkin Elmer Sciex ELAN6000 lCPMS. We have investigated
peridotite xenoliths in alkali basalts from Eastern Australia and the Massif
Central (France); kimberlite-hosted garnet peridotites (South Africa); orogenic
peridotites from Lherz (Pyrenees, France); and an abyssal peridotite from the
Kane area (Atlantic).
The PGE contents of the sulfides are highly variable; e.g., Os ranges from
0.5 to 100 ppm and Pd from 0.4 to 83 ppm. The concentrations of IPGE in
sulfide are roughly inversely correlated with whole-rock S content. None of
the PGE panems of sulfides. whether enclosed io other phases or interstitial.
is chondritic. Mantle-normalized PGE patterns can be divided into two basic
types: (I) pattern A (Fig. I) which displays high IPGE content and decreasing normalized contents toward Pd and Au, leading to Pd/IrN <1; and (2)
pattern B (Fig. I) which is characterized by low IPGE contents and Pd/IrN
>I. The two patterns can be observed in different sulfide grains in the same
sample. Sulfides having pattern A are MSS and are generally enclosed in
primary silicate phases (e.g., olivine, garnet); they occur in all sample types.
The B pattern is found in interstitial sulfides, which commonly are Cu-rich
compared to the silicate-enclosed ones from the same sample. For instance,
in sample AR-10 (New England, Australia), which has 330 ppm of S and
Alz0 3 = 2.5%, angular sulfides within merasomatic patches have typical B
patterns.
Both patterns may display negative Pt anomalies (Pt/PdN <I and Pt/RuN
<I). These anomalies can be very pronounced as in lherLolite 84-1 from Lherz
which has PtiPdN and Pt/RuN as low as 0.02 and 0.04 respectively. However,

Fig. 1. Primitive-mantle normalized PGE patterns. Primitive mantle and CJ
chondrite values are from [6].

3

the whole rock Pt/PdN and Pt/RuN are 0.5. 0.5 respectively [3]. and the
discrepancy may imply that Pt is hosted by a phase(s) other than sulfide. We
have occasionally observed Pt peaks at the begining or end of sulfide ablation runs in serpentinized rocks, suggesting that Pt may occur as discrete
phase(s) at the margins of sulfide grains, perhaps within altered sulfide or
io silicates. However, we have not yet observed any nugget effect for PGEs
other than Pt in mantle sulfides [cf. 4-5], even in the most PGE-rich ones.
This suggests that PGEs are highly soluble in base meral sulfides under mantle
conditions.
On the basis of petrographic observations and experimenral work [e.g., 7)
we interpret sulfides with A patterns as residual MSS while sulfides displaying B patterns may represent trapped sulfide liquids. The complementary
nature of these two patterns suggests that they are related through a single
process, the partial melting of a "primitive" sulfide with a chondritic panem:
A sulfides represent the restite while B sulfides are related to the partial melt.
Since many of the mantle samples studied here display both patterns, we
suggest that many of the "typical" chondritic mantle patterns found in wholerock PGE analyses may reflect a mixing between several sulfide generations.
In situ analysis is required to understand these patterns.
Rererences: [I] Bulaoova G. P. et al. (1996) GCA, 124, 111-125.
[2] Pattou L. eta!. (1996) Nature, 379,712-715. [3] Lorand J.P. et al. (1999)
J. Petrol., in press. [4] Tredoux et al. ( 1997) EAG Workshop 97. [5] Balhaus
C. (1997) EAG Workshop 97. [6] McDonough and Sun (1995) Chem. Geol.,
120, 225-253. [7) Li eta!. (1996) GCA, 60, 1231-1238.
THE EARLY EVOLUTION OF THE EARTH AND MARS FROM
HAFNIUM-NEODYMIUM-ISOTOPIC SYSTEMATICS. F. Albaredet,
J. Blichert-Toftl, J. D. Vervoort2, J. Gleason!, and M. T. Rosing3, 'Ecole
Normale Superieure de Lyon, 69007 Lyon, France (albarede@ens-lyon.fr),
2University of Arizona, Tucson AZ 85721, USA, 3Geologisk Museum, 1350
Copenhagen. Denmark.
Mantle convection on terrestrial planets should be geochemically traceable. Three planets (Earth, Mars, and the Moon) are accessible to geocherrtical observation. Their wide range of depth and gravity makes the extent of
mineral slability fields very different, notably for garnet and perovskite. These
two rrtinerals can be adequately traced for their strong fractionation of two
pairs of parent and daughter isotopes, " 7Srn!I«Nd and 176Lufi77Hf. through
the isotopic composition of Nd and Hf.
Neodyrrtium- and Hf-isotopic data on shergonites [I) show that basaltic
material was extracted very early to produce the enriched crust and the
depleted mantle of Mars. The martian crust differs from the lunar highlands
by a Jesser plagioclase abundance, a result of the stronger gravity. The persistence of isotopic anomalies associated with extinct radionuclides [2] suggests that, just as for the Moon. the early cherrtical differentiation of the
martian mantle survived since 4.4-4.2 Ga. thereby casting doubt on the
persistence of vigorous convection in the mantle of this planet.
On Earth, the oldest coherent piece of ancient crust is in lsua, Greenland,
and is 3.8 b.y. old. Although some mobility of the elements of the radiogenic
systems is undoubtedly present, the integrated Sm!Nd and Lu!Hf ratios of the
mantle source of Jsua volcanics and felsic rocks fall between the modem
values of the terrestrial mantle and those of the poorly rrtixed lunar and
martian mantles [3--5]. This observation depends very linle on the age assumed for these rocks.
This isotopic pattern reveals that, in contrast to the Moon and Mars, the
terrestrial mantle has nearly reached convective steady-state. Extraction of
basaltic melts both at ridge crests and hot spots plus flushing at subduction
zones result in the formation of continental crust and mantle heterogeneities.
This fractionation induced by phase changes is balanced by convective
mixing. Some memory of the initial chemical stratification is, however, still
noticeable in the mantle source of Archean basalts. The relative strength of
the Lu!Hf and Sm!Nd fractionation and the contrast between the melt and
inferred source values of these ratios (the "Hf paradox" of [6]) indicates the
ubiquitous role of garnet as an essential mineral left behind by melt extraction. Gamet was a very likely residual phase during the cooling of magma
oceans of the Earth and Mars. Gamet seems also to be a residual phase of
modem as well as Archean basalt extraction [5).
·
Alternatively, evidence for noochoodritic values of the terrestrial mantle
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in th~o: Archean may ca ll the chondri tic paradigm into question [71. Whether
the Sm!Nd and Lu!Hf ratios of the bulk Earth equal those of ordi nary chondrites echoes the discrepancy found for 0 isotopes bwvecn chis group of
meteorites and terrestrial materia l [8]. The Earth may have formed from a
mixture of meceorices from c.Jiffereot classes or from a panicular reservoir or
nt!bu lar materia l with Sm!Nd and Lu!Hf ratios different from !hose observed
io ordi nary chondri ces. Ao alleroative possibility is that !he giant impact !bat
formed the Moon hlasted off irreversibly the Hadean crust aod iiS inventory
of lithophile elcmcnrs and left the planet with Sm/Nd and Lu!Hf ratios higher
than in the initial material. Making these ratios significantly larger in the BSE
than in chondrites so !hat che Archean man lie is not excessively depleted has,
however, ll1e perturbing consequence of moving the enure modem array of
oceanic basalts iota the enriched quadrant. This io turn begs the question:
Where is the missing complement of such an "enriched" source of oceanic
basalts? The BSE values for U1e Sm-Nd and Lu-Hf systems as they are now
[91 thuefore seem to be reasonably we U determined.
The persistence of transient chemical heterogeneities for -0.8 b.y. after
plaoetary accretion is consistent with the therrnal relaxation of the Earth [I 0)
and reflects that both heat loss and chemical equilibration keep pace with
plume extraction and plate tet:ton ics. Tite question of whether any memory
of the primordial differentiation has beeu preserved in the modern deep mantle
is important for mantle tomography.
References: [ I I BUchert-Toft J. et al. ( 1999) EPSL, submined. 121 Har·
per J. ec al. (1995) Science, 267, 213- 217. [3) Lee D.-C. and Hall.iday A. N.
(1997) Nature, 388, 854-857 (4] Vervoort J.D. and Blichcrt-ToftJ. ( 1998)
GCA, in press. [5] Blichert-Toft J. et al. ( 1999) GCA, in press. [6] Salters
V. J. M. and HartS. R. (1989) Nature. 342. 420-422. (7] Vervoort J.D.
et al. (1999) EPSL, 168, 79-99. [8) Claytoo R. N. (1993) Arm. Rev. Earth
Planet. Sci.. 21, 115-149. [9) Blichert-Toft J. and Albarcde P. (1997) £PSL.
148. 243-258. [1 0) Schubert G. e l al. tt979) JGR. 85, 2531-2538.
ION PROBE MICROMETER SCALE STABLE ISOTOPIC RATIOS
OF AEROSOL MICROPAR11CLES. J. Alcon, M. Chaussidon. and B.
Marty. Ccnlre de Recherches Pctrographiques et G~och im i ques-Centrc
Nationa l de Ia Recherche Scientifique, 15 rue Notte Dame des Pauvres, 54500
Vaudoeuvre-les-Nanc.:y. France (aleon@crpg.cnrs-nancy.fr; chocho@crpg.
cnis-naucy .fr; bmarty@crpg.cnrs-nancy.fr).
Aerosols are involved in photochemical reactions, in clouds microphysics and in the atmospheric radiative budget. The kDowledge of their characteristics is therefore required to have a beucr approach of global atmospheric
understanding. Stable isotopic ratios can be used as a powerful tool to determine the circulations of primary aerosols such as mineral dust [I) or to
constrain the chemical processes occuring during the formation of secondary
aerosols such as sulfntes or sulfuric acid droplets [2). l11e 0-isotopic r.ttios
of quam: from mineral dusl can be used to determine the proporlions of
magmatic and metamorphic quartz of high-tempcracurc origin and of sedimentary quartz of low-lemperature origin. Sulfur· and 0-isotopic ratios in vol·
canic sulfates, if available at the scale of single grains, will provide new
informations on rhe oxidative processes occuring in a volcanic plume.
Up to now iso1opic data have been obtained for bulk aerosol samples
which might obscure isotopic signals since classical techniques for 0-isotopic ana lyses, for ins tance, require more than 108 individual micrometer-sized
gra ins.
We developed a lechnique lo analyze t80f 16() and 34Sf32S ratios in individual micrometer-sized aerosol particles with a high sensitivity Cameca
lMS 1270 ion probe. Quartz grains arc chemically separated from the samples
[3] and then incrusted into an In foi l prior to analysis. Tite solubility of
sulfates and their submicrometer size lead to additional difficulties for lllc
sample preparation. Filter fibers with aerosol particles are hand picked from
llle fi llers and one by one incrusled into an In foil. A gold grid is then pressed
on the samp le to ensure that tht: preparalioo is conductive.
In the imaging mode a 5 pA Cs"' primary beam focused down to <I JJm
is rastered over zoocs of 25 x 25 J.1lTI on the quartz samples. Quantitative 0isotopic images arc then acquired on an electron multiplier. A software has
been developed to process these images in order to recogoi1.c automatically
individual panicles and to compute 1heir isotopic r..ttios (Fig. 1). l11e particles
when located by image analysis ca n also analy:t.txl in lhc ponctual moc.Je. The

Fig. l . O}(ygcn- 16 and 180 images of micrometer-sized q uartz grains
mounted in ln.

ion intensity obtained for t80 on a single micrometer-sized particle al.lows
to rench a l o reproducibility beller !han 3- 5%o for o1RQ , wbich gives the
possibility to separate for instance low T quartz from high T quartz.
For sulfates a 0.2 to 0.3 nA Cs· primary beam is used in a rastering mode.
Sulfur-32 and 34S isotopes are counted on an electron mu ltiplier and a reproducibility of 1%, can be achieved for &l 4S. Preliminary results obtained
on 1986 Etna samples. fi llers collecrt:d by aircraft by Le Cloarcc in the plume
of the volcano at several distances from tltc craters. show for instance only
a few per mil variations.
References: lll Clayton R.N. et al. (1972) JGI?. 77. 3907- 39 15.
[2) Castleman A. W. et al. (1974) T<!llll.v, 26, 222-234. [3) Syers J. K. et al.
(1 968) GCA, 32, 1022-1025.
SPHERICAL FLY-ASII PARTICLES AS MARKERS FOR CONTEMPORARY DEPOSITION OF ATMOSPHERIC POLLUTANTS.
T . Alliksaar,lnstitule of Ecology, Tallinn University of Educational Sciences.
Kevade Street 2, Tallinn 10137, Estonia (tiiu@eco.edu.ec).
Introduction: Fossil-fuel combustion is one of the most important an·
thropogcnic sources of several pollutantS affecting ecosystems. Most of the
chemical compounds reflecting atmospheric pollution arc to a varying extent
liable to lrdllsforrnation and do not leave good aod rel iable records. especially
when annual average or long-term distribution of pollutants is studied. Due
10 their composilion, spherical fly-ash particles. formed during the high tern·
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J. Paleolimnol., 15, 193- 206. [6] Kaasik M. et al. (1999) Water, Air and Soil
Pollut., in press.
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SOLUBLE SALTS IN PATHOLOGIES OF GRANITIC MONUMENTS
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Fig. 1. Spherical fly-ash particles influx (no. cnr2 per 4 months) in snow
samples compared with the distance (kilometers) from the main power plants
of northeastern Estonia.

perature combustion of fossil fuels, are chemically resistant and preserve well
in envirownent. This makes them stable markers for the historical monitor·
ing of atmospheric deposition of pollutants.
In order to find out the spread and deposition of airborne pollutants fly.
ash particles were analyzed in snow samples of northeastern Estonia. This
area is the maio region of energy production in Estonia where local fossil
fuel, oil shale, is used. The results of snow samples were compared with fly·
ash particle concentration data obtained earlier from lake surface sediments
covering the last 5-10 years as well as from upper sediment cores.
Results and Discussion: Some earlier studies [1,2) have demonstrated
that lake sediments can be used successfully for investigating spatial distribution of atmospheric pollutants. The results from Estonian lake surface
sediments showed that the concentration of fly-ash particles follows mainly
the location of industrial areas but at the same time is also influenced by
sediment processes (e.g., accumulation rate, distribution, resedimeotatioo,
etc.) and trophic status of the lakes (3]. Therefore particle concentrations in
adjacent lakes were found to be very variable (5-20x differences) even though
these lakes should receive similar fly-ash particle inputs from the atmosphere.
Analyzing the upper part of sediment cores additional information for
the estimation of particles influx can be obtained. As usually fly-ash particle
distribution curve in the sediments follows the historical record of fuel
combustion in the region, it is possible to date recent lake sediments by
particle counting. In this way sediment accumulation rate as well as particle
influx values can be assessed. Despite the general trend in particle deposition the influxes per sediment surface unit vary 2-3x in the lakes within a
short distance [4}.
The results from snow samples characterise better the distribution of
pollution sources since problems accompanied with in-lake processes are
excluded. The fly-ash particle influx values in snow water are decreasing with
an increase of the distance from the maio power plants io northeastern Estonia
(Fig. 1). Similar exponential growth in particles deposition rate within 10 km
from the pollution sources has been observed by other researchers too [e.g., 5).
At the same time, deposition fluxes of atmospheric pollutants are highly
dependent on the weather conditions and the landscape structure (the openness, topography, the surface roughness, etc.) (6). Despite that the variations
in particle deposition in snow-cover of adjacent sampling sites are negligible.
The combined aoaJysis of fly·ash particles in sediments and snow-cover
show that they can be used for environmental monitoring as well as for
validation of air-pollution models (both dispersion and deposition). Paleogeographical approach in this investigation enables to describe multiyear average values of particles deposited in the ecosystem and estimate the changes
in time. As fly-ash particles are emitted together with several micro· and
macrocomponents they can be used as general indicators for deposition of
air pollutants from fossil fuel combustion.
References: [I) Wik M. and Renberg I. (1991) Ambio. 20, 2&9-292.
[2) Rose N. L. (1996) Environ. Pollut., 91, 245-252. [3] Alliksaar T. and
Punning J.M (1998) Water, Air and Soil Pollur., 106, 219-239. (4] Punning
J·M. et al. (1997) Oil Shale, 14, 347-362. [5) Wile M. and Renberg I. (1996)

Introduction: This study aims to characterize the soluble salts that
occurs on pathologies of granitic buildings of Braga (northwest Portugal) and
to discuss the possible pollution sources. Three sites of Braga were studied:
Largo do Payo architectonic complex (14th- 18th centuries), Biscainhos
Museum, and Assembleia Distrital building. These two last buildings were
part of the old Biscainhos Palace (17th- 18th centuries), but, for administra·
live reasons and due to their different history of use, are considered as separate units.
Materials and Methods: Samples of granular disintegration, scales and
flakes affecting granitic stones and efflorescences on several building mate·
rials were collected. These pathologies were studied by optical microscopy,
XRD, SEMIEDS, and chemical analysis of the aqueous extract by AAS and
ion chromatography.
Results and Discussion: Several saline minerals were found in the
efflorescences and their distribution seems to indicate different pollution
sources. Gypsum occurs associated with the diverse saline minerals (generally in minor quantities) and, therefore, it is not mentioned in the following
discussion of the efflorescence mineralogy. Niter is the dominant, and very
frequently unique saline mineral, in most of the Biscainbos Museum and in
a restricted zone of the Largo do Pa<;:o complex, reflecting organic contribu·
lions from domestic animals (and their alimentation) that were present in the
past. In the Assernbleia Distrital building, where there was a salt storehouse,
there are great amounts of halite efflorescences, but they are limited to a
column in the entrance hall and the adjacent stair. Around this place the
mineralogy of the efflorescences changes to trona and thenardite (sometimes
with minor aphtbitalite) and the presence of these minerals extends to the
adjacent zones of the Biscainbos Museum. This mineralogical evolution could
be explained by the interaction between the solutions from the salt deposit
and the wall rendering mortar. Darapskite and nitratite occur in zones of
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Fig. 1. Proportions of main anions and cations (in meq) in the aqueous
extract of samples from the Largo do Payo complex and Biscainhos Museum
sheltered (D) and unsheltered places (x) and from the Assembleia Distrital
building (0). (a) Scales and flakes; (b) granular disintegration.
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contact betwc~n the salt system characterized by niter and the salt system
originated from the old salt storehouse, Alkaline sulfates a nd c;uhonates
(main ly thenardite. but also aphthithalite, syngco.ire, and trona) arc dominant
in a llrnitrd zone of the Largo do Pa~o. and their formation seems lin.k cd to
lhe cement mortar used in restorations pcrfomtcd in the present century . In
lhc Largo do Payo complex. the presence or hal ite, with nitrati tc and niter,
appears to be associated wilh human organic contributions . The limited oc·
currence of magnesium sulfates seems related to lhe same salt systcrn.
The samples of scales and /lakes from several sheltered places of lhe Largo
do Pa.;o complex and Biscainhos Museum arc charach:rized by the presence
of gypsum aggregates io the surface of separation from the stone, regard less
of the diversity of saline minerals lhat occurs in the efflorescences also found
in lhose places. The aqueous exttact composition of these scales and tlakcs
show a trend toward the sulfate and calci um poles (Fig. Ia • 0). In the samples
from lhe unsheltered places of this bui ldings it is much rarer to found gyp·
sum aggregates and lhere is a major scattering of the aqueous extract composition (Pig. Ia • x). 11tc scales and Oakes ftom inside the Asscm['lleia
Distrital building are characterized by lhc presence of halite, as maio saline
mineral, in Ute surface of septtratioo from the stone. The aqueous extract
composition of these samples show a trend toward tlte sodium and chloride
poles (Fig. la - 0).
1l1c characterization of granular dis integration samples is more difficult,
d ue to the interference from granite minerals and to the great dispersion of
the aqueous extract composition (Fig, lb).
Conclusions: The variety of the solub le saJLS indicates that several pollution sources contribute to the saline polJution in lhe studied monumcots.
The type and distribution of the soluble salts show tllat human-related pollution sources are much more important than natural ones.
Acknowledgments: This work is supported by PRAXJS XXI 1/2.1/
CSB/254195.

CHARACTERIZATION OF SAUNE POLLUTION AFFECTING THE
ANGRA 00 HEROfSMO CATilEDRAL: A TRACHYTIC MONUMENT OF TERCEIRA ISLAND (AZORES, PORTUGAL). C. A. S.

Alvest, M.A. Sequeira Bragal, and A. Trancosol, 1Ccntro de Cieucias do
Ambicntc, Departimento Cii!ncias da Terra, U.M. 4700-320 Braga. Portugal
(casaiil@dct.uminho.pt), lJnstituto Naciona l de Engenharia e Tecnolog ia
Industrial, Estrada do Par,:o do Lumiar, 1649-038 Lisboa, Portuga l.

Introduction: The tTachytic stones of the far,:ades of the Angra do
Herofsmo Cathedrdl present intense deterioratioo io the form of granular
disintegration. scales and /laJ<c~ (stone pathologies) that occurs from m:ar the
ground to the top of the fa~adcs. These stones were in times covered with
a mortar rendering. Inside the church, the stones are well preserved but there
are saline efflorescences that occurs on wall reoderiog mortar (leading to lhe
disruption of lhe wall painti ng). in mortar joints between stones, in a tile panel
(in l11e mortar joinL~ between Liles and in places of the tiles were the glazi ng
has pee led off) and in a trachytic stone that was covered wilh cement. These
decay features are typically associated willt salt pollution. The present study
aims LO characterize the soluble salts and to discuss the contamination sources.
Materials and Methods: Several samples of the stone pal11ologies were
collected nt different heights t0.6- 4.6 m) and in the different fa~-adcs. Studies were carried out by SEMIEDS and chemical analysis of the maio con stituents of lhe soluble extract. The cations were determined by /lame atomic
absorption spectrometry and the anions by ion chromatography The saline
cffiorcsceoces were studied by optical microscopy (immersion mclluxl), X-ray
diffraction, and SEMIEDS.
Results and Discussion: The chemical analysis of lhc soluble extract
shnw :tn enrichment on solub le salts in the samples from the monument
(0. 1405-1.552% soluble salt content) when compared with a sample from
a trachyte quarry (0.028% soluble salt cootent). [n the monument, there is
a certain trend for the higher stone samples to have gr~;;ater soluble salt contents.
Plotting of the resultS in a diagmm of mcq proportions of main nnions
and cutions (Fig. I) sbow that the soluble content of tbe somples are ncar
the Na-Ca line aud ncar the cbJoride-s ulfate line, with a clear trend towards
the chloride and Na poles, which are lhe main ions in most of Lhe samples.
The levels of the different' ions do not define c lear trend~ with l11c height of
the sampl<:s . However, there is a weal< tendency for the levels of chloride,
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Fig. 1. Proportions of main anions and cations (in mcq) in tbe soluble
extract of sttmples of granulttr disintegrJtion ( 0) and scales and flakes (0).

sulfate, and Na to increase willl llJc height of lhc samples. SEM observations
showed the presence of balite ttnd gypsum in samples of the stone's pathologies.
Mirabilitc (Na1 SO,•JOH 20) is lhe most common saline minera l in lhe
efllorcscenccs lhal oc.cur inside lhc monument. bei ng identifi ed in wall renderipg mortar (with traces of gypsum in one san1ple). mortar joints between
stones, and between tiles. A sodium carbonate [probably nattoo (Na 2C03
10H20)] was identified in efflorescences occurring io lile tiles panel. Halite
<tOd gypsum were identified in tile efflorescence round on a trachytic stone
covered with cement.
The predominance of Nu and chloride in the stone palhologics could be
justified by corJtarnination from rainwater with n maio oceanic component.
However. some ions (oitntc, Ca, sulfate, and K) have ratios to chloride higher
l11an those found in lhe rainwater from the neighbor Pico is land [I]. These
higher rdtios could be debt to contributions fmm ollt~r sa line sources (namely
the mortar rendering that covered the stones and car pollution).
Titc minerJlogy of the ctllorescences inside the chu rch showed a clear
sodic domain, but there seem to be an evolution from NaCI to Na 20 4S and
carbonate. This evolution was already observed in granitic monuments of
Braga (northwest Portugal) and cou ld be associated with the composition of
lhe wall rendering mortar, The efflorescence found in the trachytic stone. even
that covered wil11 cement. could be more c losely related to the rainwate.r thai
infiltrate the church. and thus would be explained the presence of ha lite and
gypsum in this effiorese.:oce.
Conclusions: The distribution of the pat!Jologies, along all the height
of the fa\:Udes, and the mineralogical anti chemical results suggest U1at rainwater is the main saline pollution source on l11e Angra do Heroismo Calhedral. 1l1e pollution by rainwater and the high precipitation registered in the
Tc:rccira Island explain the difference of durability between the stones on
fa~adcs and inside the monuments and show the high susceptibil ity of trachytic stones to natural agents.
Acknowledgments: This work is supported by PRAXIS XXI 2/2. 11
CSH/254/95.
References: [I ] Louvat P. and Allegre C. J. (1998) Chem. Geol.. 148.
177- 200.

THE OSMIUM-ISOTOPIC MESSAGE IN THE LESSER ANTILLES
ARC LA VAS. S . Alves, P. Schiano, and C. J. Allegre, Laboratoire de

Geoch.imic et Cosmochimie, lnstitut de Physique d u Globe de Paris, 4 place
Jussieu, 75252 Paris Cedcx 05. Frdnce (alves@ipgp.jussicn.fr).
l.ntroduction: Numerou~ geochemical studies have suggested a large
role of subductcd sediments in the source of Anti lles lavas, and generally infer
t!Jat the proportion of the sediment compooeot increases southward, in agreement with the increasing thickness of lhe sedimentary column at lhe trench
[e.g., I]. Marine sediments, and old oceanic and contincnUll crust have much
more radiogenic Os-isotopic compositions than peridotites, because of the
se;Jwatcr signature for the sediments ( 1 87Qs/ 1 ~~0s = 1.059 [2]), and of the
high Re/Os ratios in melts relative to mantle residues for the crust. As a
conscquenl:e, recycling or assimilating such radiogenic materials is likely to
increase UJe Os-isotopic ratios of is land arc magmas.
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Fig. I. Osmium-187/osmium-186 vs. Jf18S()s for Lesser Antilles volcanics .
Each symbol is for a single island.

Results: We measured Os-isotopic ratios and Re and Os concentrations
in 15 recent volcanic rocks from the Lesser Antilles inner arc. Our samples
have basaltic to andesitic compositions and come from Saba {SB), St. Kitts
{SK), Guadeloupe (G), Martinique {M), and St. Vincent (SV) islands, lying
from north to south of the arc.
The Os and Re contents range from 0.2 to 5.6 ppt, and 70 to 460 ppt
respectively, and completely overlap the ranges previously found for Java and
Japan calc-alkaline basalts [3,4]. Osmium-isotopic compositions of the
samples also display a large variation. Osmium-187/osmium-188 ratios range
from 0.149 to 0.957, and are comparable to those of Java and Japan calc·
alkaline lavas. Several analyses of some samples revealed that the Os content
and isotopic ratio can also vary significantly within a single rock.
Discussion: We have reported the results in a 1870sf1880s vs. JIISS()s
diagram {Fig. 1). The data show that the islands (except St. Kitts) are rep·
resented by positive linear trends, starting at a common uoradiogenic Os-rich
end, and spreading out to several radiogenic compositions. These linear
correlations likely reflect binary mixtures between radiogenic components and
the unradiogenic peridotitic upper mantle. Binary mixtures appear as common feature of Os isotopes [see 5), especially for arc lavas [3,4).
In a 207Pb.f204Pb vs. 206Pbf204Pb diagram, the data define a positive correlation extending from Atlantic MORBs toward the sediment field. This
relationship is interpreted as an increasing proportion of recycled sediments
in the mantle sources southward. However, no clear relationship is observed
between Os isotopes and the geographic location of the islands.
Also, fractional crystallization coupled (or not) with assimilation of con·
tinental material cannot account alone for the covariations between Os cootents and isotopic ratios, in particular because no simple relationship is
observed between Os and the other elements, even for the islands taken
separately.
In fact, radiogenic end members of Fig. I can be considered as source
components. Turner e1 al . I I) have suggested that in Lesser Antilles northern
islands, where the sediment contribution is low, lavas are marked by the
contribution to the mantle source of an aqueous fluid characterized by trace
elements and isotopic ratios compatible with an origin from altered oceanic
crust. Accordingly, SB and SK have high Ba/Th ratios and low Pb-isotopic
ratios, consistent with such a fluid addition . However, Fig. I shows that these
islands have clearly distinct Os-isotopic signatures. Moreover, SV and M,
which are both enriched in radiogenic Pb, also display strongly contrasted
Os mixing trends. These observations suggest that the Os mixing correlations
for Caribbean islands are decoupled from the Pb isotopes.
References: [I] Turner S. et al. (1996) EPSL, 142, 191-207.
[2) Levasseur S. et al. (1998) Science, 282, 272-274. [3) Alves S. et al. (1999)
EPSL, 168, 65-77. [4) Alves S. et al. (1999) EUG/0 Conf, Strasbourg.
VERTICAL AND HORIZONTAL DISTRIBUTIONS OF NEODYMIUM-ISOTOPIC RATIO OF THE NORTHWESTERN PACIFIC,
SEA OF OKHOTSK, AND JAPAN SEA. H. Amakawa, D. S. Alibo, and

7

Y. Nozaki. Ocean Research Institute. University of Tokyo, Nakaoo-ku 1-15-1,
Tokyo, Japan.
Introduction: Since Piepgras and Wasserburg (1980) first reported the
Nd-isotopic ratio of sea waters, it has been applied as a tracer for studying
global or basin-wide ocean circulation. Previous studies revealed interoceanic
differences in Nd-isotopic ratios, which suggest a relatively shorter residence
time of Nd ( -1000 yr) compared with the mixing time of ocean water
(-2000 yr), although the residence time of Nd estimated from the river flux
well exceeds 5000 yr [I). To circumvent the discrepancy in the residence time,
several ideas are proposed, which can be classified into two categories: Nd
flux from the estuarine sediment and that from the particle-water exchange.
The northwestern Pacific Ocean, which shows high weathering rates. seems
to be a clue for understanding such processes. However, only a small number of Nd-isotopic data for sea waters are available for this region to date. Here.
we report the Nd-isotopic composition of seawaters collected from the northwestern Pacific Ocean together with the Sea of Okhotsk and Japan Sea above
oceanic regions for understanding the oceanographic factors controlling the
distribution of the Nd-isotopic ratio.
Results: In Fig. I, the depth profiles of ENd values of the Pacific Ocean
(CM5), Sea of Okhotsk (CM6), and Japan Sea (CM20) are shown. The range
in ENd value of CM5 is the almost same as that of the previously reported
ones of the northwestern Pacific Ocean (TPS 24-271-1) [2). A maximum
around 1000 m observed in the profile ofTPS 24-271-1 is much more clearly
identified in CM5. Although the number of data is limited, CM6 shows a
similar depth profile as CM5. The sill depth between the Pacific Ocean and
Sea of Okhotsk is more than 2000 m. Thus, the maximum around 1000 m
seems to be congruent for both oceanic regions. However, the source of
radiogenic Nd is not clear yet. CM20 of the Japan Sea site shows a fairly
uniform isotopic composition below 500 m, i.e., within the Japan Sea Proper
Water. The residence time of the Japan Sea Proper Water is estimated to be
several hundred years [3,4]. Thus, the residence time of Nd is deduced to
be longer than that of the Japan Sea Proper Water.
As shown in Fig. 2, each oceanic region shows distinctive Nd-isotopic
ratios for surface samples. The Japan Sea shows the lowest ENd (-8.9 to
-7.2), which implies the relatively larger flux of Nd from continental crust
compared with the other oceanic regions. The range in ENd for the Pacific
samples (-5.6 to -2.2) is much wider than that of the Japan Sea samples.
On the west coast of the Japan islands, the Kuroshio and Oyashio currents
flow. The Kuroshio current with low ENd value (-6 to -5) flows in the Pacific
Ocean south of 35°N. The low eNd value might be due to the large input of
continental Nd while flowing at the south of the Japan islands. On the other
hand, the Oyashio Current with high eNd value {>-3) flows in the Pacific
Ocean north of 40°N along the Kurile Islands with high ENd value (+7 to +I 0).
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Fig. 2. The distribution of Nd-isotopic ratio of surface seawater. Closed
circles = this study; open circles = reported data).

This might result in various Nd-isotopic ratios of surface seawater in the
northwestern Pacific.
Rererences: [I) Goldstein and Jacobsen (1988) EPSL. 87, 249-265.
[2) Piepgras and Jacobsen (1988) GCA, 52, 1373-1381. [3] Garno and Horibe
(1983) J. Ocenogr. Soc. Japan, 39, 220-230. [4) Harada and Tsunogai (1986)
EPSL. 77, 236-244.
OPAL AS A URANWM-LEAD GEOCHRONOMETER. Yu . Amelin 1
and L.A. Neymark2, I Department of Earth Sciences, Royal Ontario Museum,
Toronto ON, M5S 2C6, Canada (yuria@rom.on.ca), 2Mail Stop 963, Pacific
Western Technologies, Denver Federal Center, Denver CO 80225, USA
(lneymark@usgs.gov).
Introduction: Records of ancient water flow in arid environments are
preserved in precipitated from groundwater mineral crusts, composed largely
of calcite and amorphous silica (opal and chalcedony). These minerals have
been dated by the 14(; and 23<Yfh!U methods [!]; however these methods are
limited to ages :550 ka and :5500 ka respectively. The U-Pb system in opal
and chalcedony allows dating in the age range from -50 ka to millions of
years and older [2,3]. For opals younger than -500 ka it is possible to apply
combined U/Pb and 23<Yfh!U dating to the same materials, thus allowing better
evaluation of closed system conditions, determination of initial 234 Uf23BU
ratios, and examination of continuous vs. episodic growth of opal [4).
Recently. U/Pb dating of opal has been used to study paleohydrology at
Yucca Mountain, Nevada, a potential site for high-level radioactive waste
repository [3,4). Further application of this geochronometer requires evaluation of its robustness in a series of experiments with large homogeneous opal
samples, some of which may subsequently be used as standard samples. We
have selected three large (-1-20 g) opal samples from the mineral collection
of the Royal Ontario Museum and studied their U-Pb and 230'J'h. u systems.
Samples and Methods: Two of the analyzed opal samples are visually
homogeneous; one of them (El989) is clear, another one (M21277) is translucent. The third sample (M21 006} comprises a translucent opal matrix with
clear opal veins. All three samples show relatively bright green nuorescence
in shortwave UV light.
Combined U/Pb- and 2317Jb!U-isotopic determinations [4] were made from
single small (1.5-8.1 mg} digestions spiked with a mixed 20Spb.l29'fh.233U.
l36U tracer solution of high-isotopic purity. Uranium. Th, and Pb concentrations and 234 Uf23BU, 230'fhf238U, 206Pbf23BU, and 207Pbf23SU ratios were
determined simultaneously. Procedure blanks were 1.0-1.5 pg Pb, and about
2 pg mu and 232Th.
Results: Uranium concentrations vary from 2.2 to 850 ppm, Th from
0.015 to 350 ppb, and common Pb from 7 to 500 ppb. The 238Uf204Pb ratios

are from 8.8 x 1()4 to 2.8 x 106. Variations of U concentrations of 2- 4x are
observed in all three samples. In all cases fractions with brighter fluorescence
in UV light have higher U concentrations.
Lead-isotopic compositions are radiogenic with measured l06pbf204Pb between 100 and 1000, and 207pbf204 Pb between 20.2 and 62. The 207pbf23SU
ages of two homogeneous opals are 15.3 Ma for E1989 and 2.20 Ma for
M21277 and are reproducible between fractions. Errors of 207pbf23'U ages
are between 1.4-5.6% (2cr}. The heterogeneous sample M21006 yielded a
207pbf23SU age of 8.83 ± O.Q7 Ma for the matrix, and 2.71 ± 0.02 Ma for
the vein.
All fractions have 206pbf23BU ages slightly older than 207pbf23SU ages . This
reverse discordance may indicate that all studied opals precipitated from water
with elevated 234UJ238U activity ratio. The measured 230'fbi238U and 234Uf238U
ratios in all fractions are in secular equilibrium, thus suggesting that the UTh (and presumably U-Pb) isotopic systems have not been disturbed during
the last 500 ka.
Discussion: The results of this study, together with previously published
data from Yucca Mountain [3,4) and the earlier study by Ludwig et a!. [2)
suggest that opal is a promising U-Pb and U-series chronometer. Using these
methods in combination is essential for both "young" samples with disequilibrium l30'J'hf2JBU and 234Uf23BU, and "old" ones in secular equilibrium. In
the latter case the classical concordia diagram cannot be used as a check for
closed system behavior because of unknown initial excess of 234U.
Ages of "old" opals can be determined from 201J>bf23SU ratios that are not
affected by initial U-isotopic disequilibrium. The 207pb,123SU ratios are much
more sensitive to common Pb correction than the 206pt>,t23BU ratios, therefore
low analytical blank and finding opals with low common Pb are crucial. One
problem that remains to be solved is finding low-U/Pb mineral phases
cogenetic with opal, which Pb-isotopic composition can be used for the
common Pb correction.
The first data from the three large opal samples suggest that some of these
or similar samples can be possibly used as interlaboratory standards if U-Pb
dating of opal becomes a commonly used technique.
References: [I) Paces J. B. et al. (1996) GSA Abstr. with Progr. 28,
A-139. [2) Ludwig K. R. eta!. (1980) EPSL. 46, 221 - 232. [3) Neymark L.A.
eta!. (1998) Mineral. Mag., 62a, 1077-1078. [4) Neymark L. A. et al. (1997)
Eos Trans. AGU, 46, F788.
LUTETIUM-HAFNIUM AND URANIUM-LEAD SYSTEMATICS OF
EARLY-MIDDLE ARCHEAN SINGLE ZIRCON GRAINS. Yu.
Amelio!, D.-C.Leel, and A. N. Halliday3, !Department of Earth Sciences,
Royal Ontario Museum, Toronto ON, M5S 2C6. Canada (yuria@rom.on.ca).
2Department of Geological Sciences, University of Michigan, Ann Arbor
MI 48109, USA (dclee@umich.edu}, 3Department of Earth Sciences.
Eidgcnossische Technische Hochschule, ZUrich, CH-8092, Switzerland
(halliday @erdw .etbz.ch).
Introduction: The Lu-Hf system in zircon is an excellent isotopic tracer
of mantle depletion and crustal growth recorded in ancient rocks. It was
successfully used to examine the degree of early Archean mantle depletion
[1,2] and appears to give tighter constraints than the Sm-Nd system in whole
rock samples. High sensitivity MC-ICP-MS permits precise analysis of Hf
from single zircon grains [3], which was impossible to do previous ly using
TIMS.
One problem th.at remained unresolved in previous studies is the complexity of zircon populations, which adds uncertainty to initial Hf ratios.
Multiple episodes of zircon growth and ancient Pb loss, common in early
Archean rocks, result in 207pbf206Pb ages that are variable between and within
zircon gmins. Using biased age values produces inaccurate EHJ(T) by as much
as 2.2-2.5 e-units per 100 m.y.
Results: We have studied zircons from 15 rocks from four early-middle
Archean areas . In order to evaluate the role of heterogeneity of zircon populations and to obtain the most reliable EHJ(T), we have analyzed several
abraded zircon grains (from two to eight} from each sample for both Lu-Hf
and U-Pb. Hafnium-isotopic analyses with precision better than 1-1.5 £-units
(2cr) were obtained from grains weighing 0.003- 0.0 10 mg. The t:Hr(T) values are calculated using 207Pbf206Pb ages of the same grains measured by IDTIMS.
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lrsaq Gneiss Complex, Western Greenland. Three gneiss samples from
the lsua area con1ain zircons with little discordance (0-5%) and W7P1).1200Pb
ages of -3690 Ma. Their eflll) are relatively uniform (internal variations Jess
than 1.5 E·units) and have average values from 1.3 ro 2.7. One of the samples
also yielded 3730 Ma grains with £Hf(T) = 2. An augen gneiss sample from
the Nuulc area yielded 3620-3600-Ma zircon grains with £H 1(1) between 1.6
and 3.0.
Acasra Gneiss Complex, Northwestern Canada. Uranium-lead zircon data
(0-15% discordant) from four tonalitic and amphibolitic gneisses and a
granite form scattered linear arrays with upper concordia intercepts at 36003540 Ma, and lower intercepts at 1000- 2100 Ma. Older grains with 207Pbl
206Pb ages up to 3790 Ma are present in some samples. The Hf-isotopic systematics of the Acasta gneisses is far more complex than that of zircons from
other studied areas. The EHf(T) values have internal variations of 3- 5 E·units.
In two samples e~T) correlates with degree of discordance. The predominant zircon populations have Enr<D between 0 and -3. In addition, two amphibolite samples contain zircon grains with e~l) -4.6 to - 5.
Barberton Mountain Land, South Africa. Zircons from tonalitictrondhjeimitic gneisses are characterized by large and variable discordance
of 3- 40%. Discordia lines with excess scatter have upper intercepts of35203510 Ma for two gneisses of the pre-Onverwacht stage, and 3440 Ma for two
gneisses of the Onverwacht stage. Lower intercepts close to zero suggest that
recent Pb loss (due to tropical weathering?) is the maio cause of discordance.
eHf(T) in some samples vary with discordance. The tm(T) values of the
gneisses, based on least discordant zircon grains, are between 1.5 and 3.6.
Pilbara Craton, Wesrern Australia. Two samples of felsic volcanics
contain uniform 3450 Ma zircon populations with little discordance (0-7%).
Their Em(l) are internally homogeneous with average values of 1.9 and 4.3.
The third felsic volcanic rock is 3320 Ma old with E~l) = 1.9.
Discussion : Application of U-Pb and Lu-Hf methods to the same zircon grains and analysis of small samples (single grains or grain fragments)
are crucial for finding closed geochemical systems and thereby obtaining reliable Hf-isotopic data from early Archean roclcs.
Our data suggest that the Itsaq, Barberton, and Pilbara complexes were
formed by a crust derived from depleted mantle. These complexes grew over
100- 200-m.y. periods mainly by addition of juvenile crust, while rcworlcing
of older crust was less significant. The higher E1u(T) values in the 3520-3440·
Ma Barberton and Pilbara roclcs compared to the 3690-Ma ltsaq gneisses is
consistent with uniform or increasing mantle depletion during the early
Archean.
ln contrast, the Acasta gneiss complex was probably formed of very old
crust (>3800-4000 Ma) that was extensively reworked by several events at
3750- 3540 Ma (4]. This supports the similarity between the Acasta gneiss
complex and the source of 4200-3400-Ma Jack Hills detrital zircons [3].
References: [I) Vervoort J. D. et al. (1996) Nature, 379, 624 - 627.
[2) Vervoort J.D. and Blichert-Toft J. (1999) GCA, in press. [3] Amelio Yu.
et al. (1999) Nature, in press. [4) Bowring S. A. and Williams I. S. (1999)
CMP, 134, 3- 16.
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THE EXTRA TERRESTRIAL MASS FLUX ON THE EARLY EARTH.
A. D. Anbarl, G. L. Arnold', S. J. Mojzsisl, and K. J . ZahnJe3, 1Department
of Earth and Environmental Sciences. University of Rochester, Rochester NY
14627, USA (anbar@earth.rochester.edu), 2Department of Earth and Space
Sciences, Institute for Geophysics and Planetary Physics , Center for Astrobiology, University of California, Los Angeles, Los Angeles CA 90095 , USA,
lNASA Ames Research Center, Moffett Field CA 94035, USA
We have measured lr and Pt in ancient metasediments to obtain the fl.l'st
direct constraints on the extraterrestrial mass flux at the Earth's surface before
3.8 Ga (the Hadeao era). The craters of the Moon record an intense "late heavy
bombardment" (LHB), beginning as early as 4.15 Ga and terminating -3.85 ±
0.05 Ga. Recent geochemical studies of metasediments and other supracrustal
roclcs from Alcilia Island, in southern West Greenland, appear to extend both
the record of marine sedimentation and the record of metabolically-sophisticated life to >3.8 Ga (I ,2).
Extreme Ir and Pt enrichment is possible in the Alcilia metasediments due
to the heightened LHB extraterrestrial mass flux (MU{8)· Based on the lunar
crater record. the mass flux from impactors during the -300-m.y LHB was
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-J0- 4 gm cm-2 yr- 1, or -!Olx the rate over the past 1 b.y. The mass flux
from interplanetary dust particles (lOP) is more difficult to constrain, but may
have been as much as !SOx the present level. Because of the enrichment of
Ir and other PGE in chondritic material relative to the Earth's crust. sediments
deposited during this time could have Ir concentrations -1 ()lx higher than
Paleozoic equivalents (as high as- I ppm in the case of s lowly accumulating
deep sea sediments).
We analyzed samples from three locations in a 5-m-thick layer of the
Alcilia Island meta-chert/BIF unit. Iridium and Pt concentrations ([lr] and [Pt])
were also determined in the metamorphosed equivalents of pyroxenite, a peridotite/lcomatiite and a tholeiitic basalt from flows interlayered and in knifeedge contact with the metasediments. Sample sizes were 5-20 g. Measurements were made by isotope dilution ICP-MS, following addition of spike
to powdered samples and NiS fJie assay precoocentration (3].
Despite the potential for enrichment, [lr) and (Pt] are consistently very
low in the metasediments. In most samples. (lr) and (Pt) are below the
procedural detection limits of ~2 ppt and -30 ppt, respectively. However, [lr)
and (Pt] in the mafic and ultramafic samples are typical of these lithologies ,
which indicates that lr and Pt were largely retained in roclcs of the Alcilia
association despite amphibolite to granulite facies metamorphism.
To reconcile the observations with the lunar record using a simple model
of two-component mixing between lr-free background sediment accumulating at rateS. and extraterrestrial Ir, S >30 g cm-2 yr-1 (-100,000 m m.y.- 1.
lithified) is required. Such rates strain credulity. For BIF, S <0.3 g cm-2 yr-1
is probable (4], indicating an extraterrestrial mass flux <10-6 g cm-2 yr-t .
The observations can be reconciled with the lunar record using plausible
sedimentation rates if we account for the mass distribution of the impactor
population, which approximates a power law. A consequence is that most of
the mass flux is delivered by the largest impactors, which are also the least
frequent (5I. Hence
(I)

where Ms is the median extraterrestrial mass flux reflected in sedimentary
Ir. ~ts is the window of time "sampled" by the sediment, 6tLH8 is the duration
of the LHB, and b is an empirical scaling parameter (0.6 < b < 0.8). A
relationship between Sand (l.r) is obtained by combining equation (I) with
the simple two-component mixing model (Fig. 1). For samples of the size
studied here, the observations are satisfied if S >0.02 g cm-2 yr-1 (-70 m
m.y.-1).
These findings have important implications for the search for evidence
of life at the Earth's surface in the Hadean. During the -300-m.y. LHB, the
interval between impacts large enough to sterilize the surface environment
and disrupt sedimentary processes would have been -10'-1()8 yr. Extensive
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sedimentary sequences cou ld have accumulated during these intervals if
S >0.02 g cm-2 yr- 1• Such intervals are also long enough to envision recoloni zation of the surface by microorganisms living in deep sea refugia. Thus,
conditions were favorable for the deposition of sediments with all the
geochemical characteristics of those found on Akilia Island during most of
the late Hadcan.
References: [1) Mojzs is S. J. et al. (1996) Nature, 384, 55- 59.
[2) Nutman A. P. et al. (1997) GCA, 61, 2475-2484 [3) Ravizza G. and
Pyle D. (1997) Chern. Geol., 141, 251-268. (4) Morris R. C. (1993) Precambrian Res, 60, 243-286. [5) Tremaine S. and Dones L (I 993) lcaru5, 106,
335-341.
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IRON-ISOTOPIC FRACTIONATION STUDIES USING MULTIPLE
COLLECTOR INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY. A. D. Anbarl.3, C. Zhang2, J. Barlingl, J. E. RoeJ, and K . H.
Nealson•. •Department of Earth and Environmental Sciences, University of
Rochester, Rochester NY 14627, USA (anbar@earth.rochester.edu), 2 Department of Geological Sciences, University of Missouri, Columbia MO 65211,
USA, 3Department of Chemistry, University of Rochester, Rochester NY
14627, USA, •Jet Propulsion Laboratory and Division of Geological and
Planetary Sciences, California Institute of Technology, Pasadena CA 91125,
USA.
Introduction: The importance of Fe biogeochemistry has stimulated
interest in Fe-isotopic fractionation. Recent studies using thermal ionization
mass spectrometry (TIMS) and a "double spike" demonstrate the existence
of biogenic Fe-isotopic effects [I ,2). Here, we assess the utility of multiplecollector inductively-coupled plasma mass spectrometry (MCICP-MS) with
a desolvating sample introduction system for Fe-isotopic studies, and present
data on Fe biominerals produced by a thermophilic bacterium.
Analytical Approach: The utility of MC-ICP-MS to study transition
metal isotopic fractionations has been demonstrated for Cu [3,4), Zn [3], and
Mo [4]. The advantages of MC-ICP-MS over TIMS include high ionization
efficiency, simplified sample preparation, the ability to compare samples and
standards at similar operating conditions, and increased sample throughput.
In addition, instrumental mass bias can be corrected by using an internal
"elemental spike" [3,4). This simplifies sample preparation and data reduction compared to an isotopic "double spike," and offers better precision than
external standardiz.ation.
A major obstacle to the use of MC-ICP-MS for Fe-isotopic studies is the
isobaric interference by Ar()+ and ArN• at masses :i6 and 54, respectively.
The key to the method presented here is the use of a membrane desolvation
system to minimize these interferences.
Here, Fe samples and standards are "spiked" with a Cu standard prior to
MC-ICP-MS analysis using a YG Plasma54. Samples are introduced to the
plasma using a Cetac, Inc., Aridus I desolvation system. Intensities of Ar()+
and ArN• (typically <I mY) are determined at the beginning of each session,
and the stored results used for interference corrections during subsequent data
acquisition. A microconcentric nebulizer is used in the Aridus I to reduce
the uptake rate to <100 j.iL/min. Data are collected in two cycles (6JCu and
6JCu, followed by s•Fe, S6fc, 57Fe, and SSfc), because the mass spread from
mass 54 to 65 is too large for simultaneous collection. Beam intensities from
s•pe and 56fe are typically >300 mY and >5,000 mY, respectively, using
solutions of concentration -I ppm.
After correction for instrumental mass bias using the internal "Cu spike"
[3,4), the isotopic composition of samples and standards is compared using
the "o" notation (&lXFe = (SXFeJS•Fe),.,J>W'(SXFeJS4fe).,d- I) x J03%o). To
validate the precision of 0 determinations, we analyzed a gravimetric standard prepared from a JMC Fe ICP standard solution enriched by a known
amount in s•Fe. The method was then applied to samples of unknown isotopic composition, including amorphous Fe oxyhydro11ide used as an Fe
source for a cultured thermophilic Fe-reducing bacterium. as well as FeC0 3
(siderite) produced extracellularly during growth of this microorganism.
Results and Discussion: MC-ICP-MS coupled to a desolvation system
permits oS6Fe measurements with an external precision of- ±0.15%o (1o)
on samples containing -1 ~g of Fe. This assessment is based on 35 analyses
of the 54 Fe-enriched standard compared to the isotopically-normal JMC standard over a period of several months (1\56Fe = -11.74 ± 0.17%o). The agreement with the actual value, 1)56Fe = -11.77o/oo, indicates that the effects of
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residual Ar()+ and ArN• are small, and that the "elemental spike" approach
does not introduce systematic inaccuracy in 0 determinations. The precision
of OS'Fe is somewhat worse, because of the low abundance of 57Fe.
In an initial study of biogenic Fe minerals, the isotopic composition of
two samples of extracellular FeC03 produced during early microbial growth
was found to be shifted from the composition of the starting material by
- 0.43o/oo/amu (Fig. I). The correspondence between the measurements and
the mass-dependent fractionation trend indicates that the data are unaffected
by isobaric interferences. The magnitude of the observed fractionation is consistent with previous studies of mesophilic microorganisms [ I ,2). These
results demonstrate the utility of MC-ICP-MS for Fe-isotopic studies, and
suggest new avenues of research.
References: [I) Beard B. L. et al. (1998) GSA Abstr. with Prog. 30,
Al56. [2) Bullen T. D. and McMahon P. M. (1997) Eos Trans. AGU, 78,
Sl73. [3) Marechal C. N. et al. (1999) Chern. Geol., 156, 25 1-273. [4) Anbar
A. D. et al. (1998) Mineral. Mag, 62A, 53-54.
PARTICLE-MEDIATED SURFACE WATER EXPORT: COMPARISON OF ESTIMATES FROM URANIUM-238-THORIUM-234 DISEQUILIBRIA AND SEDIMENT TRAPS IN A CONTINENTAL SHELF
REGION. P. S. Andersson• , 0 . Gustafsson2, P. Roos3, D. Broman2, and
A. Tonebyl, 1Laboratory for Isotope Geology, Swedish Museum of Narural
History, Box 50007, 104 05 Stockholm, Sweden (per.andersson@orm.se),
2Jnstitute of Applied Environmental Research, Stockholm University, 104 05
Stockholm, Sweden (orjan.gustafsson@iun.su.se; dag.broman@itrn.su.se;
aoders.toneby@itrn.su.se), lDepartment of Radiation Physics, Lund Uni versity, 221 85 Lund, Sweden (per.roos@radfys.Ju.sc).
The continental shelf is recognized as an important regime for vertical
export of particles and associated constituencies. Accurate methods for
quantifying vertical particle transpon are thus essential to marine biogeochemistry.
A commonly used method for estimating vertical fluxes in surface waters
is sediment traps. However, the quality of flux estimates from sediment traps
have been questioned based on several suspected artifacts such as hydrodynamic biases, preservation problems and the presence of "swimmers" [e.g., 1).
More recently, the 2l•Th (t 112 = 24. 1 d) in the water column , that show
deficiencies relative to equilibria with mu, related to uptake onto sinking
particles, has been applied as an indicator of particle flux [2,3]. Comparison
of the 234Th deficit in the upper waters with the excess mTh in the sediment
trap yields a technique suitable for "calibration" of sediment trap collection
efficiency. So far, this "calibration method" has only been tested in the open
ocean environment [2).
In an ongoing study planned for two years, we sample at a biweekly to
monthly interval the 238U-2 l4Th disequilibrium for calibration of sediment
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traps m a couhnental shelf reg1ou . The study site, Landsort d('cp (BY-31.
N5!1°35': E18"14' depth" 449 m). located in the northwest Oalli!: Sea about
40 krn offshore, has been us.:d for a long-time (>100 yr for somt data) as
a monitoring station for various physical and biogcochcrrucal parameters.
Sediment traps of a commonly used design (4) w1th straight cylinders.
10 em diameter aod a height/width ratio of 5. were deployed below the mixed
surface layer at 40 m depth . Samples for water column 2;•111 analysis were
collected. in the middle of lbe mixed layer, by filtering large volumes (2001200 L) of water through a 0.2-lffil polypropylene Iiller to separate particles
and, through two identical canndges impregnated with Mn·o~idc to c~tr:lct
lillerpassing Th. The ZJ,jTh activities were determined within one week of
sampling using radiochemical methods [3].
Preliminary data from July to October 1998 suggest a consistent overtrapping of about a factor I 0 relative to 1JSU.2J4 Th derived flux estimates.
During lhi5 period both the 2!1U.2l4Th disequilibria and the IJ•Th on the
particle fraction de~reased. This trend also followed a decrease in the particulat~ organic C (POC) concentmtion.
Comparison of the mu.z'•Th disequilibria in the water rolumo with thut
in sediment traps will be presented aod mterpreted in terms of the physical
and biogeochemical coviroomenL
References: [I] Gardner W . D. (1996) U.S. JGOFS Rpt., hllp:/lw\~w
occao.tarnu.edu/JGOFS/contents.hlml. (2) Buesseler K. 0. ( 1991 i Nmure
353, 420. (3] Gust.afssoo 0 . G. et at. (19981 Cont. Shelf Res. , 18, 805-829
[4] Broman D. et al. (1990) Coast. S/11'/f Sci., 30, 429-436.

f'OTASSIUM-R1CH CLINOPYROXENES AS MANTLE CONW:YORS
OF CRUSTAL COMPONENTS. L. Andr6 1, V. S. Shatsky2, K. De
Conel·1. N V. SoboJev2, aod J Navezl, 1Section ofMin~mlogy-Petrography
Geochernistry, Royal Museum for Central Africa, B-30!10, Tervuren. Belgium
(lucandre@africamuseum.be). 2U nited Institute of Geology. Geophysics and
Mineralogy, Russian Academy of Sciences, Siberian Division, Novvsibir.;k,
630090. Russia. lDepartmeot of Geology and Soil Science, University of
Ghent, Krijgslaan, 281. B-9000. Ghent, Belgium.
Introduction: A sedimeol recycled at 5-9 GPa within the mantle is
likely to be composed of clinopyrQ)(enc, garnet, phcngite n.ndlor orthoclase
nod coesite. During partial melting. orthoclase and phengite shoulrl disappear
producing K-rich sJiiceous meltS with cpx-garnet-rich residues. Because recent
trystallographic. petrologic, and eAperimcntal studies converge to demonstrate
that cpx could be a host for K within tile same pressure interval, these cpl\rich residues might be appropriate conveyers to transfer K and some other
lithophile dements ( Rb, Sr. Cs. Ba, and Pb) dc~per into the mamlc. To
investigate this question. w.: determine trnce elements on specimens from the
two reponed vwi~ti~s of K-rich cpx: K-rich diopsides from the ultra-highpressure (UHP) Kokchc!Jlv Massif and K-rich omphacitcs inclusions from
Iamproitic diamonds . The Laserprobe ICP-MS was used 10 achieve: '" titu
microanalyses.
Results: All Kokchc!av K-rich cpx correspond to high MgO dwpsides
with low jadeite and Ti-Cr contents. Their K20 content is extremely variable: O.l-1.3 wt. In comparison to K-poor lithospheric mantle diopsides, the
K-rich diops1des have much higher crustal-lil>t> Rb. Cs. and Pb concentrations (two orders of magnitude), similar Ba aod light rare-earth contents, but
lower Sr contents. This resultS in uousnlKJRb (>500), Rb/Cs (1-17). Ba/Rb
(0.2-4), and Ce/Pb (0.08-1 .5). which arc much lower than the unifonn values of upper continental crust material. The two large (50-J 00 f.Ull) analyzed
ompbac11e wclusions in diamonds from the Proterozoic (1180 Ma) Argyle
lamproites compare very closely to the Kokchetav cpx by thei r low Ba
contents associated with high crustal-like Rb. Cs. Pb enrichments and low
Rb/Cs. Ba/Rb. Cc/Pb.
Discussion: Experiment; [1.2] suggest that K-rich cpx are sbble only in
the presence of K-rich fluids (probably above 20 wt%). Considering tbe large
number of factor that could control the partition of K (and likely, most otber
alkali elements) between clinopyro}teoes and a K-rich fluid, this amazing
geochemical similitude probably recovers some convergent fcll!UTC$ in the
genesis of both pyroxenes. Whatever the origin of this common signature.
the Argyle data demonstrates that crustal-like K, Rb. Cs. Pb concentrations
could be s1ored by K-rich cp.:. som~:wherc close to the source of lamproilic
magJ'lL'lS. Phengitc breakdown is proposed to be the source of these K-nt:h
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nu1ds . Indeed. the frequent recognition of pheugite as mduswns in the
K•Jir.chctav garnet . >omc~mes coexisting with K-rich diopsiue, demonstrates
that both minerals were stable together. at some stage during the prograde
Ul-IP metamorphtsm. in agreement with experimental 1esults. Because
phcogite melting process should make phengTte-derivcd trace (Rb-Cs-Ba-Pbl
elements available for repartition between dolomite tBa). K-nch cpx (Rb. Cs.
Pb). and a K-rich fluid (Rb·Cs-Pb), it could account for the unusual Rb/Cs.
Ba!Rb, and Ce/Pb. In particular, the larger substitution of Rb and Cs over
Ba into the K-diopsidc is probably linked to the equilibrium with dolomites
into which Bn is preferentially panitioncd.
Subduction of K-cpx-rich rocks, formed either as residues from pheogTte
melting in the down-going slab or through the percolation of K-rich fluids
within eclogitic bodies, 1s proposed ns a mechaoi5m to recycle supracrustal
K, Rb. Cs, Pb, Sr. and Nd to the maoUe, upton pressure where cpx gradually enters ioto solid solution with the garnet phnse. Nevertheless, the narrow
range of Rb/Cs, Ba/Rb, Ce/Pb values in oceanic basalts precludes any large
cont.:J.mination of ordinary mantle by subd ucted K-cpx-rich materials with low
Rb/Cs, Ba/Rb, and Ce!Pb. The low RbiCs of K-cpx that appe:m; complementary 10 MORB-011\ rnan~e values with respect to the prirrutive manUe, is in
agr~:emeot with the uistence of some recycled K·cpx rich rocks in the mantle.
Indeed, it could help to close the global balance of Rb and Cs with the
lithospheric mantle, the depleted mantle. and the continental crust Although
th~se arguments ~mphasize storage of "MORB-018'' and "K-cpx rich rock.s"
rcserv•Jirs in two esseutially unmixed regions from the mantle. our results
support the idea of occasional exch.aoges between these reservoirs as an
explanation for the OIB isotopic features. K-cp}t has RbiSr 1-20 fold higher
than the primitive mantle values (0.03). but U/Pb-Th/Pb IOOx lower than the
mantle ratios (0.114 and 0.46). Minor admixture of a Proterozoic K-cpx-rich
rock component (such as the Argyle omphucites) to the OlB source would
therefore destroy the magmatic deri vcd correlation lletweeo these ratios, with
the capacity of causing the well-known lack of correlation for Sr-Pb isotopes
1D OIB.
References: [I] Harlow G. E. (1997) Am. Mineral.. 82, 259-269
(2] Luth R. W. (1997) Am. Mineral., 82. 1198-1209.

HYDRATION MECHANISMS AND STRUCTURAL CHARACTEkTZATION OF SIMPLIFIED GLASSES (COMPARISON BETWEEN
BASALTIC AND RADIOACTIVE WASTE GLASSES). F. Angeli 1, 111.
Charpenticr1. D. Boscarinol, G. Della Mea2, aod J.-C. Peotl, tCommissariar
a l'Eoergie Atomique, OSMIORECAM, Service de Chimie Moleculaire,
CENSaclay, 91191 Gif sur Yvette, France, lUniversiti\ di Trento and INFN/
LNL, Via Romea 4, 35020 Legnaro-Padova, Italy.
Introduction; The alteration mechanisms of radioocl.lve waste glasses
must be assessed over periods of time that ace completely out of reach of the
laboratory e;..periments. Natural analogs. such as basaltic glasses, have been
proposed and investigated to circumvent this major difficulty [I). The du·
rability of both materials has been compared extensively, with particular
attention given to the chenlical interactions between the solid and the anack
solution. Nevertheless. the innuence of the vitteous structure might be an·
other important factOr for the comprehension of the glass reactivity in aqueous solution.
In order to s tudy the r~lations between the structure and the reactivity in
aqueous solution, several alumioosilicate and aluminoborosilicatc glasses
(containing the maio components of the French nuclear waste glass, R7n.
and of a basaltic gTMs) have been synthesized. The local structure has been
srudi~:d using ZJNo and 27Al JQ MAS NMR spectroscopy. All glasses contain AI as network formc1 and Na as network modifier. which can be used
in NMR as probes of their local environment We obtained data concerning
the c:.lislributiuns of bood distances and lx>nd angles This informalton on
glasses allow~ to have a new insight in lheir different degree o[ disorder.
Afterwards. the glasses have been leached at 9Q•C in acid and neutral pH
for -10 h. Resonant nuclear reaction analyses \llith energetic ion beams
(RNRA) have been used to study the hydration and the ion exchange process
hy measuring the H (l H[I~N.y)I2C) and Na (1.3Na[p,n]lONe) profiles of leached
glasses and to detec1 the surface enrichment or depleuoo . These results on
simplified glasses ru-e linked with previous studies on natural aod technological glasses [2). Thus. it is possible to detemune the influence: of each oxide
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on the structure and the reactivity. In fact, the penetration of the hydration
front in the first step of the alteration is closely connected to the glass composition and structure. Th.is type of result is an interesting approach permitting to understand the reasons of au analogy during the alteration between
different glasses.
References: [1] Petit J.-C. (1992) Geocl!em. Explor., 46, I [2] Petit
J. -C. et al. (1990) GCA, 54, 1941.

X-RAY ABSORPTION SPECTROSCOPY INVESTIGA TJON OF
ARSENITE AND ARSENATE ADSORPTION ON GAMMA ALUMINUM OXIDE. . Y. Arai, E. J. Elzinga, and D. L. Sparks, Department of Plant
and Soil Sciences, University of Delaware, Newark DE 19717- 1303, USA
(ugarai@ udel.edu).
Arsenic (As) is found in the environment as a result of natural geologic
events and anthropogenic inputs. The current U.S. standard of maximum As
concentration level in drinking water is SO ppb. However, the expected new
standard (2 ppb) in the near future raises serious concerns about protecting
human and ecological health. The fate and trdnspon in soiVwater environments rughJy depend on the oxidation state [primary As(lll) or As(V)]. In acid
to allcaline environments, oxyanions cao be adsorbed onto variable-charge
mineral surfaces by inner-sphere adsorption via ligand exchange and /or outersphere adsorption via electrostatic interaction. Hayes and coworkers proposed
an indirect method distinguishing inner- from outer-sphere complexes by examining ionic strength (I) effects on adsorption envelopes [I]. Inner-sphere
complexes are not greatly affected by I, whereas the presence of outer-sphere
complexes is indicated by a shift in the pH with a change in I due to competitive adsorption with counter anions. Several researchers have investigated
As adsorption mechanisms on clay minerals using in situ spectroscopic techniques. Extended X-ray adsorption fine structure (EXAFS) and ATR-FITR
spectroscopic studies showed the formation of both binuclear bridging and
monodentate As(V) complexes on ferrihydrite and goethite [2,3]. Combined
studies (ATR-FTIR, electrophoretic mobility measurement, and titration sorption) also suggested inner-sphere adsorption mechanisms of As(V) and As(Ill)
on ferribydrite [4].
Few spectroscopic studies have been conducted to elucidate oxyanion
adsorption mechanisms at mineral/water interfaces as a function of pH and
I. The objective of trus study was to investigate the pH and 1effect on As(Ill)
aod As(V) adsorption mechanisms at the y-Al20 3-water interface using X-ray
absorption spectroscopy (XAS).
Materials and Methods: AU experiments were conducted at 22°-25°C
in a N2-filled glove box. Standards and reagent solutions were prepared in
boiled purified water. Five g L- • of y-AJ2 0 3 suspension were preequilibrated
for 5 d in O.oJ or 0.8 M NaN03 solution at pH = 3-8, and then were reacted
with As(lll or V) over the same pH range and the same I for 20 h. XAS data
was collected on beamline X-llA at the National Synchrotron Light Source
(NSLS). Brookheaven National Laboratory. Upton. NY. EXAFS spectra were
quantitatively analyzed using Winxas 1.1. and FEFF 6.0.
Results and Discussion: Arsenic(V) adsorption on y-Al20 3 was insensitive to changes in I between pH = 3-8, whereas As(Ul) adsorption increased
with increasing pH and decreasing I in this pH range. Based on the theory
proposed by Hayes et a!. [ 1), inoersphere complexes for As(V) and outersphere complexes for As(lll) can be formed. Inner-sphere As(V) adsorption
is evidenced by our XAS data, wruch show (I) a significant difference between XANES spectra of As(V)(aq) and that of adsorbed As(V), and (2) the
presence of an AI shell in the radial structure fuoctions (RSF) of adsorbed
As(V) at any pH and I. For As(III), an AI shell is present in the RSFs of all
samples, indicating that innersphere complexes are formed. The As(III)
XANES spectra, however, show that outersphere complexes are also formed,
and that the importance of outerspbere As(III) complexes increased with
decreasing pH and I. Overall data of As(lll) suggest that both inner- and outersphere adsorption coexist, but inner-sphere adsorption increases as pH and
I increase.
References: [I] Hayes K. F. eta!. (1988) J. Colloid. lnteiface. Sci., 125,
717-726. [2] Fendorf S. et al. (1997) Environ. Sci. Techno/., 31, 3 15-320.
[3] Waychuoas G. A. et al. (1993) GCA, 53, 2251-2269 [4] Suarez D L.
et al. (1998) in Mitteral Water-Interfacial Reactions Kinetics and Mecha -

nisms (D. L. Sparks and T. J. Grund!, eds.), pp. 136-178. American Chemi·
cal Society, Washington, DC.
EXPERIMENTAL STUDY OF GOLD SOLUBILITY IN HYDROCifl..ORIC ACID-BEARING WATER VAPOR. S.M. Archibald and
A. E. Williams-Jones, Department of Earth and Planetary Sciences, McGill
University. Montreal. Quebec H3A 2A7. Canada (sandy@cps.mcgill.ca).
Introduction: Two-phase fluid separation (boiling) is a common feature of hydrothermal systems and is an important factor in the formation of
metallic mineral deposits. It has long been assumed that meta.l fractionation
is primarily due to the liquid phase. and the effect of boiling is to remove
volatiles, thus saturating the liquid phase with ore minerals. Several workers
have postulated that the vapor phase may, in fact, be a favorable medium
for carrying metals io sufficient concentrations to form economic mineralization [1 ,2]. Investigations of volcanic fumaroles, such as those of Volcan
Momotombo, Nicaragua, have shown that concentrations of up to 24 ppb Au
are present in the vapor [3]. Given the fact that HCI is a common volatile
component in .volcanic gases, and Au mineralization is intimately a.~sociated
with volcanic edifices, a study was undenaken to investigate the vapor trdn~
port of Au. The aim of this study is to obtain thermodynamic data that will
be used to determine the dominant species of Au transport in a HCI-bearing
water.
Theory: The reaction whereby Au is transported as a H20 -HC1 vapor
complex can be expressed by

where m and o define the solvation number of the Cl and HP species respectively. Armellini and Tester [4] used a similar method to describe NaCI
solubility io water vapor. Values of m and n may be calculated from the concentration of Au in the vapor phase using the relationships

Experimental Method: The experiments were performed in a Ti screw
seal autoclave and involved measuring the solubility of pure Au in an H 20HCI-bearing vapor. The autoclaves were loaded with preweighted quartz ampoules, one containing Au wire (99.99% purity), and another containing a
known mass of Mo02-Mo03 powder. The log fo, of the reaction was held
constant at -22.8 (300°C) by the Mo02-Mo0 3 buffer. Solutions of HCI were
pipetted to the bottom of the autoclaves, the concentrations of which were
equivalent to pH values between 3.4 and 1.7. To ensure that the system was
undersaturated with respect to liquid, and that any Au would be dissolved
as a vapor species, the amount of solution added was carefully calculated.
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The autoclaves were scaled and placed in a preheated fan oven until cqw·
.Ubrium was reached(> 13 d). After each run. the autoclave was removed from
the uven and t]uenched m a conlaincr with water (300°- -40"C), followed
hy C<'lOiing with compressed air. The autoclaves were then opened and washed
several limes using 3-5 mL of aquaregia. The concentration of Au in the lioaJ
sol ution was determined by instrumental oeurroo activation analysis (lNAA).
Preliminary Results: Figure I illustrates the concentration of Au in
water vapor at 300°C as a function uf Pt~n a1 constant PH,O (m : 15) A
simi lar diagram can be drawn for constant PHCJ and variable PH.o a1 3oo•c
(n
3 75).
·
Based on our preliminary <Into, we conclude that Au most probably OC·
curs in the gaseous fonn AuCI(H 20)1• Initial experimental resulrs at 360"C
suggest that this species is also dominant at that temperature. The calculated
partial pressures of AuCI are several orders of magnitude higher than those
for the water-free system calculated using the da!a of James and Hager [51.
References: [1) Hendley R. W and McNabb A. (1974) Econ. Geol.,
73, l-20. I 2) Heinrich C A. CL a!. (1992) Econ. Geol., 87. 1566-1583.
13] Gemmell J. B. (1987) J. Vu/c:wwl. Gwth~rm . Rel., 33, 161-181.
[41 Armellini f . J. and Tester J W. (1993) Fluid PluiSe Equilibria, IJ.I. 123142. [5) James S. E. and Hager J. P. (1977) Mem/1. Trans. B., 98. 501-508.

=

HAFNIUM-ISOTOPIC COMPOSITIONS OF KOMATIITES.

N. T.

Arndt! and J. Blichert-Toftl . 1Gcosc:ienccs. Univcrsit~ de Renn,;s I. 35042
Rennes Cede11. France. ~Ecole Normale Sup6i~urc de Lyon. 46 Alleed'l!alic.
69364 Lyon Cede.ll 7, France.
Komatiitcs arc ultramafic magmas that form through melting a1 htgh pressures of unusually hot parts of the mantle. Maoy of the oldest komatiites have
low AI20 3m02 and depleted HREE. features that are attributed to garnet fractionation at some stage during their formation. It is unclear, however, whether
this frdctionation took place at the time of melting, or well before, perhaps
during the crys!allization of an early magma ocean. Hafnium-isotopic compositions that are well suited to treat such problems. had hitherto been difficult to measure in koroatiites, but this problem has been resolved with the
development of magnetic-sector inductively coup ltd plasma mass spectrometry (ICP-MS).
We r~pon here the Hf-isotopic compositions of 10 komatiites. Four are
Al-dcplctcd komatiitcs from the 3.45-Ga Barberton greenstone belt in South
Africa; the others are A 1-undepleted komatiites from 2.7-Ga and I. 9-Ga belts
in Canada and Zimbabwe. We also mellsured compositions of three tholeiite$. one from Barberton and two from the 1.9-Ga Canadian belt, to provide
information about the composttioo of ambient Precambrian mantle.
All komatiites have high initial t76Hffi77Hf ratios. All initial tHf values
are positive and fall in the range 2.2 to 7.8. Almost this entire rnnge is also
prescm in 3.45-Ga Barbenon komatiites (2.2- 7.3). EHrm correlates wtth ENd<TJ
and defines a crude linear array that cuinddes with compositions of both
modern oceanic basalts (Fig. 1) and of Phanerozoic to Archean juvenile cruslal
rocks. The composition of bulk silicate Earth (BSE} estimated from analyses
of various types of meteorites [I) plots below this array.
To explain the moderately to bighly positive initial EHf valu.:s of 3.45Ga Barberton komatiites. the source must have had high Lu/Hf for a coo·
sidemble time. This implies old material ;mridted in garnet. a result contrary
to earlier models in which the low AJ 10/fi0l and low Lu/Hf of this type
of komatiite was said LO be inherited directly from a part of the mantle tlult
was depleted io gamet. The source may have been tbe lower. garnet-rich
cumulate portion of a solidified magma ocean, not the garnet-depleted upper
portion assumed in older models . The low AI1 0/I'i0~ and low Lu/Hf of this
type of komatiite, in contrast. art features of the primary magmas, not of their
mantle source: the fractionation of Al 20 3(fi02 and Lu/Hf must then have
resulted from residual garnet left tn the source during the melting that formed
rhe komatiites
To explain the bias to high initial Enr val ues of the komatiites and vir·
tually all other terrcstnal rocks (Fig. l) , we consider two alternatives.
1 Accepted values for the Hf-isotopic composition of bulk silicate Earth
(BSE) are inappropriate and the actual composition has slightly higher 176Hf/
l71Hf and lower 176Luf177 Hf. When calculated using Utesc values, EHf values
of early komatiites arc c loser to zero and coosistcnl with ENd values . The
problem with this interpn:lation is that the proposed composition lies off the
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choodritic meteontc isochroo, which implies that the Earth had a different
age, or accreted from material with composttion different from that of the
meteorites.
2. A hidden reservoir with low Lu/Hf, whose presence in the mantle had
bc~n postulated 11 J to explain the difference in composition be!Wecn oceanic
basalts and BSE, must have formed at a very early stage in Earth history
References; I I I lllichert-Toft J. and Albarede F. ( 1997) £PSL, 148,
243-251!.

CONTRASTING EXTRACELLULAR ENZYMATIC HYDROLYSIS
RATES AND SUBSTRATE SPECIFICITIES IN BOTIOM WATER
AND SURFACE SEDIMENTS: IMPLICATIONS FOR ORGANIC
MATTER REMJNERALIZATION AND CARBON PRESERVA TION. C. Arnosti. Campus Bo11 3300, Department of Manne Sciences. 12-7
Venable Hall. University of North Carolina, Chapel Hill NC 27599, USA

(aroosti@marioc unc .cdu).

Introduction: Microbial rernineralization of organic macromolecules is
initiated via activities of extracellular enzymes, since bacteria must hydrolyze substrates larger than -600 da Itons prior to lr.lllspon into the cell ( 11.
The structural spedficities of these extracellular enzymes, as well as the rates
at which they function. therefore significantly affect rcmincralization of
organic maner in marine enviroomeors. Little is known. however. about the
structnTal specificities aod activities of microbial eo~:tracellular enzymes.
Recent molecular biological investigations, howe~cr, suggest that the microbial communities found in sediments may differ fnndamenrally from communities living in the water column [2). The extracellular enzym.:s utilized
by these communities may therefore also differ. Potential hydrolysis rates a.ad
substratt; spt:cificities of extracellular enzymes in bonom water and surface
sediments of Sk:agerra.k (North Sea-Baltic Sea transition) were directly compared in order to ascertain the extent to which chemical structure may affect
enzyTTlatic hydrolysis rates. and to investigate possible differ~nces in substrate
specificities among water-column and sedimentary microbial communities.
Methods: Six different fluoresceotly-labeled (FLA-) polysaccharides
were synthesized using Ute method of Glabe et al. [3) as modified by Aroosti
[4] The polysaccharides included pullulan (a polymer of maltotnose), laminarin (~-linked glucose). 11ylan (j}-linked xylose), fucoidan (sulfaled fucose
polysaccharide). arabinogalactan (polymer of galactose and arabinns.:), and
chondroitin sulfate (sulfated polymer of N-actyl-galactoscarrlioe and glucu·
ronic acid), These polysaccharides were selected as substrates because they
span a rang.: of chemical compositions, and their component monomers are
common io marine cnvironmeors [e.g., 5-7].
Monomer-equivalent concentrations (i.e., complete hydrolysis would yield
the same concentration of monom~rs) of single FLA-polysaccharides were
added to tripticatc vtals containing 20 mL of homogenized surface sediments.
or 15 mL of bottom water. At each lime point. sediment samples were centrifuged to obtaio a porewater sample: the sediments were subsequently
rehomogem.t.ed and reincubated. One milliliter of each bottom water sample
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was filtered through a 0.2-!Jm-porc-size filter nod then fr,lzen. Samples were
lllaJyzcd via low-pressure ge l permeation chromnlography with nuoresceoce
dctcetioo to determine the molecul3! weight distribution of the FLA -polysacchMides, i.e .. the extem of substrate hydrolysis ul each time point.
Results and Discussion: All of the polysttccbaridcs were rneasumbly
hydrolyzed in sedimcnL~ over the course of the experiment. PotcotiaJ hydrolysis rates differed by factors of 10-100 among the set of six polysaccharides
botb in seawa ter and in sed imenrs. The relative order of potential hydrolysis
rates ia sediments was distinctly different from that of the bottom water
samples. to surface sediments, pullulan hydrol ysis was extremely r.tpid, and
re lative hydrolysis mtcs decreased in the order pullu lan » laruinarin > chondroitin sulfate » Jtylan > nrnbioogalactan » fucoidan. In bottom water. in
contrast. pullulan, arnbiuognlactao, 11nd fucoidan were barely hydrolyzed.
wb.ile chondroitin sulfate, xyl1to, and larn.inarin were hydrolyzed re latively
mpidly . Hydrolys is rates decreased in the order chondroitin su lfate>> xylan
> larnioarin »> arabingalactau :;: pullulan
fucoidan.
The differences among the relative hydrolysis C'dles may reflect fundamental differences in seawater and sedimentary microbial communities with
disparate extracellular enzymatic capabili6es. Some po lysnccharides may
preferentially survive passage through the water column, and subsequently
fuel benUlic metabolism. The contrasting hydrolysis r.11es of the two glucose
polysaccharides (pullulan and laminario) in seawater and sediments demonstrate the importance of polysac.:baride secondary and tertiary structure in
determining hydrolysis rates. Such structural d ifferences are not easi ly explored with currently utilized analytical metl10ds.
Titc slow hydrolysis of fucoidan both in bottom water and in sediments
is intriguing in light of tltc fact tl1at deoJtysugar-cool3ining sulfated polysaccharides, a description which fits fucoidan, may be imponant and persistent
components of transparent exopolymer particles (TEP) [8-9]. In addition,
carbohydrates constitute an estimat.e d 25-50% or dissolved organic C (DOC)
[I 0]. Since bulk DOC is geochemically "old," some fraction musl survive
several ocean m.ilting cyc les (ll]. The macromolccuJar structure of these
cnrbobydrates. and factors which may c<Jntributc to their resistance, remain
unknown. since most anaJyses of marine carbobydrnlcs yield only monomer
composition [e.g .. 5-7). S low hydrolysis io seawater and sediments may
provide the opportun ity for physicaVchemical transformations to occw , wh.ich
may further increase recalc.itrance towards microbial remincralizatioo.
References: fl] Weiss M. S. et al. (1991) Science. 254, 1627-1630.
[2] Llobct-Brossa E. ct a!. (1998) Appl. Environ. Microbial., 64. 2691-2696.
(3) Glabe C. G. et al. (1983) Anal. Biochem., 130, 287-294. [4] Amosli C.
(19%) Organic Gcochem ., 25, 105- 115. [5] Mopper K. (1977) Mar. Clw.m ..
5, 585-603. (6] Cow ie G. L. and Hedges J. I. ( 1984) GCA . 48. 20752087 (7J Skoog A. and Benner R. (1997) Limrro/. Or.ewwgr., 42. l B03 - IBJ3 .
(8] Moppcr K . et al. (1995) Dp. Sea Res., 42. 47- 73. r91 Zhou J. et al. (1998)
Limnol. Oceanosr., 43, 1860-1871. flO) Beuner R. et aJ. (L992) Scietlf'e,
255. 1561-1564. [I l l Williams P. M. and Druffe l E. R. M. (1987) Nawre,
330, 246-248.
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PROTACTINIUM-TliORIUM-URANWM FRACTIONATION DUR ING MANTLE MELTING: INFERENCES FROM CONTINENTAL
BASALT DATA. Y. Asmcroml. H. Chengz, T. Tesfayl. B. Bicmum 1• and

R. L. Edwards2, I Department of Earth and Planetary Sciences. University of
New McJtico, Albuquerque NM !!7131, USA (asmerom@uom.edu), 2Dcpartment of Geology and Geophysics. University of Minnesota. Minneapolis MN
55455. USA.

The trace-e lement and isotopic composition of basa lts retl&.t compositional characteristics of their mantle source and proc.:sses that took place
duriag melting and subsequent evolution. Elttm:otal mtJ isotopic vari&uions
in basalts may in turn be used to make inferences about mantle compos ition
and dynn.mics. In this regnrd. the U-series nuclides provide unique opportunity, because. among other th i ng.~. ( I) the initial parent/daughter nuclide rJtio
o f the source is k.nown. (2) it is possible to constrain chronology of elemental fractionation, and (3) in the case ofTit-U. iu many instances it is possible
to in fe r Th/U fractionation during melting by looking aL Th-isotopic variations that arc imm une to changes due to post-melting mineral fractionation.
The use of multiple U-series nuclides, such as the 2ltpa. mu and 2lll'fh-238U
pairs. provide even more robust constraints aot possible with one system.

Contioental bas<t lts provide may s;tm ple both th.e astheno~phcric and lithospheric mantle. depending on their geodynamic settings. lo old contincnt;\1
cmst setting it is possible to delineate asthenospheric and lithospheric mantle
sonrces using Nd-isotopic variations in basalts. In agreement with previous
work (l,2). minera l- mel t partitioning is the inirial primary control oo Th-U
fractioontion. Basa lts derived from spinel lherzolite source. cl inopyroxene as
the controlling minera l, show oo Th-U fractionation, w ithout exception. Th is
is supportive of experimenwl data showing that D5PXtDf:X = - I [3) and
powerfully constrainL-d by combined Pa-U and Th-U data [4). Basalts derived
from the asthenosphere show large 1JtYfh over 23gU enrichment. similar toeariched MORR. Unli ke mid-ocean ridges, however. asthenospheric man tle
melting under conti nents. and most likely under ocean islands. is suongly
modu lated by tltc lithosphere.
Prot.actinium-231 over 13.lU enrichment [(Zltpaf ZJ.lU) - 1.2-2.4] is present
on all samp les we have measured, regardless of the mantle source and infem.:d source mineralogy. Although there are no experimental partitioning dalll
for Pa, it is expected to be much more incompatible than U and Th during
both spinel lhenolite and garnet peridotite melting. For alkali basaJts, !.hose
dcri ved from the asthenosphere show larger Pa over U enrichments than those
derived from the lithosphere. We suspect the difference reflects the eKtra Pa
over U enrichment io. the asthcoospherk manUe-dcrivcd lavas due to dynamic
melling ingrowth [5-7]. For lithospheric mantie-derived lnvas, alkali basalts
show larger Pa over U enrichmen ts, compared to their tholeiitic counterpart~.
consistent with degree of melting, havi ng important control on Pa-U frdctiooation. T he large 2l 1Pa over 2JSU c nricl1merll seen in lithospheric mantle
tholeiitic lavas is surprising. The tholeiitic composition may primarily renee!
shallow depth meltiog, instead of high degree of melting within the lithosphere. It is also possible t11at melting within the lithospheric mantle may
involve enrichment processes not fuUy appreciated as of now .
Referl!nces: (I) Asmcrom Y. and Edwards R. L. (1995) EPSI~ 134.
1-7. [2] Asmcrom Y. (1999) EPSL. /66, 163-175. [31 Sal ters V. J. M. and
Loogb.i J . (1999) EPSL, 166, 15-30. [4) Asmeroo eta!., in review. [5] McKenzie D. (1985) Ef'SL, 72, 81-91. (6) W illiams R. W. und Gi ll J. B. ( 1989)
GCA, 53, 1607-1619. [7) Spiegel man M . and T . Ell iott ( 1993) IJ8, 1-20.

CONTROL OF OCEANIC NEW PRODUCTION JN THE EQUATORIAL PACIFIC BY IRON. A. K. Aufdeokampe'. l. J. McCarthy2. M.

Rodierl. and J. W. Murray'. 1Mail Clxle Z. School of Oce;~nogrJphy, University of Washington. Seattle WA 98195-7940, USA (anthonya@occan.
washington.cdu), 2Mail Code Z, Harvard University, 26 Oxford Street,
Cambridge MA 02138, USA, 3(ostitut de Recherche pour le Developpement.
Station Marine d'Eodoume, 13007 Marseille, Fran.cc.
Introduction: Oceanic primary production stimulated by newly availuble nutrients - or new production (I) - direcUy drives the biological pump
of organic C expon to the deep oce:m (2). Therefore, understanding what
controls the magnitude und variability o( new production is of great importance to oce;mographers and g lobal C modelers alike.
We present here results of a roanlllysis of nine cru ises to the equatorial
Paci~ic that directly measured new production using 'S'N methods. We show
that multiple linear regression (Ml...R) is successful at predicting nearly eighty
percent of Jhe observed variability in o.ew produc tion using co mmonly
measured water properties. To address the fundnmeotal biogeochemical causes
of variability in new production. we aJso develop a simple mass balance model
of coupled N aud Fe flll)(es witltio the ~uphotic zone.
Multiple Linear Regression Model: M ultip le linear regression ana lys is is particularly well suited to determining which subset of variables best
explains lhe variability in another. Titis statistical m~thod was performt-d for
nine cruises to the equator ial Pac ific: WEC88 [3]. WEC8803-B [4J. US
JGOFS EqPac Surveys [5] I and II and Time Series [6) I and II. France JGOFS
FluPac [7) and OliPac [8), and Zonal Flu~t (9). Of dozens of variables tested,
nitrate and ammooia inventories. rates of primary production, and average
e-uphotic zone temperatures were most important to pr.:dicting n~w production, with a multip le Rl of 0.79.
The success of MLR methods at pr.:dicting new prod uction is a large step
toward the goal or el(tendiog shipboard measurements to larger spatial and
temporal scnlc.:s with remotely sensed datn. However, despi te substant ial
pl'l:vious evidence in suppon of each of the independent variables, the MLR
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Fig. 1. New Production as a function of exported nitrate for five equatorial
Pacific cruises. Lines represent contours derived from the N:Fe mass balance
model. [N0 3lup in units of )JM, and w in m d- 1•

method does not address the fundamental biogeochemical causes for new
production variability. In addition, much of the remaining "unexplained"
variability in the MLR can be traced to differences between cruises in their
partial regression slopes of nitrate.
Cou pled Nitrogen/Iron Mass Balance Model: Iron is widely acknowledged as the limiting nutrient in HNLC regions [I 0], and mass balance requirements define new production as equal to the flux of the limiting nutrient
into the ecosystem. Based on simple. one-box mass balance equations for N
and Fe, new production (NP) was formulated as a function of the average
concentration of advectively exported nitrate [(N03) • • ,). An important consequence of these equations is that the form of the function depends strongly
upon the mode of physical forcing to the system. When comparing stations
with large differences in the depth of the nitricline, yet with relatively simiJar upwelling velocities (w), NP is a linear function of (N03)out (Fig. 1).
However. where the concentration of nitrate upwelled from the base of the
euphotic zone [(N03)u.,l remains constant and w varies, NP vs. (N03) 0 "' is
a hyperbolic function with a vertical asymptote of constant (N03)..,,. Observed
NP to nitrate relationships for individual cruises fit the model quite well when
the modes of physical forcing for each cruise is taken into account (Fig. I).
Conc:lusion: Modeling results from both statistical and biogeochemical approaches show that variability in new production within the equatorial
Pacific is both understandable and predictable.
R eferen ces: [I] Dugdale R. C. and Goering J. J. (1967) L&:O, 12,
196-206. [2] Eppley R. W. and Peterson B. J. (1979) Nature, 282,677-680.
[3] Wilkerson F. P. and Dugdale R . C. ( 1992) JGR, 97, 669-679.
[4] Pena M.A. et al. (1992) MEPS, 80, 265-274. [5] McCarthy J. J . et al.
(1996) DSR-11, 43, 1065-1093. [6] Wheeler P. A. and Barber R. T. (1994)
http://wwwl.whoi.edu/jgofs.html. [7] Navareue C. (1998) Ph.D. thesis,
Universite Paris VI, 313. [8] Raimbault P. et al. (1999)JGR. 104, 3341-3356.
[9) Le Borgne R. et al. (1999) Oceano/. Acta, 22, 57-66. [10] Landry M. R.
et al. (I 997) L&:O. 42, 405- 418.

ALTERATION OF OCEANIC TROCTOLITE$ BY MAGMATIC
FLUIDS IN OCEAN DRILLING PROGRAM H OLE 73SB'! W. Bach•,
Y . Niu2, J. C. Aitl, and S . E . Humphris 1, 1Woods Hole Oceanographic
Institution, 360 Woods Hole Road, Woods Hole MA 02543, USA, 2University
of Queensland. Brisbane, Australia, 3 University of Michigan, Ann Arbor MI,
USA.
Ocean Drilling Program (ODP) Hole 7358 represents a section through
1.5 k.m of lower oceanic crust formed at the very slow spreading Southwest
Indian Ridge. The section is dominated by gabbroic lithologies with abundant veins and veinlets of both igneous and metamorphic origins. Besides
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pronounced hydrothermal alteration (reaction of rock with seawater-derived
fluids) in the upper 600 m of the hole, there is also evidence for the presence
of magmatic fluids as revealed by 0- and H-isotopic compositions of amphiboles spatially and genetically associated with veins and pockets of felsic
material from the upper 500 m of the hole [I] . Moreover, fluid inclusions
in apatite hosted in felsic material represent trapped magmatic vapor and
brines [2] . These observations suggest that ex solution of magmatic fluids may
be a common process in the magmatic evolution of the lower oceanic crust.
So far, evidence for the presence of deuteric fluids was confined to late-stage
magmatic material and hence it was uncertain whether the magmatic fluids
can migrate and redistribute trace elements in the lower crust.
Here we present new data that suggest - for the first time - that magmatic fluids are not just confined to felsic material but may be able to flow
through fracture networks leading to pervasively alteration of basement rocks.
This process could have important consequences for the redistribution of
elements in the lower oceanic crust. Our interpretation is based on a detailed
documentation of bulk rock and mineral compositional variations of a dark,
a.mphibole/plagioclase/phlogopite/chlorite-beariog vein. the associated centimeter-wide alteration halo and a decimeter-sized alteration patch all hosted
by undeformed and fresh troctolite at a depth between 510 and 520 m below
sea floor. The halo and the patch are 60-80% recrystallized with olivine being
completely replaced by amphibole. phlogopitc and chlorite, and plagioclase
being partly replaced by secondary calcic and sodic plagioclase, amphibole,
and prehnite. Neither the vein nor the alteration halo or patch show phases
that are typically associated with felsic veins and rocks impregnated by latestage silicic melts (quartz, apatite, and zircon).
Of particular significance is the presence of secondary calcic plagioclase
(which has not been previously described from Hole 7358) associated with
hornblendes. Secondary calcic plagioclase can form by reaction of rock with
aqueous fluids at high temperatures (>500°C) [3]; impregnation with silicic
melt would form sodic plagioclase. The homblendes usually form eubedral
crystals and seems to have crystallized earlier than fibrous actinolite commonly intergrown with phlogopite (both K- and Na-rich) and chlorite. Jonmicroprobe measurements of REE concentrations reveal that the early
euhedral hornblendes have patterns similar to magmatic hornblendes (LREE
depleted, negative Eu anomaly, total REE several hundred parts per million)
whereas the later fibrous actinolites have patterns similar to hydrothermal vent
fluids (LREE enriched, positive Eu anomaly, total REE few tens of parts per
million). There is little textural evidence to support equilibrium between the
hornblendes and the calcic plagioclase, but the observation that they are
always spatially closely associated suggests they were formed during the same
recrystallization event. The magmatic REE pattern of the hornblendes and
the high anorthite content of the plagioclase leads us to believe the recrystallizing agent was a magmatic fluid. Very briny fluid inclusions in plagioclase are common and may represent trapped magmatic fluids.
Our hypothesis of interaction of the rocks with magmatic fluids is supported by the bulk rock composition of the samples. The altered rocks show
8 to 40 fold enrichments in Cs, Rb, Th, U, Nb. Ta, K, REE (except Eu). Sn,
Y, and Be. Such enrichments are difficult to explain by hydrothermal alteration . Results from ODP Hole 504B show that high degrees of hydrothermal
result in depletion -not
alteration at temperatures between 400° and
enrichment - of these elements in the rock [4). Introduction of magmatic
fluids is the most likely process responsible for the trace-element enrichments
io the altered troctolites. We believe that the enrichment was imposed by
reaction of the rock with a magmatic fluid - not a melt - because there
is no petrographic evidence for the presence of felsic or oxide-rich material,
and the major-element composition of the altered rocks does not show the
characteristic changes in major-element composition observed in rocks im·
pregnated by late-stage melts.
The compositional variability of secondary minerals suggests that there
was a large range in mineralization temperatures very likely associated with
variations in fluid composition. The deuteric alteration (-500°-700°C) is
followed by alteration at lower temperatures (<400°C) aod the formation of
chlorite, actinolite. albite, and prehnite during which seawater-derived fluids
were probably involved. This retrograde overprint makes bulk rock stable
isotopic data difficult to interpret. The 0- and H-isotopic data of altered and
fresh rocks are consistent with deuteric alteration but do not unequivocally
confirm it. Oxygen- and H-isotopic data of mineral separates will be obtained
to test our hypothesis

soo•c
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References: [I ] Stakes D. S. (1991) Stable Isotope Geocllem, 77-90.
[2) Kelley D. S., JGR, 101, 2943- 2962. [3) Yanko D. A. and Laverne C.,
EPSL, 162, 27- 43. [4) Bach W. et al., Proc. ODP Sci. Results, 148, 39- 55.

EARLY CHEMICAL AND PETROGRAPHIC CHANGES DURING
PEAT-TO-LIGNITE TRANSFORMATIONS. A.M. Bailey!, A D.
Cohen2, W. H. Oreml, W. C. Riese•, and S . Thibodeaux.\, !Department of
Geology, University of Southwest Louisiana, Lafayette LA 70504, USA
(ambailey@usl.edu), 2Depattment of Geological Sciences. University of South
Carolina, Columbia SC 29208, USA (cohen@geol.sc.edu), lU.S . Geological
Survey, 956 National Center, Reston VA 22092, USA (borem@usgs.gov),
•vastar Resources Inc., Houston TX 77079, USA (rriesel @vastar.com),
.\Burlington Resources, Farmington NM 87499, USA (sthibodeaux@br·
inc.com).
Introduction: Peat layers have special significance as chemically active horizons in the evolution of deltaic and other shoreline-related sediments,
and as the source of fossil fuels. Laboratory simulations provide a means to
study changes in various kinds of peat layers undergoing diagenesis and allow
a bener understanding of inorganic, petrographic, and organic transformations
that may occur during and after burial.
Experimental: Well-characterized peats are being subjected to stepwise
increasing temperatures and pressures from Jo•c and 300 psi to 60°C and
2100 psi in open systems over periods of two weeks. This is followed by two
weeks at 60°C and 2100 psi, conditions that are found to produce a lignite·
like material. Solutions extracted during experiments are being monitored by
ICP and IC for changes in inorganic and organic constituents, and organic
and petrographic changes in the solids are being determined by Pyr. GC!Ff·
IRIFID and GCIMS and microscopy.
Results: Solution data show that major-element and organic acid/anion
concentrations vary with initial peat type and systematically with step within
experiments for a given peat [I). Data (corrected for porewater contributions)
suggest several processe.~ may be responsible for these systematic variations,
including desorption, increased solubility with increased temperarures and
pressures, and enhanced solubility with complexation.
Significant changes are observed in the solids. Petrographically, new
textures and macerals arc produced [2]. Compressions of from 83 to 88%
produce dark brown to black. shiny. flattened pellets exhibiting microscopic
banding and vertical and horizontal microcracks. Vertical cracks are observed
primarily in gelinitic bands; whereas, horizontal cracks tend to form at microband boundaries. In transmitted light all vitrinite precursors show some
changes in color to orange or red; however, some of these precursors are found
to contain darker, minute particles derived from microorganisms ("pseudomicrinites") that only became prominent after maturation. Fusinitc prccur·
sors are only found in peats derived from fire-prone environments. Liptinites
display a slight increase in red/green fluorescence during coalification and
some flow of components into nearby cracks. Positive changes in reflectance
of huminitic macerals occur during experiments.
Organic changes can also be observed [3]. Pyr. GC/FT-IRIFID and GC/
MS show significant decreases in cellulosic constituents and relative increases
in lignitic constituents for some coalified peat types. Other studies [4) using
l3C NMR and elemental analysis reveal limited bulk changes in peats processed to 60°C and 2100 psi, primarily a decrease in 0 -containing organic
compounds. Increasing temperatures and pressures to 12s•c and 3000 psi
produce more bulk changes including continued loss of cellulose and other
0-containing compounds, and a decrease in H-rich compounds, probably
volatile aliphatic compounds and fatty acids. Similar decreases in cellulose
have been noted by others [5).
Summary: In summary, results show extensive inorganic and petro·
graphic transformations and some organic transformations for peats brought
to 60°C and 2100 psi over four weeks. An open system appears to promote
these changes. Conditions of 12SOC and 3000 psi promote additional bulk
organic chemical changes.
References: [I) Bailey A.M . et at. , Chem. Geol., in review. [2) Cohen
A. D. and Bailey A.M. (1997) Int. J. Coal Geol., 34, 163- 194. [3) Rollins
M.S. et al. (1991) Org. Geochem., 17, 451-465. [4) Bailey A.M. et al.
( 1994) GSA Abstr. with Prog., 25, A96. [5) Orem W. H. et at. (1996) Org.
Geochem., 24, I I 1- 125.

BIOA VAILABILITY AND CHEMICAL COMPOSITION OF TilER·
MALLY ALTERED PINUS RESINOSA (RED PINE) WOOD. J. A
Baldock, Commonwealth Scientific and Industrial Research Organisation
Land and Water, PMB 2, Glen Osmond, SA 5064, Australia (jcff.baldock@
adl.clw.csiro.au).
Introduction: The presence of charcoal and charred plant residues has
been demonstrated in soils and sediments. In this study the bioavailability
of C in unaltered and thermally altered wood was compared with that of
glucose and cellulose. The chemistry of the unaltered and thermally altered
wood was characterised using a variety of solid-state 13C nuclear magnetic
resonance (NMR) analyses. Bioavailability of C in the heated wood was related to changes in the chemical composition .
Materials and Methods: Pinus resinosa (Red Pine) wood was collected
from the bole of living trees. Sapwood was separated from bark and heartwood, dried at 70"C, ground and heated to temperatures of 150°, 200•, 2so•,
300°, and 3so•c. Heating was continued until no further mass loss was
measured. Total mass Joss during heating was determined. Total organic C
contents of unheated (70°C) and heated wood were determined.
Bioavailability of organjc C (OC) in the unheated and heated wood
samples was determined in a laboratory incubation experiment. To a sand
matrix containing no OC, an appropriate mass of glucose, cellulose, unaltered
wood, or thermally altered wood was added to give an OC content of 10 g
C g-l sample. The sand!OC mixrures were amended with a nutrient solution
and inoculated with microorganisms extracted from a decomposing Pinus
resinosa log. The concentration of N in nutrient solution was set to produce
a C: N ratio of IS in the incubated samples, and a volumetric water content
of 0.29 cm3 cm- l. The samples were incubated in the dark at 25°C for 120 d.
Solid-state l3C NMR analyses were completed using a Varian Unity 200
NMR spectrometer operating at a llC frequency of 50.3 MHz. Conventional
cross-polarization and Bloch decay NMR analyses were completed using the
unaltered and thermally altered wood samples. The NMR observability of OC
in each sample, relative to that in glycine, was determined to allow quan·
titative interpretations.
Results and Discussion: Bioavailability of C in the wood samples.
Organic C in the unaltered wood was less available than 0C in glucose or
cellulose, but was more available than OC in the thermally altered samples
(Fig. I). With increasing heating temperarure and degree of thermal alteration,
the bioavailability of wood OC decreased. At temperatures 2:2oo•c. little !her·
mally altered OC was available to microorganisms over the 120-d incubation
period.
Solid-state NMR analyses. The distribution of OC in alkyl, 0-alkyl,
aromatic, and carbonyl structures was similar for the two nc NMR analyses
(Fig. 2). With increasing extent of thermal alteration, 0 -alkyl C content
decreased while aromatic C content increased. The proportion of total OC
observed in the cross-polarization analysis decreased from 90 to 30% with
increasing thermal alteration; however, that associated with the Bloch decay
analysis remained high (>85%) for all samples (Fig. 2). The decreased
bioavailability of the wood samples was related to a conversion from an
organic material dominated by 0 -alkyl C (carbohydrates) to one dominated
by aromatic C. The different observability of OC in the two NMR analyses
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Fig. 1. Bioavailability of OC in glucose, cellulose, unaltered wood, and
thermally altered wood . Error bars present standard deviations with n = 6.
Mean values with different letters are different at a. = 0.05.
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Fig. 2. Chemical composition of the unaltered and thermally altered wood
using (a) cross-polarization and (b) Bloch decay nc NMR analyses. Values
given above each set of bars represent the measured observability of the OC
contained in the sample.
suggested that the aromatic C was in structures devoid of protons in the
thermally altered wood.
GEOCHEMICAL SIGNATURES IN THE EARLY PROTEROZOIC
OCEANIC SEDIMENTS: CASE HISTORY FROM THE ARA VALLI
SUPERGROUP OF SOUTH CENTRAL RAJASTHAN, INDIA. D. M.
BanerjeeI and P. Bhattacharya2, I Department of Geology, University of Delhi,
Delhi-!! 0007. India, 2Division of Land and Water Resources. Royal Institute
of Technology, SE-100 44 Stockholm, Sweden.
Although source area discrimination of graywackes and arenites of the
Early Proterozoic Aravalli supergroup of southcentral Rajasthan has been
made possible using major- and trace-element (viz. A120/Si02 ratios, FM
traces and REEs) analyses [ 1], the associated shales and low-grade metamorphosed argillites are better candidates for such studies (2) . Effect of low-grade
metamorphism on REEs appear to be minimal in fine-grained sediments like
shales and phyllites [3). Around Udaipur in Rajasthyan, in the type area of
the Aravalli supergroup, three major meta-argillite assemblages have heen
distinguished, the Debari Argillite, Girwa Valley Argillite and Jharol Argillite. Major-, trace-, and REEs in these rocks have been analyzed from several well constrained profiles. Taking into account the effects of modifying
factors like grain size, adsorption, elemental mobility, and source-area weathering, a series of source area discrimination diagrams were plotted. These
studies show that the Dehari Argillite represent the early phase of the sedimentation in the Aravalli sea and reflect a passive margin tectonic setting
that shows a gradual change in character to an active margin setup. The overlying Girwa Valley Argillite closely associated with the graywackes (with
relict fragments of andesite) also reflects an active continental margin to a
continental island arc type setting. Major-element chemistry of the youngest
unit of silty arenite in the argillite succession suggests a passive margin
although FM trace-element ratios indicate tectonic setting similar to that of
Girwa Valley Argillite. Debari argillites show marked LREE depletion,
marked positive Eu anomaly, strong, negative Ce anaomaly and a granitic
gneiss as the source area. The Girwa Valley Argillite show steep REE profile
with strong LREE enrichment, strong negative Eu anomaly, and moderate Ce
depletion with dacitic and andesitic source terrain. Jharol Argillites show
characters similar to Girwa Valley Argillite barring cases where positive Eu
and strong negative Ce anomalies have been recorded. The source terrain is
interpreted as granitic gneiss. Such intricate flippings of provenance documented by the changes in the chemical ratios in the rocks have been explained
by the progressive unroofing of the Late Archean and Early Proterozoic
basement complex followed by complex opening and closing of microplate
margins resulting into erosion and subduction of the upper-crust material in
different stages of plate adjustment.
References: [I) Banerjee D. M. and Bhattacharya P. (1984) Precambrian Res., 67, 11-35. [2) Sholkovitz E. R. (1988) Am. J. Sci., 288, 236281. [3] Condie K. C. (1991) GCA, 55, 2527-2531.
X-RAY PHOTOELECTRON SPECTROSCOPY STUDY OF REDUCTIVE DISSOLUTION OF BIRNESSITE BY OXALATE. D. M.
Banerjee and H. W . Nesbitt, Department of Earth Sciences, University of

Reductive dissolution of syn thetic 7 A-birnessite [Mn01.7(0H)0_25 or
Mn01.9sl by Na-oxalate produces a Mn(lll) intermediate reaction product
(here represented as MnOOH') which subsequently reacts with sorbed
(C00) 2-2 to form an unreactive Mn(lll)·oxalate surface complexes at the
solution-mineral interface according to the reactions:
2Mn0 2. + (COOh-2 + 2W = 2MnOOH" + 2C02

(I)

2MoOOH' + (COOn-2 = 2[Mn00H-COO)-

(2)

X-ray Photoelectron Spectroscopy (X.PS) results from Mo2p312, Cis and
Ols spectra of reacted surfaces reveal that initially rapid production of C02
via reaction (I) results in accumulation of C02 at the reaction interface. After
about 15 min, the reaction rate decreases to the point where desorption keeps
pace with accumulation (no appreciable change in adsorbed C02 content
between 15 min and 2.5 h). The rate of C02 production continues to decrease
with time until after 10 h of reaction C02 is not detected at the reaction
surface. Reduction of Mn(N) of birnessite to Mn(III) indicates that MnOzoxalate redox reaction proceeds as transfer of one electron per metal center.
There is no XPS evidence for reduction of Mn(IH) of the solid to Mn(II)
in the presence of oxalate. Whereas this reaction proceeds in presence of
arsenite, olUilate inhibits this step, probably through formation of a strong
Mo(lll)·oxalate surface complex (either monodentate or bidentate). This
postulate is consistent with Mnl•(aq) stabilization by oxalate in aqueous
solutions. Further study using X-ray absorption spectroscopy (XAS) is required for a better understanding of the structure of the surface complexes.
Rate of release of soluble Mn(II) to dilute olUIIate solutions (5 x J0-4 M)
is lower by an order of magnitude compared with rate of release to aerated,
distilled water at similar pH. Apparently, the process of proton promoted
dissolution of the soluble Mo(II) component of birnessite in distilled water
is impeded by the addition of oxalate. This is probably due to the formation
of a binuclear, bidentate surface complex between Mo(II.IJI) and adsorbed
oxalate ions.

MICROBIAL POPULATIONS SUSTAINED BY DISSOLUTION OF
IRON SILICATES. J. F. Banfield, S. A. Welch, C . M. Santelli, K. J.
Edwards, and P. L. Bond, Department of Geology and Geophysics. University
of Wisconsin-Madison, 1215 West Dayton Street, Madison WI53706, USA
Gill@geology.wisc.edu).
Introduction: It is widely accepted that oxidation of Fe provides
metabolic energy for microorganisms living in acidic solutions and that
microbial catalysis of Fe oxidation controls the rate of dissolution of sulfide
minerals in most terrestrial and marine environments. However, the potential
importance of ferrous Fe released by silicate mineral dissolution as a microbial energy source has received scant attention. In part, this may he attributed to the paucity of data supporting the existence of prokaryotes able to
catalyze Fe oxidation at near neutral pH. The recent isolation of a diversity
of species capable of Fe oxidation at circumneutral pH under microaerophilic
conditions [1,2) raises the intriguing possibility that Fe-based lithotrophy may
sustain (and may have sustained) microbial populations in a variety of Earth
(and possibly extraterrestrial) environments. Recently, we verified that under
some conditions, iron silicate dissolution can support substantial microbial
populations [3]. In. this paper we suggest a method to predict cell numbers
that may be sustained by dissolution or Fe-bearing minerals in rocks in fairly
typical near-surface environments.
Approach, Methods, and Analysis: It should be possible to predict the
number of cells that can he supported by oxidation of ferrous Fe from (I)
the typical rate at which cells metabolize Fe, and (2) the mineral dissolution
rate. From the data of Edwards et al. [4.5) we estimate that cell-normalized
rates for Fe oxidation range between -9 x I0- 17-3 x tQ- 1& mol Fe2•cen-t
s-1). This range is comparable with our measured rate of aqueous oxidation
of ferrous Fe by Thiobacillus ferrooxidans of 6 x I0-18 mol Fe2•cen-• s-1.
The dissolution rate of fayalite, measured at pH 2 in variously oxidized con·
trol solutions. was -1.5 x J0 -11 moles Fe2• cm-2 s-1, comparable with the
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publi shed abiotic. anoxic rate [6]. Based o n this . we predict th;Jt dissolution
of faya litc crystals (0. 1 m l g- t surface area) sho u.ld sustain - HY' coils. Field·
emission. low·voltage scanning e lectro n micro.~copc·based determinations of
surfacc·attached cc II populations and plankto nic cell counts arc cons istent
with this pn:d ictio u. Fu rthermore, almost comp le te oxidation of aquenu~
ferrous to ferric iron in microbial ex periments, compared to negligible ferric
iro n in thr abiot ic control, indicates close tn maximum utilization of ferrous
iron.
The relevance of mi~;roorganisms supported by pH 2 dissolution of fayaJitc
is qu ite limited. However. based on published dependencies of dissolution
rates o n temperature, mineral composition. particle size. aud pH , we can
c~:ti matc populations that may be suswined by dissolution of typical rocks.
TI1e elttrapolation is probably insens itive to variations in cell oxidation rates
due to spt:cies and temperature. Optima l growth rdtes for acidophilic Feox idi zi ng organisms in Fe-rich environment~ vary by less than a factor of 5
between 20"-70"C [71. However. re ollidation mtcs shou ld vary with concenttation of dissolved Fe. as predicted for e nzymatic reactions that obey
Miclmelis-Menton kinetics. Despile this. reponed growth rates of Fe-O)lidizing neutrnlophilcs (under conditions where aqueous Fe concentralions must
be orders of magnitude lower than for acidic environmen ts) arc comparable
to those of acidophiles [J]. E stimates below do not account for variation io
Fe ox id:itioo rales per cell, so predicted cell numbers are mini mum estimates.
Measurements of the Fe oK.idntion rJies for the new oeutrulophiles a rc oeeded
to allow incorporation of Utis potentially significant efft·ct.
The arnnunt of Fe released by dissolution o f Fo-10 is ~3 orders of magnitude less than fayalite [6] Reactio n in circumneutral water will further
decrease the rate. and thus sustainable populations . by 2 orders of magnitude
(6] (implying - 104 cells g-1). Granite containing - 10% typica l biotite dissolving in pH 5 .8 solutions [8] should be able to sustain - 1(}' cells g-1. The
number of lithotrophs supported by Fe o~idation will increase with decrease
in particle size, increased solution acidity, decreased metabolism ra tes, and
inc reased Fe concentration in the si licate minerals. Populations of cells
supported by Fe lithotrophy involving ocean Ooor basalt (2°-4"C) nre possible if metabolism rates arc suppressed relntive to those reported bcre.
References: [I] Emerson D. and Moyer C . (1997) Appl. Environ.
Micro., 63, 4784-4792. [21 Sobolcv D. ttnd Roden E. E. (1990) Am. Soc.
Micro. 99cil General Meeting, 451. [3] San telli C. M. et al., in preparation.
(4] Edwards K. J. et at. ( 1998) Am. Minnnl .. 83, 1444. f5] Edwards K. J.
et al., GCA, submitted. [6] Westrich H. R. eta I. (1993) Am. 1. Sci., 293: Casey
W. H. c t al. (1993) Cltem. Ceo/., 105. [7 ] Norris P. R. (1990) in Microbial
Miner11f Retovery (H. L. Erlich and C. L. Brierley, eds.). McGraw-Hi ll, NY.
(8] Malmstrom M. and Ban wart S. (1997) GCA, 6 1, 2779.

ACCELERATED WEATHERING OF FELDSPAR UNDER ELEVATED PCOl(g) AT 2s•c AND J atm. S. A. llanwan' nod A. Berg2 •

IDepanment of Civi l Engineering. Sir Frederick: Mappin Bu ilding . Mappin
Street, Sheffield. S I JJD. England (k.evans@shcffic ld.ac.uk). 2Department
of Inorganic Chemistry, 111e Royal Institute of Technology, Stockholm tOO
44, Sweden (nsuid.berg@swipoet.s.:).
Carho n dioltide is generally a~sumed to play a potentially important role
in the weathering of minerals at low temperature and pressure, through
suppression of pH, and the known impact of increased proton activity to
acce lerate the weathering of primary si licate minerals. This hypothesis can
be ques tioned o n the basis that the upper range of Ulbulatcd soil PC0 2fg)
(IO·L J0-1 ,5 atrn [ l ]l only resu lts in suppression of pH to val ues s lightly
below pH 5. while significant accc lerntion of silicate weathering due to
protons geoeraJiy occu rs only at lower pH (21.
An alternative role of C02 in soil environments is to accelerate mineral
weaU1cring through the impact of the adsorbed carbonate ligand to lower the
activation en.~rgy for release of AI ions from the mineral lattice (3]. This effect
is similar to that proposed for low weight organic ligands such <L~ oxalate to
accelerate mineral dissolution (2], and is hypoillcsized d ue w the structural
similarity between the carbooate ligand and carboxy lic acids .
Result~ from recent laboratory studies of anorthite dissolution. using nowthrough reactors at 25°C and I atm total pressure, show a significant increase
in mineral weathering rate at elevated concentrations of C0 2(g) [4]. The nlte
of A I release from the mineral follows a frnctiooal order empirical rate law
of the form rare"' k[C032- ] (k = 5.9 :t 1.0 x 10 ·8 I m- ! b- 1; units at I mol
rc032- l).

TI1is empirical rate law is consistent with a ligand-acce lerated surface
reaction mechanism where ra pid and reversible formurion of surface Alcarhonato complexes precedes a relatively slower and rate-limiting irreversible release of AI from the mineral lattice. TI1e observed dependence of
reaction rate on pH and PC0 2(g) is consistent with a tirs t-order rate depe ndence on the s urface concent ration of the A l-carbonato complex; rate =
k!>AIC03- ] (k =0.25 :t 0.1 x IO-J h- 1: surface concenttation in units mol
m·2). l11e experimental dat;! also allow the stability cons tant for formation
ot the surface c.omplell to be estimated: >AIOH1•· + C01(g) .. >AIC03- +
211 • (logK = 5.3 ± l.O}.
Organ ic lig~nds and protons nre generally assumed to provide the greatest impact ou weat11ering rates in soil environments. Comparison of the rate
daw reported above, with similar d:ita for organic·ligand accelerated weath·
ering of plagioc lase . shows that the effect of carbonate ligands can be as
strong. or stto11ger. under e lev ated PC02(g) [4]. T his effect is most pronounct:d at neutral and near-basic pH. whe re ndSO'lltion of low-wcig.h t organic ligands is limited. Under elevated PC0 2(g) io this pH range . howev.:r.
cnrbonate ion activity increases dralTlJltically due to the pH effects on lhe
aqueo us speciation of inorganic C. This in tum drives fonnation of the swface
Al-carbonato complex. and results in nccclcrated release of AI from tbe
minera l.
There arc severdl potential implications for weathering in naturdl envi·
ronments . Current hypothese.~ on weathering processes before the advent of
land plants suggests that microbial respiration io the unsaturated z.ooe resu lted
in elevated PC0 2(g) [5]. Although it cou ld be argued that the im pact on
weaU1ering Urrough pH suppression would be miojroal. an alternative weath·
cring mechanism in this environment is carbonate ligand.accelerated weathering at neutral or basic pH. to addition to u pote ntial impact on weathering
in modem soils and the vadose woe, cnrbonate·promotcd weathering could
play a possible role in submarine basalt weathering cons idering the ocean
carbonate concentration near 0.2 mM .
At drcumneutrul pH and elevated PC02(g) . caJixmate-promoted weathering can result in accelerntion of plagioclase tl issolulion to an extent that
is observed io laboratory weathering studies of organic acids in the near-acid
pH range. The commonly termed phrase ''carbonation weatheriog" shou ld
thert:fore be ex tended to include not only the postulated effect of elevated
PC0 2(g) to act:e lero~te weatlleriog thro ugh suppression of pH , but also the
possibili ty of carbonate-ligand accelerated weatheri ng at c ircumneutral pH.
References: (1] Appelo C. A. J . and Postma D. (1993) Geochemistry,
Groundwlllt!r w1d Pollution, A. A. Balkenm. Roncrdam. (2] Blum A . E. and
S tillings L. L. ( 1995) in Chemical Weathering Races of Silicate Minerals,
kevicws in Mineralogy. Vol. :n. pp. 291-351. Min. Soc. Am .. Washington,
DC. !31 Oruno J. et al. (1992) GCA. 56, 11 39-1147. f41 Berg A. and Banwan S. (1999) Chem. GeoL. in press. (5) Keller C. K. and W ood B. D. ( 1993)
Nawre. 364. 2.13-225.

USE OF RAOIUM-226 FOR GROUNDWATER DATING. F. Barbecot 1.
L. Dever I. and C . Hitlaire-M arccll_ ILaboratoire d' Hydrologic et de Geo·
chimic Isotopique, Universitt! Paris-Sud, Orsay. France. lCentrc de Recherche
co Geochimie Isotopique et en Geoc hronologic, tlniversite du Quebec a
Monttcal, Montreal, Quc!bec, Canada
Radium-226 can be used as a tracer of groundwater residence time within
the aquifer, and be t:ompared to radio-:arbon ages. Such an approach is based
on a geochemical model taking into account that (I) t11e initial 22 6Ra coming
fTOm carbonate d issoluti on in the recharge area. and (2) the 226Ra in situ
produc tion in the aqu ifer itse lf.
Calculatioo of 226Ra ages .:an be obtained by

where 226Ra,11 • t. P is the measured 226Ra. ini tia l Z26R ;, , and in situ 226Ra
con tents respectively, A. is the disintegration constanr for 226 Ra (4.279 x
10"' y - 1), and t is the 216Ra age of the sample.
T he ini tial 226Ra mineralization can be estimated in the recharge area ou
a water sample wiU1 high- 14C content (82.3 :t 0.6 pMC) that is considered
a rcpresentativ~ of e;uly wat,er minerJiization. The in itial 2l6Ra content, corrected from radioact ive decay a~;cord i ng to the AI4C va lue. has thus been
est imated a t - I 12 ± 0.01 to I 66 ± 0.04 dpn1 L- 1.
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which is directly related to the isotopic composition of the atmospheric
moisture above the eastern Mediterranean Sea. Thus, dating isotopic events
using speleothems provides an accurate reflection of regional and global
climatic events.
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For each sample a correction based on the TDIC contents has been
performed in order to take into account the variation of pedoclimatic conditions during the aquifer recharge stage.
The 226Ra in situ production through time can be estimated from an "old"
groundwater (-20 ka) where initial 2Z6Ra content can be neglected with
respect to the in siru production. The 226Ra in situ production takes place
in the aquifer matrix through recoil effect, decay of adsorbed 230'Jb, and watercarbonates interaction. 1be 226Ra in situ production is estimated to 0.3615 ±
0.005 dpm L- 1.
The 226Ra in situ production can also be calculated via the 226Ra-excess
value with respect to U (0.27 dpm L-1).
According to these geochemical models, 226Ra ages can be compared to
1<4( ages.
The slope of the correlation (<I) may indicate either that the 226Ra in siru
production has been underestimated, or that models used to calculate 1<4( ages
do not take into account all the retardation factors occurring in the system.
However, the very good correlation existing between 226Ra ages and '"C
ages indicates that 226Ra could be very useful for the validation of the radiocarbon ages for late Holocene groundwater.

BASALTS IN MONGOLIA: EVIDENCE FOR CONTRIBUTION
FROM A WIDESPREAD HYDROUS LITHOSPHERIC SOURCE.
T. L. Barry'. P. D. Kempton2, A. D. Saundersl, M. S. Pringte3, G . Davies•,
aod B. F. Windley'. 'Geology Department, Leicester University, Leicester,
LEI 7RH, UK (tlb2@leicester.ac.uk), 21sotope Geosciences Laboratory,
National Research Council. Keyworth. Nottingham. NGI2 5GG, UK. JScot·
tish Universities Research and Reactor Centre, Argon Isotope Facility,
Scottish Enterprise Technology Park, Rankine A venue , East Kilbride, G75
OQF, Scotland, 4 Hoofd Afdeling Massapectrometry, Vrije Universeit Amster·
dam, 1081 HV Amsterdam, The Netherlands.
Until recently little has been know about the widespread volcanism of
Mongolia. Early Cenozoic basalts erupted -30 Ma (new 4{}Arfl9Ar dates) in
the Gobi desert of southern Mongolia, are geochemically very similar to
younger lavas (6-0.005 Ma) erupted in the Hangai dome of central Mongolia.
Trace·element patterns for all the basalts are convex-upward, LREE-enriched
[La!Tb = 6.4- 7.1 (Gobi); 4.0- 8.8 (Hangai)] and strongly heavy REE-depleted
[ThiYb = -3.0 (Gobi); <4.3 (Hangai)] suggesting interaction with garnet.

A. Hangai

volcanism: (6 · 0
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DATING CLIMATIC EVENTS IN THE EASTERN MEDITERRANEAN REGION USING CAVE DEPOSITS. M. Bar-Matthews 1• A.
Ayalon'. and A. Kaufmanl, 'Geological Survey of Israel, 30 Malkhei Israel
Street, 95501 Jerusalem, Israel, 2Department of Environmental Sciences,
Weizmann Institute of Science, 76100 Rehovot, Israel.
The most accurate and extensive continental paleoclimate record of the
eastern Mediterranean region is obtained from carbonate cave deposits
(speleothems) in Israel, sampled at locations close to the eastern Mediterranean coastline. The speleothems were continuously deposited during the last
180 k.y. Detailed C- and 0 -isotopic profiles combined with TIMS nont.mu
dating enable the accurate determination of the ages of climatic events in the
region, and the correlation of local with regional and major climatic events.
The time period of the last 180 ka includes the six marine isotopic stages
for which a number of climatic events can be recognized in the region. The
most dry and coolest and events are associated with glacial stages lU and II,
at 46, 35, and 19 k.y.; similar, but less extreme conditions, prevailed during
stage VI at 155 and 140 ka. In contrast, warmer and wetter periods occurred
during stage VI, at 175 and 153-145 ka, during stages Ill and ll at 54 and
36 k.y.• and during deglaciation, between 17 and 12 ka. Deluge periods are
observed during interglacial stage V, between 124 and 120 ka, (with a peak
at 122 k.y.), and during the early Holocene between 10 and 7 ka, with a peaks
at 8.5 and 7 ka. Less extreme, but still very wet periods occurred also between 108 and 100 ka, and between 85 and 80 ka. Quasiperiodic cbanges,
at millenoial timescales occurred during the glacial and the Holocene peri·
ods.
The 0-isotopic record recorded by speleothems primarily reflect changes
in the amount of rainfall, and the 0-isotopic composition of precipitation,
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Fig. 1. Schematic representation showing melt regime for Cenozoic
Mongolian volcanism. (a) The complex setting for melt generation in the
Hangai area. Some of the magmatism suggests a greater influence of hydrous
mineral melting, possibly relfecting the abundance of mantle veins at a given
time. (b) Melting of a hydrous mineral-bearing source led to small degree
melts.
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Chemical and isotopic (Sr, Nd, Pb, Hf, and He) studies were undertaken on
both Gobi and Hangai alkali basalts to establish magmatic sources and melting
processes. Fractional crystallization appears to have had only moderate influences on composition and cannot explain all the variations seen. AFC
modeling incorporating compositions of analyzed crustal xenoliths indicate
that the basalts have not been affected by crustal contamination. However,
both Gobi and Hangai lavas are enriched in K, Nb, Sr and P. This may reflect
the breakdown of hydrous phases in the lithospheric mantle during a Cenozoic melting event. The in.itial enrichment of the source may have occurred
at any time; both ancient and modern metasomatic amphiboles occur within
Cenozoic hosted mantle xenoliths [e.g., 1). Low 14lNdJ144Nd values
(0.5 12265-0.512313) for Gobi basalts and some Hangai basalts (>0.512431)
supports an old enrichment event, however this is unlikely the case for aU
samples, where enrichment may have recently precluded melt generation. In
support of a hydrous mineral-bearing mantle under Mongolia are the occurrences of phlogopite megacrysts in the Cenowic basalts, as well as previously
documented amphibole-bearing mantle xenoliths [1 ). The isotopes indicate
that the mantle beneath Mongolia is heterogeneous with not only an enriched
lithospheric component, but also a depleted lithospheric mantle reservoir,
characterized by low 206Pbf204Pb ratios (>17.0620). In addition, an asthenospberic component may have contributed to overall melt compositions, as
suggested by slightly higher lHeJ4He ratios (<10.8 ± 31%) than MORB , and
87Sr/86Sr and 143NdJI"Nd ratios close to bulk silicate earth.
The Hangai and Gobi basalts were previously regarded as plume-related,
representing part of a large diffuse cenowic volcan.ic province which includes
Bartoy and Vitim near Baikal, Russia. It is apparent that the same melting
process has occurred over a large area (>>600 krn) and throughout a long
period of time (>30 Ma), suggesting that vast areas of the Mongolian lithospheric mantle has been metasomatically enriched at some time. In our model,
a thermal anomaly underlying Mongolia need only be slightly hotter than
ambient mantle temperatures, because preferential melting of hydrous-bearing assemblages in the lithosphere could lead to all<.alic melt generation. A
high heat-flux plume is not required.
References: [1) lonov D . A. et al. (1992) Contrib. Mineral. Petrol., 111,
235- 247.

GEOCHEMISTRY OF XENOLITHIC ECLOGITES FROM WEST
AFRICA. M.G. Bartht, R. L. Rudnicki,!. Homt, W. F. McDonought, M. J.
Spicuzza2, J. W. Valley2, and S. E. Haggerty3, I Department of Earth and
Planetary Sciences, Harvard University, 20 Oxford Street, Cambridge MA
02138, USA (barth@eps.harvard.cdu), 2Dcpartment of Geology and Geophysics, Un.iversity of Wisconsin- Madison, Madison WI 53706, USA, 3Department of Geology, University of Massachusetts, Amherst MA 01003, USA.
Xenolithic eclogites (bimineralic rocks composed of garnet and ompbacite) from kimberlite pipes document equilibration at upper-mantle pressures
and temperatures. However, the origin of their protoliths and the subsequent
metamorphic evolution of these bimineralic rocks are less certain. Xenolithic
eclogites have been variously interpreted as crystallized high-pressure magmas or their cumulates, or as fragments of recycled ocean.ic crust, which may
or may not have been through a melting episode associated with subduction.
Trace-element and stable isotopic geochemistry are powerful tools with which
to investigate the concealed evolutionary record of eclogites and to constrain
possible precursors. For this reason, we have measured the 0-isotopic ratios
of clean mineral separates of garnets, omphacite, and kyanite in xenolithic
eclogites from the Koidu kimberlite pipe, Sierra Leone, by laser fluorination
techn.iques. Trace-element compositions of garnets, omphacites, rutiles, and
ilmen.ites have been determined by laser ablation inductively coupled plasmamass spectrometery (ICP-MS) from which whole-rock compositions have
been reconstructed.
The Koidu eclogites fall into two groups, based on their major-element
chemistry: high-MgO (> 16 wt% MgO) and low-MgO (6-13 wt% MgO). The
high-MgO group shows diverse trace-element patterns and mantlelike otSO.
LREE-enriched patterns in some of these samples are inconsistent with a
cumulate or restite origin. Therefore, these samples may represent crystallized
picritic melts, which may or may not include minor cumulate phases. However, the diversity of incompatible trace-element patterns is difficult to explain with a simple crystallization model and suggests a more complex origin.
In this abstract we concentrate on the low-MgO group, which shows evidence
for being fragments of subducted ocean.ic crust.
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Fig. I. Primitive mantle-normalized diagram of the median of the reconstructed low-MgO Koidu eclogites.

Oxygen-isotopic data obtained on garnets show variable isotopic compositions, with several samples having both isotopically lighter and heavier
values than the mantle range. Additional garnet, omphacite, and kyanite
separates arc being measured and will be reported at the meeting.
The II low-MgO eclogites analyzed to date are all LREE depleted. The
jadeite-poor eclogites (<30% jadeite component in clinopyroxene) have very
similar LREE-depleted patterns, whereas the jadeite-rich eclogites have more
variable LREE-depleted patterns. The kyaoite-bearing samples show pronounced positive Eu anomalies.
High-field strength elements are largely contained in accessory rutile. for
which modes have been calculated from Ti mass balance between the measured whole-rock and mi.neral compositions. The majority of reconstructed
eclogite whole-rock compositions show superchondritic Nb/La ratios (Fig. I,
median Nb/La = 5) but subchondritic Zr/Sm ratios (median = 12).
The presence of Eu anomalies and the deviation of 1)18Q from mantle
values in the low-MgO eclogites suggest a low-pressure protolith such as
altered ocean.ic crust. The more heterogeneous REE patterns of the jadeiterich samples are consistent with more intense hydrothermal alteration (e.g.,
albitization) of the ocean.ic precursor than of the jadeite-poor samples. The
LREE depletions, flat HREE patterns. and positive Nb anomalies require an
episode of partial melting (or dehydration) of rutile-bearing garnet amphibolite or eclogite during subduction. A protolith with a flat trace-element pattern - similar to enriched mid-ocean ridge basalt or oceanic plateau basalt
- loses LREE during partial melting/dehydration while Nb and the HREE
stay in the residue due to the high-partition coefficients of rutile and garnet,
respectively (Fig. 1). The complementary silicic melt (or fluid) would show
Nb and HREE depletions, as observed in tonalite-trondhjemite-granodiorite
suites, which make up large portions of the crust in Archean cratons. Therefore, the Koidu eclogites may represent fragments of processed ocean.ic crust
that are residues from Archean continental crust formation.
LABORATORY EXAMINATION OF MICROBIAL PERTURBATIONS IN A GEOLOGICAL DISPOSAL SITE FOR RADIOACTIVE
WASTE. K. Bateman 1, P. Coombs 1, K . Hama2, V. L. Hardsl , A. E.
Milodowskil. J. M. Westl, P. D. Wettonl , and H. YosbidaZ, !British Geological Survey. Keyworth, Nottingham, NG12 5GG, UK, 2Japan Nuclear
Cycle Development Institute, Tono Geoscience Centre, 959-31, Jorinji Izurn.i,
Toki, Gifu 509-51 Japan.
Introduction: Microbial activity can have a significant impact on
geochemical processes as it can influence mineral dissolution and precipitation, pH, alkalin.ity, and redox. Detailed studies into the subsurface microbiology of As pi) [I I had revealed the presence of many different bacteria in
the deep groundwaters including Fe- and sulfate-reducing bacteria, the implications of which are discussed in detail in an earlier study (2). A series
of experiments were conducted as part of a BGS-JNC collaborative program
to study the rock-water and microbial interactions.
Experiments: Results from previous work [3) using batch systems
showed that microbes potentially have complex effects oo the geochemistry
of the system. The experiments discussed here were designed to represent
more realistic conditions, by using flowing systems. Both columns and mixed-
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now reat.:turs were us~d m these expenments. TI1e experiments were t.:cm
dueled within an anaerobic chamber with a t.:untrolled N/H!C:U2 atmu~pher~
A series of experiments were conducted in ~ hlC:h crushed Asp<l Oiurite was
rcat:ted with i\spo g,oundwater flowmg mto the systt:m Half !he npcnm~nt~
were inoculated with a nuxture of sulfate·reducing hactcria (SRR) and Fercducmg bacteria (lRB). Flu1d wa~ conhnuously analyzed for chcrnJcal and
rn1crobial changes during the expcnments. TI1e fluid pH anc.l fll•w rate were
Jlso monitored. The reacted sohd res1dues from the expcnments were exam•ned for mineralog.scal and perrographic changes at the end Clf the expenments.
Results: The column expt:nments were run for about two weeks before
the columns with bacteria added became blocked and flow flu1d ceased. The
mixed-flow Cllperiments were ran anaerobically for three months. after wluch
two of the experiments were:: allowed to run aerobically for a further three
months.
Microbiology resulrs. Bacterial populatiOns were sustained throughoutllle
c·xpcrimcnts.
Minualogy re.wlr.•. Some c;vidcnce of biofilm development was obscrvtd
during analys1s of residues from the column experiments. However tht
mixed-now experimentS showed uu clear~videncc (or preservation) ofbiofilm
development.
Scanning electron nl1Crl1Scopy (SEM) observation of d1e solid residues
twm the mi~ed-nnw ~xpc::riments showed no significant ~vidence for reoction when compared to the suuting material. However. there was a loss of
fine-grained (i e., <5 jllD) matt:nnl. which originally adhered to grain surfaces
111 the starting material. There was also evidence for the formation of minor
amounts of smectite on primary mineral surfaces; sme~t1te was not present
mthe startmg materials. X-ray diffra,tion analysis (XRD) supponed the idenuficalion of smectite in the residues. Mineralogical observations ind1catc that
minor conversion of chlonte and chloritised biotite lines present withlD the
crus!Jed diorite has produced smecute and mixed-layer chlonte-smectite. ·me
degree of alteration was greater in the e"perimenlS when bacteria were present.
but no difference in rcacuon was seen between !he annerooic expcrimenrs
and those !hat were initially anaerobic and subsequently run aerobically. This
suggests that the smectite formation oc.:urred under anaerobic conditions, with
little subsequent alterdtion under aerob1c conditions.
The observations are c:onsistenl with those of the column e.\pt:riments. The
columns with bacteria became blocked very rapidly. and minor amounts of
smectite were observed in the reaction residues examined after this period.
Expt:riments without t>act~ria did oot block up. These results are consistent
with bacteriaUy enhanced smectite formation being responsible for the blocking of the column experiments. How~ver additional rcs.:arch is required to
confirm whether or not this hypo1hesis is Cllrrec:t. If bacteriul action is indeed shown to be responsible for the enhanced rate of smectite formal10n.
tile chemical mechanism needs to be established by further work.
C/u>misrrv resllltS. Little evlclence for rock-water intcractlot!S 1s seen in
the chemical analysis dntn for all the experiments. There are some slight innial
increases observed for some elements (i.e., Si, AI) but this is probably the
result of the r~stablishmcnt of tquilibrium between the groundwater and the
crushed rock as no further trends are observed. Modeling of the fluids showed
them to be saturated with n:spcct to clay minerals. Possibly, the observed
mineralogical change~ renee! alteration occurring in microbially mediated
microenvironments close to mineral surfa~.:es. Consequently, these changes
rnay be too small to be detected in the chemical analysis of the bulk nuid.
Acknowledgments: This work is pul>lished with the permission of the
Director of the British Geological Survey and JNC.
References: (I J Pedersen and Karlsson (1995) SKB Tt!clrnical Rpr 95/0. (2) Banwart S. ( 1995) SKB Technical Rpt. 95-26. [3) Batemao et al.
c1998) Mineral. Maf?., 62A. 124-125
INTRAPLATE MAGMATISM OF THE KOLA STRUCTURE. f\ALTIC SH[KLD BAY A NOVA. T B Bayaoovn. Geological Institute of th"
Kola Science Centre. Fersman slr 14. Apatity, Munnansk reg., I 1.!4200,
Russia.

The oldest d1kes il'l Fennoscandinav1a are the metagabbrononte d1kes of
Kirgora. Uranium·lead dating of two dikes. which cut the B IF f0rmatioo of
the Olenegorsk. ore field, yielded 2739 .1: 10 and 2738 ± 6 Ma All zircon
fractions are in the upper part of the concordia plot: one point of altered
baddeleyite lies in the lower part. sho"ing an age of 330 ± 28 Ma. and renects
tht· age of Paleozuic al}utliuc Jllagmausm 360-380 M,1 I 1]. which h wide-
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spread 10 the t:aslcro Baluc Shield The U-Pb age on apatite from one of 1he
dikes IS 1960 .1: 30 Ma, whi~h we interpret as Svc~ofenninn m.:tamorpiur
events.
Z1rnms from garnet metaanorthnsite of che Achms~y , Tsaga. and
Medvezhje-Schuclucozersky masstfs (Keivy Structure) have Archean 1/-Ph
ag~s of 1678 ± 16, 2659 ± 3, aml 2663 z 7, respc.:uvely.
The Kola bdt of layered POE-bearing intrusions formed in the tntcrval
hctween :!.5-2 45 Ga. and the duratllln of formatiun of individual intru~ions
1S atx>ut 50 Ma. The U-Pb Z1rwn age of gabbronorite from the lower layers
of POE-bearing reefs 111 the Fcdorovo-Pansk')' Massif is 249 :!: 1.5 Ma. The
age of gabbropt:gmaiJte is 2470 ± 9 Ma. The U-Pb age on baddeley1te and
Zircon from anorthosite of the upper layers of the ore-hearing reefs IS 2447:!:
12 Ma. The gabbronorite of Mt.Gcncralskaya (basement of Pechenga Structure) ytelded a U-Pb age on mcon of 2496 I 10 Ma. and thc anorthosite
~447: 12 Ma. Baddeleyite aoaly7ed from the anorthosite of the lrnand.rJ
lopolith gave a U-Pb age of 2437 ± J J Ma. A very coeval U-Pb age 2434 I
7 Ma was obtained for zircons from lbe pegmatoid gabbronorite of the drusttc
Kovdou:nly Massif located in the Belomorian mobile belt.
A lrunpropllyrc dike of thr Pechenga strUcture hns a ll-Pbage of 1711 ±
12 Ma.
Three fractions ofrccrystalli7ed baddeleyite and one z.ircon fracnon were
snadied from lbc Tilshco1ero carbooatitc. The U-Pb age obtained, 1650 ±
5 Ma, ts in agreement willl Sm-Nd and Rb-Sr mineral isochron dat.a. 1.7 Ga
[2), and probably rt!flects the Svccofeoo1ao memmorphic events. Previously.
we obtained a PI>- Pb age on two populations of rircon: 2500 :!: 55 aod 2480 ::t:
40 Ma (3) These Archean ages can be iotl'Tpreted either as the emplacement
age or the age of zircon xcnocrysl~ .
Acknowledgments: Tlus study was financially supported by the Rus·
s1an Foundahon for Fundamental Investigations. grant 98-05-64321
Rderences: [1] Kramm el al (11191) [11 Bclyatsky and Tikhomirova
(1993). [31 Bayaoova et al. (1995).

TilE ROLE OF lRON METABOLIZING ORGANISMS IN THE IRON
GEOCHEMJCAL CYCLE REVEALED BY ffiON-ISOTOPIC MEAS-

UREMENTS. B. L. Beard and(.. M. Johnson. Department of Geology and
Geophysics, University of Wisconsin-Madison. 1215 West Dayton Street.
Madison WI 53706. LISA.

lntroduction: Membolic processing of Fe by b:~cteria is a ul>iquitnus
phenomenon and includes organisms that reduce Fe [e.g., 1], and organisms
that o~id1ze Fe (e.g .. 2J The important role that these organisms play m
controlling Fe gecxhcmical cycling IS just now becoming recogruzed [3]. hut
their 1mportancc 10 lite geologic past 1S speculative because identification of
metat>ohc prlleessing is often veiled by the long expanse of geolog1c time.
In order to gain a bcu..:r understanding of how microbial life rnay have shaped
our planet we have develope{! a biosignaturc that identifies metabolic proccssmg of Fe using the isotopic composition of Fe
A doubk-spikc technique that uses conveuuonal thermal ioni.ullton mass
spec:tromttry has l>een developed, Fe-isotopic compositions can be measured
to a precision of 0.2 to 0.3%,, for the S6FcJ54 Fc ratio [4]. Iron-isotopic variauons :~« reported as ()S6Fe%o = (S6FeJS4Fe,..,p~j56FcJ54Fe.,.. .t.n:~ - Ill Ql the
56feJ54Fe mtio uf the standard is equal to 15.7028. the measured rntio of a
variety of terrestrial and lunar 1gneous rocks.
Contr(IIJed laboratory e~periments using the Fe-reduciog bacteria
Shewanella putrtfacitnl grown on a fcmhydritc subsrrate indicates that
metabolically retluced Fe has a OS6Fe value that is I 3%o less than that of lbc
staning ferrihydrite composition. In c:ontra5t, inorganic Fe has a constant FcISntoplc composition: the Fe-isotupic composition measured for a vanety of
terrestnal and lunar rocks (peridotite 10 rhyolite) is mvanant (OS6Fe-= 0). The
constant isoropic composition nf inorganic Fe provides an ideal baseline for
evaluabng [be 1mponaocc:: of memhlllically processed Fe in the geologic past.
The isotopic composition of Fe has been measured from a variety of
sedimeo1ary c:nv1ronments. including Pret:ambrian banded Fe formations and
l'e-Mo nodules. Tl1e range in Fe-1~0topic compos1tions from these sedimentary environments is large (the measured range in 1)56Fe values IS 2.5%,,, a
facwr of 10 greater than tbe analytical uncertainty), and suggests that Femctaboliziug bacteria have played on imponllnt role in the Fe geochemical
cyde for much of Earth's history. For example, Fe-isntopic composilional
variations measured in 1ndividunl layers of Precambrian banded Fe forma·
IiLli" vruy ~y~lt'lmtically. Da~~ t.:oh•>ecl. Fe-lich laye1s havc ucar tt:IU I)S6ft'
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va lues. whereas. light colored, Fe-poor layers have positive I)SbFo:: values. The
rhythmic variations in Fe-isotopic composi tions measured in bnnded Fe formations is consistent will1 production of the (ine suale layt:ri ng in banded Fe
fonnalions by diagenlic al teration by Fe-n:ducing bacteria, as originally proposed by Nealson and Meyers [5].
Variations in Fe-isotoplc compositions measured in Fe-Mn nodules is
correlated with major-element nodule compositions. Noduh:s with compositions consistent with fonnation by diagenti~.: pore nutds have negative 6~6fc
values (- 1.62 to -0.96), consist.cot with the su-oog role proposed for metalreduciog bacteria which may mobilize metals in pore nuids. In contrast.
nodules that have compositions consisten t with fonnation by hydrogenous
accretion have variable 1>5~Fe values (-1.24 to +0. 17). lroo-isotopi~.: compositions for nodu les formed by hydrogenous accretion are correlated with productivity Ievelsin the oceans. Nodules from the low productiv ity, icc-covered
Arctic Ocean have 1)56fe values of --0.3, as compared to nodules from the
bigher productivity Pacific Ocean that bave l)56Fe vulues of - - 1.2.
Bacterial processing of Fe produces mensurable fe-isotopic fractionatioos
and the present dolta oo inorganic Fe indicates Umt noncozymatic processes
do not produce measurable Fe-isotopic fractionations. Therefore. the isotopic composition of Fe nmy be uniquely suited as a biosignature for evuluatiog the role of Fe mct.abolizing organisms in the geologic past. and as a
tool for evaluating if life existed on other planets. !roo-isotopic variations
measured for oaturdlly occurring samples imlicate Ulllt variations in Fe-isotopic compositions are preserved io nature and these variations are best interpreted as bciog a result of i!iological processes. Current work is focusing
on evaJuating the. magnitude of inorganic Fc-isotopic fractiooation through
the use of reaction columns and electrocbcmistry, the. scope of biologica l fractionation of Fe in controlled experiments using a variety of substrates ami
Pc- metabolizing organ isms, and determining the variation in Fe-isotopic compositions in the solar system hy analysis of meteoritic material.
References: (I] Nealson and Saffarini (1994) Annrt. Rev. Mit:mbiol.,
48, 311- 343. 121 Emerson and Moyer (1997) Appl. Environ. Mirt:obiol., 63.
47R4-4792. [3] Nealson ( 1997) Armu. Rev. Earth Planet. Sci. , 25, 403-434.
[4] Beard and Jobnson ( 1999) GCA, in press. [5] Nealson and Meyers (1990)
Art~ J. Sci., 288, 35-45.
MOBILITY AND ACC UMULATION OF PLATINlJM-GROUP
METALS AND SELECT TRACE METALS IN THE POLAND
KUPFERSCHIEFER. A. Bechtel', S. Oszczepalsk.F, A. M. Gbazfl, W. C.
EUiott:l, and B. D. Cbatham3, 1Uo.iversirat tlollD, Boon, Germaoy, lPoland
Geologicul Survey, Warsaw. Poland, 3Georgia State University, Atlanta GA
30303, USA (wcelliort@gsu.edu).
The mobility and accumulation of the platinum group metals (PGM). and
select trace metals were measured from Kupferschiefer collected from core
throughout the Poland Zechstein Basin. PGM were measured usiug inductively coupled plasma mass Spt:cttometry (ICPMS) and ion exchange preconcentration methods. The PGM. base metals (Cu, Ag) increase in
concentrntion toward the Rote Fliule, a zooe of posrdepositional oxidat.lon.
The areal pattern of PGM and trace clement abundances argue for their mobilization and migration outward from the Rote Faule into the reduted Cumineralizcd Kupferschiefer. Metals having low solubi lities (Pt, Pd, Au, and
REE) are most abundant at the Rote Faule and itt the Tt ansition wne botween the Rote Fliulc anti the reduced Cu-mineraliz.ed Kupfcrschiefe.r (e.g.,
Pl = 202-537 ppb). Metals having higher solubilities (e.g .. Ag, Cu. Pb. Co,
and Re) arc more abundant in the Cu-minemlizcd Kupferschierer (Ag = 4755 ppm and Re 541- 948 ppb) compared lo tltc Rotc Fliule (Ag = 3-4 ppm
and Re = 113- 211 ppb). These results arc consistent with recent models
describing the Kupferschiefer miocrulizatioo. The sources of these metals are
enigm11tic. They arc thought to be mobilized from the underlying
Rotl iegeodes, the Variscan basement or from tbe Kupferschiefer by oxidizing !·wines relel!sed during intracontineotal rifting in the Triassic period.
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RIIENIUM AND OSMIUM LOSS FROM SUBDUCTED OCEANIC
BASALT AND THE RIIENIUM BUDGET OF THE CONTINENTS.
H. Becker, Department of Goo logy, University of Maryland, College Park MD
20742, US/\ (hbcck.er@gcol.umd.cdu).
Introduction:

It has been noted that the moderate Re enrichment in the

continental crust (CC) complements the Rc depletion observed in the subcootinental lithospheric mantle (SCLM), rcsulling in an overa ll chondritic
modem 187 0s/IS80s of hoth reservoirs combined [I ]. The cnmpleme ntary
behavior of these two reservoirs with respect Ill Rc can be compared with
the complementary behavior of mildly incompatible minor and major elements
such as Ca. AI. and Fe (2]. However, CC and SCLM cannot be balanced with
resp~ct to highly incompatible elements [2]. This impl ies that ei ther tbe
complemcolary relationship between those reservoirs for mildly intompatible
t:lt:mcnts, such as Re. is accidental or multist.agc processes resu lt in differential extmction of elements according 10 their incompatibility during CC
fonnation. The preferential elltraction of fluid-mobile incompatible clements
from subducted oceaoic crust io subduction zones over the last 2-3 b.y ., and
incorporation into CC via arc magmatism, may provide a partial solution for
this paradOI( [3]. Altered basalts Jose a large fraction of their Re during
dehydrati on in subduction zooes. If this process operated over the last 33 .5 b.y. it may account for a large fraction of Re in the CC.
Methods: Rltenium and Os abundances w.:re measured by isotope dilutioofN-TlMS on 2-3 g of powdered sample using Carius tube digestion io
reverse aqua regia, solvent extraction for Os and anion exchange chemistry
for Re. Duplic'<~te ;ma!yses, some of them including predigestion in HF-HCIBthanol, yielded in some cases good in otlters poor reproducibility of concentrations. Poor reproducibility of concentrations in some samples is
attributed to heterogeneous distibution or sulfides.
Rhenium and Osmium in Subducted Metabasall~; In MORB, Re
shows good correlations witb mildly iocompatible elements [4]. Metabasalt~
metamorphosed in paleosubduction zones (eclogites, blueschists ·and highpressure mafic granulites), however, do not show these correlations because
of Re loss. These roc1>s lost - 60% of their Rc (abundances 2.5-1689 ppl,
medittn 331 ppt Re) compared to -860 ppl for MORB with Y abundances
comparable to the metnbasalls. Rhenium is lost either by dissol ution of
su lfides in aqueous fluids duriog dehydratioo, or during alterati on o f the
protoliths near the ocean ridges. In cootrast, Os abundttnces (0.96-909 ppt,
median 6 ppt Os) in the metabasalts are compamble 10 those in MOR.B, and
possible losses or gain s of Os are evidently minor.
Rheniwn Budget of the Continental Crust; On a long-term basis, the
loss of Rc from oceanic crust in subduction :t.ones may contribute significantly
to tl1e budget of Re in tile CC. Estimates for lhc Rc ahundolnce of upper CC
range between 200 and 500 ppt, with a preferred estimate of 400 ppl [5 J.
Lower CC may have a factor of 2 lower Rc abundance compared to upper
CC [6]. Titus , va lues between 300 and 400 ppt may be good approxinllltions
for lltc bu lk CC.
1l1c amount of Re extracted from 7.1 km of oceanic crust over 3-3.5 b.y.
at efficiencies comparJble to the median value obtained from the m~t.abasalts
(-60%) comprises 1.2- 1.4 x 1017g. This represents I4-I6x or 19-22>< the
amount of Rc in CC, if the latter contaios 400 ppt or 300 ppt Rc, respective ly. The mismatch in this mass balance suggests that most of the Rc (>9095%} io o<.:eanic crust is recycled hack into the manti~ [1]. TheRe :tbuodaoce
in the CC approximately matches the loss of - 60% Re (-3.3-9.6 x IOij g
Re) from the most altered portion of oceanic crust (uppermost 0.2-0.5 km),
if subdud.ion occurred over the last 3-3,5 b.y .. and if past production rates
of oceanic crust were comparable to present-day production rates. Uncertain ties io these estimates are large enough that basaltic underplating [6] and
accretion of mafic terranes may provide additiooal, significant contributions
of Re to the continents.
The hypothesis that a signiliCllnl proportion of Re in the continents may
have been derived from dehydration or melting of oceanic hasalt needs more
corroborative: evidence. The relatively high Re abundolncc estimated for the
bulk upper continental crust req uires that some juvenile continental rocks.
such n.s modem calcalkaline rocks or Archean continelltal rocks (e.g., tonalitetrondhjemite-granodiorite suite). have sufficiently high Re abundances. Since
no data are avai !able on such rocks and Re abundance dat.a oo other upper
cmstal rocks are scarce, more work on evolved crus La I rocks is necessary.
Rcfere~ces : [I] Martin C. E. ct 3). ( 1991) Austral. J. Earrh Sci.. .18.
569- 576. [2] Silver P . G. et al. (1988) Ann1.1. Rev. Earth Planer. Sci, /6, 477541. [3] Miller D. M. e! al. (1994) Natufi!, 368, 5 14-520. [4] Schiano P.
Ill al. ( 1997) EPSL, ISO, 363-379. [5) Esser B. K. and Turekian K. K. (1993)
GCA, 57, 3093-3 104. [6] Saal A. E. et al. (l998) Namre, 393, 58-61.
SECULAR CARBON-ISOTOPIC VAlUATIONS AND CHANGING
ENVIRONMENT IN THE EARl. Y PALEOPROTE.ROZOJC. A
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Analysis of sedimentary successions from several basins allows us to
SOLUBILITY AND REACTION RATES OF ALUMINUM SOLID
suggest the following temporal relationship between secular C-isotopic and
PHASES UNDER HYDROTHERMAL CONDITIONS. P. Benezeth,
environmental changes in the early Paleoproterozoic.
D. A. Palmer. and D. J. Wesolowski, Chemical and Analytical Sciences
B!Fs were deposited at -2.45 Ga on the continental margins of the Sao
Division, Oak Ridge National Laboratory, P.O. Bo:t 2008, Oak Ridge TN
Francisco. Kaapvaal, and Pilbara cratons. The carbonate units (Gandarela
37831-6110. USA.
Formation, Brazil and Tongwane Formation, South Africa) overlying BIFs but
preceding the -2.4-Ga glacial epoch (GE) have C-isotopic ratios that are simiIntroduction: Experimental studies involving equilibrium solubility and
lar to those in sedimentary carbonates of the present-day oceans [ 1,2].
dissolution/precipitation rates were initiated on boehmite (AIOOH) using a
Uraniferous/pyritiferous conglomerates that were deposited at the base of
hydrogen-electrode concentration cell (HECC). This cell provides continu- 2.45-Ga-old rift successions of Fennoscandia and North America indicate
ous. accurate in situ pH measurements of solid/solution mixtures to 295•c
that 0 level in the atmosphere was still low.
with provision for either removing solution samples for analysis of the metal
content. or adding either of two titrants. This cell has been recently used to
The Duitschland Formation, Cbuniespoort Group, South Africa provides
evidence for negative to positive 1)13Ccttll shifts between glacial events [2].
measure the solubility of minerals such as bruci1e, boehmite, zincite, and
In North America the Huronian and Snowy Pass Supergroups contain shales
magnetite.
and cap carbonates overlying diamictites. They have negative 1)13C<m• en·
The ability to perturb pHm isothermally by addition of acidic or basic
riched ljHC"''' and decreased &S values. The observed relationship between
titrant opens the door for studies of the lcinetics of dissolution/precipitation,
biogeochemical C cycling and climatic changes during the Paleoproterozoic
even for relatively fast reactions. By monitoring the change in pHm with time,
glacial epoch (GE) is similar to one in the Neoproterozoic [3). Sedimentary
detailed kinetic information can be obtained without the need for sampling.
units deposited at the end of the GE show the first indications of 0 level rise
Results and Discussion: The solubility of pure synthetic boehmite
(AIOOH) bas been measured in NaCI brines over a wide range of pHm (2in the atmosphere. Evidence has been provided by REE concentrations (4),
10), temperature (I00°-290°C), and ionic strength (0.03-5 molal NaCI). As
the increase in S-isotopic fractionation [5,6], and the appearance of Cu stratiform deposits (7] and red beds [8,9].
an example, Fig. I shows the results of multiple titrations obtained at 15o•c
The GE was followed on the Fennoscandian and Canadian Shields by
(0.1 molal NaCI), performed both from acidic and basic solutions using the
deposition of mature Al·rich quartzites with chemical and mineralogical
appropriate titrants. These results show that the solubility of boehmite is
signatures indicating warm arid climate and deep weathering. Several carreproducible and also reversible, from both over and undersaturation. The
bonate successions (Mooidraai Formation, South Africa 14), and Randville
solid curve in this figure represeniS the solubility calculated from a fit of the
Formation, Michigan and Wisconsin, USA) stratigraphically above the last
data using a general least-squares program.
expression of the GE have 1\IJC values varying between 0 and +4o/oo. These
Studies of the dissolution/precipitation rates of boehmite were initiated
in neutral to basic solutions at I00°-290•c. The equilibrium solubilities
data suggest that after the GE the C-isotopic composition of the ocean was
similar or slightly enriched in IJC relative to the present-day ocean.
obtained after each addition of acid (inverted triangles. Fig. I) or base (tri·
Carbonate successions with an age between 2.2 and 2.1 Ga are highly
angles, Fig. I) are in excellent agreement with the solubility curve obtained
enriched in 13C with average lji3C values ranging from 7%o to 12%o 110]. This
previously. These results show also that the rates of both the dissolution/
C isotope excursion is clearly postglacial and constrained to have started
precipitation reactions are extremely fast at high temperature.
For the dissolution steps at Joo•c. the pHm vs. time data indicated a
earlier than 2.22 Ga in Fennoscandian and Canadian shields. Sedimentary
successions with an age between 2.2 and 2.1 Ga contain evidence for warm
smooth exponential approach to equilibrium. The rate of dissolution was
arid climate including pseudomorphs after sulfate and halite, B·enrichment,
converted from pHm vs. time to total AI molality vs. time. This reaction obeys
magnesite and red beds, and they are devoid of BIFs. The fractionation
the simple rate law: d[Al(OH)4-]/dt kw,.C - ~...,CmH.mAI(OHJ<· where C
between inorganic and organic C in 13C-enriched carbonates of this age is
is the ratio of boehmite surface area to mass of solution, k.t;., and ~ are
close to 30%. [10].
the zero-order and second-order rate constants for dissolution and precipi·
Carbon-isotopic e:tcursion ended between 2.11 and 2.06 Ga (10]. Carbontatioo. A plot of rate (d(AI)/dt] vs. [W](AI(OH)4-) proved to be linear and
isotopic values of carbonates deposited shortly after the end of the C-isotopic
the logarithm of the ratio of the dissolution/precipitation rate constants for
excursion range between 0 and +3%o in the Lower Albanel Formation, QE
both steps is within 0.1 log units of the corresponding equilibrium constant
for the boehmite/aluminate reaction determined previously.
[II] and Nash Forie Formation, WY. The end of the excursion coincides with
deposition of Mn-carbooates, phosphorites, BlFs, organic-rich shales. the
oldest fossils of possible eulcaryotic origin, and decrease in stromatolite
abundance. Poste:tcursion black shales from Fennoscandia and from the
Francevillian basin, Gabon contain organic C with highly depleted 1)13C0 , .
-Fi!
values (below -40%o). Environmental changes at the end of the C-isotopic
o
Experimenral data
excursion are compatible with an ovenurn of a stratified ocean with anoxic
.J
•
precipitat~ series
•
dis.solulion seric5
deep waters rich in Mn, P, Fe, and 12C-enriched C02 . This overturn could
have been related to a change in paleogeography due to the opening of the
Manikcwan and Svecofenoian oceans at -2.1 Ga and the associated sea level
rise.
Climatic changes and biogeochemical C cycling seem to have been
coupled on a shon-term scale during the Paleoproteroroic glacial epoch. The
pattern is similar to that observed during the Neoproterozoic glacial epoch.
It also appears that at the end of the C-isotopic excursion, at 2.1 Ga tectonics
0
may have been a major factor controlling the biogeochemical cycling of C.
References: [I] Schidlowski M. et al. (1976) N. lb. Mineral. Mh., 8,
344-353. [2] Bekker A. et al. (1998) Eos Trans. AGU, 79, F412-413.
[3] Kaufman A. 1. et al. (1997) Proc. Narl. Sci. USA, 94, 6600-6605.
[4] Bau M. et al .. Mineral. Mag., 62A, 127-128. [5] Cameron E. M. (1982)
4
s
6
9
Nature, 296, 145-148. [6] Hattori K. et al. (1982) Science, 221, 549-551.
·log(If']
[7) Kirkham R. V. (1989) Geol. Ass. Can. Spec. Pap. 36. 3-38. [8) Rainbird
R. H. and Donaldson J. A. (1987) Can. J. Earth Sci., 25, 710-724.
[9] Eriksson P. G. aod Cheney E. S. (1992) Precambrian Res .. 54, 257-269.
Fig. 1. Solubility and kinetics of precipitation/dissolution of boehmite at
15o•c and 0.1 molal NaCI.
[10] Karhu J. A. and Holland H. D. (1996) Geology, 24,867-870. [II) Karhu
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We arc extending thi s work to includ~ gibbsite. kaolinite aod more
complex alurnioos ilicate phases.
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CRUST-MANTLE EVOLUTION rN TIJE EARLY ARCHEAN : A
VIEW FROM A 3.8-Gu TERRANE OF SOlfl'fiERN WEST GREENLAND. V. C. Bennett 1 • A. P. Nutman 1, C. R. L. Fricnd2. and M.D.
Nonnan3, •Rese;trcb School of Earth Sciences, Australian National Univen;ity.
Canberra ACT 0200, Australia (vick.ie.beonett@aou.edu.au), 2Dep;trtment of
Geology. Oxford Brookes University, He<1diugton. Oxford, UK, JCentre for
Ore Deposit Research. University of Tasmania, Hobart TAS 7001. Australia.

Lntrodurtion: The rare remuanL~ of early Archean crust provide our only
direct record of the origins or the earliest continents, hydrosphere and l>iosphere. Key questions are the relative roles of modern style, subduction driven
plate tectonics, as opposed 10 other forms of crustal crust genesis, e.g.,
underplating, delamination, melting of tectonically thickened basaltic crust,
in the early Eatth. Underst:aJldiog early <.-rust formation processi!S is required
to constrain the development of mantle and crustal reservoirs and the role
of volati les in the early Earth, with alteodant implic~tions for early life
environments. Here we repon No-isotopic compositions, U-Ph zircon ages
and major and trace element data from an exceptionally well-prc.served area
of early Archean crust in the IL~aq gneiss complex of southwest Greenland.
Within the t~arly Archean tcrrdnes of southwest Greenland, two areas have
been the primary target of numerous previous studies: these arc the !sua
supracrustal belt. and U1c coastal areas south of Nuuk comprising 3.55->3.85
Ga gneisses and supracrustal assemblages. Our ongoing studies focus on a
previously less-studied area of gneisses south of the lsua supracrustal belt
(ISB). The gneisses in this region contrast significantly with those in the
coastal area in having el!.perieoccd lower metamorphic grade io the early
Archean (amphibolite vs. granulite) and in containing several low strain areas
where the granitoids are single phase. homogenous meta-igneous rocks. rather
Utan the banded grey gneisses and migmatites typifying most early Archean
terraoc:s. Associated with the felsic rocks n.re large enclaves of layered gabbros, spinel peridotites, BIF, and arophibolites which are also locally exceedingly well preserve<l
Results: Detailed cathodolwnincscence and SHRIMP U-Pb zircon isotopi c st udies document - 3.81-Ga and - 3.78-Gn tonnlitc and quartzdioritc
suites south of the lSB I I]. 11tese rocks are characterized by simple zircon
popul<ttions dominated by pris mati c grains with mi~Tometer-scale oscillatory
zoning parallel to their crys tal faces. arguing for a magmatic crys tallization
origin, and with no rcsorbtion and no inherited cor~s. In con trast, in the
snuthern coastal region affected by granu lite facies metamorphism. zircon
populations range from complex. to simple, depending whether the gneisses
were derived from single igneous phases or migmatites. Initial Nd-isotopic
compositions faJI in a narrow range from ENd= 2-3 requiring derivation from
n depleted mantle source confirming previous studies [2] . Trace-element
con..:eotrations of the high At, sodic tonalites were determined by laser JCPMS ;malysis of fusion disks, avoidi ng poteutial dissolution problems. The
older tonalite suite possess subparallel REE pattcms. with LREE enrichmen ts
(La/Y - n = I 1-34; avg. = 17). low total REE contcnl~. small positive Eu
anomalies and high Sr/Y implicating the role of garnet. 'lbe -30-m.y. younger
tooalites have lower Sr at a given silica, negative Eu anomalies. and higher
contents of incompatible elements.
Discussion: Trace-clement modeling demonstrates that U1ese characteristics can be accounted for by large degrees (>30%) of partial melting of an
eclogilic source. However many aspects of these melts cannot be achieved
simply by closed system melting of an uomodil'kd basaltic precursor. In
particular the high Baffh. Ba/Nb, La/Nb, and low NbiTh. Ce/Pb, Nhfl'a., and
Rb/Cs ratios of these tonalites are ana logous to those of modem arc magmas
and suggest the presence of an aqueous phase. The geochemistry and inferred
source minera logy of these samples is similar to some modem nrc suites, i.e.,
adakitcs, hut not nea-ssarily miginating in the same tectonic setting. Signifi
cant differences comp:tred with modem arc suites and with othe r Archu:m

tonaliles are th~ notably lower overall trace clement contents at a given silica
cootent, which cttn be modeled by dcri vation from a LREE depleted basaltic
komatiite. Large spinel peridotite bodies witbio the tonalites yidd u.nradiogenic measured Os-isotopic compositions from olivine and spind separates
requiring a -3.8-Ga mantle extraction age [3]. The moderate ly fertile compositions arc distinct from those of Archean cratonic Keoolilhs. e.g.. Silxria
rtnd argue that these peridotites arc likely rel icts of early Archean oceanic
mantle, yet they arc found in the present continental lithosphere, further
h.ighlighting tbc diversity of processes evident by 3.8 Ga.
The implicated substantial role for fluids in early crustal genesis reinforces
the significance of w11lcr in the formation of the oldest continental crust and
complements the case made on the basis of the age of waterla.in sediments
within the ltsaq gneiss complex for a substantial hydrosphere a1 >3.85 Ga
(4].

RefcrenCl'S: Il l Nutman et ltl.. in press. 121 Bennett ct al. (1993) EPSL,
119, 299-317. f3] Bennett et al., GCA, submitted. [41 Nulman et al. (1997)
G< A, 61, 2475-241'!4.
MACKINAWJTE STABD..ITY AT HIGH TEMPERATURES L. G.
Benning!.*, C. L. Cahill2, S. M. Clark3, H. L. Barnest, and J. B. Parise2,.,
1Departrnent of Geosciences, Penrtsylvania State University. University Park
PA 16802, USA (*present address: School of Eanh Sciences, University of
Leeds, Leeds LS2 9IT, UK; l.bcnning@earth.leeds.ac.uk), 2Department of
Chemistry, State University of New York, Stony Brook NY 11794, USA,
1Daresbury Laboratory, Warrington, UK, 4Department of Geosciences, State
University of New York, Stony Brook NY 11784, USA.

Introduction: Low-tcmperdture Pe monosulfides (mackinawite, greiglie) arc essential preclll1>ors in sedimentary pyrite formation processes [e.g., 1SJ, and thus arc very importJlnt for the understanding of the global Fe, S, and
C geochemic~l cycles. Al higher temperatures it is generally accepted Utat
troilite and pyrrhotite (with a multitude of structural types) are the stable FcS phases. However, the stability fields and the relationships between
mack.inawite, troilite and pyrrhotite structure types at temperatures below
200''C are not well delined. 'This study explores the upper temperature lirnit
of freshly prepared mack.iuawite equilibrdtcd with reduced, H2S-rich solutions
using syncllfotron radiation. 11tis method allows in situ real-time observation
of reactioo mechanism under anoxic conditions on a time- and temperJturedt:pendent scale.
Methods: In situ enc:rgy dispcrsiv" X-ray diffraction (XRD) experiments
were performed on beamlinc 16.4 at the Daresbury Laboratories, UK The
reaction cell used in these experiments was a modification of the design by
Evans (6]. Due to th.: requirements for sample preparation (fastirliously anoxic
conditions) quartz tubes sealed under vacuum were used instead of the Parr
sled autoclave. This change in methodology wan-anted anaerobic: conditions
and reduced the pmblerns with signal to noise ratio prt:vinusly encountered
when using stl'cl reactors [7]. The samples were prepared in a glove hox under

u,.,,..,.. ,, ,.."'t ,••
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Fig. I. Realtirnt: ;, sit11 XRD :11 150"C. Y-axis is rc lutivt: intensity.
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a constant positive pressure of 0 2-free N following lhe methodologies employed and described in detail in [5]. In short, samples were prepared in glass
reactors in which a deoxygenated Fe(NH4 )z(S04h 6H2 0 solution (prepared
from Oz-free doubly distilled water) was saturated wilh H2S gas. The pH of
lhese solutions was adjusted to values between 4 and 7.5 with 0 2-free NaOH
solution. This adjustment promoted the immediate formation of a black Fe
monosulfide precipitate. Samples of such slurries were loaded in the glove
bo)( into individual quanz tubes. The tubes were evacuated, removed from
the glove bo)(, frozen in liquid N, and sealed. After sealing, the tubes were
dropped into a Cu heating block at preset temperatures (l00"-250•C) and
the collection of the in situ energy dispersive XRD spectra was started.
X-ray diffraction scans were collected every 10-240 s (depending on temperature) and the results were converted to angular dispersive data at lhe constant stepsize of 0.0 I • and ). = 1.0 A. The data were reduced for easy
comparison with the JCPDS and ICSD databases. This experimental method
supported an investigation of reaction mechanisms but not a thorough structural study.
Results and Discussion: The first X-ray scan in most experiments
showed a poorly ordered mackinawite structure, !hat with time and increasing temperature transformed into a well ordered mackinawite. The figure
below shows an e)(periment for up to 6.5 h at 15o•c, which revealed that
mackinawite is stable under these conditions without transforming into
another monosulfide.
When the temperature was raised above 187"C rnackinawite rapidly transformed to troilite. The assignment of the correct structure type was, however,
not easily achieved, as the experimental conditions were not optimal to
distinguish among lhe variety of possible high temperature PeS phases [see
also 8].
Acknowledgments: We wish to thank the NSF [EAR 95-26762 (LGB.
HLB) and DMR 97-13375 (JBP)] and the Mineralogical Society of America
(CLC) for financial support for this study. In addition, we wish to thank the
Material Research Laboratory at Daresbury for their help during the course
of these experiments.
Rererences: [I] Rickard D. T. (1969) Srock. Contrib. Geol., 20, 4966. [2] Berner R. A. (1970) Am. J. Sci., 268, 1-23. [3] Schoooen M. A. A.
and Barnes H. L. (1991) GCA, 55, 1495-1504. [4] Wilkin and Barnes (1996)
GCA, 60,4167-4179. [5] Benning L. G. etal. (1999a) Chem. Geol., in press.
[6] Evans J. S. 0. et al. (1994) Rev. Sci lnst., 66, 2442-2445. [7] Cahill C. L
et al. (I 999) Chem. Geol., in press. [8] Cahill C. L. et al., this volume.

GROWTH MORPHOLOGIES ON PYRITE SURFACES. L. G.
BenningI ·•, A. L. Owsleyl.z, and H. L. Baroes 1• I Department of Geosciences,
Pennsylvania State University. University Park PA 16802, USA (*present
address: School of Earth Sciences, University of Leeds, Leeds LS2 9JT, UK;
l.benning@earth.leeds.ac.uk), 2Department of Geology and Geophysics, Yale
University, New Haven CT 06520, USA.
Surfaces of natural pyrite crystals have been extensively studied and an
intrinsic dependence of their structure on morphology and growth mechanisms
has been demonstrated 11-4]. Apparently, the main factors controlling crystal morphology and growth are supersaturation, temperature, and, incorporated impurities. At conditions close to equilibrium, spiral growth dominates
lhe growth rate, while at higher supersaturation, two-dimensional nucleation
on preexisting surfaces controls the growth mechanism [ 1]. Technological
advancements [e.g., development of special phase-contrast interferometry
(PC!), scanning tunneling microscopy (STM), and atomic force microscopy
(AFM)] have improved the resolution of surface structure measurements [3.57]. AI!hough intensive studies on surface structures of natural pyrite have been
carried out [e.g., 1-3], in situ growth experiments have been lacking. For
various other minerals experimentally grown from solution, in situ growth
rates (R), hillock slopes (p) and step advancing rates (v) have been measured
as a function of known saturation state (o) [e.g., 3-6] and, in general, a linear
relation between R, p, v, and (o) has been established. Evaluating these
parameters on natural samples makes this function much less tractable because saturation states are unknown. However, surface topography permits
lhe precise measurement of step height/width and slopes of spiral hillocks.
Therefore, in this study, striation densities, step dimensions and hillock slopes
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Fig. 1. Phase contrast microphotograph wilh the profilometer trace of one
side of a growth hillock.

Fig. 2.
face.

Atomic force microscopy trace on the rise of a hillock on a ( 100}

for the ( I 00} face of pyrite have been measured in an anempt to funher
explore pyrite growth mechanism.
Macroscopic smooth pyrite crystals from Navajun, Spain, were initially
studied using scanning electron microscopy (SEM, Phillips, SX-20) and a
thorough surface survey (including relative height and widlh measurements)
revealed a dual distribution of the height and widlh of striations for cubic
( 100) faces.
To numerically assess hillock slopes, topographic and higher resolution
techniques were required. Therefore, several samples, were evaluated on a I 01000-j.Ull scale with a surface profilometer (SP, Alpha-500, Tencor) (Fig. I)
and on a micrometer- to nanometer-scale with an atomic force microscope
(AFM, 01-3100) (Fig. 2) [8].
The measurements of step height, width, and angle of profiles traces taken
over hillocks were used to calculate the hillock slopes (p) [2.5]. Neighboring
hillock growlh-centers caused lhe growth of asymmetric pyramids wilh slopes
differing by a factor of 2-7 on the two sides. On the other hand, elongated
pyramids indicate highly anisoiiopic growth conditions, and the slopes vary
by a factor of up to I 0. An estimate of growth rates requires an independent
estimate of lhe saturation state. Additional measurements are in progress, bolh
to improve methods of characterizing the shapes of pyrite surfaces and to
bener understand the causes that produce these shapes [8).
Acknowledgments: We wish to thank NSF [EAR 95-26762] for financially supporting this study. The assistance from lhe Nanofabrication and
Materials Characterization Laboratory at PSU is gratefully acknowledged.
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Endo Y. (1970) IMA Vol. 1970, 63-84. 14.1 Sunagawa I. ct al. (1995) Prog.
Cryst. Gr. and Char., 30, 153- 190. (5) Ts ukamoto K. (1993) in M01ph. &
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SULFATE-REDUCING BACTERIA AND MACKINAWITE STABlLJTY. L. G. Benning1.2, R. T. Wilkinl. and K. 0 . Konhauserz, !Pennsylvania Stale Universiry. Department of Geosciences, University Park PA
16802, USA. lScbool of Earth Sciences, University of Leeds, Leeds LS2 9JT,
UK (benning@earth .leeds.ac.uk).
Introduction: The formation of st:dimentary Fe monosulfides (mackinawile, greig:ite) and pyrite is strongly interlinJ<ed with bacterial sulfate r~
duction. and thus with the global geochemical Fe, S, and C cycles [1,2]. The
inorganic fonnation and stability of PeS phases at T <lOO"C has been extensively studied due to their vital importance in tbc sedimentary pyrite
formation processes [e.g., 1-6]. How0ver. whether sulfate-reducing bacteria
(SRB) are actively [7-8] or passively (3,9-1 1] involved in this process is
equivocal. The main goal of this investigation was. therefore, to study the
formation and long-term stability of FeS phases in the presence of ubiquitous SRBs.
Methods: A cultures of the SRB Desulfovibrio desulfuricans (ATCC
# 29578) was grown in fastidiously anaerobic, minimal seawater-type mediwn supplemented with lactate. Culrure tubes with fresh, sterile media were
inoculated and equilibrnted at 34°C. In Ute nutrient-deficient medium, growth
w~s slower than predicted (9-] and maximum growth was reached after l 014 d (10). The bacterial stock solution was used to inoculate fresh sterile
mooia that subsequently was injected with 1 mL of Fel+ or Fel• solution. Tbis
step promoted the immediate precipitation of a black Fe sulfide phase. At
various time intervals bacterial growth f'Jtes, fluid and solid composition and
bacterial and precipitate morphologies were monitoroo. Growth rates were
determined by measuring the number of cells per milliliter of solution using
a llow cytometer after treating with BacLight DNA dye. 1lte solution composilioo was monitored for pHzs·c (H 2S-tolerant glass electrode). I:Fe1,q)
[inductively-coupled plasma mass spectroscopy (TCPMS)]. I:SO•<aq> (ion
chromatograph) and LS(aq . .WUoed) (S-coulometer). Tht: solids we~ charact~r
ized us ing X-ray diffraction (XRD), scann ing !!lectton microscopy (SEMEDS). and transmission electron microscopy (TEM). The ratio between iron
monosulfides (acid-volatile sulfides, A VS; mackinawite and greigitc) and
pyrite (Cr reducible S) was determined via u sequential extrnctioo method
u.~ iog an S-coulomctcr [see 6,10].

Fig. 1. The D. desu!furirarrs cells arc Os-stained, with mi nor amounts of
fc (EDS). The stain arises fwm the use of I% Osp4, a postfix.ative agent
used to cross link lipids in the membrane. Note that no sullide phases are
dircclly associated wilh the cells.

Results and Discussion: For all cultures (at max imum growth stage)
a tota l cel l count of 1-2 x I()8/mL was determined. The consumption ra te
of S0 4 correspon ds to the prod uction rate of H2S with a max imum H 2S
concentration reached after approximate ly two weeks [!OJ. X-ray diffraction
and SEM-EDS analysis of tbe so lids revea led that even after six months the
main sol id reaction product is mackinaw ite. In some tubes g reigite was
present; however, it is assumed that the redox-stale of these tubes was compromised (partial ox idation dur ing sa mpl ing) because in several paral lel
experiments this was not observed. Pyrite did not form in any experiment even
af1cr six months of reaction lima. These results were a lso corroborated hy
TEM analysis, which revealed both intact and lysed cells (Fig. I).
The instantaneous prcxipitation of Fe monosul fides and the SEMffEM
analysis show that the formation of Fe monosullidcs follows a purely inorganic pathway. Even six months of aging and reaction between the initial
precipitate and the H 2S produced by the SRBs during sulfate reduction yields
only mack.inawite as sole stable phase. This fact is in accordance with most
inorganic experimental studies le.g., l -6]. It is therefore concluded that in
seawater-lypc media spiked with aqueous Fe species, the sole role of
D. desuljiJricans (in terms of Fe sulfide formation) is to produce bisulfide
ions necessary for the precipitation of the mooosulfide phases. They do not.
however, catalyze monosulfide conversion, i.e., pyrite formation.
References: (1] Berner R. A. (1970) Am. 1. Sci., 268, l-23.
(2J Goldhaber M. B. and Kap lan J. R. 0974} The Sea, 5, 569-655.
[3) Rickard D. T. (1969) Stor.k. Contrib. Ceo/. , 20, 49-66. [4] Schoonen
M. A. A. and Barnes H. L. (1991) GCA, 55, 1495-1504. (5] Wilkin R. T.
and Barnes H. L. (1996) GCA, 60, 4167-4179. [6] Benning L. G. et al. (1999)
Chem. Ceo/., in pn:ss. [7]lssatscheoko B. L. (1929) In!. Rev. Ges. Hydrobiol.,
22, 99-101. (8] Ravin D. 3nd Southam G. (1997) GSA Abw. with Prog.,
29, A363. (9] Postgate J. R. ( 1984) Cambridge Univ. [ 10] Benning L. G. ct al.
(1999) Proc. GES-5, Balktmza, in press. (11] Herbert R. B. et al. ( 1998) Clrem.
Geol.. 144, 87-97.
THE DISSOLVED AND PARTICULATE LOADS OF RAINS CONSTRAINED BY LEAD, STRONTRJM ISOTOPES, AND MAJOR AND
TRACE ELEMENTS. D. Ben Othman 1• J. M . Luck 1, P. Tcloukl, ILDd F.
Albarede2, llJnit~ M ix te de Recherche 5569, Hydrosc iences (cc 057).
Universitc Montpcllier 2, 34095 Monq1ellier. France (d.benothman@dstu.
univ-montp2.fr), 2Geologic, Ecole Norma lc Superieurc de Lyon. 69364 Lyon,
France.
FlUJ( cs to !he atmosphere of metals such as Cd, Pb, and Zn due to anthropogenic activities greatly exceed those linked to natural erosion , even in
areas remote from cities or industry. Lead is a well-suited tracer of the origins
of metals, thanks to its natural isotopic variations in rocks and mineralizations used by man.
Continenta l and marine rains from southern France were ana lyzed for their
major-element, trace-element, and Pb-. Sr-isotopic compositions (both for dissolved and particulate loads). Detai led investigation was also carried out on
three sequential rains. and on weak acid leaches ("leach") and HF/HN0 1 dissolution ("HF-residne") on the pa rticu lates according to the procedure of
Hamelin et al. ( I]. Low amounts of Pb recovered from those leaches were
isotopically analyzed on the VG Plasma 54 at the ENS Lyon. Some data on
local natural and anlhropic end members are also pr~sented (2], as are data
on loesses (Fig. I).
Among tho possible sources of Pb - natural and anthropic - the road/
gasoline appears to be the dominant one (Fig. 1). However, W7121J.1Pb variations parallel to the industrial domain suggest lhc presence of at least two
different sources toward the radiogenic values.
Detailed investigations on sequential ra ins indicate that (I) Mn. Cu, and
somewhat Pb corrclare with each omer in the dissolved load, while Zn seems
decouplcd, and the interelement ratios are very similar in Ute various rains·.
(2) Zn., Cd, and Cu are well correlated during each rain event in the adsorbed
pan on the surface of particulates; (3) more than 85% of the Pb io the particu late is located in this leachable fraction; (4) Lhis leachable Pb has systematically. a lthough not drastically, lower isotopic values (2061204 Pb = 17.70.
close to road/gasoline values 17.5-17.6) than the corresponding Pb in tbc HFres idue ~Fig. 2): (5) the Pb isotopes io the HF-residue are far from having
rock or loess values; this would indicate that the "refractory" component is
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Fig. 1. Transmission electron micrograph of carbonaceous particles.
Magnification 50,000x. Average particle size is 30 nm in diameter. Urban
airborne sample collected via a PMI 0 selective-inlet head and prepared for
TEM by impaction onto pioloform (0.8%) coated TEM (100 mesh) grids as
described in [3].
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still strongly influenced by Pb from industrial emissions, contrary to the results
obtained on Atlantic aerosols (I). whose residual Pb plotted in the sediment
isotopic domain.
References: [I) Hamelin B. et al. (1989) JGR, 94, 16216-16243.
(2] Luck. J. M. and Ben Othman D. (1998) Chern. Geol., /50, 263-282.
PHYSICOCHEMICAL CHARACTERIZATION OF CARBONACEOUS PARTICLES: FACTORS FOR ASSESSING BIOLOGICAL
ACTIVITY. K. A. B<!ruBet, S. A. Murphy!, T. P. Jonest, F. D. Pooley2,
B. J. Williamson3, and R. J. Richards!, !School of Biosciences, P.O. Box: 911,
Cardiff University, Museum Avenue, Cardiff CFI 3US, UK, 2School of
Engineering, P.O. Box 917, Cardiff University, Museum Avenue, Cardiff
CFI 3US. UK (berube@cardiff.ac.uk.), lDepartment of Earth Sciences, Bristol
University, Queen's Road, Bristol BS8 IJR, UK.
Introduction: Particulate matter with an aerodynamic diameter of
S:IO J.Jm (PM 10) is a widespread pollutant in urban air. Numerous epidemiological studies have found a relationship between particulate air pollution and
increased cardiovascu lar and respiratory morbidity and mortality. Urban
PM I0 is a highly heterogeneous mixture that varies within and between cities,

and with season, weather conditions and time of day. ln the UK, it bas been
estimated that 20-80% of primary PMIO emissions can be attributed to diesel
exhaust particles (DEP) (1], which in tum contributes between 80-95% of
airborne particulate elemental C (PEC) [2]. The cause of adverse health effects
with PMlO at low airborne mass concentrations (<30 1Jglm3 air) remains a
mystery. The relative contribution(s) of particle mass, size, chemical composition, or combination of these factors, to these adverse effects is unknown.
Current research has focused on the chemical composition and morphological properties of particles as a means to understanding their toxicity [3,4].
Particle Characterization: The physical and chemical characteristics
of particles must be understood when attempting to elucidate particle reactivity. Due to the highly heterogeneous nature of urban PM 10, the study of
their toxic effects requires the use of less complex carbonaceous "control"
samples. Toxicologists have used manufactured carbon black. (CB) particles
to represent the refractory C of urban PMIO and DEP. A detailed physicochemical examination of commonly used CBs was undertaken. The tech:
niques used included transmission electron microscopy (TEM). field emission
scanning electron microscopy, image analysis, electron probe X-ray microanalysis. X-ray diffraction. and inductively coupled plasma mass and
atomic emission spectrometry.
Conclusions: The aggregation properties of particles change from openspaced aggregates with high reactive surface areas (RSA) to compact aggregates with reduced RSA, as a result of the wetting procedures used to prepare
particles for biological assays. The different degrees of aggregation between
low and high ordered CBs may affect their distributions within a biological
system. The process of wetting promoted the dissolution of inorganic elements
producing a wider spectrum of elements available for reaction. The presence
of poorly ordered graphite within the CBs make them potentially more reactive and may increase their ability to accumulate metal ions and other toxic
compounds. The overall implication of these findings is that each type of CB
may produce different degrees of toxicity in biological systems. It is also
probable that the changes seen from "dry" to "wet" laboratory samples of CB
occur in humid and/or wet climates or upon deposition in the lung environment.
References: [I) Department of Environment (1995) Particles, HMSO,
London . [2) Colebeck. I. (1995) Airborne Particulate Mauer, Springer, Berlin.
[3) BeruBe K. A. et at. (1999) Armos. Environ, 33, 1599-1614. (4) Murphy
S. A. et at. (1998) Life Sci., 62(19), 1789-1799.
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USING BROWN COAL AS AN ORGANIC FERTILIZER. 0 . S.
Oezuglova, Department of Soil Science. Rostov State Univ~rsi ty, B. Sadovaya
Street, 105. Rostov ·on· Don. 344006. Russia (besuglov@ic.m}.
Introduction: Degradation of arab le soils leads to humus losses, changing of its composition, destruction of soil sructurc, and decrease of thtlir
fertility. Rt!ducing of !radilionJI sources of organic matter ma.kC!s the search
for the new types of fcrtiliz.crs an urgent issue. Brown coals (BC) have prnvctl
to be perspective itt this relation.
Materials and Methods : The effect of llC and fcrti lh.crs based ou it~
derivatives on ordinary calcareous chcmozcm and alluvial soil was investigated during field experiments with irrigation and dry fanning. ·n1e BC-bascd
fertilizers mentioned arc ballast humates and BC-15 fertilizer, obtained
through the origina l technology [ lj using biologically active matters.
The BC of the Alexandria Coal-field (Ukraine), characterized by l1igh
content of humic acids served as a base. In both fonns of fertilizers, humin
makes the prevailing part; in BC it makes 87% of organic C, and in coal·
hllmates its content is 2x lower. Humic adds extraction makes almost half
of the whole organic matter. Percentage of the fulvic acids in coal-humates
is increased 3.5-4x as much in comparison with BC, but is sllll very low.
Coupled with natrium hydroxide SC changes correlation between tl1e hydrolyzing anti nonhydrolyzing part~: in coal it makes 0.15; in coal-bumntes the
extent of organic matter hydroliz.ation capacity is increased 7- 8x as much .
The pH of BC in water suspension makes 5.1 on an avcmge. Por coal-humates the alkaline environment with pH - 10 on average is characteristic. Titc
BC and the coal-humates have ash content 40-45%.
In the irrigated crop rotation the fertilizers' doses were: BC (0.5-2 t
ha-l): NH 4-humate (0.25-1 t ha- 1): and Na-NH 4-humate {0.125-0.5 t ha- 1).
WiUtout irrigation the following dose~ were used: BC ( 1.0 t ha- 1): Na-humate 0.5-1.0 t ha- l); and BC ( 15-1.0 t ha- ').
Results and Discussion: Under irrigation. the BC fertile the cereals,
maize. 3nd soya crops- 15-30% increase in the year of applying io the
fertili zer. Using humatcs made the crops 20-50% higher. Under conditions
of dry-farming technology. the BC fertile the haricot bean crop cupacity 590
kg ba- 1 higher, Na-humate : 850 kg ha- 1 higher, and BC-15 = l 020 l<g
ha- 1 higher. Tius is caused by the fertilizers' influence on nutrient elements
correlation in the envi1·onmeot and on their taking up by plant roots.
The humus maners system participation in the regulation of this process
causes no doubt. The fertilizers under srudy provide humus state composition changing in the most important periods of plants' development, which
testifies constallt inflow of humus available fom1s. It causes thr processes of
humification and changing the content of soil organic matter (SOM) intensifying. especially when using the BC in tbe native form and BC- 15. BC15 in low doses manifests the qualitie.s of biologically active combinations.
It intensifies the hydrolysis of SOM and provides the stabilization of humu.~
state. The BC exerts its maximum influence on the humus state of the soil
in the third year after applying it in, aod BC-15 in the seconJ to third year
artcr applying.
The BC-based fertilizers improve the nutritive regime of the soils at the
expense oF increasing microbial activity. TI1c influence un these processes
exerted by tlte fertilizers obtained through alkali treatment is time limited and.
as for the aftereffect. they practically don't affect the dynamics of soi l N. BC15 exerts prolonged effect on the p rocesses of amrnonificatioo-nitrificJtion
of the soil io favomblc conditions of damping as well as in extremely droughty
ones. The f.:rtilizers also improve of soil P nutrimeol
The BC and coal-h umates have improved the soil structure conditions
!he case of irrigation as well as on the dry famung. Tite BC-15 provides for
the best aggregating effect both in the extreme damping condition as well
as in close to the optimum ones. The BC provides the soil aggregation under
the favorable hydro-tt:mt regime in the yc~u of apply ing, and io the droughty
condition it does in the second 10 third year after apply ing. In extreme
damping conditions the aggregating effect of the natrium coal-humates with
doses of 0.5-0.25 t ha- l is m3flifested, however in normal conditions it exerts
practically oo influence. Coal-humates in the double dose aggravaws U1c structure condition. mainly at the expense of increasing the content of cloddy fractions.
Conclusion: ThLL~. tbe know-ho" fertilizer BC-15 ex ens remarkab le soft
and even influence o n biological activity of soils, the dynnmics nnd content
of SOM. as well as oo the nutritive regime. By llptimizing cooditillos. it fertile

for the agricultura l crop capacity increase.
References: [ I) Bezuglova 0. S. et a l. , The Coal-humic fertilizer. Invention patent No. 1111195. Invention priority June 19, 1996. Registered in
the state register c>f inveorioos May 20, 199R.
HIGA ·IRIDIUM CONCENTRA1'10N IN ALKALINE ROCKS OF
DECCAN AND IMPLICATIONS TO CRETACEOUS-TERTiARY
BOUNDARY ENHANCEMENT. N. Bhandari, P. N. Shukla, and A. D.
Shukla, Physica l Research Laboratory, Ahmedabad 380009, India.
Tht: Deccan volcano sedimentary sequence at Anjar, Kntcb contains nine
basalt flows anti several thick intertrappeau sed iment beds. The third
intertr..1ppean bed has been shown to contain three well-stratified layers haviug
high- lr and - Os concentrations. the highes t val ues being 1302 pglg aotl
1778 pg/g respectively. The l9Af.40Ar ages of six basalt~ (F2 to F8) are c lose
to 65 Ma. The three flows below the lr-euriched intcrtrappean bed (IT Ill}
show nonnal magnetic polarity whereas all except one of the upper basa lt~
s how reverse magnetic polarity. The data can be taken to indicate that the
sequence covers the polarity wnes 3 1N to 27R. The results thus support the
view that Deccnn volcanism occurred on n time span longer than a mi llion
years. The palcootological evidence in this sediment bed, being the uppermost horizon containing dinosaurian fossils. the geochronological and palcomagnetic data on the lava flows sandwiching this bed and tl1e geochemica l
anomalies suggest that this intcrtr..1ppcan bed encompasses the CretaceousTertiary (Kif) boundary.
Chemical analysis of the nine basa lt flows indicates that all, except the
uppt:rmOst flow F-9. are allcaline. lD their major and trace-e lement compo·
sitiou (including the REE), the alkali basalts resember ocean island basa lts
(OlD). Similarities of many diagnostic trace-element ratios (e.g., Sm/Nd, Ba/
Nb, Y/Nb, and Zr!Nb) with the .R~union Island basal ts are consistent with
their Reunion plume origin. Tile uppermost basa lt is tholeiitic and chemically resembles the "uncontaminated" Ambenau type of Deccan Traps. Many
of these alkaline flows show high conccntratioas of lr. the highest value being
178 pg/g in flow 2.
Tite cnrbonatites, associated alkaline rocks and basalts of Amba Dongar
oUta Jjne complex in Chota Udaipur also bave lr concentration mngiog up to
74 pgig. Some of Utese vaJues are more than an order of magnitude higher
than theconccntration in tholeiitic basalts of Deccan, which typk--ally have
about 10 pg lr/g. Mar1y of these high-lr rocks have formatino ages close to
65 Ma, similar to t11c K/T boundary event and may have contributed some
It to the boundary clay layer.
Alkaline rocks of Deccan occur in Saurashtra. in the Cambay Ba.~ in and
in the Narmada-Son Belt However. they volumetrically constitute on ly a
minor phase and therefore. in spi te o f their higher concentratioo. their lr
contribution is too small to account for the anoma lously high global inventory observed in the Kff boundary clays. Local enhancement of lr in Deccan
sediments can, however, arise if a significant part of the 1r can escape into
the ;1tmosphere, but it is not even sufficient to give rise to the !r enhancement seen in the Anjar intertrappcan sediments.
ACID DISSOLUTJON RATES OF l :l PHYLLOSlLICATE CLAY
MINERALS MEASURED WITH IN SITU ATOMIC FORCE
MJCROSCOPY. 13. R. Bickmore'. D. Bosbachl, M. F. Hochella Jri, and
L. Cbarlet3, 1Depnrtment of Geological Sciences, 4044 Derriog Hall, Virginia
Polytechnic Inst itute and State University. Blacksburg VA 24061, USA
(hbickmore@vt.edu; hochella @vt.edu), lJ nstitut fur M inern lo~e, rJnivcrsitlit
MUnster, Corrcnsstrasse 24, 48149 MUnster. Germany (bosbach@nwz.unimueoster.de), JEovironmental Geochemistry Group, LGIT, H.P. 53, f - 38041
Grenoble Cetlcx 9, France (laurent.charlet@obs.ujf-grenoble.fr).
Introduction: Tht' chemical weathering of silicate minerals is of fuo damcntal importance to the global cycling of elements, as we ll as the proton
budget, in surface environments. llle dissolution of 2: I phyllosilicates is of
particu lar imponance because of their ubiquity , especially in soils.
At least tWO factors combi ne to make 2: I phyllosilicatc dissolution data
difficult to in terpret. FlrsL, the 2: I crysta l structure is sb'oogly anisotropic.
resulting io an uneven distribution of reactive sites over the surfaces of these
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minl!rals. Dunng most nf tb~ dissolution process, by far the mo51 rcacu ve
poruon of the surface ts at the edges. ro~thcr thuo the basal planes [ 1). It ts
difficult to quantify the amount of edge surface area in a given sample and
without such data it ts impossible 10 .:;tst dissolutinn ratt•s in a form thnt is
comparable from sample to sample.
Second, many 2: I phyllosilicnte~ occ ur primarily as clays, i.e., platy
particles <2 IJm m diameter and I or more nanometers in height. Due t<1 the
chargmg char~ctcrisucs of the surfaces of these mmerals. they Lend tn nocculatc, depending upon solution condi tions. Titis creates the posstbility that
bu lk dissolution expcnmcnL~ are diffusion-controlled. which would preclude
the tnfercnce of m~chanistic information regarding the surface reaction.
Rece ntly, we have developed methods to tmmobilizc clay rrunerals under
aqueous solutions for analysis with atorruc force rrucroscopy (AFM) [21. In
our ongoing acid-<lissolution experimeniS. we fix clay-size panicles of Z: I
phyllosilicatcs on muscovite substrates coaled with a monolayer of polyetbyleneimine. a cationic polyelectrolyte. We are able 10 obtain three-dimensional images of single clay particles as they <lissolvt: in acid so)Uiions. and
extract data regar<ling both dissolution rates and mcchanis~. This approach
sidesteps the problems mentioned above, because both total ;md edge surface areas (TSA and ESA) can be meusured, aud nocculation cannot occur.
Re!>ults: Add-dissolution cxpt'limenL~ are being carried out on hcctorile.
biotite. phlogopite. and rnonunorillou.ilc clays. As expected. all the minerals
stu<lied appear to <lissolve inward from the edge surface, with essentially no
partictpatioo of the basal surfaces during the timescale of these c:~rimerttS.
So far we ltave obtained a ratt: for hcctorite <lissolution at pH 2 of 6.1 x
I0-9 mol m-2 s- t hcctoritc (normalized to ESA), or 1.6 x I0- 10 mol m-2
:;-1 hcctorite (normalized to TSA) (3].
Discussion: The TSA-normalized rate is more than 4 orders of magnitude faster than that obtained hy Zysset and Schindler (41 for montmorillonite (8.5 " JO - tS mol montmorillorute m-2 s- 1). whereas one would expect
hectoritc (a tnoctahcdral smectite) to dissolve at most 1-2 orders of magnitude faster than nlOtllmoriUortite (a dio.:t:ahedrnl smectite) (5). However. two
other studies have published ESA-normalized rates for 2: I phyllosilicat.t:s
which can be di rectly compared to the ESA-normalizcd rate obtained for
hectorite. Rufe and Hochella [6] used AFM to measLLre pblogopite etch pit
growth at pH 2 and obtained a rate of 5.0 x Jo-tu mol phlogopite m-1 s- 1•
Turpault and Trotignon rI] measured the dissolution of ffiO(.'TOSCOpic biotite
flakes using bulk solution analysis. and a reL~dJculaliun of tlteir data yields
an ESA -normnli7,ed rdlc of 3.0 x I 0 7 mol biotite m...Z s-l at pH I.OlS. Clearly
the hectorite rate is realistic when compared with rcacti ve surface area
normalized rates of similar minerals. We suspect that lhe montmorilloDite
dissolution rates published by Zysset and Schindler [41 rellcct <liffusioo-controlled reaction due to flocculanon.
Conclusion: In situ AFM provides a unique method to unambiguously
determine surface reaction-controlled dissolution r.1tes or 2: I phyllosilicate
clays. Not only are rate measurements made under con<litioos where diffusion is not the rate- lirruting factor. but the reactive surface area c;~n IJe directly measured at the same tim!!. 1llis allows for direct comparison of the
dissolution rates of 2:1 phyllosilicatcs with different structures and formulas.
as well as for 'ertajn mtchaoistic inferences.
Referem:es: (I] Turpault M.-P. and 1rotignon L. (1994) GCA, 58,
2761-2775. [21 Bickmore B. R. et al. (1999) Clays Clay Mineral., m press.
(3] Bosbach D. c:t al., in preparation. [41 Zysset M. and Sclundlcr P. W.
(1996) GCA, 60, 921-931 [5] Kalinowski B. E. and Schweda P. (1996)
GCA. 60, 367-385. (61 Rufe E. and Hochella M. F. ( 1999) Stil'llf'e, subrrutted.

ON A JURASSIC TRANSCONTINENTAL SEAWAY. THERMOHALINE CIRCULATION. AND OXYGEN-18. C. J. Bjcrrum 1, D. R.

Grocke2, S. P. Hcsselbol, H. C . Jenkyns2, S. M. Olsen 1• G . Shaffer 1, and
F. Surlyk3, 1 Danish Center for Earth System Science. Niels Bohr Institute for
Astronomy. Physics and Geophysics. University of Copenhagen, Juhane
Maries Vej 30. DK-2100 Copenhagen. Denmark (cjb@llcess.l.:u.dk). !Department of Earth Sciences, University of Oxford. Parks Rua<.l, O~ford OXI 3PR.
UK, lGeological lnstitutt:, University of Copenhagen. Deomnrk..
111( marine gc<X:herruc-JI and paleobiogeographic record from "greenhouse" transcontinental seaways can re used as a pro~y for the paleo-state
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uf glo balthermohalmc drculation Such a coupling is possible since the mean
meridional flow wtthin the scaw.1ys probably was governed by the density
t.lifference between adjacent oceans. Numerical ocean model results show thnt
Jura~sk meridJOnal transcontinental seaways funcuun~ dynamically as a long
straus. The possible feedback between lh~ Jur.Jssic Lhermohal.tne circulalton
and a transcontinental seaway is investigated with a conceptual nonlinear
dynamic ocean-Jtmnspherc box model where ~\ISO is included as a Lmcer.
As in other ocean models sevttral stable steady states of thermohaline
circulation exist, wht>re deep-wateJ formation takes placl' in the northern or
in the Tethys QCean box. Deep-water formation at nonhero high latitudes is
associated with northward seaway currents. because the hydrostatic sea level
is higher in the Tethys box than in the north. Deep-water fonnation in the
Tethys box or at southern high lautudes conversely is associated with a
southward seaway cuneniS.
Model results on carbortate 1\18() in relation to the meridional thermohaline circulation and atmospheric moistLLre transport will be presented.
Prclirrunary model support is found in the literature on the Upper JLLrassic rocJ. record from the proto-North Allantic seaway. Both oonhward and
southward seaway currents can be inferred at different times in the Jurasstc
from a crude tcmpor.II covariation of ammonite faunal province boundaries
and •·secular" stable isotope.

QUANTITATIVE ANALYSIS OF EXPERIMENTAL MICROBE·

M.lNERAL INTERACTIONS USING VERTICAL SCANNING WHITE
LIGirf INTERFEROMETRY. R. E. Blake 1 ami A Llittgel. 1 Dcpartm~nt

of Geology and Geophysics , Yale University New Hav~n cr. USA (blake@
hcss.geology yalc.cdu), 1Departmcnt of Geology and Geophysics. Rice Un•versity. Houston TX. USA (aluttge@ruf.rice.edu).
Interest in the interactions bet wee11 microorganisms and rruneral surface~
has greatly intcnstficd in recent years. Although many studies have appeared
showing high-resolution images of bacteria and other microorganisms in
assQCiatioo with mineral surfaces using optical. electron, confocal. atorruc
force and other mi croscopic lecluliques, few of these studies have reported
direct quantitative measurements of reacted rruneral surfaces, or of the kjnetics of specific microbially-mediated processes. Reactions involvmg microorganisms at the relatively low-temperatures of most rrUL'TObtal habit.aiS. also
involve the action of mitrobial enzymes and, therefore, are almost certainly
dorrunated by kinetic rather than thermodynamic and equilibrium effects.
Thus. precise and accurate determination of the kinetics of rrucrobially
mediated reactions of mineral surfaces is crucial to the ioterprctntion and
modeUog of Lbe contribution of microbial mctaboUsm to geocherrucal processes.
Where rrucrobially mediated reactions of minerals have been quantilied,
for example. during some rruneral dissolution and metal oxidation studies
te.g .. 1-3]. reaction rares have usually been based on analyses of bulk solution chemistry nod normalization to the tOllll surface urea of reacting
rrunerdls as measured by gas adsorpllon (BET). As with abtotic dissolullou
kinetics cxpcrimeniS. the proper handling of surface area is problematic. A
large degree of uncertainty is associated with measLLremeoiS of bulle BET
surface area, and the contribution of actual reactive surface area is not '-11own.
Determination of the actual reactive surface area and specific reactive sit.es
on mineral surfaces bec:omes even more important for rrucrobially-mediated
processes where reaction is often JQCalized in rrucroenvironmentS between
bacterial cell walls and rruneral surfaces at the sir..: of cell attachment or may
involve a combioatioo of enzymatic and abiotic/inorganic mechanisms with
variable effects on the mioer.tl surface depending oo solution ch1:rrustry,
bacterial strnin, aod growth conditions (e.g .. Fez. oxidation).
The new analytical technique of verucal scanning while light interfemmetry (VSWLI) [41. applied herein. complements existing surface analytical
ll'chniques by allowing quantitative analysis of surface dynarrucs dLLring
rruneral dissolution and growth, and <lirect determination of reaction rates
without the oeed for mcasLLrcmcnt of surface area. Reaction rates are dcterDllncd from the rccrcat or advance of the actual rrunernl surface over time,
and oot frnm changes in bulk solution .:hemistry. Importantly, this allows
accurate dctcmunation of mineral dissolution rates under conditions that result
in very low concentrations of dissolved productS, or where <lissolved component-. are tDcorporated into bacterial biomass or trapped via romplexation
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with org~ nic polymers (e.g., glycocalyx). By introducting an internal reference onto the mineral surface, absolute rates may be determined in addition
to measurements of the re lative changes in su rface features. In additon to
quantincation of mineral surface reactions, VSWLJ offers S(•verdl advanwges
that art- especially critical to the study of microbe-min eral interactions, specifica lly, a large areal field of view (up to 730 x 580 J-1111) and a large vertical
scan range (up to - 1 mm), with ncar atomic-scale vertical resolution (-2 run)
for surfact.' features up to I (I() 11m high. These features complement other
surface imaging and analytical techniques such as AFM. wh.ich offers higher
resolution for detailed atomic-scale measurements. but a relatively small area
of view.
We are us ing VSWLJ in quantitative experimental inwstigations of reaction rates and interactions between bacterial cells aod the surfaces of various
minerals Which may serve as important sources of nutrients. or in energy
transfer (electron donors/acceptors). during heterotrophic and lithotrophic
growth of microorganisms in nature including phosphate, Fe-oxide. and
sul lide minera ls. Resu ltS of initial cu lture experiments ernp loyi11g mineral
phosphate as a sok P source for bacterial growth show highly loca li:~:ed and
preferential colonization/reaction at only certain types of surface features such
as fractures and microcracks by Acinetubacrer ADP I. Microbes may be
attracted to these. features due to their higher surface energy. SpccifLc coating and treatme nt of min ero~ l surfaces allows resolution of single cells of
1\c'inl'tobac:ter as well as associated etch pits using VSWLJ, and the evol ution of individual. microbially induced features such as pi ts may be followed
over extended periods of time. Investigations of single cells and reaction rates
of individual fea111res are especially important in quantifying the spatially
heterogeneous processes of microbial cell attachment and interaction with
mineral surfaces. ResuiiS from additional microbial growth experiments will
be presented aod rates obtained from microbial and abiotic control systems
will be compared.
References: [ I] Ullman W. J. et al. (19\16) Chem. Gt!o/., 132, 11-17.
[2] Edwards K. J. er al. ( 1998) Am. Min;oral., 83, 1444-1453. [31 Nordstrom
0 . K. :md Southam G. (1997) Rev. Mineral., 35, 361-390. [4) Liittge A.
et al. (1999) Am. 1. Sci., in press.

NEW CONSTRAINTS FROM HAFNIUM ISOTOPES ON THE
SOURCE OF ItA WAI'IAN BASALTS. J. Blichcrt-Toftt, F. A. Frcy2 and
F. Albarectei, IEcolc Normalc Superieure de Lyon. 69364 Lyon Cedex 7.
Fraoce (jblicher@eos-lyon.fr; albarede@eas-lyon.fr), 2MassaehusettS lnsti rute
of Technology, Cambridge MA 02139. USA (fafrey@mit.edu).
Oxygen isotopes in Hawai' ian basalts [I I have recently contributed decisively to the issue of whether recycled lithospheric materia l is present in
their mantle source or, as hinted by He isotopes, this hot spot erupts JD;lgmas
from an essentially primitive mantle. Osmium isotopes [2) added the information that the low-li 1BQ b-dsalts arc prnhably derived from the lower part
of ancient oceanic crusts (gabbros). whereas lhe high-li 'IS() basalts show the
imprint of the upper part of the same crusts (pillow basalts and/or sediments).
The following problems remain: (I) Can we identify a pelagic sedimenl
compooent that would indicate tha1 the lithospheric component is of oceanic
origin (as opposed to continen tal)? (2) Can we exclude that the lithospheric
components ure not acquired upon ascent of Hnwai'iao basalts through the
modern Pncific lithosphere? (3) Can we obtain an indication of U1e age of
the recycled material?
We report new Hf-isotopic compositions obtained hy plasma source mass
spectrometry (Plasma 54) [31 for basalL~ from a range of Hawai'ian volcanos
for which a variety of other isotop ic compositions are available from the
literature. Whereas the mantle-crust array has a slope of 1.6 and a positive
intercept of between I and 3 i:Hf [4j the global Hawai' ian trcod has a slope
of Jbout 1.0 and an intercept of 5 Eur with a highly significant correlation
coefficient R2 of 0.92. When the Hawai ' ian vo lcanos are inspected individu·
ally, Mauna Kea lavas conta in Lhe most radiogenic Hf and Nd. while Koo lau
lies at the other extreme. Individual correlations are found for Haleakala and
Koolau with a s lope (0.8 wHJ1 an R2 of 0.98) even shnllower than that of the
ovemll Haw;1i'ian trend. Hawai'ian basalts 3$ a group, and Hawai'ian volcanos individually. therefore form arrnys that point towllrds unradiogeuic Nd
and 1-H compositions that plot distinctly above the mantle-crust array, and
towards a component with a long-term relatively high Lu/Hf ratio. i .e., in lh!!

field or pelagic sedirnt:nts [5) and deep -sea Fe-Mn nodules [6). The vo lcano
whose lavas contain most of this pelagic compone nt is Koolau, for which high
La/Nh and t87QsfJ880s ratios and high 1\18(.) have been identified [I ,2,7]. This
signature was previously used 10 argue for oceanjc crust as a source component.
A smooth hyperbolic array re lates all the Hawaj'ian bnsalts in tLD Eur vs.
206Phf204f>b pll'lt. The curvature of this binary mixing aTT'<IY is strong enough
that tlw asymptotes and the Pb/Hf ratio of the poten tial end members are
nicely defined . The "sed imentary" cud member (Knolau) has relatively
unradiogenic Pb (206p1Jf204Pb = 17.8) and can be tentatively ass igned an age
of I Ga. The second component (Kea) represents ancient lower ocean ic t-rusL.
Its Bur of+ 13 indicates that it cannot be modem Paci fic ~'rust. 11u: PbiH f ratios
that can he derived from the probable position of the end-memhefli on the
mixing array is consistent with the signature of the various components of
an ancient oceanic crust.
Strontium isotopes add one more piece of information in that individual
Hawai'ian volcaoos define distinct trends in Hf-Sr-isotopic space that fan out
towards the sedimentary end member with Koolau samples beiog amongst
the most radiogen ic in Sr. This fanniog, which is also observed in Sr-Nd
space, may reflect slight differences in the nature of the sediment involved,
its depositional age. nod the extent of Rb/Sr fractionation at subduction zones.
The contrihution of Hf isotopes to the debate on the origin of Hawai' ian
basalts is significant: (I ) the presence o f a pelagic sediment component
requires that the rccyckd material was once oceanic lithosphere. (2) emplacement of plume material takes place without cntminmcnt of modem asthenosphere or lithosphere [8], (3) the curvature of the Hf-Pb plot makes it possible
to assign an age to the recycled component, aod (4) there is no room so far
in the isotopic space for a primitive component in the source of Hawai'ian
basalts.
References: [IJ Eiler J. M. e t al. (1996) EPSL. 144, 453-~68.
[2) Lassiter J. C and Hauri E. H. (1998) EPSL. 164, 483-496. [31BlichertToft J. et al. Comrib. Mineral. Perrot., 127. 248-260. [4) Vervoort J. D. rt
aL {1999) EPSL, 168, 79-99 [5} White W. M. ct al. (1986) ePSL, 79, 4654. [6) Albart'dc F. el al. (1998) GRL, 25, 3895-3898. (71 Roden M. P.
et Ji. (1994) GCA, 58. 1431-1440. [8] Fametani C. G. and Richards M. A .
(1996) EPSL. 136, 251-267.

QUANTITATIVE DETERMINATION OF SMJ<;CTITE SURFACE
AREAS BY THE SORPTION OF POLYVINYLPYRROLIDONE.
A. E. Blum1, D. D. Eberl 1, aad D. W. Rutherford2, I U.S. Geological Sur·
vey. 3215 Marine Street, Boulder CO 80303, USA (aeblum@usgs.gov:
ddebcrl@usgs.gov). 2 U.S. Geological Survey, P.O. Box 25046, Denver
Fedcr:U Center, Denver CO 80303, USA (dwruther@usgs.gov).
Introduction: Smect itic minerals may have u dramatic, sometimes
effect oo the physical and chemical properties of soils aod sediments because of their high surface areas, high cation exchange capacities
aod swelling properties. However. the quantification of smectite minera ls in
sediments bas remained problematic.
'The Problem: Smectite particles are a single unit cell (I nm) tll.ick when
dispersed in solution, aod th.is is the surface area thar controls the physical
and chemical properties of smcctitcs in saturated environments. However,
comp letely dispersed smectite particles hnvc oo (00 1) X-my diffraction (XRD)
peak, since a single unit cell docs not have any repe.1t distance {I]. The oh plmw can generate XRD peaks [particularly (060)), but these overlap with
illites and micas, which arc always ubiquitous in natural samples. Smect itcs
when dried form XRD coherent aggregates that generate the commonly
observed (00 I) diffraction peaks. However, both the effic iency of ''stacking''
and the orientation in the X·rdy beam arc highly varia!Jie in complex mixtures . making quantilicatioo of smcctitcs by XRD very inaccurJtc.
During adsorption of ine.rt gases in a dry environment, (i.e., N 2 BED the
gas docs not access the "iDJemal'' surface. and therc:forc underestimates the
smectite surface area. Smectites may also be quantified by measurement of
the cation exchange capacity. However, the fixed charge ofsmectites cao vary
by almost a factor of two, leading to a similar error in extrapolating cation
exchange capacity to quantify smectite abundance.
Recent work [2) has shown sorption of ethylene glycol monoethyl ether
(EGME) is high ly dependent on thl! exchangeable cation and layer charge
dominat~:,
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TABLE I.
Sample
Belle Fouche smectite
Cheto smectite
Hectorite smectite
Wyoming smectite
RM30 illite
Fumed Si02 (pH 9.2)
Fumed Si02 (pH 4.4)

Surface Area
(m2/g)

g PVP
Sorbed/g Clay

run2/molecule
PVP

755*
747*
670*
755*
66'
208•
208•

0.473
0.593
0.510
0530
0.058
0.126
0. 125

24.4
20.9
21.8
23.7
19.0
27.5
27.7

• Calculated assuming 1-nm crystals, using muscovite molar volume and
normalizing to formula weight from chemical analysis.
' Calculated from size distribution determined by XRD (3].
t N BET.
1

as well as void sizes and organic C content, making EGME subject to greater
uncertainty than simple cation exchange. Sorption of polyvinylpyrrolidone
(PVP) avoids many of these problems.
ExperinMotal Technique: A sample amount of 0.5 g is ultrasonically
dispersed in I 6 mL of water. Sodium- or Li-saturated clays are used to
facilitate dispersion. Four milljliters of I 0 wt% PVP (MW 10,000) are added
and shaken overnight. The sample is centrifuged at 16,000 rpm for 2 h, a
portion of the solution is decanted and weighed, dried at JOs•c, and reweighed. PVP concentration in solution is determined by weight. Reproducibility is about ±2%.
Results: PVP sorption is constant at >0.3 wt% PVP in solution, and
experiments target a final PVP concentration in solution of 0.5-1%.
PVP sorption appears to be independent of layer charge in smectites. Each
PVP molecule covers -21 run2. When PVP sorption on RM30 illite and fumed
Si02 are normalized to surface area, they show a similar sorption density.
The large sorption area, insensitivity to smectite layer charge, and the insensitivity of Si02 to pH (i.e., surface charge) suggests that PVP sorption is not
localized at specific charged sites, but is more generalized, with significant
stereochemical control and/or Van der Waals attractions.
References: [l] Eberl D. D. et al. (1998) Clays Clay Mineral., 46, 8797. [2) Chiou C. T. and Rutherford D. W. (1997) Clays Clay Mineral.• 45,
867-880. (3) Eberl D. D. et al. (1996) USGS Open-File Rpt. 96-171, 44 pp.
THE PALEOZOIC EVOLUTION OF THE WESTERN MARGIN OF
GONDWANA RECONSTRUCTED USING NEODYMIUM AND LEAD
ISOTOPES. B. Bock•, H. Bahlburg2, G. Worner 1, and U. Zimmermann3,
1Geocheroisches lnstitut, Goldschrnidtstrasse I , 37077 Gllttingen, Germany
(bbock@ugcvax.doet.gwdg.de), 2Geoi.-Pal. lnstitut, Corrensstrasse 24,48149
MUnster, Germany, 3Geol.-Pal. lnstitut, Im Neueoheimer Feld 234, 69129
Heidelberg, Germany.
The Paleozoic development of the western margin of Gondwana is still
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oot well understood. Some models call for subduction and accretion of exotic
terranes during the Ordovician, even a continent-continent collision has been
proposed, whereas other models propose an ensialic de velopment of that
margin during the Paleozoic. We investigated the presence or absence of
terrane boundaries, of more juvenile additions and evidence for arc magmatism with Nd and Pb isotopes. We analyzed samples of the Late Proterozoic
to Early Cambrian Puncoviscana Formation and the Upper Cambrian Meson
Group to establish a record of the margin prior to Ordovician magmatic
activity. The eNd (450 Ma) values of the Puncoviscana Formation are uniform and range from -6.8 to -7.6 (n 7). The samples of the Meson Group
show a larger range in eNd (450 Ma) from -5.4 to - 9.7 (n = 4). This range
can be explained by the lithology of the samples (quartzites) which have low
REE abundances and are likely to be affected by mineral sorting processes.
The calculated average crustal residence ages of both formations range from
1.7 to 1.6 Ga. The Cambrian St. Rosa de Tastil granitoid has an ENd (450 Ma)
of -5.4, only slightly less negative than the eNd of the Puncoviscana Formation into which it intruded. Ordovician sedimentary rocks of the eastern part
of the northern Puna have eNd values indistinguishable from the underlying
units with eNd (450 Ma) of -6. 1 to -8.9. A pillow basalt that intruded into
these sedimentary rocks has a juvenile signature with eNd of 3.6. Its geochemical compositions allows us to interpret it as an intraplate basalt, most
likely emplaced during extension. Samples of the Silurian (?) Faja Eruptiva
de Ia Puna Oriental have uniform ENd values of - 5.7 and are within analytical error identical to the value of the older St. Rosa de Tastil granitoid.
Therefore, the volcaniclastic rocks deposited during the Arenig in the westem part of the Puna (volcanoscdimentary successions) arc overlain by the
Puna Turbidite complex. Some rocks of the volcanosedimentary successions
show clear input of a juvenile component (eNd 450 Ma -1.3) whereas others
lack this juvenile component (ENd 450 Ma as low as -7.8). All samples of
the Puna Turbidite complex lack the juvenile component (ENd 450 Ma) of
- 7.0 ± I) and appear to be derived from crust that is indistinguishable from
the sources of the underlying units or those units themselves. Some Middle
Ordovician samples of the eastern part of the Northern Puna carry eNd
(450 Ma) values of -9 indicating derivation from slightly older sources than
the older sedimentary rocks. However, late Paleozoic rocks from N Chile carry
slighlty more juvenile compositions with an average ENd 450 Ma of -4.5. This
is similar to the values we measured on Ordovician granitoids of the Complejo
lgneo-Sedimeotario del Cordon de Lila and also to the Faja Eruptiva de Ia
Puna Oriental. Moreover, Rapela et al. [I] measured comparable ENd values
on rocks of the Sierra de Cordoba. Therefore, this shift towards slightly more
juvenile Nd compositions relative to the tight range observed within the
Puncoviscana Formation and the Puna Turbidite complex does not necessitate detritus derived from exotic sources, but may indicate a local shift of
sources within western Gondwana. Our data show evidence for only minor
crustal growth during the Ordovician. No addition of an exotic component
is recognized as is expected if a terrane bad been added to the Gondwana
margin. Neodymium-isotopic compositions of the sedimentary rocks can be
mostly explained by reworlciog older crustal material of Gondwana origin.
These interpretations are consistent with the homogeneity of OUI Pb data. The
samples show neither the relatively high 207Pbi204Pb ratios of the Arequipa
Antofalla Terrane [2) nor the relatively unradiogenic compositions observed
for the Argentine Precordillera (3].
References: [I) Rapela C. W. et al. (1998) Geol. Soc. London Spec.
Pub. 142, 181-217. [2) Tosdal R. M. (1996) Tectnophys., 15, 827-842.
[3) Mahlburg Kay S. et al. (1996) J. Geo/., 104, 637-648.
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EVOLUTION OF THE SOUTHEAST ASIAN CONTINENT FROM
URANIUM-LEAD AND HAFNRJM ISOTOPES IN SINGLE GRAINS
OF ZIRCON AND BADDELYITE FROM LARGE RIVERS. F. Bodet
and U. Scharer, Laboratoire de Geochronologie, Universitl! Paris 7 aod IPG Paris. 2 place Jussieu. 75251 Paris Cedex 05, France (bodet@ipgp.jussieu.fr;
scharer@ipgp.jussieu.fr).
To decipher the evolution of the southeast Asian continent, 202 single
zircon and baddeleyite grains were studied by the U-Pb chronometer, and 128
of the precisely dated grains were analyzed for Hf isotopes. This is the first
attempt to simultaneously measUie the two isotopic systems in single grains
from large rivers to resolve the age spectra of the crust and to elucidate source
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U-Pb Age (Ma)

Fig. 1. Summary diagrams of t:Hf1 vs. U·Pb ages for all zircon and baddeley·
ite grains. For comparison two alternative Hf-depletion curves (DM and DM')
are given for the mantle, using the formalisms from [I) and [3).

characteristics of magmas involved in continental growth and recycling.
Analyses of a maximum of zircons and baddeleyites (>70%) from five sand
samples from the Mekong, Irrawaddy, and Red River permit identification
of four different PToterozoic crustal growth events occurring at -2.2 Ga,
1.9 Ga, 1.1 Ga (Grenville orogeny), and 0.8 Ga (Yangtze orogeny). Although
a single 2.5-Ga-old baddeleyite grain was identified, Archean rocks seem to
be totally absent in the -1.3 x 106 )(m2 large region sampled by the three
rivers. Basement rocks of this region are entirely covered by Phanerozoic sedi·
ments. The U·Pb data also substantiate granitoid magmatism during the Pan·
African, Caledonian, lndosinian, and Himalayan orogenies, all including to
different degrees juvenile crust formation and crustal recycling, with the ex·
ception of essentially crustal derived Pan-African granites. For the Himalayan
orogeny, mantle-melt input in the Irrawaddy region (Myanmar) was particularly important.
Hafnium analyses, adapted for single grain measurements, followed the
methods established by [I] using modified values from [2) for planetary
references. Initial £Hf1 signatures for zircon and baddeleyite range between
+13.3 and - 16.7, plotting in both the domains of LILE depleted and enriched
reservoirs, relative to a chondritic evolution of the mantle (Fig. 1}. Approxi ·
mately half of the grains crystallized in magmas derived from significantly
depleted mantle sources, and about 15% formed in magmas showing slightly
depleted or enriched signatures (£Hf1: -1.37 to + 1.59, 18 grains}. The remaining zircons and baddcleyites yield strongly negative EHf; documenting the
incorporation of important amounts of crustal melts in magma genesis. The
Paleoproterozoic events at 2.2 and 1.9 Ga seem to have produced the dominant mass of the southeast Asian continent, whereas the other orogenic cycles
are characterized by substantial melting of continental material, formed during
the two Paleoproterozoic events. This pattern is distinct for the three river
systems demonstrating that the crustal segments sampled by the Red River,
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Mekong, and Irrawaddy have evolved in different continental seniogs, corroborating the successive accretion of variously evolved terranes to the South
Cltioa block, most likely fragmented from Gondwanaland.
Analogously to the Nd notation [4) Hf model ages calculated for upper
and average continental crust (Lu/Hf: 0.055 and 0.100 (5]) are up to 0.8 Ga,
and 1.8 Ga older than the measured U-Pb crystallization ages. This discrep·
ancy cannot be ascribed to uncertainties of model curves for time integrated
LJLE and Hf depletion of the upper mantle and therefore, the average Lui
Hfratios of the southeast Asian continental crust must have been significantly
different from those measured worldwide in fine-grained sediments. By allowing a period of 100 m.y. to produce zircon and baddeleyite·bearing intrusions during orogenic cycles, an average Lu/Hf-ratio of 0.014 ± 0.011 can
be derived for the evolution of the bulk crust, leading to better agreement
between U-Pb and Hf model ages.
References: [l) Patchett et al. (1981) Contrib. Mineral. Petrol., 78,
279-297. [2) Blichert-Toft J. and Albarecte F. ( 1997) EPSL, 148, 243-258.
[3] Vervoort et al. (1999) EPSL, 168, 79-99. [4) De Paolo D. J. and Wasserburg G. J. (1976) GRL, 3, 249-252. [5) TaylorS. R. and McLennan S. M.
(1985} Blackwell Scie11tijic Pub/., 312 pp.
MICROBIAL DEGRADATION OF ORGANIC MATTER IN SEDI·
MENTS OF THE ARABIAN DEEP SEA. A. Boetius'. M. Nitsche' , T.
Ferdelman2, K. Loch tel, and 0. Pfannkuche3, 'Baltic Sea Research Institute,
Seestrasse 15, 18119 Rootock-Waroemiinde, Germany, 2Max·Pianck-Institute
for Marine Microbiology, Celsiusstrasse I , 28359 Bremen, Germany,
3GEOMAR, Wischhofstrasse 1-3, 24148 Kiel, Germany.
In deep-sea sediments, bacterial degradation of OM plays the most important role in the turnover of elements and determines biogeochemical
gradients in the sediment. Since bacteria can take up only small molecules
through the cell membrane, they produce enzymes to hydrolyze the deposited OM extracellularly. The two main factors believed to protect OM from
its enzymatical decomposition are (I) chemical resistance of organic sub·
stances, either due to their humification or due to the Jack of 0 necessary
for their complete degradation; and (2) physical resistance due to the sorption of organic substances to the mineral surfaces. Here we present new data
on the distribution and microbial degradation of organic compounds in deepsea sediments, which indicate that the preservation of OM could also be
caused by the suppression or absence of certain benthic organisms.
In an investigation of microbial diagenesis of OM in sediments of the
Arabian deep sea, we sampled an area in the open northwestern Arabian Sea
(WAST, l6°13'N, 60° 16'E, 4050 m water depth) which is characterized by
high productivity in the surface waters and high POC flux to the seafloor.
The bottom waters in this area are oxic. Compared to the stations in the central
Arabian Sea (<0.5% TOC), sediments at station WAST are enriched in total
organic C (>2% TOC) . Several labile organic substances like pigments,
pwteins, lipids, and carbohydrates are present in high concentrations, comparable to what is usually found in much shallower marine sediments <500 m
water depth. The vertical profiles of the concentrations of these organic
substrates show their accumulaton in >5 em sediment depth, where 0 and
nitrate is depleted, but sulfate is abundant (Fig. I}. Microbial activity at
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Fig. 1. Redox conditions, distribution of organic compounds, and microbial activity at WAST.
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WAST is high in the upper 0-5 em of the sed1ments. But most ~t.rikmgly.
rrucrobial production and dcgradatJon of t.ac.Jabe lcd OM strongly decline in
the zone of ~oriched OM concentrations >5 em sedim.:nl depth. Sulfate
reduction is very low in these sedim.:nts and limited to a narrow layer 2-S em
below the nitrate penetration depth. This indicates that the decline in the
activity of decomposers is limiting the ~upply of specific organic $Ubl.tratcs
rt!quired by the sulfate reducers.
A five-week-long degradation cxperiment revealed that the organic compounds that accumulate in the sediments of WAST cannot be degraded furthcr
by the autochtonous benthic bacteria, not even when the sediments were fully
oxygenated. In contrast. the addition of fresh protein at similar concentrations as in the sediment led to a substantial increase in microbial activity and
biomass within 1-2 weeks. A rest of the enzymatic degradability of the
sedimentary proteins in the 5-10 em layer showed that up to 20% of the
material is hydrolysable by proteases. However, the natural protease activity
of the microbial assemblage in this layer was very low compared to other
deep-sea ;rations (Fig. l ). To compare rhc decomposition potentials of bact.eria and other benthic organisms, we measured the degrJdation of sedimentary proteins by deep-sea holothurians, which were ab le to reduce tbe
sedimentary protein by 50% during its passagr through the gut. Obviously
these deposit feeders have very efficient ways of concenttating and digesting
sedimentary proreins. Howeve-r. in the area of WAST. !he composition of the
megafauna was completely different from other stations in the Arabian Sea.
Ophiurids were abundant. but holothurians were nearly absent.
We do not know yet for which reasons this place in the western Arabian
Sea differs so much from other regions of the abyssal plain The parJdoxon
of high OM coocenlrations in the sediments and very low su lfate redut:tion
rates has been observed in the larger area of the Oman margin. AI WAST,
the differences in the occurence and activity of benthic organisms could cause
the incomplete degradation of organic matter in the sedimems, because factors
like! depletion of electron acceptors. input of refractory terrigeneous material
or burial due to high sedimentation rates can be ruled out. However. several
turbidites were found in the sediments of WAST, including n young one of
around 2K in the upper 0-30 em. Also, station WAST is subject to extreme
seasonal variation of POC input. It is possible that such consider.1ble disturbances acting upon this environment on different timesc-<~les effect the disITibution and activity of the benthic fauna and thus the preservation of OM
in the scdimenL~.
APPLICABILm' OF THE URANIUM-ISOTOPI C MODEL AS A
PROSPECTING TECHNIQUE IN GUARANY AQUIFER, SOUTH
AMERICA. D. M. Booorto, Departamento de Pctrologia c Mcuilogcnia,
Institute de Geociencins e Ci€ncias Exatas, Universidade Estadual Paulista.
Av. 24-A. No. 1515, C.P. 178. 13506-900-Rio Claro-SP. Brazil (dbonotto@
dpm.igce.unesp.br).

Introduction: Uraoium-238 and ilS radiogenic daughter ll<U have been
considered as very useful isotopes for the hydrogeochemical prospection of
cont·ealcd U deposits, where the data for dissolved U content in groundwaters
and lHUfZJSU activity ratio (AR) are plotted on a two-dimensional diagram
containing several areas of associative significance [t-3). In terms of dissolved U content.. the maio defined categories characteri?.e: o~ idized aquifer
bathing strata with "normal" U mineml content (values between I and 10
ppb); oxidized aqu ifer bathing strata enhanced in U mineral content (values
>10 ppb); reduced aquifer or strata with low U mineral content (values lower
than l ppb}. ln terms of AR dara, ground waters having values between I
and 2 define "oormal" world-wide situations. wbcrea~ it was also suggcstt:d
the possibility of occurrence of processes related to the formation (values >2),
or rcmobili.zalion (values< I) of an accumulation of U. In this paper, the data
on the isotopic concentrations of dissolved U in groundwater samples from
Guarany aquifer. South America, were used to evaluate the applicability of
the modeling in the area
Sampling and Results: TI1e Guarany aquifer of Triassic-Jurassic age
e,uends over some 839.000 km2 within the Parana sedimenrary basin [4), has
nn average thickness of 300- 400 m, and is composed of silty and shaly
sandstones of nuvial-lacust.rioe origin (the Piramb6ia and Rosario do Sui
Fom~arions iu Br.uil and Buena Vista Fomution in Uruguay). and variegated
quarttitic sandstones accumulaied hy "oliao processes under deserric condi·
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TABLE 1. Resu lts of me;1surcments r(lliT.ed for
77 groundwater sampl~s from Guarany aquifer.
Value
Parameter

Uuit

Minimum

Ma.\imum

Uranium
;J.!Ufll<U AR

ppb

0.004
1.0 I

15.36
27.88

lions (the Botucatu Formation in Brazil, Misiones Formation in Paraguay. and
Tacuaremlx'i Formation in Uruguay and Argentina). The sampling of the
GuarJny aquifer was performed at 67 localities in Sao Paulo. Mato Grosso
do Sui. Parana. Santa Cararina and Rio Grande do Sui States in Brazil, where
77 groundwater samples (19-20 kg) wert! collected, stored in polyethylene
bottles. aod submitred to standard analytical proc(dures for determinations
of the U content and AR [5). Table I summarizes the range of the obtained
values.
Discussion; The U :onrent and AR values show great variability where
samples in all classification categories arc present. A high dissolved U content value was found io one sample ( 15 ppb}. which may be indicative of
an previously unreported U accumulation though oot necessarily of economic
size and grade. Areas of stagnant alkaline waters where inflow is grea!ly
restricted and residence time is long are common in the studied aqwfer, but
in spite of the alkaline charac:ter of the s-<~mple huving !Ugh value of ll content.
it is not probable some rtlationship between the stagnancy of the water and
irs U coment, because other samples having strong alkaline Facres don't
ellhibil high U content. The pH and Eh data for the studied ground waters
define oxidizing. reducing and intermediate conditions. with several samples
being properly classified according to the U-isotopic dala, wllereas other don't
adjust to any defined category. being plotted in fields not representing the
actual redox conditions. Other factors responsible for the classification of the
sampl~.s in different categories are: enhancement of l34 U in solution in accordance with an increase of the dissolution of Ca from the rock matrices:
the occurrence of anthropogenit: impacts affecting the o~rdation-reductioo
conditions and modifying the presence of elements and compounds in solution. iocllL'iive U; the effect of the tempernture em th' sol ubility of carbon·
atcs like calcite. since the precipitation of Cal• may occur at higher
tempm!lures, affecting th: values of the ARs. Therefore. the great complexity of the analyzed naruraJ system suggests thar several factors may be affecting the representation of the data un the U content vs. AR fenc.: ding;am.
and that some caution be used on interpreting the high U content value
measured for one sample.
Acknowledgments; The author thanks lht: International Atomic Energy
Agency (IAEA Researcb Coo tract No. 9723/Regular Budget Fund} and CNPq
(Conselho Naciooal de Desenvolvimento Cieotlfico e Tecnol6gico)-Brasil for
financial supporr of this mvestigation.
References: [I j Cowan J. B. and Osmond J. K. (191!0) U.S. DOE, Rpt
GJBX-I19(80), 112 pp. [2] Osmond J. K and Cowart J. B. (19!!1) 1/.S. DOE,
Rpt. GJBX-364(81). 126 pp. (3) Chatam J. R. et al. (1981) U.S. DOE, Rpt.
GJBX-129(81 ). 216 pp. [4] Araujo L M et al. (1995} UFPR Rpt.. 16 pp.
[5] Osmond J . K. and Cowan J. B. (1976) Arm. Energy Re••.. /4, 621-679.
THE IMPLICATIONS OF DISSOLVED URANIUM IN DEEP
GROUNDWATERS FROM GUARANY AQUIFER, SOUTH
AMERICA, FOR THE DISPOSAL OF RADIOACTIVE WASTES.
D. M. Bonouo. Departamento de Petrologia c Mctalogenia, lostituto de
Geoci.!ncios e Ciencias Exatas, UNESP. Av. 24-A, No. 1515. C.P 178,
13506-900-Rio Claro-SP. Brnil (dbonotto@dpm.igcc.unesp.br).

Introduction: Uranium isotopes are present ar high-level wastes (HLW)
from power reacrors (I ,2). and since the water is the carrier of any radio·
nuclid.: release and equaly the last barrier before entry to the biospher.:, it
Is important ro evaluntc the hydrogeochemical behavior of dissolved U in
natural systems with the purpose or est:~blishing analogies to the as~essment
of rJdioactive waste disposal sites. Deep burial of HLW in rmp.:rmcable mcks
at sedimcnrary basins is one option that has been considered, and, therefore,
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estimates or leach rates at such en v ironmenL~ are useful for modeling purposes. In this paper, the data on the cou~enl!atioo of dissolved U in groundwater samples from Guarany aquifer of Triassic-Jurassic age. Sou th America.
were tentm ive ly used for predicting the performance of a hypothetical reposi·
tory.
Sampling and Resull~: The samp ling of the Guarnny aq uifer was pc.rformed at 67 lm:alitics in Sao Pa ulo, Mato Grosso do Sui. Parana. Santa
Ca tarina and Rio Grande do Sui S tates in Bruil, where 77 grou11dwater
samples ( 19--20 kg) were co llected. stored in polyethylene.: bottles. and de·
pending oo the requirements of the analysis. they were untiltercd, fi ltered
through a 0.45-~IITl membrane, unpreserved. or preserved wi th HCI. Standard
analytical techniques were used for obtaini ng the composition of !he major
and minor elemenlli in waters, for example, methyl orange end -point tilra·
tion, potentiomcl!y. flame photomcl!y, ion selective electrode and inductively·
coup led plasma emission, whereas a-spectrometry was utilized for determining !he U isotopes [:1]. 'lbe available data describing the wells allowed
to estimate the geostatic pressure (GP) 14], which was used as an iodepeo·
dent 1•ariable and defined several significant linear relationships relating !he
groundwater flow from !he border of !he basin toward iLS ceotral part, in !he
direc tion of the dip of !he geological un itS, i.e .. temperature vs. GP (r = 0.93),
di ssolved 0 2 vs. log GP (r =-0.65), pH vs. log GP (r = 0.75), Ell vs. log
GP (r -0.56), log Na• vs. log GP (r = 0.62), log HC0 3- + CO/- vs. log
GP (r = 0.62), log CJ- vs. log GP (r = 0.61}, log SO/- vs. log GP (r = 0.55).
log F- vs. log GP (r = 0.72). log ionic strength vs. log GP (r = 0.64), log
C02 partial presssure vs. log GP (r =-0.61), and log U vs. log GP (r =0.33}.
Oi~cussion: An increase of temperature (up to 70"C) and basicity (up
to pH 9.9) were verified at the greater depths !he aquifer reaches, condi·
tions that arc favorable to !he U dissolution [I ,2]. with the highest value of
dissolved U corresponding to IS IJ&L-1. An estimate of !he outflow through
tl1e only visible outlet in this aquifer is 100-200 x 106 mJa- 1 [5], and, !here·
fore , it is possible to consider 2250 kg as the annual mass of U transport.
TbiGunraoy aquifer underl ies an area of about 839,000 km2 in !he Parana
Basin [6], and s ince its average thickness corresponds to 300-400 m [5), its
vo lume can be estimated as 2.9 x lOS knJ3. Because the typical U contcm
and density of the rock matrixes of thjs aquifer are, respectively, 1.58 jlg g-J
and 2 g cm-3, it i s possible to calculate 9.3 x 1011 kg as the total U source
term in the Parana basin. Thus. an estimate of 2.4 x Jl)-!1 a- 1 is obtained for
the re moval rate of U by groundwater solubilization, which is very reason·
able when compared with va lues obtained for Tit in the Po~tos de Caldas
ana log study [7J. Considering the waste inventory, the Nudcar Regulatory
Commission [I] proposed that a rate of release of lG-7 a- 1 will prevent any
signifi~ant amounts of rJdiation from reaching the environment. although a
mtc of I0-5 a- 1 also is suggested due to !he ex isting technology for waste
package and engineered backf1ll. Therefore, the results of this modeling
represent !he worst case. where waste is emp laced in a h.ighly permeable host
rock with no engineered barriers to restrict the mobilization of U. and, even
under such conditions, it was possible to ohraio an appropriate removal rate.
Groundwater travel times of 10 k.y. to I m.y. and above are needed 10 allow
for decay of most fission products and traosuranics and if lower permeable
form:1tions assuring these conditions are guamntecO, then. sedimentary ba·
sins are important s ites for the geological disposal of mdioa~:tive wastes.
Acknowledgment~: TI1e author thanks !he International Atomic Energy
Agency (IAEA Research Contract No. 9723/Regular Budget Pund} and CNPq
(Cons. Nac. Des. Cicnt. Tec.)-Brazil for linancial support of th.i~ investiga·
tion.
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Geology of High-lel'el Nudear \Vos/1' Dl.vposal: An lmroducrion, Chapmnn
and Hal l, 229 pp. [3] Osmond J. K. and Cowart J. B. (1976) Arm Energy
Rev., 14, 621-679. [4] Castnny G. (1982) l'rlndples etmlthotit'J de l 'hyJru·
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ARSENJC SORPTIO N ON METAL SULFIDES. B. C. Boslick1 and
S. E. Fendorf 1. •Department of Geological and Environmental Sciences, Stanford University. Sta nford CA 94305-2115. USA.
lntroduction: Arsenic is a rcdOJ(·Scnsitive toxic clement. Partitioning
of As into the solid phase is dcs.irablc as it limils the bioavailability and 1!1lns-

port of As to other areas. Arsenic sorption to many oxide minera ls suggests
that it partitions strongly with the ~olid phase f I .21. However. As sorption
to sul fide minerals, iocluding pyrite and mackinawite, formed in anoxic
cnvironmcae> i~ not well understood. Chemical extractions suggest tl1at As
and other ele ments associate strongly with iron sul fides [3.4]. either as
coprecipitatcs. sorbed species, or homogeneous precipitates. Unfortunately.
a mechanistic uoders tandin g of the complexes is seldom ach.ieved. The
sorption of AgT 15), Hg2+ [6]. and Cdh 17.8] oo pyrite indicate the formation of meta l su lfide surfact: precipit;Hcs. s uggesting that sorption of these
cations on pyrite oc.:ur:; by a differt:nt mec hanism than is pos tulated for metal
(bydr)oxides [9]. The sorption of anions including As bas received very linle
attention. Here we investigate !he nature of As s urface complexes on iron
sulfide minerals. A beller undemandi ng of these sys tems is necessary to
determine bow sorption to su lfide minerals affects their bioavailability and
trJnsport
Methods: Solu tion studies wen: used to characterize the sorption envelopes for arsenite aod arsenate sorption on syothetic macldnawite, pyrile.
and galena. The surface complexes that formed through sorption were swd·
ied us ing X-ray absorption fine-structure spectroscopy (XAFS) and Rama n
spectroscopy. Electron microscopy provided information about changes in the
morphology and ana lysis of bulk phases.
Rt.'Sults and Conclusions: All of the metal su lfide minerals studied
o:xhihited similar sorption char.1cteristics. Sorption was mpid and appreciable
at ncar-neutml cond itions and obeyed a BET isotherm. suggesting that the
sorbed of As species includes tlae formation of surfat:c precipitates. XArS
analyses indicate that the sorbed arsenite was coordinated to 3 S atoms at
a distance of 2.41 A. The presence of S in the coordination sphere means
that As sorption on tl1cse metal sul fide minerals resultS in the formation of
lhioarsenic surface compleJtt!S. Under all surface coverages exall'Uned, the
second coordi nation sphere contained Fe and As at a di stance of approlti·
mately 3.95 A, much longer than those of As(lll) sulfide minemls. The pres·
cncc of As in U1e second shell suggests that c lusters arc forming of the metal
sulfide at all surface coverages studi ed. These surface clusters contain simi·
Jar atomic distances to those of a thioarscnate trimer proposed by Helz et al.
[10] , and may help explain !he chamctcrislic isotherms for sorption. Combin.:d, these data indicnte lhat anion sorption to sullide minerals may not be
correcUy modeled tiS simple ligand exchange reactions.
References: [1] Waychuoas G. A. ct aL (1993) GCA, 57, 2251-2269.
[2] Mann ing B. et al. (1998) Environ . Sci. Techno/., 32, 2383- 2388.
[J] Jacobs L. et al. (1985) GCA. 49, 143~- 1444. (4] Morse J. W. N al. (1987)
Earth St"i. Rl'v., 24. 1-42. (5] Scaini M. J. ct al. (1995) GCA, 59, 27332747. (6) Hyland M. M. et al. (1990) G\A, 54, 117-IJO. [7) Bostick B. C.
et al. ( 1998) GCA, submitted. [81 Parkman R. H. et al. ( 19\19) A 11L MineraL,
84, 407-419. 191 James R. 0 . and McNaughton M. G. (1977 ) GCA. 4 1,
1549- 1555. [101 Hell. G. Ret a!. (1995) GCA. 59. 459!-4604.

SEASONAL DYNAMICS IN THE BIOGEOCHEMISTRY, STABLE
ISOTOPIC GEOCHEMISTRY, AND MICROBIAL COMMUNITY
STRUCTURE OF TEMPERATE INTERTIDAL SE()JMENTS. M. E.
B1ittchcr•, B. Hespcnheide•, C. Bcardsley 1, E. Llobct·l3rossat, A. Schramm•.
A. Wieland! , G. Bottcher2, U. Schnetgerl. U.·G. Berninger", R. Rosscllo·
Mora1, R. Amanol, and 0. Larsen 1, 1Max-Planck·lnstitut fiir Marine Micro·
biology, Celsiu~strasse I, D-28359 Bremen, German y (mboettch@mpi·
brcmen.de), 'Z(;eological Survey, Pampuwcrstrasse 66, D-19061 Schwerin,
Germany. l lostitulc for Chemistry and Biology of !he Mnrinc Environment..
University of Oldenburg , P.O. Uox 2503. D-261 11 Olden burg, Germany,
4 Jnstitut fllr Mccrcskundc, Duestcmbrookcr Weg 20, D-24 105 Kicl, Germany.
Ao intergrated study, combining biogeochemic:JJ, stnble isotopic, microsensor, sedimeotologic!ll, phnse-analytic;JI, a nd molecular ecological methods,
was curried out during a 1-yr period to investigate llle scasooal dynamics of
biogeochemical reactions (e.g., Mn, Fe, and sulfate reduction, sulfide reoxidation) in temperate intertidal sediments from the North Sea. A muddy sediment (site D: TOC about 3 wt%) was c.ompared to a sandy sediment (~ itc
W; TOC about 0. 1 wt%). Special attention has tx·cn paid to the influence
of temperature as a process-controlling variable and the vertica.l abundance
of bacteria. crustaceans. nematodes, heterotrophic flagelates. and ciliates.
Besides major. minor, and several trace elements (XRF), sediment cores
were analyzed down to 20 em depth for grain-size distribution (laser dcflcc-
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tion), mineral composition (FTIR spectroscopy; X-ray diffraction), fOC
(elemental analysis; LECO). and water 'onter11 (gravmretry). Pure w-<~tcrs were
analyzed for pH. rC02 • NH/, and salinity and the ICP-OES was used to
measure majnr, mrnnr ions. and st!lectcd trace clements (e.g.. Mn2·, Fe!•)
Leaching with Na-ditluoorte gave an estimate of th~ solid (rcactiH•) Fe and
Mn pools The different sulfur pools (sulfate. hydrogen sulfide. A VS, pyrite,
organrc S\ were quantified by different methods and isotopically (l4Sf32S)
characterized (C-irmMS). Sulfate reduction rates were measured by the
lSSQ4 l tracer technique The 0 pcm·tration depth was measured wllh
microscnsors. TI1c l)pc of organic matter available for microbial degradation
was charactcri1.cd by the C/N and C-isotopic ratios (C-irmMS) The dowocore
variation m the bacterial community structure was quantified usmg i11 silu
hybridization techniques and specific oligonucleotide probes. Crustaceans.
nematodes. heterotrophic tlagelates. and ciliates were counted after DAPI
staining.
The sediments at site D were charactt:rized by bioturh3tiog activities
lh.rough the whole investigated depth with seasonal variations. Total organic
C contents of the sediments ranged b~tween I and 3.3% and were rdatcd
to the abundance of clay IDlnerals, indicating s-orption process o:t mineral
processc~ to be responsible for orgamc matter bunal. TI1~ downcorc varianon of the C-isotoprc composiuon of organic matter reflect~d the preferrential
microbial degradatiou of labile {marine) organic matter compared to a more
resistent (terrestrial) organic matter fraction. The sediments abovt 9 cmbsf
contained an e/Ccess of TOC compared to the relationship between TOC and
flyrit~ S proposed for normal marine sediments. !o April, the 0 penetration
depth reached down to 4 6 rom in rhe light und 1.2 mm 10 the dnrl.:. 1'he
corresponding abundance of hetrotrophic flagellates, ciliates, and crustaceans
appeared to by partially controlled by the 0 penetration depth Although subnxic Cllndrtions were mdrcated by the presence of Jissolvcd Fe( II) and Mn(ll)
down to about 15 em depth at site D, bacterial sulfate reduction rates up to
more than 1000 nmol cm-l d- 1 were measured. A strong downcore decrease
in all analyzed bacterial groups was found with a maximum activi ty at -2 em
sediment depth. Up to 80% uf tbe tollll cells dt:tccted by DAPI-staming
hybridized with the rRNA targeted oligonucleotide probe EUB specific for
the domain bacteria. Sulf:ue-reducing bacteria showed bigb abundance (up
to 14% of total cells. Calcu lated cell-specific sulfate reduction raLes are at
the lower end of results observed in experiments with pure .:ultures. Depth
integrated sulfate reduction rntes showed a clear positive temperature dependence during the time of investtgalion. The mi~:rohial dissimilatory sulfate
reduction led to a significant discrimination of 14S and lZS between the most
stable reduced S fraction. pyrite. and dissolved porewater sulfate. Althougb.
most observed isotope !Tactiooation factors are within the range found in
experiments With pure cultures of sulfate:--reducing bacteria(£ between -4 and
-46%.), the sometimes-enhanced isotope fmctiooation requires tht considcf3tion of a compl~x S cycle mvolving the reoxidation of H 2S, followed by
tltc dispropt,rtionalion of mtl'rmediatc S species (e.g .. so. S20/·). Liberation
of H2S from the sediment inro the water column or the atn1osphere can be
neglected in the lime of investigation due to the well developed Fe and Mn
reduction LOnes. The superimposition of a maximum of the sulfate reduction
mre and dissolved Fe(ll) and Mn(TI) is ltkely due til Fe and Mn reduction
coupled tu the the OICidatioo of H2S.
At site W, the bacterial activity was clost!ly related to the availability •Jf
fresh marine organic matter leading to a disturbance of the typical steadystate biogeochemical zooution. Depth iou:gr.ucd sulfate reduction rates were
fnund to be inOuenced by both tempcraure and the availabi lity of reactive
organic maller.

so.

LITHIUM-ISOTOPIC COMPOSITIONS OF MARIANA ARC LA VAS~
IMPUCA TIONS FOR CRUST·MANTLE !U:CYCUNG. C Bouman
and T. R. Elliott Faculty of Earth Sciences. Vrije Univen;itl!il. De Boelelaan
1085. 1081 HV Amsterdam, The Netherlands (t>Ouc@geo vu .nl; dlt@geo.
vu.nl).
'The process of subduction recycles matt:rial that carries a continental crust
component (seawater and pelagic sediments) bncl: into the mantle. Generally,
two recycled compooeots, subducted sedtmcnts and a "Ouid" from the altered
oceanic crust. are rccogni?Cd. These components, together with coouibutions
from the mantle wt:dge. shape the composition of arc lavas. For a number
of clements, however. there is some drfficulty in distinguishing the "fluid''
!Tom the mantle wedge; as f-or m:my chemical discriminants. the altered crust
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lc)(1k; similar tn man tle wedge materiaL Resolvmg this ambiguity IS imporwnt in asst:ssing clement mass balance at a:onvergent margins. Lithiurn-iso·
t<1JliC systemaucs of arc lavas have the potenua l to distinguish betwren
cnntrihutions fmm the mantle wedge and altered ocean it: crust. Lithium-7/
hth1um-tl ratios arc only fractionated by low-temperature processes; variation;,
in 1Li/0Li ratios thus imply the involvement of recycled material from tlle subdueled slah. rather than mantle wedge .
Littuum-1sotopic compositions of rc~.:ent volcanics from the Mariana Islands have been determined to assess the potential of this tracer. Previous
studies on the Marianas [e.g., II have indeotified variable additions of a
sediment melt with, for example. low 14 lNdf'44 Nd and h1gh Th!Nb. and a
near-constant aqueous fluid flux, that produce large
excesses in the sediment poor mantle wedge II). Samples !Tom four different Mariana Islands
(Guguan. Agrigan. Pagan. and Llracus) h3ve been selected for this study.
ranging from a sediment-rich (i.e .. high Tb!Nbl to a sediment-poor end
member. the laner most clearly displaying the Ouid signature (i.e., large
excesses l.
Lithium-isotopic ratios (1Lif6Li) have been analyzed by tht:nnal ionization m«ss spcc1romctry using Li 1 P04 loaded on double Re fil.unents. SlLi
values of rhe Mariana arc lavas show variations between 4 aod 8.5%o relative
10 L-SVEC standard, with rcproduc.:ihility of I.S%o (lcr). The Li-isotopic compositious of the most likely contJibutiog components, fresh MORB (and by
inference upper mantle), altered MORB and pelagic sediments range from
+1.5 tO +4.6%o [3.4) , +7.5 to +14%. [3) and -2 to +8%. [4] respectively.
Lithium coocentrntions in the Mariana lavas were determined using Isotope Drlution Mass Specuometry and are between 5.63 to 7.81 ppm, 'ompared ttl 3.6 to 6 ppm for fresh MORB (3.4). 8 to 75 ppm for altered MORB
(3]. and JO 10 lOO ppm for pelagic sediments 14,5). High Li concenlrations
result rn high ratios of Li relative to clements with similar incompatibility,
e.g .. Yb. Mariana lavas have Li/Yb between 2 .65 and 3.24.
Combined modeling of U/Yb- and Li-isoropic compositions for upper
mant.h:. pelagic ,ediment and aqueous Ouid allows us 10 make a simple mass
balance. This suggests :Ill input of a sedimcotnry componeot resulting in
relatively light Li-isotcpic compositions and a large oqueous Ouid flux
(-30% x to~;~J Li in sedi;oent-poor end member) producing relatively heavy
isotope compositions in the process or Manatta arc magmatism. We fmd IFLt
values as heavy 3S observed at the lzu volcanic front (4], which is also likely
related to the input of altered oceanic 01JSI. Howt'~er, in the Marianas there
1S also a pelagic sedimentary component inferred from the low IPLi value of
one volcanic island (Uracus). Additional Li-isotopic analyses 011 subducted
sediment at tbe Mariana arc will help to refine the mass balance.
References: [I] Elliott T. R. ct al. (1997) JGR, 102. 14991-15019.
[2)RyanJ G. etal.(l987)GCA,5J,I727-1741.[31ChaoL H.etal (1992)
EPSL. 108, 151-160. [4: Moriguti T. and Nakamura E. (1998) EPSL. 163,
167-174. [5! You C.-F. et al. (1995) Gt'ology. 23, 37-40.
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H I GH-PRECISION URANIUM-L.t:AD GEOCHRONOLOGICAL
CONSTRAINTS ON EARLY ANIMAL EVOLU'nON. S. A . Bowring 1•
M. W. Marlln 1• and K. L. Davidek•, 1Department of Earth. Atmospheric and
Planetary Sciences, Massachusetts lostitut.: ofTedmology, 77 Massachusetts
Avt:ou~. Cambridge MA 02139, USA (sbowring@miLedu).
The past five years have seen intenstvc efforts by pak'Ontologist~. evolutionary and developmental biologists. and geologists to better unden;tand
the first appearance and subsequent explosive diversification of animals. At
the same time. the recognition aod exploitation of thin air-fall ashbeds
interlayered with fo,;sil-b<:aring rocks hil:S allowed the establishment of a highprecision temporal framework of animal evolution. Low Jabomtory blanks and
ultrdsmall sample analyses can lead to analytical uncertainties that tr<~nslate
to age un,ertainties of <I m.y. Although still in its infaucy, tlus framework.
when combined with integrated paleontological. chemostrati-graphic. and
geological data will allow evaluation of models that invoke both intrinsic and
ex.trinsic trigg~rs for the Cambrian radiation.
New geochronological data from late Neoproterozoic rocks iodic>tte
Ediaearao fossils range from at least 572 Ma (Newfoundland) to 543 Ma
(Namibia) and perhaps into the Cambrian. Complex trace fossils ocrur at least
as far back as 555 Ma (White Sea). The number and complexity of lr3ce
fossib increases drnm3tically up to the Cambrian explosion that occurs over
appro~imately a 10-m.y. interval (530-520 Ma) . While the Neoproterozoic
timescale has been extensively modified in the past six years. one· of the
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remarkable but under appreciated conclusions is that tbe lower Cambrian is
over 30 Main duration (543-510 Ma), while the middle and upper Cambrian (510- 490 Ma) are only 10 m.y. in duration.
While we have made progress, there is much to do. Critical to understanding the role of extrinsic factors in animal evolution is high-precision calibration of the global chemostratigraphic (C and Sr) data. This will allow detailed
evaluation of whether sudden isotopic excursions reflect globally synchronous
event~ at the 100-300-ka level or are a reflection of local basinal changes.
Outstanding questions remaining to be addressed include the following:
(I) What is the duration and number of late Neoproterozoic glacial events
and their relationship to diversity in the fossil record? (2) Is the negative 51lC
excursion at the Cambrian-Precambrian boundary globally synchronous and
does it signal the extinction of Ediacarao and the creation of ecological niches
for the ensuing Cambrian explosion? (3) Can the molecular clock approach
for determining divergence times be tested using the temporally well calibrated upper Cambrian and Ordovician fossil record? (4) Can we use the fossil
record to quantify rates of morphologic change?
Continued integration of high-precision geochronology with biological
and paleontological studies will allow new insights into the history of early
animal evolution. We believe that in I 0 years or less this approach should
allow discussion of the late Neoproterozoic-Cambrian record at the 100-300ka level.

DIFFUSION OF ARGON FROM MELT INCLUSIONS IN QUARTZ
PHENOCRYSTS. J. W. Boyce, M. Grove, and M. R. Reid, Department
of Earth and Space Sciences, University of California, Los Angeles, 3806
Geology Building, 595 Charles E. Young Drive East, Los Angeles CA 90095 1567, USA.
Glass inclusions in quartz phenocrysts from the -760-ka Bishop Tuff that
yield 40ArfJ9Ar apparent ages >I m.y. older than the eruption age have been
used to support hypotheses for long-term storage of magma beneath the Long
Valley area [1). This interpretation depends upon the magnitude and relative
importance of diffusion and solubility, as well as the internal distribution of
melt inclusions, in determining Ar permeability through quartz at magmatic
conditions. While appropriate Ar diffusion data for coarsely crystalline 13quartz are lacking, ionic porosity calculations indicate -lQ-14 cm2/s diffusivities at no•c. This corresponds to a diffusive length scale of 5 nun for I Ma.
Assuming no accumulation of Ar in the magma and that Ar solubility in
quartz is not rate-limiting, this implies that quantitative Ar-loss from the melt
inclusions would be achieved in <1 04 yr.
We have undertaken diffusion studies of glass inclusion-hosted, nucleogenic 39 Ar in quartz phenocrystS from the Bishop Tuff. The geomecry, distribution, and total volume percent of glass inclusions contained within these
phenocrysts has been characterized by serial sectioning followed by backscattered electron imaging. We find that in the materials we have selected
for our experiments. glass inclusions represent -I vol% of phenocrysts and
are generally situated <0.5 mm from grain boundaries. Preliminary short
duration (30-100 min), low temperature (350"- IOOO"C) step-heating experiments we have performed with neutron-irracliated, 2-mm-diameter euhedral
quartz phenocrysts resulted in liberation of only a very small fraction (-1%)
of the total nucleogenic 39Ar contained within the inclusions. While the
negligible degree of Ar loss we observe is consistent with predictions based
upon the ionic porosity model for a length scale of 500 J.l.m, the results are
somewhat surprising considering the large fraction of glass inclusions proximal to fractures within the host quartz. This may imply that the solubility
of Ar in the viscous rhyolite melt is high enough to retain 39Ar, even under
in vacuo conditions. Similar behavior affectS step-heating experiments involving sanidine. Available kinetic data for phase relations in the system Si02,
indicate that under our experimental conditions, 13-quartz is expected to persist
metastably above 90Q•C with only minor amounts of highly disordered Si02
forming after weeks of heating at temperatures as high as 12oo•c [2). Longerduration heating experiments in the 800°-I000°C range are planned to
confirm the retentive character of the inclusions.
References: [I) van den Bogaard P. and Shirnick C. (1995) Geology,
23, 759-762. [2) Roberts A. L. (1959) in Kinetics of High Temperature
Processes (Kingery, ed.), pp. 222- 227.

LEAD ISOTOPES AS TRACERS FOR ENVIRONMENTAL POLLUTION AT A FORMER URANIUM MINING SITE IN EASTERN
GERMANY. G. Bracke' and M. Satir2, 'Centre de Geochimie de Ia Surface, CNRS-ULP-EOST, UMR 7517, I rue Blessig, F-67084 Strasbourg,
France (bracke@illite.u-strasbg.fr), 2Departrnent of Mineralogy, Petrology and
Geochemistry , University of TUbingen, Wilhelmstrasse 56, D-72074
TUbingen , Germany (satir@uni-tuebingen.de).
Introduction: Uranium mining in eastern Germany by WISMUT lead
to severe devastation of the environment resulting in the one of world's largest
tailing sites and waste rock piles [1) . Uranium mining was stopped with
reunification of Germany in 1990. Remediation and rehabilitation of the
mining sites has been conducted since then.
A study using Pb isotopes was carried out in order to elucidate the possible
sources, pathways and sinks of environmental contamination. Several major
sources (e.g., geological background, leaded gasoline, coal burning, dye
manufactures, smelters, atmospheric deposition, and U mining) were taken
into account. Pathways and sinks such as river sediments, soil, water, and
atmospheric deposition were investigated for Pb content and isotopic composition.
Re!>-ults: The Ph-isotopic compositions of possible sources define three
distinct fields in a 206pb.f207Pb vs. 208pbf207Pb plot (see Fig. 1). These fields
were assigned to anthropogenic sources (field 1), geologic background (field
II). and U mining/mineralization (field Ill).
The Pb used for gasoline in former eastern Germany originated mainly
from Russian deposits. Its Ph-isotopic composition was determined using
unprocessed Pb and residues in old exhaust pipes and are also plotted in
field I.
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The main pollutaniS for Pb were anthropogenic. This is indicated by the
Pb-isotopic composition of the river sedimeniS, soils, and atmospheric deposition that plot in field I for most samples. Lead contamination caused by
U mining/mineralization was detected io tailing pond sedimcoiS and mine
waters only and bad low Pb concentrations (less than I ppb Pb in water).
Sequential leaching experimeniS [2] were carried out on sediment from
a tailing pond representing the residue of the ore processing. Radiogenic Pb
having higher 206p1:Jt207Pb than the starting material was more soluble in the
first step of the extraction procedure. It represented only a minor part of the
total Pb content.
Column extraction experimeniS were carried out on different grain sizes
of waste rock io addition. These showed that Pb having an isotope composition close to anthropogenic field is more soluble within the initial steps (see
Fig. 2)
Conclusions: Uranium mining did not lead to significant environmental pollution by Pb. Only a small amount of radiogenic Pb was soluble.
Anthropogenic sources such as leaded gasoline and dye manufacturers are
responsible for most contamination at the U mining sites. This type of Pb
is more soluble as shown by column extraction experimeniS.
Despite the declining use of leaded gasoline in Europe leaded gasoline
is still the maio source for Pb pollution in atmospheric deposition.
References: [I) Bracke G. (1998) TUbinger Geowissenschaftliche
Arbeiten 5/98, ISBN 3-8265-3777-7. [2] Zeien H. and Brummer G. (1989)
Mitteilungen der Deutschen Bodenkundlichen Gesel lscbaft 59/1 , 505-510.
MIGRATION OF RARE EARTH ELEMENTS AT THE NATURAL
FISSION REACTOR OF BANGOMBt SHOWN USING FISSIONGENIC ISOTOPIC RATIOS. G. Bracke 1, F. Gauthier-Lafaye 1, and H.
Hidak.a2, 1Centre de Geochimie de Ia Surface, CNRS-ULP-EOST, UMR 7517,
I rue Blessig, F-67084 Strasbourg, France (braclc:e@illite.u-strasbg.fr;
gauthier@illite.u-strasbg.fr), 2Hiroshima University, Kagamiyama 1-3-1,
Higashi-Hiroshima 739, Japan (bidalc:a@ue.ipc.hiroshima-u.ac.jp).
Introduction: The natural nuclear fission reactors are located in the U
of Gabon. This very stable geological system has remained unfolded
and unrnetamorphosed for 2 b.y. Sixteen reactor zones have been discovered
since 1972 but ooly the reactor zone in Bangombe is located -II m below
the surface and is exposed to supergene weathering. This is in contrast to the
other reactor zones that are located much deeper. The reactor core has a thickness of I 0-20 em. The Bangombe reactor provides an unique opponunity
to study the behavior and migration pathways of fission produciS in rocks,
clays, and minerals as a natural analog of a waste-disposal site, which bas
been affected by supergene weathering. A study using Pb- and REE-isotopes
was carried out on this site to trace migration and weathering effects.
Results: Lead-lead and U-Pb dating gives ages of 1.97 Ga for the reactor
zone. An iron-oxide crust just above the reactor zone has a similar age. This
deposit~
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relates the formation of this zone to reactor operation and not to recent
weathering .
Nevertheless, the effects of weathering have been found in clays of the
altered zone by using rare earth elements (REE patterns). The clays are
successively enriched in light REE and depleted in heavy REE with depth
relative to source rock. Fissiongenic isotopes have not been found in the
altered zone.
Below the reactor zone, an uraninite vein at 12.35 m was found inside
a nodule of organic matter. Lead-lead and U-Pb dating revealed an age of
766 ± 85 Ma (SHRIMP). This indicates clearly a recrystallization of uraninite.
Uranium-235 was not depleted in the uraninite. This uraninite vein was also
investigated forCe, Nd, and Sm and their isotope compositions. The Nd and
Sm concentrations are enriched in the uraninite relative to Ce (Fig. I). This
is coosistent with the higher fission yield of Nd and Sm. Surprisingly, Nd
and Sm concentrations relative to Ce are not enriched io the clays at 10.90 m
that are close to the reactor core.
The isotope compositions of Nd and Sm, obtained by SHRIMP, provide
additional proof for fission produciS. Samples from the Bangombe reactor
zone plot on a mixing line from fissiongenic to normal Nd and Sm using a
tONdf'4<1Nd vs. t49Smtt47Sm plot (Fig. 2). Sample data from reactor zones
2 and 10 and their surrounding rocks obtained by whole-rock analysis [1,2]
define a curve due to the effects of neutron capture ( 149Sm) and fission yield
(l•lNd).
The difference between the reactor zone of Bangombe and reactor zones
2 and I 0 is attributed to migration and retention of REE. Clays from the
Bangombe reactor zone analyzed by SHRIMP plot close to the curve indicating fission. Clays analyzed as whole rock samples ( <2 IJ.Ill) plot close to
the mixing line.
Discussion and Conclusions: The presence of fissiongenic Nd and Sm
in the uraninite at 12.35 m can be explained by migration and subsequent
retention in uraninite. This is supported by Pb-Pb dating of the uraninite,
which reveals a recrystallization event at 766 ± 86 Ma and by the fact that
23SU is not depleted.
Clays from the reactor zone contain fissiongenic and normal Nd and Sm.
Normal Nd and Sm may have been added by weathering although whole-rock
analysis of the <2-IJ.Ill fraction may include REB-bearing accessory minerals.
Clays analyzed by SHRIMP on a microscale contain Nd and Sm whose
isotope compositions have been produced by a neutron flux in situ. This lead
mainly to depletion of 149Sm and to low fission yields.
References: (I) Loubet M. and Allegre C. J. (1977) GCA, 41, 15391548. [2] Ruffenach J. C. et at. (1976) EPSL, 30, 94-108.
PLA TINUM-190/0SMIUM-186- AND RHENIUM-187/0SMIUM-187ISOTOPIC SYSTEMATICS OF ABYSSAL PERIDOTITES. A. D.
Brandont, J. E. Snow2, R. J. Walker•, J. W . Morgan'. and T . D. Mockl,
IJsotope Geochemistry Laboratory, Department of Geology. University of
Maryland, College Park MD 20742, USA (brandon@geol.umd.edu), 2Ma.x -
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Planck lnstitut fUr Chemic, Abteilung Geochemie, Postfach 3060, D-55020
Mainz, Gennany, 3Department of Terrestrial Magnetism, Carnegie Institution
of Washington, 5241 Broad Branch Road NW, Washington DC 20015, USA.
Seven dri lied-core abyssal peridotite samples from the Kane Transform
area (K1), all from the same discrete block, have I87QsflSBQs ranging from
0.122671 ± 8 to 0.127600 ± 2 and 186()sf18&()s ranging from 0.119834 ± 4
to 0.119837 ± 2. The 1B6()sf 188Qs data are indistinguishable from one another,
from previously reported ophiolite-derived Os-lr alloys and chromitites, and
from the Allende carbonaceous chondrite (0.119831 ± 6). This shows that
the depleted, convecting upper mantle is relatively homogenous with respect
to 186()sf188Qs and that this ratio is generally independent of variation io
J87Qsfi88Qs. To account for this, the Pt/Os of the bulk upper mantle must
have remained within ±30% of chondritic most of Earth history. The lack
of measurable, large-scale Pt/Os fractionation in the upper mantle is coupled
with the fact that fertile continental lithosphere peridotites, unaltered MORB
samples. and the most radiogenic abyssal peridotite samples converge to
I87Qsfi88Qs of about 0.126 to 0.130. These observations support previous
arguments that the highly siderophile element budget of the upper mantle was
controlled by the addition of a late veneer after core separation, consisting
of materials with Pt/Os and Re!Os similar to enstatite or ordinary chondrites.
The Pt/Os ratio in the abyssal peridotite database from the literature varies
by more than ±30% from chondritic. These variations may be the result of
melt-rock reactions. which should be prevalent at mid-ocean ridges, or from
partial melting. Melt-rock reaction will increase Pt/Os in the reacted peridotite because basaltic melts have high Pt/Os as a result of Pt being less compatible than Os during melting. Conversely, partial melting will decrease Pt/Os
in the residue for the same reasons. A correlation exists between Pt/Os and
J87Qsf188Qs in the KT abyssal peridotites (Fig. 1). Melt-rock reaction models
following Rehkamper et al. [I) can successfully create this correlation by
reacting material with the lowest Pt/Os and JS7QsJt88Qs in Fig. I, with a melt
having JS7QsflB8Qs of 0.14-0 16 and melt-rock ratios of 2-12. It is uo.likely,
however, that large volumes of melt with such radiogenic t87QsJ188()s are
prevalent at mid-ocean ridges. An alternative explanation is that the correlation in Fig. I can be accounted for by partial melting. We suggest the
following model: At some time in the past melting occurred in which Re
and Pt were preferentially removed with the liquid relative to Os, leaving a
residue with subchondritic Re/Os and Pt/Os. In situ decay of t87Re to the
present yields J87Qsf188Qs signature that is correlated with Pt/Os, as shown
in Fig. I. Viable partial melting models require that melting occurred ~I b. y.
ago to match the correlation.
The ancient melting event recorded in the KT abyssal peridotites is much
too old to have occurred recently at a mid-ocean ridge. Furthermore, a recent
melting event at a ridge would have likely destroyed the systematics observed
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Fig. 1. Platinum/osmium vs. J87Qsf1S8Qs for the Kane Transform abyssal
peridotites. The estimated range in J87Qsf188Qs for present-day primitive upper
mantle is shown [2).

in Fig. I for the ancient melting event. Therefore, we suggest that this block
of abyssal peridotite is unrelated to melting at a recent mid-ocean ridge and
must instead be an isolated package of ancient variably melt depleted peridotite that has resisted convective mixing until recently stabilized as a portion of the oceanic lithosphere. If this is true for other abyssal peridotites.
it indicates that some or all arc unrelated to recent MORB genesis. This
mechanism may be important for creating some sections of oceanic mantle
Lithosphere, as ancient melt depletion events are recorded by nonradiogenic
t87Qsf188Qs in many abyssal peridotites.
References: [I] Rehkamper et al. (1999) EPSL. submitted. [2) Meisel
et al. (1996) Nature, 383, 517.
EFFECTS OF THE HYDROSPHERE ON THE EVOLUTION OF
6ASALTIC MAGMAS. M. E. Brandrisst and D. K. Bird2, !Department
of Geology, Smith College, College Lane, Northampton MA 01063, USA
(mbrandri@science.srnith.edu), 2Department of Geological and Environmental Sciences, Stanford University, Stanford CA 94305-2115, USA (bird @
pangea.stanford.edu).
Overview: In layered gabbros of the Kap Edvard Holm Complex in East
Greenland, gabbroic magmas were contaminated with water via the dehydration and partial assimilation of metabasaltic country rock xenoliths. This water
was derived ultimately from the hydrosphere, which supplied meteoric water
to the hydrothennal system that altered and hydrated the metabasalts under
greenschist facies conditions . This alteration produced abundant hydrous
secondary minerals such as chlorite, actinolite, and epidote. Contamination
of the gabbroic magma by this hydrous oxidized material dramatically altered
phase relationships in the crystallizing pluton, producing an abrupt transition
from layered olivine gabbro to massive semiconfonnable layers of ultramafic
rock and magnetite-rich oxide gabbro. The changes in mineral modes were
not accompanied by significant changes in mineral compositions, implying
that the main effect of contamination was simply to alter the relative stabilities of major cumulus phases [1]. The contamination of mafic magmas by
dehydration of mctabasaltic country rocks may thus alter liquid lines of
descent, providing a mechanism by which hydrothermal solutions derived
from seawater and/or meteoric water can fundamentally alter the evolution
of basaltic magmas in the shallow crust.
Field Relations in the Study Area: The Kap Edvard Holm Complex
consists mainly of layered olivine gabbros that intruded Precambrian gneisses
and Tertiary greenschist-facies metabasalts during Eocene rifting prior to
opening of the North Atlantic. Near the western part of the complex, the
gabbros host large tabular xenoliths of metabasaltic country rock that were
dehydrated and partially melted during stoping and heating [2). As hydrous
fluids and melts were expelled from the xenoliths, they percolated through
and reacted' with the host gabbroic cumulates, producing small, irregular,
discordant replacive bodies of ultramafic rock and oxide gabbro clustered
around xenolith margins. The ultramafic bodies represent zones in which
plagioclase was resorbed by hydrous contaminated liquids that migrated
through the partially solidified cumulates, the plagioclase having been destabilized relative to the mafic minerals as a result of the high concentrations
of water. The oxide gabbros formed when these hydrous liquids crystallized
within the cumulus pile.
Larger ultramafic and oxide gabbro bodies are present as scmiconfonnable
sheets within the layered gabbro sequence, with oxide gabbro lying directly
above ultramafic rock. These sheets, up to several meters thick and extending for hundreds of meters along strike, are locally discordant to layering in
the overlying gabbros and must therefore have grown within an existing
cumulus pile. Contacts with the layered gabbros appear to be replacive rather
than intrusive, suggesting that the bodies grew metasomatically as the hydrous liquids infiltrated and reacted with the cumulates. The large ultramafic
and oxide gabbro sheets are mineralogically and texturally similar to the small
discordant bodies near xenoliths and are themselves in a zone in which
xenoliths are abundant. It is therefore concluded that the large sheets likewise formed as a result of hydrous contamination of ••ordinary" gabbroic
magma.
Mineral Compositions: A striking feature of the ultramafic and oxide
gabbro bodies is that their constituent minerals are nearly identical in composition to those of the surrounding layered olivine gabbros . The Mg# of
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augite ranges from 0.74 tO 0.78 and the Fo content of olivine ranges from
70 to 74, with no systematic differences among the various rock types.
Plagioclase compositions are slightly more variable (mostly An 54-An6g), but
the differences among rock types are small and the overlap in plagioclase
compositions is extensive. The simi larity of mineral compositions reflects
derivation of all of the rock types from a single parental magma in which
phase relations were shifted dramatically by the addition of small amounts
of hydrous, oxidized contaminants. The resulting destabilization of plagio·
clase and stabilization of magnetite caused ultramafic and magnetite-rich
rocks to form close together in the fractionation sequence. This is quite
different from the behavior characteristic of tholeiitic magma systems, in
which ultramafic cumulates are typically quite primitive (as observed commonly in ophiolites) and oxide-rich gabbros are substantially more evolved
(e.g., Hole 735B on the Southwest Indian Ridge [3)). We therefore hypoth·
esize that contamination of mafic magmas by hydrothermally altered basal·
tic crust can fundamentally alter liquid lines of descent, shifting them from
tholeiitic trends of Fe enrichment toward calc-alkaline trends of Fe depletion
and silica enrichment.
References: [I) Brandriss M. E. and Bird D. K. (1999) J. Petrol., 40,
in press. [2) Branclriss M. E. et al. (1996)Am. J. Sci. , 296, 333-393. [3) Dick
H. J . B. et al. (1991) Proc. ODP, 118, 439-538.
BACTERIA-PROMOTED DISSOLUTION OF A COMMON SOIL
SILICATE. S. L. Brantley, L. J. Liermann, and B. E. Kalinowski. Depart·
ment of Geosciences, Pennsylvania State University, University Parle PA
16802, USA.
Introduction: Iron, Mn, Zn, Ni. Cu, Co. and Mo are each used in bacterial enzymes, coenzymes, and cofactors by common anaerobic and aerobic
soil bacteria. While it is well known that bacteria excrete siderophores to
extract Fe from their environment, it is not understood how these siderophores
attack minerals to provide the Fe(Ill), nor is it understood how bacteria extract
micronutrients other than Fe. In this work we investigated the dissolution of
hornblende, a well-known "garbage mineral" that contains many of these
micronutrients, in the presence of bacteria.
Bacterial Isolates: For all experiments, we isolated fresh bacteria from
soil. In these isolations, we used inocula from a soil in the Adirondack
mountains (New York, USA) containing hornblende. Two isolates were
chosen because of their ability to live in Fe-poor medium in the presence of
hornblende. Based upon partial sequencing of the 16s rRNA gene, we concluded the two isolates are of the genera Streptomyces and Arthrobacter.
Effect or Bacteria on Hornblende Dissolution: Two strategies for mobilizing Fe from hornblende are used by both species [1]: (I) the bacteria
created acidic biofilms, and (2) excreted siderophores.
Bacteria were grown on the surface of hornblende in minimal medium
for several days. Values of pH within microbial biofilms were measured with
microelectrodes. Both hornblende crystal and synthesized hornblende glass
were investigated. The values of the pH difference, pHbulk mcdiu.m - pH,;ncnJ.
w•~<• ;.,,.race• were larger in unbuffered (6pH :5 0.6) than buffered medium
(6pH = 0.04). Growth of the Arthrobacter sp. also resulted in a larger pH
difference between bulk and biofilm than the Streptomyces sp. by up to a
factor of 10.
Under consunt pH conditions, the streptomyces and arthrobacter increased the Fe release rate from hornblende over the first week up to 5-l Ox
over abiotic controls respectively [I). Two different catecholate siderophores
produced by the isolates are presumed to cause this Fe release enhancement
Effect or Deferoxamine Mesylate on Dissolution: Dissolution of hornblende was also analyzed in the presence of deferoxamine mesylate (DFAM),
a hydroxamate siderophore derivative. Deferoxamine is also produced by
streptomycetes. Addition of DFAM increased the dissolution rate according
to the rate equation, R = (8.8 x J0- 13) CO-S where R is the release rate of Fe
(mol m-2 s-1) and C is the concentration (mol L-1) of DFAM.
Surface Chemistry: X-ray photoelectron spectroscopy (XPS) of hornblende planchets after dissolution in the presence of Arthrobacter sp. revealed
a substantial drop in the Fe/Si ratio of the hornblende surface after removal
of the bacteria (ratio "'0.1) as compared to samples treated in media without
bacteria (ratio "'0.2). We were not able to unequivocally interpret XPS of
hornblende surfaces incubated with Srreptomyces sp.
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Summary: Bacteria isolated from an Adirondack soil were shown to
extract Fe from the hornblende surface in minimal medium. These bacteria
could (I) create acidic microenvironments in biofilms. (2) erthance Fe release
over sterile control experiments, (3) produce catecholates, and (4) deplete the
hornblende surface of Fe.
References: [ I) Liermann L. J . et al. (1999) GCA, submitted.
EVOLUTION OF TEMPERATURE CONTROL ON ALKENONE BIOSYNTHESIS. S. C. Brassell, Biogeochemical Laboratories, Department of
Geological Sciences, Indiana University, Bloomington IN 47405-1403, USA
(simon@indiana.edu).
Diagnostic Biomarkers: The ability to synthesize several molecular
constituents of sedimentary organic matter is recognized to be confined to
particular organisms [I]. Thus, the first appearances of such source-specific
components can be expected to parallel the timing of the evolution of their
presumed biological sources, their diversification, or their expansion to
become significant contributors to preserved biomass [2,3]. For eltample,
oleanane and 4,23,24-trimethyl-steranes occur as a prominent constituent of
Cretaceous and Permian sediments respectively, consistent with the diversification of their putative source organisms, namely angiosperms [4) and
dinoflagellates [5,6). However, the connection between biomarker and biological source is not always established. The pronounced increase in 24norcholestanes in the Cretaceous has been attributed to the evolution of
diatoms [7), but this relationship has yet to be confirmed.
Origins and Utility or Alkenones: One of the most biologically restricted, but geologically significant, biomarkers are
to <;9 di· and tri·
unsaturated alkenooes. These compounds are widespread in modem ocean
sediments but occur in only a few living species of Haptophyta [8). The
proven value of alkenone uosaturation and C-isotopic composition as proxies for sea surface temperatures [9) and pC02 [1 OJ prompts consideration of
the timing of their first appearance and the development of their regulation
of unsaturation as a response to temperature. The earliest occurrence of
allceoones is in Albian sediments from the Blalce-Babama basin [II). However, they differ from modern alkenone distributions in terms of their C
number range (up to
and possibly c.~. carbonyl positions (odd-numbered
allcen-2-ones and even-numbered alken-3-ones), and presence as only diunsaturated components [ 12).
Alkenones in Paleogene Sediments: Alkenooes were found in suites
of Eocene and Oligocene sediments with >0.2% organic C contents from six
Atlantic sites (Fig. I). The low concentrations of aiken ones in some samples
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Alkenones in Eocene and Oligocene sediments.

40

Ninth Annual V. M. Goldschmidt Conference

J7;2

Low Latitude
9!H;12-21-2
Eocene

M:2 El

1)

...

ar:z
n:s

High Latitude

38-336-23-4
Eocene

H:2£t

Sl:2

rr,

...

31:2
17:4

RtllnllonGrne - - -

Fig. 2.

GC traces of alkenones in Eocene sediments.

raises concerns about partial degradation and the primary character of their
distributions [ 13). However, the abundance of alkenones in other samples
attests to the indigeneity of their distributions. Some distributions differ from
those of modem counterparts containing no alkadienones, but both C 33 and
<; 9 alken-2-ones, complemented by other, as yet unidentified components
structurally related to alkenones . Perhaps these distributions record variations
in the biosynthetic pathways of alkenone-producing organisms during the
Paleogene. By contrast, the alkenones in sediments from high latitudes closely
resemble those characteristic of contemporary species and sediments (Fig. 2).
Thus, the biosynthetic characteristics of alkenones in modem coccolithophorids appear to be inherited from alkenone-producing species adapted to
colder waters during the Paleogene.
References: [I] Brassell S. C . et al. (1983) Biochem. Soc. Trans., 1I,
575-586. [2] Summons R. E. and Walter M. R . (1990) Am. J. Sci., 290A,
212- 244. [3) Brassell S.C. (1994) ACS Symp. Ser. 562, 2-30. (4) Moldowan
J M. et al. (1994) Science, 265, 768-771. [5) Summons et al. (1987) GCA,
51, 3075-3082. [6] Summons et al. (1992) GCA, 56, 2437- 2444. [7] Holba
A. G. et al. (1998) Geology, 26. 783-786. [8] Conte M. H. et al. (1994) in
The Haptophye Algae (J. G . Green and B. S. C. Leadbetter, eds.). pp. 351377, Oxford. [9] Brassell S. C. (1993) in Organic Geochemistry (M. H. Engel
and S. Macko. eds .), pp. 699-738. Plenum. [10) Jasper J. P. and Hayes J. M.
(1990) Nature, 347, 462- 464. [II] Farrimond P. eta!. ( 1986) Org. Geocltem.,
10, 897- 903. [12) Marlowe I. T . et al. (1990) Chem. Geol., 88, 349- 375.
[13) Hoefs M. J. L. et al . (1998) Paleoceanogr., 13, 42-49.
CHEMICAL COMPOSITION OF SILURIAN SEAWATER: PRELIMINARY RESULTS FROM ENVIRONMENTAL SCANNI NG
ELECTRON MICROSCOPY-ENERGY DISPERSIVE SPECTROSCOPY ANALYSES OF FLUID INCLUSIONS IN MARINE HALITES.
S. T. Brennan•, T. K. Lowenstein•. M. N. Timofeeffl, and L. A . Hardie2,
•Department of Geological Sciences and Environmental Studies, State
University of New York-Binghamton , Binghamton NY 13902, USA
(lowenst@binghamton.edu; bf21297 @binghamton.edu; bg20824@
binghamton.edu), 2Departmeot of Earth and Planetary Sciences, Johns
Hopkins University, Baltimore MD 21218, USA (hardie@gibbs.eps.jhu.edu).
Fluid inclusions in marine halites from the Upper Silurian Salina Group
analyzed using the environmental scanning electron microscopy-energy dispersive X-ray spectrometry (ESEM-EDS) method show that Silurian seawater was different in major-element chemistry than modem seawater, enriched
in Ca and K, and depleted in Mg and S04 • The ESEM-EDS technique involves chemical analysis of individual primary fluid inclusions >30 )Jm in
size. Thirty-three fluid inclusions from three borehole cores within the
Michigan Basin (State USA 1-3, Wyandotte Chemical Corp., and MCGC
Willow Cavern) analyzed via ESEM-EDS were compared with 18 earlier fluid
inclusion analyses from the Salina Group [1 ].
In the Middle Silurian, the Michigan Basin was a normal marine setting
with abundant reefs, including an extensive barrier reef system that rimmed
the basin [2]. During the Upper S ilurian, a relative drop in sea level cut off
the Michigan Basin from the open ocean (2). Seawater, likely impounded in
this restricted basin by the barrier reefs, became concentrated and precipitated evaporites (3,4]. The Salina Group contains several hundred me-ters of
halite, and tens of meters of sylvite (KCI) [4,5). These thick evaporite units
are part of large-scale marine carbonate-evaporite stratigraphic sequences,

which suggests that the Salina halite is marine in origin [2-4]. The Salina
halites contain primary sedimentary structures and textures (layered carbonateanhydrite-halite cycles, ripple marks, and halite chevrons) diagnostic of precipitation from shallow waters (3,4].
Results from the ESEM-EDS analyses of fluid inclusions were obtained
for Mg, K, and Ca; Na and CI were computed for halite saturation using the
Harvie-Moller-Weare (H-M-W) computer program [6]. S04 was always below
detection. The first issue to address when interpreting the results is whether
the surface water trapped inside inclusions is seawater. The geology of the
Michigan Basin indicates that the evaporite parent waters were probably
seawater. Furthermore, if the plots of the fluid inclusion chemistries from the
four sample locations each fall along a single evaporation path, then the parent
water in the four geographically separated locations had a uniform chemistry. Although the geology of the Michigan Basin suggests a marine seawater
origin for the Salina salts, chemical analyses of fluid inclusions in halite from
other deposits of the same age would greatly strengthen the case for a seawater parentage.
The results from our ESEM-EDS analyses and the data of [ I) plotted on
molality diagrams show a well-defined evaporation path for the major elements in fluid inclusions from the Salina halite. This consistent evaporation
path confJriOS that the fluid inclusions analyzed are primary and formed from
evaporating surface waters, likely seawater. Recently, Hardie [7) predicted
changes in the chemical composition of Phanerozoic seawater controlled by
relative changes in the amount of river influx and mid-ocean ridge hydrothermal water flux. Hardie's predicted Silurian seawater (enriched in Ca and
K and depleted in Mg. Na, and S04 relative to modem seawater) was evaporated using the H-M-W computer program. Hardie 's predicted Silurian seawater follows an evaporation pathway compatible with the major-element
chemical composition of fluid inclusions in Silurian halite. We adjusted
Hardie's predicted Silurian seawater composition (particularly K) to improve
the correlation with the chemical compositions of the fluid inclusions.
The H-M-W computer program was used to calculate Silurian seawater
chemistry. based on the observed evaporation pathway and assuming the lllcl
in the Silurian was equal to modem seawater. These calculations show that
relative to modem seawater, Silurian seawater was enriched -30% in K and
depleted -40% in Mg. Silurian Ca was much greater than modern seawater
concentrations but exact values cannot be assigned without knowledge of the
S04 concentrations in Silurian seawater. Gypsum precipitates before halite
as seawater evaporates. As gypsum precipitates, Ca and S04 are removed in
equal molar amounts until one of the species is consumed. Therefore, as all
of the S04 was consumed, the initial concentration of S04 is unknown.
Assuming an initial S04 concentration equal to modem seawater, Silurian
seawater was enriched -300% in Ca, relative to modem seawater. If Silurian
S04 was half the modem concentration then, relative to modem seawater,
Silurian seawater was enriched -200% in Ca. These results support the
hypothesis that seawater has undergone significant changes in major element
composition in the past.
References: [I] Das N. et al. (1990) GCA, 54, 319- 327. [2) Nurmi
R. D. and Friedman G . M. (1977) AAPG Stud. in Geol., 5, 23-52. [3] Dellwig
L. F. (1955) JSP, 25, 1- 14. (4) Dellwig L. F. and Evans R . (1969) AAPG
Bull., 53, 949-956. [5] Matthews R. D. and Egelson G. C. (1974) 4th Symp.
on Salt, 15- 34. [6) Harvie C. E. et al. (1984) GCA, 48, 723-751. [7) Hardie
L.A. (1996) Geology, 24, 279-283.
A POLYPHASIC APPROACH TO STUDY THE DIVERSITY AND
VERTICAL DISTRIBUTION OF SULFUR-OXIDIZING THIOMICROSPIRA SPECIES IN COASTAL SEDIMENTS OF THE
GERMAN WADDEN SEA. T. Brinkhoff 1•2 , C. M. Santegoeds 1, K. Sahm,
J. Kuever 1, and G. Muyzer3, 1Max-Planck-lnstitut flir Marine Microbiology,
Celsiusstrasse I, D-28359 Bremen, Germany, 2[nstitute for the Chemistry and
Biology of the Marine Environment, University of Oldenburg, P.O. Box 2503,
D-26111 Oldenburg, Germany (thorsten.brinkhoff@icbm.uni-oldenburg.de),
3Netherlands Institute for Sea Research, P.O. Box 59, NL-1790 AB Den Burg,
Texel, The Netherlands.
Abstract: The use of ribosomal RNA as a molecular marker to detect
and identify particular bacteria in their natural habitat [I] and to explore mi crobial diversity without the need of cultivation [e.g., 3] is now routinely used
in miccobial ecological studies . In some of these studies, the molecular
approach was combined with microbiological methods in an auempt to iso-
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late the relevant mJcroorgnnisms [e.g., 5]. In other studies moleculur bwlogicaltechoiqucs were used in combination with gco;hcmic~ l techniques, or with
the application of miaosensors (e.g., see 2). to characteri/C environmental
parameter~ However. th~ combination of molecular biologtcal techniques,
microbiological melhods, and geochcrtucal techniques or microscnsors h:lli
only been used in a few studies [e.g., 7,8]. Yet this combmatinn of tedmiques
and concepts of different ilisciplincs is necessary to obtain a better unders~anding of the mteractions between microorganisms and thetr natural environm~nt. which is the aim of microbial ecology. H~tre we.' dtscribe the USl'
of a comprehensive approach to study the functional role of different closely
related Tlliomu:msptra strains in on~ habitat. the intertidal mud tlat.
Thiomicrospira species arc chemolithoautotrophic hactma. that use reduced S compounds as energy source and C02 as C source, they arc obligate
aerobes !61. Recently. four Thiomitro.rpira srrains were isolated from a coastal
mud flat of the German Wadden Sea [4]. To investigate the functional role
of these closely related bacteria. we applied a polyphasic approach in which
molecular biological and microbiological methods were combined .,..ith
microsensor measurements. The microsensor measuremcots showed an 0
penetrntioo in the sediment to a depth of about 2.0 mm. The pH decreased
from 8 15 in the overlaying water to a minimum pH of 7.3 at a depth of I 2
mrn. Funher down m the sediment. the pH increased to about 7.8 and remain~d constant. Must probable number (MPN) counts of chemolithoautolrophic S-ol\idizmg bacteria revealed nearly constant numbers along the
vertical profile. ranging from 0.93 to 9.3 x ~~~cells per gram sediment A
specific PCR was used 10 detect the presence of T/Jinmicro5prra cells in these
MPN counts, and to obtain their 16S rRNA sequences. The number of
11aiomicro.rpira cells did not decrease with depth. It was found that 17uomicrospira was not a dominant S-oxirliziog bacterium in this habitat. Denaturing gmdient gel electrophoresis (DOGE) of PCR-amplified 16S rONA
fmgmcnts followed by hybridiz;)tion analysis with a genus specific oligonucleutide probe showed the diversity of Thiumu·rnJpira straius tn the MPN
cultures. Sequence analysis of the htghest MPN dtlullons in wh1ch 11tiomicrospira was detected, revealed tbe presence of four clusters of ~everal closely
related sequences. 0Diy one out of the 10 retneved Thinmicrnspira sequences
was related ro known isolates from the same habitat. Slot-blot hybridization
of rRNA isolated from iliffcrem sediment layers showed that, in contrast to
the number of Thiomicrospira cells, the Thiomiaospira-spccilic rRNA decreased rapidly below tbc oxic layer of the sediment The study inilicates the
enormous sequence diversity of closely related mi~Tourganisms present in one
habitat. which so far has only been found by sequencing of molecular tsoJatcs. In addition, it gives indication that most of the Thiomicm.•pira populations in the sediment were quJesceot.
References: [1] Amann R. I. ct al. (1995) Mirrobiol. Rev., 51!, 143169. (2) Amann R. I. and Kilhl M. (1998) Current Opinion in Microbiolog)'.
1, 352-358. [3] Barns S M. et al. (1994) Prot. Nat/. Mad. Sri. USA, 9/
1609-1613 (4) Brinkboff T. and Muyzcr 0. (1997) Appl Envir11n.
Microbial. 63, 3789-3796. (S) Grosskopf R. et al. (1998) IIppi. Environ.
Mit·robiol., 64, 960-969. [6) Ku~nen J. G. et al. (1992) in 11te Proknryotef
(A. Balows et al., cds.), pp. 2638-2657, Springer, Berlin, Germany
[7] Ramsiog N. B. et al. ( 1996) Appl. Environ. Mit:robiol., 61, 1391-1404.
[8] Teske A et al (1996) Appl. Enmun. Micrubiul., 62. 1405-1415.
THE TEMPORAL EVOLUTION OF THE OLiGOCENE-RECENT
IZU-BONIN ARC: THE TEPURA PERSPECTIVE. C. J Bryant,
R . J. Arculus. and S.M. Eggins. Department of Geology. AustrJlian National
University. Canberra. ACT 0200 Australia (colleco.bryaot@anu.edu.au:
richard .arculus@ anu.edu. au: stepbeo.eggms@ anu.edu .au).
Intraoceanic arc systt:ms like the lzu-Booin (!B) arc ideal locations m
which ro examine how the processes involved in !liC magma genesis vary with
lime anJ with tectonic evolution. Tephra studies arc crucial to this quest, du~
to the frugmentary temporal lava record
Tectonic and Magmatic Evolution: The IB records a cyclic history of
arc and backarc basin development since its tnct:plion at -50 Ma. Early
volcanism was dominarc:d by bonirutic magmas, with lesser tholeiitic magmas becoming more prominent with time. Extension at -31-32 Ma led to
backarc spreading 10 the Mariana arc but forearc rifting in th~ lB. Rift
volcanism (s•te 793) was characterized by rransitional boninitic-tholeiiuc
geochemical compositions [I] and was cocval with eruption of volcanic arc
lavas (site 792). Bacbrc rituog (Shikoku Basin), inJtioted at -25 Mn. con-

unued unti15-17 Mn. This wos associated with a reducuon
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volcamsm ll7-

l7 Ma), poSSibly with a hiatus spanning 20-23 Ma (2] Incipient backarc
(Xtcns•on Wlll> reestablished at -2 Ma.

Tcmpnral Evolution: Oligocene-Recent IB tcphms nre almost exclusively low-K tholeiites, and have low abundances of all incompatible clcmcnt.s.
including LILE, LREE, HFSE, Th, U. and Pb. However, there ure clearly
disceruable temporal geochemical vurintions within this interval.
Sparse Ollg<x·eoe tephra horizons (24-31 Ma) recovered from ODP site
782 (leg 125) are chemically heterogeneous. potentially reflecting primary
geochemical heterogeneity. the effects of alteration and reworking and derivation from multiple eruptive sources. The most chemically coherent (i.e.,
cogcncti') tephras, at 27 and 24 Ma. have low incompatible elemeol abundances. and are strongly depleted m LREE with respect to HREE. The latter
are equivalent to those observed for site 192 arc lavas. Borh groups are
geochemically distinct from the Oligocene volcanogenic turbidites [1], which
have higher Ti0 1 and total FeO (greater than normally observed between
cogeoehc lavas and tephras). and higher HREE and flaucr REE patterns.
Given their greater simi larity with site 793 lavas and Eocene-Early Oligocene
booinites aod tho!eiues. Oligocene turbidites are more likely derived &om rift
volcanism or represent reworlcing of older arc material;.
The 15-18-Ma tephras erupted at the resumption of volcanism (cessation
of badmrc spreading) art: the most ennched 1B tephras. pa..Ucularly in those
elements typically regarded as being slab-derived (i.e., Rb. Cs. Ba, Th. and
t..). In coolrast. 2-15-Ma tephras represent the most incompatible elementpoor tephras erupted in the posl·booinitic history of the IB arc, witb most
depleted composiuons being erupted immediately after the eonched JS11:1-Ma tephra». The abundances of Th, U, and Nb increase, and Cs and Y
det---rease throughout the ~15-Ma interval. AU 2-15-Ma tephras have strongly
LREE-deple•ed REE patterns. The <2-Ma tephras are almost indistinguishable from the 2-15-Ma ashe; .
Variat..ion.~ in the Mantle Component; Due to their low solubility in
aqueous fluids, HFSEIHREE rallos have been used to monitor mantle sources
and processes (e.g .. mcreases in Nb/Zr may reflect increased mantle fertility
or lower degree of partial melting). Variations in HFSEIHREE in IB tepbras
broadly correlate witb the remporal variations in incompatible element abundances. The highest Nb/Zr ratios arc observed in the 15-18-Ma tephras,
whereas the lowest occur in subsequent 2-1 5-Ma glasses.
Mantle fertility was low throughout the Oligocene. With the inillation of
bac:karc spreadiug, the magmatic tlu~t decreased, possibly ceasing completely
between 20-23 Ma. The higher Nb/Zr ratios tn 15-18-Ma tephras are con·
sistent w1th smaller degrees partial melting, produced as arc magmatism reestat>lished itself. Tile decrease in NbiZr ratJos at -15 Ma probably marks
the retum to "normal'' degr.:es of melting., with the decrease in Nbflr from
the Oligocene refl.:cting real decreases in mantle fertility due to melt cxtrnc·
tion in ihc hackarc. The suhsequcnt increase in Nb/Zr througllout the 2-15
Ma is consistent with a gro~dual increase in mantle fertility By 2 Ma. the Nbl
Zr ratios had returned to their pre-backarc spreading values. Although this
inr~rpretatioo is hroadly in accord with rha! proposed by [ 1]. the eMenr of
depletion IS argued to be not as large as that previously proposed. The 24
and 27 Ma t~phras hnve appreciably higher Nb/Zr ratios than Oligocene turbidites. This may be linked to thrir booimre-like chardcteristics. notmg that
although bomoites are considered to be derived from more depleted sources
than tholeiitt:s. tbey typically have higher Nb/Zr and Nb/Yb ratios. Therefore, tbese ratios ma.y not be ao accurarc monitor of mantle fertility in the
Oligocene turbidites.
Ovemll. the geochemical vanability resulting from backarc-hasin development is small compared to that observed in intraocearuc magmas worldwrde.
References: [J) Gill J B. er aL (1994) LII/Jos.. .U. 135-168. [2] Taylor B. ( 1992) Pmc. ODP. Sri. Result,(, 126, 627-651

HALOGEN GEOCHEMISTRY OF THE MANTLE DETERMINED
FROM GLOBALLY DISTRIBUTED DIAMOND SAMPLES. R
Burgess' and J. W. HarrisZ. !Department of Eanh Sc tences. University of

Manchester, Oxford Road, Manchester M13 9PL, UK (ray.burgess@man.
nc.uk), ZDivisioo of Earth Sciences, University of Glasgow, Glasgow 012
8QQ. UK

Introduction: Evidence that diamond genesis is related 10 mantle fluIds, contammg high concentrations of voTntJles, comes from the study of
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microinclusions in fibrous tubic diamond and the coats on octahedra l dia upper mantle
mond . These nuid inc.:lusions provide the de(;pCSt s:lmp lcs
nuids available for study, and their characterization is important for establishing the chemical aud isotopic composition of mantle volatiles. invcstig;rtiog lhe transport of incompatible ekm.:uls in the mantle, and understanding
the genes is of diamoods.
S:.u:nplcs and MetlliJdS: Fifteen coated stones from four kirnberlite.s in
the Northwest Territories, C;r nada are compared w ith e ight cubes from
Jwaneog, Botswana and 13 "Congo tops'' from the Democratic Republi c or
Cougo. Coated stones from the Aikhal kimberlite, Siberia are curr~n!ly bci ug
prepared for aualysis. Noble gases, K. and halogens (CI. Br, aod I) were determined using extension of the 4 0Ar.l9Ar tc~hnique. Gases were extracted
from diamonds using six temperature steps over the interval 900°-l i 50°C.
Results: Release pmterm. Two gas releases are. observed at I l00°16000C and 2050°- 2150°C respectively. T he cause of the low-temperature
rele.ase. which accounts for 15-30% of the total. is unknown at present;
however, the high-temperature release occurs at d iamond graphitization.
Argon-40, potassium, am/ chlorine relationships. Argon-40"' and K <trc
poorly correlated. Apparent ages arc all higher thau host kimberlite ages and
most arc above 4.5 Ga. In contrast, individual diamonds show good correlations between 40Ar' and Cl. but there arc variatio ns in 40Ar•tcl values
between stones. Canadian and African diamonds show a similar range in
•oAr"'fCl of 506- 1358 x I0-6 molar (M). but wllh different mean va lues of
965 ± 273 x J0-6 M and 8JJ ± 218 x J0-6 M respectively.
lln/ogens. Halogens are poorly correlated in Cauadian diamonds with
large variations in Br/CJ (1.3-63 .0 x J0-3 M) and VCJ (9.8-170:l.S x I0-6 M)
even between diamoolh from the same kimberlite. Halogens in African dia monds show a beller ~orrclation with a mean Br/CI = I .56 ± 0.25 X I O-J M
and most I/O be tween 20-70 >< 10-6M. Iodine/bromine for both African and
Canadian diamonds arc similar at 5-70 x JQ-3 M. Concentra tions of halogens . K. and noble gases arc up to 30x higher in Canadian stones. probably
because of a higher density of fluid inclusions.
Discussion: There is overillp between the range in halogen ratios of
Aliican diamonds with the lowest values of Canadian stones (Fig. I). They
arc comparable with estimates of MORB based on existing d.ata (Br/Cl =
1.03-1.22 x J0-3 M; JJCL = 48-71 x J0-6 M [ l ,21); BrfCJ ratios in diamonds
are close to the seawater value at 1.53 x J0-3 M . High Br/CJ values in
Caoadia.n diaunonds are associated with highest 1/CI and there is an overall
trend away from MORB-Iikc halogen signature toward J. aud Br-rich and Clpoor fluids. This extends from Leslie through Grizzly and Fox to tbe ltighest
values in Koala diamonds (Fig. 1). This trend may represeot mixing between
a mantle flu.id similar to that in African stones and a second Or- and !-rich
nuid. Some crustal fluids have high BriCI and 1/Cl r~tios but th~ir involvement in the diamond fom~ation process at depths or 150 km requires a deep
circulating process. An altemative mechanism that may explain the variation
is the crystal lization of a Cl-hearing phase such as apatite. Low Br/CI ratios
ofO.l- 1 x 10~3 M have been determined in apatite from mantle peridotite.<
13 1. which is tl1e correct sense for generating residual fluids wiU1 high J3r/Cl.
References: [1] Jamboo A. et al. (1995) Chem. GeoC 126. 101-117.
[2] Schilling J. G et al. (1996) Phil. Trans. R. Soc. Lond., 1\297. 147- 178.
[3] Jonov D. A. cl al. (1997) Chem. Geol., 141, 153-184.

or

10 l

Mamkut»tr't"

ao·1

j

0

(/.

to"

MORB..._.ff

~

• •
• •
•

"''f.

g to·"

•

4

10

Jo''

•

•

Sf.a.,'r.,,•

Ah;a

(',.a,..da

OJwan.~x

O (;nu.h

0Ctfflgo

• Fo:t

YI~JU,

• J<wJJa

to•

ao·1

10~

10. 1

Or/('1 (molar)

F ig . l. Iodine/chlorine vs. Br/CI for African and Canadian diamonds .
Bromine/chlorine range for mantle apatite is from [31.

OPTIMIZING OCHRE ACCR~TION AT THE SOURCE. S. P Burke1 •
S. A. Banwart, A. Jarvis, and P. L. Younger, !Groundwater Protection and
Restoration Group, Departtm:nt of C ivil Engineering, Un iversity of Sheffield.
Map pin Street, Shcffreld S I JJD. UK .

Unregulated mioewatcr discharges repre,~eut a signili t:;mt environmenta l
problem in mining regions throughout the worl d. In the abseo~e of funds for
active chemical treatment, passiw systcnl~ using wetlands is one option where
land is avai lable . This study oxplorcs the possibility of hanrcssi ng ferrous iron
adsorption and surraco cata lyzed Ollidation to remove dissolved Pe loads from
coa l mine discharges . Th is geochemical process is particularly suited to the
circumneutral , high- Fe waters present in coal mines. This scheme would allow
o~hrc accretion and metal ioo adsorption on artificial surfaces aochored in
a reactor receiving the discharge, r.tther than impacting the ecology of receiving streams.
To assist in understanding Fe romoval rates, a geochemical model has been
developed to conceptualize the adsorption and oxidation processes involved
in "ochre accretion ." This model has been calibrated using field data and is
being used to support U1e design of a pilot reactor scheme to clean up pumped
discharges from abandoned coal mint's in norlheast England.
Initial modeling shows that Fc(ll) in a minewater discharge can be removed through surface-catalyzed oKidation within a reactor. Treatment:, however, is dependent oo the chemistry of the inflowing mincwater and several
parameters of the reactor design. Optimum ochre ac~retion occurs where
circumocutral miocwaters wi th modest conccntrdtions of Fe(ll) are present
with a suitable residence time and surface area present in the reactor. The
model shows that the master variables alkalinity and pH have a profound
influence on ochre accretion . Sioce Fe(ll) adsorption is strongly pH dependent in the near-acid pH range, alkalinity present in the discharge helps
maintain reactor pH, and thus adsorption and surface-catalyzed Oltidatinn
rates, above the threshold for Fc(JI) adsorption .

BUBBLE-BY-BUBBLE DEGASSING OF MIO-OCEAN-RmGE
BASALT MAGMAS. P. G. Burna rd. Departmen t of Earth Sciences,
Mancht:st.er Un iversity, Manclwster M 13 9PL. UK (present address : Mail

Code 100-23. Depanment of Geological aud Planetary Sciences, Ca lifornia
Institute of Technology, Pasadena CA 91 I 25, USA: pctcb@gps.caltcch.edu).

Introduction: As a batch of m01gma ascend!; through the crust. bubbles
in the magma wi ll grow due to decompression and co~ diffusion until they
are quenched duriog empti on . As a result, vesicles of different si1.es in basaltic

glass record the histoty of volatile evolution; larger vesicles predate small
vesicles and will preserve less fractionated volatiles. In order to trace the
evolution in volatile compositions during MORn magma processes, the He,
Ar, and C02 compositions
individual vesicles in two mid-Atlantic Ridge
glasses (AMK 3379, AMK 3376) have been determined by laser dt!crepitatioo.
Vcsic.lc Compositions: All vesicles had high 4fJArf36Ar. io the range
2000-30,000, consistent with contamination of vesiclc-t:rappcd volntiles wiU1
high 40ArfJ6Ar by a 36Ar-beariog atmospheric component. Contamirmtioo of
the magma prior to eruption would result in a correlation between vesicle size
and 40Arf36Ar; no such correlation is present in the data, therefore variable
addition of a postcruptive surficial contaminant is thought to resu lt in the
range in «lArf36Ar observed.
Argon/helium and AriC02 are not co ns tant., but vary from vesic le to
vesicle (Fig. I) in both sections analy-ted. In one of the sections (AMK 3376),
Ar/Hc lllld Ar/COz increase with increasing vesicle size. This is cons istent
with younger vesicles being fanned from lhe residue of gas trapped in older
vesicles. 1l1e vesit.:les in the or.her section (AMK 3339) were all too small
ro ascerlll.in the re lationship (if any) between vesicle size and composition.
The composition of vesicle-trapped volatiles in AMK 3376 arc cooslstcnL w iUl gas Joss by Rayleigh disti llation with relative Ar-C0 2 and Hc-C0 2
solubilities (a.As.COz and a.11•.caz) of 0.5 nod 5 respectively. Carbon dioxide
was Jess soluble during degassing of this melt (reltttive to Ar or He) th~n
expected: experi menta lly detemtined He. Ar. and C0 2 sol ubilities predict
a.Ar.COz = 0.2. and a 1.1c.t:Ol = 2 (solubilities from [ 1.2)). The volati les trapped
in AMK 3339 vesicles cannot be producrd by equilibrium degassing in an
axial magma chamber, but prot>ably reflect complex gas loss processes in volving loss of volatilt:s by diffusion in addition to solu bility -controlled degassing.
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variations in the lHeJ4He discrimination (i.e .. (lHeJ4 He)mc.,•.J(lHei4 He),..1)
as a function of He pressure (1]. We report variations in the focusing characteristics of MAP 2 I 5 noble-gas mass spectrometers that can account for
some of the discrimination variations, and comment on the implications for
future operation of noble-gas mass spectrometers with Nier-type sources.
The spectrometer sensitivity as a function of halfplate voltage at different He pressures is shown in Fig. 2. Large He signals (lower panel, Fig. 2)
produce well-defined peaks with coincident maxima for both lHe and 4 He.
However, the shape of the lHe and 4 He peaks is not identical: the lHe signal
falls more rapidly than the 4He signal at halfplate voltages Jess than the
optimum setting. At low He pressures. the lHe and 4He peaks aie broader
with noncoincideot maxima. Furthermore, the position of the maxima is
dependent on the He pressure in the spectrometer. Similai peak shapes and
pressure-dependent migrations in the halfplate optimum voltage occur for AI
isotopes.
Isotopic discrimination as a function of pressure will result from these
halfplate pealcshapes. For example, maximizing spectrometer sensitivity using
a 480-mV 4 He signal will result in a halfplate "voltage" of =90 V and negligible 3HeJ4He discrimination (Fig. 2). However, this halfplate "setting" will

1.4

Fig. 1. (a) Helium-argon-caibon dioxide composition of individual
AMK 3376 vesicles. Symbols sizes are proportional to vesicle volumes, wllich
3Ie in the range 0.5-3 IJCml. Volume of the wllite symbol is not known (two
vesicles were close together). Argon/helium and Ar/C02 increase with
increasing vesicle volume. (b) Helium-aigon-caibon dioxide compositions of
individual AMK 3339 vesicles. The vesicles in this section were smaller and
had a much more restricted range in vesicle volumes (0.08-0.31 IJCrol) than
AMK 3376. Probably as a consequence, there was no correlation between
vesicle volume and the composition of its trapped volatiles.

V eside Internal Pressures: The pressure inside the vesicles can be
determined from knowledge of the vesicle volumes, wllich were estimated
from the vesicle's area in thick section. The majority of vesicles had internal
pressures between 0.25 and 0.4 kb3I, consistent with the eruption pressure
of 0.3 Iebar. However, two vesicles from AMK 3376 and three from
AMK 3339 have much higher YIPs, up to at least 1 lcbai. Either these high
pressures aie artifacts of the technique, or the basalts were erupted at high
pressures and then instantaneously quenched in order to preserve the high
YIPs.
References: [II Carroll M. R. and Stolper E. M. (1993) GCA, 57, 50395052. [2] Dixon J. E. (1997) Am. Mineral., 82, 368-378.

SENSITIVITY AND ISOTOPIC DISCRIMINATION IN A NIER-TYPE
SOURCE AS A FUNCTION OF PRESSURE: IMPLICATIONS FOR
ARGON AND HELIUM ANALYSIS. P. G. Burnard and K. A. Farley,
Mail Code 100-23, Department of Geological and Planetary Sciences,
California Institute of Technology, Pasadena CA 91125, USA (peteb@gps.
caltech.edu).
Ionization of noble gases in many modem mass spectrometers is achieved
by electron bomb3Idment in "Nier-type" ion sources. Neutral species in the
spectrometer aie ionized by an electron beam that strips an electron (or
electrons) from molecules or atoms, producing positive ions. Applying a
magnetic field to the source using small external magnets increases the electron path. The ions aie extracted by a series of lower voltage focusing and
accelerating plates before magnetic sector mass analysis (Fig. I).
The sensitivity of Nier-type sources depends on the element (i.e., He, Ne,
Ar, etc.) and isotope (i.e., 40AI, 39Ar, l6Ar, etc.) being ionized. There are

ion

repeller

e18ctron ionization

trap

chamber

Fig. I. Schematic section through a Nier-type source. The ionization
chamber and halfplate voltages were 3 kV and 2.4 kV, respectively, with a
trap current of 500 JJA and electron potential of 58 eV.
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all measurements. The He-isotopic discrimination is the difference between
the •He and lHe lines.
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not be optimized for a 33-mV ~He signal, resulting in a loss of sensitivity
and a significant distTimination of = 10%. Furthermore. measuring more than
480 mY of ~He at a halfplate "voltage" of 90 V will result in a catastrophic
decrease in sensitivity. At these pressures. the ~He peak sh ifts to even lower
halfplate voltages (e.g., 1000-mV 4 He results in an optimum ''setting'' of "'6);
measuring 1000-mV 4He at a "voltage" of 90 Y will miss U1e peal(.
The same arguments apply to Ar sensitivity and discrimination as a
function of pressure. Tl!ese experiments demonstrate the need to calibrate
noble-gas mass spectrometers over the range in pressures measured in
samples; calibration with a single standard gas aliquot will result in errors
in both sensitivity and discrimination. Optimizing h;llfp latc voltages can
reduce the corrections for gas pressure.
References: ( l] M. Honda et al. ( 1993) GCA. 57. 859~874.
AEROSOL CARBON IN THE REMOTE ATMOSPHERE. P R.
Buseck1 • M. P6sfai2, L. Jia 1, and J. R. Andersonl, 1 Departments uf Geology
and Chemistry/Biochemistry, Arizona State University. Tempe AZ 85287,
USA, 2Department of Earth and Environmental Sciences, University of
Veszprcm. Veszprem. P.O. Box 158. H8201. Hungary. lEnvironmcntal Fluid
Dynamics Progro~m, Arizona State University, Tempe A2 85287. USA.
It is widely accepted that biomass burning in many parts of tbe globe
produces vast quantities of C that are injected into the troposphere . It is
equally well known that power plants generate major quantities of carbonaceous aerosols: emissions from automobiles are most highly concentrated
in urban regions and near rruYOr highways. The role of airp lanes is less well
establ ished.
During transmission electron microscopic studies of aerosols from a
variety of oceanic regions , both remote and within a few hundred lc.ilometers
of maj or populated reginns, we have found carbonaceous partic les to be
widespread. Even in samples collected south of Tasmania (as pan of the
int.e mational Aerosol Characteri zation Experiment, ACE-I) we found that
many su lfate particles contain small enclosed grains of soot. The area is far
from any sources of biomass buming. The soot is characterized hy typical
globular structures of oniou-lilce wrapped graph itic layers.
Only one fourth of the soot particles cootain K. ao indicator of like ly
biomass humiog origin. We found similar aggregates (internal mixtures) in
samples from the North Atlantic, Equatorial Pacific, and Indian Oceans, and
from over continental area.s. The origin of much of this atmospheric C is
difficul t to determine; a possible source is commercial aircraft flying at high
a ltitudes. Such particles arc small and. moreover. produced in the lree Ito·
posphere; thus, they can stay aloft longer than the larger particles injected
by biomass burning. vehicle exhaust, and power plants. The soot may provide a reactive surface for sulfate formation; once inside the sulfate. the absorption of visible light by soot is enhanced because of multiple refraction
within the sulfate particle. Other types of C-bearing species in the remote troposph.:re include coatings on the surfaces of su lfates. Further study will be
required to determine whether these presumably organic coatings are absorb·
ing in the visible range, i.e., whether. according to the operational defi niti on.
they are true "black carbon" aerosols.

Exper·imental Results: Pyrite frnmboids have been synthesised via the
oxidation of FeS (mackinawite) by H 2S [1.21 in aqueous solutions at pH 6.
Eh >-250mV. and rcmpcratures abov.: 60°C in the absence of 0 1 (Fig. lb).
Under these conditions. at Eh <-25 0mV, single crystals of pyrite arc formed.
The reaction proceeds via dissolution of solid FeS and subscqu~nt reaction
of an aqueous ReS cluster complex with H2S [3]. Circular stTUctures on tl1e
surface of individual microcrysts indicate crysta l growth via the development
of screw dislocations. Greigite (Rc 3S4 ), which bas been heavi ly implicated
in framboid formation models [4,5) was not formed in any experimental runs.
Gl'Olngical Implications: TI1e ol'.idation of FeS by H2S

is by far the most rapid pyrite forming reaction so far identified [I ,3]. The
involvement of an :tC]Ueous FeS closte r complex in the reaction facilitates
tTansport and reaction, allowing the development of comparatively coarse
grained framboidal pyrite 1e~tures from the extremely fine-grained dispersed
PeS reactant in sedimentary environments. We suggest that the apparent Eh
dependence of the reaction may be n supersaturation e ffect relate<d to position within the pyri te stability fie ld in Eh-pH space. The appearance of
framboids close to the initiation of bacterial sulfate reduction in anoxic
sediments and water colunms may be unrelated to the presence of elccllon
acceptors other than H2S as has been previously supposed.
The size and form of the pyrite products of our reactions (both euhed.ra l
and framboidal) point to a nucleation vs. crystal growth rate contrOl over the
nature of the pyrite texture. Framboidal pyrite appears to formed under
conditions favourable for rapid, cascade-style nucleation, but leading to slow,
possibly substrate-limited growth. Single '-T)'Stals indicate slow nucleation and
normal crystal growth without substrate limitation. The results suggest that
the fr.unboidal texture resu lts from mpid nucleation in environments where

FRAMBOIDAL PYfUTE FORMATION BY THE OXIDATION OF
IRON(IJ) MONOSULFIDE BY HYDROGEN SULFIDE. I. B. Butler1
and D. Rickard, 'Departmemof EarU1 Sciences, Cardiff University, Park Place
Cardiff, CFI 3YE, Wales, UK (butlcrib@cardiff.ac.uk).

introduction: The ubiquity of framboidal pyrite occurrences in modem and ancient sedimentary environments and in low to medium tempera ture ore deposits suggests a robust formation mechanism able to operate under
a range of physico-chemical conditions. Furthermore, rhe appearance of
framboida l pyrite subjacent to the onset of anoxia in sediments and water
columns is consistent with a formation mechanism which is geologicully
instantaneous. Finally, the highly spatially ord~red microarchitecture present
in many examples of framboidal pyri te (e.g., Fig. Ia) implies a formation
mechanism whicll permits self-organization of individual microcrystals during framboid formation.

Fig. 1.
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pyrite is strongly supersaturated. Where pyrite is metastable, or only slightly
supersaturated, rapid pyrite nucleation is inhibited and single crystals form.
The results demonstrate that pyrite framboids can form in the absence of
molecular 0 2 , magnetic (e.g., greigite) intermediates, or biological intervention.
References: [I) Rickard D. (1997) GCA, 63. 115-134 [2) Butler I. B.
and Rickard D., in preparation. (3) Rickard D. and Luther G. W. Ill (1997)
GCA, 63, 135-147. [4) Sweeney R. E. and Kaplan I. R. (1973) Econ. Geol.,
68, 618-634. [5) Wilkin R. T. and Barnes H. L (1997) GCA, 61, 323-339.

reactors, this represents a constant supply of reactant Oz. which can cause
oxidative transformations of FeS to Fe3S4 [3].
The product of the Zr scrubbing was identified as baddleyite (ZrOz) by
X-ray diffraction analysis (XRDA). At equilibrium at 3oo•c the Zr/Zr02
buffer limits Oz concentrations in the N2 gas to Ia, = I0-90 atm. Typical
gas-flow rates through the pressurized chemostated reactor are of the order
of 1-10 cml min·1, representing a total of 3 x 10·4 to 3 x JO-S mol of 0 2
over a period of two weeks, if 0 1 is present at -I 0 ppm. For reactions like

IRON SULFIDE OXIDATION IN AN ANOXIC CHEMOSTATED
REACTION SYSTEM. I. B. Butler, S. T. Grimes. and D. Rickard,
Department of Earth Sciences, Cardiff Uoiversity, Park Place, Cardiff, CFl
3YE, Wales, UK (butlerib@cardiff.ac.uk).

0.5 mol 0 2 are required for each mole of Fe3S4 produced. Therefore a
maximum 6 x JQ-4 moles F~S4 might be formed at 100% efficiency under
these conditions, which is more than an order of magnitude less than the
observed quantities. However. scrubbing the gas with hot Zr metal granules
quantitatively removes 0 2 , and greigite is not formed in the reaction.
Conclusions: The results demonstrate that Oz plays a significant role
in greigitc formation even at nonstoichiometric levels. We propose that 0 2
catalyzes nucleation and growth of greigitc by activating the FeS surface in
reactions such as [5,6)

Introduction: A consequence of using batch systems in iron sulfide
experimentation is that K.P for metastable phases, such as amorphous, precipitated or mackinawite-like iron(l l) monosulfides (FeS) is unavoidably
exceeded (Ksp'(FeSam) = JQ-3 [I)), and it appears as though [FeS] is a
necessary precursor for the fonnation of more stable, but less soluble, phases
such as pyrite. Preliminary results from a chemostated continuous flow reactor reported here have provided evidence of the extreme sensitivity of [FeS)
to oxidation by Oz and have consequences for understanding transformations
at ambient temperatures in the iron sulfide system.
Experimental: We constructed a sulfide chemostat system to investigate iron sulfide chemistry under strictly controlled pH, Eh, [feZ•]. and [S-11)
conditions, maintained by electrode monitoring and automated process control. The reaction of precipitated FeS in the presence of I 0 mM aqueous HzS
at pH = 6-6.5 was studied in the absence of detectable ~ for 2-4 weeks
at 25°-40°C. The product was either the preservation of the original precipitated FeS or slow development of the thiospinel, greigite (Fe3S4) dependent
on whether the Oz-free analytical grade N1 had been passed through a fresh
Zr-metal scrubber or not (Fig. I). That is, up to two-thirds of the FeS- Fe( II)
is oxidized to Fe(IIl), while the S(-11) remains unaffected, at 0 2 concentrations between that of the ~-free N2 and the Zr·ZrOz buffer. The oxidation
of FeS to Fe 3S4 has been shown to be a solid-state reaction [2] that may
involve dioxygen [3].
Discussion: The definition of "anoxic" refers to ($0.1 ppm 02(aq)) (4)
where conventional analytical methods fail to detect free Oz. Unfortunately,
most proprietary, analytical-grade gases appear to contain free Oz around this
level. For example, the BOC 0-free N used in this experimentation may
contain up to 16 ppm 0 2 . In batch reactors, these low concentrations do not
represent a significant quantity of reactant. However, in continuous-flow

.2n.ETA

Fig. 1. X-ray diffraction analysis (XROA) results for (plot A) ioitial FeS
precipitated in reaction vessel; (plot B) FcS precipitate after 18 d at 25°C
with O.QJ M H 2S, pH 6.5. in tbe absence of Oz; and (plot C) greigite products
present in FeS aged for 15 d at 4o•c with 0.01 M H2S, pH 6.5, in the absence
of measurable Oz.

and

Rererences: [I) Davison W. et al. (1988) Pure Appl. Chem., 60, 15351548. [2) P6sfai M. et al. (1998) Science, 280, 880-883. (3) Wilkin R. T.
and Barnes H. L. (1996) GCA, 60, 4167-4179. [4) Berner R. (1980)
Princeton Univ., 241 pp. [5] Rickard D. (1997) GCA, 63, 115-134 (6]. Butler
I. B. et a!., this volume.

MICROSCALE TRACE-ELEMENT AND SULFUR-ISOTOPIC
DISTRIBUTIONS IN HYDROTHERMAL SULFIDES. I. B. Butler1,
R. W. Nesbitt2, and A. E. Fallick3, IDcpartrnent of Earth Sciences, Cardiff
University, Park Place, Cardiff, CFI 3YE, Wales, UK (butlerib@cardiff.
ac.uk), 1Scbool of Ocean and Earth Sciences, Southampton Oceanography
Centre, University of Southampton, Southampton, S014 3ZH, UK, (r.w.
nesbitt@soc.soton.ac.uk), lisotope Geosciences Unit, Scottish Uoiversities
Research and Reactor Centre, East Kilbride, G75 OQF, Scotland, UK.
Introduction: The interaction of - 35o•c hydrothermal fluid and 2•c
seawater during black smoker activity generates steep physicocheroical gradients that control roineralogical and trace-element zoning in hydrothermal
precipitates. Hydrothermal sulfides from the Broken Spur vent site (29.10'N,
MAR) have been characterized using laser sampling methods to determine
fine-scale trace-element and S-isotopic distributions. A combination of highsensitivity inductively coupled plasma mass spectrometry (ICP-MS) and ultraviolet (UV) (266 nm) laser ablation (resolution = 30 mm) provides
detection liroits of <100 ppb for trace elements in sulfide. Infrared (1064 nm)
laser extraction of S as SOz. and isotopic analysis using gas-phase mass spectrometry allows sampling resolutions of better than I mm with an analytical
precision of 534S = ±0.3%o COT [1,2).
Trace Metals: Laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) analysis of the chalcopyrite wall of a black smoker
chimney, demonstrates nonrandom V, Ag, In, Te, Ba, Au, Pb, and U distributions (see Fig. I) [3]. Enrichments of In and Te in the inner zone of the
wall are attributed to lattice incorporation during high-temperature sulfide
precipitation. Enrichments of U and V within the outer part of the wall are
caused by seawater incursion and redox immobilization of metals on sulfide
surfaces. Enrichments of Au, Ag, Pb, and Ba in the outer wall may be related to hydrothermal fluid-seawater mixing. However, comparison of distribution data with reaction-transport models suggests a possible pH control on
precipitation. Distribution data, combined with textural studies, indicate a
progressive change of flow regimes in the chimney wall. Initial outward fluid
advection causes chalcopyrite precipitation, anhydrite replacement and per-
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ALDEHYDES. I. B. Butler, D Rickard, and A. Oldroyd, Department of
Earth Sciences, Cardiff University. Park Place, Cardiff, CFI 3YE, Wales, UK
(butlcrib@cardiff.ac.uk).
Introduction: The conversion of Fe(Jl) monosulfide to the thiospinel,
greigite (Fe3S4) involves the oxidation of two-thirds of the Fe(II) in FeS to
Fe(lll) in Fe3S4 . At the same time, Lhe S( -II) remains unoxidized. This may
be written
(I)

which has a negative 6GO, at 2s•c. In contrast, the oxidation of FeS by H2S
to form pyrite involves the oxidation of S(-11) in FeS to S( -1) in FeS 2 while
the Fe(ll) remains unoxidized. Wilh H 2S as the oxidizing agent [I], this may
be written
(2)

Whereas reaction (I) appears to be a solid-state reaction [2), reaction (2)
involves a solution stage [1 ,3). The oxidation of FeS appears to proceed
through two contrasting processes to different products. Recently Rickard
et al. (4], using aldehyde catalysts, identified the process as a novel sulfide
mineral switch with significance for microbial iron sulfide formation. Here
we present further data on the processes responsible for the production of
greigite by oxidation of FeS
Experimental Results: Magnetic, crystalline greigite bas been synthesized via the reaction of precipitated FeS in the presence of microscopic
noostoichiometric quantities of aliphatic and aromatic aldehydes (methaldehyde, cthaldehydc, and benzaldehyde) at temperatures of Ioo•c, in the
absence of detectable 02(,..) (<JQ-6 M) and any added S(-11). Benzaldehyde
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meability reduction. This permitS later inward advection of seawater into the
outer part of the chimney wall.
Sulfur Isotopes: A mature, diffuser structure shows complex mineralogical zoning [4), with the central pyrrhotite core surrounded by a collomorphic marcasite crust. Sulfur-isotopic data show a range of 1)34S =-4.55%o
to +4.8%o (N =20). The data show distinct zoning, with core and outer crust
materials showing 32S depleted signatures, and mid-crust material showing
32S enriched signatures. The
enriched signatures cannot be modeled by
mixing of hydrothermal fluid (1)34S , O%o) and reduced seawater sulfate
(1\34S = 21%o). Thus.
enriched signatures may result from (I) bacterial
sulfate reduction in the outer zones of the diffuser, or (2) isotopic fractionation by sulfide precipitation from an evolving fluid.
References: [I ) KelleyS. P. and Fallick A. E. (1992) GCA, 54, 883888. [2) Fallick A. E. et a!. (1992) Chem Geol., 101, 53-61. [3] Butler I. B.
and Nesbitt R. W. (1999) EPSL, 167, 335-345. [4) Butler I. B. et al. (1998)
J. Geol. Soc. Lond., 155, 773-785.
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was most reactive to FeS, and ethaldehyde was least reactive. Shon chain
aliphatic ketones are unreactive to FeS. When the reaction of FeS and aldehydes competes with the oxidation of FeS by H2S [4], a mixture of greigite
and pyrite results. The ratio of the two products is proportional to the quantity of aldehyde added to the batch system.
Dissolution of FeS results in the formation of an FeS(aq) cluster complex
that acts as an intermediate during pyrite formation [2,3]. The reactivity of
this complex toward aldehydes has been investigated using square-wave
voltammetry. Aqueous sulfide in 0.55 M, pH 7, NaCI solution is characterized by a single peak at a potential of -0.7 V (Fig. Ia). Addition of feZ\ oq)
results io the formation of the electrode reactive FeS(oq) cluster complex, with
a doublet at -I to -I .I V (Fig. lb). Titration of the FeS<"'!) with methaldehyde
causes a reduction of the FeS doublet intensity (Fig. Jc) and, ultimately,
complete removal of the species from the solution [2].
Conclusions: In the absence of added S(·JD the FeS ~ Fe3S, trartSformation is a solid-state reaction involving the removal of Fe from FeS. The
reaction stoichiometry suggests that H• is involved in the process. Aldehydes
act as catalysts in the reaction and inhibit formation of [FeS)("'!)• limiting
pyrite formation . Reactivity of carbonyls towards FeS (benzaldehyde >
methaldehyde > ethaldehyde »> ketone) appears to be controlled by the
geometry of electron-withdrawing groups attached to the carbonyl C that affect the electrophilic character of the carbonyl group. The results demonstrate
that FeS can undergo auto-oxidation in laboratory and natural aqueous systems, which may explain some conflicting experimental results.
References: [I] Rickard D. (1997) GCA, 63, 115-134. [2] P6sfai M.
et al. (1998) Science, 280, 880-883. [3) Rickard D. and Luther G .W. (1997)
GCA, 63, 135-147. (4) Rickard D. et al., in preparation.

IN SITU X-RAY DIFFRACTION OF TROU..ITE UNDER REDUCED,
ANOXIC HYDROTHERMAL CONDITIONS. C. L. Cahi11 1, L. G.
Bcnningz, S. M. Clark3, and J. B. Parise'·4, I Department of Chemistry, State
University of New York-Stony Brook. Stony Brook NY 11794. USA
(cbristophcr.cahill@sunysb.edu), 2Pennsylvania State University, Department
of Geosciences, University Park PA 16802, USA (present address: School
of Earth Sciences, University of Leeds, Leeds LS2 9IT, UK), 3Daresbury
Laboratory, Warrington, UK, 'Department of Geosciences, State University
of New York-Stony Brook. Stony Brook NY 11794, USA.
Introduction: Under reduced, anoxic hydrothermal conditions. FeS
(mack.inawite) has been shown to persist to at least 180•c [1). This result
is highly dependant on 0 level in the reaction solution. Au analogous study
was undertaken for FeS (troilite, hexagonal, V3a, 2c cell) in order to examine
its reaction pathway under similar conditions.
Experimental: The reaction cell used for these experiments is a modi·
fication of a design by Evans [2]. Rather than a steel Parr bomb-type autoclave. reactions take place in sealed quartz tubes. This has the advantage of

!'

advanced sample preparation as well as a cleaner signal. A Cu resistance
heater block controls sample temperature, while stirring is possible via a
magnetic stirring motor. The troilite starting material (hexagonal, v3a, Zc)
[3] was prepared as follows: under an inert atmosphere, equimolar amounts
of Fe and S were annealed at 86o•c for two weeks . This material was then
loaded into a quanz reaction tube and covered with an aqueous slurry of
reduced FeSIH2S under fastidiously anoxic conditions. After sealing, the tubes
were dropped into the sample heating block at 15o•c. In siru energy-dispersive XRD (Station 16.4; Daresbury Laboratory) spectra were collected every
30 s during the course of the experiment. Energy dispersive diffraction data
were converted to angular dispersive at a constant stepsize of 0.0 t• and A=
1.0 A. Such was done in order to readily compare data to the JCPDS and
JCSD as this was not a thorough structural study, but rather an investigation
of reaction mechanism.
Results: The figure shows that, at 15o•c, the hexagonal v3a, Zc cell
transforms to the NiAs structure type (hexagonal, I c). Several runs at various pH and controlled oxidation level are consistent with this observation.
There is no evidence of the previously observed orthorhombic MoP structure
[4]. These experimental conditions, however, are not optimized to detect the
subtle diffraction phenomena responsible for such.
Acknowledgments: We thank the NSF [DMR 97-13375 (JBP) and
EAR 95-26762 (LGB)] and the Mineralogical Society of America for finan·
cial support (CLC). We are grateful to the Materials Research Laboratory at
Daresbury for their support and use of their facilities.
References: [I) Benning L. G., this volume. [2] Evans J. S. 0. et al.
(1994) Rev. Sci. /nsr., 66. 2442-2445. [3) Keller-Besrest F. and Collin G.
(1990) J. Sol. Srare. Chem., 84, 194-210. (4) King H. E. and Prewitt C. T.
(1982) Acra Crysr., 838, 1877-1887.
CONTROLS ON OCEAN pH AND ALKALINITY: ATMOSPHERIC
CARBON DIOXIDE AND CARBONATE SEDIMENTS. K. Caldeira1
and R. A. Bemer2, 1Ciimate System Modeling Group. Lawrence Livermore
National Laboratory, 7000 East Avenue, L-103, Livermore CA 94550, USA
(kenc@llnl.gov), 2Departmeot of Geology and Geophysics, Yale University,
New Haven CT 06520-8109, USA (beroer@hess.geology.yale.edu).
Introduction: Oo a multimillion-year timescale, atmospheric C02 is
controlled by the balance between (I) C~ supplied from magmatism, metamorphism, diagenesis, and organic C oxidation during weathering, and (2)
C~ consumed by silicate-rock weathering (and subsequent C sediment
deposition) and organic C burial in sediments. The atmospheric C02 content
largely determines the mean p.utial pressure of C~ in the surface ocean.
Because the ocean has been in contact with carbonate sediments throughout
its history, it has generally remained near saturation with respect to calcite
or some other carbonate mineral. The alkalinity of the oceans adjusts to meet
the twin constraints of surface ocean pC02 and surface- or deep-ocean
carbonate-mineral saturation state. Here, we quantify the relationship between
atmospheric C02 and ocean pH, based on these principals, and quantify the
extent to which this relationship can be affected by variation in ocean temperature, major cation content, calcite lysocline depth, organic and carbonate C productivity, controlling mineralogy, and other factors. We conclude
that assumption of constant calcite-saturation state (or constant carbonateion concentration) provides a more reliable guide to paleo-pC02 than the
assumption of constant ocean al.lcalinity. These results can be used to make
predictions of atmospheric C02 content from paleo-pH proxies, and estimate
uncertainties in those predictions.
Carbonate Chemistry: The partial pressure of C02 dissolved in water
is related to the concentration of aqueous C02 [C02(aq)] via the expression
(I)

2't(oale\.IIIW;l•I.OAI

Fig. 1.

Hence, tbe [C02(aq)] of the solution near equilibrium is largely determined
by the pC02 of the overlying atmosphere and the temperature of the solution . C02(aq) can hydrate (i.e., join with H 20) to form H 2C03. It is experimentally difficult to distinguish between C02(aq) and H2C03, so the sum of
their concentrations is often reported, designated as [H2C0 3•].
Inorganic C in the solution may also appear in the form of bicarbonate
(HC03-) and carbonate (C032- ). and the partitioning of inorganic C among
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these fonns is controlled by the H ion concentration of the ocean
[H•] [HC03-]

= k 1 [H 2C03*]

(2)

[H+] [C032-] = k 2 [HC03-]

(3)

Also
[H•] [OH-]

=k., [H 20]

(4)

Constant Alkalinity: Total alkalinity (IA lk) is the positive charge balanced by the negative cbarge on the weak acids. For a carbonic acid solution, electrical neutrality requires:

Solving equations (I-S) for pC02 as a function of pH, under the assumption
of constant alkalinity. yields:
(6)

where A = (l:Aik] .
Constant Calcite Saturation State:
calcite saturatioo by:

We can represent the condition of
(7)

If we consider that alkalinity is provided by Ca2• and other ions, we can write

= A0 + 2

A

[Cal•]

(8)

that is, alkalinity (A) is the sum of non-Ca allcalinity (Ao) plus the allcalinity
provided by Ca (= 2 [Cal•)). We can then solve equations (1-5), (7), and
(8) for pC02 as a function of pH, yielding:
pC02 = (h (h2 - k., + h A0) +
h k 2-ln[k2 (hL k,. + h A 0)Z + 8 k.P h2 (h + 2 k 2)1n]
(2 a. k 1 (h + 2 k 2))- •

(9)

Result: Equations (6) and (9), using parameter values typical of seawater, are plotted in Fig. 1., dernonslrating the difference between assuming
a constant alkalinity vs. constant calcite saturation state when estimating pC02
from a pH measurement or proxy.
Other Factors and Issues: Other factors have changed through Earth
history, such as ocean temperature, the ratio of Ca1 • to Mg2•, the controlling
mineralogy oftbeoceao, biological productivity, and possibly borateconcenlration. These and other factors can change the relationship between measured
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Introduction: Platinum-group-element abundances in metal grains in
ordinary chondrites have been measured using laser-ablation inductively
coupled plasma mass speclrometery (LA-ICP-MS). An effort was made to
determine the microdistribution of Re and Os in ordinary chondrite metal,
knowledge of which is critical to the interpretation of J87Re-•B'Os ages and
of chondrite genesis [1). Relative abundances of Re, Os, lr, and Pt in metallic grains in the Weston H4 and Soko-Banja LlA chondrites are reported
here.
Experimental: Specimens were polished and examined by scanning
eleclrOn microscopy (SEM) to select grains for microanalysis by LA-ICP-MS.
Inclusion-free, single-phase regions of metalljc grains were chosen. Six grains
of Weston metal, seven in Soko-Banja, and three in Allegan HS have been
analyzed to date.
A CETAC LSX-200 laser ablation peripheral was used for solid-sample
inlroduction into a magnetic sector ICP mass speclrOmctcr, the Finnigan MAT
Element [2]. Each point on the sample was analyzed by three successive
15-pulse laser bursts; the laser-ablated pit produced was -50 j1lll in diameter
and 25 j1lll deep. The isotopes monitored were 57Fe, 59Co, 60Ni, 10'2Ru, I03Rh,
IOSPd, t87Re, 192Qs, t93[r, t9SPt, and 197Au. InslrUmental sensitivity factors for
each isotope were determined by measuring signal intensity from the ataxite
Hoba, which has known concenlrations of the elements of interest [3]. In the
analyses discussed below, a smaller mass range, 181Re to 195Pt, was analyzed
to enhance the precision (typically 3.5%) with which relative abundances of
the HPGEs were determined. In this mode of analysis the absolute cooceotrations were determined using external calibration of the signal intensities,
which was accurate only to within a factor of 1.5 or better.
Results and Discussion: Weston matrix lcamacite grains were found to
contain siderophile elements in approximately chondritic relative proportions.
within a factor of 2. Soko- Banja matrix metal was observed to have a wider
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pH and inferred atmospheric C02 content. These relationships will be quantified using a geochemical ocean model, and applied to the interpretation of
paleo-pH proxies. Implications for the global alkalinity cycle and the evolution of ocean alkalinity will be discussed.
References: [1] Stumm and Morgan (1981).
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range of PGE concentr:1t1ons: for example, Os .:onccotr;lltons ranged from
about O.OSx choodnttc to 16x choodritic. In Allcg:lll. chondrule metal and
matrix metal showed similar PGE concentrations.
The relative HPGE abundances arc presented in Fig. I , which shows Cl·
normalized Re/Os. lrtOs. aod PVOs ratios for different mutrix metal g.rnins
io Soko-Banja and Weston. Errors are snwller than the symbols in this figLU"C
r,1r most data. except -20% errors on the three Sok(}-Banja grains that show
high Re/Os mtios. and that had low PGE conccntr.Itions.
TI1c normaliz.cd lr/Os (0.<>8-1.15) :10d Pt/Os (1.19-1.46) ratios in Weston
show a limited range of values among the six analyses in fig. I. The normalized Re/Os ratios in Weston, in contras!. have a broader rJngc of t 332.39. All of the Rc/Os values in Weston kamacite arc well above the Cl value:
this is consistent with the observation by Chen et at. [I] that Re is enriched
w1th respect to Os in the metal fraction of ordinary chondrites, and suggests
the presence of a low-Re/Os phase not yet identified.
Four of the Soko-Banja metal analyses in fig. I exhibit pauems similar
to !hose observed in Weston. The lr/Os and Pt!Os ratios cluster around CI
values, and the Re/Os values are systematically superchoodritic and sbow a
greater range. The other rhrcc grains in Soko-Bnnjn had higher Re/Os, rr/Os,
and Pt/Os r:~lios. and low PGE conceorrations. This PGE signature is understandable for the sullide grnin. hut it is unusual for kamacite and lilenite to
exhibit low PGE concontr.Jtions and PGE patterns similar 10 those observed
in sulfide (Fig. 1). It is conceivable that these metal gr.tins were produced
by decomposition of sulfides. and that they retained the original sulfide PGE
signatures. An analogous dephosphidizatioo of a metallic grain has been
documented in CAl metal (4] . However. no further evidence of such a history for the Soko-Banjo grams was obtained from perrographic study of the
sample.
Rcrerences: (I) Chen J. H . et al. (1998) GCA. 62, 3379-3392.
[l) Campbell A. 1 and Humayun M. (1990) A11al. Chem .. 71. 939-946.
[3] Campbell A. J . and Humayun M. (1999) LPS XXX. Abstract ~1974.
[4) Campbell A . J. ct at. (1999) LPS XXX. Abstract #1609.

more dctritic nuturc of parucles at depth due 10 mineralizalion of biogenic
particles in lhc upper water column. For lite same reasoo. biugcoic major
clements (e.g .. K. P. Mg, Na, and Ca) comcnrs have lo,~<er concenrrations in
deeper samples compared 10 surface samples The profile at 45°5 forms an
exception in that here there is a strong signal of dctritic maner a1 depllt (see
further bdow).
We also observe ~ latitudinal trend, with lower Cn lnd higher Ba-hio
(particulate Ba corrected from Ba of detritrat origin) from north to south.
Latitudinal variations of mesopelagic Ba-bio (weighted average Ba-bio con·
t'entratJon between 150 and 600 m). are in good agn:erneot with new production as ev1denced by /-ratio {ratio of N01 uptake to the uptake of all N
sources).
However. locally element distribution can differ considerably from these
general patterns. This is the case at 45•s. This station is of particular interest
as it is situated within the Subtropical Front Zon~ and 1s dose to Tasmani:1.
An eohanccmenl or detrital element contents (AI. Fe. REEs. Zr. and Th) at
45 •s deeper samples is paralleled by a higher content of Ba·bio. We suspect
lhat Ba does not come exdusively from biological productivity in local surface wntt:r but is supplied from elsewhere by advection. Presence or absence
of advectivc input is indicated by the comparison of Ba·bio/TI1 ratio willt Babio content (3]: no increase of the !alter without an increase of the forTDcr
identifies advective supply uf Ba-bio.
Conclu..~ion; Correlation between Ba., and biological productivity in the
area stu<lied is qmle good . II confirms the usefulness of Ba as an oceanic
paleoproductivity prol\y. Nevertheless. lite comparison of Ba with other et.
ements can idenlify some local features such as lateral advectiou . Thus.
looking at the <listribution of elemental particle compositions gives better
insight into the different mechanisms coorrolliog sedimentation process.
Rererences: [I) Dymond J . et at. (1992) Poleoceonogr.. 7. 163-181.
[2) Fagel N. et al . ( 1999) GCA, accepted. (3] De hairs F et at. ( 1997) Detp·
Sea Res. II, 44, 497- 516.

VERTICAL AND LATITUDINAL VA RIA TION OF GEOCHEMlCAL
COMPOSITION OF MARINE PARTICLES OFF TASMANIA: ROLE
OF ADVECTIVE, BJOLOGJCAL, AND AUTHIGENIC PROC·

ONLINE MATRIX SEPARA110N FOR ANALYSIS OF RARE EARTII
ELEMENTS USING INDUCTIVELY COUPLED P LASMA MASS
SPECTROMETRY: APPLICATIONS TO CONTINENTAL WATERS.

ESSES. D. Cardinal', T . Caualdo2, M . Elskensz, F. Dehairsl, and L. Andre',
'Department of Geology. Royal Museum for Central Africa, Lcuvensesteenwl"g 13. B 3080 Tervuren, Belgium (geochim@africamuseum.hc),
2Department of Analytical Chemistry. Vrije Univcr.;ite it Brussel, ANCH,
Pleinlaan 2. 1050 Brussels. Belgium (fdehairs@vub.ac.be).
Introduction: For a bener understanding of global change, the quantification of it, biological activity varintions trough pa$t in the Soulhem Ocean
is essential. To reconstruct past productivity. Ba in sediment hns been pro·
posed as a proxy [e.g.. 1]. However. the link hetwecn particulate .Ba and
productivity remains unclear. Moreover. lateral advection can disturb the
vertical particles fliiJ(, especially in IT!argin areas (2). To assess particulate
Ba (B:Y senling trough water column and latitude in the Soulhem Ocean,
we focused our study on the comparison of Ba with elements used as iodicatO!'S uf oceanic processes (e.g .. AI. Th , REEs for advection. and Ca. P, and
Sr for surfac.:e biology).
Material and Methods: A latitudinal rranscct (42°S-54"S; 14l"E) off
Tasmania was stu<lied during SAZ-98 cruise (RIV Aurom Australis). Suspended mancr was sampled using 12·L Niskin bottles in the upper water
column (surface to 600 m) and filtered in Perspe.' filtration units on polycarbonate filters (0.4 ~o~m) Filtered material was dissolved by a tri-acid digestion of filters in Teflon beakers ovem1ght at 9Q•C REEs. Ba. Sr. U. Zr,
and TI1 were then analyzed by inductively coupled plasma mass spcctrom·
el1)' (ICPMS) (VG PQ2 Plus) and major elements (except Si) by inductively
coupled plasma·atomic emission spectromel1)' (ICP-AES) (Thcrmogroup Iris).
Results and Discussion: Some general features have been identified.
Particulate Ba (BoP) vs. depth has the usual pattern ohserved in such
samples: it increases from surface 10 suhsurfac~ up to a broad maximum
(-200-400 m) and then remains constant or slightly decreases (e.g., 3). This
pnuem emphasizes a clear decoupling between Ba and all olher elements.
Depletion of particulate Ce is higher for surface samples (i.e .. lower Cc
anomaly) and slowly disappears through depth to reach I. It highlights the

J. Carignan and D. Yeghicheyan, Centre de Recherches Petrographiques et
G~ochimlques-Ccntre National de Ia Recherche Scicntifiquc, 15 rue Notre
Dame de$ Puuvrcs, BP 20,54501 Vundocuvre-les·Nancy, France (Carignan@
crpg.cnrs·nancy.fr).

The dissolved (water sample filtered to <0.45 !lffi) REE content in contioental waters may be highly variable but is generally very low. ranging
between a few pans per tril lion 10 hundreds of pans tx-r trillion. Analytically,
the parts·per-trillion level for REE is easily reached with the new generation
of mductively coupled plasmu mass spectrometer.; (ICP-MS). The main analyllcal problems arc matrix effel·ts and, mostly. isobaric refractory oxides that
may form in the plasma torch. ln the case of natural waters. the most important mass interference is Ba oxide (BaO). As the Ba!Eu and Ba/Sm rntios
may reach 50,000 in some river waters, lite interfering BaO may contribute
to more than 95% of the signal on ISJEu and 152Sm masses.
We have compared results obtained on river waters using a direct injection of the sample in the ICP-MS (with subsequent corrections for imcrfcrences} with resulls obtained on the same samples using an "online" matrix
separation. For the direct injection samples. solutions having 100 ppb Ba and
I 0 ppt REB were used as .:outrol for the accumcy of the interference corrections calculated for Sm and Eu . lf the corrected value for the standard
solution exceeded 20% away from the true value (10 ppt), results from the
sample injected between the two controls were rejected. The RSD for Eu
concentration for all the results obtained on the standard solution is better
lltan 15%. and the accuracy is acceptable (average correctt:d concentration
of 10.6 ppl). RSD values (n = 3-4) for river water samples vary between 10
and 75% for concentrations of 0.7-3 ppt Eu nnd 2-20 ppt Sm. RSD values
for other REE generally range from I to 10%.
The "online" matrix ext.mction is perforTDed with a computer-comrolted
peristaltic pump and valves using liquid chrornatography. Con<litiooing of lhe
column. sample loading (2 mL). washing, nod elution of REE are done
automatically. External calibra tion is used (500 ppt REE solution) and is
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repeated every three to four samples. Tbe drift between each calibration is
negligible. The depollution of the column from one sample to another is better
than 99.3% for all REE and the whole procedure lasts for 15 min.
Elution peaks show that between 99.7 and 100% of the Ba is eliminated
during the washing of the column (Fig. I). The remaining Ba, if present,
introduces a BaO interference of less than 5 countsls, corresponding to subparts-per-trillion Eu and Sm. This contribution is less important than the
standard deviation obtained for Eu and Sm concentrations and is considered
negligible in most cases. A standard solution containing 10 ppt REE and 200
ppb Ba yielded relatively good accuracy for both Sm (9.76) and Eu (9.33).
Furthermore, Sm (60 ppt) and Eu (8 ppt) concentrations measured for a
natural river water standard (SLRS-4) containing 12.2 ppb Ba and for a
SLRS-4 sample doped with Ba (-200 ppb equivalent) overlap within error
(5- 10%). For other river water samples, the RSD values for Eu concentrations ranging from I to 8 ppt vary from 5 to 20%.
Results obtained by direct injection and by matrix separation compare
within error (5-15%) for most REE. including Sm and Eu. However, while
most samples show a negative Eu anomaly when looking at data obtained
from the direct injection method, these anomalies are much smaller or absent with data obtained from the matrix extraction method.
The online matrix separation before REE analysis with ICP-MS is a rapid
method with very low sample consumption (2 mL) compared to the direct
injection method (5-15 mL). The absence of BaO interference on Srn and
Eu leads to more accurate measurements of these elements for sample having very high Ba/Sm and Ba/Eu ratios such as river waters.
OXYGEN ISOTOPES OF ECWGITES FROM THE ORAPA KIMBERLITE (BOTSWANA): POSSmLE ORIGINS. P. Cartigny1, K. S.
Viljoen2, and G. Womcr1, 1Geochemiches Institut der Universitlit Gtlningen,
Goldschmidtstrasse I, 37077 Gtlttingen, Germany (pcharti@ugcvax.dnet.
gwdg.de; gwoeme@gwdg.de), 2De Beers Geoscience Center, P.O. Box 82232,
Southdale 2135, South Africa (fviljoen@mhs7.tns.co.za).
Introduction: Xenoliths in kimberlites are our best window into the
deep (i.e., >150 k.m) subcontinental mantle. Although generally rare, eclogites,
bimineralic rocks constituted of omphacitic pyroxene and garnet, are ubiquitous. There is no consensus concerning their origin(s) and it was suggested
that eclogites either represent pieces of Archean-recycled oceanic crust
[e.g. , I] or mantle-derived melts (e.g., 2]. It was also suggested that eclogites
arc the residue after extraction of melts of tonalite-trondhjemite-granodiorite
(TTG) composition that make part of the Archean crust [e.g., 3]. Recycled
ocean- crust-derived eclogites were also invoked to account for the characteristics of the missing reservoir required for elemental and isotopic mass
balance between depleted mantle and crust [4].
In understanding the origin of eclogites. 0 stable isotopic composition
plays the central role. It is generally argued that eclogites have 1)180 values

(from 2 to 90 vs. SMOW) that fall outside the mantle range (i.e., 5.5 ± 0.5%o).
On the contrary, this 1)180-range is similar to that produced during hydrothermal alteration of the oceanic crust. However, if the range quoted above
is valid for a mine like Roberts Victor, other mines yield more restricted 1) 180
ranges, generally below 3%o, most of the 1)180 values being contained within
the mantle-range (e.g., 1,5).
In fact, there are limited 0-isotopic data coupled with major- and traceclement chemistry, most being generally obtained on one type of eclogite (i.e ..
eclogites of group I with or without diamond or of group II).
Samples and Methods: In order to better constrain 0-isotopic variability in eclogites, we selected a series of 120 eclogites from Orapa (BotSwana).
Orapa is known to display samples covering a great range of 1)18() values [6].
The sample set is composed of eclogites belonging to group I (Na2 0 in gt
>0.09 wt% [7], 33 diamond-bearing and 56 non-diamond-bearing rocks) and
group 2 (Na20 in gt <0.09 wt% [7], non-diamond-bearing, 31 samples). Nondiamond-bearing samples are generally 2-3 em in size, diamond-bearing
samples being smaller. Samples are generally very fresh, allowing, in most
cases. 0 isotopes of both clinopyroxenes and garnets to be investigated.
Oxygen isotopes are analyzed by continuous-flow mass spectrometry, after
extraction with UV -laser ablation [8] (spot around 300 lffil), a technique
allowing intrasample heterogeneity and isotopic equilibrium between minerals to be investigated.
Re.'Ults: Major-element analyses have now been obtained on the whole
eclogite collection. Eclogite chemistry is best reflected in the garnet composition. Diamondiferous eclogites show striking simi larities with diamond
inclusions. Nondiarnondiferous group I and, even more, group II eclogites are
more Ca-rich than diamond.iferous samples. High-MgO eclogites (up to
I 7 wt% MgO) are present in every (i.e., including diamondiferous), type of
eclogites.
Oxygen isotopes were measured on single mineral grains from 25 eclogites
(diamond and non-diamond-bearing) eclogites. 18() values range from 5.0
to 8.30, most (i.e., 80%) being contained within the mantle range and no
obvious low 1)18() values (<5.0%o) have been measured yet. Whereas several
analyses of a single mineral grain gave reproducible 1)18() values, analyses
of different grains from the same nodule suggest variations of about l%o. Such
an heterogeneity is surprising if one assumes that the nodules stayed billions
of years at mantle temperatures. We therefore try to consider if a secondary
process could affect eclogite o1SO values. To better constrain this question
we are presently obtaining trace-element data by laser-ablation ICP-MS. Also.
a zonation cannot be rigorously demonstrated within the present set of data;
accordingly, 1)180 values are going to be measured directly along profiles on
thick sections.
Garnet 6 180 values roughly correlate negatively with Mg numbers. In other
words, high MgO-eclogites yield mantlelike 1)18() values. Such a correlation
is surprising since low hydrothermal alteration that produces the 18Q.enrich·
ment is rather associated with Mg enrichment. It could be suggested that the
Orapa kimberlite sampled several populations of eclogites nodules. It is
expected that the analysis of trace-element data will allow to reveal or rule
out the possibility of any genetical link between high and low MgO eclogites.
References: [I) Jacob D. et al. (1994) GCA, 58, 1151- 1154. [2] Fung
A. and Haggerty S. H., JGR, 100, 20451-20473. [3] lreland T. et al. (1994)
EPSL, /28, 199-213. (4] Blichert-Toft J. and Albaredc F. (1997) EPSL, 148,
243-258. [5] Barth M. et a!. (1997) 7th Inti. Kimberlites Conf. Ext. Abstr.,
Vol. 52-54. [6] Deines et al. (1991) GCA, 55, 515-524. [7] McCandless T.
and Gurney J. J. (1989) in Kimberlites and Related Rocks, Vol 2, 827-832.
(8] Wiechert U. and Hoefs J., GCA, 59, 4093-4101.
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RECONSTRUCTING THE PALEOTOPOGRAPHY OF MOUNTAIN
BELTS FROM THE ISOTOPIC COMPOSITION OF AUTHIGENIC
MINERALS. C. P. Chamberlain1 and M. A. Poage 1, 1Department of Earth
Sciences, Dartmouth College, Hanover NH, USA.
The paleotopography of mountain belts can be reconstructed from the 0isotopic composition of authigenic minerals. The development of topography
often creates s1rong rain shadows on the lee side of mountain belts, which
in turn creates large isotopic depletions of 18() and D in precipitation. The
magnitude of the "rain shadow effect" is strongly correlated to topography.
Our analysis of 0 isotopes from surface waters throughout the globe show
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a linear relationship between net elevation and the change in 518() of surface
waters (Rl = 0.79).
Using this relationship we have investigated both the timing and magnitude of elevation change in the Southern Alps of New Zealand, the Sierra
Nevada Mountains of California, and the Himalayas. Our studies of 0 isotopes of kaolinites from New Zealand show a 6%o decrease at the Early
Pliocene, which corresponds to an -2-km elevation change in the Southern
Alps at this time. Oxygen isotope of smectites from the Sierra Nevada
Mountains show little or no change in isotopic composition for the past
16 m.y. that suggests the Sierra Nevada Mountains have been a long-standing topographic feature.
ERUPTION OF TilE BRITISH TERTIARY VOLCANIC PROVINCE
IN APPROXIMATELY TWO MILLION YEARS DURING CHRON
26R. L. M. Chambers' and M. S. PringJe2, 'Department of Geology and
Geophysics, University of Edinburgh, West Mains Road, Edinburgh EH9
3JW, Scotland, UK (chamberl@glg.ed.ac.uk), 2Scottish Universities Research
and Reactor Centre, Scottish Enterprise Technology Park, East Kilbride G75
OQF. Scotland. UK (m.pringle@surrc.gla.ac.uk).
Introduction: New ArtAr ages on volcanic rock from the British Tertiary Volcanic Province (BTVP) suggest that the entire BTVP erupted in less
than -2 m.y. between 60.6 and 58.5 Ma, rather than in II m.y. between 63
and 52 Ma, as previously understood. According to existing geomagnetic reversal timescales (GRTS) [e.g., 1), this in entirely within Chron 26R.
Oldest Products: Stratigraphic constraints indicate that sanidinebearing tuffs near the bottom of the lava sequence on the small isles of Muck
and Eigg are among the oldest exposed products of the BVTP. Previous Ar/
Ar work [2), based on two sanidine crystals separated from the tuffs, suggested an age of -62.5 Ma, within Chron 27R. However, our analysis of
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nearly 60 individual sanidioe crystals (e.g .• Fig. I), suggests instead that the
tuffs are 60.6 ± 0.1 Ma with no sign of xenocrystic contamination. Even correcting for differences in standard ages used in the two studies, we suggest
that the reported ages of [2) are too old, perhaps because of incomplete
cleanup during analysis of their AttAr standard, hornblende Mmhb-1.
Youngest Products: A post-erosional pitchstone from the Sgurr of Eigg
had been thought to represent the youngest product produced by the BVTP,
based on a feldspar and whole-rock (glass) Rb!Sr isochron age of 52. 1 ± 1.0
Ma [3]. However, ArtAr age spectra on individual sanidioe and petrographically fresh glass fragments (e.g.. Fig. 2) show that the glass, at -47 Ma, seems
significantly younger than the sanidine, at -58 Ma. We interpret the sanidine
age as the best estimate of the crystallization age of the pitchstone. The
younger glass Art Ar and Rb!Sr apparent ages are then the result of postcrys·
tallization dcvitrification and alteration, may have oo specific geologic significance, and indicate caution in relying on Ar/Ar ages of even apparently
fresh glass without independent age control.
Geomagnetic Reversal Timescale Implications: Previous paleomagnetic studies have found a minimum of 7, and possibly 9, reversals in the
BTVP sequence. Based on the Ar/Ar age constraints, at least some of these
reversals must represent true normally magnetized cryptochroos within Chron
26R. If the current GRTS is correct, then the normally magnetized center 2
and 3 intrusive complexes of the Isle of Mull, as well as the early and late
granites of the Western Red Hills (WRH) of the Isle of Skye, would have
crystallized within the short (<20 k.y.?) periods of cryptocbrons 26R.lr and
26R.2r. -58.4 and 59.0 Ma. However, we consider it more likely that these
complexes would have crystallized during the longer, normally magnetized
period of Cbroo 26N. necessitating a significant revision of the GRTS. Also,
the reversely magnetized Loch Ainort granite in the WRH sequence would
then represent a reversely magnetized cryptochroo within Cbron 26N.
Absolute Calibration: The ArtAr ages reported here are relative to
27.92 Ma for the USGS sanidine standard 8SG()()3; analyses of CretaceousTertiary (KIT) boundary tektites during the course of this study average 64.8
± 0.1 Ma. An initial comparison of our ArtAr ages with newly available Ut
Pb ages for the BVTP [e.g .. 4) suggests that little inter-isotopic system correction is necessary. This is not consistent with other studies (based on, for
example, calibration of Art Ar relative to astronomical time) that imply that
the KIT boundary is as old as 66.0 Ma. Funber work comparing modem Art
Ar sanidine and U/Th/Pb zircon and titanite ages from products of the BVTP
seems a very promising avenue for calibrating at least Ar/Ar and UITb!Pb
time.
References: (I] Cande and Kent ( 1995) JGR, 100, 6093- 6095.
[2) Pearson et al. (19%) 1. Geol. Soc. London, 153, 815-818. [3] Dickin and
Jones (1981) 1. Geol. Soc. London, 140, 691-700. [4) Hamilton et al. (1998)
Nature, 394, 260-263.
THE SOCIETY PLUME: ISOTOPES AND TRACE ELEMENTS
ALONG THE CHAIN. C. ChauveJI.l, H. Guilloul, S. Blais2, G. Guille•.
R. Maurys, and M. CaroffS, 1Laboratoire de Geodynamique des Chaines
Alpines, lnstitut Dolomieu, IS rue M. Gignoux. F-38031 Grenoble Cedex.
France (cchauvel@ujf-grenoble.fr), 2Geosciences Rennes, Beaulieu, 35042
Rennes Cedex, France, lLSCE, 91198 Gif-sur-Yvette Cedex, France, 4CEA/
DASE, BP 12 91680 Bruy~res-le-CMtel, France, soomaioes Oc~niques.
UBO, BP 809, 29285 Brest, France.
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The Society Islands are famous for their radiogenic Sr-isotopic compositions that define the EM II component in plumes. However, previous work
[e.g .. 1-3] has shown that isotopic compositions in the Society islands in fact
vary widely and that all islands are not characterized by elevated 87Srf86Sr.
To better understand the composition of the plume and its origin, a system·
atic study including major and trace elements, isotopes, aod dating of the
various islands was necessary. We present new data obtained for Maupiti,
Raiatea, Bora Bora, and Huahine islands, which all belong to the oldest
volcanic events along the chain. These new data. used in conjunction with
data already published in the literature, help understanding the nature of the
EM II component present in many intraplate volcanism and its relationship
to other compositions sampled by plumes.
New isotopic data obtained for basalts from the four islands have a wide
range of compositions: 87Srf86Sr ranges from 0.7038 to 0.7058, 14lNdf'«Nd
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from 0.51266 to 0.51298, and 206p1J1204Pb from 18.80 to 19.20. In addition,
variations are almost as large within a single island as between islands. This
suggests that the plume source is isotopically heterogeneous at the scale of
a single island. However, no obvious systematic evolution through time along
the whole chain can be seen. The only general tendency is that the youngest
island, Mehetia, and the active seamounts, have a smaller range of isotopic
compositions than the older islands (see Fig. I).
New trace-element data confirm lhe systematically low Ce/Pb ratios of
the Society lavas. In Maupiti, Ce/Pb are very low and cluster around 17. Bora
Bora basalts as well as Raiatea and Huahine basalts have higher and more
variable ratios ranging from 18 to 28. Niobium/thorium ratios are also low
with values generally less than 10. These values correlate with 87Srfo6Sr suggesting that the source component enriched in radiogenic Sr has very low Nbl
Th (=5).
The chemical trends defined by the Society islands can be generally
interpreted in terms of melting of an heterogeneous plume source because the
variability of trace-element ratios and isotopic compositions is as large at the
island scale as at the chain scale. The main characteristics of the radiogenic
Sr end member of the source are low Ce/Pb (<17), low Nb/Th (<6), but also
low Sm/Hf ( <1.3). These characteristics are typical of continental crust
material and probably originate from sediment in the source. The existence
of low Sm/Hf ratio associated to the elevated 87SrJ86Sr and low Nb/Th suggests, in addition, that the sediments have a detrital origin and that their traceelement pattern is controlled by the presence of zircon.
The oldest islands have the most extreme compositions, closest to EMIL
This might indicate that the sediment component of the source region has
been slowly consumed as melting proceeded in the plume.

NEODYMIUM-HAFNIUM-ISOTOPIC COMPOSITIONS OF ALUMINUM-DEPLETED AND ALUMINUM-UNDEPLETED KOMA TllTES
OF TilE KOMA Tl FORMATION (SOUTII AFRICA). V. Chavagnac1,
S. W. Parman 1• R. W . Carlson2, J. C. Dann 1, T . L. Grove 1• and S. A.

Bowring1, 1Department of Earth, Atmospheric and Planetary Sciences. Massachussetts Institute of Technology. Cambridge MA 02139, USA (vchava@
mit.edu; jcdann@mit.edu; tlgrove@mit.edu; sbowring@mit.edu), 2Departmcnt of Terrestrial Magnetism, Carnegie Institution of Washington, Washington DC 20015. USA (carlson@dtm.ciw.edu).

Introduction: Komatiites are high-magnesium igneous rocks that provide an opportunity to loolc at the primary chemical features of lhe oldest preserved mafic-ultramafic sequences of the Earth. They bear information on the
conditions of melt generation in the Archean mantle. The 3.45-Ga Barberton
komatiites are characterized by low Al 20{1'i02 ratios and HREE depletion
that are typical features of the Al-depleted type [I]. Their special chemical
signatures have been previously interpreted as the consequences of either
garnet depletion [2,3) or garnet fractionation during the melting [1,4). We
report new geochemical and Sm-Nd-isotopic analyses on all units of the
Komati Formation from the Barberton greenstone belt in order to (I) examine the primary chemical features of the Archean mantle. (2) constrain the
Nd-Hf-isotopic compositions of the Archean mantle, and (3) determine the
conditions and tectonic setting of melt generation. Samples were selected to
maximize the abundance of original igneous minerals.
Geological Setting: The Barberton greenstone belt is on the eastern
edge of the Kaapvaal Craton (South Africa). It is subdivided into three
lithostratigraphic units: (I) the Onverwacht group, (2) the Fig Tree group,
and (3) the Moodies group [5). Our samples are peridotitic komatiite from
several units of the Komati Formation in the Lower Onverwacht group. The
metamorphic grade ranges from upper greenschist to amphibolite facies.
Results: Komatiites from the first unit are characterized by high Al20/
Ti02 ratios (>15), low Ca0/AI20 3 ratios (-1.1-1.5). and chondritic HREE
contents ((Gd/Ybh!-1) in contrast to the Al2 0 3ffi0 2 ratios- 10, and the (Gd/
Yb)N >1.4 reported by [6]. The second and fourth units show Al·depletion
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(Al20 3m02 -10), highly variable Ca0/Al 20 3 ratios (0.2-2.8), and fractionated HREE patterns ((Gd/Yb)N -1.4). The concentrations of incompatible
elements indicate that the second and founh units are depleted in Th, Zr. Hf,
Nb, and LREE ((La!Sm)N -0.8-1.1) whereas the ftrst unit presents nearly
chondritic (La/Sm)N ratios (-1-1.1) and small negative Hf/Hf*, Zr!Zr*, and
NbiNb* anomalies.
Samarium-147/neodymium-144 ratios of all komatiite whole rocks range
from 0.1755 to 0.1988 related to the variations in t4 3Ndf1 44 Nd ratios between
0.512265 to 0.512746. Initial tNd values vary from 1.2 to 2.4, with one
exception at -1.4. The ENd(3.45) range is slightly smaller than previous Ndisotopic studies of the Barberton komatiites and our values begin at the high
end of previous studies and extend to higher initial ENd· Lutetium-hafnium
isotopic measurements of komatiites are in progress.
Discussion: First, similar trace-element patterns on each unit indicate
that alteration and metamorphism effects have been minor. Second, Nb concenttations do not correlate with (La/Sm>N ratios sugggesting that crustal contamination may not have influenced the compositions of samples. Finally,
t:,.,d(3.45) do not correlate with Ca0/AI20 3, AIP/Ti02 , and (Gd/Yb)N ratios
indicating that the geochemical features are not related to mantle source
composition, crustal contamination or possible input from slab-derived fluid·
melt. Instead, the compositional characteristics reflect variable conditionsdegrees of partial melting. Hafnium-isotopic compositions may help to
determine whether the observed range in initial Nd-isotopic compositions
reflect source heterogeneity or alteration-metamorphism.
References: [I] SunS. S. and Nesbitt R. W. (1978) CMP, 65, 301325. [2] Cawthorn R. G and Sttong (1975) EPSL, 23, 369-375. [3] Ohtaoi
et al. (1989) CMP, /03, 263-269. [4] Green D. H. (1975) GCA, 3, 15-18.
[5] Lowe D. R. (1994) G~ology, 14, 1099-1102. [6] Lahaye Y. ct al. (1995)
Chem. Geol., 126, 43-65.
EFFECT OF OXALATE ON THE SIDEROPHORE-PROMOTED
DISSOLtrriON OF GOETIIITE. S.-F. Cheah and G. Sposito, Ecosystem
Sciences Division, Department of Environmental Science, Policy, and
Management, Hilgard Hall #3110, University of California at Berkeley,
Berkeley CA 94720-3110, USA (sfcheah@nature.berkeley.edu; gsposito@
nature.berkeley.edu).
Int r oduction : Sideropbores are Fe-specific ligands synthesized by
microorganisms to acquire Fe under aerobic conditions. The effect of sidcrophores on iron oxide/oxyhydroxide dissolution (Fe release) kinetics in the
presence of other natural organic ligands is not known. Such information is
important for an understanding of biogeochemical cycling of Fe and as
fundamental background information essential for determination of the effect of siderophores on metal transport. In this study, we investigated the
influence of oxalic acid on the dissolution kinetics of goethite in the presence of a trihydroxamate siderophore, Desferrioxamine B (DFO-B). DFO-B
is a sideropbore synthesized by fungi and bacteria, and oxalic acid is one of
the most common biologically produced organic acids in soil environments.
It bas been generally assumed that ligand promoted dissolution in multiple ligand systems proceeds via independent pathways, summarized by the
following equation [1]:

Mineral dissolution in systems containing more than one ligand (other than
OH-) has been studied only in a small number of systems. In at least two
of the systems studied, the presence of a second ligand led to synergistic
effects in dissolution [2,3]. For these systems, the dissolution reactions do
not proceed via independent pathways. Further research into multiple ligand
system is therefore important for understanding surface reaction dynamics and
mechanisms. It is also important to enhance our ability to describe dissolution reactions in natural environments, where the presence of multiple ligands
is the norm.
Experimental: Continuous-flow stirred-tank reactors were used in the
dissolution experiments. The reactors were immersed in a constant temperature water bath at 2s•c, with the entire apparatus wrapped in aluminum foil
to exclude light during the experiments. A 0.025-Jllll mixed cellulose acetate
filter (Millipore) was placed at the bottom of each reactor to contain the
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goethite sample. The concentration of the goethite suspension was 10.0 giL.
Stirring speed was determined using a sttoboscope and was maintained at
approximately 500 rpm. The reactor flow rate was conttolled using a variable speed peristaltic pump. The composition of the influent solution was
0.01 M NaCJ04 , 5 mM MOPS buffer, and fixed ligand concentrations. The
effluent pH was measured with an ORION ROSS combination electtode.
Total dissolved Fe in the effluent solution was measured using inductively
coupled plasma-atomic emission specttometty (ICP-AES). The dissolution
rate is then calculated as

R,., = 1/m X [Fe]001 X qiV

=

=

=

where m mass of goethite; q reactor flow rate; V volume of reactor
(V/q = residence time of the solution in the reactor); and [Fe].., is the Fe
concentration in the effluent solution.
Results and Discussion : At pH of -5, and in DFO-B alone, the goethite dissolution rate roughly paralleled the adsorption isotherm of DFO-B on
goethite. This correspondence indicates that the dissolution rate is a function
of adsorbed DFO-B concentration and that dissolution is via a ligand-promoted dissolution mechanism. In oxalic acid alone, the dissolution rates were
negligible below 100 1JM and began to increase linearly above 100 liM· This
result suggests that, for oxalate, a critical concentration of ligand on the
surface is necessary for ligand-promoted dissolution to be effective. ln systems containing both oxalic acid and DFO-B, the dissolution rates were
significantly higher than those obtained by simply adding the goethite dissolution rates for each ligand alone. This result suggests a synergistic effect
between the two ligands in promoting goethite dissolution. We shall be
conducting ligand adsorption experiments to help interpret our dissolution
results.
Acknowledgments: S.-F. Cheah expresses gratitude to S. Kraemer for
technical advice. Support by DOE grant DE-FG03-96ER 14667 is appreciated.
Refer ences: [I] Zinder B . et al. (1986) GCA, 50, 186 1-1869.
[2] Banwart S. et al. (1989) Colloid Surfaces, 39, 303-309. [3] Kraemer S.M.
et al. ( 1998) ES&: T, 32, 2876-2882.
ISOTOPI C SYSTEMAT ICS IN PORTALES VAL LEY. J. H. Chen,
D. A. Papanastassiou, and G. J. Wasserburg, Mail Code 170-25, Charles Arms
Laboratory, Division of Geological and Planetary Sciences, California Institute
of Technology, Pasadena CA 91125, USA (jchen@gps.caltech.edu).
Portales Valley is a recent meteorite fall consisting of a unique combination of an ordinary choodrite (H6) and of cross-cutting FeNi veins [1,2].
We have reponed Re-Os and Pd-Ag data on Portales Valley (PV) and compared the isotope systematics with those of iron meteorites and of ordinary
chondrites [3-7]. The unusual presence of massive FeNi veins in PV provides a unique opportunity to compare the Re-Os systematics in FeNi with
lithophile parent-daughter systems. We present additional Re-Os on massive
FeNi veins and new Rb-Sr, Sm-Nd, and U-Pb data on whole-rock (WR)
samples of the chondritic portion.
Rhenium-Osmium: The ordinary chondrite Re-Os data plot close to the
well-defined iron isocbron, although the deviations found for ordinary chondrites are slightly larger than found for the irons. The Re-Os whole-rock
isochron of irons gives the time of fractional crystallization of metal segre·
gating into cores and pods in early planetary bodies. All "massive" metal from
three different PV slabs plots within the area for H-choodrites, and slightly
below the iron meteorite isocbron. The data show a distinct range in 1870s/
188()s and t87Ref188()s, along the iron isochron, and are consistent with early
formation. In contrast, the silicate-rich material and thin metal veins lie far
to the right of this isocbron and along a horizontal line, indicating recent
redistribution of Re·Os in the choodrite breccia.
Palladium-Silver: Silver-107 excesses ( 107Ag') are present in a wide
range of iron and stony-iron meteorites with high Pd/Ag (7]. ln chondrites
and group lA irons, all with low Pd/Ag ratios, no 107 Ag' is present. We
determined Pd-Ag in a massive metal vein of PV [4]. Palladium·I08/silver109 in PV ( -240) is close to those for group II irons. which show 107 Ag',
but in PV 107Ag is normal (-0.2 ± 2.8%o). Ponales Valley metal bas a solar
Pd/Ni and -I 02Jower Ag!Ni. This indicates that the parent source of PV metal
did not have live I07Pd when ii formed and that the Pd/Ag enrichment in PV
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metal occurred late ( ~ 10 Ma) relative to the IIAB, LIIAB, and IVA irons,
consistent with thc absence of t42Nd effects (sec below).
Rubidium-Strontium and Samarium-Neodymium: A WR silicate
sample away from metal veins was prepared. The sample was leached gently
in warm, dilute HCI (I0 min). In contrast to rncsosid~ritcs. the leach docs
not con~l i n large fractions (only 1-3%) of these clements. and indil-.atcs thul
the sample did not conwin siguilicant phosphates. Tile silicate-rich WR is
an open system for Rb-Sr (T0 AI11 : 5.22 AE). Rubidium/strontium and 87Sr/
~6Sr arc consistent with chondritic values. but the Sr com:enlfatiou is a factor
of ~5 higher than in typical chondrites. Nc:odymium and Sm are also highly
enriched, but Sm/Nd (fsmiNd = -0.74) is highly depleted relative to chondrites.
Consistent with low Sm/Nd. lUNd/t«Nd in PV is E = - 21.5 tu, far below
the chondritic present value (El 4 lNd = 0). We calculate. for Sm-Nd, Tcr!UR
=3.31 AB. There is 110 evidence for 1-IZNd effects. In summary, !.be silicate
portion of PV is highly fractionated io titbophiles and not a typical chondritic
material. The data also show open-system bebavior. extending 10 young times.
Uranium·Thorium-Lead: A portion of !.be silicate-rich WR sample was
leached with warm dilute HCI and IIBr (LI) and then HN03 (L2). The residue
has not been analyzed. Ll and L2 lulvc similar and moderately radiogen ic
Pb-isotopic composition (a. -29). Ll has high (-47); L2 has low (-0.9). The
data define a 207P~Pb age of -4.51 AE. indicative of early [orro!llion.
In summary, Re-Os and U·Pb suggest au early fom1atioo for the mel;1l
and !.be chondrilt:-dominntcd portion. Pallildium-silver and 1•6Sm·142Nd indicate slightly late formation, and Rh-Sr and 14'1Sm- 14·'Nd require a much
younger event. associated with subst.anlial RIJ/Sr and Sm/Nd fractionation and
large enrichments in the lithophile elements. For !.be foJlii;Jtion of PV, we require the injection of molten mew I witb !.be preservation of a runge of Re/Os
but without significant Re/Os fractionation for evcnls after - 4.5 AE. Based
on Sm-Nd we also require melting of a portion of the chondri tic silicates and
strong enrichment of lithophile elements. 1l1e low Sm/Nd would be consistent with lilt: preferential melting and injection of feldspar-rich material. This
<:vent would postdate !.be Sm-Nd TcwJR model age and could be recent. A
relatively recent event would be consistent with preserving the PIJ..Pb model
age. This scenario can provide a consistent formation at recent times by
impact melting aod injection of both the metal and silicate portions. The only
sign1ficant conflict is !.be relatively old (4.5 AE) '0AJ...lQAr age determination
[8].

Acknowledgments: This work is supported by NASA, NAGS-8251,
division Contribution No. 8643(1034).
.References: [II Kring D. A. et 111. ( 1999) LPS XXX, Abslruct #1618.
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LPS XXX. Abstract #1472. 15) Shen J. J. et al. (1996) GCA, 60, 2887.
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FLUID INCLUSION EVIDENCE FOR JUGII COPPER CONTENT
OF ORE-FORMING FLUID FOR Xll'ANPING PORPHYRY COPPER
DEPOSIT, SICHUAN PROVINCE, CHINA. P. Chen, R.. Wang. X. Cheo,
and S. Xu. Slate Key l.;tboratory of Mineral Deposits, Na:njing Univcr.;ity.
N;10jiog 210093, Ch.ina
1l1e porphyry Cu deposit is located in the western margin of !.be Yangtzc
Plate. Copper mineralizations are related to biotite adamellites intruding i.n
the Pcnnian and Triassic clastic rocks. Ore minerals are mainly chalcopyrite.
molybdcn.itc, chalcocite, bornite, and pyrite. Hydrothermal alteration~ of
quartz + sericite + sullide assemblage are closely associated with Cu mineralizations. The contact zone is a main location of minernlization.
The samp les for fluid inclusion analyses were collected from the
eodocoutacl part of No. 80 intrusive body. Gangue qunrv. conlliios n lot of
fluid inclusions, which are mainly multiphasc fluid inclusions with daughter
minerals, coexisting witb n f.:w vapor inclusioos. The sizes of tbc multi phase
fluid inclusions arc in general 6-15 J.UD in length nnd 4- 12 J.IDl in width.
They often contain two types of daughter minerals. Otle is transparent hali te
wil11 cuhe sh~pe. 1l1e other is an opaque minernl identified as chalcopyrite
with tetrahedron shape. We have measured the volume of variotJS phases for
tens of multiphase fluid inclusions. and calculated the volume percentages

or individual phase. They are respectively 11-17% vapor. 44-5 1% liq uid.
33-40% halite, and -2% chalcopyrite. Because the change of pha~e percent·
ages is very slight in different samplt:s. it is suggested !.batt he solid daughte r
minerals should not be formed by accidenw l trap, but by normal precipiL1·
lion of tluid after being trapped with decreasing tempe<dturc. Vapor-phase
disappearance temperatures of the mu ltiphase fluid inclusions ranged from
230'' to 330°C on the Linkam TH 600 Stage and halite dissolved in !.be range
470" to 590"C. Equivalent NaCI content mnged from 55 to 65 wt% NaCI.
Some multiphase fluid im.:lusioos were openc:d to make the samples for
electron microprobe analysis. The ide111ificatioo of daughtc:r mint:ral phases
was made under a microprobe of JXA-8800M at Key National Laboratory
of Mineral Deposit, Nanjing University. X-ray images show that the daugh·
tcr minerals of tetrahedron· and ball-s hape only contain Cu, Fe, and S.
Microprobe analysis obtains Sin !.be range 31.738-31.904 wt%. Fe 28.61429.005 wt%, and Cu 39.041-"39.648 wt%. Therefore, we suggest that these
daughter minerals should be chalcopyrites. In the light of the estimated phase
volume data and the density values or alithe phases (chalcopyri te: 4.2 glcml;
halite: 2.16 g/cml; saturated NaCI solution: 1.2 g/cm~; vapor density: negligible), we obtained the Cu contents of about20,000 x I0-6. Therefore, !.be
orc-fonning fluid is highly enriched in orc-mtttcrial, wbicb is higher than Cu
content of 4000-16,000 x 10~6 of the fluid of the Cu-bearing breccia pipes.
Mexico [1).
The discovery of Cu sullide.s inC- and Cl-bearing bubbles in phenocrysthosted molt inclusions shows !.bat Cu resides in a vapor phase in some shallow
magma chambers [2]. The high Cu conh:nt of ore-fonning fluid for Xifanping
porphyry copper deposit suggests thai whto magmas intrude at shallow levels of Earth's crust, Cu maioly partitions into a brine.
References: [I) Sawlcins F. J. and Scherkcnbach D. A. (1981) Geology, 9, 37- 40. [2] Lowenstem J. B. et al. (1991) Srieflce, 252, 1405-1409.
DETERMINATION OF MELANTERITE-ROZENITE AND CHAL·
CANTIIITE-BONATTITE EQUILIBRIA BY THE HUMIDITY
BUFFER TECHNIQUE AT 0.1 MPa. l.-M. Chou, R. R. Seal 11, and
B. S. Hemingway, U.S. Geological Survey, Reston VA 20192, USA
(imchou@usgs.gov).
Introduction: Effioresceot sulfate salts are importaot constitueots of
acid mine drainage systems. The ability to gcochemically model the behavior of efflorescent salts in aqueous systems is hindered by a limited and poor
understanding of their phase equilibria and thermodynamic properties. By
using the humidity buffer technique [1-5], we determined !.be equilibri um
relative humidity (RH) and refined !.be thermodynamic relations for two
dehydration reactions; (I) melanterite (Mel)= rozenite (Roz) + 3 H20. and
(2) chalcanlh.ite (Cha) : bonattite (Bon) + 2 H2 0.
Experimental Method and Results: A weighed amount of sample
(eilber Mei-Roz or Cba-Bon mixtures) was loaded in a plastic container ( I em
outSide diameter and 2 em tall), which was partially immersed in a humidity
buffer, a bioruy-saturatcd solution li-S] in a glass container scaled by a rubber
stopper with a septum. Small holes 01Jough !.be cap of the sample chamber
allow the vapor phase of the sample to equilibrate with that of the buffer
system at a fixed tcmpemturc (T). TI1e head space of the sample-buffer system
was evacuated before immersing the assembly in a water bath. The sample
Ts were measured by a PI-resistance probe (accurate to ±0.02"C and controlled to±0.03"C). The direction ofreactioo was revealed by the sample mass
change (precise to ±0.05 mg). Experimental resultS arc listed in Table I.
Thermodynamic Analysis: For boU1 reactions,
I:!.G,o :: -RT In K = -nRT In (Jjl1o)
t!.G,o : - nRT In [{f*1110) x (%RH)/IOOJ
where DG,o is !.be standard Gibbs free energy of reaction, K = equilibrium
consl!mt, R =gas constant,; T = absolute T, Ji1, 0 = equilibrium H 20 fugae·
ity,.f•H,O :: fugucity of pure Hp, and I ) : 3 aod 2 for reactions (n) and (b)
respectively. The derived tltcmlodynamic data are compared with previous
clat.a in Table 2.
Discussion: The thermodynamic data reported in [1.3] for reactions (a)
and (b) were improved in this study by adding several reversal points
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0 .04937
0.059Q I
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-10.164
- 9.438
-8.529
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(a) Mel I FeSO, 7H,0)-Rn: ( FeSO,-IHp) eq~t~ltbritl
NnBr 21-40
Cuq 2H ,O
NaNO,
NaCI
KCI

(21-30)
(32.65)
36.13 :r 0 .51
41.04 ± 0.35
48.30 ± 0 33

0.07804

74.65

(b) C/ra (CuS0,5Hp)-Bon (CuS0,31-1,0) equililmn
MgC~6~0

Nal2H..O
NaBr2H,O

Kl

[24.06
[3 l.-$7
51.41
68.02

± 0.02]

± 0.07]

± 0.08
± 0.09

0.02997
0.04619
O. IJ243
0.28624

32.85

36.00

50.69
62.JC>

-9242
-8.193

-5.402
-3.453

' Equilibrium T Data in parentheses from [3]; data in brackets from (I].
z Calculated from [6].
1 Cakulatcd from [2]. Oau in parentheses from [5].

TABLE 2.
6G,o (kl/mol)

Derived thennodynaJruc dau (298. 15 K).

6H,o (kJ/moiJ

o.s,o (J/K mol)

Reference

(a} Mel (FeSO, 7Nz0J-Roz (FeSOJ411 2D) Eqr•ilibria
29.231
29.308
28.870
26.080
40.124

159.39
156.02
159.97
157.17
175.811

22.593
22.589
22.641
22.878

1 I 1.73
112.46
111.70
II 1.79

4)6.6
439.3

439.7
439.7
445261

299.0

301.4

29!U
298.2
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This study
[3]
[71

[8)
(91

This study
(I]
[10)
[8]

(Tahle I). Our dnta for reaction (a) are in good agreement with seveml earlier
humidity measurements uear room T [ 11-13) and with the predicted values
[71. but are very different from those n:pon~d in [8,9, 14], Our results for
reaction (b) agrc:e very well with all published data [ 1,8. 10]. Our dat.o are
nlso consistent with our previous direct humidity measurements for both
reactions at various T and 0.1 MPa. ( 15).
Rererences: [I] Malinin A . A. et al. ( 1977) ZJwr. Fiz. Khim. 51, 1557.
[2] Greenspan L ( 1977) J. Res. NIJS, A. Phys. Chem .. 81 A, 89-96.
(3) Malinin A. A. et al. ( 1979) R11ss. J. Phys. Cht!m .. 53. 755. [4) Chou 1.-M.
eta!. (1998) Eos Trans. AGU, 79, S364 [5) Young J. F. (1967) J. Appl.
Chem .. 17 241-245. [6] Haar L. el a!. ( 1994) NBS/NRC Steam Table1·,
320 pp. [7] Hemingway B. S., in prepar.lliou. (8) Dckock C. W ( 1982) Bur,
Mines JC-8910. 45 pp. [9) Pribylov K. P. ( 1969) Russ. J_ IMrg. Chem., 14,
168-169, [10] Wagman 0. D. ct a] . (1982) J, Phy.( . Cherr1, R~{ Data, 11,
29! pp. [II) Cohen E. (1900) Arches. Nr1erl. Sci.. 5, 295. ( 12J Schumb W. C .
(1923) ./.Am Chern Soc., 45 342-354. (13) Parkjoson K. J. and Day W.
( 1981) J. Exp. Bot., 127, 411-418. ( 14] Ehlers E. G. aod Stiles D. V. ( 1965)
Am. Mi11era/., 50, 1457- 1461. (IS] Chou I -M. ct o~J. ( l<jq8) GSA Ab.m. wi1h
l'rogr., 30, A-129.

liSE OF ISOTOPIC TRACERS IN TilE QUANTIFICATION OF
MINING-DERIVED METALS JN BED SElJIMEN'I'S. ANIMAS RIVER
WATERSHED, COLORADO. S. E. Church 1, D. M. Unruhz. and D. L.
fey I, 'Mail Stop 973, U.S . Geological Survey, P.O. Box. 25046, Denver CO
80225, USA (schurch@usgs.gov; dfey@u.sg~ .gov), • Mail Stop 96:1, U.S .

The U.S. Geplogical Survey study of the impact of inactive historical
mines on the Animas River watershed, Colorado, rs a large. multidisciplinary
study that has as its focus the impact of past nuniog acuvioes on the ripanan
habitat and the biologic and human health in the watershed. lodivrdual
scientific studies undertaken within the Animas River watershed are avail·
able on the Internet (http://amli.usgs.govlamli). Io this report. we provide an
in1crprctatioo of the Pb-isotopic and geochemical dau from the colloidal
phase of the bed sedimentS to quantify the downstream dispersion of met.ol
contamination from the Silverton mining distnct located in the headwaters
of the Animas River wrucrshed. Memls were e~ttracted from the bed sedimentS
using a warm (50°C) 2-M HCI-1% H20 2 solution for 3 h followed by inductively coupled plasma-atomic emission spectrometry (ICP-AES) analysis.
Total digestion analysis of the residual phases indicated that sillcate- and
sulfide-bound metals are not extracted by this leach with the exceptio11 of
galena . More than 80% of the Pb exiTact.ohle from the bed sedimellts of the
Animas River at Durango, Colorado. located more than 75 km downstream,
was derived !Tom the Silverton mining district. Usurg a ratiomg technique
(<l~ttracrable metals/Pb), we demonstrate tbat different met.ols are differentially
panitiont:d from the water into the colloidal phase and deposited on the
sediment bed a~ a function of both velocity and distance downstream from
Silverton, Colorado ( 1].
We also have sampled prernining fluvial sediments from terr.Jce remnants
an the Animas Raver watershed to esublish premining geochemical background concentrations for ore and ore-related metals in bed sediments io the
wa~rshed. Concentrations of Cu, Pb. Zn. As, Cd. and Ag in the sediments
preserved in lhes<l remnant terraces were significantly elevated above crustal
abundance values prior lo mining. Comparbons of premining metal lunds in
the bed sediments with conditions today indicate a subst.ontial increase in
meul loads has occurred over the past I 00 yl!ars.
Finally, we have aoalyted the Sr-isotopic compositions o f the fluvial
sedJments to c.:alculate the detrital sediment load~ added by major lribuury
streams to the Animas River. The Animas River drainage system is an ideal
gc!llogic setting fm this experiment because ( l) the Sr-isotopic compositions
of thr lavas in the San Juan calder.1 arc relatively uniform. (2) the Animas
River canyon traverses 3 pre-Carnbnan cry~ullioe terrane that has 3 radiogenic Sr-isotopic signature. and 13) the lower part of the Animas River cuts
through a ~edimentary sc;qucnce draining rocks of Paleozoic through Terl!ary
age, which contributes a large ponion of the sediment load of the Anrmas
River. These lhre.: dat.asets provide the basis for a I.(Uantit.otive assessment
of the impact of historical mining activities on the Animas River watershed
and provide a scientific basis for evaluation of effective remediation strategies
References: [I J Church S. E. et a!. (1997) U.S. Geologiral Sllrvt•y
Open-Filt• Rp1. 97-151, 136 pp

IIIGil-PRECISION LEAD-ISOTOPIC RECORD OF THE LAST
350 KA FROM AN IRON-MANGANESE CRUST (121 DK) FROM TilE
NORTHEAST ATLANTIC. C. Claude-lvanaj 1• W. Abouchami', S J. G
Galer 1 • A. Koschinsky2. and A. W. Hofmann!. •Max-Pianck-lnslitut fur
Chemie, Postfach 3060. 55020 Mainz., Germany (ivaoaj@mpch-mainl..
mpg.de), 2freie Universit!it Bt:rlin. FR Rohstorr-uod Umweltgeologie,
Maltcserstrasse, 74-100, 12249 Berlin, Germany.
lntrol!uction: Hydrogenous Fe-Mn crust5 have recently been extensively studied as they have bt:cn shown to r~cord seawater changes in Pb and
Nd-rsotopic composition in relation with palcochrnate and ocean circulation
changes [1-3 1, Here. we report high-resolution Pb- isotopic measurements
obl.3ined using a Pb triple spike [4-5) on a Fe-Mn crust tTom the northeast
Atlanuc- crust 121 OK (tropic seamount, 24°53'N. 2l 0 42'W). which sitS
atlOOO m depth in eastern north Atlantic deep water (ENADW). Age-depth
relationshrps in crust 121 DK have been determined byTIMS lf-Th [6]. Here.
we ell3mine Lire short-term Ph-isotopic variations over the last 350 k.y .. corresponding to a depth of I rwn. The advantage of using the Pb triple spi~e
(TS) method [5, 7) is thai it nllows resolution of small rsotopic variations to
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a precis ion of - 100 ppm. Rccen lly. AbOuchami et al. [7) used the TS method
~nd showed that there are systematic and gradual changes in all lhr~e Pb
isotope ratios in crust 121 OK over the past 14 m.y., wilJJ an increast:d in·
flucncc of a source of railiogcnic Pb since 3- 4 Ma.
Result~: The U-Th dam obtained previous ly [61 have shown that lJJere
has been a significant change in growth rate over the past 350 k.y. Approximately 110 ± 30 k.y. ago. the growth rate changed from 2.4 ± 0.1 mm!Ma
to 4.7 ± 0.1 mrn/Ma. This time coincides, wilJJin U1e limi ts of our sampling
resolution with the transition from marine stag.: 6 to 5 (130 ka).
lln~ hjgh precision Pb-isotopic data allow us to resolve very small cllangcs
in all three isotope ratios . wd-isotopic ratios range from UUJ42 to 18.965,
15.697 to 15.704. and 39.058 to 39.072 for the 206pbfl04pb, 201pbf20'Pb, and
W8pbJ204Pb ratios, respectively. Despite the small range of isotopic variations,
we can c learly resolve outside of analytical error a gradual secular increase
in ZOOpbJ204Pb ratios from 350 ka to the end of stage 6. Subsequently, this
in.,;rcasc was arrested and reversed il:ielf by stage 2. In 106pb.f20JPb-~7 PbfZI)JPb
and l()(,pt:V2().1pb-108pbfZo~pb space, lJJc data defme linear arrays consist.:ot with
the long-tenn record of 121DK of [7].
Discussion and Cooclusions: 1. In bOtb Pb-Pb isotope spaces, our data
display linear aiTays which can be interpreted as reflecting binary mix ing
between a high 206PbJ204Pb and a low l06pb.f2()o(Pb component. The gradual
increase of Pb-isotopic ratios toward lbe present day indicates a strengthening of lJJc railiogenic Pb end-member influence wbicb continues untH 11\c cod
of stage 6. Rather striking is that this appears tO hold tnrc over the last 3 m.y.
as our samples plot on the trend of the dataset from [7 ). These authors
suggested that the Pb-isotopic variations over the past 3 m.y., reOect a progressively increasing contribution of more railiogenic NADW conveyed from
lJJc western to the eastern AllaDlic basin, and a corresponding decrease io lJJc
proportion of less railiogenic Southern Component Water. However, this longtern! progression in water mass mixing appears to have beeo arreSted at lJJe
end of stage 6. Subsequently, we observe a slight decrease i11 the thJce Pbisotopic ratios at stage 2. However, in boU1 Pb-Pb-isotopic spaces, tile younger
samples still plot on a trend that caunol be ilistinguished from lJJc overall longterm 3 Ma to present trend. It appears, therefore, that the same two water
masses are still contributing to the net Pb-isotopic composition, but the
progressi ve change io proportions of the two components has stopped and
after about 50 ka started to Jeverse itself.
2 . The change in growth rate occurs at -110 :t 30 ka, and this ntakes
crust 12 1 DK comparable 10 crust VA 13-2 in the Pacific Ocean, where a
two-fold increase in growth rate occurs ar a similar time (90 lm). Moreover,
this chi\Jlge in VA 13-2 is also simultaneously associated with a seculttr Pl>isotopic decrease [ 1). Although it ts obvious that the two crusts ilisplay very
different PI>-isotopic signatures, which reflect djfferent sources of Pb, in both
crusts the Pb decrease starts really to be sigo ifi cant from mari ne stage 2
onward. These two crusts are at present the only ones for which sut'h high·
time-resolution Pb-isotopic data are available, and it is lJJcrcfore too early to
geoemli 4e this observation as a global phcnomcoon.
References: [I ) AbOuchami W. ct al. ( 1997) GCA, 61. 3957- 3974.
[21 Christensen J. N. et at. ( 1\!97) Science. 277, 913-918. [31 O'Nions R- K.
eta!, (1\!97) £PSL. 155. 15-28, [4] Galer S J, G. and Aboucharni W. ( 1998)
MineraL Mag., 62A, 491-492. [5] Galer S. J. G. (1999) Chern. Geol., /57,
255-274. [6] Claude-lvi\Jlaj C. ct al. (1998) Mineral. Mag., 62A. 335-336.
[7] AbOuchami W. ct al. (1999) GCA , in press.

OXYGEN-ISOTOPIC FRACTIONATION BETWEEN MAGNETITE
AND WATER. D. R. CoJel. J. W. Vallcy2, M. J. Spicuzza2. and J. Horital.
I Geochemistry Group, Chemicaii\Jld Analytical Sciences Division, Oak Ridge
National Lahoratory. Oak Ridge TN 37831-6110, USA (coledr@ornl.g<>v),
lDcpartmcm of Geology and Geophysics. Universi ty of Wisconsin- Madison,
Madison WI 53706, USA (vallcy@gcology.wisc.edu).
Introduction: Despite the improvements in analytical, experimental ,
and computational methods, there are sti ll a significant number of rockforming minerals for which isotopic fractionation data are limited or in
disagreement. llli.s is particu larly true for magnetite and hematilc, important
accessory minerals occurring in n wide range of geological environments.
Knowledge of the iron oxide-water 0-isotopic fr..1ctiooatioo fnctors can be
used as geotbermometers or to determine fluid sources. We have measured
tbc 0-isotopic fractionation factors between magnetite-water over the temperature ra nges of 300"-8oo•c.

Methods: We selected three reaction palJJways to investigate the 0-iso!Opic fractionation between magnetite and water. These include (I) oxidation
of iron powder in either pun: water or dilute NaCI solution at NiN iO, (2) reduction of hematite lhrougb reaction with water or ililute acetic acid (HAC)
at NiNiO. and (3) reaction of water or di lute NaCI with either fine-grained
magnetite or hematite at NiNiO. Effective usc of acetic acid is limited to
temperatures up to -400"C, whereas magm:tlte-water and hematite-water
interactions become pwllibhively s low below -400"C. Therefore, we were
forced to deal witJJ chemical reactions lJJat do not produce favorable overlaps or continuity io the.: fr:actionation data as a function of temperature.
0)(ygen-isotopic exchange experimt:nts in tile systems hematite-water,
hematite-water- HAc, and magnetite-water-NaCI were conducted at a variety
of temperatures and general ly l kbar using the partial exchange method, i.e.,
reaction or oxide with three or four isotopically different water.; ( 1]. Because
magnetite was lJJc onJy 0 -beariog phase formed io the Fe-water-NaCI experimentS, we assumed tile run product would be in equllibrium with the fluid,
thus negating tile oecd for Ouce or four isotopic waters. Each run product
was charncteri:tcd wilJJ X-roy diffr:action (XRD), scanning electron microscopy (SEM). and, on a limited basis, high-resolution transmission e lectron
microscopy <HRTEM) and Mtissbaucr spectrometry. Bulk oxide powers were
3nalyzed by C02-lnscr-fluorioaton [2]. Large. m;;grJetite single crystals from
expe riments involving reaction of hematite witil 0.5 m HAc at 350"C were
analyzed us ing a modified Cameca 4f ion microprobe [3).
Results and Discussion: E~taminatioo by SEM inilicates lhe formation
of well -crystallized octahedra and dodecahedra of magnetite with grain sizes
as large as 100-200 fJIII, particularly in e1:periments where ililute HAc was
used. Analyses of si ngle crystals using the ion microprobe indicates that
(I) crystals from a given run are homogeneous at tile ±l%o level, 1\Jld (2) iliffo:rences between the final average li 18Q of magnetite (multiple spotS on 35 grains/capsule) and run solution arc the same regardless of lJJc initial struting
water values. sugge$ting equilibrium was achieved. The agreement between
fmctionations determined from single crystals and from the partia l cxchauge
bu lk metilod from the same exptrimcnts was very good, e.g .. -8.60%o vs.
-8.21%o at 350°C, I kbaJ respectively.
The most consistently well-behaved rtsults wen: obtained from magnetite-0.5 m NaCI experiments conducted between 500" :md 800'C for durations ranging from 235 h (800"C) to as long as 1798 h (600°C). Scanning
electron microscope observations tnilicatc that coosi<lemble grain growth
occurred during these experiments with some grains attaining diameters iu
excess of 100 tJm . Nearly 100% exchange was obtained at 600°, 700", and
soo•c; nod over 90% at soo•c. We obruined the following fractionation
factors: -5.54. -6.32, -6.79. and -7.7Wao for 800°. 700°, 600", and soo•c.
respectively. Oxygen-isotopic fractionations derived from Fe lO magnetite
oxidation at 700" and soo•c agree very closely witil lJJcse results. Our hightemperature results are in good agreement with those estimated from other
techniques [e.g., 4-5).
Below 500°C, lJJe fractionations are based primarily on e1:periments where
hematite: was couverted to magnetite. From 450" to 300"C. we observe a rather
weak dependency on temperature, wiUl lJJe fractionation dnta passing through
an apparent minimum al ~400''C. A minimum in the magnetite-water fr3C·
tionation curve in this temperature r.mge was predicted by tlteorctical studies, but at a somewhat lower tempera ture -2oo•c [6].
Acknowledgments: Fundtd by the Geosciences Program. Office of
Basic Energy Sciences, DOE.
References: lll NorUuop 1>. and Clayton R. (1966) J. Geol .. 74, 174196. [2] Valley J. W. et al. (1995) GCA, 59, 5223-5231 . [3] Fortier S. ( 1995)
GCA. 59. 387 1-3875. [4] Downs W. (198 1) GCA, 45. 2065-2072. [5) Rowe
M. W. et al. (1994) GCA, 58, 1064-1067. [6] Becker R. H. and Clayton
R. N (1966) GCA. 40, 1153-1165.

STAlJLE lSOTOPIC FRACTIONATION ASSOCIATED WITH
ANAEROBIC DEGRADATION OF CHLORINATED UYDROCARBONS. M. L. Coleman. T . J. McGenity. nnd M. C. P. Isaacs.
Postgraduate Research Institute for Scilimentology, University of Rcailing,
Whiteknigbts, Rending RG6 6AB. UK (m.l.coleman@readjng.ac.uk).
Introduction: Chlorinated urganic compounds , especially industrial solvents, are sign ificant pollutants. It would be valuable to e~tirnate the extent
to which natural degrddation processes have operated in a polluted s ite and
thereby lJJeir rate of operation. WitJJ such information it wou ld be possible
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to make an infonned choic:e between natural attenuation and 1.1ngineercd
We prc~cnt here, imtial rcsuiL~ of a program to develop a method
to monitor progress of the attcnuatllln processes. Anaerobic: rnicrobtal degradation is one of the major attenuation processes.
Experimental Methods: We used tetrachlorocthenc as the model solvent and two different pure cultures of rcductively dellalogenating hactcria
that have been shown to liak PeE-metabolism to growth in a respiratory process. The two spectcs. Dl'/wlospirilum mtdtil•orans and Delwlobacter
rest rictus. were grown "ith H (D. multivflrans only) or pyruvat.e (both spt!cies) as the electron donor and both degrade tetrachloroethcne to cisdichlorethene. The bacterial cultures were grown anaerobically in aqueous
mediwn with a reservoir of tctrachloroethene dissolved in bexadecane {I 0%
v/v solution) that formed a separate organic phase floating on the medium.
A large number of parallel experimentS and controls were set up and culture
tubes were sacrificed and sampled at regular tntervals during growth.
Results: We showed that there was no isotopic exchange betweco dissolved chlorioated solvent and chloride in solution. Therefore, the Cl-isotopic
compoSitions of solvent and chloride in successive samples represcot lhe
cumulative progress of lhe dehnlogenatioo process. Our preliminary data
iodicare thnt there is a significant isotopic fractionation factor asstx:iated with
dchalogeoation by both organisms. &olvent-inorganir chloride is --5%. (o."'
0.995).
Discussion: The progress of the dehalogenation suggests lhat the frnctiooarion factor does not change significantly during the reaction and lhe data
can be modeled as a RJ!ylcigh fractiooation process. It seems likely thnt lhe
basic cause of the isotopic changes represent a k.inetic frnctionanoo process
similar tn sense to those experienced by other stable tsotopic elemeuts
(e.g.. S). We have also conducted aerobic dchalogenation c.xpcnments. It is
interesting to note that the Cl-isotopic fractionation factor for auobic degradation of dichloromethane quoted by Sturchio et al. I ll is 0.9962 not very
diffcreot from our figure for the a!lllerobic process.
Conclusion: These data provide important quantitative constraintS to
models of tnlnspon and anenuation of chlorinated solvents.
Acknowledgments: This work was supported by a grant from the
United Kingdom Narural Eovironment Research Council to MLC and TJMcG
(GST/02/2083).
Referenres: [I] Sturchio N.C. et 1tl (1998} Environ. Sci. Techno/., 32,
3037-3042.
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ACCURATE AND PRECISE ISOTOPIC RATIO MEASUREMENTS
OF NBS 981 LEAD BY MULTIPLE COLLECTOR INDUCTIVELY
COUPLED PLASMA MASS SPECTROMETRY: WHY ARE THE
RA TJOS DIFFERENT FROM THERM AL IONIZATION MASS
SPECTROMETER MEASUREMENTS? K. D. Collerson 1 and Z.
Palaczl. 'Department of Earth Sciences, University of Queensland. Brisbane.
Queensland 4072. Australia (k.collerson@mailbox.uq.cdu.au), ZMicromass.
Floats Road, Wythenshawe, Mancbest~:r, M23 9LE Zenon, UK (palacz@
micromass.co.uk).
High-precision, Tl-nonrutlized. Pb-isotopic ratio measurementS of NBS
981 using multiple collector inductively coupled plasma mass spectrometers
(MC-ICP-MS). have shown that reproducibilities are comparable with data
from thermal ionizatioo mass spectrometers (TIMS). However, accuracy of
the measurements is not comparable with the double- or triple-spike TTMS
techniques. Without exccptiCJn. all MC-ICP-MS data have lower rJtios for
20Spb.f206Pb, 207Pb.f206Pb, Z.08pbPO.Pb. :o7pb/W4Pb, and 206pbfZO~Pb by -S-IOx
20 isotope ratio reproducibilities. when normalized with (IUPAC) 205TII
Z.OYfJ = 2.3!171. A disturbing and very important observation is that all MCICP-MS instruments appear to yield exactly the same isotopic compositions.
To overcome this prot>lem some authors have used differcnr values of 1.0-'T!I
lOlTJ for fractionation correction to produce more nccurnte data. However the
results still do not satisfactorily agree with the TIMS data, particularly for
ratios involving 208Pb.
We have analyzed NBS 981 using a smgle-focusmg, hcxapolc-tnterfaced
MC-ICP-MS (MJCROMASS lsoprobe). This instrument uses a collision cell
instead of an energy analyzer to reduce the ion coergy of the ioo beam to
-1 cV. A 50-ppb soluuon of NBS 981 with 5 ppb Tl w11s used fur the
cxpcrimenl~ . Total Pb ion signals of 12 V were obtained using a CETAC
MCNGOOO desolvating nebulizer. At ao aspiratioo rate of 40 J.ILimio, VJe total
amount of Pb used per analysis was -10 ng, with no ion/atom efficiency of
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I ion per 130 atoms. Collector cffic,cncJCS were umty
Using an exponential fractionaLJon corr~ction and l05TV.IABll " l ~871.
Pb-tsotoptc ratios were identical to other MC-ICP-MS results. desp11e usmg
a sign1ficanUy lower sample concentration and more importantly totally dif·
fcrcnt iou energy optics. The isotopic ratios were (±Ia) zoaph.f206Pb .2.16592.1
± 72 ppm. l0ip()l20iipb 0 91442.1 ± 88 ppm . .l06pb/WoiPb 16 9304 ± 152 ppm.
207p()l2().1pb 15.4815 ± 122 ppm, and 208pbf-O• Pb 36.6692 z 166 ppm. Data
collection method was the same as TlMS With baselines mt>asured at ±0.5
amu for each isotope, and the avernge of the two mtensities subtracted from
the peak.
Unlike TIMS. ICP uses a soluuon introduction system that may be subject to memory from previous samples and to impurities in the Ar gas supply, e.g., Hg. Thus an al!cmative baseline correction method, more appropriate
to ICP-MS than TIMS was employed. This mvolved measuriog the reageotf
MCN6000 blank, gas/instrument blank as an "on peak zero," prior to introduction of the sample and subsequent measurement of the ±0.5-amu baseline.
The on peak zero and ±{).5-amu baselines were combined and subtracted from
the ion signal. Over the course of two days 45 analyses of the standard yielded
(:tlo} 20Bpb.f206Pb 2.166486 ± 84 ppm, 207Pbfl06Pb 0.914603 ± 120 ppm.
lU6ph/Ulolf'b 16.937 ± 194 ppm, 207pbfl.O'Ipb 15.491 ± 160 ppm, l08pbf20.Pb
36 694 :t 200 ppm. These results are identical within error to double-spiked
TIMS data (e.g., I J ( 2QRpbi206Pb 2.16701 ± 200 ppm (±I a), 207PlJP1l6Pb
0.914585: 146 ppm. 106pbf20.Pb 16.9356 :±" 133 ppm. ZD7P!J120-1Pb 15.4891
± 192 ppm, Z.08pbf20.pb 36.7006 ± 308 ppm). These data demonstrate lhat
accur.ue aod precJse isotopic ratios of Pb can be obtaioed using an unmodilicd Tl-isotopic cnmposttiun ant.! an exponential fr,ICtionation cone~tion. pro
viding attention is paid to correct blank subtraction.
References: [II Todt ct al. (1996),
JON ASSOCIA TfON JN SOD TUM CHLORIDE BRINES AT IIIGII
TEMPERA TIJRES AND PRESSURES: REStJLTS FROM MOLECU·
LAR DYNAMICS SIMULATIONS. M. D. Collings and D. M. Shennan
Department of Earth Scieoces, University of Bristol. Bristol BSS lRJ, UK
(dave.shcrman@bris.ac.uk)
l.ntrodurtion: Sodium chloride brines are involved in the rransport of
metals and the formation of hytlrotht•rrnal ore deposits. Moreover, such brines
may control the electrical conductivity of crustal rocks. With iocrcasing
temperature. the dielectric coostant of water decreases: in sodium chloride
brines. this promo1es the formation of NaCI ion pairs and NanCim clusters.
At even higher temperatures. NaCI-watcr mixtures separate imo two phases.
The decreased dissociation of NoCI io aqueous solutioos affects the ability
of brioes to transport metals. Moreover, ion-pair and cluster formation will
also lower the electrical t:omluctivity of crustal fluids. It is essential. therefore, that we understand the nigh-temperature thermodynamics of U1e NaClJ-1~0 system. To date, our understanding of the equations of state aod
speciation of NaCI-HzO fluids is based .:>o the Born-model extrapolation developed by Helgeson aod coworkers [1) or on the Pitzer model formulatioo
[2)
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In the work reported here, we present an atomistic approach to NaCI-H lO
solution thermodynamics using classical molecular dynamical simu lation~.
From these calculations. we determined the speciation of NaCI brint-s as a
function of temperature and pressure. We nlso determined the phase diagram
of the NaCI-watcr system and the ctjualioo of state of NaCl-watcr mixtures.
Molecula r Dynamics Calculatious: For the calculations, we used tl1e
SPCIE model for water developed by Bcrendsco eta). [31. The SPC/E. model
accurately reproduces the thermodynamic and dielectric properties of water.
al least along the liquid-vapor coexistence curve [4]. The Na-0. Cl-0. aod
CI-Cl short raoge potentials of Smith aod Dang [51 were used: these patenthus were shown by Brodholdt [6] to give a very accurate description of the
density of NaCI-water mixtures.
Ion Association: In solutions from 2.0 to 8.0 mo la l. we fi nd that IJ1~
domjnant species are Na+. Cl-. NaCI. Na2CI, NnCI 2 and N~CI2 • We have
determined a set of dissnciation coustants for these ioo clusters which, within
our uncerUiuty, are independent of composition, at leaH ab<we 4 m NaCI
(Fig. I) This suggests that we can evaluate the solution thermodynamics of
NaCI-H 20 mixtures without resorting to a Pitzer formulation.
Phase Separation: At I kbar, the calculated phase diagram of NaCIH20 mix.tures shows a phase separatioo near 900 K !hat is approximately independent of composition over the range 1-10 molal (Fig. 2) This is in good
agreement with the equation of state of AnderJco and Pitzer [2]. We find,
however, that to reliably demonstrate phase separation, MD runs must be Ill
least 0.5 liS. Further calculations are Deeded to refine U1e phase boundary.
References: [I) Oelkers 8. H. and Helgeson H. C. (1993) GCA, 61,
1359-1412. [2) Anderko A. and Pitzer K. S. (1993) GCA, 57, 1657-1680.
[31 Bercndsen H. J . C. et al . (19&7) ./. Clzem. Phys., 91, 6269-6271.
141 G ui ssan i Y. arJd Guillot B. (1993) ./. Cilem . Phy.r., 98, 822 1-&235.
(51 Smith D. E. and Dang L. X. (1994) J. Chem. Phy.f. , 100, 3757-~766.
(61 Brod.holdt J.P. (1998) Cilem. G1•o/., 15 1, 11 - 19.

TffE DOMINANCE OF THE RIVERINE PARTICULATE .PHOSPHORUS FLUX JN SUPPLYING PflOSPHATE TO THE OCEANS

AND A 10,000-YEAR RESIDENCE TIME FOR PHOSPHORUS. A. S.
Colman 1 and H. D. Holland z. 'Department of Geology and (~eophysies, Yale
Uni vers ity, P.O. Box 208109, New Haven CT 06520-8109, USA (albert.
colman @yalc.edu). 2Departmeut of Earth and Plnnetury Sciences, Harvard

We have calculated the diffusive phosphate nux from mario~ sediments
for 19 3 publ ished pore wa ler phosphate profiles that mel suiogeol criteria
for qualily ~ontro l I I ]. 'T'hc relationships bt:tween these phosphate fluxes,
sedimentation rate. and the rate of organ ic matter deposition were used to
estimate the global diagenetic nux of phosphate frolfl marin~ sediments to
tile ocean~. Tiw pore water phosphate profile data are confim1ed by data frorn
benthic 11ult chambers and from depth profiles of solid P conceotr.1tioos in
marine sedimen ts .
Our best estimate of the preanthropogenic diffusive llult of phosphate from
sed iments to the oceans is 12 x 1011 moUyr. Based ou u compilation of data
on the reactivity of P phases in riverine part iculate matter and the buriuJ
efficiency of particulate P. we estimate U1at roughly 3.2 x 101 1 moVyr of this
diagenetic re lease of P to the <X'Cans derives from riverine reactive t>articulate P. Mcy!Jcck [2] estimated the preanthropogenic global riverine particulate P flux to the oceans to be 6.5 x 10 11 mollyr and the global riverine
dissolved P !lux to ibe oceans to be 0.32 x 10 11 moVyr. Our calculations
iberefore indica te that about half of the particulate P entering the oceans from
rivers is released as dissolved phosphate and participaleS fully in the marine
biogeochemical cycle of P. Furthermore, roughly 90% of the dissolved P
inputs to the oceans from the conliocots arc mediated by diageoetic release
from riverine particulate P phases subsequent to deposition of those particulates io marine sed iments. Using these values, we calculate the residence time
for Pin the oceans to be -10,000 yr. This is sl ightly shorter than recent
estimates for the rcsidwcc time for phosphat~ in the ocean.~ [e.g .. 3,4] 3nd
is consistent with the recent trend toward higher est imates for removal fluxes
of phosphate from the oceans as authigenic carbonate fluorapatite. as
au lhigenic REm-minerals, and scavenged by MOR hydrolht'rmal plume
particles.
An important consequence of the dominance of particulates in tl1c supply of bioavailable phosphate to the nceans is that phosphate inpuL~ to the
oceans can be significanlly allered by changes in the efficiency with which
phosphorus is diagenetically released from riverine reactive particulate phases.
Changes in the distribution of sediment deposition between regions of high
sedimentation and low sedimentation rates. or between high productivily
regions and oligotrophic regions, or between reduced sediments and oltidized
sediments cou ld intluence the release of particulate P in1o the dissolved phase.
Changes in climate, sea level, and tectonic activity could therefore intluence
P release to the oceans. and their effects could be decoupled from the records
of purported proxies for chemical weathering such as Sr and Os isotopes [57]. Our understanding of the marine biogeochemical cycles of other particle
reactive species may require similar revision as we learn more about the
effects of diagenetic overprinting oo we;ttheriog fluxes.
References: [I] Culman A. S . and Holland H. D. (I 999) io Marin<'
Authigenesis: From Miaobial to Global (C. R. G lenn et a l. , eds.), SE'f'M
Spec. Publ. No. 65. in press. [1) Meybeck M. (1982) Am. J. Sci., 282, 401450. [3) Rutte11berg K. C. (1993) Chem. Geol.. 107, 405- 409. [41 r ilippelli
G. M. and Delaney M. L. (19%) GCA, 60, 1479- 1495. [SJ Fi lippelli G. M.
and Delaney M. L. ( I<l94) Paleoceanogr., 9, 643-652. [6] Ruttenberg K. C.
(19'>5) Nature, 372, 224 - 225. (7] Follmi K. B. (1995) Geology, 23, 859-862.
ISOTOPIC EVIDENCE FOR GROUNDWATER FLOW AND
BIODEGRADATION OF ORGANIC SOLVENTS AT THE TEST
AREA NORTH SITE, IDAHO NATIONAL ENGINEERING AND
ENVIRONMENTAL LABORATORY. M. E.. Conrad', D. J. DePaolo•.2,
D. L. SongJ, and E. Nchcr4. 'Mail Stop 70A-3363, E. 0. Lawrence Berkeley
National Laboratory. Berkeley CA 94720, USA (msconrad @lh l.gov),
l Uepartrnent of Geology and Geophysics, University of California. Berkeley
CA 94720, USA (depaolo@socratcs.berkelcy.edu), lDepartmeot of Ci vii and
EnvirolJIDental Engineering, University of California at Berkeley. llcrkelcy
CA 94720, USA (dlsong@ucliok4.berkeley.edu). •Mail Stop 3954. Woodruff
Annex Compte~ , Idaho National Engineering and Environmental Laboratory.
P.O. Box 1625, Idaho Falls ID 8341 S. USA (neheer@i nel.gov).
mtroduction: TI1e Test Area NorU1 (TAN) site at the Idaho National
Engineering and Environmental Laboratory is located on the nonhero edge
of the Snake River Pla in in easteru Idaho. The geology of the site consists

U'l rontrtbution No. 971

uf hasalt1t: lava flnws w1th scdirncnlary interbeds Detwecn 1955 and 1972.
a wide variety of waste matcnals. including low-level radioactive isotopes,
sewage aud chlonnatcd solvents. were injected into a 31 0-foot -deep well be·
low the water table at the TAN site. The result of this activity is a 2-km plume.
The primary cnntaminant of concern at the TAN site •s trichloroethane (TCE).
Results and Discussion: To ~tudy the regional hydrology of the TAN
site and tn as<PSS !latnql II'Vrl< nf hinlngir.~l ~ctivily in •he ernunrlwa1er.
samples were collected from monitoring wells !tt tbe TAN si te aod regiooal
groundwater wells. The lit. and li11j() values of the water, R7Srf86Sr of dissolved Sr, and th~ 61JC values of dissolved inorganic C compounds (DIC)
for these samples were analyzed. ln addition. in conjunction with ao experiment designed !0 test the efficacy or injecting lact.a~ to ~nhanc.: biodegradation ofTCE. we have be.:n monitoring t.he ()UC valuts ofTCE, lactate and
potential byproducts of anaerobic microbial mcrnbolism of TCE and lactate.
RegioTUJ/ grotmdwarer fluw paHems. The Sr-isotopic data for the regional
groundwater samples indicate thnt there are three distinct soun.:es of water
in the TAN area: regional now through tbc Snake River aquifer (87Srfli6Sr
<0.710), the Birch Creek drainage to the north of the TAN s1te (B7Srf&6Sr
-0 712), and the Big Lost River drainage that feeds playa lakes to the west
of TAN (87Srf~6Sr -0.71 04). TI1e &6 and 1)18() values of the Big Lost River
water indicate that this groundwater component is also strongly evaporated.
Ln the TAN plum~ ruca. the predominant source of groundwater (Which
is also evaporated and has S7S rf86Sr values in th~ 0.7102 to 0. 7105 range}
appears to be the Big Lost River water. To the east ,m.J south of the plume,
there is apparently some mix.ing wit.h the regional groundwater. causing the
direction of the plume to bend to the south. The Birch Creek water is predominant below a relatively continuous intcrbcd that Cll1euds beneath the TAN
site (aod acts as an impermeable barner to migration of the cotlt.amioants).
Evidl!llt·e for narural arrenuario11 of conrammants. The I)IJC values of
groundwater DIC in samples from the TAN mon itoring wells (-IO%c to
-12%o) are 2-3%a lower than the surrounding grouodwaters. On a longitudinal cross section of the TAN plume, the lower StJC values correlate well
with the TCE conceotrntions io the water. This is probably an indication tlult
the contaminants in the plume are being biologically degraded. although it
is possible that the source of the low &13C C is not entirely the TCE. Biodegradation of other contaminants, such as the sewage. would probably also
lead to lower one vnlues for the DIC.
The Sr-isotopic ratios of the plume provide additional evide11ce that the
TCE is being naturally degraded in the plume. On a plot of TCE concentrations vs. 67SrJ86Sr ratios, most of the data fall lx!low a straight mi~ing lint:.
indicating that some other process besides dilution is contributing to the decreased TCE concentrations at the dist.aJ end of the plume The most likely
e~planation for the loss of TCE is bicxlegrndation; however, i1 is also possible that extensive volatilization of TCE could produce the same. trend.
Mo11illlri11g of erll1aru·pd binremediation. Since the beginning of this year.
high concentrations of lact.ate have been pumped into the injection well in
an attempt to accelerate biodegradation of TCE in the source area of the
plume. In response to this activity, increased concentrations of intcnncdiary
byproducLS of anaerobic reductive dechlorination of TCE!. including cisdichloroethylene (cis-DCE). vinyl chloride (VC). and ethylene. have been
detected in the groundwater. Preliminary 6 1JC analyses have been done on
the TCE (-2.2%. to -26%o), the cis-DCE (-18%o to -22%o), VC (-37%c), and
etheoe (-47%<.). The cause of the observed variations in the il 11C values of
the compounds is not yet clear.
The one value of the injected lactate is - II%.. The lillC values of
byproduct~ of degradation of the lactate have been -5%o to -8%o for acetate,
-l 2%cto -14%. for proprionate, and -15%o to -18%. for butyrate. In addition, the ()BC values of groundwater DIC have increased from around - IO%o
to +~%., indicating derivation of DTC under methanogenic conditions.
The increased concentrations of by products of TCE and lactate degrada tion clearly indicate that biologic activity has been stimolntcd in the plume.
However, the natur.: of Uus activity is complil:ated. The preliminary isotop.:
data (sampling will .:ontinue until the end of the study in November 1999)
may potentially be useful for determining which membolic pathways are
important for TCE degradation

REACTIVE MELT MIGRATION BENEATH THE MID-ATLANTIC
RIDGE: EVIDENCE FROM ODP LEG l53 GABBROS. L. A
Cooga n• . P. D. Kemptonl, and A. D. Saundcrsl, 'Department of Earth
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Sciences. Cardiff University. Cardiff, Wales Crl 3 YE. UK (cooganla@
cardiff.ac.uk). 2(sotope Geoscience Lahoralories. National Environmental
Research C'ouncil, Keyworth. Nottingham, UK (p.kemplon@nigl.nerc.ac,ul<.J.
'Dc:partmt:llt nf Geology, University of Leicester, Lt:icester. UK (ads@le.
ac.uk) .
rntroduction: Models for suhridge magma chnmht:rs are generally domi·
nated by t:Ktensive regions of crystal mush [e.g., I] Here we provide evi
dcnce for the extensive post cumulus modification of gabbros recovered by
ODP drilling ncar the Mid-Atlantic Ridge consistelll with this model. The
evidence come~ from textural associations, correlations between textural and
mmeral chemical characteristics and modeling 111 siru mineral rrace-clcment
data.
ODP Hole 923A. -10 km south of the Kane Fra..:rure Zone (2], is dominated by two lithologies: (I) primitive plagioclase-olivine cumulates enclosed
in clinopymx.:ne (Cr-diopside), and (2) more evolved plagioclase-clinopy·
roxene (brown aug1te) :t olivine ± orthopyroxene cumulates that show abundant grain sit.e variations. Following shipboard nomenclature these are tenncd
poikililic olivine gabbros and brown-px gabbros respectively. Poikilitic olivine gabbros have consistently more primitive mineral compositions than
brown·plt gabbros in terms of Mg# of mafic phases and plagioclase An
content (e g., J].
Correlations Detwl!i:n Texture and Composition: The degree of textural equilibrium of pnikilitic olivine gabbros correlates with the modal
prupurtion of clinopyroxene and trace-element composition of the clinopyroxene. More equilibrated samples have lower modal clinopyroxene abundances. and the clinopyro~tene has higher incompatible trace-e lement abundanc.:s. In brown-px gabbros the grain sile {1-10 mrn) correlates with the
grain shape and mafic phase Mg# such that coarser samples have more
granular textures and lower mnfic phase Mg#s. This is irrespective of whether
groin size variation is sharp or gradational. Furthermore. texrures suggest a
reuction relationship exists in brown-px gubbros between olivine nod
clinopyroxene. Commonly olivine occurs as ragged irregularly shaped crystals within both the cores and rims of clinopyroxene. These phases also show
a close spatial association to one another, commonly appearing to form
composite grains. We interpret these observations as recording the reaction:
melt + olivine to clinopyroxene.
Geochemical Modeling: Trace-element z.oning profiles in clinopy·
roxenes have been determined by ion probe. Cl.ioopyroxenes are strongly
zvned in incompatible trace clements with abundances increasing dramaticnlly toward cryst.al rims. Furthermore, highly incompatible elementS (such
ns Zr) arc fractionated from mcxlerately incompatible clements (e.g., Y), such
that the ZrN rntio increases from core to rim. T'hese geochemical chardcteristit:s are seen in clinopyroxcuo in both poikilitic olivine gabbros and brownpx gabbros The same trend is observed in the entire dat.aset as 10 single
cryst.als. although with more scatter. The data cannot l>e modeled as fractional
or equilibrium crysrnllization. Instead, we model it using the assimilation and
fractional crysbllization (AFC) equations of (4], with rates of assimilation
to crystallizallcm of 0.7-0.9
Model for the Evolving Crystal Mush: These observations are interpreted in terms of proc.:sses in a subridge gabbroie cryst.al mush. Reaction
betiVcen a migrating interstitial melt ond the crystal assemblage it passes
through leads to the interstitial melt following an AFC evolutionary path. In
po1kilitic olivine gabbro cumulates the densifit:ation of the primary cryst.al
mush prior to clinopyroxene saturation was through compaction. leading to
increasingly equilibrated textures. Clinopyroxene saturation inhibited further
compaction and cemented the porosity. Higher incompatible rrace-clcmcnt
abundances in clinopyroxene, wbcre 1t occurs as a low percentage of the
assemblage. renects the evolution of the interstitial melt with increasing
crystaVmelt ratios. lo browo-px gabbro cumulates the primary cumulate was
more significantly moclified by reaction with interstitial melt than in poikilitic.:
ulivine gabbros. Higher melt fluxes led to coarser grain sizes (Ostwald tip·
ening) and more granular te~tures (a closer approach to textural equilibration}. Higher amountS of maction with iotL'l'Stitml melt also led to lower mafic
pbasc Mg#s
Fluid Dynamics: If the grnin size variations reflect variable nuxes of
mterstitial melt, as suggested above. this is equivalent to channelized now.
Clogging of melt channelways by crystallization is expected in this scenario
[5] Th.is can be avoided, however, if the concomit.ant cryst:ll coarsening and
D closer approach to t.:xtum l equil ibration l!!ads to increased p!!rmeability
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Implications: The siTong evidence for porous melt flow suggesl~ that
this may be an important mechanism for melt transport in the lower crust
beneath slow sprt!ading ridges . Return of evolved inters titial mel! to an
eruptablc melt body could have a significant effect on the composition of
erupted magmas. II' the interstitia l melt c.volvcs along an AFC fractionation
trend, this wi ll be more sign ificant than in standard boundary layer fractionation mode ls [e.g.. 6].
Ref"rences: [11 Sinton J. and Delril:k R. (1992) JGR, 97. 197- 216.
[2] Cannat M. et al. (1995} !nit, Rpt. ODP Leg 153. [31 Coogan L. (1998}
Ph.D. lh.:sis, Univ. Lc:iccster. [4) DePaolo D. ( 1981) £PSL. 53, 189-202. [51
Kelemen P. et al. (1995} JGR, 100. 475- 496. [61 Langmuir C. (1989) Nat11re.
340. j 99- 205.
EVIDENCE FOR TilE ORIGIN OF OCEANIC OXIDE GABBROS
BY CHANNELIZED MELT FLOW THROUGH THE LOWER
CRUST. L . A. Coogan I, C. J. MacLeod 1, S. J. Edwards2, and H. J. B. Dickl,
1Departrn.ent of Earth Sciences. Cardiff University, Cardiff, Wales Cfl 3YE,
UK (cooganla@cardiffac.uk: maclcod@cardiff.ac.uk) . 2 Departroent of Earth
and EnvironmenLal Sciences, University of G<eenwich, UK (s.j .edwards@
grcenwicb.ac.uk), lWoods Hole Oceanographic Institution, Woods Hole MA
02543, USA (bd ic~@whoi.edu ).
Introduction: Oxide-rich gabbro horizons within gabbro (sl) are n common constituent of lower crustal rocks dredgtd and dri lled from slow spreading mid-ocean ridges [1- 4]. We have investigated ooe such horizon in a drill
core (BGS24) recovered during the James Clark Ross cruise JR31 survey of
Atlantis Bank (southwest Indian Ridge) in March-May 1998.
J•etrology of Core BGS·24: 11te oxide-rich portion of this core occurs
be!Wecn -20 em aod 50 cm-bs f (below the seafloor). The host for the oxide
gabbro is a moderately- to highly-deformed olivine gabbro. Only the upper
contllct between the olivine gabbro and oxide gabbro has been studied. The
increase in modal o~idc abundance at 20 crnbsf correlates with ( 1) a disappearance of olivine. (2) a coarsening of clinopyroxene. (3) the incoming of
cumulus orthopyroxene. (4) a decrease in modal plagioclase, and (5) a decrease in l.he strength of the defonnatioo fabric.
In thin section the textural relationships between ox ides (i lmeni te and
magnetite) and clinopyroxene and plagioclase are complex. Plagioclase and
c linopyroxene b.ave c learly been partially resorbed prior to oxide precipitation. For examp le, optically continuous clinopyroxene occurs as discrete
patches within oxides. Furthermore, both clinopyroxene ttnd plagioclase
cryst:~ ls are commonly intricately em bayed with smoothly curved boundaries
when adjacent to oxides.
Geochemi~try of Core BGS-24: Electron and ion mit:roprobe analyses of ilmenite and cli nopyroxene have beCJJ performed across the boundary
from olivine gabbro to oxide gabbronorite. Dramatic compos itional shifts
occur at the boundary between oxide-poor olivine gabbro and oxide-rich
gabbronori t.:.
Ilmenite shows steps in the abundance of MgO, Cr. Co. Mo, V, Zr, Hf,
Nb. and Ta at the change from ol ivine gabbro to oxide gabbronorite. Of these
clements only Mg is higner io the ox.ide gabbrooorites. Steps also occur io
ratios such as Zr/Nb. Clinopyroxene docs not sbow such distinctive steps io
c lement abundances between lithologies as ilmenite but gradients do occur.
In contrast to ilmenite, c linopyroxene has a higher Mg# in the olivine gabbros than the ox ide gabhronorites. C linopyroxene is almost unzooed iu the
oxide gabbronoritcs but strongly zoned in the olivine gabbro host rock.
Gradienl~ in elemcOl abundances also occur both across the modal boundary (e.g., V in clinopyroJtene}, and within j ust the oxide gabbronori te. for
example, Cr in clinopyroxene decreases smoothly from - 150 ppm to <20 ppm
from the olivine gabbro into the oxide gabbronori te. Zirconium aod Nh
abundances in ilmenite increase sys tema tica lly with depth in the oxide
gabbronori te but are subcoostant and higher io ilmenite in the adjacenl olivine
gabbro.
Interpretation: The modal. textu ral , and geochemical chnracJcristics
described above arc interpreted to have been generated as melt migr.l!ed
through a decimeter-cemimctcr-scale channe l in a crystal mush similar to as
has been proposed by earlier workers [2.3]. Reaction between the migrating
mell nod the surrou nding wnll rock. was complex. Moda l metnsoruatism
resulted in the rep lacement of olivi ne by orthopyroxene ;md the dissolution

of plagioclase and cl inopyroxene and growth of ox ides. These reactions ca n
exp lain the, otherwise u nexpected, higher MgO content o r il menite in the
oxide gabbronorite, in which cl inopyroxene has a lower Mg#. This is explai ned by the buffering of the melt MgO. by lhc replacement of orthopyroxene by olivine, and by the dissolution of clinopyroxene. The invading
melt must have had a higher Si- activity than melt in equi librium with the
oli vine. gabbro. leadi ng to olivine replacement by orthopyroxene. This reaction may have pmduced lhe increase in the activity of Fe in the melt necessary for oxide saturation. Complete fluxing of the oxide gabbronorite is
indicated by the l.ack of zoning in clinopyroxene.
Lack of large increases in ratios such as P/Nd in clinopyroxene in oXcide
gabbronorites suggest the metasomalising melt was not fomted by im1nist..'ible
separation.
Element abundance gradients in the host o livi ne gabbro (e.g .. Cr in
clinopyroxene) arc interpreted as the result of cryptic metasomatism of the
wa ll rock during melt flow. This may have been caused cillter by diffusion
through iotcrstilial melt in lhc wall roc k. or advection of melt perpendicular
to ll1e main melt nux direction. Significant me lt flux through the proto-ox ide
gabbronorite is required to drive the reaction and cryptically metasomati zc
the wall rock ,
Trace- and major-clement modeling will be presented with the aim of
investigating the composition of the mctusomatizing melt and constraining
Ute mel t flux .
Rcferenet.-s: [I ] Robinson P. T. ct a!. (1989) Proc. /nit. Rpr. ODP Leg
I /8. [2] Dick H. J. B. et al. (1991) Prnc. Sci. Res Leg 118. [3] Nntland J. H.
ct al. (1991) Proc Si·i. Rl!.r. Leg I /8. [4] Cannat M. et al. (1995) Pror. !nit.
Rpt. ODP Leg 153.
RESIDENCE OF MAGMA AT KILAUEA VOLCANO, HAWAI'I:
INI'ERNAL TIIORIUM·230-RADlUM·226 ISOCHRON DATING OF
TilE 1955 EAST lU.Ff ERUPTION. K. M. Coop.:r1·2. M. R. Reid•. R. C.
Roback2, M. T. MurreiJ2. and D. A. Claguel. 1Deparunent of Earth and Space
Sciences. University of Californ ia. Los Angeles, 595 Charles Young Drive
East, Los Angeles CA 90095. USA (kcooper@ess..ucla.edu}, lMail Stop J514.
Los Alnmos National Labor:~tory. CST-7. Los AlallJos NM 87545, USA.
!Monterey Bay Aquarium Research Insti tute, P.O. Bo~ 628. 7700 Sandhotdt
Road, Moss Landing CA 95039, USA .
Introduction: Magma residence limes are difficult to quantify. but have
been ~stimaled by a variety of methods. For Kilauea Volt<tno in H:~wni'i ,
calculations based on geophy~ical estimates of reservoir vol ume combined
with supply rate yield residence times from I()() yr (I] to 3000 yr [2 ). whereas
estimates based on geochl~mical variations iu erupted lavas ar6 30-1 80 yr [3].
and an estimate based on crystal size distribution is - 10 yr [4]. This range
of tens to thousands of years represents very large uncerta inties in timcscales
of magma transport and differentiation. We undertook a different approach
to deterrniniog residence times by comparing the relative magnitudes of
disequilibria between 23il'fh and its immediate daughter 226Ra (1 112 =1600 yr)
in miner.U and groundmass separates from lavas. The magnitude of disequilibrium iu ru]ncrats is a function of the initia l fractionation o[ Ra from Th
and of the time elapsed since crystal growth. Because no long" lived isotope
of Ra exists, we use Ba as a chemical proxy for inherited Ra in the mioerals.
By cons idering theoretical cliffcrenccs in partitioning behavior of Ra nod Ba.
we can account for fractionation effects. allowing us to obtain an intemally
consistent age of crystallization. We present he.re resu lts from the early stage
of the 1955 East Rift eruption of Ki lauea and a minimum residence time
derived from the 226Ra-Bil'fh disequilibria.
Results: We measured Ra, Ba, and Th wnceottations and Th- and Uisotopic ratios in pyroxene. plagioclase. and groundmass separates from the
1955 lava by therma l ionization mass specttometers (T IMS) at Los Alamos
Nationa l LabordtOry. Our measurementS of Ra and Th conceotrations in these
separates are among the lowest ever reponed. Uranium-238 and 1J 4U are in
secular equilibrium. as expected for unaltered volcanic rocks. An upper limit
of 545 yr for fractionation of Ra !Tom Th in the pyroxene can be calculated
by assuming ll1at the mca~ured 226Ra is entire ly the result of in siw decay
of ~'%. 1l1c 126 Ra/Bu ratio of pyro;»ene is -6x larger than lbat measured
in plagioc lase: un less l.h is di fference is duet<> Ra/Ba fractionation during crys-
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tallization, it must reflect relative changes in 226Ra due to radioactive decay
since crystallization. The apparent age of 448 :!:: I 0 yr for the plagioclasepyroxene mineral isochron would represent a volume-averaged age of crystallization of these minerals.
However, the groundmass does not lie on the pyrollene-plagioclase isochron. Taken at face value, this might indicate that the phenocrysts did not
grow from the melt represented by the groundmass, but petrographic and
geochemical evidence from the early 1955 lavas are consistent with equilibrium be!Ween the groundmass and plagioclase and pyroxene phenocrysts. A
theoretical analysis of Ra and Ba partition coefficients based on the model
of [5] suggests that a more likely explanation for the discrepancy is that Ra
and Ba were fractionated during crystal growth. Our calculations predict that
D8 • should be 5-50x larger than ~.in plagioclase and pyroxene. The precise
values of these partition coefficients are sensitive primarily to temperature
and crystal composition. Within a reasonable range of magma temperatures
(from initial coprecipitation of pyroxene and plagioclase from Kilauea magmas at ll60°- li70°C to eruption temperatures for the early 1955 lavas of
-ttoo•c) and crystal compositions, the apparent discrepancy between
groundmass and phenocryst compositions can be e11plained entirely by predicted Ra-Ba fractionation.
Based on our calculated partition coefficients, differential fractionation
of Ra and Ba accounts for only a minor component of the observed differences in 226RaJBa in the pyroxene and plagioclase separates, and, in fact,
would predict higher 226RafBa in plagioclase than pyroxene. Thus, the higher
226RaJBa in pyroxene must reflect in situ decay. When Ra/Ba fractionation
in the three components are simultaneously considered, the data are consistent with crystallization of pyroxene and plagioclase from a magma represented by the groundmass composition at a mean age of 530-540 yr before
present.
Discussion: The minimum residence time for the early 1955 magma
implied by this analysis is therefore -500 yr, substantially longer than most
previous estimates of residence time for Kilauea magmas. Because the age
obtained represents an average age of crystallization, a significant volume of
crystals likely formed much earlier than 500 yr before eruption. If crystal
growth rates were constant, crystallization of plagioclase and pyroxene would
have begun -1000 yr before eruption. Assuming a steady-state system and
combining 500-yr minimum residence time with a magma supply rate of
0.08-0.11 kffil/yr [I] would imply that the volume of interconnected magma
in the reservoir is >40 kml (as compared to typical estimates of -II km3
[e.g., I]) and/or that the magma supply rate is lower than previous estimates.
Using our residence estimate and the temperature interval for pyroxene + plagioclase crystallization discussed above, we calculate an average cooling rate
of <0.14°C/yr; if crystallization began at 1000 yr , the cooling rate would be
0.07•C/yr. The average temperature of the primary magma entering the reservoir has been estimated at 1346°C [2]; if our calculated cooling rates are
similar to cooling rates early in the storage history of the magmas, 10002700 yr of residence would be required prior to the beginning of pyroxeneplagioclase crystallization.
Rererences: [I] Decker R. W. (1987) U.S. Geological Survey Prof
Paper 1350, 997-1018. (2] Clague D. A. (1996) AGU Chapman Con[
(Tenerife, canary Islands), 20- 21. [3] Pietruszka A. J. and Garcia M. 0.
(1999) EPSL, /67, 311- 320. [4] Mangan M. T. ( 1990) J. Volcano/.
Geotherm. Res., 44, 295-302. [5] Blundy J. and Wood B. (1994) Nature,
372, 452-454.

zonation in cathodoluminescence (CL) or backscattered electron images. It
commonly has -100-1000 ppm U and Th, with ThiU >0.2, compositionally
typified by zircon from a 4-5 Ma Andean crystal-poor rhyolite ignimbrite
[2) (Fig. 1). Glass, zircon, apatite, and monazite in this rock were analyzed
by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
with 25-50-llfll spot size and depth. Partition coefficients (Kd) are valid for
igneous zircon growth.
The REE3• cations together with Sc define a 0.9-A peak, the optimal size
for ions entering the Zr site. A parallel curve through 4+ Th, Zr, and Hf is
consistent with this interpretation, their I 00-fold higher Kd reflect a charge
balance problem for 3+ cations entering the Zr site, incompletely compensated by ps•.si...._ substitution. The positive Ce anomaly, typical of magmatic
zircon, is due to the local oxidation of Cel> to Ce4+ entering zircon (3], driven
by the charge balance requirement and the near-optimal size of Ce4•. Despite
the high Kd predicted for U by the 4+ curve, it plots below the 3+ curve in
most magmatic zircoo. Why? (I) Ol{idation to Uf>+(0.8IA), although possible
by analogy with Ce, would not decrease its theoretical Kd. (2) The CL
oscillations seen in igneous zircon are due to an intrinsic bright CL signal,
modulated by variable U (350- 915 ppm io TOC3 zircon), quenching the CL
as it exceeds 3-400 ppm [I]. (3) Magmatic zircon commonly has small Urich, CL-dark cores. (4) Intermediate and mafic rocks, with lower U levels
than rhyolite or granite, have CL-dark, higb-U zircon reflecting more efficient supply of U (higher T, lower viscosity). These observations suggest that
U partition into magmatic zircon is retarded kinetically. High theoretical Kd
and low U levels in magma relative to Zr (TOC3: U I 0, Zr 70, Th 19 ppm).
and relatively slow diffusion of U from the surrounding magma, results in
depletion-replenishment cycles in the magma around growing zircons.
Metamorphic Zircon: Metamorphic zircon may be recognized in CL
images, overgrowing or cutting across igneous growth zonation. It is usually
CL-homogeneous and may be either bright or dark, depending on U content.
Figure 2 features a domain of CL-bright reworked 940-Ma zircon in a
CL-dark 1680-Ma magmatic grain from the Boris tonalite (the magmatic
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Fig. 1. Onuma Diagram for Andean rhyolite pumice TOC3 from the
Altiplano-Puna volcanic complex [2]. Radii all for six-fold coordination after
Whittaker and Muntus (1970).
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APPLICATION OF CHARGE-RADIUS CONCEPTS TO TRACE
ELEMENTS IN IGNEOUS AND METAMORPHIC ZIRCON. 0 H.

ComeiJI, A. Schersten 1, P. Hoskin2, and J. Lindsay3, 1Gothenburg University,
Box 460, SE 40530. Sweden (comell@geo.gu .se), 2Australian National
University, canberra, Australia (paul.hoskin@anu.edu.au), 3GeoForschungsZentrum, Potsdam, Germany (kiwi@gfz-potsdam.de).
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Introduction: Zircon, ZrSi04 , is a geochronological archive because of
its trace-element content and stability. Despite startling advances in imaging
aod dating polyphase zircon grains, the attribution of dates to igneous or
metamorphic events still suffe.rs from a lack of theoretical explanations for
zircon's unique trace-element behavior and internal structure (!].
Igneous Zircon: Igneous zircon is often characterized by oscillatory
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Fig. 2. Oouma diagram for metamorphic zircon in Borfts Intrusion tonalite
AA%35, Sweden, analysis by ion probe and LA-ICP-MS.
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zircon shows features similar to Fig. 1). Its composition is typical of both
new and completely reworked metamorphic and also pegmatite zircon and
reflects equilibrium with hydrous fluid rather than growth from silicate magma
(the whole rock is used for convenience). The disapperance of Ce anomaly
and coherence of Th and Ce with the REEl+ curve shows that charge-balance considerations were unimportant. This may reflect substitution of [OH)for 0 in the zircon lattice, providing charge-balance flexibility. Uranium also
plots close to the curve: metamorphic zircon generally has the low ThiU ratios
that crystal-chemical theory predicts for equilibrium zircon. The fluid-dominated system presents no kinetic problems to the attainment of equilibrium.
This crystal-chemical approach provides a theoretical basis for the distinction and dating of different types of zircon.
References: [I) Cornell D. H. et al. (1997) Terra Nova. 9, 450.
[2) Lindsay J. et al. (1999) J. Conf Abstr., 4, 414. [3] Hinton R. W. and
Upton G. G. J (1991) GCA, 55, 3287-3302.
AT LEAST THREE CARBON-ISOTOPIC EXCURSIONS/GLACIA·
TIONS IN THE NEOPROTEROZOIC: CARBON-ISOTOPIC CHEMOSTRATIGRAPHY OF NEOPROTEROZOIC-CAMBRIAN STRATA,
SOUTHERN GREAT BASIN, USA. F. A. Corsetti 1 and A. J. Kaufman2,
•Department of Geological Sciences, Preston Cloud Research Laboratory.
University of California, Santa Barbara CA 93106. USA (corsetti@magic.
geol.ucsb.edu), 2Department of Geology, University of Maryland, College
Park MD 20742, USA.
Neoproterozoic sedimentary rocks record very large changes in the Cisotopic composition of seawater(>14%. PDB), many times greater than most
excursions seen in younger sediments [ 1]. In Neoproterozoic time, intensely
negative C-isotopic excursions were apparently associated with widespread
glaciations -700-750 Ma and 560-600 Ma [1,2]. However, the number and
form of C-isotopic excursions and glaciations found in Neoproterozoic strata
between -750 Ma and -548 Ma are currently debated [2-6]. Some research-
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Fig. 1. Carbon-isotopic composition of microsampled primary marine
phases vs. stratigraphic position. Note the presence of three negative isotopic
excursions (a, b, c) in association with glacial or presumed glacial deposits.

ers interpret at least four post -750-Ma glacially-influenced negative C-isotopic excursions [1-3,6]. Others find no more than two major negative Cisotopic anomalies in any one stratigraphic section. and extrapolate only two
glacial events [4,5].
In Death Valley, California, we have identified three negative C-isotopic
excursions in a continuous Neoproterozoic sequence. Two older excursions
(within the Sourdough Limestone member of the Kingston Peak Formation,
and the overlying Noonday Dolomite) are in direct association with glacially
derived strata (a and b in Fig. I, recently confirmed by others). The oldest
glacial deposits contain iron-formation, similar to many "Sturtian" glacial deposits in other localities [!]. A third profoundly negative excursion (in the
overlying Johnnie Formation) is found in association with deeply incised
valleys indicative of major relative sea level change (c in Fig. I. also suggestive of glacial character), and was apparently not sampled by previous
workers [e.g., 5]. Nonmarine sediments (the Stirling Quartzite) overly the
strata containing the third excursion, precluding the potential preservation of
a fourth excursion, as predicted by others. The Precambrian-Cambrian Boundary is constrained by the presence of Phycodes (Treptichnus) pedum in the
overlying Wood Canyon Formation. and conflrmed by the presence of a
negative isotopic excursion, as seen in many other pre-C-C boundary sections.
Thus, we suggest that there were ar least three negative C-isotopic excursions in Neoproterozoic time associated with glaciations, casting doubt on
the claim of only two excursions/glaciations.
References: (I] Kaufman A. J. and Knoll A. H. (1995) Precambrian
Res.. 73, 27-49. [2] Kaufman A. J. eta!. (1997) Proc. Natl. Acad. Sci., 94,
6600 - 6605. [3] Hoffman P F. eta!. (1998) Science, 281, 1342-1346.
[4] Kennedy M. 1. eta!. (1998) Geology, 26, 1059-1063. [5] Prave A. (1999)
Geology, 27, 289-384. [6] Saylor B. Z. et al. (199S) J. Sed. Res., 68, 12231235.

TRACE METALS IN SEDIMENTARY IRON SULFIDES: PRELIMINARY RESULTS. C. F. Cottnam,l. B. Butler, and D. Rickard, Department
of Earth Sciences, Cardiff University, Park Place, Cardiff CFI 3YE, Wales,
UK (cotblam@cardiff.ac.uk).

Introduction: Anoxia are important in sediments and the water columns
of restricted basins. The biosphere extends well below the present-day surface and, in these anoxic environments, sulfides control the bioavailability
and mobility of metals by formation of sulfide minerals and aqueous complexes (I ,2] and by sorption of metals with sulfide minerals. Iron sulfides are
by far the most common sulfide minerals formed in sedimentary environments, and the association of high concentrations of metals such as Cu. Co,
Ni, Hg, Pb, Au, etc., with iron sulfide minerals is well documented [e.g., 3.4).
with concentrations of >10 wt% reported for metals in sedimentary mackinawite [4]. Both coprecipitation and adsorption mechanisms have been proposed as the means of trace metal incorporation with sulfide materials.
Experimental: Coprecipitation and adsorption of metals (Co, Ni, Cu,
Pb, and Zn) at low temperature (25°C) with precipitated Fe(ll) monosulfide
have been experimentally investigated. For coprecipitatioo experiments two
methods were utilized: (I) direct precipitation of mixed Fe and metal solutions by addition to sulfide solution, and (2) electrolytic corrosion of metal
doped Fe wire in the presence of H 2S(aqJ. Surface adsorption of metals on iron
sulfides was studied by measurement of uptake of metals onto preprecipi tated Fe(JI) monosulfide (disordered mackinawite) at low (jJM) concentration.
Results: In coprecipitation experiments, it was found that nucleation of
metal sulfides with FeS resulted in the formation of discrete sulfide minerdl
phases that were identifiable using Debye-Scherrer X-ray diffraction (XRD)
methods. The precipitation kinetics of FeS have been shown [5] to follow
standard Eigen-Wilkins kinetics where the rate of substitution of H2S for H20
is a function of water loss for the aquocation, -k,.. Experimental evidence
[5,6) suggested that the relative rates of CuS and ZnS formation are also consistent with this mechanism. It is therefore proposed that the rates of formation of first row transition metal sulfides are a function of -k,.. The water
loss rate constant for the first row transition aquomctal ions (Cu-Fc) varies
from I x 107 (Fe(ll)) to 8 x 108 (Cu(ll)). The rate of precipitation of the
sulfides via the Eigeo-Wilkins mechanism is then in the order CuS (fastest)
> ZnS > CoS > NiS > FeS (slowest). Thus high weight percent concentrations if metals in association with natural sedimentary mackinawite cannot
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be the result of coprecipitation of metals with the FeS phase, since each frrst
row transition metal sulfide forms at a different rate, but Cu-Ni sulfides before
FeS. In the case of MnS this forms slower than FeS and Mn could be incorporated in FeS by a coprccipitation mechanism (consistent with the observations of Raiswell and Plant [4)). No information is available about the
mechanism of PbS, HgS. and AuS precipitation from aqueous solution and
therefore -kw cannot be used as a rate proxy at this time.
Adsorption experiments demonstrate the rapid and efficient adsorption of
metals from solution by precipitated FeS. Adsorption of metals present at~
concentrations over the duration of the experiment resulted in the concentration of metals to weight percent levels without nucleation of discrete sulfide phases. We conclude that the association of high trace-metal concentrations with FeS in sediments is primarily the result of adsorption of metals
from solution at low concenttations.
Future Directions: The behavior of metals associated with sedimentary FeS during pyrite formation is not well understood. The nature of the
reaction pathway is expected to affect the metal loading of the pyrite and the
bioavailability of metals. Experimental studies of metal incorporation during
pyrite formation reactions will aid predictions of the medium term behavior
of pollutant metals in landftll sites, anoxic sediments, and consttucted wetlands.
References: [I) Luther G. W. Ill and Ferdelman T. G. (1993) Environ.
Sci. Techno/., 27, 1154-1163. (2] Luther G . W. Ill et at. (1996) Environ. Sci.
Techno/., 30. 671-679. [3) Huerta-Diaz M.A. and Morse J . W. (1992) GCA,
56, 2681-2702. (4] Raiswell R. and Plant J. (1980) Econ. Geol., 75, 684699 [5] Rickard D. ( 1995) GCA, 59, 4367-4380 [6] Rickard D. et al (1995)
in ACS Symposium Series, Vol. 612 (M . Vairaramurthy and M. Schoonen,
eels.), pp. 168-193, ACS. (7] Sweeney R. E. and Kaplan I. R. (1973) Econ.
Geol., 68, 618-634. [8) Rickard D. (1975) Am. J. Sci., 275, 636-652.
[9] Rickard D. (1997) GCA, 61, 115- 134. [8] Wilkin R. and Barnes H. L.

(1996) GCA , 60, 4167-4179.

A SINGLE-SITE MODEL FOR METAL ADSORPTION OVER A
RANGE OF SURFACE COVERAGES. L. J. Criscenti and D A.
Sverjensky, Department of Earth and Planetary Sciences, Johns Hopkins
University, Baltimore MD 21218, USA (crisc_lj@jhuvms.hcf.jhu.edu;
sver@jhu.edu).
The rate of metal migration in the subsurface environment depends on
the metal concentrations adsorbed by minerals. Metal adsorption over a range
of surface coverages is often depicted as isotherms, in which the equilibrium
concentrations of adsorbed and aqueous metal are compared on a log-log
diagram. If data are collected over a range of metal concentrations. the isotherms are curvilinear, with slopes of I at low concentrations and slopes less
than I at rugher concentrations. Before the development of surface complexation models, the Langmuir equation, which accounts for adsorption to one
surface site type, was used to describe the isotherm at low surface coverages.
As the isotherm slope decreases, it was inferred that the metal adsorbs to more
than one site type [1).
This interpretation bas been incorporated into surface complexation studies without an adequate investigation of the effects of surface charge and
potential on calculated isotherms. Previous workers have shown that a singlesite triple layer model (TLM) can predict Co adsorption over a range of
surface coverages [2) and that the curvature of isotherms calculated with a
single-site TLM differs depending on the choice of complex [3]. It is proposed here that metal adsorption over a wide range of surface coverages can
be described by a single-site TLM and that the observed differences in
adsorption isotherm curvature reflect the formation of different types of metal
surface complexes.
In this study, the Extended TI..M [4) is used to develop a model for metal
adsorption. In previous work [5], metal adsorption edges over a range of ionic
strengths were fined using one or two surface complexes. A large variety of
complexes (e.g., >SOHMl•-N03-, >SOM•, >SOHMl•) were found for different metal-solid-electrolyte systems. These complexes and associated equilibrium constants can be used to predict adsorption over a range of metal
concentrations. For example, the complex and log K found to fit ionic strength
data [6) for Co adsorption onto magnetite (Fig. Ia) successfully predict
adsorption for Co concentrations from I 0-9 to IQ--4 M. (Fig. Ib).
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Cobalt adsorption onto magnetite. Data from [6].

Surface complex stoichiometries and equilibrium constants can also be
determined by fitting a suite of adsorption isotherms at different pH values.
Within the context of a TLM, an isotherm equatioo is given by

N,ll (t)K

X

10(->'1'. - v'1',..'2RI')

C..,= ----,:7--:------l +n(~)K x J0<-•'1'. - v'l',nR'J)
where Csc is the concentration of the complex, N, is the total site density,
a, and aP are the activities of the aqueous reactants and products, K is the
equilibrium constant, z, v. 'f0 , and 'f6 are the charges and electrostatic
potentials of the complex on the 0 and ~planes of tbe TLM. R is the gas
constant, and T is temperature.
The electrostatic potential term influences the shape of the isotherm. On
a positive surface, the larger this term, the more metal adsorption is suppressed. As a result, the Langmuir portion of the isotherm decreases and the
Freundlich portion (slope <I) increases. The maximum concentration of metal
adsorbed and the spacing between adsorption isotherms at different pH also
depends on the type of complex and the electrostatic potential term in the
isotherm equation.
Using this information, metal surface complexes have been found to fit
adsorption data for a wide variety of metals (Co, Cd, Cu, Pb, and Zn) onto
different solids (goethite, hematite, HFO, corundum, quartz, silica, rutile, and
magnetite) from different electrolytes (KN03, NaN03, NaCI, and NaCIO,).
Metal surface coverages ranging from l Q--9 moVm2 to I()-' moVm2 can be
fit and predicted successfully with a single-site TLM if the appropriate metal
adsorption reactions are chosen.
References: [I] Benjamin (1979) Ph.D. thesis. [2) Katz and Hayes
(1995) JC!S, 170, 477-490. (3 ) Robertson and Leckie (1997) JC1S, 188,
444-472. [4) Sahai and Sverjensky (1997) GCA. 61. 2827-2848. [5) Criscenti and Sverjensky (1999) Am. J. Sci., in review. [6] Tamura et al. (1983)
JC1S, 92, 303-314.
THE ORIGIN OF MINEWATER CONTAMINATION FROM THE
CARBONIFEROUS COAL MEASURE SEQUENCE IN THE UNITED
KINGDOM. S. J. Croxford', S. A. Banwart•. and J. C. Cripps2, 'Depart-
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ment of Ci,•i l Engineering, Sir Frederick Mappin Building, Mappin Street,
Sheffield S l 3JD, UK (cip98sjc@sheffield.ac.uk), 2Department of Earth
Science, Dainton Building, Brook Hill, Sheffield S3 7HF, UK (j .cripps@
sheffield.ac.uk}.
Since the late 1970s, more than 75% of British coal mines have been
decommissioned. The abandonment of these mines and associated operations
has resulted in a rapid rise in groundwater levels within the affected areas.
This rise in groundwater levels may result in the reestablishment of ancient
springs as well as the development of new discharges from abandoned mines
and associated structures. Water discharges generated through rebound are
liable to be contaminated with a series of chemicals associated with the
weathering of worked coal measure rocks . These contaminants can be detrimental to the local subterranean and surface environment. Therefore, it is
essential to understand the development of these contaminated minewaters
within various oxidizing and reducing conditions. Once these processes have
been understood it maybe possible to produce a predictive model for the
potential contaminant life span of a particular coal or mine field. Such research could a lso be adapted to consider other potentially contaminating
environments, including ore and mineral mining, and associated spoil tips,
opencast mining and industrial contaminated land.
In order to be able to develop a predictive model, it is essential that
chemical weathering processes of mined coal measure sequences be understood. Hence, a series of laboratory batch reactor and column experiments
are currently being constructed to determine the initial origin of minewater
contamination and to ascertain the rate of chemical weathering under set
laboratory conditions. These experiments will initially concentrate on a
Carboniferous Coal Measure sequence selected from the Rawdon COlliery site,
Moira, Leicestershire, England, from which a selection of unweathered and
partially weathered rocks of different lithologies have been obtained. The
samples comprised two Pyritic coal seams (P38 and P39 Coal), a siltstone,
ironstone, two seatearths, and two mudstones. These samples were identified
and classified for their initial chemical and physical properties prior to being
incorporated into a simple preliminary experiment. This initial experiment
was designed to determine the immediate reactively of the rocks in an aqueous solution. The initial pH measurement varies from highly acidic (pH 2.35)
with the pyritic coals to circumneutral (pH 6.2) with the ironstone. following completion of these initial tests, representative samples from each lithology were placed in batch reactors and submerged in a I x JQ-2 molar NaCI
solution. Atmospheric air was pumped through the batch reactors at a constant rate and pH and temperature levels were regularly monitored. Subsampling of the solid and liquid phases was periodically conducted to
determine the progression of chemical reactions within the two phases.
Following completion and evaluation of these experiments, column tests
will be conducted to study the chemical reactions that take place in unsaturated, oxidizing environments. Again, initial characterization of the samples
together with monitoring of the chemical and mineralogical changes will be
undertaken. Once these tests are concluded it is proposed that laboratory data
will be compared with field data to test whether the chemistry of the initial
and long-term discharges conform to predictions based on a known geometry, groundwater recovery, and sequence mineralogy.
CONTROLS ON METAL TRANSPORT IN SEDIMENT-COVERED
RIDGE-CREST HYDROTHERMAL SYSTEMS: EXPERIMENTAL
AND TIIEORETICAL CONSTRAINTS. A. C. Cruse and J. S. Seewald,
Mail Stop 4, Department of Marine Chemistry and Geochemistry, Woods
Hole Oceanographic Institution. Woods Hole MA 02543. USA (accuse@
whoi .edu; jseewald@whoi.edu).
Introduction: Hydrothermal activity at sediment-covered spreading
centers such as Middle Valley and Guaymas Basin involves the chemical
interaction of seawater with organic-bearing sediments and basaltic rocks. In
general, fluids in these environments contain elevated concentrations of
dissolved metals (Fe, Mn, Zn, and Cu} relative to seawater and are responsible for the formation of seafloor massive sulfide deposits. The presence of
sedimentary organic matter has a potentially strong impact on metal transport by controlling pH and redox. Due to the compte1.ity of natural systems,
the reactions by which organic matter influences metal transport remain

/

.

~

,!!It

!

~

i

U

.~"""'""";4.1

'"'

Fig. 1. Dissolved metal concentrations vs. temperature for sediment alteration experiments. Note log scale for concentration.

unclear. Presently, it is also uncertain as to the extent that sediments act as
a source of dissolved metals relative to underlying basalts.
Reaction Mechanism: In order to assess the role of sediment alteration
during metal mobilization, we conducted a set of hydrothermal experiments
reacting fluids of seawater chlorinity with unaltered organic-lean Middle
Valley and organic-rich Guaymas Basin sediments at 275°-400°C and 350400 bars (experiments MVMM and GB respectively). Metal concentrations
(Fe, Mn, and Zn) in both experiments increased with increasing temperature,
although metal concentrations in GB were up to an order of magnitude greater
than in MVMM (Fig. 1).
Variations in major-element fluid chemistry and observed alteration assemblages in GB suggest that precipitation of calcite represents an effective
means to generate acidity under hydrothermal conditions, provided sources
of Ca and C02 are available. During sediment alteration, albitization of
anorthite represents an abundant Ca source while alteration of organic matter
produces large amounts of C02 . To test this mechanism, a second Middle
Valley alteration experiment (MVCAL) was conducted in which excess calcite
was added to maintain saturation. Metal concentrations in MVCAL were
intermediate between those observed in MVMM and GB (fig. 1}. Fluid
speciation calculation suggests that in situ pH conditions during GB were
lower than during MVCAL, consistent with substantially greater amounts of
organically-derived C02 released during alteration of organic-rich Guaymas
Basin sediment.
Dissolved Cu concentrations in alllbree experiments remained at or near
detection limits. Dissolved H 2 concentrations in all e1.periments were high,
indicative of the reducing conditions caused by the presence of organic matter.
Our results are consistent with other experimental work. demonstrating that
Cu mobility is strongly influenced by redox conditions [I).
Comparison witb Basalt: COmparison of these data with results from
similar basalt alteration experiments [2) reveals that at a given temperature
basalt alteration results in dissolved Fe, Mn, and Zn concentrations intermediate between the two sedimentary endmembers. Copper concentrations were
generally higher during basalt alteration relative to sediment alteration due
to the more oxidizing conditions during fluid-basalt interaction. Our results
indicate that sediments can be highly effective sources of metals to hydrothermal fluids, provided sufficient organic matter is present to generate requisite C02. The range of dissolved metal concentrations observed in fluids
from active vents at Guaymas Basin and Middle Valley are consistent with
those observed in our experiments and suggest equilibration with over! ying
sediments during ascent from deep-seated reaction zones to the seafloor.
References: [ I] Seyfried W. E. Jr. and Ding K. (1993) GCA, 57, 19051917. [2) Seewald J. S. and Seyfried W. E. Jr. (1990) EPSL, JOJ, 388- 403.
INTERLABORATORY DATA ON ELEMENTAL AND ISOTOPIC
CARBON IN THE CARBONACEOUS PARTICLE REFERENCE
MATERIAL, NIST SRM 1649A. L.A. Currie!, B. A. Benner Jr.t, R.
Cary2, E. R. M. Druffell, T . I. Eglinton'. P. C. Hartmanns, J. D. Kesslert,
D. B. Klioedinstl, G. A. Klouda 1, J. V. Marolf!, C. A. Masiello3, A. Pearson4 ,
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J. G. Quinn), C. M. ReddY' J. F. Slater'>, and S. A. Wisel, 'Nalwnallnstitute
of Standards and Technology Gaithersburg MD 20!1\1<1, USA, !Sunset
Laboratories Inc., 2..!21 Ye" SIIt:tl. Forest Grove OR 97116, liSA JDepart·
meot of Eanh Sysltm ~cience, Umversity of Califorrua, Irvine, Irvine CA
93697, USA. •Department of Marine Chemislry and Ge0ehemistry, Wnods
Hole Oceanographic loslitution, Woods Hole MA 02543, USA, ~Graduate
School of Oceanography, Uoiversuy of Rhode Island, Narragansett RJ 02882,
USA. 6Ciimate Change Research Cent"r, Un1versity of New Hampshtre,
Durham NH 03824, USA.

Because of increased ioten:st in the marine aod atmospheric sciences in
elemcolal carbon (EC) or black carbon (BC) or soot carbon (SC), and the
difficulties in analyzing or even defining this pervasive component of particulate C, it has become tncreasingly important to have reference materials
for intercomparison and quality control. The NIST "urban dust" slandard
reference material SRM L649a is useful in this respect, 10 par! because it
comprises a considerable aJTaY of inorganir aod organic species, and because
it exhibits a large degree of isotopic heterogeneity. Certain organic fractions.
for example. have
contents renecting essentially fossil source.~ (aliphatic
frJci.Jon), whereas others conlain stgnificant amounts of hiomass C' (polar
fraction: 43% modern C).
Although th~ "Washington urban dust" was collected from the Washington DC aunosph~re more than 20 years ago, it is only within the past five
years that a significant increase has been seen in C.isotopic and -clemenr<JI
data for this SRM. Nolllble exceptions were the use of this SRM, together
with its partner from St. Louis (SRM 1648), in a revealing EC intercumparison in the early I 'l80s, and nc and ••c dala for total and aromatic
fractions. published in 1984. During 1998, SRM 1649 was repackaged and
recertified as SRM 1649a. with the issuance of a Certificate of Analysts dated
November 19, 1998. In contrast to previous certificat.es, this one devoted an
entire page to "Reference values for carbon composition of SRM 1649a"
including coocentrotion data for total C and six different subclasses, and
speciaisotopic dala ( IJC, I~) for four of these. Also, for the first time
tion in individual PA.H was listed.
During the past two years, informal intercomparisons have been under
way among several lahor.rtories represented by the coauthors of this paper,
using SRM 1649a and other cnvironmcnlal SRMs. with a special focus on
the elemental carbon concentration, and 13(' and ''C in EC. A 5\Jn:unary will
be given of these new dara, together with an indication of metl1od dependence,
which is considerable. (EC results range from -0.02 to 0.13 gig.) The new
dam will also have an opportunity co find a place in an cxpnndcd C-isotopic
and -elemental table in a revised ( 19')9) Certificate: of Analysis. A primary
goal of the posta presenlation of the recent interlaboratory tlala on EC and
C isotopes in EC and other sigmficant fro~ctions is to create a forum for
discussion of the merits of the several chemical and thermal EC methods,
especially as they relat.t: 10 tlle subsequent determination of meaningful ref
ereoce values for 'lC and '~. A secondary goal is to consider the need for
establishing a broader. more formal fr.unework for inr:crcomparison, wrth
extension to other environmental carbonaceous reference materials, as appropriate.
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THERMAL OPTICAL ISOTOPIC ANALYSIS OF ELEMENTAL
CARBON lN CARBONACEOUS PARTICLES. L. A. Cunie and J. D
Kessler, National lnsutute of Standards and Technology, Gatthersburg MD
20899, USA.

Elemcnlal carbon (EC), also referred to as black carbon (BC) or soot
carbon (SC'), is one of lbe most interesting and important, yet one of the most
metrologically elusive forms of C in tire environment. Jts import.1oce springs
from its unique role as a tracer of fire (incomplete combustion). especially
in the flaming stage. and from its potential impact on climate via rndiation
forcing. Carbon-isotopic dala for EC has special utility for the discrimina·
tion of source fuels. on the basts of photosynthetic cycle (llC) and "age"
(fossil, biomass: 1'C).
The essential problem with EC is that it is 1101 a unique substance. but
rather a continuum, so that analysis and isolation necessarily rdy upon
operational physicochemical definitions. This problem is compoUD.ded for
isotopic measurements of EC. beca~e it must be isolated prior to measure-

mcnt by isotope ratio mass spectrometry (IRMS, DC) and/or accelerator mass
spectrometry (AMS. I'C'). for studies involving tiny ~amplcs from remote
atmospheres and polar icc cores. lor example, one faces a further complication from impurities and blanks assClCiated with some of the more vigorous
chemical methods of EC isolatiOn. We present here the results of a nt:w
approach to EC-isotopic measurement, using the spec1al charactcnstics of llw
tht:rrn3l optical transmission (TOT) method of EC assay. combined with a
much technique for capturing TOT fractions for subsequent isotopic analysis
by l RMS and/or AMS. Special meriLS for low-level measurements of this
purely thermal technique for EC isolation are (I ) minimal blaol-s and impurities. and (2) discrimination of EC from pyrolyzed C via continuous monitoring of sample transmission.
The results will be demonstrated with tsotopic dala for a series of fractions. culminating in EC. isolated from NIST SRM I 649a. the urban dust
carbonaceous particle standard reference material. The resulting ~~ data for
the organic and elemenla.l fractions of this isotopically heterogeneous materio! illustrate the utility of the approach, whicb is perhaps the forerunner of
particulate 14(' specration by continuous now TOT/AMS. Ultimately, with
online splitting to both types of mass spectrometer, one would have the
capability of producing three dimensional dual isotopic tltermograms
SEA·LEVEL AND DEEP-OCEAN TEMPERATURE CHANGES
SJNC.E THE LAST INTERGLACIAL FROM COMBINED PROTACTINTUM-231 AND l'HORJUM-1..'~0 DATING OF CORALS. K. B.
Cutlt:r1, R. L. Edwards1, F. W. Taylor!. H. Cheng1, J. Adkinsl, C. D. Gallup~.
and G S. Burrj, 'Department of Geology and Geophysics. Umversity of
Mioneso\3, Minneapolis MN 55455, USA (bao.k0026@tc.umo.edu), zrostitute
for Geophysics, University of Texas at Austin, Austin TX 78759, USA.
lLamont-Doherty Earth Observatory, Columbia University, Route 9W. Palisades NY 10954, USA, 4Deparunent of Geology, Universuy of Maryland,
College Park MD 20742, USA, .IDcpartmcnt of Physics, National Science
Foundation Accelerator Facility for Radioisotope Analysis, University of
Arizona, Tucson AZ 85721, USA.
We use high-precision 231Pa dating t~chniques to test the accuracy of
ages of fossil corals (I j and thereby eslablish the timing and amplitude
of sea-level changes since the last interglacial. Corals from Papua New
Guinea, Barbados. and elsewhere have been used since lhe 1960s to reconstruct sea-level history based on coral elevation, age, and local tectonic uplift
rate. The ability to pinpoint thc Lime of sea-level events was subst!lDtially
improved in the late 1980s with the advent of high-pre.:isitm l3ont methods
for dating corals. Despite these advan\:es, the timing of sea-level changes has
remained somewhat controversial due to the possibility of diagenesis and
subsequent alteration of the coral age. Now, with similar techniques and
comparable prt:cision possibh: for l.ltpa dating, we have an indept:ndent check
on BO'fb ages, which adds considerable confidence to sea-level histories
established from samples that record concordant ages.
We dated nearly 30 coral samples from Papua New Guinea and Barbados with high-ptecision 230111 and ?..ltpa dating methods. The results were
added to the existing bank of coral-based sea-level data and all da1a were
screened based on the precision in sample age, proximity of the initiaJI)lJ•u
value to the modem marine value, and degree to which the local diagenetic
processes arc Cllnstrained. Our data were subjected to an additional filter,
ZJO'fh and 231pa age-concordancy. The resulting dala were used to obtain a
sea-level record.
Our data confirm a number of well established aspcccs of the sea-level
curve, and also resolve some discrepancies. furthermore, our data places new
constraints on rates of sea-level change for specific portions of the curve. Sea
level dropped rnpidly between marine 0-isotoprc st.ages Se to 5d, Sc to 5b,
Sa to 4. and 3 to 2. The most rapid drop 1ook place during the Sa to 4
transition. when sea level dropped at a rate of 9.2 mlk.y. ror 5 k.y Thus.
almost 40% of glacial ma~imum ice volume was accommodated in 5 k.y. Ad·
ditionally. our !lata yields the height of sea level during s1age Sb, rev~aling
that sea level dropped about 44 m between stages 5c and 5b, and rost: about
49 m between slages 5b aod 5a.
Eal·h of the four periods of rapid sea-level drop correspond iu lime to
intervals of unusually low northern hemisphere summer insolation (2J, suggesting a fairly direct relationship between orbital forcing and climate durZJO'fh
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ing these intervals. Conventional wisdom suggests that long periods are
required to reach maximum glaciation during a glacial cycle. Our data sug·
gest that in fact ice bui Jdup is at times very rapid. Thus, we argue that long
intervals of Lime are required to reach maximum glaciation because the
conditions amenable to glacial growth, i.e., very low insolation values, occur
for only brief periods of time.
Protactinium-231 dating has also given insight to the nature of diagenesis at sample sites in New Guinea. Samples of the same age but with different degrees of alteration, and thus varying degrees of discordancy between
the 23tpa and 230'fh ages, were plotted on a (231Paf23SU) and (230'fhl2l4U)
concordia diagram. The results revealed that the local diagenetic processes
usually involved significant Pa loss accompanied by a much smaller change,
by Joss or gain, in the Th budget.
Finally, a plot of sea level vs . deep-Pacific o 1SO reveals that a significant
deep-ocean temperature shift occurred subsequent to 5e and during Termination I, consistent with the conclusions of earlier workers [3). In addition,
our sea-level record, combined with constraints from ol8() measurements on
stage 2 pore fluids [4], indicate that the cooling subsequent to 5e was smaller
than the Termination I warming. The temperature residual is linearly correlated witb sea level between stages 5c and 2. We observe a similar pattern
in the deep Atlantic, but find a larger temperature signal.
References: [I) Pickett D. A. et at. (1994) Anal. Chem., 66. 10441049; Edwards et al. (1997) Science, 276, 782- 786. [2) Berger A. (1978)
Quat. Res., 9, 139-167. [3] Chappell J. and Shackleton N.J. (1986) Nature,
324, 137-140; Fairbanks R. G. and Matthews R. K. (1978) Quat. Res., 10,
181-196. [4) Schrag D.P. et al. (1996) Science, 272, 1930-1932.
THE NEODYMIUM-ISOTOPIC COMPOSITION IN A BOREAL
RIVER: A REFLECTION OF SELECTIVE WEATHERING AND
COLLOIDAL TRANSPORT. R. Dahlqvist•, P. S. Andersson•, and
J. Ingri2, 1Laboratory for Isotope Geology, Swedish Museum of Natural
History, Box 50007, 104 OS Stockholm, Sweden (ralf.dahlqvist@nrm.se;
per.andersson@nrrn.se), 2Department of Geology and Geochemistry, Stockholm University, 106 91 Stockholm, Sweden (johan.ingri@geo.su.se).
Selective weathering of till in northern Scandinavia has caused a fractionation of the REE. The glacial ice left the area about 8700 yr ago. Since
then between 69% and 84% of the light REE and between 54% and 79%
of the heavy REE has been depleted from the E-horizon, the most weathered
part of the soil horizon, in the well-developed spodosols that dominate the
area [I]. Thus, light REE is depleted faster than heavy REE, which results
in increased Sm!Nd ratios with time in the spodosol profile.
The change in Sm!Nd ratios during selective weathering can potentially
cause a change in the Nd-isotopic composition [ENd(O)) of the released Nd.
The uppermost humus layer show more negative ENiO) compared to bulk soil,
whereas the depleted E-horizon have higher t:Nd(O) compared to the bulk soil
[2). The interpretation is that part of the Nd released from the E-horizon has
been redistributed to the humus layer by uptake of plants. As a result, the
water transported Nd does not necessarily have to reflect the ENd(O) of the
bedrock or bulk soi I.
Considering this, we have studied the river water transport of Nd by
analyzing concentration (CNd) and eNd(O) in a boreal river. the Kalix River,
in northern Sweden. The soils in the Kalix River drainage basin (24,000 km2)
are dominated by till, mainly derived from granitic material. The water has
been sampled at the river mouth on a weekly basis during 1991-1992, by
in .situ filtering through 0.45-~.tm filters.
The CNd show large seasonal variations generally correlated with discharge. The CNd vary from -500 pmoUL during winter and summer to
1800 pmoUL during peak discharge in the spring (Fig. I). This is in strong
contrast to the major elements, e.g., Na, Ca, Mg, K, and Cl, which are diluted
by meltwater during Spring discharge. The increased CNd with discharge
correlates with organic C (TOC) concentration and the suspended load.
Ultrafiltration data indicate that the REE in the river is transported in colloidal material rich in C and Fe [3].
In COntrast tO the CNd DO significant temporal variation is Observed for
the ENd(O), with variations from -27.I to -24.8 (Fig. I). The ENiO) in all
samples were lower thao in the unweathered till and bedrock, which have
typical values for the area of - -22.5 [I). The ENd(O) of the five samples are
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Fig. 1. Annual variation of discharge (ml/s) Nd concentration (pmoUL) and
ENd(O) (2s errors) at the river mouth of the Kalix River, northern Sweden.

more similar to the significantly, lower values found in humus and plant
material [2].
The river-transported Nd shows no direct correlation with the average age
of the bedrock in the catchment area, which is about 1.9 Ga. Instead the
composition is similar to tbat measured in plants and organic material. This
suggests that selective weathering in the E-horizon combined with plant
uptake and degradation governs the eNd(O) of the Nd transported in the Kalix
River. It is also clear that the river transport of Nd is strongly associated with
colloidal material mainly derived from the upper soil horizons in the Kalix
River catchment.
References: {I] Oblander B. eta!. (1996) Appl. Geochem., 11, 93-99.
[2) Oblander B. et al. (1998) Mineral. Mag., 62A, 1104- 1105. [3)Ingri J.
et a!. ( 1999) Chem. Geol., submitted.
OCCURRENCE OF TRACE ELEMENTS IN COAL ASH AND
SLUDGE AMENDED SOILS IN INDIA. S. Datta 1, B. Hart 1, M. A.
Powe!JI, W. S. Fyfel, and S. Tripathy2, •Department of Earth Sciences,
University of Western Ontario, London N6A 5B7, Canada (sdatta@julian.
uwo.ca), 2Department of Geology and Geophysics, Indian Institute of Technology, Kharagpur, India.
Removal of soil nutrients due to climatic and geological settings in many
parts of India has resulted in low biomass production. This work involves
the utilization of waste materials such as coal fly ash and sewage sludge for
remineralizing these soils and increasing their bioproductivity. The amendments (fly ash and sludgelwaterweed in ratios of I: I or I :2 with soils) become
an "artificial soil" and provide benefits not included when using NPK fertilizers. This method of utilization is favored over standard disposal methods
that ultimately involve local waterways.
RedJ!ateritic (pH 5.3-6.4) and black (pH 8.0-8.3) soils from the state of
Madhya Pradesb and saline-alkali soils (pH 10.3) from the Indo-Gangetic
Plains of Uttar Pradesh are being remineralized using the waste miKtures.
Sampling was carried out over a total of I00 ha from the two sites and was
based on a regular square grid with intervals set at I 00 m. Baseline and ftrst
year monitoring samples were collected from the upper 15 em and lower 4560 em. X-ray diffraction (XRD) coupled with scanning electron microscopy/
energy dispersive X-ray spectrometry (SEMIEDS) studies bave been used to
identify the relative proportions of important silicate phases including quartz,
Na-Ca feldpars, mica, and clays (kaolinite, montmorillonite), Fe-At oxidehydroxides (bematite, goethite, gibbsite, and ferrihydrite), and salts (halite,
sylvite, and gypsum) in the baseline soils. These data were compared to the
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majur-elemem oxides as determmed by X-r.ty fluorescence (XRF) A detailed
trace-element analysis by inductively coupled plaslllJI optical emission spectrometry (ICP-OES) (aqua-reg• a extraclton) was done on all the soil. ash, and
sludge samples. Putentially phytotoxic elements such us Cr. As. Pb. Nt , and
Co. and plant outri.:nts including Cu. Zn. K .tnd Mo have been considered
in tlus study These metals have been correlated wtth the mincml phases tn
the soil.
X-rJy photoelectron spectro54.:opy (XPS) shows the major-element distribution (0. C, Ca. Mg. K, Si. Cl. ami Na) in the upper few namJmeters of
sot! and mixrurcs. The surface chemical char~ctenstics of thc~c soils before
and after interaction with the ash-sludge mixture were studied by XPS. The
major species identified were of Fe (Fc•1 , Pe•J. FeOOH), AI (Al 20 3, AIOOHJ
and Mg (Mg4 . Mg{0H)2). XPS srudies show the trace elements in the soils
under different redox conditions. The relative capactty of the soil components
to adsorb/precipitate the potentially toxic trace elements or mcreasc the
mobility of tbe elements availability to t1Je plants has t>eeo assessed.
Contour plots of the lateral distribution of to.llic metals show good correlation among tbe metals but oo correlation with soil physical parameters
such n" pH, orgnojc matter or cation exchange capacity.
First-year mortitoriog samples show some changes in physico-cbemical
characteristics but no significant changes in the trace-meul concentrntion.
Preliminary dau show a maJOr increase in organic mnttcr content and ncutralizatton of soil acidity for the laterites.
IIAFNIUM-JSOTOPlC TIME SERIES IN IRON-MANGANESE
CRUSTS: A COMPARISON BETWEEN Enr AND EN.t VARIATIONS.
K. David 1 • M. Frank2. N S Belshaw2, and R. K. O'Nionsl, •Department of
Earth S~:ienccs, University of Oxford. Parks Road. OX I 3PR, Oxford, UK
(k;rriue.d@earth.ox.:u.:.uk). ~Department of Earth Sciences. University of
Oxford. Parks Road. OX I JPR, Oxford. UK.
IntrQduction: ln contrast to other radiogenic isotopic systems used in
marine geochemistry such as U-Th-Pb and Sm-Nd. tbe behavior of tbe LuHf systt:m is not totally well understood. The potential of Hf as a water mass
tracer remains uncertain. However, the use of Hf is interesting due to the large
range of isotopic signatures of tht major soUices of Hf in seawater and itS
potential to record hydrothermal inputs (1.2). At present only, Hf-isotopic
result~ obtained from Fe-Mn cntsts and nodules are available to provide
insights about Hf in seawater (2.3).
The aim of this study is to pursue questions of Hf sources to the ocean.~
and its behavior as a water mass tracer.
PreseoHlay Hafnium-isotopir Variations in tbe Wl.lrld'R Oceans: In
order to reconsrruct the present-day Hf-isotopic distribuuon in the world's
oceans. we measured the surface layers of 23 hydrogenetic Fe-Mn cru~ts
recovered from seamounts in the AtiHntic. Indian, and Pacific Oceans and
for which Nd and Pb isotopes wete already available [4].
By using a revised ion Cllchange chemistry [5]. we measured Hf-tsotopic
ratios ,.m a new generation or multiple collector plaslllJI ~oUic" mass spectrometer (Nu -lnstruments) with a 2a external reproducibility of 35 ppm
(0.35 £ units).
The significant interoceartic and intJaoceanic llf-isotopic variations renee! an incomplete mixing or tbe isotopically diverse sources of Hf in the
oceans. In agreement with previous srudies, tbc results show a present-day
provincialil)' that reOects the relative importance of continental and hydrotltermal inputs of Hf into tlte different ocean basins [2.3]. This assumption
is reinforced by the obscrvallon of strong correlations between HF. Nd. and
Pb isotopes for all crusts. The unradiogertic Hf signature of the Atlantic Ocean
(average value EHf(O) 0.4) tS explained by lhe introduction of Hf from tbe
erosion of old contim:nllll lllJiteriaJ while the radiogenic signal of Hf in tbc
Pacific Ocean (average value EHf\0) = 4.5) is derived frum younger continental nnd hydrothermal inputs of Hf. In contrast, the intermediate Hf of the
Indian Ocean (average value £Hr(O) = 3.6) does not show evidence of the
HilllJilayan erosion.
However, our data do not contradict the previous assumption that an
eolian contribution should be taken into account in tb~ balance of dissolved
Hf in seawater in order to explain the more radiogenic Hf-isotopic composition of Fe-Mn crusLS and Mn nodules than expe~tcd fmm their Nd-isotopic
signatUics wtth respect to the terre~trial array [3J
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26-Ma Hafrtium-isotopic Variations in the Central Pacific Ocean: A
Hf i>otope profile has been obtained for a central Pacific Oc.ean Fc:-Mn crust
(VA 13/2. 4830 m). 1lus crust was already dated using Co and tOUc chronometers and Pb and Nd isotope pn•fiks were repor1ed [6.7]. Significant Hf
~atopic variations of 2.5 t unitS are found and Pb and Hf isotope variations
arc decoup lcd over the last 26 Ma. The ovnall Nd and Hf panems display
variations in £Hi that are 1.5x greater than tbose in ENd· Coh~rent varianons
of the Hf and Nd i~otope profiles arc only observed for the last 14 my. Prior
to 14 Ma. the similar patterns of Nd and Hf isotopes are offset by 2 m.y.
We conclude, therefore. thut fHr and ENd were coupled in the deep PaCllic
Ocean over the last 14 m.y. in contrast to rcsullS obtained from otber PaClfic
crusts (8]. These results suggest similar residence times for Hf and Nd. The
apparent decoupling between Hf nnd Nd isotopes observed for the oldest part
of the crust cannot be explaiu.ed by a diffusion process bm may reflect a
smaller eolian input in the budget of Hf in the: Pactfic Ocean. This could also
imply different residence times for Hf and Nd.
Reference-~; [I] White W. M. et al. (1986) EPSL. 79. 46-54. [2] GodfreyL. Veta!. (19Q7)£PSL. 151. 'll-105. [31 Albarcde F. et at. (1998)GRL.
25. 3895-3898. [41 Von 131anckenburg F. et al. (1996) GCA. 60, 4957-4963.
(5} David e1 al. (1999) Chern. Gen/, 157. 1-12. [6) Frank M. et al. (199Y)
GCI\, in pres~. (71 Ling 1-l F. et al. (1997) EPSL, /46. 1-12. [8] Lee D.·C.
ct al. ( 199R) Mint'Tal Mag., 62A, 870-871.

CRYSTAL ISOTOPIC STRA TIGRAPfiY USING LASER ABLA TJON.

1. P. Davidson! , F. J. Tepley liP. Z. Palacz2. and S. Meffan-Main1, •Department of Earth and Space Sciences. University of California, Los Angeles. Los

Angeles CA 90095, USA (davidson@ess.ucla edu). ZMicrolllJiss UK, AoatS
Road. Wythen>hawe. Manchester, M23 9LZ. UK.
Introduction:

Recently it has

be~n

realized that many young volcanic

rocks are characterized by Sr-isotopic disequilibrium among mineral com-

ponents. This has been interpreted as reflecting open system differentiation
prc:x:esses. Core-to-rim Sr isotope profiles of plagioclase feldspars obtained
through microdrilling can be used to record progressive changes in the
composition of the meh from which tbe crystal grew.
A serious disadvnnt.age to this approach is tbe time needed 10 microdriU
crysul samples, process through low blank chemistry, and analyze vta TIMS.
The problem is 'nmpounded by the large number of analyses needed from
a given sample to characterize and quantify open-system behavior. Laser
ablation coupled to a multicollector mductively coupled plasma mass spcctJometer {ICP-MS) sector instrument circumvents lllJIDY of these problems and
offers great potential for futUie petrogenetic investigations.
Methodology: We used a CETAC LSX 200 lltser coupled to a Micromass lsoprobe 1 M mstrument to characterize the Sr-isolopic compositioll5 of
feldspars from tra,hyandesite samples of the 1982 El ChichOn eruption.
Chiapas. Mexico. These rocks have been previously shown to display a large
range in intt:r- and intracrystal mineral isotope compositions [l ,2). particularly among the plagtOclru.e feldspars (although bulk rock 1'1SrJ86Sr is relatively uniform hetween samples). Laser ablation is able to reproduce tbe data
already produced by microdrilling (Fig. I). and ts 1101 compromised by the
potential chemical blank interference. A cntical comparison between tbe
methods (Fig. I) suggestS the following: (I) Precisions are typically a factor
of -5 worse for laser ablation and clearly vary with Sr concentration - tbe
El Chichon feldspars are -1600 ppm - but we have also analyzed feldspars
wtth -500 ppm Sr with ±-100 ppm. However. the total amount of sample
used for laser "spots" is half that used for for microsampling. (2) Spatial
resolution is comparable- of the order 100-300 fUll· As witb milTOsampling, for laser ablation there is an inevitable trade-off between spot size and
ion beam intensity (for a given Sr C0ncentration}, which controls precision.
Limitations: An additional problem with laser ablation is tbe potential
for Rb interference, which cannot be uccurately corrected due to fractionation
effects at the site of ablation (the ICP source itSelf has the great advantage
ot generating species-independent mass fractionations). While this does not
affect tbe data of Fig. J, since the feldspars have Rb/Sr ratios <0.005, we
have investigated the effectS using glass smndards prepared from feldspars
with added RbC'l to vary the RbiSr ratio. and h11ve found that a linear corr(!{'tion can be applied provided Rb/Sr ratios arc uot >0.2. This corrcctiun

68 Ninth Annual V. M. Goldschmidt Conference

Fig. 1.

(a) Calcite growth spiral grown in pure system (field of view

=3 x

3 jilll). (b) Calcite growth spiral grown in [Mg2+]/[Ca2•] approaching 0.3
(field of view 3 x 3 J.!lll).
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Fig. 1. Comparison of laser ablation and microdrilling on a feldspar crystal
from El Chichon. Laser ablation sites ( -200 J.!lll) are indicated along two
traverses, distinguished by different symbols on the graph. Error bars (laser)
and bar thickoesses (microdrill) indicate 2cr precision. There is a consistent
general decrease in 87Srf36Sr from core to rim shown by both methods - and
ratios are clearly distinct from those of smaller plagioclase crystals in the rock
(shown on graph), and the whole-rock value (-0.7041).

provides a reasonably accurate, but not very precise 87Srf86Sr ratio, as uncorrected 87Srf86Sr are >6.
References: [1] Davidson J. P. and Tepley F. III (1997) Science, 275,
826-829. (2] Tilling R. I. and Arth J. G. (1994) IAVCEI Congress, Middle
East Technical University Department of Geological Engineering, Spec.

J>ubl. 2.

THE EFFECT OF MAGNESIUM AS AN IMPURITY ON CALCITE
GROWTH: A MODEL SYSTEM FOR BIOMINERALIZATION.
K. J. Davisl, P. M. Dovel, and J. J. De Yorco2, !School of Earth and
Atmospheric Sciences, Georgia Institute of Technology, Atlanta GA 30332,
USA (lcdavis@eas.gatech.edu; dove@eas.gatech.edu), 2Department of
Chemistry and Materials Science, Lawrence Livermore National Laboratory,
Berkeley CA 94550, USA.
Introduction: Calcium carbonate (CaC03) mineralization is currently
the focus of intense research due to its importance in both geological and
biological environments. The incorporation of Mg2+ into magnesian carbonates has been of particular interest due to its influence on the dominant
carbonate polymorph precipitated from seawater [I] and its implications for
understanding paleoclimates (2]. Further, Mg2+ is an important impurity in
biominerali:dng environments due to its ubiquity and to the ability of organisms to exert control over the amount of Mg2+ incorporated into carbonate
materials through the complicated processes of biomineralization [3). In tum,
the extent to which Mg2+ is incorporated may have an influence upon the
exquisite morphologies expressed by the carbonate minerals that are crystal-

lized [4,5). A complete understanding of the macroscopic processes that
govern calcium carbonate formation in the presence of Mg2•, with its im·
plications for both biological and geological processes, may only be achieved
through a microscopic understanding of the mechanisms involved.
In this study, contact-mode fluid-cell atomic force microscopy (AFM) was
used to investigate the effect of Mg2+ on calcite growth kinetics in a flowthrough environment. Kinetic parameters fundamental to calcite mineralization, such as step velocity (v±) and overall growth rate (R), were measured
through in situ observation of individual growth spirals, as a function of
supersaturation and Mg2+ impurity levels. Significant changes in hillock
morphology and favored crystallographic direction were also observed. Findings from this study are the first to document the microscopic role of magnesium in mediating calcite growth kinetics and to compare the results to
existing crystal growth impurity models.
Results: Individual step velocities (v±) for both the(+) and(-) vicinal
faces were observed to be unaffected by Mg2+ impurities at [Mg2+]/[Ca2+]
up to 0.2, despite the finding that steps along the H direction appear to be
pinned by an impurity fence. At [Mg2+]/[Ca2+] of 0.3 and higher, step velocities along both directions decreased rapidly, coinciding with steps along
all directions experiencing significant pinning by impurities. Terrace widths
were not found to deviate significantly as a function of the Mg2• content of
the solution, indicating that under the conditions of this study Mg2• failed
to greatly change the step-edge surface energy or lattice strain of the spiral
through incorporation.
The morphology of the spiral hillocks was also observed to be altered by
the presence of Mg2+. The(+/-) comers separating the(+) and (-)vicinal
faces appear to erode as a function of Mg2 • eventually leading to a rounded
hillock characterized by a lack of clear crystallographic directions at higher
[Mg2+]/[Ca2•].
Conclusions: This study is the first to demonstrate the microscopic
effect of Mg2+ on the l<inetics of calcite growth under the framework of crystal
growth impurity models. Under the conditions of this study, Mg2• was shown
to primarily retard calcite growth through physical pinning of advancing steps
rather than through changes in surface energy and lattice strain associated
with incorporation. Further, preferential interaction of Mg2+ with different
kink sites along certain crystallographic directions was demonstrated through
the observed effect on hillock morphology. The results of this study yield some
insight into how Mg2+ affects the fundamental kinetic parameters associated
with calcite growth and its ability to direct the morphology of macroscopic
carbonate crystals.
References: [l] Berner R. A. (1975) GCA, 39, 489-504. (2] Stanley
S.M. and Hardie L. A (1998) Palaeo, 144, 3-19. (3] Weber J. N. (1969)
Am. J. Sci., 267, 537-566. (4] Howson M. R. eta!. (1987) Chem. Geol., 64,
79-87. (5] Folk R. L. (1974) J. Sed. Petrol., 44, 40-53.
PROTEROZOIC UNDERPLATING OF THE ARCHEAN WYOMING
CRATON AND MEDICINE HAT BLOCK DURING ASSEMBLY OF
WESTERN LAURENTIA. W. J. Davis! and G. M. Ross2, !Geological
Survey of Canada, 601 Booth Street, Ottawa ON, KIA OE8, Canada,
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2Gcological Survey of Cana:la. 3303 13 Street Northwest Calgary All. T2L
2A7. Canada.

The recent Deep Probe seismic refraction surv~y across western Laun:ntiu
tdentified an anomalous, inlermedtate velocit) (7-7 3 km/s) IC~wer-crustal
layer up to 25 lan thick bcnearh the Archean Wyoming crat(ll) and Medicine
Hat Block (MHB: [I)) The :rust in these areas is also relatively lhicJ..er (50
kml Lhan adjacent Proterozoic and Archean Clll!>tal blocks to the suuth and
north (40 km). Lower-crustal ;\Cnoliths recovered from Eocene nuncnc: dikes
in the Medicine Hat block north of the Wyoming craton include a signifi·
cant population of garnet-clinopyro!lene-plagJoclase ±quartz. mafic granulit~
that have equ ilibration pressures corresponding to crustal depths of 3540+ km. consistent with derivation from the intermediate lower crusml velocity laya identified by the refraction survey.
The mafic granulites range in composition from 46-49% Si02 with Mg#
of 40-58 and are characterized by broadly basaltic compositions with low
K 20 contents. variable but low Na1 0 (0.5-3%) and generdlly lov. Ti0 2
contents ( < 1.0-2.4%). Three different REE proftles are documented: (1) nat
to slightly LREE-eruiched. (2l LREE-enriched. and (3) LREE-dcpletcd compositions. None of the profiles exhibit significant EuJEu• (0.84-0 97).
Types l and 3 e11hibit moderate negative Nb anomalies relative 10Th and
La: whereas the LREE-enricheli sample has high Nb, iUld a sinusoidal pattern peaking at La-Ce. The compositions are compatible with crystallilation
from basaltic melt(± cumula!Jc). Mafic granulites of similar composirion occur
in mioettes in the Great Falls Tectonic Zone along the northern margin <,f
the Wyoming craton (2.3).
Zircon geochronology of the mafic granulites indicate domtnantly
Paleopr01crozoic metam(lrphic ages between 1820 and 1700 (one sample has
Archean metamorphic zircon). ENd values at 1.8 Ga arc: all strongly negative
ranging from -4.8 to -10. with Mesoarchc:ao depleted mantle model ages.
The Nd-isotopic composiuons can be modeled as mL\tures bcrwecn evolved
Archean crustal source~ (Wyoming-MHB crust) nod Proterozoic magmas,
although an entirely Archean protolith caunot be elinu natc:d. If the mafic
granulites originate by magm.1tic intrusion in the lower crust. then Lhe mcorporation of considerable amounts of older crustal Nd (30- 50%) into the
magmas is required, as frequt:nlly reported for lower crustal mafic granu lite
xenoliths.
Integration of the refraction dat.a with xenolith gcodwmistry suggesl5 Lhat
the intermediate velocity layer developed beneath the Wyoming craton and
MHB during the late collisional phase of assembly of western Laurentia,
probably as a result of magmatic intrusion into the lower crust/upper mantle.
Con temporaneous igneous rocks are rare in the upper crust and L,e origin
of the mafic granulite layer. and 1ts restriction to the Wyomiug!MHB block
rcrllllins uncertain The development of the lower crust 10 the Proterozoic
1esulted in modal metasomatism (glimmentes) but app~~.rently d1d not destmy
lithosphenc mantle of Archean ~gc as recorded by Re-Os model ages for
Wyoming lithosphere [4]
References: [I 1 Henstock et al. ( 1998) GSA Today, 8, 1-5 [21 Joswiak D (1992') M.S. thesis. Univ of Washington [3] Collerson et al. (198K)
Terra Cognira.. 8, 270. [4) Carlson R . Wand Irving A- J (1994) EPSt. 126,
457-J 72.
CARBON-lSOTOPJC AND NITROGEN ANALYSlS OF CARBONADO
BY SECONDARY ION MASS SPECTROMETRY. S. De'. P. J ~
Heaney2, E~ P~ VicenzP. and J. Wang', 'Department of Gc:os.::icnccs. Princeton

University , Princeton NJ 08544, USA (barna@gco.princeton.edu), 20epanment of Geosciences. Pennsylvania State Unive rsity, Umversity Park PA
16802. USA. 3J"rinceton Materials lusutute, Princeton University. l"rinceton
NJ 08544. USA, •Department of Terrestrial Magnetism. Carnegie Institution
of Washington. Washington DC' 20015, US1\
Carbonado, a polycrystalline vancty of diamond, •s characteri<:cd b)
un usual C-is01opie compositions with bulk I)IJC values clustered tightly berween -23%o and -30%o (relative to PDB). These values are significantly
lighter than harzburgitic dtamond (with a range in l)llC fTOm -1%. to -IQ%,,
with a single mode at -Mtc) and fall near the lower extreme for eclogitic
diamond (ranging from +3%n 10 -34%o with tWO mode~ a1-S%v and -12%o)
[I). In combination wtth textural and inclusion data. the~c isotopic campo-
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Sttioos hav( led sueniiSts to question whether taroonadn onginated in the
mantle or in the crust.
Previous ~rudies or carllonado hnvc re~ealed u htmodal grain-size tlistribution that cv=latcs with cathodolununesccot cmi>~ions [2). We bt-lievc that
these fextures result from a tWO-)tep growth procc:ss. and we have ot>taincd
addiuonal chemical evidence thai supp011S the idc:ntification of twO dhtinct
cryst.al populations. Spot analyses us•ng secondary ion mass specuometry
(SIMS I reveal a bimodal distnhution of l)UC values of -24%o and -26% ..
SIMS analyses also demonstrate that this 613C distnbution coincides with
bimodal variations in N abundnnce, and both of these chemical zonations
correlate With cathodoluminescence emission signatures. However, a one·
dtmensional analysts of self-diffusion of C in diamond suggests that isotopic
homogenization occurs extremely slowly. even under upper mantle conditions.
Accordingly the chemical partrtioning observed in carbonado does not preclude mantle-based hypotheses for its origin, at least with respect to diffu ·
siooal homogenization. Any model that accounts for the origm of carbonado
must explain covariijuCt among C isotopes. N abundances. cathodoluminescent emisslllns, and grain-size distributions .
R eferences; [l] Kirkley M. B. (!998) in Tile Nalrm: of DUimonds
(0 Harlow, ed.), pp. 48-71. (2] Magee C W. and Taylor W. R. (1998) 71it
/rtl/ Kimberlite Conf £xt. Abw., 527-528.

VARIATIONS IN TilE ISOTOPIC COMPOSITION OF MARINE
CALCIUM OVER THE LAST 160 MILLION YEARS. C. L. De La

Rocha' and D. J . DePanloU. 'Berkeley Center for Isotope Geochemistry.
Department of Geology and Geophysics. University of California at Berkeley.
Berkeley CA 94720-4767, USA fdelarnch@uclink4 berkeley.cdu), ZEarth
Sciences Division, E. 0 . Lawrence Berkeley Nationa l Laborntory. Berke ley
CA 94720. USA (dcpaolo@socrates.berkeley.edul
[ntroduction: The global Ca cycle has received little attention relative
to biogeochcmi~:al cydes such as C and N. even though there is an iotimak
bnk between the Ca and C cycles and evidence for significant variations in
the Ca content of ocean waters over geologic time. The formation and
weathering of CaC03 , for instance, play imporlanl roles in the control of
atmospheric C02 coocentrauons (I - 4). Ca 2 ~ concentrations have been theorized to vary from near zero from 4-1 Ga [5) to 30 1JM at umes over the
last 550 m.y [6,7), whereas tbe modern day value is 10 )!M f8 J. Deposition
of carbonates does not occur uniformly over Lhe history of the oceans. suggesting smaller scale but still significant fl uctuations in Ca concentrations.
Massive carbouate deposition occurred during the late Cretaceous. for instance, atop carbonate-poor sediments (9(. Such variations in the Ca budget
of the oceans may be rtcorded in the Ca isotoptc compostuon of marine
carbonates.
Calcium-Isotopic Natural Abundunces as a Potential Tracer of the
Global Calcium Cycle: TI1e Ca-isotopic compositiOn (li""Ca) uf marine
biogenic carbonates should record infomtation concerning the global Ca cycle
tf .S~a of marine biogenic carbonates reflects !be li4'Ca of the seawater from
whtch they were prccipit.a ted. Due to high conccntrauon.'> of Cal• in the
surface waters of the ocean relative to other outrie.nts (e.g f!M levels for Ca
vs. f!M roncentrallons for N, P. and Si). biological uptakt: of Ca for
biommcral formation never draws down Cah concentrations by more than
a few percent. Thi•. coupled with a minor degree of isotopic fractionation
(on the order of - 1.3%o) during the biomineralization of CaC03 by cocco·
lithophorid5 and foraminifer:~. lenves variations in ii'-'Ca of dissolved Ca in
the oceans as the major potential source of 6•4 Ca variatillns in biogenic
carbonates.
Variations in marine C'a o~'Ca may be brought about by changing the
relative balance among and between the inputs and outputs of Ca to and from
the ocean. Sources of Ca for the ocean arc the weatheriog of continental rocks
and ocean floor basalt [1,10] and the primary sink is the biological fixation
of Ca into sediments I Ill Continental weathering inputs are delivered to the
ocean via nvers, groundwater, and the dissolution of dust deposited at the
sea surface [II]. Presently little is known of the isotopic composition of the
vurious inputs aud outputs of C'a tn the ocean. The available data [ 12) do
suggest differences in the 1i~4Ca of the various inputs and outputs capable
of producing signrficant vnriations in marine Cn l>~•ca over million-year
tnnescales
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Fig. 1. o«ca of marine sediments over the last 160 m.y.
o44Ca Variations Over the Last 160 Million Years: We report evidence for significant variations in the isotopic composition of Ca of biogenic
carbonates, and hence of marine Ca, over the last 160 m.y. (Fig. I). o4~a
of bull< carbonate sediments and separated foraminifera suggest marine Ca
o••ca variations on the order of l%o within the last 40 m .y. and over
timescales as short as 3 m.y. Such variations could be brougbt about, for
instance, by changes in the flux or o«ca of Ca delivered to the oceans via
rivers, groundwater, or mid-ocean-ridge hydrothermal emissions.
References: [I) Berner R. A. eta!. (1983) Am. J. Sci., 283, 641-683.
[2) Raymo M. E. eta!. ( 1988) Geology, 16, 649-653. [3) Sundquist E. T.
(1993) Science, 259, 934-941. [4) Holligan P.M. and Robertson J. E. (1996)
Global Change Bioi., 2, 85-95. [5) Kemp S. and Degens E. T. (1985) Chem.
Geol., 53, 95 - 108. [6) Hardie L.A. (1996) Geology, 24, 279-283. [7] Stanley
S. M. and Hardie L . A. (1998) Palaeogeogr., Palaeoclimatol., Palaeoecol.,
144, 3-19. [8) Broecker W. S. and Peng T.-H. (1982) Tracers in the Sea.
[9] Kennett J. P. (1982) Marine Geol. [10) Gieskes J. M. and Lawrence
J. R. (1981) GCA, 25, 1687-1703 [II) Milliman J . D . (1993) Global
Biogeochem. Cycles, 7, 927-957. [12] Skulan eta!. (1997) GCA, 61, 25022510.

PALEOZOIC PLUME IN THE NORTHEASTERN BALTIC SHIELD:
DURATION FROM RUBIDIUM-STRONTIUM DATA. A. A. Delenitsyn, 0. V. Gogol. and T. B. Bayanova, Geological Institute of Kola Science,
Center of the Russian Academy of Sciences, Apatity, Murmansk Reg. ,
184200, Russia.
Northeastern part of the Baltic Sh.ield includes more than 40 alkaline
massifs, the largest of which are Khibiny and Kovdor. A Rb-Sr age of Khibiny
ijolite is 371 ± 6 Ma and a U-Pb baddeleyite age is 382 ± 3 Ma. These ages
fall into the interval of 360- 380 Ma [1 ).
We have analyzed ultrabasic and alkaline syenites from the Kurga massif
by Rb-Sr and U·Pb methods. A Rb-Sr isochron (WR and minerals) yielded
an age of 404 ± 8 Ma; a concordant U-Pb age on two zircon points is 387 ±
7 Ma [2].
The Seblyavr alkaline ultrabasic massif with carbonatitcs has been also
studied by the Rb-Sr and U-Pb methods. The Rb-Sr isochron (WR and
minerals) gave an age of 406 ± 6 Ma; a concordant U-Pb age on two
baddeleyitc points is 378 ± 4 Ma. The U-Pb zircon and baddeleyite ages of
the alkaline massifs are sligbtly younger than the Rb-Sr mineral and WR ages.
We can explain this age difference by a suggestion that zircon and baddeleyite
were formed at a postmagmatic stage of formation of the alkaline massifs.
Therefore, basing on precise Rb -Sr (WR and minerals) and U-Pb
(baddeleyite and zircon) isotope data, we can conclude that the duration of
the Paleozoic plume in the northeastern Baltic Shield is more than 40 m. y.
Acknowledgments: All investigations were funded by grant RFFI 9805 -64321, Russia.
References: [I] Kramm eta!. (1993). [2) Arzamastsev eta!. (1997).
STRONTIUM ISOTOPES, ALKALINITY FLUXES, AND CARBON
DIOXIDE CONSUMPTION: IS THERE A GENERAL RELATION-

Alkalinity Generation: The interaction of the atmosphere with exposed
silicate rock.s generates riverine alkalinity and can remove C0 2 from the
ocean-atmosphere reservoir. A number of studies have used the isotopic
composition of Sr in the oceans as a proxy for changes in the alkalinity flux
generated by weathering, and used this data to estimate C02 consumption
by the silicate weathering sink over time. This approach is appealing because
the Sr-isotopic evolution of the oceans is welllmown over the last 800 m.y.,
and the geochemical behavior of Sr is closely related to Ca. Its underlying
assumptions include that the Sr-isotopic budget of the oceans reflects the
weathering production of alkalinity in the form of Ca ions:

The other key assumption is that reaction I should contribute relatively
unradiogenic Sr from carbonates, while reaction 2 is associated with radiogenic Sr derived from rocks with a high time integrated Rb/Sr (or K/Ca) ratio.
Only reaction 2 has a long-term impact on C02 with a net consumption of
I mol of C02 upon formation of sedimentary carbonate:

(3)
If the silicate alkalinity flux is composed of Ca++ (or Mg+•), then to the
extent that Sr isotopes can be used to distinguish between carbonate and
silicate weathering sources (reactions I or 2), the isotopic mass balance of
Sr could be used to constrain the silicate weathering sink for C.
Strontium Isotopes and Carbon Dioxide: In fact, the link between the
Sr-isotopic composition of the riverine flux and alkalinity is not straightforward. Recent work has shown that Himalayan rivers, which heavily influence
the 87Srf86Sr of the Cenozoic ocean, derive a substantial but still uncertain
fraction of radiogenic Sr from reaction I [ 1-3]. Reaction 2 is schematic, in
that CaSi03 is a generalized Ca-silicate mineral. In fact, the largest source
of readily weatherable Ca silicates are arc-related rocks and are not particularly radiogenic. Thus, the assumption that radiogenic Sr should reflect reaction 2 and not reaction I is not generally valid. Weathering rocks with the
greatest capacity for C02 consumption will tend to decrease the marine 8 7Sr/
86Sr value, not increase it. Himalayan rivers are anomalous in their ability
to affect the marine 87Srf86Sr ratio, but are similar to other large catchments
(Congo, Am.awn) in the rate of C0 2 consumption by silicate weathering per
square kilometer [4- 6]. In contrast, rivers from Iceland and Reunion Island
[7,8] show very high mtes of C02 consumption but have a negative impact
on seawater 87Srf86Sr.
Alkalinity Composition: A less widely considered but significant issue is that alkalinity generated in radiogenic silicate terranes is largely in the
form of Na• and K• [4]. High 87Sr/86Sr rocks have high K/Ca almost by
definition. In order for reaction 3 to remove C02 , Na, or K, alkalinity must
be converted to Ca or Mg. Ion exchange reactions allow some conversion,
but a substantial fraction of the riverine K nux is removed by reverse weathering [9]. The budget for Na is less clear, because its very long oceanic
residence time makes the assumption of steady state unrealistic. On a I 0-m. y.
timescale, longer than the timescale needed to affect C02 [10), changes in
the Na alkalinity flux could simply result in increased [Na•] in the oceao.
The composition of silicate-derived alkalinity is a critical control on the
impact of weathering on the C cycle. At the moment, we have neither good
estimates of the composition of silicate derived alkalinity globally, nor a solid
understanding of the fate of Na and K alkalinity once delivered to the oceans.
Without those constraints, Sr in the oceans cannot be a useful proxy of
weathering fluxes through time.
References: [I] Quade J. et al. (I997) Science, 276, 1828-1831.
[2) Blum J.D. et al. (1998) Geology, 26, 41 1-414. [3) Galy et al. ( 1999)
GCA, in press. [4) France-Lanord C . and Derry L. A. (1997) Nature, 390,
65 - 67. [5) Gaillardet J. et al. (1995) GCA, 59, 3469-3485. [6] Gaillardet J .
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et al. (1997) Chem. Geol., 142, 141-173. (7) Gislason S. R. et al. (1996) Am.
J. Sci., 296, 837-907. [8] Louvat P. and Allegre C. J. (1997) GCA, 61, 36453669. [9] Michalopoulos P. and Aller R. C. (1997) Science, 270, 614-617.
[10) Berner R. A. and Caldeira K. (1997) Geology, 25, 955-956.
NATURE OF FLUXES FROM SUBDUCTED SLAB TO MANTLE
WEDGE IN TilE LESSER ANTU..LES ARC: ORIGIN OF M- AND CSERIES BASALTS. J.D. Devine'. W. M. White2, P. Copeland\ and D. R.
Gravatt2, I Department of Geological Sciences, Brown University. Providence
RI 02912, USA, 2Department of Geological Sciences, Cornell University,
Ithaca NY 14853, USA, 3Department of Geosciences, University of Houston,
Houston TX 77204-5503, USA.
Introduction: Two isotopically distinct basaltic magma series occur in
the Lesser Antilles volcanic arc : the high-MgO, olivine-microphyric "M·
series" and the high-Ca, augite-phyric "C-series" [ 1]. The existence of two
types of parent magma suggests that there are two types of source region,
which are separated in space or time, or both. The M -series magmas contain
a strong subducted sediment component, but the C-series basalts are isotopically more MORB-lilce, and it has been suggested that their parent magmas contain a component derived from altered oceanic crust [1). The magma
types often occur together, suggesting that their respective source regions are
not merely laterally separated. Either the source regions are vertically separated, or the magmas are derived from a single source region that changes
with time.
Twenty-four basalts and basaltic andesites from Grenada have been dated
by the «JArfJ9Ar method; the material dated was groundmass (20), amphibole (3), and whole rock (1). These results (while perhaps not entirely representative) suggest a reevaluation of the chronology of volcanism on the island.
Most of the previously published ages from Grenada are K-Ar whole-rock
analyses with a range in age from 0.94 to 21.2 Ma. We find no ages older
than 6.0 Ma, but there has been sampling bias in favor of the youngest
samples for the purpose of volcanic hazard assessment.
Eviden ce for Transport of Thorium (and Uranium) from Slab t o
Mantle-Wedge Source Regions by Aqueous Fluids : Bulle mixtures of
potential endmember components involved in arc basalt genesis are conveniently represented in diagrams of elemental ratios normalized to Nb (Fig. 1).
The end members are MORB sourcelike mantle, subducted sediments, subdueled altered oceanic crust and a potential crustal sediment contaminant.
Binary mixtures form straight lines on plots of ratios with a common denominator, and bullc mixtures of the four components listed above must lie within
quadrangles defined by the end members. But the ThiNb ratios of many Mand C-series basalts lie outside the quadrangle. The fractionation of Th from
Nb cannot be explained by postulating that a Nb-bearing mineral like rutile
is a residue of partial melting of the sediments. There is insufficient Ti to
malce enough rutile to account for the high ThiNb ratios of arc basalts [2).
Rather than invoke some unspecified crystaVsediment-melt fractionation
process [see 2), we conclude that aqueous fluid mobility ofTh is a more lilcely
explanation for the observed ThiNb fractionation (D fluid/Cpx -4 for Th; [3)).
The occurence of both 230'fh and 238U excesses in arcs is readily explained
by variations in fluid compositions.
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Evolving Man tle-Wedge Source Model: On the basis of U-series disequilibrium studies, Lundstrom eta!. [4] concluded that the oceanic mantle
consists of regions of depleted Jhenolite interspersed with "chemically enriched mafic veins." The chemical and isotopic diversity of "off-ridge" «ean
floor basalts was interpreted to reflect variable proportions of melts derived
from the enriched veins (E-MORB) and the depleted lherzolite (N-MORB).
We propose a similar "marble cake" model for the sub-arc mantle wedge.
Low-degree partial melting of down-dragged, hydrated peridotite produces
melts that are dominated by trace-element fluxes from amphibole-bearing
veins with a strong subducted sediment signature (due to previous release of
aqueous fluids from dehydrating subducted sediments). At higher degrees of
partial melting, the subducted sediment signature is diluted by melts from
the depleted lherzolite. If aqueous fluids later released by brealcdown of the
altered oceanic crust subsequently invade volumes of mantle from which the
veins were previously melted out, direct hydrous partial melting of depleted
lhenolite may occur, producing C-series-like melts. This model predicts that
C-series basalts should be younger than M-series basalts in a given area, a
prediction that can be tested by 4lJArfJ9Ar dating of the respective basalts.
Further dating will be required to document the migration of sites of active
volcanism, the secular variations in basaltic magma geochemistry, and the
evolution of mantle-wedge source regions.
References: [ I] Thirlwall et al. (1996) GCA, 60, 4785-4810. [2] Elliott
eta!. (1997) JGR, 102, 14991-15019. [3] Keppler H. (1996) Nature, 380,
237- 240. [4] Lundstrom C. C. et aL (1999) Chem. Geol., in press.
CARBON-ISOTOPIC RECORDS AND EXTINCTION-TRIGGERED
ECOLOGICAL COLLAPSE. S. D'Hondt, Graduate School of Oceanography, University of Rhode Island. Narragansett RI 02882. USA (dhondt@
gso.uri.edu).
Carbon-isotopic differences between the skeletons of plaolctic and benthic
organisms catastrophically decreased at the Cretaceous-Tertiary (K/1) boundary and did not fully recover to preextinction levels for nearly 4 m.y. These
reduced isotopic differences suggest that the flux of organic C from the ocean
surface to the deep ocean was unusually low for nearly 4 m.y. T he
postextioction decrease in the downward flux of organic matter could have
been caused by either the sinking to deep water of a slightly smaller fraction
of total biological production [I) or a greatly decreased rate of biological
production [2) . In either case, the decreased organic flux resulted from
collapse of the open ocean ecosystem at the Kff boundary. Most physical
and chemicaJ consequences of large-body impacts are expected to disappear
on tirnescales of a few months to a few centuries. Consequently, the long delay
in recovery of the marine C cycle probably resulted from a long Jag in final
ecological recovery from the mass extinction, rather than from lingering
physical effects of the Kff impact. A similar extinction-triggered ecological
collapse may also have caused the C-isotopic anomaly that overlies the PermoTriassic boundary in carbonate rocks throughout the Tethyan ocean [3]. If
so, the early Triassic isotope anomaly may also have lingered for millions
of years.
References: [ 1) D' Hondt S. et a!. ( 1998) Science, 282, 276-279.
[2] Hsu K. J. and McKenzie J. A. (1985) AGU Geophys. Monogr. Ser., 32,
251-269. [3) Baud A. et al. (1989) Geologische Rundschau, 78, 649- 677
THE NATURE OF INTRUSION AND MELT TRANSPORT IN THE
LOWER OCEAN CRUST AT AN ULTRA-SLOW SPREADI NG
RIDGE. H. J. B. Dick.' J. H. Natland, J. Kinoshita, P . Robinson, C.
MacLeod , A. J. Kvassnes, and the MODE '98 Leg IV, JR 31, and ODP Leg
176 Scientific Parties, 'McLean Laboratory, Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole MA 025431539, USA.
Recent ocean drilling and mapping at Atlantis Bank in the Indian Ocean
has provided a three-dimensional view of a large block of lower ocean crust
in contact with the mantle. Atlantis Baolc is an uplifted oceanic core complex unroofed and uplifted to sea level at the northern ridge-transform intersection of the Atlantis 11 F.Z. at II m.y. It has subsequently subsided some
700 m to its present depth. While the top of the bank and the more gentle

72

Ninth Annual V. M. Goldschmidt Co11j'erence

slopes surrounding il largely expose the raull surface on which it was unroofed, the interior of the mass if and its contac-t with the mantl e arc exposed
where it is cut by the steep tra nsform wall. Mapping of the seafloor arnund
Atla ntis Bank has shown that it li es not far from the dista l end of the
paleoridge segment, and the gabbros likely represent down-:1xis intrusion of
moderately differentiated melts into the manlle near the transform. 1he crustmantle boundary where it is exposed along the transform Wil li is marked hy
a quarter-kilometer-thick zone of sheared fcrrogabbro my lonite, evidently due
to tectonically driven melt migration of late-me lt fractions into the crustmantle boundary. 'The massif at its nortl1cm end consists of a thick section
of gabbro comparable in ~'Ompos iti on and o~ttent to those drilled in Hole 735B
on the Atlantis Bank pl:llfonn some 13 km to the southeast. This suggests
the detachment fault on which the bank is exposed did not root down into
the mantle, but lay wi thin or immediately above the gabbro horizon for at
least 1 m.y. Moreover. it also suggests that Hole 735B is rcprescntntivc of
the lower crust in the near transfom1 environment.
TI1c principal igneous stratigraphy of Hole 73513 is comprised of olivine
gabbros crosscut by innumerable small bodies of ferrogabbro. The latter arc
volumetrica!Jy minor in the lower 500 m of till: hole and increase in number
and size upward in the upper ki lometer. They are often associated with
deformed intervals, aod it is apparent that they represent local pooling of late
melt within the olivine gabbros and migration into and along fault zones where
it eventually solidified to form the fcrrogabbros. This process left late-stngc
felsic veins, including tonalite, diorite, and lrondhj emite, as the last differentiate of the migrating melts. Internally, the olivine gabbros contain live
cycles of Fe enrichment. The individual unit~. as defined by these chemical
trends, locally overlap. and each in tum appears to be a composite, composed
of many s maller petrographically distinct intrusive intervals. Evidently each
of these units represent~ some fom1 of cyclic intrusion and in sitrt differentiation as melts worked their way upward through a specific in trusive horizon in the section. Despite lower overall olivine contents, the uppermost two
olivine gabbro units have higher average Mg#s, lower Ti02 and Nap. and
are on average chemically more primitive than the lower three, suggesting
different parental magmas. Detailed mim:ra l profi les across t11e contact between the upper two units and tbe lower three appear to demonstrate that the
lower were inlrUsive into the upper while it was sti ll partially molten. Internal to the olivine gabbro unitS are fine to medium grained microgabbro dikes
rangi ng from trocto lite to oxide gabbronorite. These are interpre ted as
"protodikcs" representing a further stage of melt transport through the section. Locally around tbese bodies there is evidence for solution channeling
into the olivine gabbro, witb the formation of anortbositi c nod pyroxenitic
patches representing escape of late melts from the microgabbro into the
olivioe gabbro.
The internal stratigraphy of the 1.5-km Hole 735B section is exceedi ngly
complex, represen ting intrusion and reintrusion at a wide variety of scales
and modalities. This stratigraphy reflects a low but quasi-steady-st.1tc melt
s upply in an ultraslow spreading ridge environment that is qu ite distinct from
that of the large single-stngc magma chambers envisioned for som.: continenta l layered intrusions.
Acknowledgments: This abstract is co-authored with the MDDE'98
Leg IV, JR31, and ODP Leg 176 scientific parties.
CARBON-ISOTOPIC BIOGEOCHEMISTRY OF AEROBIC BIODEGRADATION Ot' AROMATIC HYDROCARBONS. E. J. M.
Dicgor 1, T. AbrajancY!, T. Patel'. L. StehrneierJ, and J. Gow', 1 Department
of Earth Sciences aud Department of Biology, Memorial Universi ty of
Newfound land. S t. John's. NF A 1B 3X5. CanadJ (x76tjrnd@morg:m.
ucs.mun.ca), lDepartrnent of Earth and Enviroomentnl Sciences, Rensselaer
Polytechnic LDsti tute, Troy NY 12 180-3590, USA (abrajt@rpi.edu). 1Nova
Chemicals. Ltdry Calgary AB. TIE 7K7. Can3da.
Aromatic hydrocarbon contami nation of soil and groundwater is a widespread etlvirorunental problem. Among the compounds of interest is a range
of low molecular weight aromatic hydrocarbons that includes the so-called
BTEX compounds (benzene, toluene , ethylcbenze oe. and xy lenes). These
compou nds enter surface and groundwater environments through accideola.l

s pills and leakage of underground storage tnnks, or through inadvertent
releases during usc. transport, or disposal.
Aerobic biodegradation by natural popu lations of microorganisms repre sents one or the primary mechanisms by which petroleum and other hydrocarbon pollutnnL~ are elimin ated in the environment. Indicators that have been
used to evaluate and monitor this process involve the mc.asuremcnt of changes
over time of the concen trati on of hydrocarbon. number of bacteria. rate of
bacterial activity, adapwtion, metabol ic byproducts, intermediary metabolites,
growth-stimulati ng materials, and l"dtiO of nondegradable to dcgrddable compounds [ 1,2]. Howl!ver, such measu reme nts may be affected not only by
biodegradation hut also by other processes such as volatilization. dissolution,
dilu tion, and migrJtion off the site, sorption to the soil. or transformation via
abiotic chemical reactions.
Previo us works demonstrated the appli cati on of stable C-isotopic analysis in environmental studies, particularly in establishing sources of organic
pollutants [3,4]. These studies showed that compounds have characteristic Cisotopic compositions that can be used to establish their origins. In the same
manner, any process in which a compound is involved may impart significan t isotopic fractionation (4]. Abiotic process•:s (volatilization, reductive
halogenation) have been shown to affect the 13CJI2C ratio [e.g., 4] but fractionation associated with biological transformation is known to produce t.he
largest fractionation in natw·al systems (4-6].
The present paper focuses on Ute applicabi lity of stable C-isotopic analysis to determine !be magnitude and direction of lransformation of stable C
isotopes (12C, IJC) during microbial degradation of selected hydrocarbon compounds such as benzene. toluene, ethylbcnzene, styrene, naphthalene, hexadecanc, and methanol.
Microbial cultures were grown aerobically at room temperature in 250-mL
sidearm na.~ks equipped with Teflon Min.iuert valvcs for ease of sampling.
Each Oask contnins 35 mL of a hydrocarbon degrader medium (HDM) augmented with 2 lolL of a particular hydrocarbon. inoculated with 5 mL of
microbial culture. and intermi ttently shaken at about 150 rpm on a Gyratory
shaker at room temperature (22" ± l"C). To establish growth of microorganisms, optical density measurementS of the bacterial cultures were ta k..:n.
Optical density readings were made at600 om althe beginning of. at hourly
interva ls during, and at the end of the C:\peri ments. For hydrocarbon isotopic
analys is. a 30-~ headspace periodically removed from the culture flasks is
analyzed by gas chromatography continuous flow isotope rati o mass spectrometry (GC-IRMS). The GC is a Hewlett Packard HP5890 Series ll. TI1e
column in the GC is a nestek RTX 502.2 ( 105 m length. 0.53-rrun 1.0.) with
a 3-~un Crossband phenylmethyl polysiloxane film (Chromatogr:tphic Specialties, Jnc.).
Biodegradation of benzene showed a decrease in benzene concentration,
an increase in mi~.;robia l culture absorbance as an ind icator of microbial
growth, and a steady increase in the 1)13C. Similar resu lts were obtained for
styrene, where increasing microbial growth over a span of 8 h was indicated
by increased optical density and corresponding increase in I)DC. Initial
aerobic microbial degradation t:xperiments were conducted on a to luene
culture, where no C-isotOp ic fractionation seems to accompany microbial
growt11.
References: [IJ NRC (1993) In Situ Bioremediarion: When Does
it Work?, Nationa l Research Council, National Academy. [2] Aggarwa l
P. K . and Hinchee R. E. (1991) Environ Sri. Tee/mol .. 25, I 178-1180.
[3] O'Mall ey V. P. et al. (1995) Orgon ir Geochem .. 21, 809-822.
[4] Abrajano T. and Shmvood-Lollar 13. (1999) Orga11ic Geoclwm., in press.
[5] Galimov E. M. (1985) in The Biological Fractionation of Isotopes.
[6) Stahl W. J. (1980) GCA, 44, 1903-1907

DEVELOPMENT OF A HIGJf-PRESSURE DIGESTION TECHNIQUE AND i\ DATA ACQUISITION AND REDUCTION PROCEDURE AND THEIR APPLICATION TO THE INDUCTIVELY
COU PLED P LASMA MASS SPECl'ROMETRY ANA LYSIS OF
URBAN SEDIMENTS AND SOILS. W. G. Dicgorl, H. P. Longcricb2.
T. A. AbraJano3, and J. Hom•, 1 Environmcntnl Science Programme, Memorial
University of Newfoundlund, St. John 's NF, A IB JX5, Canada, 2 Department
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of Earth Sciences, Memorial University of Newfoundland, S t. John's NF,
A I B 3X5, Canada, lOepartment of Eanh and Environmental Sciences,
Rensselaer Polytechnic Institute, Troy NY 12180-3590, USA, 'Department
of Earth and Planetary Sciences, Harvard University, Cambridge MA 02138,
USA.
A high-pressure acid digestion technique and an inductively coupled
plasma mass spectrometry (ICP-MS) data acquisition and reduction procedure were developed to determine transition metals and other trace elements
in geological samples. The study was aimed at the problem of incomplete·
ness of digestion of resistant mineral phases in geological materials, and at
expanding the coverage of elements routinely analyzed on sediments with
ICP-MS
The high-pressure vessels were fabricated in-house from PTFE and were
initiaUy compared with an eJtisting acid digest method, which uses screw cap
teflon jars, in the analysis of several geochemical reference materials (GRMs)
using the existing MUN ICP-MS trace-clement package. Results for the
marine sediment reference materials PACS-1, MESS-2, and BSK-1 demonstrated more complete digestion of resistant minerals (e.g., zircon grains) that
were likely in high abundance in the sediments. This was indicated by higher
Y, Zr, Nb, HREE. Hf, and U values when the pressure vessels were used.
The data acquisition and reduction procedure (environmental-exploration
package) was developed for the measurement of 29 masses: stv, S2Cr, ssMn,
S9Co, 60Ni, 6SCu, 66zo, 7SAs, 77Se, 79Br, 98Mo, 101 Ag, lliCd, 118Sn, 121Sb,
I2STe, 127), IJ9La, 140(:e, wPr, 145Nd, t67Er, t69Tm, 175Lu, t&JW, 201 Hg, 208Pb,
209Bi, and 2l21b. Most important interferences were from OCa16() on S9(:o,
44Q116() on 60Ni, •9Tit6Q on 6SCu, and SO'"fi16Q on 6<1Zn. Internal standards
used were 4SSc, llSJn, and 187Re. Uraniurn-238 and 254(U0) were measured
to monitor polyatomic ion formation. Sensitivity of the elements was calculated from one of two external standards, except for three elements, which
were calibrated through surrogate calibration (Sn using Sb, W using Lu, and
Hg using Pb). Calibration was demonstrated to be successful for the pair SnSb; though results were not as good for W-Lu, probably due to laboratory
contamination. Mercury was most probably lost during sample digestion thus
incorrect results were obtained for Hg in reference materials compared to
literature values. Analysis of these reference materials using the new package showed excellent results for V, Co, Cr, Ni, So, Sb, Cu, Zn, Mo. Cd, and
Pb compared with published values. Arsenic and Ag results were mostly near
detection limits. Comparison with X-ray fluorescence (XRF) results indicated
good agreement between the environmental-exploration package and the XRF.
Compared with the MUN ICP-MS trace-element package, the new package
was in good agreement for the elements Mo, La, Ce, Pr, Nd, Er, Tm, Lu, Pb,
Bi, and Th.
Application of both digestion technique and analytical package to the
analysis of urban stream sediment and soil samples from a limestoneunderlain area in the Philippines showed good agreement for La, Ce, Pr, Nd,
Er, Tm, Lu, Pb, Bi, and Th between the package and the MUN ICP-MS trace
results. Nickel and As gave poor results because of the high concentrations
in the calibration blanks for Ni and possibly because of volatility for As.
Particle size may also have influenced the resuJts for these two elements, because results for the reference materials indicated good agreement between
the XRF and the environmental-eltploration package. It was found that the
GRMs are significantly finer grained than the stream sediment and soil
samples (greater <53 JUll fraction), suggesting that there may be a need to
grind the stream sediment and soil samples to obtain better results.
Mapping of empirically derived geochemical classes showed that the
spatial distribution of Cr, Ni, Cu, Zn, Pb, Sn, Sb, and Cd in the stream
sediments corresponds to the large commercial zone in the southwest portion
of the study area. Higher values of Cu and Zn point to an industrial zone
to the cast. The soil clement data correspond to an industrial zone where
manufacturing and use of metal parts abound. Arsenic was high in a relatively new land development that was formerly a site where storm drainage
and airline night soil from a nearby air facility was collected. Except for Sb
and Cd, the element concentrations in the stream sediments were high for
a limestone terrain. The soil samples likewise indicated input from human
activity. The derived geochemical landscape coincided with the known land
use in the area.
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INTERACTION OF SILICIC ACID WI111 IRON OXIDES. M. Dietzel,
Geochemisches Institut der Universitlit Gtittingen, D-37077 Gtittingen,
Gennany (mdietz.e@gwdg.de).
Introduction: In sedimentary environments, the fonnation of iron ores
is closely related to the precipitation of Fe-0-0H-phases from aqueous solutions at different chemical conditions. These solids have high specific
surface areas and a high reactivity with respect to dissolved components,
especially silicic acid. This affinity is documented for example by the relatively high silica content of many sedimentary iron oxide ores (I] .
Methods: The interaction of silicic acid with iron oxides was studied
via adsorption and precipitation eltperimeots. The solids used for the adsorption experiments were goethite, akaganeite, feroJtyhyte, lepidocrocite, bemalite, magnetite, and ferrihydrite. In the following, only the experimental results
for goethite are presented as a typical case. The surface density and the
distribution of surface hydroltyl groups were analyzed via potentiometric titrations (goethite: 7.2 l: "' Fe0Hfnrn2). The precipitation experiments were
carried out by oxidation of Fe2• in solutions containing chloride at constant
pH and 0 2loq) concentrations.
Kinetics or Silica Adsorption: ln all experiments the concentration of
silicic acid decreased continuously as a function of reaction time via adsorption at the surface of the solid, following a first order law. Three stages may
be distinguished. The first stage is finished within some minutes, the second
one within hours, and the third one within about 15 days. The values of the
reaction rate constants (second stage: k2 0.20 h- 1) are similar for all the
above iron oxides.
Surface Complexation or Silica: The adsorption equilibrium may be
described by the interaction of silicic acid with surface hydroxyl groups and
the formation of specific surface complexes [e.g., 2]. In a simple approach,
three differeotl<iods of surface hydroxyl groups may be distinguished according to the reactions

=

(I)

=FeOHO = "FeO- + H• , K2•••

=

(2)

=

The measurements yielded K1i"' 6.56 and K2 i•• 9.94 for the present
goethite (68 m2/g). Following this approach the adsorption of silicic acid onto
the surface of iron oxides may be described by a surface complex-ation
according to the reactions

Si(0H)4 + ;;,feOHO = "'FeOSiO(OH)z- + H20 + H• , K s 2i••

(4)

The caJculated concentration of the surface complexes of silica agree well
with the experimental data, yielding pK s 1ino = -2.6 and pK 52ino = 4.6. For
calculation a correction with respect to the electrostatic behavior of the solid
surface was considered [3].
Incorporation of Silica by Iron Oxides: ln the experiments the precipitation of iron oxides was monitored by the decrease of Fe2• concentration in the solution with and without silicic acid. For both types of
experiments the lcinetics of precipitation may be described by a first order
law. The results show that the specific values of the reaction rate constant
decrease significantly by the addition of silicic acid. Further, the solids contain appreciable amounts of silica. The incorporation of silica into the solids,
essentially ferrihydrite, results in Si/Fe ratios of the iron oxides of about 0.13.
Implications ror Natural Systems: lt is shown that silicic acid forms
specific surface complexes within a rather short time, as compared to
timescales of natural processes. Most probably this complexation causes a de·
crease of the precipitation rates of iron oJtides. As a matter of fact, the molar
ratio of total concentrations of the silica surface complexes and of the hydroxyl groups is about 0.2 at a pH between 5 and 8. This ratio corresponds
to the molar ratio of Si/Fe of the iron oxides obtained in the present precipi·
tation experiments and is similar to that of recent sedimentary iron oxides
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(0.16). 1t may be concluded that the silica contc ut of sedimentary iron oxide
ore~ is directly relat~d to the adsorpt ion of s ilicic acid onto the primary pre cipitates via the fomtation of' the ahovc surfat:e complexes.
Re ference$: [ I] James H. L. ( 1966) U.S. Geologiml Survry Prr11.
Papa, 60 pp. [2) S igg L. aud Stumm W . (19R I) Colloids rmd Swfan:.l' 2,
101-117. [3} Dzomhak D. A . and Morel F. M. M. (19~0) in Su1jare Complrxntion Modeling. Hydrous F~rrir Oxidr•, Wi lcy-lnterscicnn:!, 393 pp.

GI!:OCHEMICAL AND RARE-EARTH-ELEMENT CHARACTERISTICS OF FERRUGINOUS SILICEOUS ROCKS OF 810KOU

GROUP, QINLING, CHINA : IMPLICATIONS FOR ANCmNT
SEAFLOOR HYUROTIIEUMAL FLUID PROCESSES. Z. 1. Dingl.l.
C. Q. Liul, H. Y. Li' . and Z. S. Yangt, IJnstitute of Geochemistry, Chinese
Academy of Sciences. Guiyang 550002, China (zjdin g@ms.gyig.ac.c n),
lChiua Un iversity of Geosciences. Wuhan . 430074, China.

Ferruginous si liceous rocks arc located on the mp of volcanic rock series
and paralleled to them iu the Bikou group of south Qinling, which is a famous orogenic bell separating Chinese continent into two parts: NorU1 China
and Y:lngt?.e plates. The 13ikou group volcanic rocks are formed in the Proterozoic em and petrochcmicnlly arc divided into tholeiite nod calc-alkaline
dacite, respectively, showing characteristics of bimodal volcanic rock clearly
and a ladt of typical intermediate rocks. The results lJ,2) suggest that the
volcn nic rocks of Bikou group were genemted io a ri ft tectonics setting. The
ferruginous s iliceous rocks arc w nsidercd to he of hydrothermal origin on
the ancient seaf1oor.
Major-Element Compo~itions: Ferruginous siliceous rocks arc marked
by extremely high Fe contents (total Fc 10 3 40-30 wt%) and low AI con tents (A I20 3 0.02-0.24 wt%), AJ 20 3/feP3 ratios from 0.00<.14 to 0.0 I ,
shariug a general charJctcristic of hydrothermal sedimentary rocks. S(l the
ferruginous siliceous rocks are thought to have precipitated from hydrothermal solutions on the ancient seaf1oor.
Ra~-Eartb-Elemcnt Compositions: The ferruginous si liceous rocks
sbow two types of distribution pat!ems when normalized to PI\AS: (I) Similar seawater in whole except Eu, ,vhich are characteriz.:d by LIU3E depLetions (La!Sm1'1 = 0 . 1296 -0.489), and HREE enrichments (Gd/Yb~o~ =
0.454-0.970). (2) More like to the high-temperature hydrothermal fluids of
modem seafloor, which nrc cbnractcrizcd by both LREE and HREE depletions (Ul.ISmN 0. 102-0.69, Gd!YbN 1-3.03). There are variable pos itive
Eu anomalies Eu/Eu* 1.23-2.5')8, 1.05-9.29 and Ce noomalics Ce/C'e* =
0.463- 1.02, 0.7034-1.223 respectively match ing to former aod Jailer in
above-mentioned ferruginous siliceous rocks. Except n few samples with a
positive Cc anomaly, all others posst•ss varying magnitude of negative Cc and
positive Eu anomalies. In geucral, appearances of negative Ce anomaly represent seawater contamination, while positive Eu anomaUes indicate partici
p:uion of high- temperature hydrothemml fluid componen ts. So existences of
tbe positive Eu and negative Ce anomalies in a sample may indicate that
hydrothermal fluids mixed with scawakr before the ferruginous siliceous rock
deposit on ancient seafloor. The change in magnitudes of Ce and Eu anomaly
more likely indicate mixture proportion differences of hydrothermal and
seawater components [3]. Moreover, In Eu/Sm vs. La!Ce diagram samples
arc hctwcen different curvature mixture line of pure seawater and hydrothermal f1uid end members {y = 0.1-0.001), maybe rctl ecting physical-chemical
differences resulting in siliceous rock precipitation while two fluids met on
seafloor. So the mi xture can explain the reason of sam ples distribution. If hydrothermal fluids miJted with seawater bearing some contents of terrigenous
components, then the scattered sample can be well exp lained. So the ancient
ocean of Proterozoic era in south Qir1.1in is not wide enough. or. io otMr
words. is a limited oceanic bas in,
References: [I] Z hang G. cl al. (1996) Science in China (.feries D). 26.
193-200. [2) Xia L. e! al. (1996) Science in China (serie.r D), 26. 237-243.
[3) Barrett T. J. cl nl. (1990) Geulogy, /8, 583-586.
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PARTIAL MOLAR VOLUMES OF SJDEROPIDLE ELEMENTS IN
MELTS: IMPLICATIONS FOR THE PRESSURE-DEPENDENCE OF

METAL-SILICATE PARTITIONING. D. B. Dingwdl 1, P. Courti uJI.
C . HolzapfeJ1.2, J. Gottsmann 1• A. llolzhcidl, and H. Pa lmcz, IBaycrischcs
Gcoinstitut. Uni versity of Bay reuth. 095440 Bayreuth, Germany, lMincraJogietGeochcmic Abteilung, ll niversitat Kliln, 050674 Koln , Germany .

lOcpartmcnt of Earth. Atmospheric and Plan etary Sciences, Massachussetts
Institute of Technology. Cambridge MA 02139-4307. USA.
The abundances of nt(lderatcly siderophile clements in the Earth's mantle
pl ace important constrainls on the early history of the Eunh. They are believed to have bean strongly fractionated !'rom the mantle inWthe core of the
Earth such that their abundances in the residual mantle may const rain the
<:ore formation process. In fact, it is generally accepted that the depletion of
siderophi le elcmunts results from their partitioning. However, as pointed out
earlier [J j, their abundances in th~ Earth's upper mantle arc far too high to
have been produced by a s irnplr cyuil ibration of core-forming meta l with
mantle-fonning silicate.
Analysis of their parti tion ing behavior at high pressures and temperatures
ran place strong constraints on the nature and efficiency nf prucc.~ses operative in both the early aud modem Earth. Whether the direct detennination
of partition coeflicicnts for 'uch clements at high pressures and temperatures
under wcll-consiJ·aincd conditions is feasible rcmaius opt•n. TIIUS we have
proposed that such efforts might he well-complemented by high-pressure
exlrapolations from e/Cisting low-pressure partitioning data together wi th
volumetric properties. Toward this end. we undertook the determination of
the partial molar volume~ of modt:r.uely siderophile elementS i.n silicate liquids. The partial molnr volumes of NiO and CoO liquids lu!vt: hecn determined for Ni- and Co-containing Na-disilicate liquid over a wide range of
temperatures by combining high-temperature measurements using the Ptlrdscd double-bob Archimedean method and low-temperature measurements
using the method described by Webb et al. [2).
The change. in the partiti on behavior of ck>rnonts between coexisting metal
and silicate plu!ses as function of pressure at constant temperature can be
calculated based on the. following equation:

where DM•k"""·>iiT,Ib.,. and DM·Fe""''"'iiT.P are the metal-silicate partition coefficients of element M at temper.tture T and I bar and at tcmpemture T and
pressure P, respectively and 6 V M-Fe the total volume change. In such an
equation, the change of the partition cocfficit!nts as a function of pressure
depends only on the 6 V M-~ term. Possible pressure dependence of the molar
volume ofMO (i.e., dVIdPh!o in the silicate liquid is ignored for simplicity
[see also 2).
The molar volumes of pure MO liquids (i.e., NiO and CoO) nnd pure FeO
Uquids have been determined using their partial molar volumes and given by
[3] respectively . Assuming Uta! the partial molar volumes of NiO, CoO, and
PeO liquid~ are not too difli:rent from the molar volumes of their pure liquids, the molar volume of NiO liquid is smaller than the one of FcO liquid
at lower tcmpcratnrcs, but larger at h.ighcr temperatures. Within the entire
temperature range, the molar volume of CoO liquid will be larger than the
one of FcO Uquid.
The present study ~ huws that the metal-silicate exchJoge partition cocfficieot of both Ni and Co decreases with increasing pressure with in the entire
tempemture mngc considered in this study (i.e .. 800-3000 K). lo several
studies, the pressur.: dependence of NiO and CoO solubilities in FcO-containing silicate melts were recent ly investigated [e.g .. 4-14]. All of these
experimentally deterrnim:d Ni-Fe and Co-Fe metal-silicate exchange partition
coefficienL> show a decrease with increasing pressure at constant Jcmpcrature, and this is independent of silicate and metal compositions. TI1is is in
good agreement with the qualitatively predicted pressure depcndenci~s of
Ko~o~;.r..""''·•il and KDcu.Feme•·sit, which is based on the partial molar volumes
of NiO and CoO in si licate me lrs. Furthermore, the experi mental ly derived
Kocu-Fe values recalculated tO 2273 K from the high-pressure studies where
Ni-, Co-. and Fe-conlaining metal alloys and silicate meltS were prc.scnl in
tht: ~:xperimental charge [e.g.. 10-12] show, at constant temperature. the same
pressure dependence of Knr:o-Fe1"«·<il between I bar and high-pressure vallles.
Quantitative ly, it has bern found that KDco-Fe mel-<oi will decrease at the
same temperature conditions relative to the one bar values by a factor of 0.39
and 0.24, at 10 and 15 GPa respectively, whereas K0 NJ·F•"'"'·•il will decrease
by a fnetor of 0.81 and 0.73ut 10 and 15 GPn respectively. Using least-square
fits through the literature data of experimenta lly derived partitiou coefficienls
at 2373 K [i.e., l 0-12]. a decrease by a factor of 0.53 and 0 .40 is observed
for Koeo.r:e"'"'·•ll and by a factor of 0.48 and 0.34 for K 0 Ni-r.'',., •il at I0 aud
15 GPa respectively. T his quantitative disagreement is like ly due to the
assumptions we made. As aforementioned. the pressure dependence on lhe
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molar volum~. wluch was ignored as a fl~r approximation, may grearly contribute rn this Uisagreemcnt. In additHm, rht as~umpuon that the p:~rtial molar
volumt: of NiO, CuO, and FeO liqm!ls is the ~amr uS their respective molar
volumes may also not occur. Analysis of daw for Ga 20, and Ge01 in Nasilicale and anorthitt:·diopside meiiS IS in prc>gr~<ss.
Rcferen~: [I J Ringwood (I 966). [2) Webb et al. ( 1992). (3] O 'Neill
ct al. (1998). tJJ Laoge and Carmichael (1987). [51 Urakawa (1991).
[6] SulUki er al (1992). [7] Ohtam ct nl ( 1092). PII Ohtnoi ct al (1997).
[9] Peach and Mnthez (1993). [101 Walker ct al. (1993). (II] Thibault and
Walter rl<)95) fl2) Holzheid et al (1995). (13] Li and Agee (1996)
( l~J Ohrani an Yurimoto (1996). I 15llto er al. ( 1998).

TilE GEOCHEMISTRY AND PETROLOGY OF AN URBAN CANAL
BED MUD. 1. S. Doddl. A E. Milcxlowski~. D. 1. Largel. N.J. Foney~.
and S. J Kempl, ISchuol of Chcmi,al. Environmental and Mining Engineering, University of Notringham, Nottingham NG7 2RD. UK (enxjsd@l
nottingham.ac.uk). 2Mineralogy and Petrology Group. British Geological Survey, UK.
Urban canal bt:d mud is highly contaminated and provides an ideal
opportunity for investigating chc geochemistry of a syscem dominated by
anthropogenic inputs This study iovescigates che relationship between
porewater geochemistry aod the petrology of Fe. S. and P in the ~anal mud
In order to build up a pi,rurc of canal bed mud. geochemistry cores of c~oal
sediment, 25 em in depth. were collected from an urban canal in Birmingham. a major industrial city in the UK. and their seilimeniS and porewat.ers
analyzed. In addition. the petrology uf the s~dimcnt has been studied by a
new cryogenic sc30Jling electron microscope (cryoSEM) technique. CryoSEM
analysis of s~:dimcot enables samples to be viewed directly without alteration
of their chemistry or texture; energy-dispersive X-ray (EDX) analysis can then
be used to determine mineral composition. Analysis uf canal mud has revealed
the most abundant authigenic mineral phases in order of decreasing abundance to bc the Fc~>-phosphate vivianite (Fe3 (P04 )z 8H20), mixed Fe, Zn,
Cu sulphides. a variety of Fe sulphide minerals. and calci te.
Sulfate concentrations in the porewatcrs decline fmm -200 ppm in the
overlying water to <0 I ppm at a depth of 3 em in the sediment. A small
peak in Fe porcwater concentration of -2 ppm occurs at the sediment-water
interface. implying that Fe o;cides are reduced at the sediment surface. This
is supported by a drop io Eh from 0..1 V r.o -0. 1 V across the sediment-water
mterfacc. Iron sulfide minerals were observed by cryoSEM in snmples taken
from the scdi mcnt water ioterface, suggesting that Fe2 + released by the reduction of eastly redu,ible Fe-oxidt:S is reacting with s~- produced by S042rcduction. Sinks for Fe and sulfide include a concplcl( mixture of biofllm
coatings. mineralized organic matter, and frambo.idal srruc1urcs that ranged
in composition fTom FeS to Fe~. ln addition to the iron sulfides, authigenic
Zn-Fe sulfides and Cu-Fe-sulfidcs are also common components of the sediment.
Phosphat~ concentration in the porcwaters peaks at -30 ppm, at a depth
of 3-5 em This peak occurs below the nea r- surface peaks in Feh and
S0.2- Phosphale is relea.~ed to the sediment by organic matter dcgrad:ltion.
and the rate of degradatioo should be highest at the sediment-water interface.
The lo~~o cooccntratioos of P04 3-- above 3 em are iotcrpreted as resulting from
high rates of Fe reduction that are greatly in excess of the supply of redu,ed
S. Titis interpretation of excess Fe is partly supported by the high concentrarions of Fe available in the sediment (-7% Fe). The e.tcess supply of Fe2•
resuiiS in the precipitation of viviaoitc that was observed nt the sedimentwater interface. This is also supponed by calculations I hat sbuw that vivianite
ls oversaturated in the sediment porewater. The peak in P04}- at 3 em may
result from the depletion of easily reducible Fe-oxidt:s and a consequent
rcducl'll rate of Fe reduction relative to the rate of organic matter degradation
Petrographic evideoce of erchcd vivianire grains below 7 em is ioterprered
as indicating that vivianitc is dissolving. This etching becomes more pronounced with depth A stcndy increase of Fe~• concentration in the porewacer
at depths below 7 em appears to support this evidence: however. P04 l· concentrations are highly variable and show no mrcrprctable trend, Considcrar.ron
of the EhlpH stability of vivianire indicates that the dissolution of vivianite
could be due to a decrease in pH. Petrographic evideoce of vivianite dissolution is at odds with solubility 'alculations that indicate that the porewaters
are supcrsaruratcd with respect to viv1anitr tltroughout thr profile. suggest-
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mg tho: pn:c1pitat111n of vivranrl~ should bt: favored over iiS dissolution. One
pt)S~itllc explanation for tlus is that viviaoire tS bt:iog affected by localizcu
vanauoo~ in POJJ- drmand by microorganism:. in discrete micro<:nviron·
mcnts Some evidence for the role of mieroenvironmeniS may be the pres
ence of both relatively unctchrd and highJy etched viviaoite grains 10 the same
depth intervaL Allemativcly, there may be gaps in our understanding of P
speciation in highly reducing organic-rich sedimeniS.
SOME COMPARATIVE GEOCHEMISTRY OF OCEANIC AND
CONTINENTAL IGNEOUS ROCKS. B. R. Doc, 5508 tleming Avenue,
Spnnglield VA 22151-3220. USA
Previously, Doe [I] found mid-occ;m ridge basalts (MORB), oceanic rsldnd basaliS (018). and oceank arc volcanics (OAV) 10 be distinguishable
in a plot of C'e/Yh vs, Ba/Cc where 01 B trends to high ratios in Cc/Yb and
OAV to high ratios of Ba!Ce compared to MORB. Averages for MORB arc
Cc!Yb <I 0. Oa!Ce 2-4; 018 Ce/Yb >I 0. Ba/Ce 2.5-7: and OAV Ce/Yb <20,
13a/Ce >4. Averages are preferred to individual samples because Ba is some·
what mobile but usually does not move far. Alti10Ugh averages do not overlap, individual samples may (e.g.. Juan de Fuca Rise for MORB aod New
Brilaio for primicive OA V). Hotspot-related conlineotal rift volcanics (e.g ..
rhose of Marie Byrd Land and Ross Sea 10 Victoria Land. Antarcticn) fall
comfortably in the OIB field. The continental hotspot volcanics of the
Yellowstone volcanic field, Wyommg, plot in the OA V lield along with
connncntal arc volcanics sires (e.g .. rbe Cascade Mountains, Oregon, and
Washiogtoo). Hildreth [2] concluded that all the basaliS at Yellowstone may
be crustally contaminated, however. be identified the Swan Lake Aat basalt
as most lii<ely the least affected because of its high ENd ( -2.4 ). Previously
Doc et al. [31 identified the cop flow of the basalt of The Narrows as possibly
being ao uncontaminated asthenosphere representative because of the lowest
values of both 101pbfl04Ph (15.294) and 87Srf86Sr (0.70385). Hildreth [2] subsequently found the eNd of this flow to be -3. I. These two basalts have the
lowest values of Ba/Ce and project into the lower part of the 018 field though
still in the OAV field. supporting Hildreth's conclusion of possible crustal
contamination in all Yellowstone basalts.
'The value of VfZn was found to be esseorially constant in MORB [lj.
thus representing the ratio io the source magma~ nus ratio is also useful in
distinguishing igneous environments. Using molar plots ofZnfZrM vs. vrzr.,.,
most samples from N-MORB localities (e.g., So. EPR and Kane FZ, MAR)
arc in the range for ZniZrM of0.8- 1.5, with nnly the Juan de Fuca Rise data
being somewhat higher by 0.1- 0.2 and in the range 4.0-7.5 for VIZI_..,. Indian
Ocean ridges can be somewhat different from Pacific aud Atlantic Ocean
ridges. The Southwest Indian Ridge can have values of VfZrM down to 2,0,
aod the northwest Indian Ridge can have ratios >8.0. Data for ho!Spots (e.g.,
lfawai'i. and Trhtan da Cunha) are lower, normally <4.0 for VfZrM with only
Loibi Seamount tholeii res, kawai'i, being in the MORB range. Samples from
primiri'e OAV (e.g., New Britain and the Manana Islands) rend to have
values of Zn/ZrM greater than for N-MORB for a gJVen value of V/ZrM
(extreme in the case of the Tonga Islands) with large ranges in VflrM that
txtend beyond 12 and can be <4 for the Mariana Islands. Mature OA V also
have large ranges tn these ratios aod cao have data overlapping with om (e.g.,
Indonesia). but Taupo. Nt'w Zealand, basalts have ratios much like the Juan
de Fuca Rise. On continents, the Cascade Mountains volcanics are like some
OAV whereas the Antarctic rift volcanics are much like 018 volcanics.
Columbia River flood basalts have some samples similar to N-MORB, but
many samples have values of VIZrM <4 like 018, suggestive of mixtures of
hotspot and depleted mantle or lithospheri' magmas.
References: [ Jj Doe (1997). (2] Hildreth (1991). [3) Doe et al. (1982).

ZINC ADSORPTION ON IRON(II)/IRON(IIIl SUBSTRATES PRODUCED .IJY MlCROBlAL REDUCTION OF HJGH..SUKFACE-AREA
GOETHITE. R. J. Donahoe. K. D Kirk ..md E. Y. Graham. Department
of Gcoscienct:S, University of Alah3ma. Tus~aloosa AL 35487-0338. USA
(rdonahoc@wgs.gen,ua.eOu),
lotroductioo: Reductive rlissolutjon of ferric iron oxyhydroxide phases
has been demonstrated to occur primarily through microbially ~aralyzcd
reactions for a variety of natural systems. The~e reactions impact the glClbal
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cycling of Fe and C. and can potentially resu lt in the mobllizati oo of heavy
metal e lements bound 10 the surface of Fe(ffi) phases.
Experimt:ntal work perform~d by severa l iovestiga1ors has shown that
under most conditions only a minor fraction o f lhe Fe(ll) produced by rni·
crobial reductive dissolution of Fe(UJ) oxyhydroxide phases re!Tt<~ins in tbe
aqueous pbase [1-3]. In addition, it was receorly d~:monsuated that adsorbed
or coprecipit.ated Zn is not mobiLized by microbial reduction of HSA goet·
rule [4]. lllCse rus uhs have important implications (or the mobili ty of heuvy
metul elements in anaerobic subsurface environmentS.
This study was performed to cxperimcmally determ ine the adsorption
capacity of Fe(O)IFc(lll) substralcs produ<:<!d by microbial reduction of HS A
goethite for Zn under conditions appropriatt.: to natural systems.
Methods and Materials: High-surface-area goethite (HSA -GL; BET
surface area 220 m2tg) was synthesized via FeC11 oxidation (5) . After thorough washing, the HSA-Gt was freeze-dried aod passed through a 100-lllll
screen.
Shewcmella alga (sr.raio BrY) [6) is a gram-negative facultative anaerobe
capable of diss imilatory reduction of amorphous and crystalline Fc( ll l)
oxyhydroxides. S. alga was grown under anaerobic conditions at circumneutra l pH. and used in all incubation experiments.
Anaerobic artificial groundwutcr (AGW) incubation media having 50 mM
Fe as HSA-Gt, 5 mM Lactute , 10 mM HC0 3-, and either 0 mM or 10 rnM
HEPES buffer was prepared in 400-mL hatches, distributed equally between
I 00-mL serum bottles. and inoculated with washed BrY cells. The bottles
were incubated at ambient temperature and sampled periodically to determine
the extent of Fe(lll) reduction. Dottles were sacrificed after different time intervals to provide substrate having various reduction states for use in ZnadSorptlon experimentS. The substrates were separated from the incubation
media by centrifugation and washed three times in anaerobic AGW. Anaerobic adsorption experimentS we re set up using panially reduced HSA-Gt
substrate in the AGW + I 0 mM HC01- ll1lltrix described above, 0-3.88 mgfl..
(0-59.35 liM) Zn, and having pH = 6.8.
Re!.ults and Discussion: Zinc sorption isotherms have been determined
for 0-46% reduced HSA-Gt in the solution matrix described above. and for
0-37% reduced HSA-Gt1n AGW + 10 mM HC03- + 10 mM HEPES buffer.
lo general, the percem sorption of Zn is fairly uniform (between 70% and
80%) over the range of Zn concentrations and HSA-Gt reduction states
examined. Altl1ough the percen t sorption of Zn on the reduced substrate is
approximately 10-15% lower than that for unreduced HSA-Gt at pH = 6.8,
the adsorption cnpac ity is much greater thao cau be explained by the presence of residual, unreduced HSA-Gt. Tilis, plus the observed slight overall
trend of iocrcasiug percent sorption of Zu witb iocrensing pcrccut reduction.
suggests thnt the partially reduced substrate possesses significant adsorptiun
capacity for Zn. Possible sorption mechanisms indude Zn ad>orptirm on Pe(ll)
phases and/or biologic substrates, or incorporation/coprccipitalion of Zo iuto
the struct11re of a solid phase.
Datu for Zo sorption oo I!SA-Gt reduced io the presence of IIEPES buffer
suggest that the presence of HEPES may increase the sorprion capacity of
the reduced substrd te somc:what, panicull!Tly for higher percent reduction
levels and lower Zn concentrations.
Langmuir and Freundlich isotherm fitting parameters were calculated from
the mensnred adsorption data. Comparison of the experimental data to predicted isotherms showed that adsorption of Zo by partially reduced HSA-Gt
is best modeled by Freund lich isotherms. Langmuir models undcrprcdicl Zn
adsorption .
l.ron(ll) speciation is being examined by chemical mode ling and X-ray diffraction (XRD), scaoniog electron microscopy (SEM), and Auger Microprobe
aoalyses to anempt to characteriz.e the reduced substrate phasc(s) and determine the sorption mechanism(s) for Zn on this material.
SWIUilary: The results of this study have shown Utat Zo ad~orption hy
solid phases formed through the partial reduction of HSA-Gt by Slwwanella
alga. while lower than that for unreduced HSA-Gt, is sti ll subslaotial. l11esc
results indicate that metals originally adsorbed 10 Fe( IT!) oxyhydroltide pbases
io soils, sedimeotS. aod aquifer ll1llterials will remain largely immobi le even
after reductive dissolution of the Fe(lll) phases by anaerobic bacteria.
Acknowledgments: 11tis work is funded by DOEINABIR grant #DEFG02-97ER62482. We liTe grateful for help provided by F. Picardal and D.C.
Cooper ;lllndjana University. am! E. R{)(tcn, M. llrrutia. and V. Keith at th~
( lniversi ty of Alahama.

=
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NITROGEN-ISOTOPIC VALUES AS A PROXY FOR LAND-USE

PATTERNS IN THE CONNECTICliT RIVER WATERSlffiD. T. A.
Douglas. C. P. Chamberlain, and R. R.. Harrington, Department of Earth Sci ences, Dartmouth CoUege. Hanover NH 03755, USA.

Introduction: Rt..:cenlly, N-iso1opic studies have been emp loyed to
quantify the extent of nonpoint source N contamination in natural waters
[1,2). Major nitrat<..: sources include atmospheric deposition, nitrification of
soils and snow. fenilizcrs and animal waste. Variations in fi i ~N have been
successful in dcitniog these sources in waters (3] . We present here results
from an ongoing study of the effect of land use on the chemistry of the
Connecticut River watershed, USA. Nitrate cooccnlrations and N-isotopic
ratios suggest nitrate in the watershed is directly related 10 land-use prac1ices.
Study Site: The Connecticut River watershed encompasses (5 ,750
square miles. stretching 383 miles from its source at the U.S.-Canada hord~:r
south to Long Island Souod. Approxill1lltely 4.5 million people li ve within
the river's drdinage. with most concentrated in the lower third of the watcrsbed. The Conoecticut River begins in remote lakes s urrounded by pristine
hardwood forests. In southern New Hampshire and Vermont, the river travels tllfOugh agricultura l communities that rely on intensive usc of fertilizer.<
10 prod uce com nod hay during the shon growing season. The Conneeticu1
River is ideall y suited for a N-isotopic investigation because of these longi ludinal differences.
Sampling and Land-Use Quantification: The entire Conoccticut River
watershed was sampled ttt 41 sites in August and December, 1998, and Apri l,
1999. These three time periods constitute the major seasooal changes io the
study area: summer to fall. fall ro winter, and winter to summer. The Connecticut River was sampled above aod be low I I major tributaries, wb.ich were
selected for tbcir representation of geology . land use, drainage population,
and areal extent. Tributaries were sampled in an attempt to qunntify sma llscale changes io laud use witb.in the Conne,:ticut River watershed . Maps from
1991 to 1993 LANDSAT thematic mapper images at I :24.000 scale were
che~ked with GIS land-usc cover data. Mapping classified the samp le sites
into four distinct land use pattcms, which arc. from north to south. forest,
mixed forest and agricul ture, intense agriculture, and deuse population.
Results and DiS<.ussion: Nitrate-N was measured at each site using a
LaMotte colorimeter [41. Nitrate-N concentratious in the I I lributu.ries are
related to their land-use classification (Fig. I). The highest nitrate conccotratioos are in waters from tributaries draining heavi ly populated watersheds.
o15N values of waters were measun:d using methods adapted from [5). Resul~
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Fig. 2. Average I)ISN values of nitrate in stream water from the White River,
Vermont. From [2).

1)15N-isotopic values from the White River in Vermont (Fig. 2) suggest a linear

correlation with the percent of agriculture. I)ISN values increase from 2%o in
the forested catclunents to 7%o in catchments draining lands categorized as
14% agriculture. Results from the N-isotopic analyses indicate this study
should be extended to tributaries in the Connecticut River that drain densely
populated areas to further quantify the relationship between land-use and
nonpoint sources of nitrate.
References: [I) Ostrom N. E. et al. (1998) Chem. G~ol., 146, 219-227.
[2] HarringtOn R. R. et at (1998) CMm. Geol., 147, 281-294. [3] Exner M. E.
and Spalding R. F. (1994) Appl. GeocMm., 9, 73-81. [4] American Public
Health Association (1989) Standard Methods for the Examinination of Water
and Wastewater, 17th ed. [5) Kendall C. et al. (1995) International Association of Hydrological Sciences Publication 228, pp. 339-347.
NATURE AND ORIGIN OF THE LOWER CRUST OF CRATONIC
EUROPE: XENOLITH SUITES FROM THE BALTIC SHIELD AND
EAST EUROPEAN PLATFORM. H. Downes'. A. J. W. Markwickl, and
P. D. Kempton2• 1Birkbeck!UCL Research School of Geological and Geophysical Sciences, Birkbeck College, Malet Street, London WCIE 7HX, UK
{h.downes@ucl.ac.uk). 2Jsotope Geosciences Laboratory, National Environmental Research Council, Kingsley Dunham Centre, Keyworth NG12 5GG,
UK (p.kempton@nigl.nerc.ac.uk).
Introduction: A crucial question of crustal evolution is whether processes that formed the lower continental crust in Archean/Proterozoic times
were similar to those that have operated during the Phanerozoic. Direct
sampling of the lower crust as xenoliths entrained in mafic alkaline magmas
can yield information about its mineralogy, chemical composition, and origin. The European continent shows strong contrasts in crustal thickness, heat
flow, and lithospheric structure between its Archean/Proterozoic cratonic areas
and its Phanerozoic mobile belts [1] . These differences are reflected in the
mineralogy, chemical composition, and metamorphic facies of lower crustal
xenoliths in different parts of the continent [2]. The Baltic Shield and East
European Platform is a region of thick (>40 km) Archean/Proterozoic cratonic crust with a high-velocity lower crust. Alkaline magmas (including
lamprophyres, kimberlites, melilitites, and carbooatites) were intruded across
the region in Devonian times, in some cases entraining lower crustal xencr
liths. We have studied three garnet granulite xenolith suites from the Archean!
Proterozoic cratonic areas of Europe (Kola Peninsula [3], Arkhangelsk [4],
and Belarus [5]) and consider that the xenoliths represent metamorphosed
Proterozoic mafic underplates.
Mineralogy, P-T Estimates, Seismic Velocity, and Density: The xenoliths grade from plagioclase-rich mafic garnet granulites to plagioclase-poor
eclogitic granulites with <5% plagioclase. All are rutile-bearing. Less common xenoliths include metasomatized granulites and rare felsic (migmatised)
granulites. The high pressure mineralogy contrasts strongly with the lower
pressure granulite xenoliths of western Europe [2]. PT estimates yield pressures (12-15 kbar) similar to those anticipated for the geophysically imaged
thick lower crust in the region, but temperatures arc higher than the current
estimates of lower crustal temperatures in the area. so we inte.rpret the PT
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data as frozen equilibria. Estimates of the average density and seismic ve·
locity of the Kola xenoliths are 3.2 Mg/m3 and 7. 1 km/s , respectively.
Isotopic Compositions: Present-day Sr-isotopic compositions of the
mafic granulite xenoliths from beneath the European craton are relatively low
(0.7052-0.7122). Felsic xenoliths have Sr-isotopic ratios up to 0.725 and
strongly metasomatized samples have the highest Sr-isotopic ratios (0.9), reflecting the presence of ancient metasomatic phlogopite. Neodymium-isotopic
ratios in the xenoliths are also generally low (0.51124-0.51230 garnet granulites from Arkhangelsk differ from those of Kola and Belarus in defining a
mixing hyperbola between depleted mantle and more enriched crustal compositions and may represent a younger addition to the crust in this region.
Processes that can be inferred to have occurred in the lower crust of the Baltic
Shield/East European Platform include (I) intrusion (underplating) of mafic
magmas, (2) metamorphism/migmatizatioo, and (3) metasomatism. Crustal
assimilation may have occurred to an unknown but probably small extent.
The Sr- and Nd-isotopic array for granulite xenoliths worldwide shows
that there are three maio components that have contributed to the isotopic
variability of the lower crust. One component has low 87Sr~Sr and low 143Ndf
1«Nd ratios and is found only in the regions of ancient crust. The Baltic
Shield/ East European Platform xenoliths represent this component and therefore contrast strongly with the majority of mafic lower crustal xenoliths from
beneath Phanerozoic terranes. The mineralogy and isotope geochemistry of
the xenolith suites from the Baltic Shield/ East European Platform are very
similar to the rutile-bearing garnet granulites with eclogitic affinities from
Lesotho, Greenland, West Africa, Kaapvaal, southern Australia, northern
Canada, and Montana. Thus, these high-pressure granulites seem to be common in the lower crust beneath regions of ancient continental crust and/or
Archean cratoos. This indicates that there is a commonality of processes that
have formed and modified the Earth's ancient lower continental crust.
References: [I] Blundell 0. et al. (1992) The European Geotraverse:
A Cominent Revealed, Cambridge Uoiv. [2] Downes H. (1993) Phys. Earth
Planet. Int., 79, 195-218. [3] Kempton P. D. et al. (1995) Uthos.. 36.
157-184. [4) Markwick A. J. W. and Downes H. (1999) Lithos., submitted.
[5] Markwick A. J. W. et al. (1999) Tectonophys., in press.
PRESIDENTIAL ADDRESS: FORMATION AND PRIMORDIAL
DIFFERENTIATION OF THE EARTII. M. J. Drake, Lunar and Planetary Laboratory, University of Arizona, Tucson AZ 85721 -0092. USA.
The formation of metallic cores. the crystallization of magma oceans. the
formation of early crusts, and the outgassing of planetary aunospheres is a
natural consequence of planetary accretion. For a generation, the concept of
heterogeneous accretion of the planets held sway. Now the idea has emerged
that tbe siderophile element signatures in the mantles of the Earth, Moon,
Mars, and Vesta result from equilibration of metal destined for planetary cores
with silicate in magma ocean environments [1].
Righter and Drake [2) were able to account for even the abundance of
the highly siderophile element Re by metaVsilicate equilibrium in a magma
ocean enviroDJDent, but the chondritic (to within 4%) Re/Os ratio in the
Earth's mantle inferred from Os-isotopic work may point to a hybrid model:
the moderately siderophile element abundances were set by metaVsilicate equilibrium in a magma ocean environment, while the highly siderophile elements
may well have been delivered as a late veneer and milled very efficiently into
a by now metal-free (the metal had segregated into the planetary core) magma
ocean.
A terrestrial magma ocean was almost certainly hydrous, a conclusion that
derives both from modeling [2] and DIH observations of comets [3). This
conclusion raises the question of whether H is dissolved in planetary cores.
Magma oceans also offer the possibility that radioactive heat-producing
elements such as K may dissolve in planetary cores. Chabot and Drake [4)
find that K is more soluble in S-bearing metallic liquids than pure Fe me·
tallic liquid and C-bearing metallic liquid, but is approximately 2 orders of
magnitude under abundant in metallic liquid to be a significant contributor
to the energy budget of Earth·s core.
Fractionation of crystallizing silicate and oxide minerals from a deep
magma ocean should result in fractionated ratios of refractory lithophile
elements such as SciSm in the primitive silicate Earth mantle, fractionations
that are not observed. This observation suggests that Earth's magma ocean
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had fluid dynamical properties more akin to a dusty atmosphere than a sludgy
si licate liquid, with the exception of density.
The preservation of reservoirs of different t29XeJI32Xe ratios in Earth and
Mars indicates that their atmospheres were outgassed very early in solar
system history. Water released from cooling magma oceans is an effective
vehicle for fractionating I from Xe to create these reservoirs.
References: [I) Righter and Drake (1996) Icarus, 124, 513. [2) Righter
and Drake (1997) EPSL, 146, 54 I. [3] Deloule et al. (1999) GCA. 62, 3367.
[4) Chabot and Drake (1999) EPSL, submitted.
ON THE EARLY DIFFERENTIATION OF MARS. G. Dreibus, MaxPlanck-lnstitut fur Chemie, P.O. Box 3060, D-55020 Mainz, Germany
(dreibus@ mpch-mainz.mpg.de).
The high-Cl concentrations of lhe Pathfinder rocks of -0.25% after the
correction of 0 from the adhering soil were taken as further evidence of an
early enrichment of the volatile elements in the martian crust.
Using element correlations observed in SNC meteorites , postulated as
martian rocks, and general cosmochemical consttaints the bulk composition
of Mars was estimated [1). In this model the mean abundance values for
moderately volatile elements Na, P, K. F. and Rb and most of the volatile
elements like Cl, Br, and I in lhe martian mantle exceed the terrestrial values
by about a factor of two. The striking depletion of all elements with chalcophile character (Cu, Co, Ni, etc.) indicates that the silicate phase of Mars,
contrary to the Earth, was equilibrated with aS-rich core. Consequently Mars
accreted homogeneously from 40% CI material (component B) and 60% of
a volatile depleted highly reduced matter (component A). During the accretion and core formation the initially large water inventory from component
B was lost due to the reaction of water with metallic iron from component
A to H, which has subsequently escaped.
The high abundance of volatile-rich component B, which supplied large
amounts of S, was responsible for an FeS-rich core extracting all chalcophile
elements from the silicate phase according to their sulfide-silicate partition
coefficients. Core formation must have occurred concurrently with the rapid
accretion of Mars. which is inferred from excess mw in martian meteorites [2).
The Pathfinder mission yielded the first in situ analysis of the chemical
composition of manian crustal rocks with the APX spectrometer [3). The
rocks embedded in the soil at the Pathfinder site turn out to be rather similar
to each other but very different from compared to the soil. In contrast to the
mafic character of the SNC meteorites, they are felsic rocks, rich in Si02 and
K and low in Mg. Furthermore it became evident that rocks with no adhering soil show enhanced Cl concentrations of about 0.25%. Sulfur and Cl both
dominate in the soil and were interpreted as an interaction of volcanic gases
with the surface material [4). However, the correlation of Cl vs. S for Pathfinder rocks and soils show that these two elements are slightly decoupled
from each other. Not all Cl in these samples derived from a gas-solid reaction. The Cl concentration of -0.25% in the rocks must be intrinsic. Chlorine as an incompatible and volatile element is enriched in these highly
differentiated crustal rocks. A sedimentary origin or an infiltration from an
early northern ocean [5 ] in the crustal rocks also cannot be excluded.
Such high-Cl concentrations in crustal material are outside the range
observed in SNC meteorites and most terrestrial igneous rocks. Like the other
halogens, Cl is easily extracted from heated rock samples in the presence of
H20 . Hence, it might be that under accretion conditions on Mars, Cl was
removed from the interior of the planet very efficiently and was incorporated
into the crustal rocks at that time. The observed higher t29XeJI32Xe ratio in
the martian atmosphere compared to the interior of Mars [6,7) points to a
very early extraction of I in the crust because of the shon t29J half-life of
16m.y.
The absence or at most very limited plate tectonic activity on early Mars
excludes an crustal recycling back to the mantle and preserves the isotope
systems derived from the early crustal differentiation. The t29J. t29Xe (T 112
16 m.y.) and the J46Sm-' 4 2Nd (Ttn 103 m.y.) isotope systems indicate a rapid
accretion and a very early forroation of the crust with its enrichment of volatile
and high incompatible lithophile elements. As no recycling to these elements
reservoirs is possible the 4.5 Ga recorded by tbe martian meteorites Rb-Sr
whole-rock isocbron and by the old Pb-Pb model ages of the individual

shergottites [8] might reflect the early time of crust-mantle separation. The
recently observed correlation of radiogcniciB2W with radiogenic 142Nd by [2]
points also to a close relationship between core formation and mantle melting in the fust -30 m. y. of martian accretion.
References: [ 1) Wanke H. and Dreibus D. (1988) Phil. Trans. R. Soc.
Lond., A325, 545-557. [2) Lee D.-C. and Halliday A. N. (1997) Nature, 38,
854-857. [3] Rieder R. et al. (1997) Science, 278, 1771. [4] Clark B. C.
(1993) GCA, 57. 4575 [5) Head J. W. Ill et al (1998) GRL, 25, 4401.
[6) Swindle T. D. et al. (1986) GCA, 50, 1001 [7) On U. and Begemaon F.
(1985) Nature, 317, 509. [8) Jagoutz E. (1991) Space Sci. Rev., 56, 13-22.
RARE EARTH ELEMENTS IN OCEANIC PHILLIPSITES. A. V.
Dubinin, P. P. Shirshov Institute of Oceanology of Russian Academy of
Sciences, Nahimovskiy Prospekt, 36, Moscow 117851, Russia (geochem@
geo.sio.rssi.ru).
In order to investigate rare-earth-element (REE) distribution between
authigenous minerals in pelagic sediments the phillipsite aggregates were
analyzed. Phillipsites were hand picked using binoculars from size fraction
>50 j.ll1l of four horizons of pelagic clays (37-40, 105-110, 165-175, and
189-190 em). station 35 (29°36'S, 149°58'\V). No chemical cleaning was applied prior analysis. REE in phillipsites were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS) [1). For analysis of separate grains or
aggregates, the electton and ion microprobe methods were used [2).
The comparison of phillipsite composition from four horizons has shown
that they are quite close and may be presented as Nau-2. 1 K 1 .6_ ~,9C3o. t0.3Sr0.2[Al4.t-4.lSi tOS-u.20 32) x 6H20. REE contents measured by ICP-MS
for phillipsite fractions strongly correlate with Fe and P. These two elements
do not be entered in the phillipsite structure and were accumulated as dissipated Fe oxyhydroxides on phillipsite grain surfaces and inside the crystal
as inclusions. REE patterns of phillipsite fractions are shown in Fig. I.
Negative Ce anomaly (Ce an = 2 x Ce/Ce•halef(La!La>hate + Nd/Nd>h•l•) increases (1 .07 ~ 0.70 ~ 0.26 ~ 0.23) with sediment depth that is connected
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Fig. I. Shale-normalized concentrations of REE in oceanic phillipsites.
(a) Ion microprobe analysis of separate phillipsite grains. (b) ICP MS analysis
of phillipsite fraction (>50 IJI!l) of sediments, station 35. I horizon 3740 em, 2 =horizon 105-110 em, 3 =horizon 165-175 em, 4 =horizon 189190 em.
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with the increase of Fe, P. and trivalent REE in phillipsite composition. The
increase of Fe in phillipsites coincides with increase of Fe contents in associat.e d sediments with depth and may reflect the influence of hydrothermal
material.
REE composition of phillipsite fraction is contaminated by REE from
inclusions of Fe oxyhydroxide, biogenic apatite, and Fe-Ca hydroxophosphate.
To avoid this contamination the REE contents of some grains were determined
by ion microprobe method. The results of separate grain analysis are shown
in Fig. I. The shale-nonnalized concentrations of REE in separate grains of
philUpsites do not exhibit negative Ce anomaly except one sample from
horizon 189-190 em. Two neighboring grains of phillipsites from horizon
105-110 em have different Ce anomaly (4.7 and 1.2). REE contents determined by ion microprobe method are much smaller than those analyzed by
ICP-MS. The reason of these differences are in the influence of dissipated
Fe oxyhydroxides and Fe-Ca hydroxyphosphates, which preferably accumulate REE. Positive Ce anomaly in REE composition is a result of heterogeneity in phillipsite aggregates due to inclusions of Fe oxyhydroxides. Cesium
is accumulated on Fe oxyhydroxides.
It is known from [3,4) that phillipsites of the oceanic sediments accumulate REE with pattern similar to that of seawater. From this study it is clear
that high concentrations of REE in phillipsites and negative Ce anomaly may
be a result of Fe oxyhydroxide influence. The oceanic phillipsites do not
accumulate REE and inherit REE composition of seawater.
References: [1) Dubinin A. V. (1993) Geokhimia, 11, 1605-1619.
[2] Sobolev A. V. (1996) Perrologia, 4, 228-239. [3) Piper D. Z. (1974) GCA,
38, 1007-1022. [4) Bernat M. (1975) Cah. ORSTOM, Ser. Ceo/., VII, 65-
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KINETICS AND SURFACE MICROSTRUCTURAL EVOLUTION
OF MICROBIALLY MEDIATED SULFIDE DISSOLUTION: IMPLI·
CATIONS FOR MODELING ACID MINE DRAINAGE GENERA·
TION. K. J . Edwards I , M. M. McGuire2, R. J. Harners2, and J. F. Banfield•,
1Department of Geology and Geophysics, University of Wisconsin-Madison,
1215 W. Dayton Street, Madison WI 53706, USA, 2Department of Chemistry,
1101 University Avenue, University of Wisconsin-Madison. Madison WI
53706, USA.
Introduction: Dissolution and surface morphology evolution of pyrite,
marcasite, and arsenopyrite have been monitored during 22 d of reaction with
mixed enrichment cultures, an Fe oxidizing isolate (Ferriplasma acidarma·
nus), a S-oxidizing isolate (Thiobacillus caldus), and abiotic controls. Results show that dissolution in the presence of T. caldus caused a reduction
of Fe released to solution by -18% in marcasite, and 30% in arsenopyrite
relative to controls. Inhibition of pyrite dissolution in tbe presence ofT. caldus
was negUgible. Inhibition of marcasite and arsenopyrite may in part be due
to celt coverage and precipitation of iron oxides on surfaces of cells attached
to minerals. Scanning electron microscopy (SEM) found that the surfaces
reacted with T. caldus were depleted, though not completely absent of S
deposits relative to controls. The conversion of S0 to S0,2- in experiments
with T. caldus consumes 0, and this may suppress the inorganic rate at which
the ferric iron surface oxidant is regenerated, lowering the sulfide dissolution rate.
The microbial contribution to dissolution rates of pyrite, marcasite, and
arsenopyrite in enrichment cultures of Fe- and S-oxidizing organisms was
-1.5-6x greater than in cultures of the Fe-oxidizing arcbaea F. acidarmanus.
Cell-normalized dissolution rates in experiments containing Fe-oxidizing
microorganisms, calculated based on the average number of Fe-oxidizing cells
present, ranged from 6 x 10-7 to 2 x 10-s jJMol Fe cell-1 d-1. These rates
are in close agreement with the only previously reported celt-normalized Fe
oxidation rate estimate (4 x I0-7 ).IMol Fe ceJt-1 cJ- 1 [J]). Variability in celtnormalized rates is partially attributed to changes in surface area that occurred
during reaction. and to differences in microbial metabolic efficiencies.
Results indicate that the microbial contribution to acid generation is highly
dependent on the cell density and surface area available. When surface area
available for reactions is low and cell numbers are high, the microbial contribution to dissolution is high; when surface area is high and celt numbers
are low, similar to many acid mine drainage (AMD) environments, the
microbial contribution decreases relative to chemical oxidation. Cell-normal-
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ized rates were used to predict the microbial contribution to sulfide dissolution at an AMD site, Iron Mountain, California. Calculations suggest that
the microbial contribution to AMD production may be approximately equal
to abiological dissolution at this site.
References: [I] Edwards K. J. et al. ( 1998) Am. Mineral., 83, 14441453.
OXYGEN-ISOTOPIC EVIDENCE ON THE ORIGIN OF CHEMICAL
VARIATION IN THE SOURCES OF NORMAL MID-OCEAN-RIDGE
BASALTS. J. M Eiler 1, P. Schiano1.2, N. Kitchen 1, and E. M. Stolper!,
•Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena CA 91125, USA (eiler@gps.caltech.edu), 2Laboratoire
Geochimie-Cosmochimic, lPG Paris, 4 Place Jussieu 75252, Paris Cedex 05,
France.
Introduction: Mid-ocean-ridge basalts (MORBs) are the most abundant
terrestrial magmas and are believed to be derived from partial melting of a
globally extensive reservoir of ultramafic rocks in the upper mantle. The
sources of MORBs vary significantly in the abundances of incompatible
minor and trace elements and in several radiogenic isotopic ratios. A variety
of mechanisms has been proposed for generating these variations by intramantle differentiation; alternatively, they could reflect refertilization of the
sources of MORB with subducted crust. Relative to typical mantle peridotites, crustal rocks are commonly enriched or depleted in 180/ 16() due to
interaction with the hydrosphere; therefore the 0-isotopic compositions of
MORBs can provide a test of the imponance of crustal recycling as the cause
of chemical variations in their sources. Previous studies of the 0 -isotopic
variability of MORBs report that values of 11 180 vary by -l-2%o (between
5.35%o and 7.30%o [1,2]; the high end of the range decreases to 6.22%o if
the results of [3) are excluded) and are not significantly correlated with other
variables (geochemical or otherwise) believed to be important to understand·
ing the mantle sources of MORBs.
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Methods: We have analyzed l)ISQ values of 28 well-clmractcrized NMORB glasses from the East Pacific Rise, M.id-Allant.ic Ridge, and lndjan
Ocean (described in [4]). Our measurements were made by Ja.~er fluorination
of gl:~.ss separates. The reproducibility of the mca.~urcmcnts (based on multiplt: analys<!s of standards and unknowns) averdges ±0.03%o ( lo). and rhe
average uncertainty in th e mean for eac h sample is ±0.02%o (lo).
Results and Discussion: We find a range in ()Ill() for N-MORB glass
of 5.37-5.8 I%o. Values of 1) 180 observed in tl1 is study arc positively correlated with several chemical indices associated with "enrichment'' in the mantle
sources of MORB, including the concentration of K1 0 (Fig. La) and the KzO!
T10 2, K10!Hp {Fig. I b). La!Sm, Baffa, and KIU ratios. Neither 1RQ values
nor any of the other parameters afe correlated wiU1 Mg#. Values of 8111() are
also uncorre lated wiUJ Na20 18_0J or the;: abundances of other incompatible
elements that are principally sensitive to extents of melting but not usuall y
considered to reflect enriched geochemical signatures in MORB (e.g., Ti, Ta).
Values of II'SO are also uncorrelated with H10 and are therefore inconsistent
with assimi lation of water-rich, altered. upper-crustal rock.s or sediments in
the current oceanic crust or with 180-enrichmeot during subsolidus hydration. Moreover, calculated trends of fractional crystallization of a single
purenl.:!l magma or variable e;:xtents of melting of a single source are inconsistent. wilh observed correlations between l\ 1BQ a nd in(Ompatihlc-clcmcnt
concentrations or ratios. We conclude that the small but signilicant variations
in l)ISQ in MORB that we have observed principally rcllect variations in the
[)IBQ of t11eir sources, and that such source variations cannot be produced
readily by high-temperature differentiation of initially homogeneous m.antle.
Given the association of increasing o 1SO with em:icluneots in elements thar
nne concentrated in high-olll() crustal rocks and sediments (e.g.. K). observed
trends (e.g.. Fig. I) could reflect the presence of subductcd crustal rllJltrrials
into the MORB source.
References: [1) Hannon and Hoefs (1995) CMP. 120. 95-114. [2]1to
etal. ( 1987) Chem. GeoL, 62, 157-176. (3)Taylor(l968) CMP. 19,1-7 1.
(4 ] Sch.iano et. al. (1997) EPSL, /50, 363-379.
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URANWM-TIIORIUM-PROTACTINlUM CONSTRAINTS ON MELTING BENEATII Tim MARIANA ARC. T. Elliott and G. Koersier. Vrije
Uoivers ite it, Faculty of Earth Sciences. De Bot:lelnan 1085, 1081 HV
Amsterdam. The Netherlands (ellt@geo.vu.nl; koet@geo.vu.nl).

We have measured nrpa diseq uilibrium to combine with an ex isting
comprehensive geochem ical data5ct on historic lavas from tlte central island
province of the Mariana arc. Variations in the chemistry of the lavas is
inferred to represent variable sediment melt. input to their sub-arc sources
together with. a near constant flux of "fluid" from the down -going altered
oceanic cm.sL Tbt: Ouid signature is st:en most cle:u-ly in the most dep leted
samples, i.e .. where least sediment has been added. Flwd addition is thought
to contribute significantly to the Ba, Ph, Sr. and U budgets of L11e arc lavas.
and to produce the striking JJ~U excesses in the lavas, (7J8Uf.l30'fh) - 1.6 in
Guguan lavas. ln the lavas with grea ter sediment contri bution, the fluid
addition signature is masked. For example, some Urncas lavas show modt:st
HO'fh excesses rather than nsu excesses. The wide range in mu excesses.
brought about by fluid addition to variably sediment euriched sources, notably correlate with (Z30fh/232'Tll), resulting in a pscudo-isochron of 30 ka for
the bulk of Mariana samples. The two samples available from tlre is land of
Al:l.J11ngnn define an older isochron of I 10 ka thar nevertheless intersects th~:
eq wline at a similar initial ZlO'fhfl31TIJ to the main army. These "ages" are
most simply inferred to represent the time between flwd addition and eruption of U1e melts. Since the nuid may itself trigger melting, then th.: age may
perhaps reflect magma migration times.
TI1c 7.Jsu.mpa and mu_nll"fh systematics are strikingly different despite
being effective ly linked by a common parent. All samples show 2J IPa excesses, With r3tpaf13SLJ) mnging from 1.19- 1.43, witJ1 little correlation with
indices of sediment enrichment. Jt ls notable, however, llmt a snmple from
Alarnagan has the lowest (2l 1Paf1.35U). Mid-ocean ridge basalt (13 1Pa/Z35U)
ratio.-; are commonly -2 and much greater than (Z3<YTbfZJ8U) ratios - 1.2. Jt
has thus been inferred that Pais more incompatible than Th 11nd this. coupled
with its shorter half- life, res ult in the melting process ge nerati ng much grcarer
Pa excesses than TI1 excesses. Jo the arc environment. the (23 1paf13SU) rmios
might also b<! more strongly affected by the melting process than l31l"£n -23BU

disequi librium. Zl 1f>n-23SU measurements may thus "see through" m.uch of the
additions of the slab component that more strongly infl uence the llll"fh.mu
measurements.
We have modeled the Marianas data starting from a set of sub-arc sources
with variable U excesses, resulting from slab additions. In-growth melting
models can readily reconcile ll1c Pa excesses combined witlt ZJSU excesses
in melts derived from sources that initia lly have U excesses for both systems.
For simplicity we have done these initial calculations using a "dynamic" (ncar
fractional) modeL In order to gcncmte the significnnt Pa e.xccsses, however,
low porosities and melting rates are required. It also appears neccssury to suut
melting within the garnet stabili ty field {>80 km). Under these conditions,
however, the melting process will also affect the zHu.nlrllJ systcmat.ics.
Modeling suggests the apparent i~ochrons defined by arc lavas on tltc cqwline
may reflect more the melting rates in the mantle wedge than melt tranSport
time. This, however, should provide vnluable information in comparing the
melting process beneath arcs and at sin1plcr tectonic environments such us
mid-ocean ridges and plumes.
FUNDAMENTAL S11JDIES OF PYRJTE OXIDATION IN GASEOUS
AND AQUEOUS ENVIRONMENTS. A. R. Elsetinow 1• D. R. Strongio 1,
and M.A. A. Scbooncn2, 'Dcp:u-tmeot of Chemistry, 1901 North 13th Street.
Temple Univers ity, Phjladelph.ia PA 19122. USA. !Department of Geosciences, State Univetsity of New York-S tony Brook., Stony Brook NY
11794-2100. USA.
The oxidation-induced degradation of pyrite in certain scenarios is of
significant interest. This phenomenon, for example, in mine tailing piles bas
received significant attention, since the result ing production of sulfuric acid
has a severe detrimental impact on the surrounding environment. Mucb of
the informarion concerning the pyrite oxidation mechanism hns been inferred
from macroscopic observations in aqueous studies. Research jn our laboratory, using modem surface science techniques, is helping to shell light on the
microscopic properties of the pyrite surface that control its reactivity in oxic
environments.
Electron spectroscopies and tbem1al desorption techniques carried out on
( 100\ planes of pyri te uuder well-controlled conditions in ullTa-bigh vacuu m
(UHV) have shown that relatively simple adsorbates. such as CH 30 H, H20.
and H7.S hind preferentially to deli:\;! sites. These defects, at least in part, arc
thought to be S anion vacancy sites on the pyrite surface.
Using a combined high-prcssure/ultrd·high vacuum (UHV} apparatus
pyrite surfaces were also reacrcd at environmentally relevant pressures. The
reacted samples were then studied with electron spectroscopies, iocluding
X-ray photoelectron specttoscopy {XPS). Our studies showed that in the pure
H 20 environment.. ox.idation of { 100) planes \vas spatially limi ted to nonstoichiometric or S-deficicnt surface sites. Oxidation of the disulfide group
of pyrite occurred if 0 2 was present along with H 20 . Results have suggested
that 0 2 adsorption on the stoichiometric region of pyrite resulted in tbe
formation of feJ• sites that fncijjtated th.e dissociation of H20 and the oxidation of the disulfide group.
Addjtional s!udies have investigated !he effect of phosphate on the oxidation behavior or pyrite. Experimental results suggest that phosphate binds
strongly to surface fc3• in the oxjde product rl1at forms during the oxidarion
of $-deficient sites. The binding of phosphate to these si tes, which populate
only a mi nority fraction of the total pyrite surface. is found to significan tly
decrease the oxidation rate under our cxperimenral condit.ions. It is suspected
ll1a1 the mechanism of oxidation inhibition exhibited by the small amount
of phosphate is to block specific sites that would otherwise facilitate the
oxidation process through electron transfer to 0 2 .
CRYSTALLIZATION, REPLACEMENT, ASSIMJLATION, MELTING, AND INFILTRATION PROCESSES THAT FORM THE PLUTONIC FOUNDATION OF THE OCEANIC CRUST. D. Elthon, Falls
Church VA 22046, USA {delthon@osf.gov).

Numerous studies of p luroni~.: rocks from oceanic and ophiulitic regions
ha'IC shown that the processes forming these rocks are very complicated and
oot well understood. Maoy fundamen tal uncertainties remain becausl' of
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limited sampling and the complicated nature of the samples Several important processes have been identified, or at least proposed, but the relative importance of each of these processes is nOt wrtlely accepted
At first glance, oceanic plutonic rocks are relatively simple ;md nppenr
to hnve been fom1ed hy crystallization from mid-ocean ridge bnsalt (MORB)
liquids. In support of this perspective, the roost nbundtmt minerals in oceanic phuonic rock.s are olivine, plagioclnse, and clinopyroxene, whi.:h are
broadly srmilar in composrtion to the phenocrysts and megacrystS 1n MORBs.
These similarities and the close association bctwc~n MORRs and plutonic
rocks clearly indicate that oceanic plutonic rocks are linked to MORBs by
m;rgma fractionation processes in subaxial magma chambers.
Studies of oceanic (and ophiolitic) plutonic rocks by several research
groups have shown, however, that the processes that form pluton.ic rocks io
the oceanic crust arc very complicated. Systematic studies have shown that
oceanic cumulates rypically have miner.li compositions that would not form
fToro the low-pressure (-1 kbar) crystallization of MORB liquids. Some of
the more common fearures are the presence of anomalously magnesian
orthopyroxo:no: and clinopyroxene, the common presence of ilmenite in
magnesian cumulates. and unusual m.foor-element aud tntce-clemeut abiiD·
dances. There is no widely accepted explanation for these anomaJous chemi cal chardcteristics in oceanic cumulates.
[Seismic imaging of the upper part nf subaxial magma chambers has led
to the general acco:ptanco: that such magma chambers are common in fast·
spreading centers, but are probably very small and ephemeral along slowspreading ceotefS. The geometry and nature of the floor of ocearuc ~ubaxial
roagma chambers, and deeper pans of the crust (or crystal musb zone) are
virtually unknown in terms of any systematic- study, although significant
information has been derhed from the study of ophiolite5, some oceanic
plutonic rocks, ~od MORB> themselves. There is general agreement that a
significant crystal mush zone exists beneath subaxial magma chambers, but
the details of processes that occur in this crystal mush zone are poorly
conslrilined.]
Petrologic study of erupted MORBs demonstrates that high-temperature
basaltic liquids are routinely deli vcred into deep portions of llrc oceanic crust;
ll1ese magmas are substantially out of thermal and chemical equilibrium with
the surrounding rocks (or crystal mush) and certainly result in significant
meltinglassim.ilation of lower crustal materials. In fact. evidence of melting
of cumulateS is abundant in ophiolites and is supported by some srudies of
halogen/volatile species in MORBS.
It is also clear from studtes of oceanic and ophiolitic cumulate suites that
infiltration of early-fonned cumulates by subsequent magmatic liquids (silicic to basaltic) is common at a variety of scales. Some of thest forms of
infiltrJtion are easily observed (dikes and veins). but subtle and cryptic forms
of infiltration are inferred from petrographic examination or geochemical
trends.
lo addition to infiltration processes, n growing body of evidence indicates
that replacement phenomena frequently occur, particularly at deeper levels
of the oceanic crust and in tbe upper mantle. Although the magnitude of these
replacement processes is hard to constrain, its petJologrcal importance in
producing dunites. and rn.aybl: pyroxenites. is clear.
The impact that crustnl-lcvel melting of cum ulates has on the compositions of erupted MORBs could be substantial. although not curr~ntly recog·
nized.

TilE SEARCH FOR TilE PROTOSTOME-DEUTEROSOME ANCES-

TOR: CONFLICT BETWEEN PALEONTOLOGICAL AND MOLECULAR DATA. D . H. Erwin. Department of Paleobiology, MRC-121 ,
National Museum of Natural History, Washington DC 20560, USA (erwin.
doug@nmnh.si.cdu).

Analysis of molecular (DNA) sequences via a molecular clock suggesiS
the divergence between the major highcr-an.imal clades occurred well before
the Cambrian radiation (dates range from I 500 to 630 Ma depending on the
genes involved and llte methods of analysis). Yet th.: fossil record ;hows no
evidence of metazoans pnor to 580 Ma. and no cvidem:c of higher clades
until 550 Ma. This strik.ing dichotomy between paleontologic and molecular
estimates of the: age of a critical node in animal evolution has important
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implicauons for understanding the Cambrian radratron rates nf mokcular
scquen~e evolution and dcvclo pmenl3l evoluuoo.
Recent phylogcrucs of animal relationship~ have demons(];lted that am·
mals more comple~ thnn cnidarians arc clustt>rcd into lhr.:e large cla(ks: the
deutcrusromes (including echinoderms and chordates) and two groups of
protostomcs (ecdysozoans, including :mhropods. and lophotrochozoans. in·
eluding molluscs, annelids and brachiopods). The common anccs!Qr nf these
tltrn clades (the protonome-deutc:rostome ancestor or PDA) occurred in the
Neoproterozoic. The age aod ("Omplexity of this animal is currently disputed.
If it occurred well before 600 Ma, the divergence of these animal clndes is
necessarily decoupled from the ecological and environmental events of the
C;rmbrian mdiation. If the animal was younger, lineage divergence itself may
have played a larger role. Since flies and venebrates, both well srudied by
developmental biologistS, arc maximally separdted io recent animal phylogenies, genes found in both groups are decended from genes in the PDA
Developmental studies reveal a large suitl' of such genes. but ra1se questions
about their role in the PDA. Resolution of this c:onnit:t may require biogeochemical srudics capatlle of rccognizrng early bilaterians and hrghcr
metazoan lineages, either through tliomarlcer studies or other analyses.
SOME ABYSSAL PERIDOTITES ARE OLO! S. Esperan~or , S E.
SicheJ2, M. F Horao 1• R. l. Wnlker 1• T. Juteau• . and R. HckioiaW 11sotope
Geochemistry Labordtory. Department of Geology, University of Maryland,
College Pail' MD 20742. USA. lLAGEMAR-UFF. Nitcr6i, RJ, Brazil,
JDeparuneot of Terrestrial Magnetism. Carnegie lnstirutton of Waslungton.
5 241 Broad Branch Road NW, Wasbing!On DC, USA, •Dept. Sciences de
lo Terre, UBO, Brest, France. 5[nstitut Fran~s de Recherche pour I' Exploration de In MER, Center de Brest, DRO/GM, Plouzane. France.
Introduction: Studies of abyssal peridotites have been centr:ll to understanding processes of I)Ceanie lithosphere formation ;n ridges ;md subsequent modification. for instance. at transform faults. A program of deep diving
using the submersible Nautik' was undcnaken by a group of French and
Br.uilian scientists. with the purpose of better understanding the complexities of the St Paul's Fractllfe Zone (SPFZ) in the Equatorial Atlantic. Previously. rt was observed that the lithosphere surrounding the SPPZ is typically
cooler than other areas in the Atlantic Ocean. Additionally. significant tectonic movement has exposed abundam abyssal peridotites. some of ll1em on
the islets of St. Pierre and St Paul. Preliminary results of a Re-1'\-0s study
of abyssal peridotite samples collected from the SPFZ are presented here.
Methods: Eleven samples were selected from hund specimens rhol
showed minimum serpentinization. veining, etc. An attempt was made to
examine samples that were geographically distributed between northern and
southern portions of the Fracrure Zone. Samples were dissolved 10 quanz
Carrius tubes and spiked for Pt, Re, and Os. Rhenium and Os were analyzed
by NTIMS at the University of Maryland, and Pt was analyzed by multiple
collector inductively coupled plasma mass spec!Tometry (MC-ICP-MS) "' the
Carnegie lnstitirution of Washington.
Results: The runge of Os-isotopic compositions obtained for th.is suite
of rock.s is farge (1&7Qst1811()s varies from 0.11986 to 0. 14%) but the majority of the samples have Yo. that arc equal or below the choodritic average.
Surprisingly. Os-iso!opic compositions show a positive correlauoo with
P!/Os ratios (Fig. 1). as has also been observed for drill-core samples obtained
from a discrete block of abyssal peridotite from the Kane Transfonn Fault
of the Nortll Atlantic [ I]
Di!icussion: The mechanisms by which the P!/Os ratios of peridotites
cun be changed are yet unresolved. Decausc of the differential compatibility
of Pt and Os in mantle assemblages, melt addition or depletion is likely to
change the Pt/Os of mantle materials. It is yet unknown if Pt anJ Os can be
stripped by seawater alr.erution, although it is unlikely that this process would
be c<~pable of producing the reasonably well-defined linear corrtlattons between Os-isotopic composition and Pt!Os ratios observed in lh.rs srudy and
thar of Brandon er al. [I) The depleted Os-isotopic compositions obtained
for lh.is suile cannot result fTom interaction berween lhertolitie or harzburgitic
mantle isolated during the opening of the Atlantic Ocean nod melts with an
average MORB-type is!ltopic t:omposition. Unlike the two samples with
radiogenic composillons, the depleted ones cannot be attributed to al!erotiou
of young oceanic mantle with seawater and sediments during periods of
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Hydro/., in press. [2) Stromberg B. and Banwart S. (1999) App. Geochem .
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HYDROTHERMAL SOURCE OF RADIOGENIC STRONTIUM TO
HIMALAYAN RIVERS. M. J . Evans 1, L.A. Derry1, and S . P. Anderson2,
10

Fig. 1. Plot of Y0s vs. Pt!Os for abyssal peridotite samples from the St.
Paul's Fracture Zone. The vertical line is an average Pt!Os for chondrites.

The horizontal line represents the average Os-isotopic composition of
chondrites (modem day 187QsJ188Qs = 0.1270).

exhumation or tectonic movement. Instead, the most depleted samples indi·
cate Re depletion from typical upper mantle Os-isotopic evolution> I Ga ago.
The presence of older depleted lithosphere entrained in shallow zones of the
oceanic mantle has been recognized previously in the Izu-Bonin-Mariana
forearc (2) and in the Kerguelen Plateau (3). The sources of older materials
are most likely the mantle lithosphere once underlying continental crust.
Rhenium-depleted model ages ranging from 0 6 to 1.0 Ga for four of the
samples indicate that the lithosphere entrained in this part of the oceanic
mantle could have formed in the Pan-African-Brasiliano orogeny. The increasing evidence for incorporation of old lithosphere into young oceanic litho·
sphere during continental breakup adds a new dimension to the definition
of mantle reservoirs and mantle recycling.
References: (I) Brandon A. D. et al., this volume. [2) Parkinson I. J.
et al. (1998) Science, 281, 2011-2013. (3) Hassler D. R. and Shimizu N.
(1998) Science, 280, 418-421.

EXPERIMENTAL METHODS FOR DETERMINING THE RATES OF
CONTAMINANT RELEASE FROM SPOIL MATERIAL AND DEEP
MINES. K. A. Evans1 and S . A. Banwart2, 1Departrnent of Civil Engineer·

ing. Sir Frederick Mappin Building, Mappin Street, Sheffield Sl 3JD, UK
(k..evans@sheffield.ac.uk.), 2Departmcnt of Civil Engineering, Sir Frederick.
Mappin Building, Mappin Street, Sheffield Sl 3JD, UK (s.a.banwart@
sheffield.ac.uk.).

Details of unsaturated column weathering simulations of both spoil
material and complete mine rock are presented. These simulations, which
incorporate multilevel sampling, allow reaction progress to be determined as
a function of column depth and time. This facilitates the separation of f<i.
netic. advective and diffusive influences on reaction within the column.
Preliminary results from the columns are compared with field-based
weathering rates at two sites. The first, a large, partly vegetated, coal-mine·
derived spoil heap (1()6 m3, average pyrite content 8.5%), is leaching high
Fe (5- 20 mg/L), AI (up to 53 mg/L), and low pH solutions as a result of
unsaturated flow of rainwater through the pile. The second, an abandoned
South Wales coal mine, is discharging 109 L/yr of very high Fe (20450 mg!L), low AI ( <0.6 mg/L), circumneutral waters from flooded workings.
Comparison of the two sets of results allows the importance of a number
of different scaling parameters to be evaluated on the chosen sites. Differ·
ences in weathering rates determined in batch experiments [1), column
experiments, [2], field observations, [3), and modeling, [4), have been accounted for using an integrated approach, [5) , that considers: ( I) relatively
immobile water [6] , which prevents weathering products being transported
with site drainage; (2) the existence of large zones of nonreactive mine waste
with neglible pyrite content; (3) particle-size effects where large amounl~ of
rock. mass is hosted within large particles and rock fragments that do not con·
tribute to the weathering flux due to negligible reactive surface area; and (4)
slower weathering rates resulting from activation energy effects and lower
average temperature under field conditions.

1Department of Geological Sciences, Cornell University, Ithaca NY 14853,
USA (evans@geology.comell.edu), 2fnstitute of Tectonics, Department of
Earth Sciences, University of California, Santa Cruz, Santa Cruz CA 95064,
USA.

lntroduc.tiun: Himalayan rivers have high 37Srf86Sr relative to their Sr
concentration compared to other world rivers (I]. However, the source of this
radiogenic Sr signature and the extent to which it reflects silicate weathering
remains unclear. Weathering of silicate rocks, radiogenic feldspars, biotites,
and radiogenic carbonates have all been proposed as sources for the radiogenic Sr flux in Himalayan rivers [1-4). Our new results from the Marsyandi
River indicate that geothermal springs may be an important source of radiogenic Sr.
Setting: The Marsyandi River originates in the Annapurna range at
-3.5-k.m elevation and it empties into the Trisuli River at about 0.7 k.m. It
drains an area of about 4500 km2. The Marsyandi passes from the rain shadow
behind the Annapurnas to the monsoon-soaked southern flank of the
Himalaya. It is an ideal river to study as it flows over the three main lithologic units in Nepal as well as the two main shear zones that separate them.
From its headwaters in the Tibetan Sedimentary Series (TSS), it flows across
the South Tibetan detachment system [5) and into the High Himalayan
Crystalline rocks (HHC). The Marsyandi next crosses the Main Central Thrust
(MCT) and passes into Lesser Himalaya sequence (LH). Each of these litho·
logic units have distinct Sr characteristics that are reflected in tributary
streams from monolithologic catchments. TSS streams have high Sr concentrations (4.5 J.IM) and low 87Srf86Sr ncar 0.72 while LH streams have very
high 37Srf86Sr values (0.785) but concentrations of only 0.3~-~M. Streams from
HHC catchments lie between those of the LH and TSS with Sr concentra·
tioos around 0.6 I!M and 37Srf16Sr values of 0. 74.
Ri-verine Strontium: Both main stem and tributary waters from a
-130-km stretch of the Marsyandi River have been analyzed for major ions
as well as Sr concentration and isotopic ratios. In the high reaches of the
Marsyandi the river has high [Sr] = 3-4 11M but low 87Srf86Sr = 0.719,
reflecting carbonate weathering in the TSS. Across the detachment system.
the 87Srf36Sr of the main stem of the Marsyaodi increases from 0.719 to 0.728,
with a significant increase above the MCT, although (Sr) falls slightly (Fig. I).
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The change in Marsyandi Sr cannot be accounted for wtth the ob~crvcd
tributary fluxes. because they arc too diluted or ins ufficiently radiogenic tnt
lxlth) to s htft the main stem substantially in 87Srf~6Sr while maintaining !Sri
~1 5 j.tM Thts increase in 87Srf86Sr values is associated w11h spikes in th~
concentration of Na·. K• , Ca••. Mg'"'", and Cl- Geothermal springs are
abundam along the MC'T shear zone. and arc ev ident along this ~tretch of
the Mar.;yandi. Samples of hot spring waters above the MCr ha"e [Srl up
to 115 11M and radiogenic 8'7Srf86Sr up 10 0.77 Addition of small amounts
(<0.5%} of geothermal water to the stream can drive the ot>servcd shift in
Marsyandi main stem Sr chemistry.
Addition of tributary water.; from the predominantly silicate LH and HHC
could raise the 81Srf1!6Sr io the main stem but would resul! in very diluted
(Sr). In contrast, hot spring waters contribute high S7Srf!6 Sr while maintaining high (Sr). Hot spring fluids are a newly identified source of rndiogenic
Sr at high concentrations_ bu t the relationship of this Sr to weathering·gcnerated alkalinity is unclear. It does appear however !hot active geothermal
zones can significantly affect river chemistry and isotopic signuls in Himalayan rivers. The origin of the Sr in tbe bot springs is difficult to determine.
Meteoric waters may enter along MCf shear 7.0ne, and react with LH to obtain
radiogenic Sr Geochemical anomalies associated with geothermal activity
may penni! improved estimates of hydrothermal heat loss along the majOJ
Himalayan shear ;woes.
Rcrerenccs: Ill Edmond J . M. (1992) St'ienre, 258, 1594- 1597.
[2] Krislutaswami S. et nl. (1992) EPSL, 109. 2..43-253. [31 Blum J. D. ct nl
(1998) Geology, 26. 411-413. [41 Derry L.A. and Fmnce-Lnnord C (1996)
EPSL, 142, 59-74. (5] Hodges K. V. ct al. (1996) frrtomo, 15, 1264-1291.
HYDROGEN-ISOTOPIC FRACTIONATION BETWEEN AMORPHOUS SILICA AND WATER, AND ITS IMPLICATION IN THE
FORMATION OF EPITHERMAL QUARTZ. K , FaureL* and Y.
MatSub.isa 2 • IGeologJcal Survey of Japan. 1-1-3 Htgashi, Tsukul>a. 305-8567.
Japan (•presen t address: Institute of Geological & Nuclear Sciences. 30
Gracefield Road. Lower Hutt, New Zealand; k.faure@gns.cri.uz). 2(Jeological
Survey of Japan. 1-1-3 Higashi, Tsuk.ul>a, 305-8567. Japan (mats@gsj.go.jp).
Introduction: Pine-grained crystalline quartz in epiU1crmal veins of the
Hishikari Au-Ag deposits. southern Japan, contains a large quantity of water.
up to I wt%, despite the paucity of visible fluid inclusion [I]. We have
attempted to detennine the source of the minernli7ing fluid by analyzing the
H-isotopic ratios (DIH ratios) of the wall.+r contained in the quartz, because
of a paucity of other suitable hydrous minerals nt the stage of mineraljzatioo
The results indicate that the water in the quartz has a M value of ahoul - 75%,,
wbich is highly depleted in D compared to the present-day local meteoric
water ( --50'i'oo). and that the quartz crystallized from amorphous silica which
was initially deposited from thermal water. The water in quanz is probably
\Vith.in microioclusions. invisible under the optical microscope. and may be
remnant wntcr expelled from amorphous silica when it L'f)'Stallized to quartz.
Water dissolved in amorphous silica is loosely bound to the si licate structure:, and the H could bave isoto(lically fractionated with the swrounding free
water. Tberefore. it is necessary to detennine the magn.itudc of isotopic fractionation between hydrous amorphous silica and free water for estimating the
original isotopic composition and th~ origin or the rninemliziog fluid. In the
present study, we. collected amorphous silica and coexisting thermal waters
at known temperatures from natural bot springs and geothermal power plantS.
and measured the tempernrure dependence of H- isotopic fmctionation between waters in the two pha~cs. Niue pairs of samples wert> collected from
six localities in Japan and New Zealand with a temperature runge of 85°155"C. Some of the localities are associated with Au deposition. and the
amorphous silica. which contains about 6 wt% water, ouuld correspond to
the precursor of Au-bearing epithermal quartz.
Results and Dismssion: The pulverized and air-dried amorphous silica
samples were thermally dehydrated in a vacuum line by first removing
adsorbed warer at 120"C for 4 h. and then slowly heated (30°C/min) up to
1200"C . Results show that the amorphous silicn dehydrates over a large
temperature runge. probably being dependent nn the bonding energy nf water
with the s ilicate structure. A good rcproduciht lity of H-isotopic analysis
l <~3%o) was obtained by analyxing total water recovered in the h:mpcmture
range of 120"-1200"C.
Hydrogen-isotopic fractionation does occur between hytlruus amorphous
sil ica ftud free water. The temper:1ture dependence of the frnctionalion factor
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(a) ts approximated by the following cqualton·
1000 In a= - 22.1 x 106T-!

~

104

=

where C1 (0/1-1) water in hydrous amorphous silica/(0/H) fn:e water. At
temperatures near zoo·c. the fractionation is minimal, but with deCTe:Jsmg
ternperarure. D is preferentially partitiOt1t:d into the free water phase. Tbe
temperature uf quanz formation in the Hishikari epithermal veins is estimated
ro be in the range of 19S•-25o•c [2,3], on the basis of 0-isotopic fractionation between minerals and homogenization temperatures of fluid inclusions.
The low D/H rntios (- 75%o) measured for water in the quartz indicate that
(I) precursor amorphous silica precipitated at temperatures lower than 200"C.
or ( 2) the silica did precipilllted at -200"C. but !be minernlizing water had
a lower DIH ratio than the present-day meteoric water (-50%o), or (J) Ddeplction of remaining water occurred when amorphous silicu, which precipitated at about 200•c. dehydrated during ~rystallizminn to quanz.
References: Ill Faure K . et at. {1998) in Water-Rock lmeraction
(Arehart and Hulston, eds.), pp. 537-540, Balkcm. Rotterdam. (2] Matsuhisa
Y and Aolci M. (1994) Eca11. Geol., 80. 1608-1613. [J ] Izawa E. et al. (1990)
J. Ge()c/tl!m &.pl., 36, 1- 56.
TIIE IODTNE-129 SYSTEM AND lTS POTENTiAL FOR DATING
ORGANIC MATERIAL- U. Fehn, Department of Earth and Environmental Sciences, University of Rnchestcr. Rochester NY 14627, liSA.
lodtne is a strongly biophilic element and is therefore coJJUDonly found
in association with organic material. It has one stable isotope. 117J. and one
long-lived radioisotope. 1291. a member of the group called cosmogenic isotopes because of the production of these isotopes as a result of intera~tion
of cosmic rays with atoms in the aanosphere. The relati vely long half·life of
IZ!I(, 15.7 Ma, make it potentially useful as a dati ng system for an age-mnge
of up to 80 Ma. Although the concentro1tion of t191 in nature is very low. it
is now possible to detenninc isotopic ratios. 119VJ, even at natural levels using
accelerator mass spectrometry (AMS). TI1e pre-anthropogenic ratio in marine
sediments has been determined to be 1.5 x I0- 12, which is two orders of
magnirude above the current detection limit (l x lQ-14) of AMS.
The cllaracteristics of the t291 system suggest npplications for the dating
and tracing of organic material, including potentially also black. carbon.
Potential and limitations of this system will be discussed based on results from
three studies where the I29J system was used for the thiting of organic material.
The first one was a study of the origin of hydrocarbons in oil lields from the
Gulf Coast which indicated that hydrocarboas in this area are generally older
than SO Ma. largely independent of the reservoir formJltions they were found
in. The second study is from a number of shallow marine sediment cores taken
close to shore along the Pacific and Atlantic coast of North and South
America. Although the sediments were not older than SO ka. results in severdl of Lite cores demonstrnted the presence of I with ages up to 30 Ma. We
interpreted these results as evidence for the presence of fossil organic material denved from terrestrial sources. Finally, I will report the first results
from an attempt to date I in pore fluids collected together with gas hydrates
from a core drilled at the Blake: Ridge (ODP 997). The pore fluids were
extracted from sed iments with ages ranging from late Miocene to early
Pliocene. but the 129VJ ratios are at or below 200 x lO-IS. indicating minimum ages of 45 Ma and older. These resultS strongly s uggest that the pore
fluids and. in association, the gas hydrates were formed at depth and have
migrated upward to their preseDL position. The results of these studies indicate that the t29J sys tem might be a ht!lpful tOOl for the characterization of
nrigin and history of mganic material.
ISOTOPTC EXCHANGE ENERGETICS AND MECHANISMS OF
SI LICA IN WATER FROM AB INITIO CALCULATIONS. M. A.
Felipe!, J. D. Kubicki2, and D. M. Rye 1, tKiioe Geology Lalxlratory. Yale
University, Box 208109. New Hnven CT 06520-8109, USA (mihali.
fc:lipe@yalc.edu) , 2Dcpartmenl of Geosciences, Pennsylvania State University,
University Park PA 16802. USA.
lntroduclino: Stable isotopes have heen used by geochemists for decades to solve various ptoblcrns involving Earth processes. Although the
methods for solving problems b.ave developed considerably, little is acwally
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lmown about the rnech~nisms of isotopic exchange in heterogeneous systtms.
Knowledge of the medmnisms involves a detailed und.:rstanding of lhe
energetics of these reactions.
Isotopic-exchange reactions are ultimately quantum mechanic~[ (QM) in
origin. Despite lhe succc;.-;s of recent numerical quantum mechanical methods in elucidating and predicting chemical properties, them1odynamics, and
ki netics of systems, there is little gtochcmical research that utilizes these
methods to understand and quantitatively predict the magnitude of isotopic
exchange in heterogeneous reactions. l11cre are some exception$ [ 1-31. but
even Lhcsc papers arc more qualitative rather than quantitative in value. ln
this Slltdy. we used a numeri cal QM method to determine the rates at which
silica exchanges 0 and H isotopes with water. In particular, the reactioll~ we
investigated are of the form

where o =I, 2, .... and x =0, 2, 3. These were chosen to represent H-D and
'60-l ~-isotopic e.xcbaoge reactions of aqueous orlhosilicic acid monomers
and dimers (x = 3 and 2) as well as isotopic exchnnge on silicate surf<~ces
(X = 0).

Theory and Methodology: Density fuoctiomtl theory {DFT) was used
to trace lhe reaction coordinate ou the potential energy surfaces of the systems of interest. Density functional theory considers electron correlation as
well as ex~hange. Electron ~orrel:llion can be a significant component of the
potential energy surface near the transition state. llms. OFf is superior to
Hartrcc-Fock theory (which does not include electron correlation) for predicting reaction coordinates and activation energies.
The ftJSt step in modeling isotopic exchange is to detennine the reaction
path. Energy-minimized configurations for the reactant clusters were computed and used as starting geometries. Reaction pathways were geueratcd by
stepwise energy minimizations with ooe degree of freedom constrained. For
example. in the cluster H4Si04-H10. the distance between the H io the wotcr
molecule and the 0 in lhe SiOH group was shortened in steps of 0.04 Auntil
a "reaction" occ\UTed. The resulr is a plot of potential energy along a reaction path. Au automared procedure was developed to perform these calculations in conjunctioo with GAUSSIAN 94 [4].
The second step io modeling isotopic exchange is the computation of rate
coefficient ratios between heavy and light isotope sysrems, k'"fk. Frequency
calculations were carried out oo lhc reacrant and product configurations for
each molecular clu.~ter wilh different isotopic compositions at key sites. These
calculations provide results that cun be used to evaluate the kinetic isotope
effects using an expansion of the partition functions [5].
Discussion: Our results reveal that, for a gi ven silica-wat~r cluster, a
number of possible ground-state reaction paths for lhe same stoichiometric
reactiou mny be lrdced on the potential energy surface. This was ex pected
because numerous minima exist on the potential energy surf<1cc in agreement
with the findings of other workers Ie.g., 6]. The existence of several possible
reactions makes necessary the detailed examination of the energetics ro
determine favored paths.
The families of possible reactions all involve two stages: the internction
of H and 0 atoms between lhc water molecules and lhe cluster-terminating
hydroxides leading to proton transfer, and the subsequent exchu ngc of 0
utoms. This implies lh11t for any menoingful simulation of the isotope effects
of the silica-water system. U1e terminating hydroxides havt to be put into
consideration.
We present the isoropi~-exchange reaction paths and energetics of systems having varying cluster sizes and degrees of hydration. Furthem10re. we
show the improvement of our dara over previous results and their comparison with empirical data.
References; [ IJ Lasaga A. C. and Gibbs G. V. (1990) Am. J. Sci., 1,
234. [2] Casey W. H . and Lasaga A. C. (1990) GCA, 54. 3369-3378.1:\l Xiao
Y. and Lasaga A. C. ( 1994) GCA, 90, 1151- J 154. [4} Frisch M. J . et aJ.
( 1995) Gaussian 94: f?evi<io11 £.2. (51 Van Hook W. A. (1970) Isotope
Effects in Chemical Reactions. ACS Morwgraplt 167. 1. 1-89. [Ci] Hodges
M. P. and Stonc A. J. (1999) J. Chem. Phys.. 110, 6766-6772.
PROBING THE ELECTRI CAL DOUBLE-LAYER STRUCTURE AT
THE RUTILE-WATER INTERFACE WITH X-RAY STANDING

WAVES. P. Fenter' , L Cheogz, S. Ribs'. M. tvtachesky.l. P, GeissbUhJer.
M. J. Bedzyk1.2, and N. C. Sturchio'. 'Argonne Narional Laboratory. Argonne
IL 60439. USA, ' Norlhwcsttm Unj vcrsity, Evanston IL 60208. USA. JHlinois
Stme Water Survey, Champaign IL 61820. USA, 4 Uoiversity of Washingtoo,
Seaule WA 98195, USA.
Introduction: Knowledge of the distribution of ioos at the solid-liquid
interfdce is fundamentally important for understanding itS propo::nies. The
continuing interest in the distribution of ionic Species near au interface,
generally referred ro as rhe electrical double-layer (EDL), has led to the
deve lopment of numerous models that use constraints such as electro-neutrality and electrostatics ro e~plain and predicr behavior of these systems.
liowever, relatively little is directly known about the structure of the EDL.
particub.uly through ir1 situ studies at the mineral-aqueous interface. The
current cooseosllli concernjng the EDL structure is that the distribution of a
particular ion species consist~ of both a condensed ("Stem") and a diffuse
layer. Such a distribution is expected to be fou nd for both anjons and cations.
A particularly challcngiog aspect of studying lhe EDL is to measure the
relationship berween ions in the condensed and diffuse layers. In addition 10
the oonnal difficulty of identifying techniques which have I he sensitivity to
probe structures at lhc solid-liquid interface, there is the additional challenge
of probing the relationship between the localized and de localizcd structures
corresponding to lhe condensed and diffuse layers. It is generally assumed
that the fraction of ions in the condensed layer will increase as lhe Debye
length decreases. This partitioning of ions between the condensed and diffuse layers is likely to be sensitive 10 lhe strength and nature of the ionsubstrnre interactions. It will undoubtedly influence the reactivity of the solid
surface. and therefore will be of fundamental importance in understanding
environmental interfaces [1).
Of the maoy surface-sensitive techniques available, X-ray based techniques are promising as a means to elucidate lhc structure of the EDL. The
weakly interacting nature of bard X-rnys ma.kes it possible to directly probe
lhe liquid-solid interface under the conditions of interest. The measurements
a(c truly quantitative since the interaction of X-rays with matter is well
understood. The lcnglh scales over which X-ray scattering techniques naturally probe (from - I A to - I()'I A) is also well matched to the length scales
present io double layer structure. Surface X-ray diffraction and X-ray standing wave measUiements bnve previously delineated the structure of condensed
layers at the electrified metal-aqueous interface. and X-ray standi ng waves
have been used to probe the Dcbyc lengU• associated wilh lhe diffuse layer [2].
Rt.'Sttlts and DiSt.'USSion; We us~: the (II 0) surface uf the Ti0 2 polymorph rutile for this study since it has been extensively studied and is known
to be chemically stable over a broad range of pH [3). The structure of the
rutile li 10) su rface has been measured [4]. aud exhibits only minor structural relaxations. Finally, lhe surface charging behavior of ruti le has been cxten.~ively studied and reveals the pll of zero surface charge, pHpzc = 5.4-5.7
13.51. Together these pn:vious studies provide a significant database from
which tht: present results can b<: intcrprered.
Here we demonsrrate !hal X·ray stnndiog waves can provide direct in·
sight into U1e partitioning of ions between the condensed and diffuse components of lhe EDL. 'TIU'ough both itt situ and ex situ experiments. we have
been able to measure the parliriooiog of these ions between the condensed
and diffuse layers as well as the height of the cation in lhe condensed layer
wiUt respect to the rutile surface plane. By comparing lhc behavior of Sr++
and RIY• ions we have also been able to reveal lhc microscopic differences
associated with alkali and alkaline-earth cations that had been previously
inferred based upon potentiometric titrntiOTI data of ea++ and Na t ions at the
rutile-water interface [6].
Acknowledgments; TI1ese experiments were performed at beamline 1210-D (BESS RC -CAT) at the Advanced Phoroo Source at Argonne National
Laborarory. The work was supported by lhe a~osci ences Research Program,
Office of Basic Energy Sciences. U.S. Department of Energy. Use of the
Advanced Photon Source was supported by tl1e Office of Basic Energy
Sciences, Office of Scit:nce, U.S. Depnnment of Energy. under contract W3 1-109-ENG-38 at Argonne National Laboratory.
ReCercncel;: Ill Brown G. E. Jr. et al. (1999) Chem. Rev., 99, 77-174.
[2) lledzyk M. J. et al. ( 1990) Sl'ie11ce. 248, 52. [3] Machesky M. L. et al.
( 199B) J. Coli. Tnt. Science, 200, 298-309. [4]. Charlton G. et al. (1997) Phys.
Re1•. Ltm., 78, 495-498. [5 1 Machesky M. L. et al. (1994) GCA, 58, 56275632. (6] Ridley M. K. et al. (1999) GCA. in press.
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A NEW APPROACH OF DETERMINING THE Fel•fl:Fr IN
MINERALS AND GLASSES WITII TilE ELECTRON MICROPROBE. M. fialin 1 ;mu C. WagncrJ. 1C'tniJ( de Microan;1lyse CAMI'ARIS,
llniversitr P:1ris 6 , 4 Place Jusstcu. 75Q5~ Pans Ccdcx OS. franct> (liahn@l
t:t:rjussicu.fr). !Laboratoirt de Pclrologie, European Spac~: Agency 7058Ccntre N:ttiooal de Ia Recherche Scicntifique. Uruvcr~ite P:tris 6. 4 PI.:Jcc
Jussieu. 75<l52 Paris Ccdex 05, France (cw@ccr.jussicu.fr)
Introduction:

The determination of feZ• and fe3+ contents as crucial

to many petrogenetic and thermodynamic paramo:tc:rs Two mt:thnds are com-

monly used. wet chemistry and Mossbauer spectroscopy which hoth require
relatively large amounts of materials. However, the knowledge of fel'/LFe
at the micrometer scale has reveaJed to be of great interest ( 1]. Microbeam
spectroscopic techniques have been recently developed. which give a good
accuracy in Fel+fl:Fe but have some disadvantages: e.g., d~tructive sample
preparation (Electron Entrgy Loss SpectrOscopy), a low acccsstbility synchrotron source (X-Ray absorption Near Edge Spectroscopy), limited spatial
resolution and long-time exposure (Mossbauer miltiprobe). Another way i~
to explore the possibility of using the electron microprobe (EMP), a v.ide·
spread microanalytical tnstrument, to determine directly F~·J~Fe
Principle or the Electron Microprobe F~ll:Fe Detennination: The
basic principle is that the X-Ray L errussioo spectra of trans1tion metaJs sluft
w1th the o,Udation state. both in the La. ~ peak position and to rhe LaJL~
intensity ratio t2J The: spectral distOn.i(lftS are caused by different self absorption coefficientS (j.l/p) on either sides of the Llll edges that 3.1'e in close
proximity of the La peak intensity fDll)(ima . In computer prog:rums for EM?
analyses rhc! f'/p cocffictenLs for the soft La peaks are tletlu~ed from polynomial fits of thcoriltcal and expcrim~ntal data collected to regions below
the metal Llll t:dge. The latter data are generally erroneous. Quantitaltve J.l/p
can be given by EMP determination of the Fe concentration at vary1ng beam
energtes. These experiments tend to show that j.l/p is nigher for Fel• than for
fcl • For instance the following experimental j.llp arc found for FeO and
F~03 : 3400 cmllg (3] and 2750 cm2/g (this work) respectively. The j.l/p deviations are renected as increased spectral distortions for fehLa. compared
to FeJ•La.
Actuall), IJ'Irce wo.ys nave been investigated to process La, 6 spectra: (I}
measurement of the La peak shifts, (2) measurement of the change in Lf3/
La intensity mtios. and (3) a hybrid method berwcco (I) and (2) [4) . For either
methods, Fel•r.:Fe is uetermin~u using olibmtion curves constructed from
proper measurements on reference materials Tite gcncml cnticism against
these methods is that the set of standards should be as similar as possible
(chemically and structurally) with the unknowns.
lo this study we propose. a reduced number of calibration curves cnpstrucred after the above method (I 1 and applicable to most silJcatcs and glas~cs
for wtlich the 1otal F~ contcm ;md the roordioation uumbcr of borh FeZ+ and
Fel• have been prevtously established.
Results; The nu~asurcm~nts were carried out with a CAMECA SX50
electron microprobe using a TAP monochromator and ~ h<:am energy of
15 kV, a common bt:am energy used in geological applications.
lnm Let peak shift in silicore. In order 10 evaluate the contribution of Fe
abundance on self absorption effects, the Fe La peak shift was plotted as a
fun~:tion of the Fe wt% concentration. Tite continuous peak sluft observed
towards longer wavelengths for FeZ• is consistent with mcreasing self absorption as Fe wt% increases. Th.e few data cotl.:cted for Fcl• show similar tr.:nd
but the fel• peak is stlifted toward shorter wavelengths compared to FeZ•: for
example. 3t 10 wt% Fe the fe2•-Peh peak distance is as large as 100 steps
(one step corresponds to 2 x I0-5 Bragg sm angle).
C'alibratinTI curve.1 fc•r iron m octahedral environmem. Calibratio n
t·urvcs were constructed by adjusments to plots giving the peak positions
relatives to the fel·. fel• curves defined in the previous paragraph. as a
function of the nominal Fel•Jrfe (calculat.e d by stoichiometry and charge
compensation) [Qr a st:rics of r~fereoce silicates: three clinopyroxcn.:s and
three garnets covenng the ranges 5-23 wt% Fe and 4-94 FeJ•/I:Fe. These
curves may be used for a precise deterrrunation nf Fel•t:EFc tn unknown
silicotU:s.
Limitations: (I) The method tS not apphcable for samples wirh less than
3.5 wt% Fe. for which the very small Ft:Z•.fel+ pl!ak distllnce leads to large
imprecision (2) The !.elf-absorption ilistorsioos of Fe La emission also depend
on the absoiJlllon of other components of the matrix and its mean atomiL:
number (Z). Any phases with total j.llp and/or Z outside rhe common range
encountered in most silicates or glasses, i.e .. 10,000 15,000 .:m2Jg and 10-
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15 respectively cannot he process~:u by the proposed calibration t·urves. (3)
Finally the effects of eventual beam dam;tgc havl' to b~ constdered.
Refe•~nces; f I J Canil 11. and 0' Neill H St. C. (I 996) .I Pl'lrnl., 37,
609- 6 35, [21 Ftscher D W ( 1965) J t\ppl P!ty1 . 36. 2048-2053
[Jj Pou~:hou J.-L. and Pichotr F. M. A. (198!1) Mtcrobenm Anal . 319-324
[41 Hllfer H E ct ~1 (19<l4) Eur J . Minmtl, 6, 407-418.
STRATABOUND COPPER OCCURRENCES AT THE BASE OF TllE
MIOCENE lN NORTHWEST SARDINIA. ITALY. M. Fion. Centro
';tudi Geomioerari c Miocralurgici del Consiglio Naziooale delle Ricerche.
Piazza d' Arnli, 091 ~3 Cagtiari. Italy.
Studies concerning Tertiary meraJJogeny related to the calk-alkali volcanism during tht' Oligo-MJocene iJl Sardinia have produced evidence of stratahound deposi~ containing prevalently Cu and to a lesser extent Pb [I]
associated with the bottom sedimentS of the marine transgression during the
Miocene (west Sardinio).
Prospecting studies io the Logudoro region (northwest Sardinia) (2] have
leu to the discov~ry of a number of areas of interest for thetr rrunerali7.ed fmmations
The Logudoro region forms the oor1hem part of the tectoruc !Tough !hat
extends from north 10 south Sardinia. This trough can be linked with the
process !hat initiated during the Oligocene and resulted in the detachment
of the SDid-Corse microplate and tiS rurntional-trooslntion stlift eastward 13).
Within the graben thus formed intense voltanic activity look place, with
products having calk-alkali affinity, typical of plate ~:on vergence zones. The
ingression during the Miocene then contributed to tts infilling. The terrigenous sediments show textural and compositional irnrn;)turity and contain a
clastic component derived from the abundant volcanic rocks (lava and
pyroclasts). They are usually have lenticular bedding and sometimes exhibit
~cdimentary structurt!s S\lCh as laminations, indicative of low-energy derosiuooal environments.
The mineralized formation occurs at the passage from pyroclasts to sediments and is hosted in the above detriraJ lithofacies, overlain by organogenic
marine deposits agwo of the Miocene. The mineral assemblage consists of
azurite, malachite, chalcopyrite, tennnotite. eoargite, covcllite. pyrite, and
digentte. The presence of mineralogi1.:al phases containing sulfides and
oxidatts of apparently primary origin suggests fluctuation betwec:n oxidizing
and redu~:mg deposit.ionaJ environments.
Fields observations and laboratory analysis indicated that the mineral
deposit is aJways associated with the horizon. of a transitional-liuoral nature.
formrng the bouom of the Miocene transgression. Thus a paleogeographic
conrrol CAtSts, recogoiz.able not only ar the local but also at a regional scale.
They also indicated that the morphology of the layer beneath !he minerali;o;cd
hori:wn suggests the presen~:c of emerged palcoreliefs, \:Omposed of thr
volcaoJtes, at the margins of wtuch a.Je located !he mioeraltzed a.re<~s.
The pre~em:e in the study area of calk-alkllll volcanic rocks and of )I)W
sulfidanon epithermal Au deposits associated there to. whose mineml assemblage contains various mct;~ls including Cu and As, suggests that the intmuuction of metals and the c:lasts making up th~ rruneralit.ed layers can be
associated with the volcanic rocks themselves
Suitable climatic conditions [4] may have resulled in !he preconcentratioo
of some meraJs and the leaclung of others contained in the volcanic rocks.
References: [I) Fadda S. et al. (1998) Ore Geol. Rev., 12, 355-377.
[2] Orrit 0. (1997) Ph.D. thesis. (3] Beccaluva L. et al. (1985) Rend. Sue.
/tal. M111cral. Perm/., -10. 57-72. 141 Samama J. C. (1973) Ores S.:d.,
pp. 247- 265. Springer.
PRAGENETlC ASSEMBLAGE OF UIGII SULFIDATION EPITHERMAL GOLD DEPOSIT OF FURTEI, SARDINIA, ITALY.
M. Fionl and S. M. GrilloJ, tCentro Studi Geomioerari e Mineralurgica del
Consigliu Nazionale Ricerdtc , Cagliari. Italy. 2Dipartimento di Geowgeg·
ncna c Tccnologie Arnbientali. Universita di Cagliari. Italy.
Tht Oligocene· Miocene calkalioc volcanic cycle in SDidinia was accom·
panied by intense hydrolhcrmnl phenomena, whose impor1llnce has come to
hght over the last 10 ye-drs. Titis llydrothermalism produces extensive alteralion woes and deposition of ore. mostly of prcctotls metals. In !he study area,
situated in the ;outhem part of the islnnd, a roughly concentric array of
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ISOTOPIC EVIDENCE OF HISTORIC AND CHRONIC INPUTS OF
CONTAMINANT LEAD IN SAN FRANCISCO BAY. A. R. Flegal, D. J.
Stediog, and C. E. Dunlap, Earth Sciences and Environmental Toxicology,
WIGS, University of California at Santa Cruz, Santa Cruz CA 95064. USA.

Fig. 1.

Native Au (white) in enargite-luzonite. Polished section, 320x.

Fig. 2. Oxidation zone: high-fineness secondary Au, sometimes almost
euhedral (white), in jarosite (light grey). BSE image.

alteration facies is observed. It presents an aureole of propylitic alteration and,
inward, intermediate argillic and advanced argillic with intense silicification,
including vuggy silica, and pyritization in the central part. Quartz calcedony
and ore minerals occur in the latter zone, as networks of veinlets and a few
vein-shaped bodies.
The Furtei mine is at present the only Au mine in Italy, and the first in
Sardinia [ 1.2]. It started operating in 1997. The bodies explored so far are
pipelike with vertical extension 200-300 m. The mineralization is of highsulfidation type and is dominated by an assemblage including copper sulfosalts (enargite-luzonite and minor tetrahedrite-tennantite) (Fig. 1).
Minor base metal sulfides occur scattered, and Te-rich minerals (including Te-tetrhedrite, various tellurides, and native Te) appear to characterize
the deeper parts of ore bodies. Gold occurs mostly as a high-fineness native
metal and in some tellurides.
The upper parts of the known bodies are oxidized and contain at least
3 t of readily recoverable Au. The underlying reserves of unoxidized ore are
much larger. Their Au grade is higher, and Cu is also contained in recoverable grades.
References: [l] Fiori M. and Grillo S.M. (1993) L'Jnsustria Mineraria,
1, 10-16. [2] Fiori M. et al. (1996) Third Ethiopan Geosciences and Min-

erals Engineering Congress. 1-13.

Stable Ph-isotopic composition analyses chronicle both historic and contemporary inputs of industrial Pb into the San Francisco Bay estuarine system. The former have recently been illustrated in analyses of a series of dated
sediments cores extending back past the California Gold Rush, when hydraulic mining altered natural weathering processes and associated stable Phisotopic composition of sedimentation in the Bay I 1). The latter are now being
illustrated in analyses of surface waters collected over the past decade, when
the isotopic composition of surface sediments in the Bay continue to reflect
anthropogenic emissions of leaded gasoline during the preceding decades.
Together, these data chronicle the pervasive and chronic contamination of
the Bay that extends over the last 150 yr and is projected to continue well
into the next century.
The current and projected predominance of contaminant Pb in the Bay
contrasts with numerous reports of dramatic, orders-of-magnitude reductions
in environmental Pb contamination over the past two decades, which have
been correlated with global reductions in industrial Pb emissions. These
include marked reductions in Pb concentrations. and associated changes in
Ph-isotopic composition, in the atmosphere, polar snow and ice, oceanic
surface waters, rivers, lacustrine sediments, terrestrial soils, ombrotrophic
bogs, other vegetation, and human blood. Wbile those recent changes contrast with the relative constancy of both Pb concentrations and isotopic
compositions in San Francisco Bay over the same period, that constancy is
concordant with models of the biogeochemical cycling of unsupported 210Pb,
which has served as a model of the fate of metals in estuaries and the oceans
for the past two decades [2). Therefore, the apparently disparate behavior of
the four stable Pb isotopes (W4Pb, ~Pb, 207Pb, and 208Pb) in San Francisco
Bay follows that of one of their radioactive parents (210Pb).
References: [I) Ritson P. I. et al. (1999) Mar. Chem., 64, 71-83.
[2) T urek:ian K K. (1977) GCA, 41, 1139- 1144.

MOLECULAR-SCALE STUDIES OF ARSENIC AND SELENIUM
SORPTION ON HYDROUS MANGANESE OXIDES. A. L. Fostert.•,
G. E. Brown Jr.l.2, and G. A. Parksl, IGeological and Environmental Sciences,
Stanford University, Stanford CA 94305-2115, USA (*present address: U.S.
Geological Survey, Menlo Park CA 94025, USA), 2Stanford Synchrotron
Radiation Laboratory, Stanford Linear Accelerator Center. PO. Box 4349.
Stanford CA 94309, USA.
Introduction: Sorption and heterogeneous oxidation reactions of hydrous manganese oxides and arsenic (As) and selenium (Se) oxoanions are
important in determining the mobility of these toxic elements. X-ray absorption fine-structure spectroscopy (XAFS) at the As, Se, and Mn K-edges was
used to determine the composition and infer the mode of As(V) and Se(IV)
sorption on synthetic K-bimessite and synthetic vemadite (5-Mn02), two
members of the group of hydrous manganese oxide (HMO) minerals.
Experimental: Sorption samples were prepared with 30-300 11M Se(IV)
or As(V) solutions and 2-5 g/L sorbent. Under these conditions, equilibrium
thermodynamic calculations predict subsaturation with respect to anhydrous
Mn 3(As04}j (pK,P = 28.72) [I) and anhydrous MnSe0 3 (pK,P = 7.27) [2]
at pH 5. Oxidation of Se(IV) to Se(VI) by Mn(IV) was observed in only one
low-coverage sample (r = 0.09 IJmoVm2, birnessite).
Arsenic Sorption Complexes: Arsenic(V) complexes on HMOs are
bidentate and mononuclear with a characteristic As-Mn distance of -3.16 A.
Manganese- and As-XAFS analysis of a Mn(II).(As04)y x zH20 precipitate
[with similar structure to Mn5(H20)8(As030H)z(As04)z x 2H20) demonstrates that the local As structure in this compound is considerably different
than that of the average sorption complex. The precipitate has a longer characteristic As-Mn distance of -3.45 A.
Selenium Sorption Complexes: The Se-Mn interatomic distances and
coordination numbers indicate the formation of a novel surface-associated
species indicated by a short refined Se-Mn interatomic distance (-3 .08 A).
Manganese(JD or Mo(IIJ) is the most likely backscatterer. and not Mn(IV).
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because calculated Se-Mn(IY) interatomic distances for several possible
sorption comple~es are either much shorter or much longer than 3.08 A. These
and additional data lead to the conclusion that Se(IV) forms one of two types
of surface-associated species on HMOs: (I) preferential adso'lltion of Se(IV)
to surface-associated Mn(ll) (produced by reductive dissolution of the solids
or present in the structure due to incomplete oxidation of Mn(Il) during
synthesis) via edge-sharing, bidentale complexes and mooodeotate complexes
with Mo(IV), Mn(lll), or Mn(Il); (2) fonnatioo of a Mn(ll) precipitate having a structure similar to MnSe03 x H20, whose primary structural unit is
an edge-sharing Se(IV)-Mn(H) complex (Fig. I). The same local coordination is found in a crystalline Mn.(Se03) 1 x z.H20 precipitate synthesized in
our laboratory. However, the Se(IY)-HMO SO!lltion samples lack low-amplitude multiple-scattering (MS) paths that are present in the Mn_(Se03)y x z.H20
precipitate, and that indicale a high degree of positional order. Mn-EXAFS
of reacted d-Mn01 and birnessite do not indicate significant changes in the
local coordination of Mo after reaction with Se(IV), but changes in surface
speciation could be masked by this bulk technique.
Using a bond valence model developed by Brown and Alterrnatt [3] and
first applied to surface complexes by Bargar et at. [4], we have predicled the
relative stability of As(Ill). As(V), Se(IV). and Se(Yn sorption complexes on
ideal and Mn(H,III)·substituled HMO surfaces. The model predicts that these
anions can only bind to [Mo-OH) or [Mn-OH2) surface functional groups on
HMOs, where the Mn valence is 2, 3, or 4. These predictions are consistent
with the proposed bidentate, binuclear and edge-sharing, binuclear complexes.
Adsorbed Mn(II) and/or Mn(lll) may stabilize higher adsO!lltion densities of
As( Ill), As(V) and Se(IV) on HMOs by enabling the formation of additional
types of complexes.
References: [I) Sillen L. G. and Martell A. E. (1964) Stability Constants of Metal-/on Complexes, The Chemical Society. London. [2] Sbarmasarkar S. et al. (1996) Chern. Geol., 132, 135-141. [3] Brown 1. D. and
Alterman D. (1985) Acta Cryst., 841, 244-247. (4) Bargar J. R. et al. (1997)
GCA, 61, 2617-2637.
TilE PERMIAN-TRIASSIC BOUNDARY IN AUSTRALIA: ORGANIC
CARBON-ISOTOPIC ANOMALIES RELATE TO ORGANOFACIES,
NOT A BIOGEOCHEMICAL "EVENT." C. B. Foster, G. A. Logan, and
R. E. Summons, Auslralian Geological Survey Organisation. P.O. Box 378.
Canberra ACT 2601, Australia.
Introduction: Placement of the Permian-Triassic boundary in Australia, and Gondwana in general, is hampered by the rarity of marine index
fossils, particularly conodontS, that restrict correlation with the marine standard sections of northern hemisphere deposits. In eastern Australia's predominantly terrestrial sequences. the boundary has been taken as roughly
coincident with the change from coal measures (Permian) to non-coaly sediments, principally redbeds (Triassic). Paleontological studies have focused on
the demise of the Glossopteris flora as a marker for the upper boundary of
the Permian Syst.em. More recently, palynological data have enabled broad
links tO the Pakistan Salt Range section and show that the close of coal
measure sedimentation took place in the early Changhsingian. SHRIMP
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Fig. 1. 1)13C of bulk organic C at the Permian-Triassic contact in a marine
section in Woodada-2 in the Perth Basin, Western Australia.
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Fig. 2. Carbon-isotopic cross-plot showing fundamentally different organic
C sources contribute to a lithologically uniform P-T contact in Wooclada-2.

dating from Australian samples and zircons from the type Meishan section
has conftrmed these broad links but still does not provide an unambiguous
boundary solution. Accordingly, we examined the detail of C-isotopic variations that may provide a facies-independent datum to mark the boundary in
both terrestrial and marine sections.
Results and Discussion: Carbon-isotopic analysis of carbonate and organic matter at the contact between Permian and Triassic marine sediments
in the Woodada-2 borehole [I) revealed a signal similar to that reported in
other Australian sections that were earlier proposed as a boundary proxy [2].
Although there was no systematic shift in the l)tlCcarb, organic C showed
an apparent shift of - 8%o across the contact (Fig. I).
Detailed geochemical and palynological analysis of the samples showed
that the "anomaly" was clearly not due to biogeochemical changes related
to a boundary "event" but associated with a predominance of isotopically
heavy and reworked woody material in the Permian section and an isotopically light acritarch-rich kerogen in the earliest Triassic. A cross-plot of the
inorganic and organic C-isotopic data shows that the organic matter types
are from fundamentally different sources (Fig. 2). Similar results were ob-
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tained from the equivalent age section in the Tem-J well io the Oonapane
Basin in northwestern Australia, so the observation is not an isola red phe·
nomenon.
We conclude that !rends or anomalies inC iso1opes of bulk orga nic m~Jter
do not provide a rcliablt.• chrmosrratigraphic tool for identifying the Permian·
Triassic boundary [3]. Any usc of bulk organic C-isotopic shifts to ~tudy
globa l biogeochemical changes in the oceans that accompanied th~ Permian·
Triassic extinctioo event must be done: with great care.
References: II I Foster C. B. et al. (]997) Am·tr. Pet. £>plor. Assoc. J.,
37. 472-488. [2] Morame R. et al. ( 1994) A user. Per. E:cplnr. Assnr. J., 34,
330-JJ6. [3] Foster C. 13. ct al. (1999) Pr(>c. Roy. Soc. Vic.. 110. 147-266.

THE TIMING OF PROGRADE METAMORPIUSM IN TilE UIMALAYA. G. L. Foster'. D. Vance 1, C. I. Prince 1, P. Kinny2, and N. 13. W.
llarris•. tDepartntenl of Earth Sciences, The Open Univer~ity, Wahoo Hall,
Milton Keynes MK7 6AA, UK. !School of Applied Geology. Cu11in Uni·
versity of Technology, Penh, West.:m Australia.
Introduction: Much of what we unders tand about the thermal nnd
mechanical properties of the continemal crust comes from integrated stuc:tics
of orogenic woes. The Himalaya. 11 spectucuhtr ex:unple of collisiona l orogenesis, constitute a nntUial laboratory for such s1udies. Two dec:1<Jes of
intensive research in the Himalaya, has resu lted in a greater understanding
of the later tectonic history of the belt - notably the late phase of crustal
anatexis and the period of rapid exhumation and cooling !hal occurred around
20-25 Ma. The mechanisms for melting at t-ttis lime are, however, still a
subject of some debate. This debate largely co::nlres around tb.e b.eat source
for the melting given !hal thennal models of the collisional process inc:ticate
that the crust should have cooled beneath melting tcmperat:un:S by this time.
Popular models to overcome this problem vary from decompression melting
[11 to sb.ear heating on major thJuSt faullli [2]. Tbe major caust.' nf this
uncertainty is a Jack of undersianding of the pre-exhumation thennal structure and evolution of the crusl Before we can fully understand the causes
of Uris major phase of Miocene crusta l anatexis, the prograde thermal 11istory
of tilt: Hima laya must be established. With tbe advent of reliable and precise
chronometers that can be linked to thenna.l information, such as the garnet
Sm-Nd system and the in situ U-Th·l'b dating of monazite inclusions, we are
now in a position 10 investigate the early tectonic history of the Himalaya.
In Uris contribution we present prograde therma l informntion from several
areas of tbe Himalaya, draw conclusions concerning the variations in the time
scale of prograde metamorphism and gain insights into the potentinJ bent
soUiccs available for granite genesis.
Results: 1n order to gain an insight imo the style of progro~de mt:tamorph.ism within the Himalaya, we huve combined a Sm-Nd garnet study. the
in .1it11 secondary ion mass spectrnmetry (SIMS) U-Th-Pb dati ng of monazi te
microinclusions within porphyrnblast phases a nd detniled petrogenetic and
thcrmobarometric studies. Following this approach we have established that
prograde garnet growth occurred at high structural levels in th e Pakistan
Himalaya. synchronously with a minor phase of anatellis [3], a1 44-46 Ma.
At slightly deeper structural lcllc': ls. garnet growth began -40 Ma and continued 1l.lltil -36 Ma. In both cases garnet growth occurred dUiing burial and
heating. Data from lower structurnllevels and -ISO km further east in northwest lnc:tia inc:ticate garnet gmdc metamorphic conditions were not reached
unti l -35 Ma, but continued clu.ring burial und heating until -25 Ma. Gamel·
grade ~on<Jitiuns wel'e reached slightly earlier further cast in the northern
Garhwal Hima laya (north India) at -40 Ma. and were again accompanied by
minor wet melting. At lower structural levels in Garhwal, garnet growth
occurred at <36 Ma, while elevated temperatures sufficient to reset tho lJ.
Tlr-Pb systematics of monazite and the Sm-Nd !;ystcmatics ol garnet w~rc
maintained even further south unti l -22 Ma. In all cases. despite temporal
and geogrc~phic differem.:es, garnet growth occurred during burial aud heating and was terminated by rapid exhumation and cooling.
These da!a establish that continuous higiHcmperatUie conditions in the
Himalaya lasted from 44 to 22 Ma and suggest that thermal models implying that cooling had set in by 25-30 Ma are erroneous. 11tc dala also suggest
that the timing or prograde metamorphism propogaLt:d south,vards and SIJllC·
turally downwards throughout lhis time period. One possible r~:ason for lhis
c:tiscrepancy between the models and reality, therefore, is thnt the system of

southward-propagating. thrusts 1hat dominate the tec10nics of the Himalaya
simply resulted in a pro longa tion of high-temperature conditions in the
orogen. In any case, lho::sc: data suggest tha i no externa l heal soUice is nt:c·
essary to account for the Miocem: 'rusta l anatexis in the Himalaya.
References: [ lJ 1-htrris N. U. W. and Massey ( 1994) {ector~ irs. 13,
1537-1546. [2] Harrison T. M. et al. (1998) JGR, 103. 27017-27032.
f3l Smi th H. A. et al., J Grol., 102. 493-508
COPPER RIOMINERALIZATION: TOWARD QUANTTFYTNG TKE
EFFECTS OF BACTERIA ON t•RECIPITATlON. D. A. Fowle'. J B.
f-eio 1, K. M. Kcmner2. B. A. Bunkerl. S. Kellyl, and M. Boyanovl, ' Depart·
menl of Civil Engineering and Geological Sciences. University of Notre
Dame, NotTe Dame IN 46556. USA (fowlc.l @nd.edu), 2 Environmental
Research Division. Argovne National Labora1ory, Argollllc IL 60439. USA,
JDeparunenr of Physics. Univ.:rsity of Notr~: Dame, Notre Dame rN 46556.
USA.
Introduction: Bacterial cell waJls have a high affin ity for binding metal
cations, and the interface between bacterial cell wnlls and aqueous solutions
can potentially control the distribution of mttal cations in geologic systems.
Two processes may occur at th is interface that inOuencc metal distributions: surface adsorption and surface-induced mincr.ll precipi tation. Revers·
il>le adsorption of metal cations onto bacterial surfaces is well documented
[I], and p11:vious work by our group demonstrates that surface comp lexation
modeling can accurniely account for the metal adsorption (J-5]. To date there
have been no systematic studies of the efrects of bacteria on the el\teot of
mineral precipitation. Several sllldies bav~: demonstrntt:d that bacteria can
influence the composition and morpbology of the precipitates [6-7) as well
as the rate of precipitation !Tom oversaturated solutions [8]. However, lho::se
studies do not unequivocally demonstrate that bacteria enhance the e~tent of
precipitation o r cause pn.:cipilation at otherwise undersatumtecl conditions.
In order to define and quantify Ute role of bacteria in the formation of
metal (hydr)o~ides, we measUied Cu adsorption and precipitation on to the
sUiface of Bacillm· ,Hibtili~· as a function of pH, aqucoU$ Cu activity. and time.
To c:tiffcrentiatc: between the sorption processes, X-my absorption fmc structure (XAFS) spccrroscopy was used to probe the changes in the coordination
sphere of Cu as a function of changing solution chemistry
Experimental Methods: We conducted batch adsorption/precipitation
experiments involving the gram-positive soil bacterium 8. subcilis. In each
experiment, a Cu-bearing aqueous solution was roil\ed wiU1 a known concentration of bacteria, the pH was udjuste<l and the systero WliS a llowed to
equilibrate. After filtration, the C u concentration of the sol ution was determined by name atomic absorpt ion spectrometry (AAS) or inductively coupled
plasma atomic emission spectrometry (ICP-AES). Three types of adsorption/
precipitation experiments were performed at constant ionic strength. with and
without bacteria: (I) as a function of aqueous Cu activity at a constant pH.
(2} as a function of pH, and (J) a kinetics study of Cu precipitation. Oulk
chemical evidence for surface preeipilation of Cu on 0. s11btilis was provided
by plots of log rc. (sorbed amount of Cu) vs. log [Cu] (molal aqueous Cu),
which indicate a continuum between adsorption and precipitation. The XAFS
experiments that were conducH:d miirored the laboratory experiments by examining the average local chemicul environment of Cu io the filtered biomass as a function uf pH and aqueous Cu activ ity .
Results and Disms.~ion; Bulk chemistry results of the ad~orplionlprc
cipitation experiments conducted as a function of pH indicate a significant
amount of precipitation of a Cu phase at pH values lower than the abiotic
controls. Furthermore, experiments conducted as a fuuction of aqueous C.'u
activity at a constaflt pH display a sUiface precipitation behavior similar to
mineral surfaces as ev1denccd by t he log r cu vs. log [Cu] plots. At low
aqueous Cu activities, Laogmuir-type removal (adsorption) of Cu l'rorn solution is observed. At higher aqueous Cu conccnlratioos, ao adsorption plateau is attained where Ute maximum adsorptive capacity is reached. However,
Cu is removed from solution at even higher Cu concentrations than those tbal
correspond to the adsorption plateau, indicating significant Cu -pbase prccipi·
lation. This phenomenon o<;curs at lower Cu activities in the presence of
bacteria than in the abiotic controls. Preliminary XAFS results compare well
with U1c bulk chemistry experiments and inc:ticate n change in the coordination sphere of Cu with clmngiog solution cond itions. This phenomenon hns
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beeo observed previously, caused by mineral surfaces. but our study is the
first to demonstrate quantitatively that bacterial cell walls effectively increase
the extent of metal precipitation by decreasing the solubility of metal
(hydr)oxide mineral phases. The results of this study imply that bacteria.
biofilms and cell wall fragments in near-surface water-rock systems are likely
to have a profound effect on the mobility of metal cations by altering the
stability of metal-bearing mineral precipitates.
References: [I) Fowle D. A. and Fein J. B. (1999) Chem Geol., submitted. [2] Feio et al. (1997) GCA, 61, 3319- 3328. [3] Daughney C. J. and
Fein J. B. (1998) J. Coli. lnrer. Sci., 198, 53-77. [4) Daughney C . J. et al.
(1998) Chem. Geol., 144, 161-176. [5) Fowle D. A. and Fein J. B. ( 1999)
GCA, in press. [6) Fortin D. and Ferris F. G. (1998) Geomicrobiol., 15, 309324. [7) Urrutia M. M. and Beveridge T. J. (1994) Chem. Geol., 116, 261 280. [8) Warren L.A. and Ferris F. G. (1998) Chern. Geot., 32, 2331-2337.
HOW TilE HIMALA YAN-TffiET UPLJFr AFFECTS TilE CARBON
CYCLE. C. France-Lanord•, A. Galy 1, and L. A. Derry2 • 1Centre de
Recherche Petrographique et Geochimiques-Centre National de Ia Recherche
Scientifique, BP 20, 54501 Vandoeuvre-les-Nancy, France (cfl@crpg.cnrsnancy.fr), 2Comell University, Snee Hall. Ithaca NY 14850, USA.
Introduction: The Himalayan-Tibet uplift genel'lltes since Miocene a
major erosion system. It potentially affects the C cycle throughout weathering processes, organic C (Corg) erosionlburial and, metamorphic C02 degassing. In addition, climate-tectonic interactions affect the erosion regime and
may have triggered large environmental changes since 20 Ma. Several hypotheses have been proposed for "tectonic forcing" of the C cycle by the
Himalayan uplift and erosion. Global geochemical proxies such as seawater
isotopic composition of C. Sr. or Os have been proposed to document the
fluxes of erosion; however. their relationship with the effective uptake of
atmospheric C02 is far from straightforward [ 1,2). The study of both the
modem and past erosional fluxes via the river system and the synorogenic
sedimentary record allows building relative and absolute estimates of C0 2
uptake by the different processes active during the erosion. lbis study is based
on the results obtained on the Ganga-Brahmaputra-Bengal Fan system.
On the modem river system, a detailed study of the riverine chemistry
and weathering mechanism in Himalayan watersheds and tbe delta of Ganga
and Brahmaputra (G-B) allows us to evaluate how the flux of allcalinity of
these rivers is related to silicate and carbonate weathering [3]. The flux of
silicate alkalinity is around 2.7 x 1011 moVyr. It is mostly related to Na silicate
alteration, which tends to reduce the efficiency of silicate weathering in term
of C02 uptake. in addition, 10-15% of the cation is balanced by sulfate which
are derived from sulfide oxidation. The long-term C02 uptake is estimated
to be lower than I x I 0 11 moUyr. The particulate Corg flux to the ocean is
around 4.2 x tOll moVyr based on an average [Corg) of 0.5 wt% in the
monsoonal suspended load. The l'llte of preservation is unknown but is likely
very high because Corg content in recent sediments of the Bengal fan is very
similar. Metamorphic C02 release is more difficult to quantify. It is observed
in several thermal springs in Himalaya and it produced high 513C alkalinity
in certain rivers. Based on this type of signal, metamorphic C02 represents
<5% of the total alkalinity flux of G-B.
The sedimentary records does not allow to reconstruct past fluxes because
sedimentary volumes and accumulation are not sufficiently well established.
However, the geochemical difference berween the buried sediments and the
Himalayan source rock allows to compare the uptake of C02 by silicate
weathering and Corg burial. As in the modem system, uptake of COz from
the net Corg burial is 2-3x that resulting from silicate weathering.
The Himalayan uplift and erosion consumes C over the long term essentially via the burial of Corg rather than silicate weathering. lbis is largely
the result of the combination of tectonic and climatic factors. Erosion generates a considerable increase of surface area which should enhance silicate
weathering. However. chemical erosion of silicates for the whole G-B is
-10 t/km2fyr, similar to that of flat shield under tropical climate (e.g.,
Orinoco). It is because transport processes are remarkably rapid that alteration of eroded particles is limited. On the other hand, the considel'llble flux
of physical erosion, which represent 5-15% of the global riverine input to
the ocean, trigger a major flux of continental organic matter to the sedimentary reservoii. Finally, high-accumulation rates in the Bengal fan is also a key

89

factor to preserve organic matter from degradation prior sedimentary burial.
The comparison between modern river sediments in Bangladesh and Holocene
Bengal Fan sediments suggests that the preservation of continental organic
matter is certainly >50%.
References: [I] Derry L.A. and France-Lanord C. (1996) Paleoceanography, II, 267- 275. [2] Galy A. et al. ( 1999) GCA, in press. [3) Galy A.
and France-Lanord C. (1999) Chem. Geol., 159, 3 1-60.
A MORE CHONDRJTIC ARCHEAN MANTLE? D. Francis, Department of Earth and Planetary Sciences, McGill University, 3450 University
Street, Montreal, Quebec H3A 2A7, Canada (donf@eps.mcgill.ca).
A resolution to the enigma of the origin of the orthopyroxene-rich mantle
roots beneath some Archean cratons may be being hindered by current models
for the composition of the Earth's primitive mantle. Most Pyrolite models for
fertile primitive mantle (P. Figs. I and 2) are based on mantle xenoliths from
alkaline basalts that are distinctly nonchondritic in terms of their high Mgt
Si, and thus high olivine/pyroxene l'lltios. Any attempt to relate high-Mg
Archean magmas to such pyrolitic mantle sources that involves a restite
equivalent to the orthopyroxene-rich harzburgites of the Kaapvaal Craton is
doomed to violate mass balance constraints (I J (Figs. I and 2).
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Fig. 1. Magnesium/silicon vs. AVSi. P = pyrolitic mantle. H = HK-66, CC =
carbonaceous chondrites, 0C = ordinary chondrites.
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Fig. 2. Aluminum vs. Si. Grid indicates the pressure dependence of melt
compositions derived from peridotitic sources. Other symbols as in Fig. I.
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A recent comparison of Tertiary picritic lavas to komatiites and other high·
Mg Archean lavas [2) indicates that Archean high-Mg magmas are systematically higher in Fe, but have lower AVfi and AVSi ratios than thei r Tertiary
equivalents. These differences are such that no refractory mantle xenoliths
exist that could represent the restite of the extraction of Archean high-Mg
lavas from a pyrolitic mantle source. Furthermore, recent high-pressure
melting eltperiments [3) on a pyrolitic mantle composition cannot be reconciled with the trace.element signatures and the AI systematics of komatiites,
unless lower AVfi ratios and higher Si are assumed for their Archean mantle
sources.
In a plot of Mg/Si vs AVSi (Fig. 1), fertile Pyrolitic mantle (P), Tertiary
picrites, and basaltic mantle xenoliths define a well constrained array consistent with a source = melt + restite relationship. Archean h.igh-Mg lavas,
however, are shifted to systematically lower Mg/Si and AI/Si ratios compared
to Tertiary picritic lavas, and may define an equivalent Archean array with
a mantle source having a Mg/Si ratio similar to that of chondri tic meteorites,
and a restite equivalent to the orthopyroxene-rich harzburgites preserved in
cratonic mantle roots. Figure 2 illustrates the proposed relationship between
a more pyroxene-rich mantle source, such as xenolith HK-66 (H), and cratonic orthopyroxene-rich harzburgitcs.
All the mantle xenoliths that have been studied from al.lcaline basalt suites
give Proterozoic Re/Os model ages [4]. This suggests that the current MORB·
pyrolitic upper mantle system developed during the Proterozoic. The only
remnants of the more chondritic Archean upper mantle are now preserved
as the cold mantle roots beneath Archean cratons.
References: [1) Herzberg C. (1993) EPSL, 120, 13-29. [2) Francis D.
et al. (1999) EPSL, 167, 197-213. [3] Walter M. J. (1998) J. Petrol., 39,
29-60. [4) Peslier A. et al. (1999) Chern. Geol., submitted.
LEAD- AND NEODYMIUM-ISOTOPIC EVOLUTION OF WATER
MASSES AT THE INDONESIAN SEAWAY DURING 11IE LAST 35
MILLION YEARS. M. Frankl·* and R. K. O'Nionsz, !Department of Earth
Sciences, University of Oxford, Parks Road, Oxford OXI 3PR, UK
(martinf@earth.ox.ac.uk) (*present address: Eidgenossische Technische
Hochshule ZUrich, Institute for Isotope Geology and Mineral Resources, NO
C 61, Sonneggstrasse 5, 8092 ZUrich, Switzerland), 2Department of Earth
Sciences. University of Oxford. Parks Road, Oxford OX! 3PR. UK (keitho@
carth.ox.ac.uk).
Introduction: At the present day, water-mass exchange between the
Pacific and Indian Oceans through the lndonesian Archipelago is restricted
to surface and thermocline water masses due to the existence of a number
of shallow sills. Pacific water masses are intensely mixed and acquire new
hydrograph.ic characteristics on their way through the arch.ipelagic straits. Th.is
is also mirrored by the Nd-isotopic composition of these water masses arriving in the eastern Indian Ocean (ENd = -2 to -4), wh.ich reflects contri butions from weathering of Indonesian Island Arc rocks [I].
Prior to about 30 Ma, the exchange of deep water masses between the
Pacific and Indian Oceans was unrestricted [2). After 30 Ma the rifting and
northward movement of Australia away from Antarctica and the evolution
of the Indonesian Island Arcs narrowed and shallowed the Indonesian
Seaway: Deep-water exchange stopped in the mid-Miocene. After a period
of possibly complete closure from I 0 Ma onward, the present pattern of water
mass flow started to develop -4 Ma.
In this study we evaluate the effects of the history of the Indonesian
Seaway and the evolution of the Indonesian Island Arcs on the Pb- and Ndisotopic composition of water masses on the Scott Plateau, off the northwestem Australian continental margin using isotope time series of ferromanganese
crust VAI6 13 KDI (water depth 2000 m).
Results: The crust was dated using a proftle of IOBef.IBe ratios determined by secondary ion mass spectrometry (SIMS). The ENd values display
a continuous increase from about -7 at about 35 Ma ago to about - 5 at the
surface, wh.ich is in good agreement with present day measurements of seawater at the same location [I). The Pb isotopes do not show strong variations but became continuously more radiogenic between -30 and 5 Ma ago
when these trends reversed.
Discussion: The time series of both isotope systems show no clear shifts
related to the closing of the Indonesian Seaway in the mid-Miocene
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In order to evaluate the importance of changes in Nd· and Ph-provenance
over time we compare the data of crust VA16 in Pb-Pb- and Pb-Nd-isotopic
space. In Pb-Pb isotope space a complex set of binary mixing lines is resolved,
which has been possible through the h.igh-precision multiple collector inductively coupled plasma mass spectrometry (MC-ICP-MS) Pb-isotopic measurements using a Nu Instruments mass spectrometer [3). The results suggest the
influence of a variety of different local sources, probably dominated by New
Guinea, over the period from 35 to -3 Ma ago. After 3 Ma the Pb isotopes
indicate a switch towards a different source, most probably the Sunda Arc
volcanics. The comparison of the data in Pb-Nd-isotopic space appears to be
a better diagnostic tool to evaluate the provenance changes because of the
large and distinct isotopic differences within the Indonesian Island Arcs in
ENd· The data for the period between 35 and -10 Ma also suggest that sources
in New Guinea have been important until the data also shift towards the Sunda
Arc array (Fig. I), which shows that the present day Nd-isotopic composition at the site of VA 16 is also influenced by weathering of the Sunda Arc
or its shelf sediments. Although Er;d was shown to be a quasi-conservative
water mass tracer in the Indonesian Seas [I] it appears that the changes of
Nd- and and also Pb-isotopic composition of the water masses on Scott Plateau over time were dominated by changes of continental input sources mther
than ocean circulation.
References: [I I Jeaodel C. et al. (1998) GCA, 62, 2597-2607.
[2) Kennett J. (1977) JGR, 82, 3843-3860. [3) Belshaw N. et al. (1998) Int.
J. Mau. Spectrom., 181, 51-58. [4) Stolz A. J. eta!. (1990) Contrib. Mineral. Petrol., 105, 585-601. [5) Vroon P. Z. et al. (1995) GCA, 59, 25732598.
SOUTHERN OCEAN RESPONSE TO LEAD- AND NEODYMIUMISOTOPIC CHANGES IN THE NORTHWEST ATLANTIC DURING
THE LAST 10 MILLION YEARS. M. Frankl·* and R. K. O'Nions2,
1Department of Earth Sciences, University of Oxford, Parks Road, Oxford
OX! 3PR, UK (martinf@earth.ox.ac.uk) (*present address: Eidgenossische
T echnische Hochshule ZUrich, Institute for Isotope Geology and Mineral
Resources, NO C 6 I, Sonneggstrasse 5, 8092 ZUrich, Switzerland), 2 Depart·
ment of Earth Sciences, University of Oxford, Parks Road, Oxford OX I 3PR,
UK (keitho@eanh.ox.ac.uk).
Introduction: Drastic shifts towards more radiogenic Pb· and
unradiogenic Nd-isotopic compositions of North Atlantic Deep Water
(NADW) in the northwest Atlantic starting between 2 and 3 Ma have been
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recorded in ferromanganese crusts [ 1,2]. The reason for this is supposedly
an increased glacial input of weathered material from the old continental crust
of Greenland and the Canadian Shield (3). At least for Nd, but probably also
for Pb, the oceanic residence times are long enough to allow for the advection of such a signal to the southern Atlantic and Southern Ocean. The
response of the Southern Ocean to this input signal should thus provide
important information on the history of circulation within the Atlantic basin
over the last 10 Ma. We present new Nd- (TIMS) and high-resolution and
high-precision Pb-isotopic time series (measured by MC-ICPMS [4]) from
a ferromanganese crust ( Hl9D-C from the Madagascar Basin [2]) and a Mnnodule (6854-6 from the Cape Basin (5)).
Results: The crust and nodule were dated using profiles of 10BeJ9Be
ratios deterrrtined by SIMS. Other than the records from the northwest Atlantic the Southern Ocean and southern Atlantic records display a small
increase in £Nd and a clearly resolved trend toward more radiogenic Pb-isotopic composition starting at about 4 Ma (Fig. 1). Prior to 4 Mathe isotopic
records varied little. The pattern of the isotopic records in nodule 6854-6 is
very similar to that of crust I 09D-C but it is offset by about 1.5 tNd units
toward more unradiogenic values and slightly offset towards more radiogenic
Pb-isotopic composition, which may he explainable by a stronger contribution of NADW to the location of the nodule in the Cape Basin.
Discussion: The fact that two isotopic profiles of nodule 6854-6 from
the sediment-facing bottom side and the water-facing top side are indistinguishable from each other and in addition resemble the patterns observed in
crust I 09D-C suggests that Mn nodules are as reliable as crusts in recording
the deep water isotopic characteristics of particle reactive elements such as
Pb and Nd over time. The opposite trends in the isotopic profiles compared
to the northwest Atlantic apparently shows that the signal has not been advected into the Southern Ocean and may therefore be a consequence of local
provenance changes.
While such a local control is possible, there may also be other explanations for the apparent dicrepancy between the re.cords from the northwest and
south Atlantic Ocean. From the available water column Nd-isotopic data it
was shown that the surfaces of the crusts and nodules reproduce the Ndisotopic composition of ambient sea water within 1 ENd unit (6]. The only
major exception to this is in the western Atlantic sector of the Southern Ocean
where the records of the crusts and nodules are systematically more radiogenic in their Nd-isotopic composition than the ambient deep water. It was
suggested that the samples of the crusts which integrate over several glacial/
interglacial periods may have recorded a diminished glacial NADW import
into the Southern Ocean [6]. A comparison of the isotopic time series of this
study in Pb-Pb-isotopic space shows that the slope for the last 3.5 m.y. is
exactly the same as for the northwest Atlantic crusts and thus may support
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UNRAVELING 11IE TECfONO-METAMORPIDC IDSTORY IN 11IE
ISUA SUPRACRUSTALS (WEST GREENLAND): MINERAL LEAD
STEPWISE LEACHING EVIDENCE FOR EARLY- AND LATE
ARCHEAN METASOMATIC-METAMORPHIC EVENTS. R. Freit.2,
M. T. Rosing3.2, E. J. Krogstad2, M. Storey2, and F. Albarede'. 'Geological
Institute, University of Copenhagen, 0ster Voldgade 10, DK- 1350 Copenhagen K, Denmark (robertf@geo.geol.ku.dk), 2Danish Lithosphere Centre,
0ster Voldgade 10, DK- 1350 Copenhagen K, Denmark, lGeological Museum,
Denmark, 4Ecole Normale Superieure de Lyon. France.
Introduction: The supracrustal rocks from !sua (IS B. West Greenland)
have been extensively used to constrain the early Earth's crust-mantle differentiation history and were examined for evidence of crustal components
older than -3.8 Ga. Numerous isotopic studies, especially those focusing on
presumably immobile elements (e.g., REE), have revealed inconsistent and
in cases dubious results. These point to later "open system behavior" of the
respective isotopic systems (e.g., Sm-Nd, Lu-Hf, U-Pb) in the !sua supracrustals [e.g.. 1,2]. Aoe.,ough recognized long ago [3-6, and others] the effects
of later tectono-metamorphic and hydrothermal overprints have however not
adequately been accounted for by the interpretation of apparently "spurious"
whole-rock geochemical data.
New mineral and whole-rock Ph-isotopic data from the supracrustals undoubtedly point to the existence (and thereby reinforce results from previous
studies) of least 2-3 superimposed tectono-metamorphic events that were
accompanied by hydrothermal-metasomatic fluids.
Results: PbSL data on a metasomatic garnet from within the contact
zone between a meta-basaltic sequence and an intrusive gneiss sheet yields
an isochron age of 3.74 ± O.Q2 Ga (Fig. I).
This date is compatible with a 3.74 ± 0.04 Ga PbSL isochron age obtained for tourmaline from within an undeforrned, rrtixed-sulfide hearing
quartz veinlet crosscutting a strongly deforrned section of the same metabasaltic package (7]. Both results, supported by congruous initial Pb-isotopic components, constrain a first metasomatic-hydrothermal event to a period
during which earlier phases of the protoliths of Amitsoq gneisses (>3.7 Ga)
intruded the sequence. A second metasomatic event, characterized by slightly
more evolved initial Ph-isotopic signatures, can be related to the younger
( -3.65 Ga) Aml'tsoq intrusions. Metasomatic fluids were characterized by high
Th-REE hearing fluids, which today mimic apparent REE disturbances and
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such an integrated effect of diminished glacial NADW supply. In addition,
the timing of the start of the trends in the isotopic records agrees resonabl y
well with the onset of northern hemisphere glaciation that has been the start
of pronounced glacial/interglacial climatic contrasts.
References: [1] Burton K. W. et al. (1997) Nature, 386, 382-85.
[2] O'Nions R. K. et al. (1998) EPSL, 155, 15-2 [3] von Blanckenburg F.
and O'Nions R. K. (1999) EPSL, 167, 175- 182. (4] Belshaw N. et al. (1998)
Int. J. Mass. Spectrom., 181, 51-58. [5] Rogers J. (1987) Mar. Geol., 78.
57-76. [6] Albarecte et al. (1997) GCA, 61, 1277-1291.
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geomicrobiology, leads to a host of possibilities for clean mining, water
purification, as with the global As, F problems.
We increasingly recognize !hat to solve many of the global problems and
the development of truly sustainable systems requires the integration of
knowledge from all sciences and in almost all cases geochemistry is a fundamental component.
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may account for !he observed initial Nd and Hf helerogeneity in !he differe.nt
supracrus!als. A late Archean lectono-thennal overprint, ellpressed in reactivation of earlier shear zo.nes and in partial thermal reselling of mineral (or
their inclusions) and whole-rock isotopic systematics, is now being demon·
strated to be more widely distributed than initially thought (Fig. 2).
The extent to which !ale Archean fluids (related to the intrusion of Nuuk
and Jk.kauoq-type gneiss protoliths?) percolated through the piles remains still
an open question.
Conclusions: At least two to three metasomatic-hydrothermal episodes,
accompanied by metamorphic events, are superimposed on some of the ISB
sequences. Because of their disturbing effects on the isotopic systematics, the
recognition of these early and late Archean overprints are essential when
applying isotopic da!a to addressing questions of early Earth's crus!al evolution.
References: [I) Blichert-Toft J. et at. (1999) GCA. in press. [2) Frci
et al. (1999) GCA, in press. [3] Rosing M. T. et al. (1996) Geolosy. 24, 4346. [4] Nutroan A P. (1986) Rapp. Gr¢nlands Geol. Unders., 154, 80 pp.
[5] Shimizu H. et al. (1990) GCA, 54, 1147- 1154. [6] Gruau G. et al. (1996)
Chem. Geol., 133, 225-240. (7] Frei R. et al. (1998) Eos Trans. AGU, 79,
F932.
SUSTAINABLE DEVELOPMENT: THE ROLE OF GEOCHEMIS·
TRY. W. S. Fyfe, Department of Earth Sciences, University of Western
Ontario, London, Ontario N6A 5B7, Canada (mmcmahon@julian.uwo.ca).
Introduction: The science of the twentieth century has given us our incredible powers of observation and analysis. We can observe all elements and
isotopes in all materials, in fluids and on surfaces. In June 1999, ICSU,
UNESCO, are holding their world conference on Science, "Science for the
rwenty-ftrst century a new commitment" in Budapest. But it must be noted
that !he Earth sciences are hardly mentioned.
The great future sustainable life-support systems that require urgent
change include those for clean energy, clean water and water storage, soil
remediation, clean mining, intelligent waste management including nuclear
wastes, quality control of materials, and providing the new ultrapure materials for new technologies as with photovoltaics, photo dissociation of waler
to produce Hand 0, etc. The Economist recently reported that there is a world
shortage of high-purity Si and now pure Ti is in increasing demand. If one
examines most of those problems, all involve the Earth sciences with a major
component from geochemistry. Examples include combustion gas disposal underground, clean coal and we now know that coals can be rich in a host of
elements including the halogens, U, As, even Au. It is interesting to nole that
a few decades ago we knew more about the chemistry of the Moon's surface
than coal.
For agriculture our knowledge of the geochemistry of fertilizer resources
is often inadequate and !his is true for many ore materials. Soil remediation
requires knowledge of all the bio-essential elements (:50) and the need for
clean, often slow release, additives. The new knowledge of the deep biosphere,

THE EFFECT OF A WATER-RICH SUBDUCTION COMPONENT ON
MELT PRODUCTION IN MANTLE PERIDOTITE. G A Gaetanit.2
and T. L. Grove 1, tDepartment of Earth, Atmospheric and Planetary Sciences,
Massachusetts Institute of Technology, Cambridge MA 02139, USA, 2Department of Earth and Environmental Sciences. Rensselaer Polytechnic Institute,
Troy NY 12180, USA.

Quantitative knowledge of the influence of a H20-rich subduction com·
ponent on peridotite partial melting has !he potential to place new constraints
on models of convergent margin magmatism. Although melting of anhydrous
mantle peridotite is thought to be a polybaric, near-fractional process [I ,2),
isobaric batch melting of hydrous mantle peridotite provides basic insights
into melt generation processes at subduction zones. Here we investigate the
effects of HzO, K20, and Na20 on the temperature at which hydrous batch
meltS eoellist with mantle peridotite at 1.5 GPa, on isobaric melt production
rates, and on the extent to which peridotite partially melts at a given pressure
and temperature.
Liquidus temperatures were calculated for partial melts of an anhydrous
peridotite, of a peridotite conlaining 0.15 wt% H20, and of a peridotite
containing 0.32 wt% of an H20 -Na20 -KP subduction component (SC).
Anhydrous liquidus temperatures were calculated using the model of (3],
while the liquidus temperature depression caused by dissolved H2 0 was
calculated from olivine-melt thermometry [4]. The peridotite composition
used in the calculations is the depleted MORB source of [3), and !he SC
composition was derived from !he H20-rich Mariana component of [5] by
normalizing the concentrations of Hp, Na20, and K 20 to 100%.
The liquidus temperatures of !he anhydrous partial melts increase from
1330°C at 2% partial melting to I400°C at 20%. The temperature vs. melt
fraction (T-F) curve is concave-downward. In contrast with the anhydrous
case, a temperature increase of 120•c only increases the extent of partial
melting of the HzO-beari.ng peridotite from 2% to 5%. A temperature increase
of 2oo•c is necessary to increase the extent of melting of the SC-bearing
peridotite by !he same amount. Increasing the partial melting from 5% to 20%
for !he H20 -bearing peridotite requires !hat the temperature be raised by
-9o•c and that of the SC-bearing peridotite be raised by -J3o•c.
The large temperature increases required to partially melt H20- and SCbearing peridotite under isobaric conditions arc a reflection of !heir relative
isobaric melt production rales, or the change in melt fraction for a given
change in temperature at conslant pressure. For the anhydrous peridotite, !he
isobaric melt production rate is 0.05%/°C at 2% melting and increases continuously with increasing extent of melting to 0.8%/°C at 20% partial melting. The H20 -bearing peridotite has an isobaric melt production rate at 2%
partial melting (O.ol %/0 C) that is a factor of 5 lower than the anhydrous case,
while !he melt production rate for the SC-bearing peridotite (0.007%f0 C) is
lower by a factor of 7. The melt production rates for both the H20 - and SCbearing peridotites increase faster as a function ofF !han !he anhydrous case,
so that at 20% partial melting they differ from the anhydrous isobaric melt
production rate by approximalely a factor of 2. If isobaric melt production
rates are considered as a function of temperature, the HP- and SC-beariog
peridotiles have higher melt productivities than the anhydrous peridotite at
a given temperature. This is due to the increase in isobaric melt production
rate with increasing F, and reflects the increased extent of melting for the
H20- and SC-bearing peridotites at a given temperature relative to the anhydrous peridotite.
The increase in melt fraction produced by raising the concentration of HzO
in !he peridotite at a given temperature and pressure increases at progressively
higher temperatures. For example, the addition of 0.25 wto/o HP to a peridotite at 12oo•c increases the extent of melting from 0.5% to 3%, while at
1350°C !he melt fraction increases from 3% to 12%. In spite of this temperature dependence, the increase in melt fraction produced by raising the concentration of H20 in the peridotite is significantly lower than !he value
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inferred by [5] from a suite of basaltic glasses from the Mariana Trough. In
the Mariana case the addition of 0.25 wt% Hp to the peridotite increases
the extent of melting by -15%.
In order to reconcile our calculations with the observations of [5] , we
investigated the influence of refertilization of the peridotite on extent of
melting. At 1330°C, the addition of any of the major constituents of the
Mariana SC (H20 , K20, and N~O) is not by itself sufficient to eKplain the
observed increase in extent of melting. The addition of H2 0 has the strongest effect on melt fraction, while the addition of K20 produces a smaller
melt fraction increase, and Na20 has least effect on extent of melting. If,
however, an H2 0 -K20-Na2 0 SC is added to the peridotite, the match between
our calculated increase in extent of melting and that inferred for the Mariana
glasses by [5] is very good. Although these calculations do not place rigorous constraints on the conditions of melt generation beneath the Mariana back
arc , they do indicate that the melt fraction variation represented by the
Mariana basaltS can be explained by equilibration with mantle peridotite at
nearly identical pressure-temperature conditions. The combined effectS of H20
and alkalis can account for the inferred melting extents without a systematic
temperature increase.
References: (I] Klein E. M. and LangmuirC H. (1987)JGR, 92, 80898115. [2] Johnson K. T. M. c:t al. (1990) JGR, 95, 2661-2678. [3] Kinzler
R. J_ (1997) JGR, 102, 853-874. [4] Gaetani G. A. and Grove T. L. (1998)
Contrib. Mineral. Petrol., 131, 323-346. [5] Stolper E. M. and Newman S.
(1994) EPSL, 121, 293-325.
OLIVINE-HOSTED MELT INCLUSIONS REMEMBER THE
MAGMA CHAMBER, NOT THE MANTLE. G. A. Gaetani and E. B.
Watson, Department of Earth and Environmental Sciences, Rensselaer
Polytechnic Institute, Troy NY 12180, USA.
Otivine-hosted melt inclusions represent an important source of information about the processes involved in partial melting of mantle peridotite.
Trace-element studies of such inclusions have contributed significantly to our
understanding of partial melting and melt extraction processes beneath midocean ridges (I). Isotopic studies bave demonstrated local mantle heterogeneity on a scale not indicated by analyses of host lavas [2]. The utility of
studying olivine-hosted melt inclusions derives from the strong incompatibility of most trace elements in the olivine. Understanding the major-element
compositions of these inclusions is more complicated, however, because
crystallization of olivine on the walls of the inclusion produces significant
changes in the major-element composition of the melt during cooling.
Although it is commonly assumed that the compositional effects of postentrapment crystallization can be accounted for through olivine addition
calculations or heating experimentS, the rapid diffusivities of FeO and MgO
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in olivine at magmatic temperatures allow communication between the inclusion and the magma containing the host olivine [3]. Therefore, it is likely
that melt inclusions remain in Fe-Mg equilibrium with the magma outside
the olivine host, and that information about the original melt inclusion composition is irretrievably lost during cooling. In order to investigate this scenario, we developed a finite-difference code to model crystallization and
diffusion during cooling (and reheating) of spherical melt inclusions hosted
by concentric spherical olivines. Equilibrium partitioning of FeO and MgO
was maintained at the interface between the inclusion and the host olivine
as a function of temperature and melt composition using expressions calibrated on the basis of 247 experimentS from the literature.
Simulations indicate that, even for relatively large host otivines, equilibrium is maintained between the melt inclusion and the host magma. For
example, if a I 00-~Jm-diameter melt inclusion hosted in a 2-mm-diameter
olivine is cooled from 1215° to IIJS•c in 10 yr, no measurable compositional gradient will develop in the olivine. The only potential information that
could be gained from determining the major-element compositions of coexisting olivine and melt inclusion would be the temperature of final equili·
bration in the magma chamber.
This result is apparently at odds with studies of natural melt inclusions
and host olivines, which record varying extents of disequilibrium (4]. Our
modeling results can be reconciled with observations of natural melt inclusions, however, if the observed disequilibrium developed as the result of rapid
cooling, such as during eruption of the host lava. Simulations indicate that
at cooling rates of I
to 200°Cih no meaningful diffusion occurs in the
olivine. At these conditions compositional gradientS are restricted to an -510-jllll-wide zone surrounding the inclusion.
In order to test the hypothesis that what is commonly thought of as "post·
entrapment" crystallization is, in actuality, syn-eruptive crystallization, we
examined olivine-hosted melt inclusions in picritic lavas from the Western
Reykjanes Peninsula, Iceland [5). Electron microprobe analyses of olivine
surrounding -100-IJITI-diameter melt inclusions show compositional gradients
adjacent to the inclusions that are 5-10 f.IJll wide. In some cases the forsterite
content of the olivine changes by as much as 6 mol% over this distance
(Fig. I). We conclude, therefore, that while the trace-element compositions
of olivine-hosted melt inclusions provide reliable information about mantle
processes, major elementS remember the magma chamber.
References: [I] Sobolev A. V. and Shimizu N. (1993) Nature, 363,
151- 154. [2] Saal A. E. et al. (1998) Science, 282, 1481-1484. [3] Gaetani
G . A. and Watson E. B. (1999) Eos Trans. AGU, 80, 373-374. (4] Shimizu
N. (1998) Phys. Earth Planet. Int., 107, 183- 201. [5] Jakobsson S. P. et al.
(1978) J. Pet., 19,669-705.
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COSMOCHEMICAL DETERMINISM IN THE FORMATION OF
HABITABLE PLANETS. E. J. Gaidos. Mail Code 170-25. California
Institute of Technology, Pasadena CA 91125, USA (gaidos@gps.caltech.edu).
The detection of circurnstellar disks resembling one thought tO have prefaced the formation of the solar system [1 ,2], and the discovery of giant planets
around solar-type stars [3,4] have invited speculation on the existence of other
Earth-like planets that support life. Previous researchers have proposed various criteria for hospitable planers, including a semimajor axis within the range
of a contioously habitable zone [5,6] stellar companions, a planetary mass
sufficient to maintain volcanism and plate tectonics, the existence of giant
planets [7], ultraviolet radiation from the parent star, and rotation. It has also
been argued that the paoe of stellar nucleosynthesis of heavy elements, especially C, regulated the appearance of life and intelligence (8] . While a
minimum complement of heavy elements is certainly necessary, this is not
the complete picture sinoe these must exist in condensible form and be incorporated into planet-forming materials before the removal of the gaseous
circurnstellar disk. This process is controlled by nebular chemistry, particularly by its oxidation state.
Here, I propose that the oxidation state of a circurnstellar disk is a fundamental cosmochemical parameter that controls two aspects of planet formation bearing on the appearance of Earth-like biospheres: (I) the formation
of giant planets; and (2) the inventories of water, C, and N accreted by small
rocky planets. The oxidation state is in tum tied to the initial ratio of C and
0 in the progenitor nebula. Carbon monoxide is the most stable form of C
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and 0 in the low-density environments of mo lecular clouds where lL is read ily
detected at miiUmeter wavelengths. Its formation is overwhclmiugly favored
during the collapse of a molecular cloud core and Ihe reduction of CO to CH4
at the higher pressures iu a disk is kinetically inhibited. As a rcsulL the oxidation state of the disk is sensitiv.: to whether C or 0 is in relari ve abundance. Oxidaring systems with C/0 <I will have plentiful water but could
be depleted of reduced N and hydrocarbons: The converse is true for red uc·
iog systems with C/0 > 1. O ur solar system fom1cd from a nebula of a glo·
bally oxidizing nnture (C/0 -0.5). I argue that larger or smaller va lues ofC/0
would produce planetary systems wllh markedly different physical or chemical properties not necessarily compatible: with U1e exis1encc of Earth-like life.
ln principle, the relative abundance of C and 0 can be detemJ.ined by spectroscopy of the pareUI star. A measurement of C/0. together with metal
abundance, spec tral type, and duplicity, will be partiCLllarly valuable in
assessi ng the lik.ellhood that a particular hosLS planetS hospitable to life.
References: [I ) Smith and Terrilc ( I985) Science, 226. 1421. [2) Koerner et a!. ( 1998) Astruphy.1·. J. Letc., 503, L83. [3 J Mayor and Queloz
( 1995) Narure, 378, 355. [4) Cochran el al. (1997) A.Hrophys. .1., 483, 457.
[S] Hart (1979) Icarus. 31, 35 1. [6) Kasting et al. (1993) Icarus, 101. 108.
[71 Wetherill (1994) Astrophys. Space Sci.. 2 12. 23. [8) Livio (1998)
Mtrophy.s. J., 51 1, 429.
CLIMATE AND GEOCHEMICAL MODELING OF PROTEROZOIC
GLACIA'flONS. E. J. Gaidosl and J. L. Kirschvink, 1Mail Code 107·25,
California Institute of Technology. Pasadena CA 91125, USA (gaidos@gps.
caltech.edu},
We describe preliminary mode ls of the climate, atmospheric and ocean
cbeiTUsrry of the Paleoproterozoic and Neoproterozoic low-latitude glaciation
eventS. The goal of these models is to suggest paleogeochemical testS for U1e
theory 1hat the glaciation became occanicnll y global. i.e., the "Snowball Earth"
scenario, and to evaluate the potentially devastating impact of such an event
on life. We examine the behavior of ocean pH, and redox balance through out the glacial Mvance. during the snowball. and In U1e post-snowball aftermath. We pay particular attention to the behavior of dissolved C02 , its acids,
and the precipitation and dissolution of carbonate, including tbe budgets and
distribution of Mg and Ca coprecipitated with the 13st. We look at the behav ior of green house gases in the atmosphere given certain assumptions about
volcanic outgassing, biologically-derived 0 (or lack thereof), and soluble gases
that may ht- involved in acid-mediated weathering of continental debris (sulfur
dioxide, nitric oxide). A simple model of the evolution of the hydrological
cycle is described and Ute initi al growth and terminal destruction of continental glaciers are inferred. We are particularly interested in the sublimative
redistribution of se.a ice and glaciers during the snowball even t itself, si nce
this may have enormous consequences for the niches available to photosynthetic and chemosynthetic organisms. We also examine the interesting but
bypothetical case of a large impact during a snowball event. We briefly touch
on implications for the persistence and evolution of life on a snowball Earth,
including an assessment of energy sources, especially sunlight reacbing liquid water, adaptation to geochemical trauma, massive extinction. and subsequent post-snowball radiarions.
MOLECULAR INFERENCES OF THE ORIGIN AND EVOLU110N
OF OXIDAN1'-ASSOCIA TED ENZYMES. E. J. Gaidos1, K H. Nealson.
P Jayakurnar. and J. L. Kirschvink, 'Mail Code 107-25, California Institute
of Technology. Pasadena CA 9 1125, USA (gaidos@gps.caltech.cdu).
We present resultS of molecular phylogeny studies of enzymes Involved
in the use or mediation of common inorganic oltidants. The objective of these
studies is to correlate the origin and major evolutionary steps of these enzymes (inferred from phylogenetic studies) with tbe geologkaJ and geochenJ.icaJ record on the Earth and the nppnrenl change in the global oxidation state
from an early reducing state to the present highly oxidized one. We present
results from a study of portions of 214 seque.nces of the Fe-Mo superoxide
dismutase enzyme (SOD) whith is found in bac teri a. :m:haca, and the mitochondria of eukaryotcs. This enzyme prolects organisms from the des true·
live chemistry associated wiUJ the production of OH radicals fTOm 0 2_ and

their interaction with DNA. We coufirm the deep divergences between the
Fe- and Mo -cofacwr forms of the enzyme in the Archae a and Bacteria found
by previous coaulhors. Kirschvink et al. [ l] h~ve proposed thai this divergence is associated with an "oxidation event" in the Palcoprotcrowic recorded
by large scale deposition of o~id ized manganese in a marginal setting and
associated with evidence of low-latit ude glaciation. We present studies of the
three faiTUlies of rJ.itra te reductase enzymes, one found in the mitochondria
of eukllryotes, and the other two found with the bacleria and arcbaea. Phylogeneti c analysis of 1he molybdop1.eri n-binding portions of these enzymes
suggest divergences from molybdoenzyme relative such as sullite oxidates.
formate dehydrogenase, aud DMSO reductase suggest an origin at -2 Ga. This
wou ld be consisten t witb the appt:arance of ubiquitous nitrates along wi th
0 and the enhancement of soluble oxidized forms of molybdenum in the
oceans.
References: [I] Kirschvln k et al. (I 999).

NEW THORJUM-230 DATA F'ROM BARBADOS FOSSlL CORALS:
THE BEGINNING AND END OF STAGE Se AND THE TIMING AND
AMPLmJDE OF EVENT 6.5. C. D Grt.llup1, H. Cheng2, R. Speed>, and
R. L. Edwardsl. I Department of Geology, Un ivers ity of Mary land. College
Park MD 20742, USA, 2Department of Geology and Geophysics, Uni versity
of Minnesota, Minneapolis MN 55455, USA, 3Department of Geo logical
Sciences, Northwcstem Univers ity. Evanston IL, USA.
Introduction: Consrraints oo the tiiTUog of the last interglacial (stage
5e) bave come largely from the range of2JO'fh ages exhlbited by samples that
grew during the high sea stand of the last interglacial (Ll). Equally important, but harder to find, arc samples that grew during the periods of sea level
change that occurred just before and after the high sea level stand and thus
delimit its duration. Oo Barbados. the area with the highest uplift rate, and
thus the best place to look for such samples, is the Clermon t-Mount Hillaby
Anticline (1]. Here, the University of the West lndies campus is buill upon
the Ll terrace at an elevation of 61 .m. lo 1994 (2] we reported two samples
from this e~posurc: (1) sample UWJ-2 from 30m below tbc crest wi th an
age of 129.4 ± 0.8 ka and an irJ.itiaJ l)lHU value of 152.7 ± 2.1 ; und (2) sample
UWI·l6. part of a cobble deposit 20m below lhc crest, with an age of 117.4 ±
1.0 ka and an initial of J53.4 ± 1.8. Note that these data have been rec-.J Iculated using new half-lives for mu and 13Lrfh based on our recent work [3).
Because these were single dates and the deposits had not been well characterized, there was insufficient information to determine whether UWI-2
represents the sea-level rise and UWJ-16 the sea-level fall before and after
stage 5e.
New Data: We report here the results of a study in progress to use
deta iled stratigraphy and sys tematic U-Th- Pa analyses (using the new halflives) of these and other Barbados deposi ts to further investigate the timing
of sea-level change before and after the LL lo looking more carefully at the
UWI-2 location, we were surprised to find not only Ll samples, but also stage
6 s:tmples. The UWl-2 deposit conta ins evidence for two stages of coral
grow th, both in place, separated by an unconformity. Samples below the
un~:onrormity give ages of 173.3 :± 1.1 , 179.7 ± 1.5, and 189.9 ± 2.4 ka wiln
initials of 159 ± 2, 164 ± 2. and 204 ± 3. The 179.7-ka sample has a concordant 231pa age. Samples above U1c unconfonnity include sample UWI-2
and a second with an age of 129.7 ± 0 8 and ao initial of 149 ± J , These
samples suggest an age of 180 ka for the lower deposit and indicate an age
of 129.7 ka for the upper deposit (this meets the criterion [2) for a nt:rrh age
accurate to ±2 ka). These suggest an initial sea level of -50 m (re lative to
present) at ISO l<a and of - 24 mat 129.7 ka. The stage 6 event likely correlates with even t 6.5 [4). The upper deposit likely records the rise in sea
level leading ro the LJ.
At another location along the Ll terrace, a construction site involved a
pit dug near U1e base of the Ll terrace. A sample from UJ.is pit, 25 m below
the Ll terrace crest, gives an age of 11 8.7 :± 1.0 ka and an initial of 162 ±
2. Though Ibis sample does not meet the criterion, its age aud elevation are
consistent with sea level baving dropped from its Ll rrutltimum by 20 m by
J 17 lea, as imp lied by sample UWl-16.
In addition, samples from terraces below the L1 terrace provide new dates
for stages 5c and Sa. TI1ey are as fol lows: stage 5c, 98.8 ± 0.4 ka with ao
initial of 148 ± 2 and stage Sa. 76.5 ± 0.4 ka with an initial of 143 ± 2. The
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corresponding initia l sea levels are -!7 and -29, respectively. Thus, the latter
sample likely documents falling sea level at the end of stage Sa. These samples
have been incorporated into the sea level interpretations of [5) and constrain
the rate of sea level fall between stages Sa and 4 as well as between 5c and 5b.
Comparison with Other Data: Data from New Guinea corals include
a 116.2 ± 1.8-ka sample (5). with concordant 210'fh and 2l1Pa ages; also dated
by Stein et al. [6) that records a sea level of-20m and several samples with
an average age of 130 ± 2 ka [7) that record a sea level of - 90 m. Our data
are consistent with the New Guinea data if it is possible to have a sea-level
rise of 66 min 2 ka. Our data are not consistent with samples from Hawai'i
that suggest maximum LI sea-level lasting until 114.1 ± 1.8 ka [8].
The 818() value for event 6.5 in the stacked benthic record [4) would
correspond to a lower sea level than -50 m if the benthic
record is purely
a function of ice volume. Thus, it appears that deep ocean temperatures were
cooler during event 6.5 than during interglacial periods. similar to the relationship observed for the last glacial cycle [e.g .• 5,9).
References: [!)Taylor F. W. and Mann P. (1991) Geology, 19, 103106. [2] Gallup C. D. et al. (1994) Science, 263, 7~00. [3] Cheng et al.
(i n review) Chern. Geol. [4] Martinson D. G. et al. (1987) Quat. Res., 271,
1-29. [5] Cutler et al., this volume . [6] Stein et al. (1993) GCA, 57. 25412SS4. [7] Esat et al. (1999) Science, 283, 197-201. [8] Szabo et al. (1994)
Science, 266, 93-96. [9] Chappell and Shackleton (1986) Nature, 324, 137140; Fairbanks R. G. and Matthews R. K. (1978) Quat. Res., 10, 181-196.

The ionization efficiency and flow rate of our instrument allows the routine
measurement of 500 ng of Mg.
The uncertainty in sample isotopic ratio measurement is between 0.02%o
and 0.33%c/amu (2o) and includes counting statistics for the sample and the
standard and the drift for the standard between two measurements of the
sample. The external precision determined from standard-standard measurements is O.OS%o (2o, n IS). Other Mg solutions have been measured and
the external precision is 0.12%olamu (2o. n 29). A range of more than 2%o
on 82$Mg has been found for Mg metal and magnesite samples. 826Mg and
825Mg define a linear relation with a slope of O.Sl7, corresponding to massdependent fractionation.
Conclusion: The MC-ICP-MS allows the measurement of small variations of Mg-isotopic composition as small as 0.2%olamu and provides a
powerful toni in geochemistry and cosmochemistry.
Preliminary results suggest a terrestrial range in 1)2SMg at least of 2%o.
References: [I ] Clayton R.N . et al. (1984) GCA, 48, S3S-S48.
(2) Wasserburg G. J. et at. (1977) GRL, 4, 299-302. [3] Schramm D. N.
et al. (1970) EPSL, 10, 44- 59. [4] Lee T. et al. (1976) GRL, 3, 109-112.
[S] Macdougall J. D. and Phinney D. (1979) GRL, 6, 21S- 218. [6] Russel
S. S. et al. (1996) Science, 273, 757- 762. [7] Clayton R. N. et al. (1974)
Proc. LSC 5th, 1801-1809. [8] Molini-Velsko C. et at. (1984) Meteoritics,
19, 273-274. [9] Catanzaro E. J. and Murphy T. J. (1966) JGR, 71, 12711274. [I 0) Catanzaro E. J. et at. ( 1966) J. Nat/. Bur. Stand., 70A, 453-458.
[II] Belshaw N. S. et at. (1998) Int. J. Mass Spectrom., 181, 51-58.

HIGH-PRECISION MAGNESIUM-ISOTOPIC RATIO MEASUREMENT BY MULTIPLE COLLECTOR INDUCTIVELY COUPLED
MASS SPECTROMETRY: A NEW TOOL IN COSMOCHEMISTRY
AND GEOCHEMISTRY. A. Galy 1, L. Halicz 1.2, N. S. Belshaw 1, E. D.
Young!, and R. K. O'Nionsl, •Department of Earth Sciences, University of
Oxford, Parks Road, OXI 3PR, UK (albertg@earth.ox.ac.uk), 2Geological
Survey of Israel, 30 Malkhe Street. Jerusalem 9SSOI , Israel.

COMPLEXATION OF METALS WITH AQUEOUS SULFIDE IN AN
ANAEROBIC TREATMENT WETLANDS, BUTTE, MONTANA.
C. H. Gammons, Department of Geological Engineering, Montana Tech of
the University of Montana, Butte MT S9701, USA (cgarnrnons@mtech.edu).
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Introduction: Natural variations of the isotopic composition of Mg
may arise through (I) incorporation of presolar grains into meteorites [1 ,2]:
(2) the decay of 26Alto 26Mg [2-6]; (3) isotopic fractionation through volatilization/condensation reactions [7,8]; (4) isotopic fractionation during lowtemperature fluid/rock interactions; and (5) kinetic and thertnodynamic isotopic effects accompanying biological incorporation and rejection. The last
3 processes are characterized by a mass-dependent fractionation similar to
the instrumental fractionation (Ct; 0 .. ) .
Previous methods [thermal ionization mass spectrometry (TIMS) or secondary ion mass spectrometry (SIMS)] applied to the search for Mg-isotopic
variations have an uncertainty of l%o on <Xjru, [2-6,9-10]. Because of this
technical limitation to the accurate measurement of Ct;... of Mg, relatively few
investigations have been made of mass -dependent fractionation in terrestrial
samples. Original investigations concluded that terrestrial variations of Mgisotopic ratio are restricted to a few per mil [2,9-10]. The aim of this study
is to use multiple collector inductively coupled mass spectrometry (MC-ICPMS) for the measurement of Mg-isotopic ratios and to define a more accurate method, suitable for the study of terrestrial and extraterrestrial samples.
Methods and Results: Magnesium solutions are introduced through a
Cetac MCN-6000 nebulizer into the MC-ICP-MS (Nu Instruments) [II]. This
instrument allows simultaneous measurement of the three isotopes of Mg and
a careful control of peak shapes. The Ctiost has been determined on the international Mg-isotopic standard SRM980 [10] and is around 1.077/amu. The
<Xj 051 is sensitive to instrumental conditions, including both the nebulizer as
well as ion formation, extraction, and focusing. Results are expressed in 8
units relative to SRM 980 standard :
1)2$Mg = { (23Mgfl4Mg)Somplj(23Mgi24Mg)sRM -I}

X

1000

1)26Mg = {(26Mgf2•Mg)5 .,P1j(26Mgll•Mg)sRM -I} x 1000
The reproducibility of the standard over a day is variable and ranges
between 3%o and 6%o. In order to reduce the effects of drift we adopted a
standard-sample bracketing technique. In this protocol, standard and sample
isotopic values are measured six and eight times, respectively, for 200 s each.

=

=

Introduction: Anaerobic wetlands remove heavy metals from waste
streams by creating a reducing environment in which aqueous sulfate is
bacterially reduced to H2S. The latter combines with dissolved metals to form
insoluble metal sulfide precipitates, as shown by the following general reaction:
Me2• + H 2S = MeS(s) + 2H+

( I)

where Me2• = any divalent metal. Based on published solubility products,
the mobility of most metals of concern in the presence of measurable quantities of H2S is exeeedingly low (often less than the analytical detection limit).
However, H2S also forms aqueous complexes with these metals, which can
lead to elevated solubility, as shown by the following example reactions:
MeS(s) + H2S = Me(HS)z(aq)

(2)

0.5Cu2S(s) + 1.5H 2S = Cu(HS)z- + H•

(3)
(4)

These relationships are illustrated using field data collected from an
anaerobic treattnent wetlands in Butte, Montana, that operated between May
1996 and December 1998. The water being treated at this facility was nearneutral, but contained elevated levels of Zn, Mn, Cd, Cu, and other metals.
The bigh-metal-content is chronic to surface and groundwaters in the vicinity of Butte and is a result of over a century of mining, processing. and
smelting of hydrothermal mineral deposits on "The Richest Hill On Earth."
Met.hods: For approltimately three years. students and staff at Montana
Tech monitored the chemical aad physical parameters at the constructed
wetlands site. M05t of the heavy metal attenuation occurred in four subsurface-flow anaerobic cells in wbich decay of organic matter promoted bacterial sulfate reduction and metal sulfide precipitation in the wetlands substrates.
Influent and effluent water samples for each cell were taken every month, and
analyzed for a complete set of metals (ICP-AES), anions (IC), H 2S (chromatography), and organic/inorganic C. Internal piezometers were also analyzed
quarterly, wbich provided data on the change in fluid chemistry with depth
and flow path within the cells. All metals data were collected using both
filtered (0.45 J.lffi) and unfiltered/acidified samples. A suite of solid precipi-
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rare samples has also llecn collccrcd, aod is in lhe process of being ana lyzed
via SEM/EDX and XRD merhods.
Rcsull~; 11tc concentration of H~S in crnuent waters leaving the anaero·
hie cells varied widely from monrh to monrh and from cell to cell, from levels
hclow detection (-0.01 mg/L) 10 as high as 5(1 mg/L. Throughoutlhe cells,
pH remains circumueutral (pH =7 ± 0.5) for most of the year. Water rcmpcral ure varied from -20"C in l11c summer 10 -t•c in rhe winter monlhs. A
posirive correlation was noted berwcen H2S levels and temperature. In ad·
dirion. freezing of lltc top few feel of substrate in lhe winter monllts rc~ultcd
in a decrease in hydraulic residence rime. which adversely cfi'ected bacrerial
H2S production.
The dissolved concentrations of Cu. Cd. Fe, and Zn inirially decreased
rapidly with increase in (H2 S I, but then appeared to level off. In the presence of mg/L levels of H2S. the threshold concentrations of Cu, Fe. and Zn,
were-2 11g/L. -100 jJg/L. and -20 11g/L, respcclively. In contrast, Mn levels
wC"rc not effecred by H2S. Dissolved As levels often increased in the anaer~r
bic cells to levels as high as 50 jJg/L, indicating mobilization of As out of
the wcrlaods substrate.
Thermodynamic modeling indicates that rhe majority of the dissolwd
meta l leaving the anaerobic cells was present as aqueous sulfide complexes.
In most cases. the observed cooceotrarions arc clos•: to the computed theoretical solubilities for amorphous or poorly l'fYStalline sulfides. However, the
generally poor agreement in published low temperature studies of sulfide
mineral solubility precludes a precise determination of reaction sloichiometries. In addition, umdeling predicts that metnl concentrations should go
through a solubility min imum and then begin to increa5c with increase in H 2S
concentration, as shown hy the sroichiometry of rcaclions (2) through (4).
Wirh the possible exception of As, none of the metals monitored in our study
displayed this type of U-shapcd solubility rclationsllip in lhe field. In the case
of As, it appears lhat lhe measured concentrations are too low to be satural~d
wilh amorphous As1S 3, allhough some other solid, such as As-rich pyrite or
anolher Fe-sulfide phase, may be exerting a solubility conrrol on lhis metal.
Analysis of data from the treatment wetlands in Butte offers a unique
clL.10ce to see how well published experimenllll d.all! on the stability of metal
sulfide complexes at low temperature compares with our observed melal
conccnttalions. Dalll interpretation is still in progress, and SEMIXRD characterization of sullide precipitales may yield additional insight as to the
precise minerals formed in this arlificial wetlands environmeoL

ARE OCEANIC NITROGEN AND PHOSPHORUS CYCLES LINKED
BY DENITRIFICATION AND PHOSPHOGENESJS IN UPWELLING
MARGlNS? R. S. Ganeshram 1 , T. F. Pedersenl, and S. E. Calvert2,
'Department of Marine Chemistry and Geochemistry. Woods Hole Oceanographic lnslitution. Woods Hole MA 02543. USA (rgancshram@whoi.edu\,
2Department of Earth and Ocean Sciences. University of British Columbia,
Vancouver V6T lZA. Canada (pcdcrson@cos.uoc.ca: calvcrt@cos.ubc.ca).
Water column denitrification and the burial of authigenic carbonate fluorapatite (CFA) are significant sinks for biologically available Nand Pin the
modem ocean. Bol11 processes occur at globally significant rates on upwelling
continentnl margins bordering the Eastern Tropical North Pacific (ETNP), the
Eastern Tropical Soulh Pacific, the Arubian Sea, and tbc Eastern South
At lnntic. We bave investigated the spa ti al and temporal variations of these
two processes in modem and Late Quaternary sciliments off northwest Mexico
tETNJ>) usiug N-isotopic and forrnaninfcral 5 180 measurements, AMS l 4C
chronology. and solid-phase chemical measurements (Corg, opal. total P. Fe.
and AI) in box and piston cores.
In the most recent sediments of the upper slope off northwest Mexico.
CFA formation (phosphogenesis) and wate1 column dcnitrili<.:atiou occur io
close spatial proximi ty. 1l1e large tlux of organic material and its degmdaLion in the 0 minimum fuel globally significant rates of denitrification in the
warer column between 150 to 800 m. Authigen ic CPA precipitation OCCUJ')
in laminated organic-rich sedim~nts that are in oontact wilh 0 and nitrate·
dcficicnr waters. CFA occurs both as uncon~olidated layers less than I ern
thick, often visible in X-radiographs as dense layers cootainiog up to 3 wt%
P, and as disseminated grains. Thus, upwelling-induced productivity c~crts
u common mechnnistic cootrol on CFA formation and denilrification. On !his
margin, the large tluxcs of organic matter fostering iolcn~e 0 deficiency and
dcni trifi~ation in lhc water column , also leads to the accumulation of organic-

rich sediments with large quantities of remineralizab le organic P. Suboxic
diagenesis in orga nic-rich sedimentS bathed in bouom waters with near-zero
0 contents promotes phosphogenesis by elevating P concentratious in rhe
interstitial waters.
Coherent glacial -inrerglacial variations in phosphogenesis and denitrifi cation are also evident in a 10-m-long piston core raised from lhe upper slope
off northwest Mexico. CFA layers as a rule are confined to laminated inlerglacial sediments rich in organic C and opal (isotope stages I, 3, and 5) and
:ue absent in organic C-poor bioturbated interglacial sections. The 8 15N1.,..1
record shows cyclic variations, heavier values (>8%o) indicating deniuificaLion being largely confined to laminated interglacials and lighter values (6%o)
being confined to glacials. Collectively, lhese results suggest lhat well oxygenated conditions prevailed in the 0 minimum and in the upper slope
sediments off northwest Mexico during the glacial periods resulting in substantial reductions in denitrification and CFA precipitarion. This diminishment is altributed to lower upwelling-induced productivity off northwest
Mexico inferred from margin-wide decreases in the accumulation of Corg.
opal and biogenic Ba io glacial sediments.
Available evidence indicates that lhc Late Quaternary hisrory of phosphogenesis and denitrification off Peru nnd on the Arabian Sea margins may have
been similnr to that on the Mexican margin. The imp lkations of these results
for glacial-ioterglacia l variations in oceanic nutrient conrents, Redfield rdtios.
productivity and nlmospheric pC02 will be discussed.

PHOSPHATE AND ARSENATE COMPLEXATION AT THE SURFACE OF GOETIUTE IN 0.7 M SODIUM CIU..ORIDE SOlUTION.
Y. Gao and A. Mucci, Department of Earth and Planetary Sciences. McGill
University, 3450 UIJ.iv~rsity Street, Montreal, Quebec, Canada (ygao@eps.
mcgiU.ca).
Laborarory experiments and freshwater studies have demonstra ted that
iron oxyhydroxides are strong sorbents for phosphate. arsenate, and U1ey
appear to dominate the chemical behavior of Group V elements in narural
environments [I]. For example, it is believed that phosphate and arsenate are
scavenged from ll1e water column by settling particles during lhe mildng of
freshwater and seawater in estuarine syslems [2,5). ln sediments, phosphate
and arsenate porcwuter concentrations and their fl u:o. to/fTorn the overlying
waters are limited by I heir strong affiniry to aulhigenic iron ox yhyc.lroxides
that accumulate in oxic sediments [3,4].
Goethite, a crystnlline iron oxyhydroxide (n-FcOOH), is the most widespread iron oxide in natural systems and has OCI!n used extensively in various adsorption studil.'s including phosphat~. Adsorption srudics of arsenate
onto thl" goelhitc surface have not been carried out and lhe natur.: of phosphare and arsenate interaction. as well as their competitive adsorption on the
goetlt.ite surface in strong and compkx electrolyte solurions like seawater. is
unknown.
Potentiometric titrations of the goelhite-water interface were carried out
at 298.2 K in 0.1. 0.3. and 0.7 M NaCI solutions. The acid/base properties
of goethite in 0.7 M NaCI solution can be described using two intrinsic
surface acidity coostaot.s:
>FeOH + H• = >Fe0H2•
>FeOH = >Fco- + H'

log K 1 = 7.45 ± 0.06
log K2 = -9.60 ± 0.13

Thtlse cxpcrimenral data as well as lhe results of phosphate and af'.ienate
surface complexation studies were treated using a constant capacitance model
and the computer program FITEQL, 'Dte specific capacirance of the goethite
surface in a 0.7 M NaCI solution was determined 10 be 1.86 F m-1.
Phosphate and arscoate complexation at lhe surface of goelhite was stud·
ied by batch adsorption experiments. The ex perim~ots were conducted in 0.7
M NaCl solutions at 298.2 K in Ute pH range of 3.0 ro L0.0. Phosphate shows
a stroog affinity for lhc gocllrile surface and lhe amoum of phosphate adsorbed
decreases with increasing pH. Phosphate complexalion is described using a
model consisting of three surface intrinsic constants.
>FeOH + H 2 PO~· =>FePOl- + H• + H 20
>FeOH + H2P04- = >Ft:P04 H· + H20
>FcOH + H2P0 4• + H+ = >fcPO~H2° + H20

log K 1 = 0.10 :t 0.46
log K2

= 7.83

± 0.06

log K1 = 1.2.47 .r 0.20
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Arsenate shows a similar adsorption pattern on goethite but a higher
affinity than phosphate. A model including three surface complexation constants also describes the arsenate adsorption.
>FeOH + H 2As04- = >FeAs042- + H• + H20
>FeOH + H2 As04- = >FeAs04 H- + H20
>FeOH + H2 As04- + H• = >FeAs04H20 + H20

Introduction: The comparison of field-measured and computed from
Fch/Fc2• and H2As03-IH 2As04- redox couples Eh values have been done.
Problems associated with the concept of oxidation-reduction potential are discussed in connection with the possible internal disequilibrium in groundwater [I]. Because the ratio of aU redox sensitive elements depends on their
speciation in aqueous solution and solid phases. an extensive literature search
to compile and critically evaluate the available thermodynamic data for arsenic
species (at ambient conditions) was conducted (2] . Consistent data for metalarsenate complexes and arsenate minerals were introduced in the database of
EQ3NR [3) and used for modeling the thermodynamic state of a leachate,
issued from meteoric weathering of old French arsenopyrite mine tailings.
Sampling and Speciation Calculations: Cheni •s tailings are the result
of gold ore mining from sulfide-quartz veins. Water from a saturated zone
was sampled in five piezometers located in the heap (pzl ), in 3 basins separated by dams (pz2. 5. 3). and near the river behind second dam (pz4). Measurements performed in the field include temperature, pH, Eh, total alkalinity,
and dissolved reduced species of Fe (Fe2•) and As (Asl+). Concentrations of
other dissolved components (Na, K, Ca. etc.) where determined in BRGM
laboratory using standard techniques. A comparative As and Fe total concentrations is presented in Fig.!. Only leachate of pz2 (points 5-8) shows acid
pH (3.6-3.7), other fluids have near-neutral pH values (6-7).
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Nernstian Eh values vs. field-measured Eh.

The EQ3NR speciation calculation is constrained by introduction of
arsenate and arsenite, Fe( II) and Fe(lll) concentrations separately into the input
file. Consequently, the possible redox disequilibrium presented by these redox
couples can be assessed. Results of these computations showed that the most
important complexes of As are: H3 As0l for Asl•, FeAso,o. and H2As04in acid conditions. and Fe(As04) 23- in near-neutral solutions for As5+. For
Fe, the main aqueous species are: Fe2• and hydroxocomple.xes for Fel• when
FeAso.o is an important Fe-species only at low pH.
Redox Disequilibrium Conditions in Tailing Leachate: Figure 2
shows the results of computed Nerstian Eh data vs. field-measured Eh values. The dashed line presents the expected location of points if computed
redox couples were at internal equilibrium.
One can see a wide range of computed Eh values, and the disequilbrium
is clearly demonstrated. The negative deviation is for As couple (mean 0.22 V)
and due to the low concentrations of Fe2• in oxidizing conditions the deviation is positive for Feh/Fe2• (mean 0.18 V). The Eh measurement uncertainties being ±0.05 V. Consequently, the classical approach of redox equilibrium
adopted in aqueous speciation calculations using Eh field measured values
is not appropriate. Moreover, it is known that arsenate adsorption rate (the
order of hours) is much more faster than the arsenite oxidation rate (the order
of months). The combination of precise field measurements (i.e., specific
electrodes, etc.) with more advanced geochemical models as in [4) allows a
better understanding of pollutant transfer mechanisms in hydrogeochemical
systems.
Acknowledgments: This work has been carried out with the financial
support of the French "R6gion Centre" and BRGM.
References: [I] Lindberg R. D. and Runnells D. D. (1984) Science,
225, 925-927. [2) Gaskova 0. and Azaroual M. (1999) BRGM Report, R 99XX. (3] Wolery T. J. (1992) EQ3NR, Theoretical Manual, User's Guide,
246 pp. [4) McNab W. W. and Narasimhan T. N. (1994) Warer Res. Research, 30, 2619-2635.
SUBCONTINENTAL MANTLE BELOW EIFEL, GERMANY: CONSTRAINTS BY NOBLE GASES. C. Gautheron 1, M. Moreira 2, J. Kunz 1,
J . L. Joronl, M. Kurz2, and C. J. All~gre•, •Laboratoire de Geochimie et
Cosmochimie, 4 place Jussieu, 75252 Paris Cedex 05, France (gauthero@
ipgp.jussieu.fr), 2Department of Marine Chemistry and Geochemistry, Woods
Hole Oceanographic Institution. Woods Hole MA 02543-1541, USA
(mmoreira@whoi.edu), lLaboratoire Pierre SUe CEISaclay, 91191 Gif-surYvette. France (joron@oimitz.cea.fr) .
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EVIDENCED REDOX DISEQUILIBRIUM FROM IRON AND
ARSENIC BEHAVIOR IN TAILING LECHEATE (CHENI SITE,
FRANCE). 0. L. Gaskovat.2, M. AzarouaJ2, F. Bodenan2, and E. Gaucher2,
IUJGGM SB Russian Academy of Sciences, 630090 Novosibirsk, Russia
(kolon@uiggm.nsc.ru), 2BRGM, 45060 Orleans cedex2, France.
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log K 1 = 1.24 ± 0.23
log K2 = 8.24 ± 0.10
log K3 12.75 ± 0.14

The experimental investigation of phosphate and arsenate competitive
adsorption in 0.7 M NaCI was performed at [P04]/[As) ratios of 1:1, 2.5:1,
and 5:1. The complexation of both phosphate and arsenate decreases in
competitive adsorption experiments. The equilibrium model derived from the
binary subsystems (phosphate-goethite, arsenate-goethite) predicts the phosphate adsorption behavior but fails to reproduce the arsenate adsorption data.
In competitive adsorption experiments, a~enate adsorption is lower than the
model prediction and the discrepancy increases with increasing pH.
References: [I) Millward G. E. et al. (1985) in Oceanic Process in
Marine Pollution (f. P. O'Conner et al., eds.), pp. 133-143. [2) Froelich P. N.
et al. (1982) Am. J. Sci., 33. 649-668. [3) Sullivan K. A. and Aller R. C.
(1996) GCA, 60, 1465-1477. [4) Sundby B. et al. (1992) UTTUiol. Oceanogr.,
37, 1129-1145. [5] Tremblay G. H. and Gobeil C. (1990) Mar. Poll. Btl//.,
21, 465-469.
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Fig. 1. Correlation between Fe and As concentrations in tailing leachates.

Introduction: We have analyzed the noble gases in mantle xenoliths
from Eifel (Germany) to characterize the effects of metasomatism on the European subcontinental mantle. An extensive rift system has been developed
in the early Cenozoic within western and central Europe. The main phases
of volcanic activity occurred in the Neogene. The rocks are generally alkali
basalts that contain crustal and mantle xenoliths [I ]. The xenoliths used in
this study are harzburgites and lherzolites, subdivided into hydrated and dry
xenoliths [2]. The ftrst group is characterized by the presence of amphibole

98

Ninth Annual V. M. Goldschmidt Conference

8000,~----------~~=-~~---,

8 Other data

~
ID

"".....
~
0
....

6000

•

MORB~·····
...... -1

PPS77

Step2

400

stepl
2000

0

.·•

1.16i

!i.At'\'·
O.OOS 0.010 O.OlS 0.020 0.02S 0 03(

Fig. 1. Argon-40/argon-36 vs. lHeJl6Ar showing a binary mixing. (The two
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and phlogopite. Pyroxene geothennometry yields equilibration temperatures
of "'1150°C for the anhydrous and -=950°C for the hydrated xenoliths [2-3).
Results: We have analyzed noble gases in olivines, since they usually
show a more pristine signature due to their low U and K contents. All the
samples were crushed in vacuum in order to measure the compositions of He.
Ne, and Ar trapped in the inclusions. The noble gas measurements were
performed in Paris with ARESrBO II, and at the Woods Hole Oceanographic
Institution (low-level He samples). The U and Th concentrations were ob·
tained by instrumental neutron activation analysis (INAA) in Saclay.
Typical concentrations were: (2-90) x J0-9, (1-100) x I0-13, (4-270) x
10-12 ccSTP/g for 4Hc, 22Ne, and l6Ar respectively. The He-isotopic ratios
are very homogenous R!Ra = 5.5-6.7 (where R is the 3Hef4He ratio and Ra
the atmospheric ratio of 1.384 x 10-<>) but more radiogenic than the mean
MORB ratio of 8 ± I . These results are comparable to the results obtained
on OPX and CPX from similar xenoliths [4].
The 20Nefl2Ne and 21NeJ22Nc ratios of our samples are distinct from air
and the dots fall on the MORB line defined by [4). The 3&Arfl6Ar ratios are
atmospheric, and the 40Aff36Ar vary from atmospheric values (295.5) to more
than 6900 (Fig. l ). They correlate also with the Ne-isotopic ratios .
Discussion: The results show a mixing between an airlike component
and a mantle component. The mantle component is certainly the subcontinental mantle as indicated by the He-isotopic signature [5). For the air component, two sources are possible: a contamination by atmospheric-like fluids
near the surface (or after eruption), or fluids coming from dehydratation of
subducted material. Several studies on fluid inclusions and pyroxenes from
hydrated xenoliths from Eifel have shown that they have equilibrated at
mantle temperatures, hence they must come from a minimum depth of 50 km
[2-3,6]. The noble gases we analyzed come from these fluid inclusions. This
implies that an atmospheric component could be present in the local subcontinental mantle [7]. The atmospheric fluids are attributed to recycling of
altered oceanic lithosphere or sediments into the mantle via subduction, as
suggested in [8). However, we cannot totally preclude a shallow-level contamination.
Moreover, we did not find any evidence for a II11ntle plume coming from
the lower mantle as a source of magmatism in the Eifel.
References: [I) Wison M. and Downes H. (1991) J. Petrol., 32, 811849. [2) Stosch H.-G. and Seck H. A. (1980) GCA, 44, 457-470. [3] Stosch
H.-G. and Lugmair (1986) EPSL, 80, 281-298. [4) DunaJ" T. J. and Baur H.
(1995) GCA, 59, 2767-2783. [5] Sarda P. et al. (1988) EPSL, 91, 73-88.
(6] Seck H. A. and Wedepohl K. H. (1983) Plateau Uplift, pp. 343-349,
Springer-Verlag. [7) Kempton et al. (1988) EPSL, 89, 273-287 [8] Bach W.
and Nidermann S. (1998) EPSL, 160, 297-309.

ICELANDIC MANTLE STRUCTURE OR BASALT SEASON-

ALITY? M. A. M. Gee 1, M. f . ThirlwaJJI , R.N. Taylor2, and B. J. Murtonz,
'Department of Geology. Royal Holloway, University of London, Egham,

Surrey TW20 OEX, UK (m.gee@rhbnc.ac.uk), 2 Southampton Oceanography
Centre, Empress Dock, European Way, Southampton S014 3ZH, UK.
Introduction: We present chemical and isotopic data from Icelandic and
associated Reykjanes Ridge lavas that show a spatial variation in the contribution to those lavas from isotopically distinct mantle sources. Three of
these source components are isotopically defined here based on the characteristics of the most representative Icelandic lavas. Strontium-87/strontium·86,
t43Ndfi«Nd, and 206Pb/20'Pb of these lavas are: enriched (E): 0.7035,
0.51295. 19.3; depleted (0) 0.70287, 0.51315. 17.9; and odd (0) 0.7034,
0.513025, 18.00. Icelandic lavas tend to have a higher contribution from the
E-source in the area closest to the proposed plume center, peripheral areas
show increased contribution from D- and 0 - sources, while the Reykjanes
Ridge lavas predominantly reflect the 0-source. Reykjanes Peninsula lavas
that define the D· and 0 - sources have MgO >10 wt%, are incompatible
element depleted (Zr/Nb >20) and of a similar age, being erupted shortly after
the end of the last glacial period [1] . Conversely,lavas withE-source characteristics are relatively incompatible element enriched (Zr/Nb <7), but also
include high-MgO samples.
Discussion: Lanthanum/yttrium vs. Zr/Nb (Fig. I) define a tight array.
Depleted lavas, Zr!Nb >20, arc fitted by variable pooled fractional melts from
depleted mantle in spinel-facies. Samples with Zr/Nb <20 require an addition of melt from garnet-facies mantle. Those samples best fitted by a spinelonly melting trajectory also have higher SiOz and lower Fe20 3 for a given
MgO than those lavas requiring contribution from garnet-facies. Consequently, major and trace elements indicate that the parental melts for these
pi critic lavas come from above the garnet to spinel transition zone (<60 km).
Conversely, lavas withE-source characteristics require some input of garnetfacies melts from a chemically less-depleted source. The majority of the lavas
erupted on the Reykjanes Peninsula however, arise from mixtures of varying
degrees of melt from both garnet- and spinel-facies mantle. Lavas that reflect
various aggregates of fractional melts from isotopically distinct mantle sources
arc closely related in space and time. Depleted flows arc bracketed within
2-3 ka by lavas produced by lower degrees of melting, some of which took
place in garnet facies and with a contribution from the E-source. Only the
shallow lavas erupted at the end of the last glacial period define the D- and
0-sources on the Reykjanes Peninsula. Lavas erupted in the past 7 ka are
mixtures of melts from different depths, sources, and degrees of melting.
Shallow melts can evidently be extracted from the mantle without mixing with deeper garnet-facies melts. It follows that while shallow melts can
be used to constrain very shallow mantle composition and structure this need
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Fig. l. Reykjanes Peninsula data: hollow circles 10-TlMS or ICP-MS, filled
circles XRF (La >2.2 ppm). Reykjanes Ridge data ICP-MS. Point·averagc
fractional melting trajectory in spinel-facies (C) for a depleted source with
La!Y = 0.0138 and Zr!Nb = 78 labeled with percent melting. Mixing curves
between 0.0001% and 0.005% garnet-facies MORB-source melts and 0.005%
and 0.01% melts from the depleted mantle described above (A and B
respectively), the percentage of spinel-facies melt in the mixture is labeled.
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not bt: related to tlc:t!pcr mantk slructurc and cornrosition The: structure of
deepc:r mantle is less clear in that all mllolle cnntrihuting tel the mdt must
become incrca~iogly cht<mrcally depleted as melting cootioues reducing
the chemical (and isowpic) domina non of mixtur~s by ruelts from rdativdy
enri.:hc:d mantle. Rc:sidual melt wtll also provide: further opportunities
for chemical and iso10pic "smoothing.'' thus disguising the '-c:tle nf lllltnth:
heterogeneity
References: [I) Gee M A. M et al. (1998) EPSL. 148. 1-8.
MINERAL FORMATION AND REDOX-SENSITIVE TRACE ELEMENTS IN A NEAR-SURFACE IIYDROTIIERMAL ALTERATION
SYSTEM. A U. Gehring 1, P. M. Schosselcr 2 , >~nd P. G. WcidlerJ
'Eidgenljssische Techntsehe Hocbschule Zeotrum, 8092 ZUrich, Switzerlaod
(gehring@sl.ethz.ch), ~Laboralorium fOr Physikalische Cbcmie. Eidgentis·
sischc Technische Hochschulc ZUrich, 8092 ZUrich. Switzerland. J!nstitut fur
Terreslrischc Okologie, EidgenOssische Technische Hochschulc ZUrich, 8952
Schlieren. Switzerland (weidlcr@ito.umnw.cthz.ch).
A recent hydrothermal mutlpool at the southwestern slope of the Rinc6n
de Ia Vieja volcano in oorthw<!st Costa Rica exhibits an argillic alteration
system formed by iwcnse interaction of sulfuric acidic fluids with wall rock
materials. Detailed mineralogical analysis revealed an assemblage with kaolinite. alunite. and opai-C as the maJor mineral phases Electron paramagnetic spectroscopy tEPR) showed three d1fferent redox-sensitive catiOns
associated with the mineral p'lases. Cu• is structure-bound in oral-C. whereas
voz• and FeJ• are located in the kaolinite srructure. The Jocatio11 or the redox sensitive cations in diffcreDt minerals of the assemblage is indicative of
different chemical conditions. The fonnatioo of the alteration pro:lucrs can
be described schematically as a two-step process. In 11 fiTSt step alurute aod
opai-C were precipitated in a Ouitl with slightly reducing conditions and a
low chloride availability. The second step is characterized by a tlecrease in
K• acllvity and subsequent fonnallon of kaolinite under weakly oxtdiz.ing to
oxidizing redox conditions as indicated by slructure-bound VOl• and Fel•
The detection of par.unagnetic trace elements structure-bound io mineral
phases by EPR provide direct information about the prevailing redox conditions during alteration !llld cao, therefore. be used as additional i!l<iight into
the genesis of the hydrotl1ennal. ncar-surface system.
HYPERTHERMOPHILIC MICROORGANISMS IN ARSENIC-RICH
HOT SPRJNGS. T M. Gihring. G. K. Druschel. and J. F. Banfield.
Department of Geology and Geophysics. Univc:rsity of Wisconsin-Madison,
1215 W. Dayton Street, Macfrson WJ 53706, USA (tgihriug@studcnts.wisc.
cdu).
lnlroduction: Maneral and water samples from As-rich geothermal
environmentS were char'actenzed. Hypertbermoph.ilic microorganisms were
fouod living at the vents of Growler Hot Spring !illd Morgan Hot Springs at
temperatures in excess of 90"C and As( II I) concentrations up to 13.4 ppm.
Mineral samples from the Morgan Hot Springs were fount! to eootain the
arsenic-sulfide mineral Realgar (AsS).
A previous srudy perfont1::d by Sorey et ai. [II describes a loss of As as
waters flow downstream from the Growler and Morgan Hot Springs. The
removal of As from solutions has been attributed to chemical oxidarioo and
subs~queol absorption to streambed sediments. Biological activity muy also
play an important role in As removal in th~se environment~ through l'ither
microbial As oxidation resulting in ahS011Jtion and/or sulfate reduction leading to arsenic-sulfide precipitation (2].
Growler Hot Spring aod Morgan Hot Springs are located south of Lassen
Volcanic National Park io north.:m California. The geothermal waters discharjliog at these springs are slightly alkaline with high Na and chloride
concentrations [1.3). Mineral and water samples were collected from tho:
outflow of the main vent at Growler Hnt Spring ancl at approximately 90 em
and 180 em downstream from rhe vent. Slime sLJeamers approArmately
240 em downstream were also collected. Additional samrles were collected
from the maio vents of two unnamed springs at Morgan Hot Springs designated as A and B.
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Temperature, pH. wnductivuy. and dissolved 0 were measured in the
maio ventS of the hot springs using portable meters and electrodes. Growler
Hot Spring measured 9~. 1 "C and pH 7.48. while conductivity and dissolved
0 were 6.66 mS/cm and 0.16 ppm respectively. The temperature of Morgan
lfot Spring A was 91.2"C with a pH of 7 -*8. conductivity of 6.84 mS/cm.
and dissolved 0 concentrntion of 0.21 ppm. l11e temperature, pH, conductivity. and r:llssolved 0 measuremems at Morgan Hot Spring A were 91 J"C.
7.49. 6.92 mSicm. and 0.4R ppm respectively. Temperarures reported were
the maximum readings
Samples for biological assays were transferred dir<!Ctly ro fi~ative on site
and transported to the lab on ice. Microbial cells were visualized and counted
using an epifluorescence microscope and the DNA stain 4', 6 diamidino-2phenylindolc (DAPI). Fluorescence in situ hybridizations were performed to
quantify ceUs belonging to the domains Bacteria, Archaea, and Eukarya.
Microorganisms of two distinctly different morphologies are present at
all three hot springs sampled. Cells occur as either long, segmented filaments
or as cocci. By fluorescence in situ hybridizutions it was determined that both
cell types are Archaea.
Cell numbers at the Growler Hot Spring were ~stimatcd to be -2 x
I rJI cells/mL of saturated sand-sized minerals with >99% cocci at the vent
outflow, 75% cocci and 25% filaments at 90 em, and 40% cocci and 60%
filaments at 180 em downstream. Slime streamers 240 em downstJeam from
the venr were >99% filamentS.
Morgan Hot Spring A wns estimated to h3ve approx.imately 5.0 x
lOS cells/mL with 52% cocci anJ 4!1% filaments. Morgan Hot Spring B was
estillllttcd to have -3.0 >e lOS cells/mL with 70% cocci and 30% filamenL~.
Arsenic concentrations (determined using HPLC) at the Growler, Morgan A, aod Morgan B vents were measured to he 9.0 ppm As(lll). 13.4 ppm
Aslfll), and 10.0 ppm As( Ill) respectively. Arsenic(V) was not detected at any
of the hot-spring ventS. X-ray diffraction was used to identify realgar present
io mineral samples from Morgnn A and B hot springs.
Refcrena.-s: fl) Sor.:y M. L. et al. (1994) USGS Water Resources In·
vesrigation:r Report 94-4180-8. (2] Rittle K. A. el al. ( 1995) G~omirrobiology
Joumal, /3, 1-11 (3) Thompson J. M. (1985) Journal uf Volranology and
Geothermal Energy, 25, 81 -104.

THE EFFECT OF p£l AND OXYGEN FUGACITY ON METAL
MOBILITY BY METAL-CARBOXYLATE COMPLEXES. T H.
Giordano, Department of Geological Sciences, New Mexico Swte University,
Las Cruces NM 88003, USA (tgiordan@nmsu.edu).

Introduction: Metals commonly found in ore.. gangue. 3rtd host-rocl:
minerals have aqueous mobilties !hat are controned by the complexation
capacity pH, aod oxidation stale of the fluid. Organic ligaods are common
constituents in many low to moderate temperature (<200"C) aqueous fluids
in supergene and diagenetic ore-forming environments as well a~ supergene
environments responsible for secondary dispersion of ore constituents. Humic and fulvic acids and caTbo,;ylic acid anions (acetate, propionate, oxalate,
malooate, sucCinate, and glutaratc) are the dominaot dissolved orgaoic ligands
in surface/shallow suhsurfac~ environm~nts and deep sedimentnry basins
respectively.
Carboxylate Ligands: It is well documented through the usc of speciation models that common rock- and ore-forming metals are liiObilized by
metal-carboxylate comp lexes in deep sedimentary basins [ 1]. However, a more
useful way to investigate the significance of these complexes as tmnspon
agents is to construct solubility contours for these complexes in fog/o,-pH
space for deep diagentic nuitls with specified bulk compositions and tempcro!turclpressurc l'Ondiltons (2]. These diagrams provide a means to evaluate rap•dly, for a wide ro~nge of diagenetic and ore-forming conditions.
mechanisms uf metal transport and deposition involving metaJ-carboxylatt:
complexes. Log Jo,·pH/solubility relationships show that metal-carboxylate
complcxing can significantly influence metal transpon in fluids characterited
by pHs in the range of 5-S, oxidation states above the sulfate-sulfide boundary, and average to high concentrations of carboxylate ligands.
Rcrerenci!S: [I] Giordano T. H. and Kharaka Y. K. (1994) Geol. Soc
Spec. P11b , 711. 175-202.121 WoodS. A. (1998) Rev. Ernrt. Genl.. 10. Sl1)6
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BLACK CARBON IN TERRA PRETA SOILS OF TllE BRAZILIAN
AMAZON REGION. B. Glaser 1, G. Guggenberger 1, L. Haumaier1, and W.
Zcchl, lfnstitute of Soil Science and Soil Geography. University of Bayreuth,
D-95440 BayreuU1, Gcm1any (bruno.glascr@uoi-bayreuth.de).
Abstract: In th e Brazilian Amazon region, patches of highly fertile
nnthropogcnic soils, known as Terra Preta occur within the Oxisol and Ultisol
lnndscape. Terra Preta soils arc characterized by a large and stab le soil organic matter (SOM) pool. Frequent charcoal findings provided evidence that
black carbon is decisive for the SOM stability io Ulese soils.
Black carbon was ana lyzed in the fine-earth, in particle-size and density
fmctions of Terra Preta and surrounding O~tisols with a novel technique using
ben7.cnccarboxylic acids (BCA) as specific markers for black carbon [ 1]. The
analytiClll procedure includes ac id digestion, oxidation, sample cleanup,
d.:rivatiwtion, and gas chromatography.
The SOM of Terra Pre ta consists up to 30% of black carbon, which
remains as residue after incomplete burning of biomass. Term Preta ( 16122 Mg h:.l-1 m-1) contillos up to 35x more black carbon tbarJ adj;1cent Ox.isols
(3- 13 Mg ba-1 m-1). More than 50% of blnck: carbon is located in the ~ill
and clay fr.tctioo indicating orguoo-mioeml complexation. An increase of the
black carbon content in the clay fraction with increasi ng soil depth makes
leaching probable. Density fractionation, howe-ver, shows that the llighcsr
concentrations and absolulc amounts of black carbon arc located in lbe frac·
lion <2.0 g cm-J, even in 40-cm soil depth. Tllis SOM fraction is assumed
to be of particulate nature and corroborates tbc chemical aod biological
inertness of black carboo and favors lbe theory of Jianspon by turbution into
deeper soil horizons. On the olbcr hand. black carbon is involved into organomineral compleltation. Titis could be lbe reason for tbe higtt cation excbange
capacities of Terra Preta. A small pan of black carbon is embedded within
plaques on tbe surface of minerals, isolated with Ulc heavy fTaction.
Our investigations snow tbat tbe major pan of black carbon in Terra Prelll
soils is of particulate nature and therefore chemically and mil'robiologically
inert. A part of black. carboo is involved io organo-mincral complexation and
phy~ical embeddi ng.
References! (J) Glaser B. et aJ. (1998) Organic Geochemi,,·try, 29, 811~19.

MUONG NONG-TYPE AUSTRALASIAN Tt;KTITES; lMPLICATlONS REGARDING TH.E PARENT MATERIAL AND SOURC.E
AREA. 8. P. Glass. Geology Department, University of Delaware. Newark
DE 19716. USA (Billy.Glass@mvs.udel.edu).
Introduction: In 1963, I took a cours~ ill geochemistry from Brian
Mason in wllich he had al l the studentS write a term paper on telaites. Shortly
thereafter I was studying deep-sea cores taken south of Australia and I kept
finding small glass beads that I was calling "cosmic spherules (?).'' Another
graduate student, Dave Folger, wbo hnd also taken Brian's course, suggested
that t11cy might be tektites. It made sense. l realized that the glass beads only
o~:curred on or adjacent tu the Brunhes/Matuyama geomagnelic reversal
boundary, indicating that their stratigraphic age was they same as the radiometric age of tl1e australite tektites. I eventually published a paper aonounc·
ing the discovery of microtcktitcs [I]. This Jed to an interest iu tektites. and
then to impact crateriog, shock metamorphism. and distal impac t eject3,
subjects tbat J have spent most of my professional life studying. After graduation. I had to spend two years active duty in the U.S. Anny and through
the help of John A. 0' Keefe was assigned to Godtlard Space rl.ight Center.
It was U1ere Ulat I beard of a fnculty position at the University of Delaware
for wllich [applied and wbcrc I have been ever since. So you could say th:.lt
Brian Mason is responsible for my entire professional career. Ironically. Brian
remains somewhat skeptical about tb e gcne1ic relationship bclwecn
mi1.:rotcktites and tektites (2). Thus, this abstract deals with Muong Nangtype AustrJ iusiart tektites rather than microtektites.
When I first sl;lrted studying tektites, tbe origin was not agreed upon.
Today, mos t researchers agree that tektites are the products of terrestria l
impacls [3,4]. Source craters h:.lve been found for three out of the four known
tektite strcwnliclds; howl'vcr. the source crater for the Australasian strcwufidd remains elusive. Muong Noog-typc tektites may hold the answer to tl1is
problem,

Muong Nong-type Tektites: Muong Nong-type (MN) tektites are large,
blocky, Juyered tektites found almost exclusively in the lndochintl part of the
Austra lasiau strl!w nfidd. MN tektites are compositionnlly and petrographicall y similar to the splash form and ab lated tektites. but there are some
important differences. TI1cy arc compositionally more heterogeneous on a
millimeter scale, nnd tbey have higher water and 111 Be contents {4], nnd unlike
tbc splas h form and ab lated tektites, many MN tekti tes contain mineral
iodusions.
Mincrul Inclusions: l:lnmes {5) first reporled detrita l mineral gains
(probably quartz) in MN tektites and Waller (6] was the first to report coesite.
For several years we have been recovering mineral incl usions from MN
tektites by crushing. sieving, and heavy-liquid separation [7). In addition to
quartz and cocsitc, we hnve recovered zircon, rutile, chrornitc, monazite. nod
u corundum-bearing, phase. Quartz, tircon, ruW e. chromite, and monazite
appear to be relict grains, i.e., mineral grains tbat were present in tbc parent
material that was me lted to produce the tektite glass. On the other hand,
cocsite and tbc corundum-bearing phase are sbock.-produced phases. Coesite
is a higb-pressure pbase produced from quartz. The conmdum-beariog grains
have ao AJ2Si05 composition and appear tO have formed by the breakdown
of an A1 2Si05 mioeml to corundum plus Si0 2 glass. Inclusion concentrdtion
(number per unit sample weight) varies from zero to over 2000 per I0 gm
of tekti te sample. The mineral inclusions generally range between -20 and
200 fU11 aod arc size sorted according to density. The mineral inclusions show
evidence of shock metamorphism including fragmeotatioo, X-ray asterism,
partial melting (especially rutile), and thermal decomposition (some of the
zircons have partially decomposed to baddeleyitc).
Discussion and Conclusion: The size, sbapc, sorting. and mineral assemblage of U1c inclusions recovered from MN tektites ind iClltes that the
parent material was n fine-grained, well-sorted sedimentary deposit [7]. A
more recent study of the geographic variations io the conceotrntion of mineral inclusions indicates tbat tbe highest concentration occurs in MN tektites
from central Laos and adjacent eastern Thailand [8 ]. MN tektites from tl1is
regioo are also more likely 10 cootaio relict phases with lower melting
temperatures, such as quartz and rutile, in addition to the phases with higher
melting temperntures. Assuming that the degree nf shock metamorphism
increases away from the source crater, gcogrdphic variations in the concentration and kinds of mineral inclusions suggest lbat the source crater should
he in the ccmral Laos-eastern Thailand region. This study is continuing.
References: ! II Glass B. P. (1967) Nature, 214. 372-374. (2] Mason
B. (1996) Metenrite!, 2. I 1-15. [31 Taylor R S. (1973) Earth ScL Rev.. 9,
101-123. (4] Kocberl C. (1994) GSA Spec. Papers, 293. D3-151. [51 Barnes
V. E. (1964) OCA. 28, 1267-1271 (6) Wa lter L. S. (1965) Science, 147.
1029-1032. [7] Glass B. P. and Barlow R. A. ( 1979) Meteoritic.<, 14, 5567. (8] Dass J.D. and Glass B. P. ( t999) LPS XXX, 108 1.
HOW DID THE GROWTH OF CONTINENTS INFLUENCE THE
CHEMICAL AND ISOTOPJC EVOLUTION OF PRECAMBRIAN
OCEANS? Y. Godderi~ 1 . J. VcizerJ.3, and L. M. Fran~oisl, 1LPAPUniversity of Liege, 5. Avenue de Cointe, 4000 Liege, Belgium (goddcris@
astro. ulg.ac.be; francois@astro. ulg.ac.be). 2Departmcnt of Earth Sciences,
University of Ottawa, Ottawa K IN6N5. Canada, llnstitut fUr Geologjc. Ruhr
Univcrsitat, 44780 Bochum, Gemmny (vei:z.er@geol.uottawa.ca).
A numerical model that couples C-S-Sr and aunospheric 0 cycles is used
here to explore U1c impact of continental growth on the long term ~ I os yr)
evolution of tbc isotopic composi tion of seawater ( 1). Three growtlJ scenarios
are tested: "big bang" generation of continents sborUy afler tbe accretion of
tbe Earth (2], and two more gradual scemtrios, with a !lk~jor growtb episode
RrouoJ the Archean-Proterozoic boundary [3,4). The corresponding S7SrfR6Sr,
li' 4S and snc of seawater, nnd the sizes of tbe respective crustal sedimentnry reservoirs, nrc cnlculnted for each sccmtrio, and compared to the available data. The gmdual cotllioent;JI growth scenarios yield a better fit to the
existing K7Sr/86Sr and OJ·•S-isotopic dala for ancient seawater than does tbe
"big bang" model. 'J11esc scenari os alsn gener.ttc a progressive oxyge nation
of Lhe ocean/atmosphere system, with a large p02 rise coi ncident with (and
due Lo) the major contincnllll growth event around the Archean-Proterozoic
transition, io accord with rhe geologic record that indicates a major oxidation eveo t in the early Proterozoic. The 3dvancing ollygcnation of the plan-
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ewry cxogcnu: system may therefore be a wnscqucnce of tectonic cvnlutiua.
mthcr than Of biological innovations. SU(."h as the pll()tOSystcm 2 'ntC latter
may have predated considerably thl• impact of O~<ygcnalJOn visrbk tn the
geologi~: record . The rno<lel also generates a strong climatic cooling around
the Archean-Proteroz.oi.: IIansitton. 'oinc1dent with the first glaciation of
global <"xtent in the early ProteroZOIC.
Seawater ot~C: The modrl also calculates the evolution of seawater
one We show that a en tical factor of the ocean-atmosphere-sedimentary ~'C
cycle rs the opening of th1s cycle to the mantle Lhrougb the n11d ·OCl'atlic ridge
degassing over all the Earth history. Under the post-Early Proterozoic oxygenated conditions. only carbonates ro close equilibrium with seawater return to the mantle at subduction zones. smcc there is only neghg.rble
accumulation of organic light Con the pelagic seatloor. Thts pushes the oDC
of seawater towards equilibnum with mantle value (-5%o) in a few hundred million years. This discrepancy with data can be solved if the MOR degassing became negligible after Archean times. but this is no1 in agreement
with estima1es of present day MOR degassing. We illustrate this problem with
various model simulations. There is n strong need for a process able 10 remove
or is-olnte light org:mic C from the occan-at.mosphere-sedimenmry sy:aem.
Seawater 0180: The calculated seawater 8 11'0 shows litHe nuctuations
over the Earth history, in disagreement with the experimental record, at least
for t!Je Phanerozoic [51. This inhibition is due to the lin.lcs existing between
HI() and the C-alkaliruty cycles [11. rather than to possible steady-state of the
present-day 1g0 cycle [6J. Focusing now only on lbc Phanerozoic {where
reliable data exist [5]). wt! explore the possible ronge of nuctuations of the
811!() compatible with a realistic C-alkalinity cycle in the occan-nunospherescdiments system. We show thai nuctuations of -2-3%o are conceivuble over
the Paleozoic times. and compatible, at least qualitatively with the simultaneous increase in observed seawater 81lC.
References: [ I} Oodderis Y. and Veiz.er J. (191)9) submitted.
[21 Sylvester P J. et al. (I Q97) Sdt>nt·e, 275. 521-523. [3) Veizer J. and
Jansen S. L. (1979) J Gwl., 93. 624-643. [4) TaylorS Rand Me Lennao
S.M. (1995) Re1•. Geoplrys.. •U, 241-265. [5} Veizer J. et al. (1999) Clrm~
Geol., in press. [6] Muchlenbachs K_ (1998) Chern. Geol.. 145. 263-.:!73.
EVIDENCE FOR RADIUM-BARIUM FRACTIONATION IN MIDOCEAN-RIDGE BASALT PLAGIOCLASE: IMPLICATIONS FOR
GEOCHRONOLOGY AND MANTLE MELTING. S. J. Goldstein!,
K. W. W. Simsl, K. M. Coop!!rJ, M. T Murre!JI. and A. J Nunnl, ILos
Alamos National Lahuratory. CST Division. MS K484. Los Alamos NM
87545. USA (sgoldstem@lanl.gov). zoepartmeol of Grology and Geophysics.
Woods Hole Oceanographic Institution. Woods Hole MA 02543, USA.
1
D~partment of Earth and Space Scimc~s. University of California, L<>s
Angeles. 595 Charles Young Drive East, Los Angeles CA 90095, USA.
Introduction: Radtum-226 (half-life = 1600 yr) is widely utili1.cd m
geochemistry as both a tracer and chronometer of a variety of processes
occurring on Limescale.s of I 0.000 yr or less. In most geochronological and
manlle melting studies involving this isotope. it is commonly assumed that
Ba acts as a stable analog for Rn. Hence 1Z6R.a.1JfrT'h.Ba isochrons are commonly used 10 date young igneous rocks. and !<a partitioning during melting
and crystallization is usually assumed to be equivalent to that for Ba.
The occurrence and subsequent sampling of an eruption event at the
Nonhero Gorda Ridge in 1996 has allowed us to evaluate Th, Ra. and Pa
systematics for both plagioclase and whole rock fractioDS of a truly "zeroage" sample of mid-ocean ridge basalt (MORB) These results permit us 10
evaluate l26Ra -231Yfh. Ba inlemal isochrons for dating ocean basalts and
potenlially quantify any Ra/Ba fractionation.
Geocltronology: Mcasurrmcnl~ of Ra in small amounts of separated
plagioclase were very challenging (0.6 fg Zl6Ra analyzed). leading to rclaLively large uncertainties ( 10-20% 20') However. the results fnr a ll6Jb2.lfrTb.Ba isochron based on plagioclase, glass. and bulk sample~ clearly define
a slope that is greater than I, resulting in an undefiot:d age. The rnosr strJightforward explanation of this result is thai Ra and Ba were fmctionated during
plagioclase crystallization, which means that in this case Ba is an inappropriate nonnaliziog element Assuming a negligible magma storage age for this
malic lava aod therefore a zero-age isochron, the ratio of Ra/Bn partitioning
in plagioclase relative 10 the glass is -0.4. Although there are oo experimeo-
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t:tl measurements of Ra partitionmg in plagioclase for comparison, s1mil,u
fractionation of Ra!Ba in plagioclase (factor of 0.2) can he calcula1ed based
un theoretical models of trace-clement subsutution involvmg the size and
elasticity of lite cryst.allatttcc s1tcs [I I These results along '-'llh the tht!nrellcal models support the nnlion 1ha1 Ba-n<>rmalizcd !26Ra-llll'fh isochrons
rnvolving plaglllclase and probably other minerals may require s1gnificant
correctiou for Ra/Ba fracl!onation Similar Ra/Ba frac.:tionation is also suggcsted from our dating of Hawai'ian basalts. However. all of these observations and models need to be verified with actual experimental measurements
of Ra partitioning in plagioclase and other minerals.
Mantle Melting: These results may also have imphcalions for use and
mterpretat10n of :U6Raf230"J'h data in mantle melting and transport modtJls~
Radium partitioning during mantle melting of garnet peridotite or spi nel is
most likely controlled by clinopyroxene, with lesser partitimung m olivme.
onhopyroxeoe, and garnet 12,3]. Since the partition coefficieot for Ra in
clinopyro~teoe has not been experimentally determined uoder any coodilioos.
it1s commonly assumed to behave like Ba. for which e~Cperimental measurementS are available [2.3 I However. when the theoretical model for Ra/Ba
panitioning is extcnd~.:d to clinopyroxene under mantle melting condition~ .
a relatively larg~ fr.~ctioo:.uort (factor of 0.04) is calculared. Hence for manllc
melting uf gam~t pendolil.e, DR• (-5 x JU-1) ITillY be much srmller thao 0 8 •
( -2 >1 JO·S).
The effect of a lower value of DR• in mantle melting and traaspon can
I'M:. evaluated for a variety of ~~tuati{lns including batch and ingrowlh models
fClr production of the large (>tOO%) 22oRa excesses ro MORB. Using a typical
value of Dn. for garnet peridotite of 0.0014 [e.g., 3,4) nod DR. = 5 x 10-1,
tbc batch melting limit (melt fraction near zero) for RafTh fractionation is
-2800. as opposed 10 a value of -70 trdsed no Ba partitioning. This leads
to sigmficantly larger RaiTh fractionalion for a given melt fraction than would
be prt>drctcd based on Ba partitioning. For ingrowth models which take into
account lhe dynamics of mantk upwelling (e.g., dynamtc melting and chroma:tographic melting). the length of time that Th spends in the melt column
also influences the l2bRaJ23rtfb activity ratio of the melt. Therefore. for ingrowth modt:ls whert: the mdtiog or solid man1le upwelling ra1es are high
and the 216tU excess is dom.inaled by the initial RaiTh fractiooatioo. lower
Ra partition coefficientS would result in higher porosities for the melt col·
umn. However, as lhe melting rates decrease. ingrowth of !26 Ra during
melting becomes important. and lower Ra partition coefficients have less
mfluence on the calculated melt zooe porosities.
Rer('rences: (I) Blundy J. and Wood B. (1994) Nature. 3"7'2. 452-454.
(21 Bcanre P (1993) EPSL, 117. 379-391. [31 Lundstrom C. C. et al (1994)
FPSL, 128. 407-423. [4) LaTourrette T. Z. and Burnett D S (1992) EPSI.
110. 227-244.
STRONTIUM ISOTOPES IN SOUTH ATLANTIC DETRITUS: A
SURFACE CURRENT PROXY AND TRACER OF AGULHAS
LEAKAGE. S. L. Goldstemr.l. S. R. Hemmingl.1, S. Kish1.3, and R. Rutberg1 l,lLarnoot-Doherty Earth Observalory. Columbia University. Palisades
NY I0964 USA. zocpartmcnt of Earth and Environmental Sciences,
Columbia University. Palisades NY 10964, USA. 3todiana University of
J>ennsylvnoia. Indiana PA 15705, USA.
Terrigenous clastic sedimeoLS are brought to the ocean from continents
via rivers, ice and wiod, and distributed by surface and deep currentS. Due
to variations in the age. history, and geochemistry of the cootin.:otal sources,
Nd-Sr-Pb isolopes in terrigt:nous detritus can trace the sources, and the lrJospon processes leading to their deposition in marine sedimcms.
We repon the first high-resolution record of detrital B7Sr/BI>Sr in a deepsea core. RCII-83 (41.07""-9.72"E, 4718 m). from the Cape Basin, southcast Atlantic. with a htgh sedimentation rale ( -25 cm!k.y.) and high reso·
lution stable is01opic record extc:nding 10 tht: stage 4-5 transition [1.2].
Rcsu!LS di~play a striking periodicity coinciding with climatic s1ages
(Fig. 1) Strontium-87/strootiurn-86 ratios are distinct in warm (-0.723) vs
cold (-0.717) intervals. Notable features of1he pattern are {I) the sharpness
ul the interstadial Sr-isotop1c shifts and coincidence with Stage boundaries.
(2) small ~~'~Sr/86Sr variations within stages relative to the mterstadJal differences, and (3) equivalence of B7Sr/R6Sr ratios in warm stages I ,3,5. 1broughout the core the Sr-isotopic sh1fts nrc remarkably coincident with shifls in
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Fig. I. Detrital 87SrJB6Sr and benthic 1)13C vs . age in RCII-83, south
Atlantic, showing the linkage between the variations of the two proxies.

benthic foraminiferal 1\llC. The mix of detritus thus alternated between
distinct warm vs. cold climatic modes.
What controls the pattern of detrital Sr-isotopic variations? Possibilities
include (1) local shifts in Cape Basin bottom current sediment transport;
(2) changes in the deep southward flux of NADW, which has been suggested
to explain the benthic I)IJC pattern of RCtl-83 [1,2] and the clay mineral
dislribution in the south Atlantic [3]; (3) changes in the Antarctic Circum·
polar Current; and (4) changes in surface currents. The few literature data
from the southeast Atlantic [4) show 87SrJ86Sr ratios that are too low to explain
the Holocene values of RCll-83.
Our new survey of detrital 87SrJB6Sr ratios in Holocene age core tops
(Fig. 2) shows that high Sr-isotopic ratios are derived from sediment bansported southward along the east coast of Africa. The transport path follows
the Agulhas Current, indicating the high 87SrJ86Sr detritus is carried at shal·
low to intermediate depths. The Cape Basin is far to the west of the Agulhas
Retroflection. where the bulk of Agulhas Current enters the ACC. However,
a portion of the Agulhas Current leaks into the Atlantic, where it is swept
northward in the Benguela Current to the Equatorial and North Atlantic.
Comparison with the clay mineral dislributions in the south Atlantic [3] in·
dicates the general pattern may be controlled by surface currents.
Variations in intensity and direction of ocean currents have been among
the most elusive paleoclimatic signals to track down. The Agulhas Leakage
is an important means for return of heat and salt to the North Atlantic and

Fig. 2. Strontiurn-87/strontium-86 of Holocene detritus. The only regional
source with the high Holocene values of RCtt -83 is the east coast of Africa.
indicating sediment transported by the Agulhas Current. Symbols: squares =
data from [3]; circles = this study. Strootium-87/strontium-86 values: open
symbols >0.72; gray symbols >0.715; black symbols <0.715. lsolines
are shown for 0.72, 0.715. and 0.710.

=

=

=

au important positive feedback for the "great ocean conveyor" during warm
climatic cycles [5]. The relationships observed suggest that this approach
affords a means to address the glacial-interglacial history of the Agulhas
Leakage and variations in South Atlantic surface current configurations.
References: [ l] Charles and Fairbanks (1992) Nature, 355. 416.
(2) Charles et al. (1996) EPSL, 142, I9. [3} Pets chick eta!. (1996) Mar. Geol.,
130, 223. [4) Dasch (1969) GCA, 33, 1521. [5] Gordon (1986) JGR, 91,
5037; Gordon et al. (1992) JGR, 97, 7223.
FROM A HOT SPOT TO A COLD SPOT: SPATIAL CORRELOGRAM ANALYSIS OF HELIUM-ISOTOPIC VARIATIONS ALONG
THE SOUTHEAST INDIAN RIDGE. D. W. Graham1, F. J. Spera2, J. E.
Lupton3, and D. M. Christie I, •College of Oceanic and Atmospheric Sciences,
Oregon State University, Corvallis OR 97331, USA. 2Department of Geo·
logical Sciences, University of California, Santa Barbara CA 93106, USA,
>Pacific Marine Environmental Laboratory/National Oceanic and A!Jnospheric
Administration, Hatfield Marine Science Center, Newport OR 97365, USA.
Introduction: Relations between isotopic he-terogeneity and convection
in the Earth's mantle are central to geodynamics, and He isotopes have been
especially important in this regard. High lHei4He ratios at many ocean island hotspots (up to -35 R,.,, where R,., is the atmospheric ratio of 1.39 x
I 0-6) , along with relatively uniform values (7-9 RA) in mid-ocean ridge
basalts (MORB), are generally accepted to reflect a well-mixed upper mantle
source for MORB and a deeper,less-degassed mantle source for ocean island
basalts [I]. There is also considerable ftne structure in 3Hei•He along mid·
ocean ridges away from hotspots, due to underlying mantle heterogeneity and
the style of convection [2-7). Here we present new He-isotopic results for
MORB glasses along >5800 km of the Southeast Indian Ridge (SEIR). A long
wavelength eastward decrease in 3Hei4He, from near the Amsterdam-St. Paul
plateau to the Australian-Antarctic Discordance, coincides with sub-ridge
mantle flow down a temperature gradient. Spatial correlogram analysis of the
He-isotopic variations reveals a high degree of correlation (R >0.90) at length
scales of -400 km.
Background: The studied length of the SEIR stretches from the
Rodrigues Triple Junction (25.6°S, 70.1 °E) to an area east of the Australian
Antarctic Discordance (AAD). The AAD is a region of deep axial bathym·
etry between 120°-l28°E associated with relatively cold mantle and tow melt
production [8). Between 76°-78°E, the SEIR crosses the Amsterdam-St. Paul
(ASP) plateau, a shallow swell associated with bot mantle upwelling beneath
Amsterdan1 and St. Paul islands. From 88°E to I 20•E there is a large decrease
in mantle temperature along altis, on the order of 15o•c. marked by an
increase in axial depth from 2400 m to >4000 m [8}. Given the nearly
constant full spreading rate of 69- 75 mm/yr and the absence of large trans·
form offsets and nearby island hotspots, this portion of the SElR provides
a unique opportunity to study the geochemical effects of along-axis variations in upper mantle temperature.
Results: MORB glasses from 115 localities along the SEIR have been
analyzed for lHeJ4He by crushing in vacuum. Near the Amsterdam-St. Paul
plateau, values range up to 14 R,., due to the influence of the nearby ASP
mantle plume [7]. A long wavelength (2000 km) gradient in bathymetry, Fe 8
and 3Hei4He stretches eastward, from ss•E to t20°E, resulting in >He/4He
ratios as low as 6.2 RA in the AAD. Superimposed on the long-wavelength
gradients there are nearly symmetric peaks in 3Hei4He and .Fe 8, ranging
between 200 and 500 km in length including their tails. These 3Hei4He peaks
are most prominent near 88°E, 97°E, and 113°E longitude, and they dimin·
ish in amplitude toward the AAD. The covariation of 3HeJ4He and Fe8 suggests that higher 3He/4He is associated with a higher mean pressure of melting
in the underlying mantle. The peak structures cut acmss ridge segment boundaries such as transform faults, indicating that upwelling magma is poorly
focused within the mantle along-strike of the ridge, and that melt redistribution within the crust of an individual ridge segment is minor. Spatial
variation in the basalt He-isotopic compositions therefore tracks the length
scale of variation in the underlying mantle.
We developed a computational algorithm to perform a spatial corrclogram
analysis of the He-isotopic variations. The correlation coefficient R is calculated between every pair of points at separation distance r. For each point
pair, R(r) is given by the product of the deviations in lHei•He from the
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population mean, nom1alized to Lhe population variance [10]. The total
numb.:r of point pairs (N) for n samples is given by N "' n(n - I )12, which
for our 115 sample localities gives 6555 samplt: pairs. The! con-elogram (R(r)
vs. r) for all JHet•He dala (n "' 1I5) shows the expected decrease in R(r) with
separation dislance and has R(r) "' 0 at r =2000 kill. A significant peak io
R{rl {>0.90) occurs at r -400 km. Wh~n MORB influenced by the ASP
hotspot are excluded (n "' 83), the correloh'Tllrn is gc:oerally sunilnr to tlut
for the full dala set, but R(r) is reduced (0.65) at r -400 km, and R(rl =0
at r := 1200 km.
Our corrclogram results suggest the presence of convective mantle "cells' '
aligned orthogonally to the along-axis flow direction. For an aspect ratio of
1, these rolls would he -200 kill in diameter. They may be a feature induced
by the wake of the Kerguelen plume [I 1], or they may be intrinsic to upper
mantle convection io this region [I 2].
References: [I] Kurz M. et al. (1982) Narure, 297, 43-46. (21 Kurz M.
ct al. {1982) EPSL, 58, 1- 14. [3j Mahoney J. et al. (l989) JGR, 94, 40334052. [4] Grabam D. et al. (1992) EPSL. 110, 133-147. [5] Lupton J. et al.
!IW3) GRL. 20, 1851-1854. [6] Graham D. et al. (1996) EPSL, 144, 491503. [7] Graham D. et al. (1999) EP.'IL, 167, 297-310. [8] Scmpere J -C.
ct al. (1997) JGR, /02, 15489-15505. 19] Klein E. ct al. (1991) JGR, 96.
2089-2107 I IOJ Danckwerts P. (1952) App. Sc1. Res•. 3, 279-296. [II] van
Keken P. and Gable C. (1995) JGR. 100. 20291-20302. fJ2] Richter F. and
Ribe N. (I 979) EPSL, 43. 212- 222.
ENVIRONMENTAL APPLICATIONS OF MUl-TIPLE COLLECTOR
INDUCTIYEL Y COUPLED PLASMA MASS SPECTROMETRY:
MEASUREMENT OF LEAD-ISOTOPIC RATIOS IN PREClPITA·
TION SAMPLES FROM TilE GREAT LAKES AND EVERGLADES
REGIONS. J. R. Graney'. J. N. Cluistensen2, G J KeeJer3, AN. Halliday",
M. S. Landisl, and J. T. Dvoochl, 'Depanmeot of Geological Sciences and
Environmental Srudies, State University of New York-Binghamton, P.O. Box
6000, Binghamton NY 13902-6000, USA Ugraney@binghamtoo.edu),
2Department of Geological Sciences. University of Michigan. Ann Arbor Ml
48109-1063, USA, lAir Quality Laboratory, University of Michigan, Ann
Arbor Ml 48 I09·2029. USA, 4 Institut~ for Isotope Geology and Mineral
Resources, Eidgenossische Technischc Hochschule Zcntrum. NO C61 CH·
8092. ZUrich, Switzerland
The measurement of Pb-isotopic ratios coupled with other trace-clement
determinations oo a spatial and temporal basis has been used to differentiate
between, and troce, the local and regional movement of aerosols from different sources of pollution [e.g.. 1.2]. In most early studies. thermal ionization mass spectrometry (TIMS) was used to measure the Ph-isotopic ratios
in aerosols, while less precise inductively coupled plasma mass specrrometry
(ICP-MS) tecbniques art: now in common liSe to trace transboundary pollutant sources [3,4].
The measurement of Pb-isotopic rntios in precipitntion [51 has been less
common than in aerosols. Howcv~r. wet deposition processes ofien dominate
pollutant transfer of heavy mclals from the atmosphere. and Lhe incorporation of Pb from aerosols into precipilatioo has lbe potential to be traced l!Siog
Pb-isotopic ratios. SmaJJ sample amounts, low-Pb coocentmtions, and high
labor/costs to obtain the high-precision Pb-isotopic rutios nee<le~ for source
apportionment nre reasons why this trac~r approach has found scant usc in
precipitation studies. The development of multiple collector inductively
coupled plasma mass spectrometry (MC-ICP-MS) techniques [6.71 bas Lh~
potential to make precise Pb-isotopic ratio measurements from precipitation
samples more routine.
To test and contrast the capabilities ofMC-ICP-MS and conventional ICPMS for pollutant tracing, Ph-isotopic ratios were measured from samples of
precipillltioo previously collected to study Hg and tmce-element rransport and
deposition in the south Aorid:I/Everglades and Great Lakes regions. In south
Florida, event precip•latioo samples were collected from locations prol(imal
to several distinct point sources (oi l-fired power plants and municipal incinerators) as well as from background sites (offshore) and downwind io the
Everglades [8]. In the Great Lakes aren, event prccipillltion samples were
collected frorn five sites including a "background" site in central Illinois, an
urban site iu Chicago, and three rura l sites surrounding Lake Michigan.
Pre!cise measurements of Pb-isotopic ratios have been obt:aincd from
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sampks of prccipit:at,ion coouuniog 0.50-3.00 ppb concentrations of Ph using
a Plasma54 MC-ICP-MS withnur Pb prccoocentration (average 207 Phf2-0iiPh
and 20SPI}/206Pb !\vo a precision of 0.060 and 0.057%, rcspc.:rjvely, was ob·
taincd with sample consumption of< I mL). Avcrage two a precision of l07Pbl
lOopb and lOSphfZ06p1J rntios oht:ained using conventional ICP-MS c:m the same
samples was 0.58 and 0.95% rcspc!!livcly
A simple, single-step IC Pb separation and prcconccotratioo using
Eich.rom PbSpcc® resin was also developed and tested to delermioc if improvements io precision on precipitation samples initially containing <I ppb
Pb concentrations could be achieved. The JC preconcentratioo technique
resulted in teo-fold increases in Pb concentrations. negligible blank contributions, and an average 2°7Phf206Pb and zoSpbf206Pb two a precision of 0.027
and 0.032% respectively, on solutions contairung, on avernge. 7.0 ppb Pb.
ln the Great Lak.:s area, the 1 07Pbf206Pb and 20Bpi.JI206pb ratios in precipitation range from 0.780- 0.880 and 1.93- 2.09 respectively Low 207pbfZ06PIJ
and 2oMphf206pb r.1tios are indicative of large contributions of Pb from smelter
emissions in Missouri, whereas high 207pbfl06Ph and l08pbfl06Pb ratios indicate large contributions from Canadian sources. However. 70% of the 107pi.JI
206Pb and :wsphf206Pb ratios cluster within ranges of 0.820-0.840 and 2.012.05 and indicate homogenized "urban" U.S. Pb sources.
In soulh Florida, 90% of the 207pbf206Pb and 10gpbf206Pb rntios cluster
within ranges of 0.820-0.840 and 2.01-2.05. Based on mass-balance constraints and deposition model ing, essentially all of the Pb in precipitation is
of local origin: little originates from global scule transport of Sahnr.1n dust
The precision of Pb-isotopic rdtios using conventional ICP-MS was not adequate to pinpo•nt local sources of pollulaots: usc of MC-ICP-MS was needed
for source apponionmeot purposes.
References: [I] Seltle D. M. and Pauerson C. C'. (I 982) JGR, 87, 88578869. [21 Veron A. J. eta!. (1994) GCA, 58, 3199-3206. [31 Sturges W T.
and Ba;rie L.A. (1987) Narure, 329, 144-146. [4] Sturges W. T. aod Barrie
L. A. (1989) Atmos. Env., 23, 1645-1657. [5J Cb.urcb. T. M. et al. (1990)
Global Biogeochem. Cycles, 4, 431-443. [6] Walder A. J. unci Freedman P. A.
( 1992) J. Anal. Ar. Spect., 7, 571. [7] Halliday A. N. et a!. (1995) Jnrl. J.
111rrss Spertmm. Jon Prtx:e.1·.w:s, 1461147, 21. [R] Dvonch J. T. et al. tJ998)
Sci. Tot. Em:., 213, 95- 108.
MEASUREMENTS OF SULFUR-32.33,34 IN ALLAN lULLS 84001
Al\'D NAKHLA SULFIDES BY MULTICOLLECTOR SECONDARY
JON MASS SPECTROMETRY: IMPLICATIONS FOR CRUSTAL·
ATMOSPHERIC EXCHANGE AND BlOGENIC ACTIVITY ON
MARS. J P. Greenwood'. S. J. Mojzsisl, C. D. Coath~. aod J. T.
Wasson1.2.J, 'Department of Chemistry and Biochemistry. 3845 Slichter Hall.
University of California, Los Angeles, Los Angeles CA 90095-1567, USA,
20epa.nrnem of Eanh and Space Sciences, 3845 Slichter Hall, University of
California, Los Angeles, Los Angeles CA 90095-1567, USA, l{n~titutc of
Geophysics and Planetary Physics, 3845 Slichler Hall, University of
California, Los Angeles, Los Angeles CA 90095· 1567, USA.
Introduction: Previous ion microprobe studi~s of S isotopes (JZS. l~S)
in ALH 84001 fl-3] and Nakhla sulfides found no evidence for biogenic
activity, but did find evidence for exchange between mantleS and the martian
regolith via hydrotherma l nuids [4]. Recent measurements of positive t;110
anomalies io carbonates from ALH 84001 [5). Nakhla, and Lafayette [6] have
likewise been interpreted as evidence for e~tcbange between the atmosphere
and manian regolith. Negative t;,llS {t>.BS = oHS - 0.515 03 4S) anomalies
reported for S from Nakhla were also interpreted as evidence for crust-atmosphere exchange [6]. Here we report measurements of J2S, DS, and 34S from
individual sulfide grains in ALH 84001 and Nakhla thin-sectioos by multicollector secondary ion =ss spectrometry (SIMS) using the. UCLA Cameca
1~70 ion microprobe. We usc thl•sc data to further evaluate evidence for
putative biogenic activity and atmospheric contributions to martian hydroLhermal systems.
Method: Detailed mclhods of multicollcctor-SIMS for S isotopes arc
reported io [7].
Results: Nakll/a. The range of 1i1 4S values in this study (()34S: -4.5 to
+I .4 ± 0.2%o) overlaps the previously determined range (o34S: -2. 1 to
+4.9%o). The si~ sulfide grains analyzed do not sbow a rc:solvable ftl 1$
anomaly.
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ALH 84001. The &HS values measured here (- 9.7 to 4.2 ± O.l%o) extend
the previously determined range (2 .0 to 8.0%o) to much lighter values. Two
sulfides show a significant negative 1)33S anomaly (o33S: -0.7 ± 0.2 and
- 0.5 ± 0.2). Two other sulfides (not those with a negative o3 JS anomaly) with
the isotopically lightest 1)34S yet reported from a meteorite (-9.7 :1: O.l%o;
-9.4 ± 0.2%o) are distinguished from the other ALH 84001 sulfides in that
they are both in a carbonate-rich region.
Discussion: Nakhla. The lack of a measurable 1)33S anomaly suggests
either (I) the sulfides were only partially altered by a hydrothermal fluid with
an atmospheric signature, {2) they were unaltered by later hydrothermal fluids, or (3) the atmospheric contribution to hydrothermal fluids was minimal.
We favor ( ! ) that is consistent with the results of [4). The lack of a 1)33S
anomaly in Nakhla sulfides can be easily understood if the anomalous S
component measured by [6] is volumetrically minor with a large negative
anomaly, and is mainly associated with the trace carbonates and iddingsite,
rather than the magmatic suI fides.
ALH 84001. The negative 1)33S anomaly found in two individual sulfide
grains is consistent with sulfide precipitation (and by association, the carbonates) from fluids that have isotopically exchanged with the martian atmosphere [5,6]. This exchange appears to have occurred to a greater extent
than the fluids that modified the nakhlites [4].
The range of published I)J4 S values for sulfides in ALH 8400 I is now
-9.7%o to +8.0%o [1-3]. This >16%o spread about zero is similar to the range
found for the early Proterozoic Michipicoten (o34S: - 10.5%o to +10.1%.>) and
Woman River (o14S: -6.8%o to +8.2o/oo) banded iron formations {BTF) [8).
These BlFs are the type examples for the emergence of sulfate-reducing
bacteria on Earth in the late Archean [8-10]. Unfortunately, the differences
between an ion microprobe study of a twice-shocked orthopyroxenite meteorite and a conventional mass spectrometric study of a BTF make it difficult
to draw parallels between the two studies. While inorganic processes above
2oo•c can also produce this type of variation [e.g. , 4,11-13], the magnitude
of this variation can be considered consistent with biological activity. We
caution that ion microprobe studies of BlF sulfides. as well as further study
of ALH 8400 I sulfides, are needed to properly assess the validity of the Sisotopic biomarker as applied to ancient terrestrial rocks and martian samples.
References: [I) Greenwood J. P . et al. (1997) GCA, 61, 4449.
[2) Shearer C. K. et al. (1996) GCA, 60, 2921. [3) Boctor N. Z. et al. (1998)
LPS XXIX, Abstract #1787 . [4] Greenwood J. P. et al. (1999) GCA.
[5] Farquhar et al. (1998) Science, 280, 1580. [6) Farquhar et al., LPS XXX.
[7) Mojzsis S. J. et al., this volume. [8) Goodwin A. M. et al. (1976) Econ.
Geol., 870. [9] Schidlowski M. et al. (1983) in Earth's Earliest Biosphere:
Its Origin and Evolution (J. W . Schopf, ed.), p. 163. [10] Hayes et al.
(1993) in The Proterozoic Biosphere (J. W. Schopf and C . Klein, eds.).
p. 129. [11] Ohmoto H. and Goldhaber M. B. (1997) in Geochemistry of
Hydrothermal Deposits (H. L. Barnes. ed.), p. 517. [12) Ohmoto H. and
Lasaga A. C. (1982) GCA, 46, 1727. [ 13) Cameron E. M. and Hattori K.
(1987) Chem. Geol., 65, 341.
MAPPING THE SUBCONTINENTAL LI1HOSPIIERE WITH GARNET POPULATIONS. W. L. Griffinl.2, S. Y. O'Reilly1, N. I. Fisheri.J,
J. Friedmanl.4, C. G. Ryanl.2, and E. van Achterberghl, •Key Centre for
Geochemical Evolution and Metallogeny of Continents, Macquarie University, Sydney, NSW 2109, Australia (bill.griffin@mq.edu.au), 2Commonwealth Scientific and Industrial Research Organisation, Exploration and
Mining, North Ryde, NSW 2113, Australia, 3Commonwcalth Scientific and
Industrial Research Organisation, Mathematical and Information Sciences,
Locked Bag 17, North Ryde, NSW 1670, Australia, 4Department of Statistics,
Stanford University, Stanford CA 91045, USA.
A statistical analysis of> 12,000 analyses of garnet xenocrysts has revealed
significant differences related to the tectonothermal age of the crust penetrated
by the host volcanic rock [I]. To explore these differences. we are developing new statistical approaches to define natural populations in the garnet
database. Some preliminary results are presented here to show the power of
the method. Cluster analysis by recursive partitioning {CARP) compares the
real data with a "null" Monte Carlo set containing only clusters based on
concentrations in each variable, to define clusters in the real data. We have
identified 12 populations, accounting for 75% of the data (Table 1). Comparison with xenolith data suggests that these populations represent consistent combinations of features produced by both primary depletion and later
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TABLE I.
Class

Fo

L2
H2
H3
H5
Hl9
H21

93.5
91
92
92.5
92.5
92.5

Class

Fo

H9
HIOA
HIOB
Hl3
HIS
H27

89.5
92
89.5
90.5
91.5
88.5

Depleted Xenolith Types
Subcalcic harzburgites,
Mg-rich pyroxenites, low-Cr lherwlites
Depleted granular lherzolites.
Depleted granular lherzolites ± phlogopite
Depleted granular and sheared Jherzolites
Refractory lherzolites, cryptic metsom.
Fertile Xenolith Types
Fe-rich coarse lherzolites (rare)
Phlogopite gran. lherzolites % phlogopite
Very fertile granular lherzolites
Fertile lherwlites, mostly sheared
Mildly depleted granular lherwlites
High-T sheared lherzolites

metasomatic modification. The correlation of some populations with xenolith types is shown below, w ith examples of their distribution in SCLM
sections. Each garnet grain has been assigned to a CARP population, and
placed in depth context by reference of a Ni-based equilibration temperature
(TNi) to the local geotherrn.
Archean SCLM sections tend to be strongly stratified, and the degree of
depletion decreases downward. The Slave craton is an extreme example of
this type, with a highly depleted upper part separated from a more lherwlitic
lower part by a boundary zone <I 0 km thick; this structure has been mapped
across >12,000 km2 [2). The Kaapvaal craton SCLM is less depleted but still
markedly layered; granular phlogopite-bearing lherzolite (HI OA population),
which is a minor rock type in the Dalydn and Slave sections, is abundant
at shallow depth, while deformed and mctasomatised Jherzolites (Hl3 garnet
population) increase with depth. Proterozoic sections such as the Yangtze
craton show a smaller range of rock types; harzburgites are rare, and stratigraphic layering is less pronounced. Typical Phanerozoic SCLM (not shown)
is dominated by fertile spinellherzolites, most of which have undergone <10%
melt extraction; 90% of the garnet peridotites in these sections (typically near
the base, due to high geotherms) classify as HIOB, and are even less depleted
than the spinel lherzolitcs.
THE HAFNIUM-ISOTOPIC COMPOSITION OF CRATONIC
MANTLE: LASER ABLATION MICROPROBE MULTIPLE
COLLECTOR INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY ANALYSIS OF ZIRCON MEGACRYSTS IN KIMBERLITES. W. L. Griffin1.2, N. J. Pearson 1, E. Belousova 1, S. E. Jackson 1,
E. van Achterbcrgh l, S. Y. O ' Reillyl , and S. R. Shee3, lKey Centre for
Geochemical Evolution and Metallogeny of Continents, Macquarie University, Sydney NSW 2109, Australia (bill.griffin @mq.edu.au), 2Commonwealth Scientific and Industria l Research Organisation, Exploration and
Mining, North Ryde, NSW 2113, Australia, lStockdale Prospecting Ltd., P.O.
Box 126, South Yarra, VIC 3141. Australia.
Introduction:

Zircon is a widespread member of the low-Cr megacryst
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EHr vs. age for analyzed zircons.

suite that occurs in kimberlites worldwide. and the isotopic composition of
Hf in this mineral carries information on lithospheric processes. Here we
combine analyses of Hf isotopes in zircon megacrysts with data on the Lu
and Hf contents of other mantle minerals to speculate on the Hf-isotopic
budget of the lithospheric mantle.
Methods: The isotopic composition of Hf was measured in situ in 122
mantle-derived zircon megacrysts from African, Siberian. and Australian
Jcimberlites using a Merchantek EO LUV (266 nm Nd:Y AG) laser-ablation
microprobe and a Nu Plasma multiple collector inductively coupled plasma
mass spectrometer (MC-JCP-MS). Analyses were done with a beam diameter of -80 ~. a 10-Hz repetition rate, and energies of 0.6-1.3 mJ/pulse.
lbis gave total Hf signals of 1-6 x Jo- 11 A for Hf contents ranging from
0.5- 1.5%. Typical ablation times were 80-120 s, resulting in flat-bottomed
pits 40-60 IUD deep. The total amount of Hf consumed in a typical single
analysis was -50 og. Interference of I76Lu and 116Yb on 176Hf was corrected
using measured intensities of 115Lu and 172Yb. Internal precision on 116Hff
177Hf is typically ±0.000020 (2sd). Accuracy was established by 40 analyses
of the 91500 zircon standard: 116Hffi71Hf 0.282286 ± 44 (2sd); TIMS
value [I) 0.282290 ± 37. These values are relative to our 176Hffl71Hf
0.282158 ± 40 for the JMC475 Hf and 0.282167 ± 20 for the same s1andard
spiked to I76Ybf177Hf = 0.055 [3).
Results: The analyzed zircons range in age from 90 to 1460 Ma, as
determined either directly by U-Pb dating or from Jcimberlite eruption age,
and allow indirect analysis of mantle-derived Hf over a long time span and
wide geographic area. Most values of £w fall between 0 and I 0, but zircon
suites from the Orapa (Botswana) Leicester (South Africa) and Ruslovaya (NE
Siberia) kimberlites range down to EHI = -16 (Fig. 1).
Discussion: Combined with published Nd data on the silicate members
of the low-Cr megacryst suite [2], these data indicate derivation from magmas with dEHr as low as -20. LAM-ICP-MS analyses of garnets and
clinopyroxenes from mantle-derived peridotite xenoliths show that cratonic
mantle has high Hf contents (0.4-1 ppm) and Hf/Nd (0.3-0.5) greater than
estimated Bulk Silicate Earth. Depleted harzburgites, which are common in
Archean lithospheric mantle, have Lu/Hf ratios low enough (<0.1) to account
for the lowest tHiobserved in the zircons, over time spans of 1-3.5 Ga. We
therefore suggest that the magmas from which the zircon megacrysts crystallized were derived from Depleted Mantle or OIB sources, and developed
negative .1.£w through reaction with the subcontinental lithospheric mantle.
lbis type of mantle has tHr• tNd• and Hf!Nd values appropriate to the "missing reservoir" required by global Hf/Nd systematics.
References: [I) Weidenbeclc M. et aL (1995) Geostandards Newsletter, 19, 1- 24. [2) Jones R. A. ( 1987) in Mantle Xenoliths (P. H. Nixon, ed.),
pp. 711-724. Wiley. [3) Griffin W. L. et aL (1999) GCA. submitted.
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Introduction: Barium-potllssium-zirconium-chrornium titanates of the
lindsleyite-rnatb.iasite (LIMA) group occur in heavy-mineral concentrates and
as metasomatic phases in mantle-derived peridotite xenoliths in the 86-Ma
Jagersfontein Jcimberlite, South Africa [ 1]. Laser ablation microprobe inductively coupled plasma mass spectrometry (LAM-ICP-MS) analyses of
rnathiasite show high concentrations of Sr (5000 ppm), Hf (1000 ppm). Nd
(250 ppm), Pb ( 100 ppm), U (550 ppm) and Th (60 ppm) .
Methods: We have analyzed Hf. Sr. and Pb isotopes in situ in 2-3-mm
grains of mathiasite, using a Merchantek EO UV (266 nm) Nd:YAG LAM
and a Nu Plasma multicollector ICP-MS, to constrain the origin of the fluids
from which the LIMA minerals grew. Data were collected in static mode using
time-resolved analysis. Two to six spots per grain were analyzed for each system; quoted uncertainties are 2sd. Hafnium-isotopic measurements were carried out in a single cycle and corrected for Lu and Yb overlap as in [2). With
ablation pits -150 jll1l in diameter, total Hf signals were 1-2 V (1011-.Q resistor). Data collected for 1-2 min give typical internal precision of ±0.00002.
Strontium-isotopic measurements used a 250-IUD spot and gave total Sr signals of 1-2 V; Rb corrections are trivial (Rb =10 ppm). Typical precision
(1-2-min runs) is ±0.00006. During Pb analysis. Tl vapor was bled into the
transport line to provide an internal mass-bias correction; the isotopic composition of the Tl (2051203 = 2.3875) was fixed by analysis against the
SRM98 I Pb standard. Lead analyses were done in two static cycles; in cycle
I (2-s integration) all Pb isotopes, 203TJ, 20STJ. and 202Hg were measured in
232Th. and 208pb were
Faraday cups. and in cycle 2 (1-s integration)
measured. Using 150-~ ablation pits. Pb signals were 0.2-0.4 V; typical
precision (1-2-rnin runs) is ±0.3% on 206/204, 2071204, and 208/204, and
0.08% on 207/206.
Results: The 116Hf1117Hf of each grain is homogeneous within analyti cal uncertainty, and six grains are identical at 0.28278 ± 2, (EHI 2.5 at
86 Ma or tHI= 3.2 at 120 Ma.). One grain gives 0.28284 ± 2, (EHI = 4.6 at
86 Ma or EHf 5.4 at 120 Ma). Strontium-87/strontium-86 is homogeneous
in some grains (e.g., 0.70411 :t 4, n 4), but varies across others. The largest
range observed in a single grain is 0.7037-0.7054: the total range for eight
grains is from 0.70564 ± 8 to 0.70353 :t 8 and the mean is 0.7043 ± 4. The
isotopic composition of Pb is homogeneous within analytical uncertainty in
some grains, but varies in others; the largest intragrain variation in 2061204
is from 23.15 ± 5 to 24.36 ± 6 and intragrain variation is larger. The mean
(n = 5) is 2061204 = 21.1 ± 1.1. 207/204 = 15.63 ± 0.09. 208/204 =39.1 ±
0.4. 206p1J1204pb and 87Srf86Sr are inversely correlated.
Discussion: Recalculated to 90 Ma, the Pb data define a trend lying
below the NHRL in plots of 207/204 and 208/204 vs. 206/204. At 175 Ma,
the time of the main Karroo magmatism. this array is (jnear (r = 0.93) and
extends between the HIMU and EM! end members in Fig. I, but the 208/
204 of the low-2061204 end member is >38. The trend corresponds to a 1.0Ga isochron. but is regarded as a mixjng line. We suggest that the fluids that
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deposited the LIMA resulted from interaction between magmas derived from
a HIMU-type plume source with 87SrJ86Sr $ 0.7035 and tHI;:: 5, and an EMItype lithospheric mantle with B7SrfB6Sr ;:: 0.705, high ThiU and €HI < 2, and
that these fluids were related to the Karroo plume.
References: [I] Haggerty S. E et al. (1983) Am. Mineral., 68, 494505 . [2) Griffin W . L. et al. (1999) GCA, submitted

ESTIMATION OF SORPTION OF TRACE METALS TO NATURAL
SEDIMENTS. J. Griffioen1.2 and P. Venema2, 11nstitute of Earth Sciences,
University Utrecht. Budapestlaan 4, 3508 TA Utrecht, The Netherlands
(griff@geo.uu.nl), 2Netherlands Institute of Applied Geoscience TNO, P.O.
Box 6012, 2600 J Delft, The Netherlands (p.venema@nitg.tno.nl).
Introduction: Natural sediments are heterogeneous consisting of different sorbents each having their own chemical characteristics. In order to
be able to describe sorption processes to such natural sediments, advanced
surface complexation models are increasingly applied. These models are
limited in their practical use, however, because they need many parameters
and they are not easy to incorporate in transport models and decision support systems. Another disadvantage of surface complexation models is that
they suggest unrealistically high accuracy to nonspecialists. Because of these
disadvantages, we developed a general methodology in which simple
Freundlich isotherms are deduced for a limited range of conditions. These
conditions are representative for porous media with fresh pore water.
Model Approach: Sorption of Cd, Ni, Zn, and Cu to clay minerals,
ferrihyd:rite, and humic acid was characterized for fresh water in the pH range
4.0-7.0. The types of freshwater range from unpolluted groundwater in a
nonreactive sandy sediment to agriculturally polluted groundwater. Calcium
was the major cation and AI is important at low pH. Chloride and N03 were
the major anions. The partial pressure of dissolved C02 is fixed to 0.01 atm,
and HC03 is increasingly important with increasing pH. The concentrations
considered for the four trace metals ranged from one tenth to ten times the
Dutch drinking water limit. PHREEQC [I ] and ECOSAT [2) were used for
speciation calculations. Process parameters for cation-exchange to clay minerals and surface complexation to ferrihydrite and humic acid were based on
literature data.
Results and Discussion: The modeling results for the individual sorbents unsurprisingly show that sorption of trace-metal increases with increasing pH at ftxed trace-metal aqueous activity. However, the increase in sorbed
amount, expressed as the fractional occupancy of the sorption type, varies
considerably between clay minerals on the one hand and ferrihydrite and
humic acid on the other hand. The results also show that sorption of trace
metals is linear at pH is 4 to 5 and increasingly nonlinear with increasing
pH for ferrihydrite and humic acid. Sorption is almost invariant to type of
pore water for these two sorbents, whereas sorption to clay minerals strongly
depends on the Ca and AI activity, i.e ., pore water type. The absence or
presence of Cu strongly influenced the intensity of sorption of the other trace
metals for ferrihyd:rite and humic acid.
A two-step approach was deduced that satisfactorily described sorption
of trace metals to clay minerals. First, the occupancy of the exchanger with
all divalent cations is calculated depending on the sum of activities of all
divalent cations and that of All>. Second, the occupancy of an individual
divalent cation is calculated from its activity relative to that of the other
divalent cations together with the calculated occupancy with divalent cations.
Sorption of trace metal to either ferrihyd:rite or humic acid is described by
a Freundlich isotherm, where the two process parameters of the Freundlich
function are described as third order polynomial functions of the pH. These
polynomial functions were obtained by curve ftting of the function to a set
of data points of one of the two parameters versus pH; the data points were
calculated from the sorption isotherms obtained at the various pH considered
in the speciation modeling.
References: [I) Parkhurst D. L. (1995) U.S. Geol. Surv. Water Res. lnv.
95-4227, 143 pp. [2] Keizer M. G and Van Riemsdijk W. H. , Agricultural
University Wageningen, The Netherlands.
SUBAQUEOUS SULF1JR ERUPTIONS AT WAIOTAPU, NEW ZEALAND. S . T . GrimesJ. D. Rick.ardl, P. Browne2, and S. Simmons2,

1Department of Earth Sciences, Universi ty of Wales, Cardiff, CFI 3YE,
Wales, UK (grimesst@cardiff.ac.uk), 2 Geothermal Institute and Geology
Department, University of Auckland, Private Bag 92019, Auckland, New
Zealand.

Introduction: At the Waiotapu geothermal system, New Zealand. relict
S mounds occur within a drained valley once connected to Lake Whangioterangi (Fig. Ia). These mounds (Fig. lb) are simi lar in appearance to the
subaerial S volcanos at Volcan Poas, Costa Rica [ 1,2]. In addition . blackS
globules (Fig. lc), similar to those reported floating on the surface of Cinder
Pool, Yellowstone [3], ascend within a 2-m-diameter area of bubbling water
in Lake Whangioterangi.
Sulfur Mounds: There are four large S mounds in the valley, all >I m
high. and situated within depressions. All are composed of broken, yellow
globules, within a fine grained yellow and gray powdered matrix. The glob-
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ules appear to have been hollow once, but are now filled with matrix material, and have one of three different morphologies: tear drop, spheroid. or
elongate. There is no evidence of size sorting of the globules. The matrix is
fine grained (<0.1 mm), yellow/gray and contains fragments of globules. a
variery of plant axes, and an assemblage of diatoms. Carbon-14 dating of the
burnt plant axes give an uocalibrated age of 820 ± 80 yr BP. Overlying one
mound is a gray/white cap rock, 1.5 m long x 75 em wide x 10 em thick.
Its base has a structure similar to that of the S mounds, with a !-em-thick
top gravel layer devoid of globules.
Lake Whangioterangi: A 2-m-diameter bubbling zone is located on the
Jake surface (Fig. Ia). An ambient water temperature and the smell of H2S
indicates gas emission, rather than boiling. Within the zone, blaclc S globules ascend to the surface and float outwards, where they either remain on
the surface. or sink. The globules have two maio morphologies. tear drop and
spheroid (Fig. lc), with hollow centers and <0.5-mm-thick brittle shells. A
lead weight, lowered ioto the bubbling zone was coated in a black material,
similar in appearance to the black globules. This indicates the presence of
a molten S pool on the lake floor through which gas is discharging and
generating the S globules.
Formation of the Sulfur Mounds: The S mounds were formed a
maximum of 820 ± 80 yr ago as a result of the rapid subaqueous deposition
of S globules, produced by furnarolic gases discharging through molten S
pools. The pools were formed during the remobili1.ation of older S deposits,
possibly triggered by either the Okaro or the Ngahewa hydrothermal eruption events, -900 yr ago (4). A rapid cessation in activiry occurred, probably
due to the redirection of fumarolic gases away from the S pools.
References: [ 1) Grimes S. et al. ( 1999) Geothermics, in press.
[2] Oppenheimer C. (1992) J. Volcano/. Geothemr. Res., 49, 1-21. [3] White
D. E. et al. (1988) U.S. Geological Survey Prof Paper 1456, 42-44.
[4] Lloyd E. F. (1959) NZ J. Geol. Geophys., 2, 141- 176.
EXPERIMENTAL PYRITIZATION OF PLANT CELLS. S. T. Grimes.
D. Rickard, D. Edwards, A. Oldroyd, L. Axe, and K. Davies, Department of
Earth Sciences, Cardiff Uoiversiry. CFI 3YE Wales, UK (grimesst@cardiff.
ac.uk).
Introduction: Our knowledge of plant evolution depends largely on the
interpretation of fossilized plant remains. Fossilization through pyritization
is an important process that is not well understood. Two possible pathways
are conventionally mooted: (I) replacement, in which the original plant
microstructure is preserved to molecular dimensions, aod (2) infilling. where
intemal casts of the structure are preserved. In order to test the relative
importance of these processes in pyritization. we carried out ao experimental
simulation of the process [I], based on the oxidation of Fe(ll) monosulfide
(FeS) by H 2S [2].
Methodology: The celery petiole (leaf stalk) was chosen as the reactant plant material because it contains a range of tissues with cell walls of
varying composition (cellulose and lignin). The celery was sectioned into
-1 -cm long chunks, and blanched in boiling deionized water for -30 s. lron(ll)
monosulfide was frrst precipitated by saturating the celery for I week each
in 100 mL of 0.1 M, (NH 4) 2Fe(SOJ2 6Hp and 0.2 M, Na2 S 9Hp. Oxidation of the Fe(II) monosulfide was achieved with 0.01 M H 2S at 40°C in
a reaction vessel also containing a pH buffer solution and a Eh poise (pH =
6, Eh = - 250 mv, O.ot M H2S generated from Na2S 9H20 by the addition
of -2 mL 50% H2S04).
Results: The initial Fe(II) monosulfide precipitates mainly within the
water conducting vessels of the vascular bundles. There is little evidence for
migration of FeS into the surrouoding parenchyma cells. In contrast, octohedral pyrite crystals, up to 2 )Ullin diameter, are associated with parenchyma
cells adjacent to near-empty tracheids. The octohedral pyrite crystals are
located within the parenchyma cells (Fig. Ia), within the intercellular space
(Fig. Ib), and within the cell-wall cellulose (Fig. I c). There is no evidence
for the direct replacement of any organic material.
Discussion/Conclusions: Replacement of organic matter by iron sulfides is a difficult process to en visage, because of the lack of a common ion.
Our original hypothesis was that pyrite fossilization was a two-stage process:
pyrite initially precipitated within the cells {infilling) and subsequently replaced organic components as they decayed [3] through microbial activity

Fig. I.

(replacement). The results from this study indicate that this may not be the
case and that the whole process may be a simple single-stage process of
infilling at both macroscopic and microscopic scales. In this process, apparent replacement is represented by infilling of interstial spaces in the plant
microarchitecture at microscopic dimensions. The process suggests that pyrite
formation in this system results from a reaction with aqueous rather than solid
FeS [cf. 4], and that plant material may catalyze pyrite nucleation [cf. 5].
References: [I] Rickard D. et al., in preparation. [2) Rickard D. (1997)
GCA, 63, 115- 134. [3] Kenrick P. and Edwards D. (1988) Bot. J. Linn. Soc..
98, 91- 115. [4) Rickard D. and Luther G. III (1997) GCA, 63, 135-147.
[5) Schoonen M.A. A. and Barnes H. L . (1991) GCA, 55, 1505-1514.
STRONTIUM-ISOTOPIC DISTRIBUTION IN THE BROADLANDSOIIAAKI GEOTHERMAL SYSTEM, NEW ZEALAND. S. T. Grimes',
D. Rickard!, C. Hawlcesworth2, P. van CalsterenZ, and P. Brownel, 'Department of Earth Sciences, University of Wales, Cardiff, CFI 3YE Wales, UK
(grimesst@cardiff.ac.uk), 2Department of Earth Sciences, The Open University, Milton Keynes MK7 6AA.UK. 3Geotherrnal Institute and Geology
Department, University of Auckland, Private Bag 92019, Auckland, NZ.
Introduction: Broadlands-Ohaa.k.i is situated on the eastern margin of
the Taupo Volcanic Zone, New Zealand. Well Br0-29 penetrates a mixed
volcanic/sedimentary rock sequence whose 87Srf80Sr ratios display linear
distributions when plotted against 1/Sr values (Fig. la,c). These linear distributions do not indicate binary mixing between unaltered lithological units
and a single fluid end member [ 1].
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Volcanics/Pyroclastits: All the samples display smectite-style alteration
with plagioclase laths being either leached or altered to an assemblage of
quartz and smectite. Whole-rock Sr concentrations range from 28 to 253 ppm
with 87Srf86Sr ratios ranging from 0.70635 to 0.70785. Based upon petro·
graphic evidence of the degree of hydrothermal alteration and relative permeability of the units [2], we conclude that the linear distribution is not a
natural variation in their unaltered equivalents, but is related to the following: (I) the permeability of the host rocks, (2) the degree of leaching of 86Sr·

(a)

0.70110

•

0.1015
0.7070

i

I

t

Volcani<: I pyroocbatic core Janll)le.
BroodtudJ Rh~lile -pie.

I

~
ID

~ Unolle:Rd TVZ rlt)'Oii..,t3114f.

1:1
lll!J

Unolle:RdTVZdoci... (3)(4).
Unolle:Rd Ranailaiki r.,Umbritos [3)
[] Unolle:Rd pymclullc:a [3) (4).

0.7045
0.7040

0.0011

o.oto

j li
IJI:.g

i

:~..

~ fb}

ID

(c)

0.723

~

0.719

~ID

0.72t
0.717
0.713

L<:aencl

•

~llile(2t.

•
• .~J21·

•

lllltll"-

c.-cuas>tl~

0.713

1

0.711

1/Sr-cullioll

O.OOf

(d)

0.721
0.719

f

0.717

i

0.715

~

0.711

l:

0.006

0.0011

8..0.29.

0.010

0.012

l..q,end.

DIU 11.- G-(1!185) Ill
Slop. . 0.00198 f 0.0104
·-pt-0.71735:1: l.eotll

•

Aotllli~[l).

.,.~

Ace•tlf:t 6Mo
MSWD•0-'6

-2S bse

Falciferum Zone
Subzone

exarntum

2

• Oreywacte (2)

• Br029

"~-

0.713

Ore)'WO<tc I

IJiilliiZ.

=-===::o~

Slopo•O.OCIIH 0.110008
~-0.'71181:1:

0.7119

Ap•lll:l: 'Mil
MSWDsf.41

0.707
0.705

-'*" ,._

G...,....U I oqiJJfte can and

0.707

0.723

I

ll•OA11Wll+0.10719 R"l•0.936

0.71!9

DENITRIFICATION DURING THE TOARCIAN OCEANIC ANOXIC
EVENT AS RECORDED BY NITROGEN·ISOTOPIC RATIOS OF
BULK MARINE ORGANIC MATfER. D. R. Grtlcke and H. C. Jenkyos,
Department of Eanh Sciences, University of Oxford, Parks Road, Oxford OX I
3PR, UK {darreng@earth.ox.ac.uk; hughj@earth.ox.ac.uk).
lotroduction: Nitrogen-isotopic (1\ISN) ratios in modem oceanographic
studies have received a great deal of attention over the past decade (I].
However, the utility of N-isotopic ratios as a paleoceanographic tool in the
study of Mesozoic sediments has been little tested [2). Organic matter in black
shales of the Jet Rock (Mulgrave Shale Member of the Whitby Mudstone,
Lower Toarcian, nonhcast Yorkshire) and the Llanbedr (Mochras Farm)
Borehole (Toarcian, Gwynedd, north Wales) has been analyzed for I)ISN, ()UC
and total organic C (TOC) in order to investigate paleoproductivity changes
during the early Toarcian Oceanic Anoxic Event Both sequences are well
dated by ammonite biostratigraphy [3,4].
Results: The Jet Rock, northeast Yorkshire, is characterized by a nega·
tive () 13C0'l e~tcursion in the lower exaratum subzone, followed by a positive
shift in the upper exaratum subzone [5]. This positive shift is also registered
in one.'"' (belemnites) from the Jet Rock where values exceed 6%o. MaJ(i·
mum values ofTOC occur with relatively low oncorg and high 1)15N0,g values
in the lower exaratum subzone (Fig. 1).
Although the sample resolution is not as detailed as for the Jet Rock, the
same relative pattern is registered in the Mochras Borehole, north Wales. The
sequence is also characterized by a negative excursion in I)IJCorg in the lower
exaratum subzone and a positive shift in the upper exaratum subzone; I)ISNorg
shows a positive and negative shift respectively over the same interval (Fig. 2).

(b)

e

rich primary plagioclase laths, and (3) the secondary crystallization of the
groundmass by a recharge fluid represented by modified Taupo rainwater
(Fig. lb).
Greywackes/Argillites: The argillite fraction increases with depth, with
mica being altered to chlorite and pyrite. Whole-rock Sr concentrations range
from I OS to 370 ppm, Rb from 79 to 126 ppm, and 87Sr/86Sr ratios from
0.70876 to 0.71198. Separate linear isotopic trends occur when their 87Srf86Sr
ratios are plotted against 1/Sr values (Fig. !c). in addition to yielding a Rb!Sr
crrorchron age of 88 ± 6 Ma (Fig. Id). Based upon petrographic observations,
the isotopic trends in the greywackes/argillites are believed to be an inber·
ited metamorphic feature, from the Rangitata Orogeny (141 ± 3 Ma) [3],
which has been modified by geothermal fluids preferentially leaching 87Sr and
87Rb from primary micas.
References: [1] Grimes S. G. et al. (1999) Chem. Geol., in press.
[2] LookerS. W . et al. (1990) Am. J. Sci., 290, 995-1 068. (3] Graham I. J.
(1985) Chem. Geol., 52, 317-331. [4) Ewan A. and Stipp J. J. (1968) GCA,
32, 699-736. (5) Graham I. J. et al. (1995) J. Volcanol. Geotherm. Res., 68,
59-87. [6] Grimes S. T. (1998) unpublished Ph.D. thesis, Univ. of Wales,
Cardiff.
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Fig. 1. 1)13C<><& and l)t5Norg evolution for the exaratum subzone from the Jet
Roc!<, northeast Yorkshire. Open circles = C. closed circles= N.
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Discussion: In modem oceans, relatively high S1SN values are characteristic of water masses where nitrate utilization is high due to enhanced
biological uptake and/or where denitrification has taken place. An increase
in productivity alone would deplete near-surface waters in t2C and 14N,
leading to higher values of l)tJC and l)tSN . This is not lhe pattern seen in
the excursion in the lower exaratum subzone, where 1)13C0 , , values fall.
However,lhe correlation between more positive li15N 011 , more negative li 13C"'l!
values, and higher TOC values can be related to intense upwelling of poorly
oxygenated waters, where much organic C had been oxidized and denitrification had taken place. It is hypolhesizcd !hat upwelling returned BC-poor
and tSN-rich waters to !he photic zone, where they could be directly utilized
by phytoplankton, hence increasing lhe flux of organic matter to the seafloor. Such a mechanism would explain the isotopic records from !he lower
exaratum subzone of !he Jet Rock and Mochras Borehole.
The main l)t3C"'' and I)IJCcvb positive excursion is registered, wherever
it is accurately dated in the UK. in the upper exaratum subzone, whereas in
southern Europe it is dated simply as falciferum zone. In all investigated
localities, however, this excursion occurs higher in the succession than the
most C-rich sediments. This presents something of a paradox, as positive l)t3C
excursions are conventionally interpreted [6] as reflecting an increase in the
size of the global reduced C reservoir, most typically by an increase in
productivity and rate of burial of organic matter in the world ocean. If this
model is correct. the global deposition rate of organic C must have been at
its maximum during the late exaratum subzone, and the major sinks for this
material may lie outside Europe.
References: [I] Wu J. et al. (1997) Deep-Sea Res., 44, 287-314.
[2] Rau G. H. et al. (1987) EPSL, 82, 269-279. [3] Howarth M. K. (1992)
Mono. Pa/aeon. Soc., 145, 1-106. [4]Ivimey-Cook. H. C. (1982) Rep. lnst.
Geol. Sci., 71, 87- 92. [5] Jenk.yns H. C. and Clayton C. J. (1996) Sedimen tology. 44, 687-706. (6] Scholle P. A. and Arthur M. A. (1980) Bull. Am.
Assoc. Petrol. Geol., 64, 67-87.

for N-isotopic (1)15N) and CIN ratios. The C-isotopic data have been presented
elsewhere [I).
Results and Discussion: The carbon/nitrogen and {;JSN record. One
of lhe effects of increasing C02 on modern plant tissues is to increase the
CIN ratio [2]. Since !he assimilation of C is greater at elevated C01 levels,
!he amount of N being synthesized is reduced, possibly causing isotopic fractionation. Preliminary data from modem poplar plants grown in chambers
wilh elevated C02 levels show !hat 1)13C,..ood values and CIN ratios decrease
and ll15Nwood values increase. This relationship is surprising. as modem studies suggest that CIN ratios are higher in plants experiencing elevated C02
levels [2].
The Aptian was a time period !hat experienced elevated COz levels [3]
up to -1450 ppm and, thus, on !he basis of our modem poplar data, we would
expect lower CIN ratios and higher 1)1SN.,ooct values for Lower Cretaceous
wood from the Isle of Wight. Figure I shows that this is the case. However,
more modem plant CIN and ll15Nwood data are required to confum this model.
We are currently in !he process of analyzing both gymnosperm and angiosperm wood !hat has been grown in chambers with elevated C02 levels.
Cyclicity in carbon/nitrogen ratios. The uppermost Wealden group [upper Barremian, including magnetochron zero reversal (MOr) exhibits low CIN
ratios (-30-70)), whereas after MOr, the Lower Greensand group (lower and
upper Aptian) CIN ratios are generally high (-80-110). CIN ratios in the
Lower Greensand group also display a cyclic pattern. We analyzed the power
density speclrum of the CIN dataset. Due to !he variation in sample spacing
we first linear-interpolated the data before applying a Hann filter prior to !he
Fourier transformation.
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Introduction: Fossil wood fragments were collected through a
biostratigraphically well-constrained Aptian (Early Cretaceous) shallowmarine siliciclastic succession on the Isle of Wight, southern Britain, to
detennine paleoenvironmental changes wilh time. Fossil wood was analyzed
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STABLE ISOTOPIC AND CARBON/NITROGEN RATIOS OF FOSSIL
WOOD FROM THE MESOZOIC: INSIGHTS INTO OCEANATMOSPHERE LINKS. D. R. Grock.e 1, S. P. Hesselbo', H. C. Jenk.yns 1,
G. Taylor2, S. A. Robinson•, and H.-J. SchMfeJI, Department of Earth
Sciences, University of Oxford, Parks Road, Oxford OXI 3PR, UK (darreng@
eanh.ox.ac.uk.; stepl:!ess@eartb.ox.ac.uk: l:!ughj@earth.ox.ac.uk.; stuartr@
eartb.ox.ac.uk.; hanss@earth.ox.ac.uk), 2University of Southampton, Plants
and Environment Laboratory, School of Biological Sciences, Bassett Crescent
East, Southampton S016 7PX, UK (g.taylor@soton.ac.uk).
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Since we know. from sedimentology and biostratigraphy. that there are
at least three stratigraphic gaps in the Lower Greensand group, the periodicity of CIN ratios from the Fourier transformation is a maximum estimate.
On this basis and the timescale of Oradstein et al. [4), the periodicity of the
CIN cycle falls into the Milankovitch band (< I Ma). Assuming that the CIN
ratios reflect paleo-pC02 levels, considerable variation in the atmospheric
concentration of this greenhouse gas was characteristic of the Aptian.
References: [I] Oriicke D. R. et al. (1999) Geology, 27, 155-158.
[2] Cotrufo M. F. et at. (1998) Global Cha11ge Bioi., 4, 43-54. [3) Berner
R. A. (1994)Am. J. Sci., 294, 56-91. [4] Gradstein F. M. et at. (1995) SEPM
Spec. Pub/., 54, 95- 128.
STRONTIUM-ISOTOPIC CALmRATION OF AMMONITE SUBZONES IN THE JURASSIC AND EARLY CRETACEOUS. D R.
Orockei, S. P. Hessetbol, J. Mutterlose2, H. C. Jenkynsi, R. L. HaUl, and
S. M. Robinson3, 'Department of Earth Sciences, University of Oxford, Parks
Road, Oxford OX! 3PR, UK (darreng@eanh.ox.ac.uk; stephess@earth.
ox.ac.uk; hughj@earth.ox.ac.uk), 2Institut fUr Geologie, Rubr-Universittit
Bochum, Universitatsstrasse 150, 44801 Bochum, Germany Uoerg.
mutterlose@rz.rubr-uni-bochum.de), lDepartment of Geology and Geophysics, University of Calgary, 2500 University Drive, NW Calgary, AB T2N
IN4, Canada (rhall@geo.ucalgary.ca; srobinso@ucalgary.ca).
Introduction: Strontium-isotopic (87Srf86Sr) stratigraphy is based on
three principles: (I) the 87Srf86Sr ratio in seawater has always been homogenous throughout the oceans, as it is today; (2) the 87SrfB6Sr ratio of ocea.ns
has varied systematically through geological time; and (3) the B7SrfB6Sr ratio
is accurately recorded in Ca-bearing minerals precipitated directly from seawater. The application of Sr-isotopic stratigraphy bas been used as a global
correlation tool extensively in the Tertiary [e.g., 2) and upper Cretaceous
[e.g., 3]. Previous research on 87Srf86Sr ratios in fossil belemnites and oysters conducted at the Age & Isotope Laboratory, University of Oxford, has
provided a detailed curve for most of the Jurassic and a less-detailed curve
for the Early Cretaceous [4,5]. This 11SrfB6Sr curve is calibrated against the
northwest European standard faunal scheme. However the application of Srisotopic ratios from well-preserved belemnites and oysters has not been rigorously tested on other continents and/or against other ammonite zonal
schemes (e.g., Boreal, Austral) for the Jurassic and Early Cretaceous. To
address this problem, belemnites have been collected stratigraphically from
localities in Germany. Portugal, Scotland, and Canada.
Screening for Diagenesis: Using the chemical procedure outlined by
Jones et al. [4). belemnites have been screened for diagenetic alteration. The
best method for screening belemnites for diagenetic alteration is analysis of
the trace-element abundance of Fe and Mn. Belemnites with <::150 ppm Fe
and <::75 ppm Mn have been excluded from the 87SrfB6Sr curve. In addition
to trace-element abundance, cathodoluminescence was also employed, with
high luminescent samples being rejected from the dataset. In all cases, the
cathodoluminescent technique picked out samples with high levels of Mo.
Procedures or Nonnalization: To facilitate the comparison of 87Srf86Sr
ratios obtained from different laboratories, a normalization procedure should
be incorporated. The most common standard used at present is NBS987. Since
1994, the Age & Isotope Laboratory has completed 178 analyses of the
NBS987 standard and an average 11SrfB6Sr value of 0.710256 (std.dev.,
1.4e-5) has been recorded. All belemnite and oyster B7SrfB6Sr values used in
this discussion have been normalized to a NBS987 value of 0.710250.
Results and Discussion: The lower Jurassic is excellent for comparing
different faunal schemes as the 87SrfB6Sr curve decreases systematically from
the basal Sinemurian to the Pleinsbachian-Toarcian boundary, where it then
increases. Belemnites collected from Peniche (Portugal) and the B27 Roadcut
(southern Germany) record 11Srf86Sr values within measurement error of
English belemnites [6]. However, the 87Srf86Sr ratios of belemnites from
Peniche are somewhat offset compared to England and Germany. This possibly relates to uncertainty in definition of ammonite subzones in the Peniche
succession. The 87Srf86Sr ratios can be used to constrain the cbrono-sub:woe
boundaries at Peniche, especially where ammonite faunas are incomplete or
absent altogether.
The Aalenian-Bajocian succession is characterized by relative stable 87Sr/
B6Sr ratios in the Aalenian followed by a gradual decrease in the Bajocian.

It is extremely difficult to compare independently the Aalenian ammon.ite
faunas of different regions due to the flatness of the B1Srf86Sr curve. The Capo
Mondego section in Portugal is defined as the global stratotype for the
Aaleniao!Bajocian boundary and, thus, an ideal locality for comparison with
English B1Srf86Sr data. 87Srf86Sr data from Capo Mondego support the scattered data of Jones et al. [4] and confirm the gradual decrease in B1Srf86Sr
through the Bajocian.
Preliminary data from Alberta. Canada, suggest that 87Srf86Sr ratios are
extremely useful for correlating a succession with incomplete faunal presence
to the northwest European standard faunal scheme. However, the diagenetic
screening procedure of Jones et al. [4] may need to be adjusted for the
Canadian sections to a level of <?:200 ppm Fe and <?: 100 ppm Mn. Most of
the samples have elevated Fe and Mo. which are possibly related to either
the tectonic history of the region (i.e., hydrothermal fluids) and/or the migration and entrapment of postdepositional fluids such as oil. Despite this
B7Srf86Sr ratios for the sections investigated covering the lower and middle
Jurassic were in good agreement with European B7Srf86Sr data.
References: [I] Burke W. H. et al. (1982) Geology, 10, 515- 519.
[2) Hess J. et al. (1986) Science, 231, 979- 984. [3) Bralower T. J. et al. (1997)
Bull. Geol. Soc. Am., /09, 1421-1442. [4] Jones C. E. et al. (1994) GCA.
58, 1285-1301. [5) Jones C. E. eta!. (1994) GCA, 58,3061- 3074. [6] Parkinson D. N. (1994) unpublished Ph.D. thesis, University of Oxford, UK.

NOVEL COPPER OXIDE REACTION PRODUCTS OF THERMALLY ALTERED PINUS RESINOSA WOOD. J. A. Gudeman 1 ,
J. Baldock2 • and J. I. Hedges'. 1School of Oceanography, University of
Washington, Box 357940, Seattle WA 98 195, US A (jgudeman@oceao.
washington.edu; jihedges@u. washington.edu), 2Commonwealth Scientific and
Industrial Research Organisation Land and Water, PMB#2, Olen Osmond,
SA 5064, Australia Ueff.baldock@adl.clw.csiro.au).
Alkaline CUO oxidation of charred wood samples was carried out in an
attempt to identify reaction products indicative of sample thermal history.
Pinus resinosa (Red Pine) sapwood was collected from the bole of living
trees, ground and dried to constant mass at 70°C. Samples of the dried wood
were heated to constant mass at temperatures of 150", 200", 250", 300", and
350°C. The wood samples were subsequently oxidized via alkaline CuO oxidation to release lignin-derived phenolic "monomers" and other oxidation
products. The chemical structures of these products were conflfl!led using gas
cbromatography/mass spectroscopy. Compounds thus identified were quantified using authentic standards via gas cbromatographylflame ionization
detection.
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Our results (Fig. I) indicate the following three trends: (I) a decrease in
the organic C-normalized yields of vanillin aldehyde and acctovanillone over
the temperature range 70°-200°C; (2) an increase and subsequent decrease
in the organic C-normalized yield of vanillic acid, peaking at 200°C before
dropping to zero by 250°C; and (3) the appearance of an extended suite of
benzenedicarbo1tylic acids, hydro1tylated benzenedicarbo1tylic acids, and
hydro1tybenzoic acids (including 3.S·dihydro1tybenzoic acid), with the organic
C-normalized yields of these compounds increasing at temperatures above
!50°C and decreasing at temperatures > 300°C.
Preliminary results suggest that the observed benzenedicarbo1tylic acids,
hydro1tylated benzenedicarbo1tylic acids, and hydro1tybenzoic acids (i.e.,
benzoic compounds), may be useful as molecular tracers of charred wood in
the environment. Additional tests will be performed to confmn lignin rather
than polysaccharide precursors as the source of the benzoic compounds. In
addition, surface soil samples will be analyzed in an attempt to assess the
usefulness of these compounds as tracers of charred wood in soils. Results
of these analyses will be presented.

ADVANCES IN LEAD ISOTOPES IN THE HEALTH FIELD. B L.
Gulson, Graduate School of the Environment, Macquarie University, Sydney
NSW 2109, Australia (bgulson@gse.mq.edu.au), Commonwealth Scientific
and Industrial Research Organisation E1tploration and Mining, Sydney,
Australia.
Introduction: Since the pioneering studies of Manton I I] and
Rabinowitz and Wetherill [2] in the early 1970s. limited use has been made
of Pb isotopes in the health field until recent years. Most investigations have
focused on source apportionment of Pb in blood, with varying degrees of
success depending on the complexity of sources and concentration of Pb in
blood. In adult humans, >90% of the body burden of Pb is stored in the bones.
There is concern that during times of physiological stress such as pregnancy
and lactation, when the bones undergo resorption and accretion, Pb is released
and transferred to the fetus at a critical time of the development of the central
nervous system. Over the past decade, this hypothesis has been verified in
two major studies supported by the U.S. National Institute of Environmental
Health Sciences, one on lower primates in Ottawa [3] and the other on hu·
DlJIDS in Australia [4-6]. Only the results of the human study will be given
here.
Methods: Subjects (n = 15) were from other countries (CIS, former Yugoslavia, Bulgaria, Poland. Albania. China) whose skeletal Ph-isotopic composition (i.e.) was different to that currently prevailing in Australia. They were
compared with a control group (n = 8) of multigenerational Australian subjects. Samples analyzed with thermal ionization mass spectrometry (TIMS)
for Pb i.e. (208/206, 2(!71206, and 206/204) and concentration (202 spike)
included blood, urine, breast milk, food. gasoline, air particulates, water, and
household dust.
Results: Blood Pb concentrations in 14 of the 15 immigrant subjects
and for all Australian controls were < 5 )JgldL. Predicted changes in isotopic
composition are shown in Fig. I. Minimal changes in isotopic composition
were observed for the Australian controls. The mean change for each individual in skeletal Pb contribution to blood Pb based on the isotopic composition during the second and third trimesters ranged from -50% to 91%.
During the first six months of the postpregnancy period, the mean increases
for each individual in skeletal contribution to blood Pb based on the isotopic
composition ranged from -40% to 99%. As the pregnancy progressed, the
contribution of skeletal Pb showed an appro1timately linear increase. During
the postpregnancy period, the elevated percentage of skeletal Pb mobilized,
reflected by the Pb isotopes, remained essentially constant for up to 6 months
in spite of variations in length of breastfeeding ranging from <I week to >6
months. Consistent, clear-cut changes in blood Pb concentration during pregnancy and the postpregnancy period were not identified for individuals.
Environmental factors, especially diet, were not the major determinants of
blood Pb because of the low '206~Pb ratios in household dust, air, water,
and gasoline [4-6]. Only two subjects consumed dietary supplements for Ca,
and mobilization of skeletal Pb to blood Pb was the lowest of all the subjects.
Conclusion: Endogenous sources of Pb, especially from the maternal
skeleton, can be mobilized during pregnancy and even more so during the
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post-pregnancy period. Increased mobilization is consistent with increased
bone resorption and may be associated with an inadequate Ca intake observed
in quarterly 6-d duplicate diets. Calcium supplementation may be an important means of limiting fetal exposure to Pb.
References: (I] Manton W. I. (1977) Arch. Environ. Health, 32, 149157. (2] Rabinowitz et al. (1976) J. Clin. Invest., 58, 260-270. [3] Franklin
et al. (191)7) Fund. Appl. Tox., 39, 109-119. [4] Gulson et al. (1995) J. Lab.
Clin. Med., 125, 703- 712. [5] Gulson eta!. (1997) J. Lab. Clin. Med., 130,
51-62. [6] Gulson et al. (1998) J. Lab. Clin. Med., 131, 324-329.

EXPERIMENTAL MEASUREMENTS OF ACID-BASE BUFFERING
PROPERTIES AND METAL SORPTION BY LICHENS. J. R. Haas,
Department of Geography and Earth Sciences. University of North Carolina
at Charlotte, Charlotte NC 28223, USA (jrhaas@email.uncc.edu).
Introduction: Lichens are widely used as natural biomonitors of environmental pollution. These lower plants are formed by the symbiosis of a
fungal and one or more photosynthesizing microbial partners, and are ubiq·
uitous in all terrestrial ecosystems, including severe polar and hot desert
settings. Lichens are useful as pollution biomonitors because their biomass
can strongly concentrate heavy metals, pollutant gases, and radionuclides from
aerosol fallout, precipitation, or runoff. Under natural conditions. uptake of
soluble metal species by lichen biomass can lead to long-term storage through
the formation of biominerals [I] and trophic cycling of trace elements via
lichen herbivory [2]. Lichens lack roots. a vascular system, or a protective
waxy cuticle, and thus nutrient uptake is accomplished primarily through
passive accumulation of incident chemical species from dry or wet deposition, or directly from the growth substrate.
Despite strong interest in lichens for environmental monitoring and biogeochemical cycling studies, the chemical properties and mechanisms gov·
eming metal uptake and sequestration by these organisms remain unclear.
Although previous studies [3,4] have shown that adsorption mechanisms
predominantly govern metal uptake by lichens and free-living fungi, experimental measurements quantifying interactions between dissolved cations and
lichen surfaces remain generally unavailable in the literature. Data that exist
are largely anecdotal (5] and cannot be generalized to conditions significantly
different from those of the experiments. To address this problem, a series of
experiments was carried out to measure the surface amphoteric properties and
Cd, Cu, Pb, La, Nd, and Yb adsorption behavior of lichen biomass. E1tperi·
mental data were used to develop an equilibrium thermodynamic model of
lichen-aqueous interactions.
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Experimental: Lichens representing genera that are globally distributed
were chosen for this study, inc luding Cladina sp. ("reindeer moss"),
Umbilicaria sp. ("rock tripe"), and Usnea sp. ("old man's beard"). Surface
amphoteric properties of biomass were measured through acid-base titrations
of untreated natural lichen biomass in 0.01 moVL NaN03 electrolyte solutions. Immersion pH for lichen samples, approximating the pH of a net-neutral
surface buffering pH through proton exchange, was -3.8-5.6. Titrations
demonstrated that the lichens exhibit strong buffering capacities at pH values of -3 to above 9.
Adsorption of Cd, Cu. Pb , La, Nd, and Yb by lichen biomass was
measured as a functioo of pH and time in a dilute (0.01 M) NaN0 3 electrolyte. Uptake of cations by all lichens was initially rapid (-80% of equilibrium uptake within 2 h) but required 6-24 h for attainment of equilibrium.
Rapid initial uptake followed by slower sorption indicates the presence of
significant microporosity on the biomass surface, through which fluid-mass
transfer is slow. Sorption experiments were allowed to incubate for 24 h.
Reversed sorption-desorption trials were performed to investigate the reversibility of cation uptake: sorption was found to be 100% reversible within
the time intervals studied. Metal uptake as a function of pH shows strong
sorption-edge behavior similar to that of metals adsorbing onto mineral
surfaces.
Theoretical: Titration data were modeled using FITEQL 2.0 to constrain
surface properties in terms of reversible proton-exchange equilibria, using
both a "humic acid" model (i.e., that the lichen surface behaves like a dissolved organic acid) aod the constant capacitance (CC} model for the electrical double layer [6]. Specific surface area. required for tbe CC model, was
measured using a methylene blue-adsorption technique [7]. Modeling results
demonstrate that a multiple-site model best fits the experimental titration data,
although this approach cannot distinguish the compositions of active surface
functional groups. For example, the surface of the lichen U. mammulata is
best approximated using a three-site model, for which preliminary optimal
acid-dissociation constants (pKa) were -6.5 (0.04 siteslnm2 for this functiooal
group population), -7.6 (0.06 sitesfnm2), and -9.9 (1.2 sites/nm2). Simi lar
results were obtaioed usiog both the "humic acid" and CC models.

5

Adsorption data were used in conjunction with modeled surface properties to regress properties of metal sorption reactions. Adsorption of cations
was best described through complexation reactions involving negatively
charged surface functional groups. A one-site model (that having the small·
est pKa) best described metal uptake. Preliminary values for Cd, Cu, Pb, and
Nd adsorption onto U. mammulara were 7.1, 7.4, 8.3, and 8.1 respectively .
These values may be used to estimate the metal-uptake capacities of differing lichens under a wide range of field conditions using an equilibrium thermodynamics approach.
References: [I) Purvis 0. W. (1996) Lichenologist, 28. 571- 601.
[2) Rissanen K. and Rahola T. ( 1990) Rangifer, 3, 55-61. [3) Richardson
D. H. S. (1995) Symbiosis, 18, 119-127. [4) Brown D. H. (1991) Symbiosis,
11, 207-223. [5) Brady J. M. and Tobin J. M. (1994) Enzyme and Microbial
Tee/mol., 16, 671-675. [6) Stumm W. and Morgan J. J. (1996) Aquatic
Chemistry, Wiley . [7) Pham T H. and Brindely G. W. (1970) Clays and Clay
Mineral., 18, 203-212.

TWO-STEP LASER MASS SPECI'ROMETRY: A TOOL FOR CHEMICAL CHARACTERIZATION AND SOURCE ASSIGNMENT OF
BLACK CARBON. 0. P. Haefliger1, R. Zenobil, and T. D. Bucheli1.2,
I Analytical Chemistry Group. Organic Chemistry, Eidgenllssische Technische
Hochschule, Universitlitsstrasse 16, 8092 ZUrich, Switzerland (haefliger@
org.chem.ethz.ch), 2Jnstitute of Applied Environmental Research, Stockholm
University, 10691 Stockholm, Sweden (thomas.bucheli@itm.su.se).
Black carbon (BC) is a strong sorbent especially for hydrophobic organic
substances, such as polycyclic aromatic hydrocarbons (PAHs). When released
into the environment as a result of incomplete combustion. BC inevitably
carries such compounds. the composition of wh.ich is largely emission-source
specific. The assigoment of the main sources of BC is crucial to the understanding of its fate and behavior in the environment. Moreover, a significant
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Fig. 1. Depicts L2MS spectra of different black carbon emission sources. such as (a) beating and natural wood·flfe smoke, (b) gasoline and diesel engine
exhaust, and (c) light-fuel house heating exhaust. The variations in the mass-spectral patterns of the different emission types are clearly evident.
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part of the BCs ecotoxicol,,gical risk is altributed to its carcinogenic and mutagenic adsorbates. Therefore. the chemical charactenzat ion of BC is important
Two-s tep laser mass spectrometry (L2MS) offers unique advantages over
conventional trace-analytical methods for the determination of BC-bound
PAHs. such as little or no sample preparation, short sampling and analysis
time, small sample volw:nes. lillie matrix effects, and high sensitivity.
Sampling of airborne BC was performed on quart~-liber filters. From
!here, an infrared laser puJse dcsorbs intact oeutra l an alyt~s. Thereafter, an
u ltraviolet laser pulse (250-nm wave leng!h) is used for !he resonance-enhanced two-photon ionization (1 + I REMPI) of the desorbed species. Mass
analysis is !hen performed in a reflectron time-of-night mass spectrometer.
The mass spectra are dominated by imact parent ions of those compounds
that strongly adsorb !he selected ultraviolet laser wavelcng!h.
Further. atmospheric particulate matter <10 J.Jm (PMlO) was collected at
different locations {close to major motorways. nt urban background sites, and
in remote areas), and witb varying temporal resol ution (15 min for periods
of 24 h, and 24 h over a whole year. respectively). and ;malyzed with 1.2MS.
Mu ltivariate statistics of the resulting mass spectra arc used for the allocation of the major contributors to PM I 0 (Fig. I)

HIGH-PRECISION CALCJUM-ISOTOPlC RATtO MEASUREMENT
BY MULTIPLE COL LECTOR INDUCTIVELY COUPLED MASS
SPECTROMETRY: PRELIMINARY DATA OF CALCIUM-ISO TOPIC RATIOS IN CARBONATES. L. Hali czl.l, A. Ga ly ' . N. S.
Belshaw 1• and R. K. O'Nions 1, 'Departmen t of Earth Sciences. University
of Oxford. Parks Road, OX I 3PR. UK. 2Geologica l Survey of Jsrael. 30
Malkhey Israel Street. 95501 Jerusalem. Israel (ludwik@mail.gSI .gov.i!).
Introdu ction: Catciurn is an important element in animal and plaot
tissue. Biological incorporation of Ca affects its geological cycle, but its
quantification remains difficult. One. way is to use isotopic tracers such as
stable isotopic rJtions of Ca. Few studies have been done on biological fro~c
tionation of Ca isotopes but already show an enrichment in light isotopes that
can be as high as 0.8%./amu io biomolecules and biomineralizations [1-4].
Multipk collector inductively coupled p lasma mass spectrometry (MClCP-MS) is oow ao established technique for rapid measurement of isotope
rntio to high precisioo. The MC-ICP-MS provided by Nu Instruments and
described by Belshaw et al. [5] has previously been evalunted for lead and
transition metals [5,6]. We present here a technique for the precise mcasuremcm of Ca isotopes by MC-lCP-MS.
Methods and Results : While accurate measurement of 40Ca is made
difficu lt by the presence of 40Ar. !he nbundaoce of 4~ Ca. 43Ca, and 42Ca is
easily measured given the very low background arising from scattered ions
of 40Ar aod 40Ca. Mol~cu lar interferenc~s in th~ Ca mass region observed
iu o!hcr ICP-MS work are insignili cant when using the microconet>otric nebulizer Cetac MCN-6000. However, it is important to monitor Sr2+ content, and
this is carried out for 87Sr2+ at mass 43.5. Simultaneous measurement of Ca
isotopes and potential interferences was made possi ble by !he 12-channel
Faraday collectors array and the variablo-dispcrsioo geometry of the Nu In strument mass spectrometer.
The method used to determine analytical repeatability is the "standardsample bracketing" techn ique where Ca-isoropic ratios of samples are bracketed by measureme nt of tbe Ca standard. The internal precision for single
5-m in analysis (5 repetitions) of 4ACaJ 4 2Ca an d 4 lCaJ4 2Ca was 0.03 and
0.07%., RSD re~-pectively. The stability of uncorrected ratios of ·''Cai•2Ca and
•lCaJ•2Ca duri ng ext~ n ded runs of 6 h was 0.10 and 0.15%o RSD, respectively, and corrected to our standard 0.06 and 0. l%o RSD, respectively.
The measured Ca-isotopic ratio was found to be insensitive over a solution concentration in the range o f 2- 45 ppm and was unaffected by Mg
present in concentrations of up to twice that of Ca.
Conclusion: The performance of tbe MC- ICP-MS for Ca-isotopic ratios measurement is at least of !he same level of precision and acc uracy as
the best results obtained hy rhermal ionization mass spectrometry (TJMS)
[ 1-4].
TI1c preliminary results of a few carbonate samples (calcretes. spclco!herms. aod corals) from different locations give interesti ng resulls aod cor-

113

relations. It is now necessary to investigate systematically the biological and
grochcmical t:Ontrol of Ca- isotopic ratios in the global Ca cycle.
References: [I] Price R.l. et al. (1990) Biomed. Envir. Mass Spertrom.,
/9, 353-359. [2] Platzner 1. and Dcgani N. ( 1990) Biomedical Envir. Mass
Spertrom., 19, 822-824. [3] Skulan J. et al. (1997) GCA, 12, 2505-2510.
[4] Zhu P. and MacDougall J.D. ( 1998) CCA, 6:?, 1691-1698. [5] Belshaw
N. S. ct al. ( 1998) bill. l. Mass Sp~ctrom., 181, 51 -58. [6] Zhu X. K. et al.
( 1999) Chem. Geol., in press.

URANIUM IN KARST RIVER WATER IN THE GUIZHOU PROVINCE, CHINA. G. L. Han and C . Q. Liu. The State Key Laboratory of
Environmental Geochemistry. Institute of Geochemistry. Chinese Academy
of Sciences, G uiyang 550002. China.
A number of scholars [1,2] have conducted research on the U geochemistry in river water to find !he variation of input of U from rivers to oceans.
and lo get a beuer understanding of !he geochemistry of U series io marine
geochemistry. Moreover, the presence of uraninite in sediments has been
proposed as an indicator of atmospherit: oxidation and re-duction levels [3].
lltis paper is focused oa the variations of U in river water in carbonate regions
(Wujiang River) drainage system, in order to learn the water chemistry of
c.lerneoiS, understand !he chemistry weathering of rock/soil in carbonate areas,
and evaluate !he impact on the environment by human activities.
The Wujiang River rises in tbe Wumeng Ranges on !he Yunnan-Guizhou
Plateau, and it is the largest tributary of !he Cbangjiang River in the upper
reaches and also !he largest river in !he G uizhou Province. The Wujiang River
drainage system is located in karst areas of the Guizhou Province. Tite catchment represents many different and complicated lithologies, including Permjan and Triassic limestones, do lomitic limestones. dolomites. and coalbearing formations, as well as shales. sand shales. and siltstones.
Thirty-seven river water samples were collected January 7-27, 1999.
Water temperature , pH, and conductivity were measured at sampling sites
with a portable pH and SC (snit conductivity) meter. HC01- was titrated by
HCI on the spol. The river water samples were collected by placing 110 acid·
cleaned li near polyethylene boule in a plastic holder. Immediately after
collection, all !he samples were fi ltered through 0.22-J.Jm membrane filters
(Milliporc) and acidil'ied witJ1 ultra-puril1ed hydrochloric acid (pH <2). Major
cations (K, Na, Ca. Mg) were determined by a tomic absorption spectrometry
(AA.S). Anions (Cl-, SOl-, N03-) were measured by anion chromatography.
The concentrations of dissolved trace elements were measured by inductively
couplt:d plasma mass spectrometry (ICP-MS).
Except for sample 14 ( U concentrations= 17.96 runoi/L). which had been
polluted by waste discharged from factories. the U concentrations in !he
Wujiang River water vary from 0.78 ro 7.25 nmoVI., wi th a mean va lue of
3.10 nmoi/L. wbich is higher than the average value of global rivers
{ 1.3 omot/L [3]). On this basis, we calculated the flull of U to be 1656 x
IOl mol/a.
There is a good correlation between U and total anion concentrations, and
an inverse correlation between U aod Siltotal anion concentration, indicating
tbat U in the river water from !hese large drainage basins is largely derived
from nonsilicate weathering. The sample data of our research fall near the
limes tone weathering line, so it follows that the Wujiang River drainage
system is located in a typical karst areas, and U in !he Wujiang River water
is derived from carbonate weathering. An additional source of U may be
related to anthropogenic activities in agricultural production. as phosphate
ferti lizers are higb in concentrations of U. The coocentmtions of PQ43- are
very low (<0.01 mg/L). Furthermore. there is no ,·orrelation between PQ4 land U concentrations in !he samples here. So we think !hat intensive agricultural acti vi ti es would not nct.:essari ly lead to high river U levels.
TI1e correlation between U and Sr shows !he U/Sr (mol/mol) ratios are
far smaller !han tbe equivalent values of !he upper crust. and in most riv~r
water samples, !he ratios are far lower than the equivalent ones in limestones.
As compared wi!h limestones, !here mny be two factors tbal led to !he depletion of U relative to Sr io !he water body. One is the low solubility of U in
the water body. and the othe r is the relative c•nrichmcnt of U in residuals
formed during !he process of wea!heting of limestones. Uranium/strontium
ratios are far greater !han !hose of !he upper continental crust. so the authors
coosider !hat in !he process of wea!hering of limestones, Sr is more prefer-
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entiall y incorporated into the water body than U. SoU is highly cooccntrated
during the process of weathering.
References: [I] Shiller A.M. and Royle E. (19t15) Nnture, .117, 4Q52. [2) Klinkhammer G. P. and Palmer M. R. (1991} GCA, 55, 1799-1806
[3] Palmer M. R. and Edmond J. M. (19'.>3) GCJ\, 576, 4947-4955.
OSMIUM-, NEODYMIUM·, AND STRONTIUM-ISOTOPIC SYSTEMATICS LN YOUNG, FERTILE, AND WEAKLY METASOMATIZED
SPLNEL PERIDOTITE XENOLITLIS FROM NORTHERN QUt~ENS
LAND, AUSTRALIA. M. R. Ha ndler' and V. C. Bcnncuz, 'Department
of Terrestrial Magnetism. Carnegie Insti tution of Washington, 5241 BrClad
Branch Road NW. Washi ngton DC 20015. USA, 2Rescarch School of Earth
Science~ . Australian National Uni vcrsity. Canberra, ACf 0200. Austra lia.

lntroduction: A suite of I 3 peridotite xenoliths from the <3-Ma
Atherton Tableland basalt province of nonhero Queensland, a regioo
cratoo.i.led in the Paleozoic [ J], comprise fertile samples of the upper n.bl.IJ lle
that have undergone only minima l metasomatic enrichment. As such they
provide a rclarively simple suite with which to invesligntc the evolution of
young lithospheric mantle. W.; present Sr-. Nd-, and Os-isotopic data for the
xenoliths, combined with major- and troce-clcment data, to constrain both
the age of the samples and the Os-isotopic composition of the upper mautle
from which they were derived.
The ltenoliths are Cltclusivcly spinel-bearing lh~rzolites and arc free from
secondary volatile-bearing phases. They have limited major-element compositions, e.g.. 2.6-3.4 wt% AJ1 0 3 and 3tl.7-40.9 wt% MgO, with only the most
incompatible 1race elements sho,viog indicatillfl of metasomatic enrichment,
e.g., 0.11-1.49 (La!Yb)N, 0.12-0 45 (Sm!Yb)N. In particular, the ro.iddle ran:
eartb. elements are strongly fractionated, rcOecting partial melt extraction io
tb.e pn:sence of gameL Measured Sm-Nd ratios therefore reflect melting
processes rather than later met.'lSomatic enrichmenL This provides the opportunity to combine both U1e Sm-Nd· and Re-Ds-isotopic systems for constraining the timing of melt extraction and lithosphere formation.
L~otopic Data and Discussion: Preliminary Sr- and Nd-isotopic data
for four samples indicnte derivation from a depleted mantle source. Strontium isotopes bave a range from ~7SrfBBSr = 0.7029 to 0.7047, whi le Nd
isotopes range from ENd =7 to very radiogenic values of 19, supported by
high Sm!Nd ratios (1~7Smt t «Nd = 0. 207-0.484). The Sr- and Nd-isotopic
data are consistent with the tmce-clemeot data, indicati ng that these samples
have undergone melt extraction wiU1 oo evidence for significant metasomatic
enrich ment in their history.
Measured Os-isotopic compositions for 12 samples range !'rom 187Qs/
IBBQs = 0,1258 to 0. 1292, with one sample (MQ12) having a significantly
less radiogenic composition of mosf lBBQs =0. 1228. Most of the samJ.>les
therefore have is01opic composi tions that overlap wi th the range of estimate~
of modem man tle (IB7Qsf188Qs = 0.1270-0.1290 [e.g" 2,3]). so that aoy Os
model ages calculated will vary widely depending on the model parameters
chosen. However, the Os-isotopic composition of sample MQ12 is sigo.ific~ntly lower than all the mode l estimat<!s, and bas a Re-depletioo (TRO: a
minimu m model age based on the assumption that all Re was removed during
melt extraction) age of -800 Ma, c.:onsistcnt wi th speculation that Precambrian crust may underlie parts of the region [e.g.. 4).
As the xenoliths have a limited range in fertil ity, the wide range in
mcasurcd Os-isotopic compositions (even excluding sample MQ12) cannot
be fully attributed to tlle samples evolving from a single even t with significantly different Re/Os ratios. This ind icates that either the samples span a
range of ages or their upper mantle. source was isotopically hetcrogeocOtJS,
or both.
Neodymium-depleted mantle model ages (TOM) offer a potential means
of distinguisbing between these possibilities, and thus constraining the Os
composition of the source, ns they cno be used to estimate the Lime each
Sltmple segregated from the asthenospheric, or depleted upper mantle (DM).
The TOM ages of three of the four samples analyzed (MQ1 2 excluded) have
TOM ages of 220-270 Ma. wbich overlap with the timing of Permia n
magmatism and granite emplucemeot in the overlying Hodgkinson Province,
hul are younger than the oldes t exposed cru~t (Silurian-Devonian sediments).
l11is suggesL~ these samples represent young. underpla ted lithospheric mantle.
Furthermore. if all lhe samples (excepting MQ J2) formed at this time, this

would indicate a heterogeneous upper mant le source with a range in Osisotopic composition that ovnlaprx:d with both the more radiogenic measured
abyssal peridotites (with avcrag~ and rnax imum measured 187Qsf1B"Os of
0.1246 and 0.127 respectively} 131. and the proposed pt;mitivc upper mantle
(PUM) composition of Meisel ct al. ( 187 Qsf188Qs = 0.129) [2) . However.
thll age nf thl' overlying crust and. in particular, the Os TRD age of MQ12
suggest melt extraction may extend hack to the late Proterozoic. Samariumneodymium analyses of the remaining samples are thert>forc needed before
further constraints can be made.
Regardless of the age of the samples. however. the suite provides an
example of relatively pristint: subcontinental mantle that includes high, nearchondriti c Os compositions.
Referene~s: [II Bain J. H. C. and Draper J . J.. eds. ( 1997) North
Queensland Geol. 121 Meisel T. et at ( 1996) Nature, 383. 5 17-520. [3 1Snow
J, E. and Reisberg L. ( 1995) EPSL 136, 723-733. [4) Henderson R. A. ( 1980)
io The Geology nnd Geophysics Q{ No11hea.~tem 1\usrra/ia (R. A. Henderson
and P. J. Stephenson. eds.). pp. 1-26.
BLACK SHALE WEATHERING AND THE MOBILfTY OF OSMIUM
ISOTOPES, RHENJUM, AND PLATINUM GROUP ELEMENTS.
R. B. Hannigan• and B. Peucker-Ehrenbrink2, 'Department of Chemistry
and Biochemistry. Old Domioioo University, Norfo lk VA 23539, USA
(rhanuiga@odu.cdu), 2Marine Chemistry and Geochemistry Department.
Woods Hole Oceanographic Institution, Woods Hole MA 02543, USA
(behrenbrink@ whoi .cdu ).

Introduction: l11e Neogene marine Os budget has been dominated by
input of radiogenic Os from lhe continents. The various sources of radiogenic
Os to the oceans include Precambrian shield areas, Re-rich sulfides such as
molybdenite, and sediments enriched in organic matter. Organic-rich sediments. black shales, and schists (hereafter simply referred to as black shales)
are enriched by orders of magnitude in Re (10-2000 fold) and Os (5-80 fold),
compared to average upper continental crust (J-3,5,6 and unpublished data).
Due to thei r high JM7ReJIK~Qs (up to - 1.400 12]), they develop radiogenic Osisotopic signatures with tim.:. l11ey are thus potentially important source rocks
for mobile, radiogenic Os to the oceans 11- 4]. Despite their case of weathering, evidence for radiogenic runoff from terrains dominated by black shales
is limited. lo th is study we investigate tbe mobility of Re aod PGE by
comparing the PGB and Rc budget as we ll as the integrity of the Rc-Os
isotopic system of time-correlative pairs of fresh and weathered black shales
samples.
Weathering and Platinum·Group-Elcment Mobility: Four time-correlative pairs of fresb (dri ll-core} and weathered (outcrop) black shales of
upper Ordovician age (Utica Sh.ale of Qu6bec) were analyzed for Re and PGE
concentrations and Os-isotopic compositions. Results indicate that surficial
weathering dramatica lly alters the Re-Os isochroo relationship as well as the
PGE budget of black shales. More U1an 95% of the initial Rc budget and between 46% and 90% of the Os budget are lost within < 13,000 yr, the
maximum age of exposure of the sections along the Jaques Cartier River ond
Dona Cona Creek. lridium (40-82%). Ru {78-80%), Pt {50-78%), and Pd
(26-61%) losses arc also substantial. Whereas drill-core samples define an
isochron age ol 451 ± 5.7 m.y.. which is, within uncertainty, identical to the
biostratigraphic age, outcrop samples do not define an isochron (Fig. I) 111e
mobi le Os frdction, calculated as the difference between unwc:alhcn:d and
weathered samples, is Significantly more radiogenic than lhe bulk shale. Our
results show that black shales are indeed, as prcviou~ ly suggested, important
sources of radiogenic Os to fresh and seawater.
(Auclusions: Ravizza and Peucker-Ehrenbrlnk [7] estimate that only
-4% of the crusta l Os budget is associated with organic-rich sediments. Only
a small fraction of organic-rich sediments are black shales containing more
than 15 wt% C••&' such :ls the USM samples. Thus, although black shales
such as 01e ones analyzed in this study make up <I% of the upper crust, our
analyses indicute that such rocks contribute disproportionately to the crustal
inventory of mobile Os. Comparing the fmction of mobile Os in black shales
with that of granitoid rocks can show this relationship. Peuckcr-Ehreobrink
and Blum [8] suggest L11at the mobile Os fraction in granitoid upper-cru stal
rocks accounts for only -I% (- 0.3 pg/g). In contrast the results from this
study indicate tha t 46-90% of the bulk black shale Os (0.2-0.85 ng/g),

LPI Contribution No. 971

12r---------------------------~

unweathered suite

t=L666. 10 .. ,,.
loitial '" Osl" Os -0.611 +/- 0.047

Age: 451.1 +I· 5.7 Ma

MSWD: 0.110

0~--~----~--~----~--------~
0

200

400

600

800

1000

1200

187ReJ188Qs
Fig. I. Rhenium-osmium isochron for the unweathered USM samples. Note
that the isochron age is approximately the same as the biostratigraphic age
(451 Ma). All weathered samples plot in the boll labeled "weathered suite."

-0.3 ng/g on average, is lost during surficial weathering of black shales. The
mobile Os fraction associated with black shales is thus a factor of I ()3 larger
than that associated with granitoid upper-crustal rocks. Even if not all of the
mobile black shale Os is lost in dissolved form, this simple mass balance
calculation indicates that weathering of black shales constitutes a significant
source of radiogenic Os to river and seawater.
References: [I] Ravizza G. and Turekian K. K. (1989) GCA, 53, 32573262. [2] Ravizza G et al. (1991) GCA, 55, 3741-3752. [3] Ravizza G. and
Turekian K. K (1992) EPSL, I 10, 1-6. [4] Pegram W. J. et al. (1992) EPSL,
JI3, 569-516. [5] Vine J.D. and Tourtelot E. B. (1970) Econ. Geol., 65,
253-272. [6) Ravizza G. and Esser B. K. (1993) Chern. Geo/., 107, 255258. [7] Ravizza G. and Peucker-Ehrenbrink B., in preparation. [8] PeuckerEhreobrink B. and Blum J.D. (1998) GCA. 62, 3 193-3203.
SPECIATION AND BIOAVAILABD..ITY OF IRON IN LAKE KIN·
NERET. Y. Hareli•. Y. EreJI, C. Rosin2, and A. Sukenik2, •Institute of Earth
Sciences, The Hebrew University, Israel, 2Tbe Kinneret Limnology Laboratory, Israel Limnology and Oceanography Research, Israel.
The chemical speciation of Fe with respect to its bioavailability was
studied in Lake Kinneret (Sea of Galilee), a mesotrophic lake in the Jordan
River Rift Valley.
This research is intriguing in light of the recent findings that Fe influences the productivity and species composition in coastal regions where Fe
levels are much higher than in the open ocean. Fresh-water ecosystems of
analogous Fe concentrations were barely studied as to the epilimoionic Fe
speciation and its interactions with phytoplankton.
Lake Kinneret epiliminionic water samples were collected 6 - 12 times
around the year from depths 0, 0.5, I, 2, 4, 6, 8, 10, and 20m (as an
hypolimnion sample). We determined total digested Fe (Fe.J, Fe released by
acidifying unfiltered lake water to pH I (FepH 1) , Fe(ll), Fe in 0.2-jl.lll·filtered
lake water (biota-free, Fe0_2), Fe in 0.025-fJfll·filtered lake water (Fedi.,), labile
Fe (8-hydroxyquinoline-Fe. Felb;1), and extracellular vs. intrdcellular Fe. Our
study utilizes chemical (major ions and nutrients), physical (light, Secki depth,
temperature). and biological (chlorophyll, biomass. primary productivity,
species composition) parameters measured simultaneously by the Kinneret
laboratory. In addition, we measured pH, dissolved 0 2 , dissolved organic
matter, and total dissolved P.
In general, Fe concentrations in the epilimnion are highest (0.2-0.5 ~)
in the winter and early spring, and they decrease in the spring and remain
low (0.05-0.1 ~) throughout the summer and fall. Most of the Fe is added
to the epilimnion by the winter and early spring runoffs and by up-welling
from the anoxic hypolimnion when the lake is mixed. It is suggested that most
of the epilimnionic Fe is scavenged by the Peridinim gastunese during its
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spring bloom. Thermal stratification of the lalce and lack of summer runoffs
maintain the low concentrations of Fe in the epilimnion.
In the spring and early summer we have observed significant differences
between Fe,d and FepHI· mainly in the mallimum chlorophyll depths. These
difference and the good correlation between Fe,d and chlorophyll suggest that
most of the Fe is associated with biota. Whereas the lake total Fe is highly
variable, "biota-free Fe" (Fe0_2) is relatively stable throughout the year. In a
few profiles there is a mirror image between "biota-free Fe" (Fe0_2) and
chlorophyll concentrations. suggesting a nutrient-like behavior of Fe.
In addition to field measurements we have established an experimental
setup and have determined the reduction rates of Fe by several assemblages
of microorganisms in the lake water. We found that the reduction rates of
Fe are highly variable and species-dependent. Our results so far demonstrate
the close link between Fe speciation in the lake and its role as a micronutrient.
THE RELEASE OF LEAD AND RARE EARTH ELEMENTS DURING
GRANITOID DISSOLUTION. Y. Harlavan 1·2 andY. EreJI, 11ostitute of
Earth Sciences. The Hebrew University of Jerusalem, 91904 Jerusalem, Israel,
ZGeological Survey of Israel, 30 Malkbei Israel Street, 95501 Jerusalem, Israel.
A sequential leaching experiment was conducted on a granitic rock (EI
Capitan Granite, Sierra Nevada, California) in order to investigate the release
of Pb and rare earth elements during granitoid weathering. Two aliquots of
the rock sample were leached several times using a 0.6-M HCl solution. The
amount of Si released by the flfSt and final acid leaches was estimated to be
equivalent to the release of Si after -80 and 520 k.y. of weathering, respectively. The concentrations of the major elements decrease systematically with
each successive leach and exhibit a preferential release of Mg. Fe, K. and
Na over Si. During the early stages of granitoid weathering, as simulated by
the first acid-leach fractions, Pb and REE are preferentially released due to
the dissolution of accessory phases such as allanite. This results in higher
208pbf207Pb ratios and different REE patterns in the acid-leach fractions
relative to the whole-rock values. Allanite dissolution dominates the flfSt 170 h
of leaching, which are equal to -260 k.y. In these early stages of weathering there is an increase of 208pbf207Pb. Ce/Pb, and chondrite-normalized
CefYb ratios toward allanite values. In addition, there is an enrichment of
LREE compared with later leaching stages. The isotopic ratios of Pb and the
chondrite-normalized Sm/Eu ratio indicate that in the following stages a significant dissolution of apatite and sphene is taking place. In the sill final acid
leaches, the isotopic ratios of Pb and the normalized REE patterns reflect the
depletion of the accessory phases, and the increase in the contribution of feldspars.
Using the isotopic ratios of Pb, elemental compositions, and the REE
concentrations, we were able to establish the following order of the relative
weathering rates of accessory phases: allanite >apatite> sphene. In addition,
biotite was found to be half as resistant to weathering as hornblende and
probably dissolves completely after -500 k.y. of weathering. These findings
have relevance to soil-nutrient availability, soil development processes, Pb
and REE concentrations in the soil and in groundwater, and the isotopic composition of Pb in marine sediments and ferromanganese crusts.
VARIATIONS IN HELIUM-3/HELIUM-4 (R/R8 ) RATIOS IN AN
ACTIVE RIFT ZONE: HENGD..L COMPLEX, ICELAND. D. Harrison•, P. Bumard2, and G. Tumerl, I Department of Earth Sciences, University
of Manchester. M13 9PL. UK (dharrison@fsl.ge.mao.ac.ulc; g1uroer@fsl.ge.
mao.ac.ul<), 2Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena CA 91125, USA (peteb@gps.caltech.edu).
Introduction: The neovolcanic zones of Iceland are unique in allowing access to subaerial sections of the mid-Atlantic Ridge spreading system.
The geochemical influence of the Iceland plume on the ridge has produced
elevated 3Hei4 He (RIR.) ratios along the Peninsula. Published 3Hei4 He (RIR.)
values for the Peninsula vary between ~13 and 24 [1-3] and appear to show
a broad spatial provinciality. Small-scale variations in 3Hei4 He (RIR.) have
previously been attributed to both small-scale mantle heterogeneities [I) or
the local addition of crustally derived radiogenic •He [2].
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As part of an ongoing research project, this study will discuss variations
in lHei~He (RJR.) measured in a suite of samples collected from a single
fissure complex, the HengilVMidfell Volcanic system.
Geology: The Hengill Complex is the surface manifestation of a ridgetransform triple junction. The area is structurally complex with ridge/fissure
extension oblique to spreading. All lavas analyzed in this study were subglacially erupted between 20 and 40 ka [5].
Results and Discussion: A suite of picrite glasses and xenocrysts from
the Hengill area have been analyzed by stepwise crushing for their trapped
He and Ar (Figs. I and 2).
Initial modeling suggests that undegassed, early eruptions had a lHeJ4He
(RJR.) -17 and a 40Ar*f4He -0.5 (equivalent to the mantle production ratio),
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A HELIUM-ISOTOPIC TEST FOR THE ORIGIN OF PLUME
MANTLE UNDER THE NORTHERN EAST SCOTIA RIDGE. D.

Harrison1, P. T. Leat2, and G. Turner!, !Department of Earth Sciences,
University of Manchester, M13 9PL, UK (dharrison@fsl.ge.man.ac.uk;
gturner@fsl.ge.man.ac.uk), 2British Antarctic Survey, Cambridge CB3 OET,
UK (p.lcat@bas.ac.uk).

Hengill Complex
Fig. I. The Heogill Volcanic Complex. Adapted from the Geological Map
of Iceland [4).
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The East Scotia Ridge, situated in the South Atlantic, is the back-arc
spreading center to the intra-oceanic Sandwich arc. New collections of
samples from the ridge show a wide diversity in erupted magma compositions. Segment E2, in the northern part of the ridge, has an axial topographic
high tbat contrasts with the riftlike topography common to most of the ridge.
Lava compositions in the segment have been modeled by mixing of magmas
derived from N-MORB-like mantle, a mantle plume component, and mantle
modified by addition of fluids from the slab [1]. The mantle plume component is thought to bave moved into the back-arc around the northern edge
of the subducting slab. The "Bouvet-like" plume signature has higher 3Hel
'He(RJR,.), 87Srf86Sr, 206Pbf204Pb, Nb/Yb, and lower 143Ndfl44Nd than the
local ambient mantle. This component can be traced from Bouvet Island to
segment E2, via the South America-Antarctica Ridge, which connects the
Bouvet triple junction to the Sandwich subduction system. As part of an
ongoing investigation, four dredged samples from segment E2 have yielded
lHeJ4He (R/R.) ratios of 8.0 ± 0.2, 8.1 ± 0.2, 8.4 ± 0.2, and 8.5 ± 0.1. These
ratios compare with previously reported RJR. ratios of 6.7-9.0 for the South
American-Antarctic Ridge and 12.4 for Bouvet Island [2). The MORB-like
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as found in the DagmalafelVMidfell samples. This magma then degassed to
various degrees, effectively decreasing the 40Ar*/~He ratio due to different
He and Ar solubilities. This resulted in the "degassing" trend shown in Fig. 2.
A hiatus in eruption and subsequent crusta.! storage of the magma increased
assimilation of lower crustal xenoliths. This resulted in a reduction of >He/
•He and an increase in 40Af*f4He as crustal 40Af and 4He was added to the
magma ("contamination trend" in Fig. 2). The starting composition for mixing
with crustal contaminants is likely to be similar to the data with the lowest
(i.e., most fractionated) 4 0Ar*t•He values (Amarfell). Analyses of xenocryst/
glass pairs show the xenocrysts to have consistently lower JHeJ4He (RJR.)
ratios [6], and a crustal xenolith from Husafell, southwest Reykjanes Peninsula has a >Het4He (RJR.) -7.0, consistent with ingrowth of radiogenic He
in the Reykjanes crust.
References: [l) Kurz eta!. (1985) EPSL [2) Coodom.ines et al. (1983)
EPSL. [3) Harrison et al. (1999) EPSL, in press. [4) Saemundssoo et a!.
(1980). [5) Hansteen (1991) Contrib. Mineral. Perro/ [6) Buma.rd eta!.
(1994) JGR.
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Fig. 2. Helium-3/helium·4 (RJR,) vs. 40Ar*/4He. All data shown are from
glasses. Maelifell (solid squares), Olfusvatns (open triangle), Hromundartindar
(open circle), Amarfell (solid triangles), Kalfstindar and Hrafnabjorg (solid
diamonds), Dagmalafcll (open squares). Analyses shown in solid circles are
from Midfell (Dagmalafell) and Maclifell [6].
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Fig. 1. Helium-3/helium-4 (RIR,) vs. 87Srf86Sr. A comparison of data from
Bouvet Island (filled square) [2], Bouvet Island Ridge (triangles) [2], AmericaAntarctic Ridge (diamonds) [2], southern mid-Atlantic Ridge (open squares)
[2), and the E2 segment (circle). Mixing line is defined as (He/Sr)A/(He/Sr) 8
and suggests that the E2 data can be explained by mixing between upper
mantle and a degassed Bouvet plume source.
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signature in the E2 segment contrasts with the plumelike signature recorded
by other petrogenetic tracers. This is interpreted to be due to remelting of
degassed plume material incorporated into the E2 mantle (Fig. 1). Degassing
of the plume component is likely to have occurred beneath Bouvet Island.
the Bouvet triple junction and the America-Antarctic Ridge . In consequence,
He in magmas generated by rrtixing in segment E2 will be characterized by
ambient upper mantle values, whereas Sr, Pb, etc. will be more influenced
by the plume component.
References: [I) Leal P. T. et al. (1999) J. Petrol., subrrtitted. [2) Kurz
M.D. et aL (1998) GCA, 62, 841-852.
INTRACRUSTAL PROCESSING OF VOLCANIC ARCS AS SHOWN
BY OSMIUM-NEODYMIUM-STRONTIUM-ISOTOPIC VARIATIONS
IN THE SOUTHERN CASCADE RANGE. G. L. Hartt , C. M. Johnsont ,
S. B. Shirey2, M. A. Clynnel, C. R. Baconl, and R. L. Christiansenl,
!Department of Geology and Geophysics, University of Wisconsin- Madison,
Madison WI 53706, USA, 2Departmcnt of Terrestrial Magnetism, Carnegie
Institution of Washington, Washington DC 20015, USA, 3U.S. Geological
Survey, Menlo Park CA 94025, USA.
Radiogenic isotopes have been very effective at detecting interaction
between mantle-derived magmas and crust wbere the crustal component is
old, as has been well demonstrated for Cordilleran batholiths that have been
emplaced within Precambrian terranes [I]. The commonly used Sr-. Nd-, and
Pb-isotopic systems will not evolve distinct isotopic compositions for the
young crust that underlies many orogenic arcs. and therefore cannot address
intra-crustal recycling of young mafic crust in such terranes.
The Re-Ds-isotopic system, however, readily lends itself to detecting
magma interaction with young mafic crustal material. Rhenium-osrrtium are
siderophile elements and Os is compatible in the mantle, which yields high
Re/Os in mafic- to intermediate-composition magmas. The exceedingly high
Re/Os ratios of mafic lower crustal materials will rapidly produce very radiogenic Os-isotopic compositions within a few to tens of rrtillions of years.
Interaction of magmas with such radiogenic crust should be detectable in
evolved volcanic rocks, especially those with low Os content.
The Cascade Range in the northwestern United States and southern British
Columbia is a volcanic arc complex that was constructed on young mafic
continental material. The arc has been active for the past 38 m.y., peaking
between 35 and 17 Ma, and large volumes of mafic magma were produced
and emplaced in the lower crust during this time. Such crust would likely
be very radiogenic in Os-isotopic compositions, and yet would remain mantlelike in its Sr-, Nd-. and Pb-isotopic compositions.
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This study focuses on three volcanic centers of the southern Cascade
Range: Lassen Peak, Mt. Shasta, and Crater Lake. Rhenium- and Os-isotopic
compositions and abundances have been determined on magnetite separates
(-1 g) for intermediate- to silicic-composition rocks from these three volcanic centers. The Os-isotopic data for these three centers show a substantial
radiogenic Os component (Yo. from 30 to 125) compared to what is expected
from the mantle (Yo. between - 10 and 20), which could reflect mantle inhomogeneity. intracrustal recycling, or crustal contarrtination. The Os concentrations in these moderately evolved arc rocks are all very low (estimated
at <3 ppt for whole rocks). However, magnetite has significantly elevated Os
concentrations (up to 50 ppt) such that reasonably precise isotopic compositions may be deterrrtined.
An Os-isotopic evolution model for young crust suggests that the Yo. of
young mafic- to intermediate-composition lower crustal material can become
highly radiogenic (Yo. >500) over periods of 5-20 m.y., and subsequent partial
melting or assirrtilation of this radiogenic source can explain the measured
Yo. compositions. Contamination of the magmas with old crust (Mesozoic or
older) can be ruled out because this process would produce much less radiogenic Nd and more radiogenic Sr-isotopic compositions than are observed
in the rocks.
Interpretation of continental crustal growth rates at convergent plate
boundaries de.pends on the relative contribution of magma from the mantle
vs. recycling of previously formed crustal material. The new Os-isotopic data
suggest there is a component of recycled material in the eruptive rocks of
the southern Cascade Range that is not easily seen in existing Sr-. Nd-, and
Ph-isotopic data.
References: [I] DePaolo D. J. (1981) JGR. 86, 10470-10488.
PARTITIONING OF PYROGENIC AND PETROGENIC POLY·
CYCLIC AROMA TIC HYDROCARBONS IN NARRAGANSETT
BAY SEDIMENTS. P. C. Hartmann and J. G . Quinn, University of
Rhode Island, Narragansett RI 02882, USA (hartmann@gsosunl.gso.uri.edu;
jgquinn @gsosun I .gso.uri.edu).
Polycyclic aromatic hydrocarbons (PAHs) are environmental contarrtinants
that are found in most estuarine sediments, including those of Narragansett
Bay, Rhode Island. There are two primary sources of PAHs to estuaries:
pyrogenic PAHs derived from combustion sources and petrogenic PAHs
derived from petroleum inputs. PAHs are an important class of environmental contaminants to study because some of these compounds are carcinogenic
and/or mutagenic to mammals; in addition, they have both acute toxicity and
sublethal effects on some aquatic organisms. PAHs may also bioaccumulate
in edible shellfish, which gives them a pathway to humans. The EPA sediment quality criteria (SQC), based on current models of the sediment
bioavailability of PAHs, use a partitioning coefficient between PAHs in pore
water and on the total organic C in tbe sediments. However, recent work
suggests that this partitioning in marine sediments does not agree with current
models, and that small soot particles in the sediment may be responsible for
some pyrogenically derived PAHs being Jess available to partition into
porewater than petrogenic PAHs [1). This is important because only the
dissolved PAHs in porewater are considered bioavailable; conversely, the soot
PAHs are strongly associated with solid phases and may be less susceptible
to degradation in the sediments, thereby lasting for longer periods of time.
The objectives of our research project are to assess the contribution of
pyrogenic and petrogenic PAHs to the sediments of Narragansett Bay and
to evaluate the biogeocherrtical fate of these compounds with respect to soot
carbon and organic carbon. We looked at 45 individual PAH compounds,
including alkyl bomologs, in over 40 surface sediment samples collected
throughout Narragansett Bay. Previous studies at other sites have found a
stronger relationship between selected PAHs and soot carbon tban with
organic carbon [2]. Our analysis did not find this relationship for bulk PAHs
or the PAHs used in these other studies. We then turned to principal component analysis (PCA) to try and categorize sediment PAHs as pyrogenically
or petrogenically dominated. Several materials were included in the analysis
to help distinguish the sources of the PAHs. These included urban dust
(SRM1649a), marine sediment (SRMI941a), #6 fuel oil, coal tar (SRM1597),
#2 fuel oil, used crankcase oil, airplane soot, and fireplace soot. Pyrogenicallydorrtinated sediments, as deterrrtioed from PCA, showed a stronger correla-
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tion of PAHs with soot carbon than organic C, supporting the hypothesis that
many of these PAHs are associated with soot particles. Petrogenically dominated sediments had a poor correlution of PAHs wiU1 both soot ;mtl organic
C. possibly bet~ause they contain weuk ly :1ssociated PAHs that nrc strongly
influenced by sediment diagenesis.
References: (I I McGroddy S . E . and Farrington J. W. {1995) Environ.
Sci. Tech. , 29, 1542- 1550. (2) Gustnfsson 0. and Gscbwend P. M. (J997)
in Moleculcrr Markers in Em1ironmental Geochemisny (R. P. Eganhouse, cJ.),
pp. 365-380. American Chemica l Society, Wash ington DC.
REACTlVITY OF BULK ORGANIC MATTER IN AQUIFER SEDIMENTS. N Hartog and J. Griffioen. Utrecht University. P.O. Box 8002 1,
350 8 TA Utrecht, The Netberlonds (nhartog@ge.o.uu.nl).

lulroduction: Know ledge on the natural red uction capaciry of aqu ifers
has become inc-Teasingly importurn over the last decades, because of the excessive input of oxidants in groundwater sys tems, mainly by agricultural activities. The degradation of bulk orgpnic maner (BOM) in aquifers contributes
to the potential of sandy aquifers to reduce oxidants as 0. nitrate, and suifare. A previo us study indicated the w;efulness of the Micro-OxymaxTM
respirometer to study the degradation of BOM in sandy aqui fer sediments
rll- The degradation kinetics of 130M arc primarily controlled by its reduction activity [2]. Therefore, the present study focused on tbe differences in
BOM reactivity in various aquifer sands in different particle size fraction~
and tri ed to li nk tbe differences with the organic chemistry of the BOM
determined witb a pyrolysis"gas chromotography-mass spectrometry invcsti·
gation.
References: [l j Hartog N. cr a!. (1998) Mineral. Mag .. 62A. 579-580.
(2] Bradley P. M. ot al. (1992) En vir(llt. Sci. Tee/mol., 26, 2377-2381.
NITROGEN- AND CARBON-ISOTOPIC SYSTEMATICS WlTH IN
SffiERIAN DIAMONDS: CONSTRAINTS FROM SECONDARY lON
MASS SPECTROMETRY AND FOURIER TRANSFORM INFRARED
STUDIES. E. Hauri 1• D G. Pearsoo2, G. Bulaooval, and H. J. Milledgcj,
tOepanrnent. of Terrestrial Magnetism. Carnegie Institution of Wasllington,
524 1 Broad Branch Road NW, Washington DC 20015, USA. 2Dcpartment
of Geological Sciences, Durhnm University, South Road, Durham, DH 1 3LE.
UK, JDepartment of Geological Sciences. Universi ty College London, Gower
Street. London WCI E 6BT, UK.

Introduction: Studies of the isotopic characteristi cs of C (li13C) and N
(l\ISN) in diamonds from kimberlites have revealed a wide range of isotopic
signatures. the ultima te origins of which remain elusive. Diamonds containing peridotite-suile mineral inclusions (so-called P-lypc) and the ri ms of
coated diamonds have beeo used to constrain the isotopic composition of their
mantle-derived fluid source. which is broadly characterized by I)JJC nnd 1)1SN
values of -5%o and O%o respectively (l-6]. This has been suggested to be
the signature of primordial up per-mantle fluids. Diamonds containing
eclogi te-s uite mineral inclusions (E-type) overlap tbe range of C and N isotopic ratios displayed by P-type diamonds, bot also extend to much lower l)tJC
and higher l\ISN. In general, conventional bulk analyses of individual diamonds show no significant re lationships belween N aggregation, N isotopes.
C isotopes. and inc lusion paragenesis. Furthermore. the relationship between
diamond stable isotope variations and recycling is unclear.
Results and Discussion: We have developed in situ techniques for tbe
measurement of N abundance and C- and N-isotopic ratios in diamonds via
secondary ion mass spectrometry (SIMS) using a Cameca JMS6f ion microprobe. Rcproduci hility (2cr) and accuracy are ±0.5%o for 1\I3C, ±1.5~'&. for
i)ISN (>100 ppm N), and ±.1% for N abundance. Reproducibility of li 1 ~N in
areas with < 100 ppm N ranges from 2-14%o correlated wiU1 N abundance,
and is limited by counting statistics on 15N.
Carbon and N isotope ranges within individual diamonds vary widely, and
at th.is early stage does not appear to be correlated with crystal habit, inclusion paragenesis. or extent of N aggregation. This is exemplified by two
diamonds from Mir of different paragenesis (111013 E-type, #1525 P-typc),
both of which display complex, irregularl y zoned cores containing fu lly
aggregated JaB N, surrounded by zones of ocsahcdral growtb with less aggregated N. The E·type specimen (# 1013) bas high ly variable t)15N and l)llC

(-8.8%o to +1.7%,) in the core, witb homogenous l\BC (-4.5%.,) and /i 15N
(- 2.4%o) in the surrounding octahedral grow th. The P-type specimen (# 1525).
whi ch displays only a 1.6%, total variation in I)BC. has homogenous t) t5N
of -2.4%o in the core and variable l)lSN (-3.9%o to t9.<Yfoo) io t.he surround-

ing octahedral growth.
Within tbe datast:t (and al ~o witbin singlt: diamonds). both I)BC and otSN
tend to increase as N abundance decreases. Possible ori gi ns for these correlations include ( I ) reservior effects during eq uilihrium diamond growth from
a limitt:d fluid reservoir. (2) changes in fl uid speciation and C·N isotopic
fractionation factors during equilibrium diamond growth, (J) fluctuations in
the e -N-isotopic signatures of the fluid in an open system, and (4) kinetic
isotope fractionations during disequilibri um growth. Constrai rm and possible
tests of these hypotheses will be presented at the meeting.
References: (1] Cartingny P. c.t a!., Terra Nova, 9, 175-179. (2] Boyd
S . R. et al. (1992) EPSL, 109, 633-644 . (3] Carting.ny P. et al. ( 1998)
Science. (4) Deines and Harris ( 1995) GCi\, 59, 3173-3 188. (5] Javoy cr a!.
(1 984) EPSL, 68, 399-412. 161 Javoy et al. ( 1986) Cltem, Geol., 57. 4 1-62.
[7 ] Bulanova G. P. (}995) J. Geochem. Explor.. 53, 1-23 . [8) Taylor W. R.
eta!. ( 1995) Ext. Absrr. 61h IIIII. Kimber/ ires C011f.. 608-610. [9] Griflio B J.
et al. (1995) Ext. Abstr. 61/1 brtL Kimberlites Conf., 19)- 193. [10] Deines P.
et al. ( 1989) GCA, 53, 1367-1378.
CRUSTAL RECYCLING OR CORE-MANTLE INTERA CTION?
STABLE ISOTOPIC SIGNATURES OF HA WAJ' IAN BASALTS.
E.. Hauri 1. P. 1'omascak2, and J. Lassilcr3. 'Department of Terrestria l
Magnetism, Carnegie Institution of Washington, 5241 Broad Branch Road
NW, Washington DC 200 15. USA, 2Lamonl-Doherty Earth Observatory,
Columbia University, Palisades NY, USA, l Max-Planck-lostirut fUr Cbemie,
Mainz., Germany.

Introduction: Recent geochemical studies of Hawni'ian basalts have
revealed important correlations among major clements, trace elements, nod
various isotope ratios in U10lciitic lavas from the shield-building phnse of
many Hawni'ian volcanos. With recent data, new hypotheses advanced to
c~plain tbc origin of these signatures include crustal assimilation. recycling
of ancient subducted crust. and core-mantle ioter.tction. Invariably, tbe debate
among these hypotheses focuses on tbe volcanic end members tbat define tbc
extremes in the geochemical data, namely the Loihi, Mauna Kea. and Koolau
shields. In order to further constJain U1e origin of tbc heterogeneous Hawai'ian
mantle, we present preliminary data from an ongoing stable isotope study of
Hawai'ian lavas.
Results and Discussion: Lithium-isotopic data for whole rocks frorn
Ki lauea, Mauna Loa. and Koolau, measured by multiple collector inductively
coupled plasma mass spectrometry (MC-ICP-MS), span a range of li7Li from
3.0%o to 5.7%o, wiU1 the highest ratios measured in Koolau lavas. 'This signature is consistent with incorporation of material altered by seawater at low
rempemtures, concordant with tbe elevated 0 isotopes in olivioes from these
same Koolau lava.~. Experiments are underway to perfect Li-isotopic measurements on olivine separates. thereby making possible a more direct comparison with the 0-isotopic data.
We have also performed measurements of volati le abundances, D/H and
J iBf10B ratios .in individual Hawai' ian melt inclusions by secondary ioo mass
spectrometry (SIMS). Boroo isotopes show elevated ratios (llll B up 10 2.3%-)
in melt inclusions containing tbe highest abundances of water and Cl. This
is true even when examining melt inclusions from a single sample, suggesting the presence of a Cl-rich crustal brine contaminant similar to that proposed for Loibi hy Kent ct al. [ 1]. However, a Loihi melt inclusion with
1.39 wt % Cl and 2 0 ppm B bas a l\ 1113 of only O%o, suggesti ng a mixture
of magmatic and seawoter components in this brine. Melt inclusions display
/) LIB as low as - 16%n from Kool au and -15%o at L.oihi, but neither the lowest
nor highest values correlate with data for other radioge11ie and stab le isotopes.
Koolau melt inclusions are also characterized by very low H20 and Cl concentrations (down to 0.07 wt% and 8 ppm. respective ly). and low D/H ratios
(-120%o to -165%o). Low-CI melt inclusions from Koolau generally have the
lowest lit.. and average D/H ratios of each volcano (from melt inclusions and
submarine glasses) correlate with Os, Sr. Nd, and Pb isotope averages.
In general, the stable isotope data are consistent wi U1 the Koolau end
member containing a su bstantial fraction of recyc led crustal material tbal has
interacted with liquid water near the Earth's surface. The low H20 and lit.
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values of ltus component indicate It has been Cll tensively dehydrated. Sub
duction dehydration will result 10 very low 0/H and /)llfl with concurrently
lou li7 Li; the observation !hat Koolau oas elevatt:d OiLi may be due to lhc
ease of substitution of Li mto Mg SiteS in most minerals, perhaps making it
more resistant to removal during dehydration. When considering together all
lhe Hawai'tan geochemical data. it is difficult 10 find suppon for tbe coremantle interaction hypothesis for the high- 1!70s Ko<•lau compooenl. as advocated by Brandon et aL [2]. In addition , spec ific consequences of the
addition of core material to this and other Hnwai'ian mantle components. such
as elevated o~ and Re contents, buffered iron·wustite fo,. and decoupling of
Os from other isotopes. arc not indicated by the increasingly extensive geochemical database for Hawn.i'ian basalts.
References~ [I) Kent et al. (1999). [2] Brandon et al. (199X)

A lUSTORY OF OCEAN SALINITY DURING THE PHANEROZOrC.
BASED ON SEDlMENTARY CYCLING. W. W. l-tay 1. S. FloegeJI. and
C. N. WoJdZ. IGEOMAR. ChristJan-AihrechL~-Univrrsity. WischhofstrJsse
1-3, D-24148 Kiel. Germany (whay@geomar.de; sflocgcl@gcomar.de). l PJatte
River Associates. 2790 Valmoot Road, Uoulder CO 80304, USA (chris<e.'
plane com).
Introduction~ The salinity of lhe oceao in the past cao be reconstructed
by using knowledge of existing ~vaporit.: deposits on land and offshore Th~
DSDP showed that evaporites can \lCCu~ 1n lhc early deposits of an opewng
IJCean basin. 'The salt deposits documented by DSDP and ODP are very large
compared to lhose found oo land. Holser et al. [II suggested !hat .;luring tht
Mesozoic and Cenozoic there have been significant declines from a higher
level of ocean salinity in the Paleozoic.
Recons1ructing Ancient Ocean Salinity: We assume that during the
Pbttnerozoic lhe major sources of salt have been erosion of evaporite depmits
and release of sal ine sedimc:ntary pore waters. We assume that lhc mass~s
of sediments that cxiswd in the past can be estimated from the cycling rates
detcnnined from masses still in existence today 12,3]. We also assume that
evaporites and saline pore waters on land follow the same rates of sedimentary cycling as other sedimentary materials: this allows reconstruction of both
the original masses of evaporites deposited and the time-varying flUll of salt
to the sea In contrast to other sedimentary materials, salt can be stored in
the ocean until conditions appropriate for depositilln occur. We assume that
~alt rumovals into the deep offshore. coutioental margin and marginal sea
deposits. are not yet part of lhc recycling system The conclusion is that during
most of the Cenozoic and during all of the earlier Phanerozoic, ocean salinities have lx:en higher !han they ar~ Loday. During lhe l)reakup of Pangaea.
each of the major salt e~tractioos into lhe developing young ocean basins
caused a rapid decrease of oceanic salinity by a few per mil. In the Paleozoic
and Triassic. ocean salinities were in 1111~ low 50s to high 40s. From the mid·
Jurassic to mid-Crctac:cous they declined to 43 and !hen 36. Titc late Miocene
extractions (Mediterranean) towered salinities to modem levels.
Effects or Lowering Salinity: Today. dcep-wnrcr formation almost always involves density increase via a phase transformation mvolving large
amounts of latent heat· saliniLallon through evaporation or sea-ice formal! on.
This is because at lhe modem mean salinity (34. 7) temperature change has
only a small effect on density near the freezing point. At higher salinities the
density change with temperature ncar the freezing point becomes mucb larger,
causing the ocean to hehave differently (4). The higher salinities indicated
fur the Paleozoic would have ensur~d that deep-water formation was via
simple cooling, implying a climate system very different from that of today.
Tite lowering of salinity induced by lhe Late Miocene extractions has made
it easier to form sea ice around Antarctica, and may have been a factor in
Ntogeoe climate change.
The history of ocean plankton seems to be closely reJmcd to mean salinIty. Hystricbosphcres and acritarchs wen: the chamcteristtc plan.kton of the
earlier Puleozoic. The high salinities or the late Paleozoic coinc1ded with the."plankton blackout." It was during the Mesozoic decline that very large
yuaotities of petroleum-fanning organic maner were buried, aod only afterward did the calcareous plaolo.ton spread into the open ocean.
References: [I] Holser W T et al. (1980) GSA Ab.rrr. wirlt Prog. 448.
(~]Wold C. N. and Hay W. W. (1990) Am. J. Sn , ?90, 1069-1089. (3) Wold
C . N. and Hay W. W. (1993) Geoinfimnaricr, 4. 137-144 ~ f4J Hay W. W.
t:l al . (1998) lemralblott Geol. u. Pnl. /906 (JJ/12), 1445-1454.

119

DOES SllRFACE STRUCTURE INFLUENCE ti• and 011- ADSORPJ'JON ON SJLlCA TES IN AN AQUEOUS MEDfUM? AN EXAMPLE
BASED ON AlBITE AND ALBITE GLASS. R . Hellmann. Crustal

Auids Group, Laboratoire de Geophysique lntt'me ct Tectonophysique- Centre
National de Ia Recherche Scientifique-Universue de Grenobk I. 38041
Grenoble Cede~ 9, France (hellmann@obs.ujf-grenoble.fr).

Introduction~
It is well known that s urface chemistry and structun:
affect the reactivity of solids. The surface chemistry/speciation of solids in
contact with fluids is influenced by the adsorption of aqueous species at the
fluid/solid imerface. One of the most important reactions at fluid/meUll oxide
interfaces is the adsorption of proton and hydroxyl ions at surface sitt!S.
Studies of the adsorption behavior of protons on oxide surfaces have shown
the in1ponance of these reactions with respect to the overall pH-dependency
of lhe dissolution rate of minerals (e.g., I,2].
The purpose of this study is ro determ~ne the effect that surface structure
cx~rcises on the adsorption beh:1vior of silicates having lhe same chem1cal
c:ompositiun. Albite and albite glass were chosen since their structures and
dissolution behav1or have been extensively studied. The main difference in
!heir respective structures is their ring configurations: a lbite is composed of
four-m~mbered tetrahedral rings. whereas albite glass is characterized by sixmembered tetrahedral rings [J].
Methods: Surface tilr'dtions are a conunooly used tc:chnique for deu:rmimng surface adsorption behavior of solid~ immened in an aqueous mcdiwn The fechlllque relics un the incremental additJou of acid or ba.~c to an
aqueous suspension of powder The resultant adsorption isotherms are based
on data from the continuous titration of lhe same suspension over a wide pH
range. In this study, a "mini-titration" technique was used . This modified
titration technique is based on the addition of powder to an aliquot of fluid
at a fixed initial pH: the pli rapidly cb!ll1ges over the course of less !han 5 min.
The cooceolratioo of adsorbed W and OH- is a function of ApH. After the
pH e~juilibratcs. the leachate is filtered anc.l the conceolrdlions of released
elements due to dissolution (Na. AI. Si) are measured . nus procedure is
r<peated witb individual titrations of !'resh powder over a wide range of pH
(1 - 13): the resultant adsorption isotiJemiS arc lherefore based on a series of
independent mioi-titrations. There are several imponaot advantages to this
technique: (I) the use of fresh powder for each experimental data point ensures that lbe titration measures H• and OH- adsorption on unaltered matt!rial (i e .. changes in surface chemisrry that can occur dunng a continuous
lilnltion are not a problem); (2) tile concentrallons of elements released into
solution due to dissolution can be measured at t11c end of each mim-tllration:
tllis is not the case in a continuous titration ; (3) the adsorption isolherm is
based on titratioos using a constant sol id-to-Ouid rotio; it docs not change,
as is the case in a continuous titration (especially over a large pH range);
nnc.l (4) the kinetics of adsorption al any specific pH can be recorded.
Results: Preliminary results indicate !hat the adsorption behavior of albite and albite glass at 25•c is very similar The adsorpoon of H• on both
nlbi!K and albite glass surfaces consists of Interstitial Na• sites (due to ion
exchange), as well as adsorption ttt >Si-OH , >AI·OH, and >Si-Obr -AI< sites
(Obr denotes a bridging 0 site). Adsorphon of OH- presumably occurs at the
same types of sites, with the exception of lhe mtersti!lal Na• sites (i.e .. ion
el\change is pH-dependent). The concentrations of aclsorl)ed H+ and OH- for
bolh materials is at a minimum in the pH range of 7-9; this corresponds to
lhc minima determined in olher feldspar titration studies Ie.g., 4.5). In order
to calculate the concentration of H• adsorbed exclusively at >Si-O H, >AIOH. and >Si-Obr-AI< surface sites, ion eAchange of H• with Na• must be
subtracted from the overall H• adsorption measurement. This correction has
a drd.matic effect on the H· adsorption isotherm; it is shifted to much lower
pH values, such that for botb albitt: and a lbite glass, the ion exchange·
corrected concentrations of H• adsorbed at the ~urface are -0 at pH 3.5-4.0.
This can be compared to n theoretical estimate of pH 5.2 for lbe zero-pointof-charge of low alb1te [6). Over the pH range 4- 10, the exact determination
or the nl'l surface charge due to adsorption at >Si-011. >Al-OH. and >Si-ObrAl< surface sites is not possible, due to difficulty in decoovoluti.og the overall
adsorption signal (i.e., correction of {H') and [OH-) in solution due to specintion changes of aqueo~ AI and Si released by dissolution of the powder).
In any case, the quuotification of the surface charge over the pH range 410 is not imponant since this corresponds to lhc regton of minimum surface
charge. Adsorption isotherms (log surface (H•} and {OH·J aJ> a function of
pH) allow for lioeur regressions of the H• aod OH- adsorlJoon data. The albite
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and albite glass isotherms reveal similar slopes: - 0.5 to -0.6 in the acid pH
range, and 0.9 in the basic pH range. The slopes in the acid pH range compare
closely to those of albite determined in a previous study [4], whereas the
slopes in the basic pH range are significantly higher.
References : [I] Zinder B. et al. (1986) GCA, 50, 1861-1869.
[2] Stumm W. and Furrer G. (1987) in Aquatic Surface Chemistry (W .
Stumm, ed.), pp. 197-219. (3] Taylor M. and Brown G. E. Jr. (1979) GCA,
43, 61-75. [4] Blum A. E. and Lasaga A. C (1991) GCA, 55, 2 193-2201.
(5] Stillings L. et al. (1995) GCA, 59, 1473-1482. (6] Sverjensky D . A.
( 1994) GCA, 58, 3123-3129

MOL YBDENUM(VI) SPEC lATION AND KINETICS IN SULFIDIC

WATERS. G. R. Helz and B. E. Erickson, Department of Chemistry and
Biochemistry and Water Resources Research Center, University of Maryland.
College Park MD, USA (gbl7@umail.umd.edu; b_erickson@acs.org).
Molybdenum in sediments and sedimentary rocks is a potential indicator
of paleoenvironmental conditions. This application demands better knowledge
of Mo deposition mechanisms and in tum requires improved understanding
of Mo speciation in anaerobic natural waters. In sulfidic water, molybdate
undergoes sulfidation in four steps, leading finally to tetrathio-molybdate:

where (1 S x $ 4). Equilibrium constants (~•-•Xs-<)) and rate constants
for these reactions have been measured by UV -visible spectroscopy. At 25°C, over a wide range of ionic strength, log Ko1 = 5.19 ± 0.03,
log K 12 = 4.80 ± 0.12, log K23 = 5.00 ± 0.13, and log K34 = 4.88 ± 0.28.
The intermediates have negligible stability fields. Therefore, provided the rate
of increase in H1 S(aq) is slow enough to maintain near-equilibrium conditions, increasing H 1S(aq) causes a sharp trdnsition from Mo042- to Mos.zat - II J.IM H2 S(aq) (the action point of a geochemical switch) [ 1] . The
resulting transformation of the predominant Mo anion from a hard to a soft
base changes profoundly the geochemical properties of this element
On the other hand, because the rate of each successive sulfidation reaction is approximately one order of magnitude slower than the previous one,
di .. tri and tri .. tetrathiomolybdate equilibria may not be achieved in seasonally or intermittently sulfidic water columns. In such environments, unstable mixtures of intermediate thiomolybdates may predominate. The
sulfidation reactions are acid catalyzed; environments such as sediment pores.
which are enriched in Br¢nsted acids (NH 4+, H2C03 R-COOH, protonated
mineral surface sites). will therefore promote equilibration. This may explain
previous observations that Mo fixation in sedimentary environments occurs
primarily by diagenetic processes rather than water-column scavenging.
This paper calls attention to the potential for kinetic controls in traceelement speciation. Thermodynamics predicts that Mo will occur only as
Moo.z-. or MoS,z-; kinetics predicts that intermediates such as Mo0z5 22 - .
will predominate in dynamic, seasonally variable systems. Thermodynamics
predicts that MoOl- will be the only form in 0 2-bearing (low HS-) waters
whereas MoS41- is in fact capable of persisting metastably in such waters for
weeks (possibly accounting for some of the fixed sulfide observed in low HSmarine surface waters).
Rererences : (I] Helz G. R. et al. (1996) GCA, 60, 3631- 3642.
(~~.xs-x)
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OSMIUM-ISOTOPIC ANALYSIS BY DYNAMIC MULTIPLE COLLECTOR INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY USING IRIDIUM-191 SIGNAL NORMALIZATION.

N. G. Hemm.ingl, S. L. Goldsteinl.2, and R. G. Fairbanksl.2, I Lamont-Doherty
Earth Observatory, Columbia University, Palisades NY 10964. USA. 2Department of Earth and Environmental Sciences, Columbia University, USA
(hemming@ldeo.columbia.edu; steveg@ldeo.columbia.edu; fairbank@
ldeo.columbia.edu).
Introduction: Early studies [1 ,2) of Os-isotopic geochemistry (i.e., ion
probe and surface ionization mass spectrometry work) set the stage for the
application of this relatively new geochemica l tool. However, widespread use

of this system was not seen until the advent of negative thermal ionization
mass spectrometry techniques (NTIMS) [3,4] that dramatically simplified Os
analysis, both increasing precision while reducing sample size. Since that
time, the increase in publications using the Re-Os system is dramatic. We
present a technique for obtaining J87Qsf188()s using a multiple collector
inductively coupled plasma mass spectrometer (MC-ICP-MS). The precision
and amount of Os necessary for this technique is comparable to recently
published NTIMS work. The sample preparation and analysis time, however,
is greatly improved.
Technique: Our technique was developed on a VG Plasma-54 multicollector 90° sector double-focusing mass spectrometer equipped with nine
Faraday collectors, a Daly ion counting system, and an inductively coupled
plasma (!CP) source. Sample introduction was by a CETAC MCN 6000
desolvating nebulizing system. Osmium standard solutions ranging from 85
to 500 ppt were introduced into the nebulizer by self-aspiration at a rate of
- 40 ~min . Total sample volume necessary for analysis is <2 mL . The
analysis consisted of five blocks of ten scans on relevant peaks. Each analysis took about I h and thus was a significant improvement over the time necessary for NTIMS analysis.
An important addition to the sample solutions is dilute hydroxylamine
hydrochloride to facilitate washout of the Os from the MCN [5). Without that
addition, significant Os signals were observed even hours after a sample was
analyzed, while complete washout was seen after only 3 min when the hydroxylamine hydrochloride was used. This addition keeps the Os reduced as
it passes through the desolvating apparatus.
Results and Discussion: T he Os isotopes analyzed are shown in
Table I. Table I shows the Faraday cup configuration and the sequence of
the mass scan. The ratios J86()stt91Jr, t87Qsfl91Ir, t88()stl91Jr, and JS9Qstt91Jr
are all measured with the Os isotope in the multiplier and the J9l(r in the highmass Faraday cups 4, 3, 2, aod I, respectively.
The Ir concentration in the sample solutions is about 200 ppb, resulting
in a 1-V signal on J91Jr. The 186()sf188Qs is calculated by dividing the J86Qs/
J9lfr by the 1890sfl91Jr, and the l87Qsfl88Qs ratios is calculated by dividing

TABLE I.

Collector configuration for Os-isotopic analysis.

Cycle

Low2

Low l

Daly

High I

High 2

High 3

High 4

I
2
3
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185
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Fig. 1. Osmium-187/osmium-186 with (diamonds) and without (squares)
J91Jr signal-normalization. Error bars show 2cr in-run precision.

I .PI Comrib11tion No. 971

the 187 0si'Q'Ir by the J&QOsfi9IJr. This approach normalizes out much of the
signal noiso: mherenl to MC-ICP-MS analysis, Comparing analyses with and
without the 19 llr shows the dramatic improvemo:nt that the normalization
ach1eves (Fig. I ). A mass fractionation correction is applied using the measured 19llr-signal normalized IS90sJII&Qs ratio, normalized to a value of
I .21968. The average of Ihcse ana lyses arc 0.17286 ± 0.37% 2cr for Ihe
signal-normalized values aod 0. 17233 ± 1.1 t;t, 2cr for !he unnonnalized Not.e
that data for both the signal-normalized and unnormalized were colleclt'd simultaneously.
In order to make a correction for the I8 7Re interference on 1870s, I85Re
is also measured. As the 191 !r mass cannot be monitored during this scnn,
I81Ta was a lso added to the sample solutions. In addition, mw was monitored using I8 2W. However, due to a significant W contamination (up Jo 20%
of the mass 186 signal), this correction is unreliable and thus the IMC'()sf 186Qs
ratios have very poor reproducibility. This sou rce of contamination musl be
removed if this method is to prove useful for Pt-Os work.
This technique opens up the use of MC-ICP-MS for Os analysis of small
geologic samples, and can be t:XIrdpolatcd to other isotope systems. The time
savmgs realized by the simple sample introduction over that necessary for
NTlMS is significant, while for normal size samples the precision is c.omparable to NTIMS.
Referenres: [lj Luck J.-M. and Alli:grc C. J. (1983) Nature. 380. 130132. 121 Walker R. J. rwd Passcll J. D (1986) Ano/, Chtnl., 58, 2923-2927.
(3] Heumann K. G. et al. (1988) in lnarganit· Mars Spectromclr)', pp. 301 376, Wiley at1d Sons. [4) Creaser R. A. et al. (19<>1) GCA, 55. ~97-401
(5) Fleisher M, personal communication.
NEODYMIUM-ISOTOPIC CONSTRAINTS ON DEEP OCEAN CIRCULATION DURING 11IE LATE QUATERNARY. S. R. Hemming
and S. L. Goldstein, Department of Earth and Environmental Sciences aod
Lamont-Doherty Earth Observalory, Columbia University. Route 9W. Palisades NY 10964, USA (sidney@ldeo.columbia.edu).
The format.ion of North Atlantic Deep Water (NADW) is acknowledged
to be of fundamental importance in thermohaline circulation, and U1us in global climale change. Broecker and Denton fl l proposed that major glacialinterglacial reorganizations , possibly a complete shutdown of NA DW
formntion, triggered or enhanced dramatic changes in the global climate.
Studies of paleocirculnlioo proxies in South AUtlntic sediment cores h;1ve
yielded conflicting interpretations uhout the glacial mode of thermoba line circulation. The importance of deep circulation in modulating the global clirrutte
warrant.s the usc of additional proxies to resolve these conflicts.
Published data for seawater deeper than 2000 m from the Allantic Octao
show tbatlbc Nd-isotopic composition is rcmnrk.ably correlat~d with the siliCll
content of deep ocean water [2-4). The eodmember compositions for Nonh
Atlantit, Pacific, nod Antarctic deep water are 10 1-1mol silica aod ENd of
-13.5, 180 j!mOI silica and ENd of -3. and 130 1-1mol silica and ENd of -8
respectively (.2-5]. Neodymium-isotopic variations within deep waters of the
ocean represent miJtiog of lbese end members. Accord ingly. they imply lbnt
Nd could be a powerful tracer of pa leowater mass c hanges.
Data from tbc outermost layer of Mn crustS indicate a strong cohcren~:c
between the Nd-isotopic compositions of deep wators and these precipitales
[6]. However, there is a notable e,~cep6on in !be mismatch between ferro manganese crusts and nearby seawater values from the southern ocean. !t has
been suggested that the bias i.s due to the slow growth rate of crusts (mil·
limeters per million years), combined with cbaoges io roixiog proportions of
deepwater components on glacial to interglacial timesca le.~ [6-8]. The outennost layers of crusts from the central Pacific Oce;m and from the North
Atlantic have va lues very close to local bonom water. consistent with little
difference in U1e isotope composition of the end members during glacial times.
We have been employwg a method to selectively leach the ferromanganese
precipitates from marine sediments, with the goal of evaluating glacial to interglacial variations in the Nd-isotop ic composition of deep water (9 ]. As a
first-order lest of the method. we made a core-top survey from Jhe Atlantic
Occao. When the Nd-isotopic compositions arc plotted with sili"a estimates
taken from the Lcvitus dat.abase ( 111), the samples lit: on the tr.:nd eslllblish~d
with water measurements. The successful r.:sults from these core-top dat.a
further emphasize the likelihood thai ferromanganese precipitates from marine

1:! I

sediments may be a robust pro~y for pas! vanaJioos in deepwater composition. An additional test is the Sr-isotop1c composition of tht: ferromanganese
lt:acb. In the case that the leach matches the Sr composition of seawater, it
can be reasonably assumed that the Nd·isoropic composition is also faithfully
recording the seawater value. Our success rate from this test is lllgh, bu1 lbere
are samples that have Sr compositioos that deviaie su bstantially from seawater. ln southern ocean sedimeoLS. Ibis problem appears to be a diagenetic
effect but in North Atlantic samples, it may be simply detrital contami nation.
Rutberg et al. (11] found a system,ttic glacial to interglacial variation in
the Nd-isotopic composition of bottom waters from two cores in the southeastern Atlantic Ocean that follows shifts in the C-isotopic composition. A
core from the southern Pacific Ocean also shows the sbifl toward higher
glacial ENd· All of these samples bave Sr-isolopi~ ratios equal to tbat of seawater. These results corroborate the io terpret.:~tion based on Mn crusts and
highlight the potential app lication of this method as a proxy for deepwater
circulation changts. Anulher considcralion in the application of this proxy
i~ whelhcr the end members remained constant. So f;u the results confirm
a constam Pacific end member as well as the existence of a strong glacialinterglacial shift in southern ocean sedjments. North Atlantic samples have
low ferromanganese contents, and hence lo~~o Nd concentrations, and we art:
working to minimize detrital cootnmioation in these snmptes. Because NADW
is a mixture of several sources of deepwater with distinct Nd·isotopic compositions, and l!ecause incursion of southern ocean water appears to have been
important in the glacial. it will require a relatively large set of samples lo
quantify this end member.
Refere.nc~: (I] Broecker and Denton. [2] Piepgras D. J. (198Z) Sri·
ence, 217, 207-214. [J) Piepgras D. J . and Wnsscrburg G . J. (1987) GCA,
51. 1257-1271. f4) Jeandel C. {1993} EPSL. Ill, 581-591. [5] Piepgras D. J.
and Jacobsen S. B. (1988) GCA, 52, 1373-1381. (61 Albarede F. and
Goldstein S. L. ( 1992) Geology, 20, 761-763. [7] Abouchami W. and
Goldstein S. L (1995) GCA, 59, 1809-1820. [8J Abouchami W. et al. (1997)
GCA, 61, 3957-3974. [9) Rutberg R . el al. (1997) AGU, 78. F376.
[I 0) Lcvitus S. et al. (1994) World Owm Arias. [II) Rutberg R. et a! (1998)
Mineral. Mag., 62A. 1304- 1305.
LEAD-ISOTOPIC MEASUREMENTS OF SANIDINE MONITOR
STANDARDS: IMPLICATIONS FOR PROVENANCE ANALYSIS
AND TEPHROCHRONOLOGY. S R . Hemming 1 and E. T Rasburyz,
1Departmcnt of Eartl1aod Environmental Sciences rwd Lamont-Doherty Earth
Observatory, Columbia University. Route 9W. Palisades NY 10964, USA
(sidoey@ldeo.columbia.edu). lOepamncnl of Geosciences, State University
of New York-Stony Brook, Stony Brook NY I 1794-2100, USA (troy@
pbisotopes.ess.sunysb.cdu).
Introduction: The Ph-isotopic sys1em in feldspar is a powerful fingerprint, recording near-initial isotope ratios due to U1c very low ratios of U and
Th to Pb in this mineral group, especially in K-feldsp:l!. This same mineral
group also has demonstrated applicability for (()Arfl9Ar geochronology. Procedures that allow multip le proxies to be obtained oo the same samples have
a great deal of value, and the combinatJOn of age and initial Pb-isolopic composition of feldspar has wide potential application in studies of volcanic
stratigraphy as well as sedimentary provenance.
The Pb-iso1opie system in detrital feldspar is a sensitive provenance tool,
and in many cases it is possible to analyze individual grains. The value of
making analyses on individual gra ins is cleai in provenance studies where
it cannot be assumed Jhat any two grains came from the same source.
Howeve r. despi te relatively high concentration of Pb in K-feldspar, on average -50 ppm [I], it is not possible to obtain high-quality Ph-isotopic measurementS routinely on grains between 150 and 250 ~- although feldspar
in this size mnge is very common in sandy deposits. In studies of sediment
provenance, the 40Aff39Ar age of a fe ldspar sample may also provide important constr;Iiols oo sources. In cases where 1he Pb abundance is not adequate
for individual grain analysis, the combination of these two systems would
allow combini11g several grdins with similar •oAr!39Ar ages.
Provenance of volcamc rocks may also be constrained by the isotope
composition of mineral constiluents. Argon-40/argoo-39 geochronology of
volcanic sanidine is a highly successful and accepted mclhod of dating ash
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layers, but limits on atrainable pret:ision leave open the question of correlation in noncon ti guo us sections. In favorable cases radiogenic isotope mcasurt•ments could he made o n the same crystals that are used to const rain the
age. and this additional information would settle questions of whether samp les
are coeval.
T esting the Method: The va lue of multiple proxies derived frnm the
same individual components is c lear , but in order to ;1pply the combi nation
of 40Arf39Ar dating and Ph-isoto pic compos ition, it must be first established
that the irradiation and fusion of feldspar for 40Arf>9Ar geochronology docs
not compromise the Pb-isotopic system. Thi s paper is a report of a pi lot
project where we undertook to compare the Ph-isotopic composition of untreated sanidine monitor standards to U1use that have bet:n irrJdiatcd and fused
for dating. Samples were irradiated for various amounts of time and fused
in either sta inless stee l or C u disks.
Sanidinc from the Fish Canyon T uff is a popular monitor standard with
an reported age of -28 Ma (2.3). T hl' Co bb Mountain sanid ine monitor
standard is from the A lder Creek rhyolite and has a reported age of 1.18 Ma
)3,4]. Both are popu lar monitor standards for ~Aifl'JAr geochronology.
Samples of Fish Canyon and Cobb Moun lain sauidine monitor standards
were co-irradiated for I b with unknown samples for J0Arfl9Af geochronology in the Cd-lined, in-core facil ity (CUCIT) at t11e Oregon State University
reactor. Single-step laser fusion dnta were collected at Lamont-Doherty Earth
Observatory. Samples of several grains eacb, weighing from 1.3 to 3.8 mg.
were analyzed for their Pb-i>otopic compos ition and Pb coocentr.ltiotl . The
Pb·isotopi t: composition and coocentr<~tiou of Pb were unchanged by irradiation to produce 39Ar from >9K and fusion with a C01 laser us ing 7 W. TI1is
means that U1e way is open to apply combin ed 40Arfl?Ar and Pb isotope ratios
to geological questions such as tracing volcanic asb layers for tepltrochronology or tracing U1c sow·ces of sedimentary grains.
Summary; Samples of Fish Canyon and Cobb Mountain sanidine
monitor standards that were irradiated and fused with a C02 laser for •oAr/
l 0 Ar gcocb.ronology :tnalysis give P b- isotopic compos ition aod Pb cooceotratioos that are indistinguishable from unprocessed a liquots of the same
monitors. The lack of Pb loss means thaL Pb volatility is not a substantial
concern during the laser fusion process. The lack of change io Pb-isotopic
composition means it should be poss ible to measure tllc Ph-isotopic composition of feldspar grains that have been previously analyzed for tllt!ir <WAfJl9AI
ages. Therefor!!, it should be possible to fingerprint datable volcanic ash layers
for purposes of correlating noncontiguous layers with similar ages. This combined technique should also improve the sensitivity of provenance analysis.
References: 11 J Patterson aod Tnts umoto { L964) GCil. 28, 1-22.
(21 Cebula G. T. et al. {]986) ICOG6. 139. [3] Ren ne P. R. et al. (1998)
Chem. Geol., 145, 1 17- 152.(4]Tnrrin B. D. ( 1994) Geology, 22, 25 1-254.

tcrs away from the PAR, this double line breaks into several small ridges wi th
very subdued t<'pography until the PAR at 3s•s.
Trace c lement concentrations have show n that the chain oan also he
div ided into three parts: ( 1) thl! westernmost part. made o r transiti onal lavas
(0.8 :5 (La/Sm)N $ 1.21: (2) the centra l part , consisting of 3lkali basalts , which
are likely to be the chemical expression o f the plume where (La/Sm)N ?: 2:
and (3) the easternmost part which consists of e longated ridges COIUJectiog
tht: last typical intraplate seamo unts of tlle chain and the spreading axis with
highl y variahle (La/Sm)N but always <2. Ex tendt'd trace-clement patterns
con lirmrhis classification. 11te paucrns ohtained for the alkali basalts of the
central part have the highest norma li zed concent.rali()ns for Nb and Ta and
show a depletion of the must incompatible elements (Rb, Ba. Th, and U)
relative to these two. This is characteristic of a source that contai ns some
HIMU component.
S trontium . Nd, and Ph isotopes have been determined on more than 60
samples. Their isotopic message is consistent witll U1c one delivered by the
the trace dements. The westernmost part of the chai n has rather unr<~diogenic
B7Srf~6Sr (0.7027) and !06pb~Pb (18 S) ratio and rather radiog~o ic 14 lNdf
t44 Nd compositions (O.S1305), whereas the central section exhibits slighlly
more t!lcvated B7Srf86S r (0.7030), lower l43Ndft•4NtJ {0.5 128&), and much
higher 106PbflO<Pb (up to 20.2). The lO<•p bf204 Pb reaches s uch high va lue only
in scamoum lavas and is sign ificant of a large contribution of a HIMU
component in the plume. This seamount is the last we ll individualized scamouut of the chain at its Eastern end j ust before deformati oo in the shape
of the following seamounts appears. Moreover, there is on average a rather
cooLinuous increase of tlle 106p]JflO<Pb withio the centra l section of the chain
from west to cas t and it peaks at this seamount Eastward, reaching tllc first
elongated seamount of the eastern part, Sr- and Ph-isotopic compositions drop
and then scatter between values sligUy less radiogenic than the last enriched
seamount and mon: Pacific MORB-like values and this continuts until it bits
!ht PAR. The spreading axis samples remain imermediate isotopica Uy and
do not ex hi bit the most "depleted" values. Modeling a mi xing o f 1\vo magm:ltic liquids whose compositions ate chosen ro be tll.e most extreme analyzed samples leads to an assumption of a contribution of tlle plume to the
spreading axis of -50%.
It is a lso worth noting that tlle most unracliogcnic Sr and Pb and mdiogt:nic Nd composi tions do not appear in sampl es from the spreading axis buL
in rocks dredged on the oblique ridges. This could be prod uced by a contribution of isotopically depleted me lts coming from a depleted component
of the phlllJe. Alternatively, melts produced from U1e upper mantle underneath
the spreading axis may have beeo deviated toward the o bliqu e ridges, which
may bt: the locus of active interaction and mixing of melts from both origins .
References: [I] Morgan W. J. (1978) JGR, 83, 5355-5360. [2] O'Conoor J. M . et al. (1998) EPSL, 164, 41 -59. [3] Ma ia et al., in preparation.

THE FOUNDATION SEAMOUNTS (SOUTH PACIFIC) : GEOCHEMiCAL EVIDEN CE OF PAST AND PRESENT RIDGEUOTSPOT INTERACTIONS? C. Hemood 1, C. W. Devey2, and M .
Maiat . I Unite Mixte de Recherche, 6538 Domaioes Oceaniques. IUEM. Place
N . Copcrn ic. F-29280 Plouzaoe, France (chhemond@sdt.univ- brcst.fr).
ZFuchbere icb 5 Geowisscnschaften. Universit!tt Bremen, Postfach 330440,
D-28334 Bremen. Gcrrnany.

STABILITY OF ALLANITE TO HJGR PRESSURE-T EMPERATURE: IMPLJCATlONS FOR LIGHT RARE-EA RTU-ELEMENT
BUDGET IN SUBDUCTED CRUST. J . Hennann , Research School of
Ea rth Sciences, Austra lian National University, Canberra 0200, Australia
(joerg.herrnann@anu.edu.au).

The existence of intcrJction processes between mid-ocean ic ridges and
hotspots wa.~ lirst suggested by Morgan II J. The foundation hotspot appears
to be a good examp le of this. T he tru~gmntic expression of tllc Foundation
hot-spot that represents activity is located in the vincin ity of the Pacifi cAn tarctic ridge (PAR} that n.:sult~:d in a volcanic chain (32°S ,I 27°W380S, Ill "W). The age regression from west to east [2]1eaves no doubt about
tht: hotspot o rigi o of this cbam. We can divide it into tllrce areas on the basis
of the morphology of the edifices. The westernmost section of tlle vokan ic
ch!l.in is made of elortgated, dcfonncd, and om well aligned seamounts. It is
suggested [31 Umt the magtru~tic expression was controlled by tbc structure
of the li tho-sphere: tru~gmntism was led U1rough preexisting weak zones. The
central part of the volcanic chain (33°$,125°W- 36"S, ll5°W) consists of large
and well individualized elevated volcanos sometime; grouped in clusters of
two o r three ed ifices . The. easternmost section begi ns 350 km before the PAR.
The morphology switches to two lines of seamounts organized io dong~lled
ridges obliquely to the main trend of the chain. One hundred forty kilome-

Introduction: Dehydration aod partial melting of subductcd crustal
material is an important process for mass transfer from the slab to the manUe
'"edge. 'This metasomatism of tl1e manti.: Wtdge initiates partial me lting and
is a key !'actor in tht: understanding of subduction zone magmatism . The
clement trans fer is controlled by three matn factors : ( I ) the stab ility of
hydrous phases in subduction zones, (2) the partit.ioniog between stable phases
and tluid/meh , and (3) U1 e mobility of tlle elements. We present new experimental and petrographic data on the stability of allan ite that permits insight
into U1e light rare-cartll·clemcnt (LREE) hudgct of subductcd crustal material.
Experiments: Synthesis piston cylinder experiments in Ute KCMASH
sys tem were carried ouL in the range 700•- J tSo• c and 2.0-4.5 GPa. Ru·
bidium, S r. Ba, Y, Zr, La , Ce, Nd, Srn, Eu, Gd, aod Yb were added ;lt a t00300-ppm level. The addition of trace elements led to the stahi lizatinn of
alla nite as an accessory mineral well above thl' determin ed stability of
clinozoisite (Fig. 1). Allanite was stable at 45 GPa. IOOO"C tog<ll11er with
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EXPERIMENTAL CONSTRAINTS ON CONTINENTAL ROCKS IN
ULTRA-InCH-PRESSURE METAMORPHISM. J. Hermann and D. H.
Green, Research School of Earth Sciences. Australian National University,
Canberra 0200, Australia (joerg.hermann @anu.edu.au).
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Introduction: Exhumed ultra-high-pressure (UHP) metamorphosed
rocks permit insights in the dynamics of subduction zones and arc crucial
for the understanding of convergent plate boundaries. Piston cylinder experiments in tbe range 700°-ll00°C and 2.0- 3.5 GPa using gneissic to pelitic
compositions were carried out in order to understand better the phase and
melting relations in deeply subducted continental crust. The paragenesis
coesite + kyanite + garnet + clinopyroxene + phengite is stable at UHP conditions in various rock types of the continental crust. The simplest chemical
system to produce this paragenesis consists of KzO-CaO-Mg0-Al20 rSiOr
H20 (KCMASH). The proportion of the oxides (Si02 = 61%; Al 20 3 = 21%;
MgO 8%: CaO 6%; K20 3 wt%) was chosen in order to get saturation
of kyanite and quartz/coesite. Synthesis experiments with run duration of 50650 h were carried out with 2-10% water added as H20 or as OH in phengite,
talc, and Al(0H)3 . Results arc compared to rocks from the Dora Maira massif
(Alps) and from the Kokchetav massif (Kazakhstan), which represent continental crust subducted to more than I 00 km depth.
Results: Generally, five phases plus fluid/melt were present io the
experiments, which is in agreement with the phase rule indicating the absence
of metastable phases. Minerals were generally unzooed; however, they occasionally showed a chemical variation from grain to grain. Chemical compositions of phases changed systematically with P and T. These observations
suggest that equilibrium was approached in the experiments. In the range 2030 kbar and 700°-900°C, the paragenesis changed in srnall P-T intervals and
is thus an excellent indicator for metamorphic conditions. A common fearure in all parageneses is the absence of feldspars , which may be used to define
HP-metamorphism in gneissic to pelitic rocks. At pressure above 32 kbar,
T <900°-l000°C, the divariant parageneses coesite + kyanite + garnet+
clinopyroxene + phengite is stable over a significant P-T range. Composition
of garnet and phengite is fixed at every P-T point by the equilibria (I) 2 Gro
+ I Py + 3 Cel = 6 Di + 3 Mu; (2) 3 Di + 2 Ky = Py + Gro + 2 Coe; (3)
4 Ky + 3 Cel = Py + 3 Mu + 4 Coe; and (4) Gro + 2 Ky + 3 Cel 3 Di +
3 Mu + 2 Coe, indicating the potential of this paragenesis for UHP thermobarometers.
Phengite, biotite, clinopyroxene, and garnet display a systernatic change
in composition with P and T. The Si content (pfu) of phengite changes from
3.3 at 740°C, 2.5 GPa to 3.55 at 720°C, 3.5 GPa to 3.35 at 950°C, 3.5 GPa.
The Si content of biotite is also a pressure sensor and changes from 2.9 at
900°C, 2.0 GPa to 3.22 at 800°C, 3.5 GPa. The Atz03 content of pyroxenes
is mainly temperature dependent and increases from 1.5 wt% at no·c to 11
wt% at 1150°C, 3.5 GPa. The grossular content in garnet increases with
pressure at T = I000°C from 17% (2.0 GPa) to 31% (4.5 GPa) and with
temperature at P = 3.5 GPa from 18% (900°C) to 29% (1150°C).
The stability of hydrous phases is very important because their breakdown liberates fluids or melts that might be responsible for mass transfer from
the slab to the mantle wedge. Amphibole was stable at T <750°C, P <3.0 GPa
and clinozoisite at T <850"C, P <3.0 GPa. Below 3.0 GPa biotite has the
highest thermal stability up to temperatures of about 900°-950°C. At higher
pressures, biotite reacts to phengite, which was stable at 950"C, 3.5 GPa, and
l000°C, 4.5 GPa. Talc was observed at 720°C, 3.5 GPa. Melts resulting from
the breakdown of the hydrous phases were granitic in composition.
Dora Maira: White schists at Dora Maira consist of quartz (excoesite),
kyanite, garnet, phengite, and minor talc. The breakdown of talc to l:yanite
and garnet occurs at -750°C above 35 Iebar in the experiments. The measured Si content of 3.6 (pfu) in phengite indicates a pressure of about 3840 kbar for the white schist formation.
Kokchetav: Metamorphic microdiamoods occur in UHP gneisses and
metacarbonates in the Kokchetav massiv [ 1). In UHP gneisses garnets contain diamond and often biotite inclusions. The experiments clearly show that
biotite has a limited pressure stability that never overlaps with the diamond
stability field. Thus, garnet most probably grew during retrograde metamorphic conditions although diamond is present. The metamorphic diamonds
from the Kokcbetav rocks display a fibrous texture and contain water-rich
inclusions, indicating that fluid/melt has to be involved in their formation [2].
Based on the experimentally determined stability of hydrous phases in gneissic
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Fig. 1. Runs with allanite present (dots) and clinozoisite stable (squares).
White square indicates a run with only minor clinozoisite. The determined
stability of phengite and clinozoisite are shown.

clinopyroxene, garnet, coesite, kyanite, and phengite. Even above the fluidabsent melting due to phengite breakdown, allanite is present up to temperatures of 1150°C (Fig. 1). However, the abundance of allanite decreases with
increasing temperature parallel to an increase in melt volume.
Allanite is an epidote group mineral that can incorporate significant
amounts of LREE. The measured allanites contain up to 4.9 wt% La20 3, 6.2%
~03 , 2.2% N~03 , 0.5% Smz03• and 1.2% Gd20 3 resulting in -0.5 cations
REE (p.f.u). All allanites contained 3-6 wt% MgO, indicating that the LREE
are most probably incorporated in allanite by the composite exchange Ca +
AI = LREE + Mg. The partitioning of LREE between allanite and melt is
in the order of D(allanitelmelt) 200 demonstrating that the LREE are highly
compatible in allanite.
Petrographic Data: Allanite has been found in several rock types of
the Dora-Maira massif (Alps) which were metamorphosed at -750°C and
3.8 GPa. Allanite coexists with garnet, omphacite, phengite, quartz
(excoesite), and rutile in eclogites and with and garnet, kyanite. phengite,
quartz (excoesite), and rutile in metasediments in agreement to parageneses
produced in the experiments. This indicates that at a depth of -130 k.m,
allanite is still stable in rocks of crustal composition.
Discussion: The stability of allanite to unexpectedly high temperature
and high pressure has important consequences for the composition of fluids/
melts generated in the presence of allanite because allanite buffers the LREE
contents of these melts. Already an abundance of 0.5% of allanite can increase the bulk rock/melt panitioo coefficient of an eclogite by about a factor
of -20. Tribuzio [2] have shown that the LREE budget in eclogites is dominated by accessory allanite and apatite without significant contribution of
omphacite. Allanite is stable at higher temperatures than the dehydration of
phengite (Fig. l) which is an important water reservoir in subducted oceanic
crust [I]. The transfer of LREE from the subducted slab to the over Ia ying
mantle wedge by melts/fluids originating from dehydration of subducted crust
is thus restricted as long as allanite is stable.
Lawsonite has been considered as one of the most important carriers of
LREE to great depth [3]. LREE liberated by lawsonite breakdown (700°7500C at 3-5 GPa; [2)) might be incorporated in allanite which has a much
higher thermal stability. Although the breakdown of allanite has not yet been
determined, it is suggested that allanite rnay play an important role in LREE
recycling to the mantle by subducted crust.
Rererences: [I] Schmidt M. W. (1996) Science, 272, 1927-1931.
[2] Tribuzio R. et al. ( 1996) Geology, 24, 711-714. [3] PoliS. and Schmidt
M. W. (1995) JGR. 100, 22299-23314.

=

=

=

=

124

Nimh Amwal V. M. Goldschmidr Conference

rocks, it is evident that ouly the breakdown of phcngite can provide the H 20
for partial melting and diamond formation. In fact, at the t!stirnated conditions of diamond formation (I
4.5 GPn [l J) phengite was still stable
in the expcrimenLS. 1t is suggested that fluid-absent melting of pbcngite and
interaction of these me lts with neighboring carbonates might be an important process triggering metamorphic diamond formation in deeply subducted
continental crust.
Refes·cuces: [I] Sbatslly V. S. et al. (1995) in Ultrahigh Pressure Metamorphism (R. G . Coleman and X. Wang, eds .) , pp. 427-455, Cambridge
University Press. [2] De Corte K . et al. ( 1998) GCA, 62, 3765-3773.
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CUMULATE PROCESSES AND GEOCHEMICAL DIFFERENTIATION WJTI:IIN OCEANIC LAYER 3. J. ){ertogen, Fys ico-Chcmische
Geo logie. Un iversity of Le.uven , CelestijoenJaan 200C, B-300 1 Lcuven,
Belgium (jan.hertogen@geo.ku leuveo.ac.be).
Oceanic Layer 3 ffils hcen drilled at two slow spreading ridge segments:
Ocean Drilling Program (ODP) Hole 735B on the southwest Indian Ridge
(Legs 118 and 176 [ 1.2]) and Sites 921. 922, and 923 on the we.stero wall
of the mid-Atlantic Rift Valley south of the Kane Transform (MARK area)
(ODP Leg 153 [3]). Some 220 sampl es ha ve been analyzed for major and
uace dements witJ1 a view of better understandi ng geochemical fractionation
processes operating during pluton ic differentiation.
The recovered sections at these driU sites do not represent segments of
a continuously evolving large magma chamber. Rather, the cores represent
oceanic layer 3 that actTetcd by episodic injection of 100-500-m-thick magma sheetS or dikes. At the two localities the gabbros formed from moderately
dep leted MORB magma. Neither tbe truce-element data nor the isotopic ratios
[4.5] in dicate aoy substanti al chan ge in the composition of the parental
magma <~mong the successive magmati c pul ses.
ln the two cases the trace-clement abundances, in particular of the rare
earth c lements (REB}, exhibit large first-order variation as a result or changes
in moda l cumulate mineralogy (rJnging from primitive troctolitcs to highly
evolved Fe-Ti-o,.,ide-ric:h gabbros) and of variations in the amount of 1r.1ppcd
intercumulus liquid. Tht' trace-element trends witllin several units of the
1805-m-deep Hole 7358 can be reproduced satisfactorily with a fractional
crystallization model, allo wing for adcumulus growth with simultaneous compactio n and residual mell expulsion. In almost all th e H735B units. th is
resulted in a gradua l chemical change from bortom (more primitive) to top
(more evolved).
However, the traec-elemcot chamcteristics of many gabbro samples do not
fit into such a regular model. The bimodal suite of samples from Site 922
(MARK) is a good example. Evolved oxide-rich gabbros have high REE
contenl~ and negative Eu anomalies . They apparently crystalli:r.ed from pods
of highly evolved residua l liquids. The oxide-rich gabbros occur together with
primitive Lrocto litic gabbro hav ing remarkably high R6E abundances and
high-REE'/Sc ratios. cffilracteristics normally associated wi th evolved compositions. These troc rolites can be modeled as mixtures between barren
troctolites and strongly enriched residua l liquids.
Plagiogranitic and granitic veins are rather common in the H735B cores.
They ate indeed strongly enriched in REE and show prominent negative Eu
anomalies . Throughout the whole H73SB drill core, there is ample petro·
graphic and geochemical evidence for migration of nod impregnation with
Fe-Ti-REE-rich residual melts . Enrichment of residual liquid in sheared :r.ones
indicate that pluton.ic differentiation ha s been modu lated by ducti le and brittle
dcform;llion processes. Moreover, samples from several highly altered veins
and veiaed zones turned o ut to be very earirhe.d in REE. Tilis is evidetKe
that fluid-rich residua l liquids rather than hydrothermal fluids were the main
agents of metasomatic alteration io these particular sections of the core.
The geochemical data for the Hole 735 B and Site 922 gabbros raise a
number of questions regarding ( I) the ulti mate fate of resid ua l liqu id generated in oce.aoic layer 3 , and (2) the trac.e-elemeot mass balance of the oce·
anic crust. There is the gcochemica lly interesting possi bility that residual
liquids arc swept out by a new batch of magma, part of which erupts as a
lava flow. The swept-ou t liquids cou ld then impart geochemical heterogeneity 10 ocean lloor magmas that cou_ld be mistaken ly interpreted as mantle
source heterogeneity.
References: Ill Von Herzco R. P. et al. ( 199 1) Pror. ODP, Sci. Results, 118. [2] Dick l-1. J. B. ct al. ( 1999) Prot:. ODP, lnir. Rpr., 176, in press.

[3] Karson J. A. ct a l. (1997) Proc. ODP, Sd. Resuhs, 153. (4] Kempton P. D
et a!. (1991) Pror. ODP, Sci. Results, 118, 127- 144. [5) Barli ng J. ct aJ
(1997) Pror. ODP, Sei. Results, 153. 35 1- 362.

EXTRA TERRESTRIAL IJELIUM-3 FLUX RECORDED IN MARINE

SEDIMENTS IN THE NORTH PACIFIC AT ODP SITES 885/886

OVER THE PAST 4 MJLLION YEARS . S. M . Higgins '. R F .
Anderson ' . P. MnrcantooioZ. M. Stute1.J, and P. Schlosser'. tLarnont·Dohcrty
Earth Observatory, Columbia University, .Route 9W, Palisades NY 10964,
USA (scan@ldco.columbia .eJu), 1Tu lane University, New Orleans LA. USA ,
JBttrna.rd College. New York NY, USA.

Introduction: Estimates of the flux of interp lanetary dust particles
(lOPs) dctcnnioed from measurement of lHc in marine sediment records are
in genem l agreement with each other over the past several hundred thous:md
years [ 1-6] . 1l1esc estimates range from -0.5 to I pccSTP lHeJcmlfk.y.).
Prior to -0.5 Ma. the estimates of 3He !lux vary from :tn average of <0.5
to > 1 pccSTP/cmlfk.y. Tite interest in dcve.loping detailed rewrds of lOP flu~
changes is that such records ca n constrain astrophys ical models of dustl
meteorite production [7-9). provide timing of asteroid/comet impacts in the
sedimentary record [3.1 0]. and potentiaUy be used to ev<~ luate sediment accumulation rJ tes as a relatively "constant flux" tool on long timcscales (2].
ln addition, a proposed 100-k.y. cyclicity of this !DP flux [8. 11,1 21 has been
suggested as a way to explain the frequency of Late Quaternary ice ages. This
100-k.y. cyclicity bas not been observed in all mari.n c sediment records [ 1.2,5)
but has bectl suggested by other studies [4,13] .
Long-term Helium-3 Flu..x Estimates: There are only three published
estimates of the long-term lHe flux. The longest record comes from core
LL44-GPC3, located in the central North Pac ific, which covers the entire
Cenozoic; l3]. Two other estimates from KH 68-4-18 and ODP S ite 806 are
both from the westem equatorial Pacific and cover primari ly the last2~3 rn.y.
(4,6] . A llthre.c of these records agree tltat the l Ho flux over the l a.~t 700 k.y .
is about -1 pccSTP/cmlfk.y. Prior to 700 k.y .. the ODP 806 record drop~
to a level of -0.5 pee back to 1.9 m .y., the LL44-GPC3 record continues al
- I pre and drops off to a lower leve l at 1.5 m .y .. aod the KH 684-l 8 record
remains at -I pee for its entire length (-J m.y.). The ODP 806 record is by
far the most detailed of the three while !he other records are limit.:d in
resolution (KH 68-4-18) and by poor geochronologic control and resolution
(LL44-GPC3). This timing discrepancy and variability has important impli cati ons for the use of JHe fluxes for sediment studies and a proposed climatic
link for the late Quaternary. ln order to eval uate tl1is discrepancy. we are
deve loping a new record at ODP Sites 8851886 (5700-m water depth) located
at 45"N, l68"E io the North Pacific. 11\iS record is similar in environment
to LlA4-GPC3 but with a much more re~olved geochronology, better mas~
accumulation rate information, and higher sedimentation rates over the last
10 m.y. [14].
Results: To date, we have extended the 3He flux record at ODP 885/
886 back to 4 Ma at approximate ly 100-k.y . resolution. Estimated 3Hc fluxes
average 1.03 (±0.35) pcc/cmltk.y. over the last 3 .6 m.y. Very abruptly at
3.6 Ma, our inltia.l resu lts show a decrease to values of 0.4 pcclcmlfk.y. between 3.6 lo 4 m.y. 1l1is period of reduced flux. ends with the onset of eolian
dust accumulation in the Nonh Pacific at 3.6 Ma and marks a sbarp lithologic break between diatom ooz.e (3 .6-4 Ma) and the c lay-dominated sediments in the younger section . This sharp decrease in l He fluxes also occurs
in LL44-GPC3 record at -1.5 Ma, but it appears that may be the resu lt of
poor temporal resol ution in 3He measurements and geochronologic control
ov~r that inrcrval. Mass accumulation rate (MAR) data for LL44-GPC3 show
that lithologic change between increasing eolian-dominated scdimonL~ also
begins around 3-3.5 Ma [15,16]. Our new record at ODP 885/886 is in good
agreement with the long-tcm1 average flux of -1.5 (± 1.0) pccSTP/cmlfk.y.
at the site of KJl 68-4- 18 over the last 3 m.y . 1l1e record from K.H 68·4-18
has relati vely constant MAR and is not complicated by large inputs of eolian
detritus. Existing IOJ:le data for LL44·GPC3 and K.H 68-4- 18 also allow us
to normalize 1He data at these sites [ 17, 18] . The resu lts of this J ){eJIOBe normalization also support the relative constancy of l Hc flux over the past
3.5 m.y. The deta.iled JHe nux record for the l:l.St 1.9 m .y. at ODP 806 remains at -0.5 pecSTP/cm~lk.y. from 0.7 to 1.9 m.y . and is at odds with all
other values. We hnve oo good cxplnnation as of ye t for why that record
should he so different from others in the same region. However. the strong
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sensitivity of aU of these Jong-tenn estimates to MAR calculations tughhghiS
the importance of underslandiog sedimentary environments at each of these
locations and may be the cause of the observed differences.
References: I I] MarcantOnio F. et aL (1996) Nature. 383. 705-707.
[2) Marcantonio F. et al. (1995) EPSL, I.U, 549-555. 13] Farley K. A. (J995J
Namre, 376. 153-156. (4] PaHerson D. ll. and Farley 1<. A . (1998) GCA.
62, 3669-3682 . [5] Higgins S M et al. (1998) Eo1· TraM. AGIJ, 79.
[6] Takayanngi M. aod Ozima M . ( 1987) JGR, 92, 12531 - 11538. [7) Dermott
S. F. et al. (1996) ASPC, /04, 143-153 [B] Konenkamp S. J. nnd Dermott
S. F. (1998) Science, 280. 874-876. [9] Love S. G. and Brownlee D. E ..
Science. 262, 874-876. [10] Farley K. A . et al. (1998) Scient e. 280, 12501253. [ll] Muller R. A. and MncDoonld G . 1. (1995 ) Nuwre, 377, 107108. [12] Muller R. A . and MacDonald G . J . (1997) Science. 277. 115118. 113) Farley K . A. and Patterson D. B. (1995) Nature, 378, 600-603.
(14) Reu et al. (1998) Paleoceanogr., 13, 215-224. [15 ] Kytc F. T. et al .
(1993) Crt\, 57. 1719-1740. [16) Janicek T R. and Rea D. K. (1983) GSA
Bull., 94, 730- 738. [17] Mangini et al (1984) Nuc. ln.\'1, Meth .• 829, 326333. [18] Inoue T. and Tanaka S. (1979) Nnturl', 277, 209-210.
HELIUM- ISOTOPIC INVESTIGATIONS OF SOURCE MIXING IN
THE ICELANDIC MANTLE. D. R. Hilton', K. GronvoJd2, C. G.
Muq>herson'·*. and P. R. Castillo', 'Geosciences Research Division, Scnpps
Institute of Oceanngraphy. La Jolla CA 92093-0244. USA (drhilton@ucsd.
cdu: pcastillo@ucsd.cdu). (•present address : Department of Geology, Royal
Holloway Lloiven;ity London. Egham, Surrey. UK: c .macpherson@gl.rhbnc.
ac.uk), !Nordic Volcanological lnstitule. Reykjavik. Iceland (karl@norvol.
hi.isJ.
Introduction. There is abundant geochcmicaJ and isotopic e11idcoce for
!he involvement of distinct mantle components in the genesis of Icelandic
lavas: these include u deep.seatcd mantle pfume component. enriched in
incompatible elements and possessing relatively radiogenic Sr-isotopic compositions fl J. and a "more depleted" component that shows certain similarities to N-MORB [e.g., l]. Crustal processes have also been advocated to
account for various features of the geochemical and isotopi~: systematics of
Iceland [3).
Helium-isotopic studies in Iceland [4-9) have provided a complementary
picture of different mantle source components and U1e possible superimposed
effects of crustal inleractmn: reports of lHeJ•He mtios in geothermal nuids
and recent lavas span tl1e range of terrestrial values - from "highJHe"
hoiSpot highs of 30RA (where RA= air lHeJ•He) through the MORB range
(8 ± IRA) to predominantly crustal values (~4RA}, To elucidate further :
(I) the diagnostic l HeJ4 He signature of Ice landic m~ntfe source components.
(2) mixing relationships between these source components, nnd (3) possible
crustill coolllminullon effects, we repon new He-isotopic data from two areas
thal have been key in establ ishing the r"dnge of JHe/4 He mtios on Iceland.
Veslfirdir (Northwest Iceland); Vcstfirdir. the oldest region of the
Icelandic crust (up to -IS Ma}, is the location of the highest geothermal
JHeJ4 Hc ratios observed to dale for Iceland (30 RA) [9]. New data for the
region, obtained by crushing olivine phenocrysts in vacuo, show a consistent
panem of He release w1th a lHcJ 4Hc ratio of 37 RA - significa ntly great~r
than the previously reported maximum val ue. Melting of resu ltant powders
shows typically radiogenic He values excluding the presence of a spallation
compone nt, Such high values record the He -isotopic signature of the Iceland
plume ca. 14 Ma, soon after rift relocation to the Snaefcllsnes rift 2.onc [ 10].
The mdiogenio isotope systematics of the high lHe!•He sample (87Srf!!bSr
0.70347, "lNdf144Nd = 0.51297. 206phflG4Pb = 18.653) place it in the FOZO
region in the mantle tetrahedron [11j. In this case. the Vt.!Slf1rdir sample wou ld
define the purest expression of the FOZO component available to date, gtven
He-isotopic evidence of minimal dilution witll other (lower lHe!•Hc) mantle
compooeniS.
Cmtr.ll Iceland: Hyloclastic glasses and ph<'nocryst-bearing lavas were
collected from the region of the hypothesized center of the Icelandic plume
in centrallcelaod [ 12]. The highest values observed were -34 RA- signifi cantly higher than ratios reported to date for rift-zone volcan ics. A lthnugh
there is considerable scalier in measured values, probably reflecting source
mixing with lower lHei 4 He (MORB?) mantle, there are some sample~ when:
radiogenic He (and crustal contamination) predominates. However, 1he broad
picture is ooc of a sharp discontinuity (over a -100-km- length-scale) between
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high (hotspot) l HeJ•He ratios of the west~rn rift zone and MORB-He lHcl
4Hc values ( - 8 RA) characteristic of the northern rift zone.
Discussion: H1gh and variable lHci•He ratios throughout Iceland are
consistent with the presence of two distinct mantle components: a high lHeJ
4He plume component and a MORB-like component. A detniled pit•ture of
mantle mixing between these components t± magma aging and crustal contamination) emerges when the new results from Vestfirdir and central Iceland are combined with those from previous studies Ie.g .. 4-9]. TI1e pertinent
feat'llres <>f this "mantJe mi~ing map" of Iceland will be discussed. taking into
account recent seismic stullics of the Icelandic plume [13-14]. and emphasizing regions such as ( I ) central Iceland. where mixing appears to be inhibited, (2) Vesrftrdir, which records a temporal record of the plume component.
and (3) other areas where crustal ioternction appears enhanced.
References: [1] Schil ling J.·G. ( 1973) Nature, 242, 565-57 J, [2] Fitton
J G. (1997) EPSL. /53, t97-208. [3) Oskarssoo N. et al. (1985) JGR, 90,
10011-10025. [4] Polak B G. et al . ( 1976) lnrl. Assoc. 1/ydrnl. Sri.. 119.
17-33. [5] Condomines et al. (1983) EPSL. 66, 125-136. [6) Kurz M. D.
et al. ( 1985) EPSL., 7-1. 291-305. [7] Hilton D. R. eta!. C1990) Cbem G~ol. .
88, 53-67. [8J Poreda R. J. ct al. (1992) GCA, 56, 4221-4228. [9! Hilton
D. R. et al. (1998) Chem. Ceo/,. /49, 173-187. [10) Hardarson et al. (19')7)
£PSL, /53. 181-196. [Ill Hart et al. (1992) SL'imce, 256, 517-520.
[12] Einarsson P. (1997) En< Trans. AGU. 78. 369-375. [13) Wolfe cl al.
(1997) Nature, 385, 245-247. [14] Shen ~t a!. (1998) Nature. 395, 62-65.
ACETATE AND Cl COMPOUNDS ARE LARGELY IGNORED BY
METHANOGENS IN NORTHERN WETLANDS. M. E. Hines 1. K. N.
Duddleston•. R. 13~ Reich'. and R. P. Kicnez. 'Department of Biologica l
Sciences. University of Alaska-Anchorage. Anchorage AK 99508, USA
(afmeh@uaa.alaska.edul. 1 Uoiversity of South Alabama. Mobile AL 36688.
USA.
lotroductioo: Typical me!hanogenic decomposition pathways include
near-terminal C intermediates that turn over rapidly with small pool sizes.
The most importan1 of these is acetate. which occupies a pivotal position
between fermenting and acctogenic processes and methanogenesis. Other
molecules that arc utilized directly by mctltanogens. such as C I compounds
fc.g., methanol and clime!hylsullide (DMS)J, behave similarly in that they are
often present in smaJI pools that cycle quickly. Some of these latter materials, such as methanol, can also be important intermediates in the anaerobic
C cycle. Our investigations revealed that incubations of peat from oligotrophic
we tlands like bogs display linear increases in OMS with no consumption [ 1).
Here we report that the accumulation of OMS is due to the lack of consumption by methanogens at low pH and low temperature. Further studies revealed
thnt under thtse conditions other C I compounds and acetate are also not
utilized
Experimental: Peat samples from a poor fen in New Harnpshire and
sevcr.1l wetlands in Alaska were used for incubation studies for examining
the turnover of several compounds. Results were compared to those from
sediment samples from lakes and creeks. Anaerobic slurry incubations were
amended with various elecll'On acceptors and inhibitors. and concentrations
of CH~. C0 2, OMS, .md acetute determined by GC or JC techniques. Turnover rates of acelllle . methanol. trimethylamine, uod methylmercury were
determined using radiotraccrs. A se asona l study of pore-wat~r chem istry and
microbial rates is being conducted in an Alaskan bog.
Results : Spha811UIII·dominated wetlands did not consume acelate or any
of the CJ compounds when the natural pH was below 4.6 or the temperature
was below 15•c. In some instances, we were unable to detect any turnover
using 1•c substrates with incubations of several hours to days. Higher-pH
wetlands in Alaska did not consume these compounds either. However,
tcmp1Wdte miuerotrophic fens and freshwat~r sediments readily consumed uiJ
compounds tested. Alaskan peats that were held at 22•c for several weeks
beg3Jl to consume the iolenncdiates. albeit slowly. The lack of consumption
of intennediates occurred only when methanogenesis was the terminal process. However, under these conditions methane production continued actively.
Introduction of 0 2 int.~ slurries, in which acewte had previously accumulated
anaerobically. resulted io a steady decrease in acetate levels . Acetate productiov appeared 10 be predominan tly f~rmevtative rather than autotrophic
vio acetogcnesis. and rates of production were significant (up to 0.5 mM
L-1 d-1). Pore-water acetate concentrations reached 1.0 mM.
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Discussion: It is generally thought that Cl compounds like DMS and
important intermediates like acetate are rapidly cycled in anaerobic environments [2,3]. However, in wetland soils typical of northern latitudes and in
more southerly habitats that are oligotrophic, these compounds are not utilized methanogenically. 'This differs from the instance where acetate levels
are high during the spring prior to the commencement of rapid acetoclastic
methanogenesis (4]. In the wetlands we are studying, acetate can accumulate
in all seasons despite the occurrence of rapid methane production. It also appears to differ from situations where homoacetogenesis occurs in lieu of
methanogenesis.
The lack of consumption of compounds, particularly acetate, greatly
affects how we envisage terminal degradation processes in methanogenic
northern wetlands. First, methanogenesis is restricted primarily to H2 metabolism. Second, under methanogenic conditions, acetate production represents
a terminal process and is a sio.k for a significant portion of metabolized C.
The ultimate fate of this acetate is aerobic oxidation to C02 after diffusion
into surficial peats. Hence, C destined for CH 4 is bypassed to C02 via 0 2
respiration, and does not contribute to atmospheric CH4 • Global warming may
reverse this trend by enhancing the methanogenic degradation of acetate.
References: [I) KieneR. P. and Hines M. E. (1995) AEM, 61, 27202726. [2] Lomans B. P. et al. {1999) AEM, 65, 2116 - 2121. [3] Fenchel T.
et at. (1998) Bacterial Biogeochem., Academic. (4) Shannon R. D. and White
J . R. (1996) L&O, 41, 434- 443.
A NEW APPROACH TO THE SnJDY OF ANAEROBIC METHANE·
OXIDIZING CONSORTIA IN MARINE SEDIMENTS: BIOMARKER
AND PHYLOGENETIC EVIDENCE. K.-U. Hinrichs '. E. F. DeLong2,
and J . M. Hayes 1, 1Mail Stop 4, Woods Hole Oceanographic Institution,
Woods Hole MA 02543, USA (khinrichs@whoi.edu), 2Monterey Bay
Aquarium Research Institute, Moss Landing CA 95039, USA.
Background: Several geochemical studies have demonstrated the importance of anaerobic oxidation of methane in marine sediments (I]. Of the
85 Tg of methane that is produced annually in marine sediments, however,
all but 10 Tg is consumed before it can reach the atmosphere, mostly anaerobically [2). The most plausible mechanism involves a consortium of methanogenic and s ul fate-reducing bacteria, with the methanogens working in a
reversed mode and sulfate-reducers utilizing products of methane oxidation
(3]. However. all attempts to reproduce natural conditions in laboratory
experiments and to identify the responsible organism have failed.
Result~ and Discussion: We studied marine sediments taken from cold
methane seeps along the continental margin off northern California, search-
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Fig. I. Range of C-isotopic compositions of individual compounds that are
assigned to the methane-oxidizing microbial community and to sedimentary
organic matter derived from marine algae and terrestrial plants.

ing for molecular signals related to anaerobic oxidation of methane. We will
present molecular-isotopic and pbylogenetic evidence that novel archaea,
re lated to known methanogenic bacteria, oxidize methane and use it as
substrate for growth [4]. Our interpretation is based on the extreme depletion
in nc (one <-100%o) of archaea-specific biomarkers, which is consistent
with a utilization of isotopically light methane as a C source for biosynthe·
sis. These biomarkers are the bisphytanylglycerolether, or archaeol, and the
!Ughly source-specific sn-2-hydroxyarchaeol, with the latter compound being
indicative for the methanogenic order Methanosarcinales.
Parallel 16S rRNA gene surveys indicate the predominance of a novel
archaeal group peripherally related to the methanogenic orders Methanomicrobiales and Methanosarcinales. In accordance with the consortium
hypothesis by Hoehler et al. (3], the presence of other members of the
methane-oxidizing microbial community is indicated by lipids that are interpreted to be derived from sulfate-reducing bacteria (e.g., highly 13C-depleted
nonbranched and branched fatty acids). These compounds commonly are less
depleted in 13C than lipids derived from methane-oxidizing archaea (Fig. 1).
Archaeol and sn-2-hydroxyarchaeol were found at all active seeps at
different sedimentary environments along the California margin, reaching
maximum 13C depletions in the Santa Barbara Basin (-l36o/oo). These two
compounds appear to characterize a crucial member of the archaeal commu·
nity, whereas site-specific distributions of other archae at compounds appear
to be linked to environmental factors . Similarly, differences in C-isotopic
composition are interpreted to be related to methane flux and 513C of methane.
References: (I) Hoehler T. M. and Alperin M. J. (1996) in Microbial
Growth on C1 compounds (M. E. Lidstrom and F. R. Tabita, eels.). pp. 326333, Kluwer Academic Publishers, Dordrecht. (2) Reeburgb. W. S. (I 996) in
Microbial Growth on C1 compounds (M. E. Lidstrom and F. R. Tabita, eds.),
pp. 334-342, Kluwer Academic Publishers, Dordrecht. [3] Hoeb.ler T. M.
etal. (1994) Global Biogeochem. Cycl.es, 8, 451-463. [4] Hinrichs K. etal.
(1999) Nature, 398, 802- 805.
EXPERIMENTAL STUDY OF PARTIAL MELTS OF CLINOPYROXENITE AND THE ORIGIN OF ULTRACALCIC MELT
INCLUSIONS. M. M. Hirschmann' and P. Schiano2, 'Department of
Geology and Geophysics, University of Minnesota, Minneapolis MN 55455,
USA (marc.m. hirschmann-1 @umn .edu), 2Laboratoire Geoc!Umie-Cosmochirnie. Universite Paris VII. 4 place Jussieu. 75252, Paris Cedex OS, France.
Recent studies of melt inclusions in olivine from ridges and arcs have
documented primitive mafic glasses that are enriched in CaO with high CaO/
Al~03 relative to MORB or lAB. Homogenized ultracalcic inclusions from
MORB have up to 14.9 wt% CaO and Ca0/AI20 3 as !Ugh as 1.16 [1 ,2] and
those from arcs contain up to 18.7 wt% CaO, with Ca0/AI20 3 up to 1.38
[3]. Partial melting experiments on anhydrous peridotite produce liquids with
<14 wt% CaO and Ca0/Al20 3 <0.9 [4]. The CaO and Ca0/AI20 3 enrich·
ments in the inclusions are difficult to explain by fractionation, and therefore suggest an exotic lithology or component in the glass's source regions.
Based on major and trace elements, Kamenetsky et at. [I) and Sours-Page
et at. [2) inferred derivation of ultracalcic glasses from MORB from a cpxricb component. Partial melts generated from experiments on garnet pyrox·
enite and eclogite compositions between I and 3 GPa are not ultracalcic [5],
but partial melts of clinopyroxenites, which have more CaO than these other
lithologies, could be. Here we present partial melting experiments on a clinepyroxenite in order to evaluate its possible role in generation of ultracalcic
liquids.
A series of partial melting experiments have been conducted on a synthetic composition (Table I) at I GPa between 1325° and l4oo•c in a pistoncylinder apparatus . Vitreous C spheres were used to isolate glasses from
quench effects. Observed phases over this temperature interval include only
cpx and glass. Mass balance calculations indicate melt fractions ranging from
21% up to 69%. Glasses at 1325" and 1350"C are mildly alkalic mafic liquids (alkali olivine basalt to basanite) and are not ultracalcic (Table I). At
14oo•c, the glass is ultracalcic. We have also performed preliminary experiments at 2.5 GPa and 1450° and I5oo•c, where we also observe cpx coexisting with glass. There arc indications of dise.quilibriurn at this pressure, as
the C spheres devitrify under these conditions and communication between
melt and minerals may be lost. Although the 2.5 GPa results must be inter·
preted with caution, glasses contain -14 wt% CaO, suggesting that partial
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TABLE I Composiuon of sLaiting material
and glass.:s from 1-CiPa cxperimcnlS.

complete reversal. A thorough understanding uf H 2 thermody namics thu:;
provides a novl'l and semiquantilati ve framework in which to relate varialions in environmental factors to the overall function and emergent proper·
tics of anaerobic bacterial ecosystems as a whol~.

Temperature and Time

Si02

Ti01
Al 10 1
F.:(}~

MoO
MgO
CaO

Nap

~0
Total
F (%melt)

Bull.
Composition

t4oo•c
23 h

uso·c

512
0.5
6 J
7 I
0. 1
16.4
17. 7

49.7(4)
0.76(5)
!5.47(8)
!5.9(2)
0. 12(3)
14,7(2)
16.6(2)
128(5)
NA
100.46
30

47.5(2)
1.21(3)
13.60(7)
11.7(1}
0.01l(5)
11.0(1)
12.4(1)
2.43(7)
0.06(2)
100.00•
21

I

0
100. 1
69

45 h

127

132s•c
24 h
46.2(3)
t.29(6)
13.1(2)
13.7(3)
0.12(4)
10.4(3)
I ~.2(3)
2.84(2)
0.06(1)
1oo.oo~

• Normalized analyses. Probe !Ol81s are low on thin glass rims around vitreous carbon spheres.

melts of clinupyroxenite do not bccnmc markedly more calcic with i01:reased
pressure.
Ultracalcic glasses from arcs are unlike the experimentally produced CaDrich liquid, as the former are srrongly undersaturated (<45 wt% Si02, >10%
nc) while !he Inlier is only weakly so (I% ne). Put ano!h.e r way, partial melts
of clinopyroxenitc approach cpx stoichiometry, but CaO-rich glass inclusions
have less Si0 2 than a stoichiometric cpx. MORB-rclatcd ultracalcic glasses
are by-normative but have some similarities to experimental glasses. CaO
contents of interpolated compositions inrermediate between rhe 1400° and
1350°C experiments ( 14.5 wt%) are similar to the average homogenized
composition (14.2 wt%) from Kamenetsky ct al. [I} and are similar in most
other respeclS except that the natural glasses have more Al 10 3 (14.3 vs. I I
wt%) and have less FeO* (6.3 vs. 10.3 wt%). G iven the arbitary composition
of U1e experimental starting material. which was chosen for its similarity 10
arc ultracalcic liquids. these differences may not be significant. Oo projected
ternary diagrams (Wo-En-AI 20 1 [01) and 01-Q-CaTs [Wo]). !he natural
glasses piOl between the experiment1l glasses nnd MORB. so they may result
from mixing of clinopyroxenite partial melts and MORB. However U11~ temperature r~quired to generate appropriate liquid endmember compositions
(-1375°C) is h.igher than that of lik.:ly MORB parent liquids at I GPa. Titus,
it is unlikely !hat partial melting of clinopyroxeoite v~ins accounts for th.e
ultracalcic inclusions in MORB . Melting of a more complex cpx-rich lithology (wehrlite or websterite} or melt-rock reaction between peridotite partial
melts and clinopyroxene-rich domains may be reyuifl.-d to general~ ultracalcic
liquids beneath ridges at reasonable temperJturcs.
References : (I] Karnenetsky et al.. EPSL. 160, 115-132. [2] Sours-Page
et al., CMP. 134, 342-363. [3] Sisson and Bronto, Nawre, 391. 883-886;
Schiano et al., this volume. (4] Baker and Stolper (1994) GCA, 58, 28112827; Wasylenki et al. ( 1996) Eo.v Trans. AGU, 77, 847. [5] Ito and Kennedy
(1974) 82, 383-392; Yasuda et al. (1994) JGR, 99, 9401-9414; Hirlichmaon
et al. (1995) 76, 696: Pertermaon and Hirschmann, unpublished data.

THERMODYNAMJCS OF MOLECULAR HYDROGEN lN ANAERO·
BIC MICROBIAL ECOSYSTEMS. T. M. Hoehler, M. J. Alperin, D. B.
Albert. and C. S. Martens .
Molecular H is produced or consumed by an extiemely broad variety of
bacterially mediated redox reactions. maJUng it a nearl y universal carrier of
electrons in anoxic ecosystems. In relatively oligotrophic systems, competi tion for H 2 among bacteria can m;tintain its concentrati on at extremely low
levels that correspood to a minimum biologically useful e nergy. In such
situations , variations in H concentrations become strongly dependent on the
bioenergetics of the H2-consumiog bacteria and !he response of H2 10 varintions in environmenbl parameters (e.g., temperature, lenninal electron accep·
tor, sulfate concentration, pH) can be related to simple thermodynamic
predictions. Similarly. H conceotratioos exert lhermodynamic control on a
range of bacterial processes, causing inhibition, alteration of products, or C:'Ven

TROPICAL CARBONATE I)DC RECORD OF A NEOPROTERO·
ZOIC SNOWBALL EARTH. P F. Hoffmant. G. P. Halve!'l>on 1, D P
Schrag I, G. SotTer 1• and A. J. Kaufmanl , 'Department of Earth and Planetary
Sciences, Harvard University. Cambridge MA 02138, USA. 2Departmcnt of
Geology. University of Maryland. College Park MD 20742 , USA.
A worldwide distribution of glacial deposits and paleomagetic evidence
for icc lines at sea level close 10 the equator point to three or more runaway
ice-albedo catastrophes between -755 and 575 Ma. In order to reverse the
high albedo of a snowball Earth, aunosphcric C0 2 levels must have risen
-350x 10 >0.12 bar, consequent to millions of years of normal volcanic
CJutgassing in the absente of sinks for C (no sil icme weathering or organic
fi~ation). Accordingly. NeoprOterozoic ice ages were long-lived (millions to
tens of millions of years) and they terminated untler ultra-greenhouse con·
ditions. Calculated global-average sea-ice thickness at thermal t<quilibrium
with geothermal input was reduced from -1.4 to 0.4 lun as atmospheric C02
rose . Once the tropical ocean began to open, deglaciation proceeded violently
as the hydrologic cycle was renewed, with auendant water vapor greenhouse
feedback. Intense silica(e weathering. driven by high temperatures, srrong
hydrologic cycle, and cxrremc surface area of unaltered rock flour and debris, consumed the excess C02 and led to raptd inorganic precipitation of
pOSt-glacial cap carbonates widely observed. Paleomagnetic dab from elsewhere on the Congo craton imply that the younger Ghaub glaciation on the
0l8vi carbonate platform and its southern foreslope in nonJ1ern Namibia
occurred at low southerly latitudes, and we assume a carbonate accumulation rate of -50 m/m.y. based on u thermal subsidence model of the platform. Inorganic 11 1'C records from before and after the glaciation show the
following widcly-developt:d secular pattern: (I) Preglal'ial stag~: l)llC values (VPDB) of 5-8%o were sustained for >8 m.y .. indicating high fractional
rates of organic C burial accompanying a breakup phase of the Rodioi3 supercontinent (2) Incipient glacial stage: A steep monotonic decline from
+8%o to -6%o signaled a dramatic decline in fractional organic burial during
the last 0.5 m.y . prior to glaciation. This unique (-14%o) shift in inorganic
c)JJC is unaccompanied by any systematic shift in l)t&O and is variably trUD·
~ated by the subglacial erosion surface, making 11 diagenetic origin unlikely.
{3) Snowball stage: Sea level fell. exposing !he platform and sheddiog debris basinward. The platform subsided tectonically for >6 m .y . to-100m
below normal (postglacial) sea level and was enveloped in sea ice fro:zcn onto
the bed. Primary carbona tes are absenr and hence there is no direct record
of the isotopic composition of the full glacial ocean. (4) Greenhouse aftamarlr stage: After cap carbonate deposition began, 1)13C values fell rapidly
from -2%o to -6%•. while ol80 values fell -6%o. Values for DIC in the surface
ocean were initially raised, compared with the end of the incipient glacial
stage. by isotopic fractionation accompanying !he hydration of col. then
lowered as the armospheric reservoir was driven downward through Rayleigh
distillation . (5) Prwglal'ial s tage: High rates of inorganic cap-carbonate
accumulation (>10 cm/yr on the platform and -I cm/yr on the slope), including reeflike bujJdups of crystalline aragonite pseudomorphs on the raised
rim of the platform, kept BllC values low despite presumed recovery of
biological activity. After uccumuJation of -300 m of cap carbonate, the platform had been raised to sea level and li"C values rose toward O%o, reflecting
a return to more normal fractional rates of organic C burial.

T RACING WA T ER FLOWPATHS DURING A STORM EVENT
USING STRONTilJM-87/STRONTIUM-86 RATIOS. J. F. Hogant :~nd
J . D. Bluml.2, 'Department of Earth Sciences, Dartmouth College. Hanover
NH 03755, USA (jhogan@dartrnouth.edu), 1Department of Geological Sciences, University of Michigan. A nn Arbor Ml 48109, USA.
Introduction: Oxygen-isotopic studies have shown that stormtlow in
small catchments consists mainly of water already present in the subsurface
("old water") and not precipitation ("new water") [1 ]. Oxygen isotopes ,
however. provide no information about the llowpath of this water. Strootium87/strontium-86 ratios provrde an additional tracer that is useful for separat-
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at one location near the base of tile watershed had 87SrfS6Sr ratio of 0.7188.
It is likely that there is also isotopic heterogeneity in throughfall simi lar to
that observed in soil waters.
Discussion: Stormflow can be separated into "new water" and "old
water" using 1)180 variation and a two -component mixing model. The
end member for "old water" is assumed to be the value of baseflow (5 1SO =
-9.5%o) whereas "new water" is taken as the weighted average for rainfall
(1)18() - 14.5%o). Stormflow can be separated using 87SrJ86Sr ratios into deep
and shallow flowpaths. The end member for deep flow is assumed to be the
baseflow value of 0.7025, whereas the end member for shallow flowpaths is
based on the average soil water value of 0.7!98. We assume that througbfall
has the same 87Srf86Sr ratio as soil water and combine the two into shallow
flowpaths . Strontium concentrations measured for all endmember waters is
-6 ppb, so there is no need to account for changes in concentration in our
mixing equations. Figure 2 shows the results of these calculations. New water
is a small component of stormflow. The majority of storrnflow is derived from
increased deep flow and the flushing of old water through shallow flowpaths.
References: [I ] Genereux D.P. and Hooper R. P. (1998) Isotope Tracers in Catchment Hydrology, 319-346. [2] Bullen T . D. and Kendall C.
(1998) Ismope Tracers in Catchment Hydrology, 610-646. [3] Bailey et at.
(1996) WRR, 32, 707-719.
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Fig. I. Storm event of November 1-2, 1997. Time is from midnight on
November I.

Fig. 2.

Hydrograph separation using 87Srf86Sr and 1)18() variation.

ing water by flowpath [2]. This is possible in many watersheds because tbe
87Srf86Sr ratio of exchangeable Sr in the soil profile is a mixture of two Sr
sources. atmospheric inputs (87Srf86Sr -0.710 [2]) and bedrock weathering.
This difference in 87Srf86Sr ratios allows for the tracing of water flowpaths
during stormflow. Deeper flow will be closer to the weathering value whereas
shallow flow will be similar to the soil value.
Methods: We sampled four storm events and one snowmelt event at
Watershed I, an 11-ha first-order catchment located in the Hubbard Brook
Experimental Forest of New Hampshire. The 87Srf86Sr ratio from chemical
weathering is -0.725 [3] providing a strong contrast to that of atmospheric
Sr. During storm events, stream samples, precipitation, and throughfall were
collected hourly. Streamflow and rainfall were continuously recorded by the
U.S . Forest Service. Lysimeter water samples were collected monthly. Samples
were analyzed for elemental concentrations and 0 and Sr isotopic composition.
Results: Figure I shows the results from a storm event on November 12, 1997. 1)18() values show a shift toward tighter values with the addition of
new water (rain: - 14.5 ± 0.8%o) to the stream during rainfall, but quickly
returns to values similar to the start of the storm even though discharge
remains high. Strontium-isotopic ratios shift to lower values with the lowest
values occurring at peak discharge. Unlike 1)18(), the 87Srf86Sr ratio remains
low on the falling limb of the hydrograph. Other storms studied show similar
patterns.
Soil water from eight nested lysimeters located along the length of the
stream had an average 87Srf86Sr ratio of 0.7198; however a large range of
values was observed (0.7186-0.7205). The 87Srf86Sr ratios of soil water at
various depths for each location is relatively constant and showed no seasonal changes. Precipitation is low in Sr (-0.5 ppb) but throughfall is significantly higher (-6 ppb) due to leaching of biomass. Throughfall measured

IN SITU HAFNIUM-, URANIUM/LEAD-, AND LEAD/LEAD-ISOTOPIC ANALYSES OF ZIRCONS AND BADDELEYITE BY LASER
ABLATION MULTIPLE COLLECTOR INDUCTIVELY COUPLED
PLASMA MASS SPECTROMETRY. I. Horn1• W. F. McDonough1. and
R. L. Rudnick1, 'Department of Earth and Planetary Sciences, Harvard
University, 20 Oxford Street, Cambridge MA 02138, USA (horn@ eps.
harvard.edu).
Introduction: It has been demonstrated that quadrupole-based ICP-MS
coupled to a laser ablation (LA) system is capable of determining PbiPb and
U/Pb ages with precision of better than ±2% (2cr) on Paleozoic zircons and
baddeleyite [1]. By comparison, multiple collector inductively coupled plasma
mass spectrometry (MC-ICP-MS) eliminates signal noise produced by plasma
flicker and should therefore produce isotopic ratios with -200x higher precision compared to quadrupole based ICP-MS. This should allow precise
determination of the t76Hff177Hf in phases enriched in Hf (and relatively
depleted in Lu) such as zircon and baddeleyite. These data can then be used
to determine the Hf model age of the phase (assuming crystallization from
a chondritic Earth), or, using U-Pb and Pb-Pb ages, the Hf data can be used
to determine the precise initial Hf-isotopic composition of the rock.
Here, we use laser ablation inductively coupled plasma mass spectrom·
etry (LA-ICP-MS) to obtain in situ Hf-isotopic compositions of the 91500
Harvard standard zircon (Hf 6000 ppm) [2] and Phalaborwa baddeleyite
using MC-ICP·MS.
Analytical Techniques: A series of preliminary Hf-isotopic analyses
were conducted on a micromass isoprobe multiple collector ICP-MS at the
Harvard University Laser Ablation lab. The mass spectrometer is coupled to
an in-house-built laser ablation system using a Lambda Phsyik (Gtittingen,
Germany) Compex 110 excimer laser operating in the deep UV at 193 om.
Spot sizes ranged between 40 and 70 JJm. Ablation duration varied between
specimens, but ranged from 60 to 100 s. Mass bias correction using an exponential law was done with respect to 178Hffl77Hf 1.46714. Masses 173
and 175 were monitored in order to correct for Yb and Lu interferences on
mass 176.
Results and Discussion: Preliminary results for two spot analyses on
the 91500 zircon, which has a 2J8Uf206Pb age of 1065 ± 0.6 Ma, yield I 76Hf/
177Hf values of 0.282224 (21) and 0.282268 (68), and yield Hf model ages
of 858 and 928 Ma respectively. Th.ese data compare favorably with existing
TIMS data, i.e., 0.282284 [3] and 812 Ma determined on six separate dissolutions [2].
The average of five spots on a Phalaborwa baddeleyite yielded a mean
176Hff177Hf ratio of 0.281105 (27) for ablation times of 80 s per spot. The
total ion beam obtained for a 70·J.llll spot reached 25 V, allowing us to obtain
good results using spot sizes of 40 J.IID or less.
The external precision of better than 0.01% RSD (2cr) is well below that
required for dating minerals using the Hf-isotopic system. An advantage of
the laser ablation technique is that the time-resolved acquisition protocol
allows delineation of different growth zones in single crystals from metamor-
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phic rocks s ine~ any mineral overgrowths will be vis ibl~ during data acquisition.
References: [ I J Horn L et al. (1999) C hrm. Ceo/., in review .
121 Wiedenbeck M. ct al. (1995) G<•OSIII!Idards New.r/1!11. 19 1-23 .
[J] Reischmann T. (1995) S. Afr 1. Gl'nl., 98, 1-4.

MULTINUCLEAR MAGNETIC RESONANCE INVESTIGA TJON OF
THE STRUCTURE AND DYNAMICS OF SURFACE ,\ND INTERLAYER SPECIES OF HYDROTALCITE -LIKE COMPOUNDS.
X. Hou and R. J. Kirkpatrick, Oepanment of Geology, University o f lUioois,
Urbana IL 61801, USA (xhou@u.iuc.edu, lcirkpat@uiuc.cdu).
Rydrotalc ite-like Compounds (HTs) and Nuclear Magnetic Resonance: Hydrotalcile·like compouods are Jayer-siTUctured hydroxides with
positive pennanent cbarge due to isomorphous substitution aod have significant aoioo-eJ~c:h.ange .:apacity f I) . They are widely used as catalysts or catalyst pr~cursors and also ha·•e potential applications in waste management
[2.31. Understanding the molecular-scale siTUcture and dynamics of interlayer
species in HTs is essential to fundameotal prediction and analysis of tbe behavior and tedmologtcal application of tbe~c materials and to comprehensive understanding of lhe lx:havior of intercalated species in Jayer-sii\Jcturc
materi.als. Nuclear magnetic resonance (NMR) spectroscopy has shown remarkable capacity in studying the local structure and dynamics of surfnc~ and
inter layer anions on and in HTs [3- 61. NMR-resolvablc surface-absorbed and
interlaycr anions have been observed for HTs intercalated witlJ 'SCI- (HTCI). ISN0 3- (HT-N03 ). 77Se012- ( HT-Se01). 71 Se04 2- (HT-Se0 4) , and
tlC032- (HT-C03). Anions on surface and interlayer sites show dramatically
different dynamical characteristics. The dynamics and structural environments
of tbe surface anions arc marl<.edly dependent on the relative humidities (RH)
and temperature. Reorienlalional frequencies and a':tivation energy can be
extracted from lhe analysis of the temperature and RH dependences of the
NMR peak width. In contrast, the structure and dynamics of most intcrlayer
anions are less dependent on RH and temperature.
Examples; For example, in HT-N01, intcrlayer nitrate reta ins its characteristic uniaxial chemical shift anisotropy (CSA) pattern even at 80°C and
full hydration. indicating that it undergoes no significant reorientatiooal
motion, Jo contrast. surface nitrate undergoes isotropic reorienr.ational motion at room temperature at frequencies from -0 Hz at RH = 0%, to 4.2 l<
10' Hz at RH = 11%, and t:> 6 x lOS Hz at RH = 100%. Its apparent activation energy is 12.6 kJ/mol- 1, somewhat greater than for water on kaolinite [7]. probably due to the combined cffecl~ of H-bonding and electrostatic
attraction to the hydroxide layer. The mobility of interlayer nitrnte in HT is
intennediate betwc:eo that of carbo011tc: aod chloride. The 1l( NJI.IR spectra
of Van der Pol et al [6] indicate tbal carbonaLC is rigidly held. They proposed tbat it is H bonded to tbe OH groups of the main lnycr and lhnt the
(' 2 symmetry a.~es of water and tbe C 3 a~cs of carbouate are perpendicular
to the layc:r. We believe tbat tbis is also tnJe for nitrate HTs, although the
nitrate may lx: undergoing rapid tbrec.fold rota tion. ChJorine-35 NMR spectra for hydrotalcitc show that intcrlayer CJ- is mobile, with an increasing
reorientational frequency w ith increasing temperature at temperatures above
-80°C [3]. This motion ave rages the local elccrric field gradient and thus
decreases the apparent quadrupole coupling constant. ln conll'ast. isotropic
reorientation of inrerlayer nitrate is not observed. This is probably a steric
effect due 10 the nonspberical sbllpe of lhe nitrntc, but greater H bonding to
the tbree oxygens may contribute.
For fiT-Se04 • RH and tcmper-dture affect the dynamics of both intcrlayer
and surface 77Se04 ~. Unexpected uniaJ~ial CSA patterns and a small isotropic component are observed for samples at RHs from l I% to I 00% at room
temperature . Tile CSA tensor values vary in a complicated pattern with
hydration state. AI RH
100%, variable temperature 17Se NMR data show
tbat with increasing temperature from -90"C to 90°C, lhc 17Se0/- CSA peak
is averaged to a narrow, symmetric peak, indicating isotropic rcorientational
motion nt frequencies >2 x 104 Hz. The minor isotropic component is interpreted as surface 77Se042- and lhe CSA component as interlayer 77Se0,2-.
The unexpected uniaxial CSA pattern of 77SeO/- must be due to tlJe effects
of bonding to the octahedral layers. TI1c observed 77SeO.Z- NMR behavior
is consistent with X -ray diffraction (XRD) o bservations, whi ch show !hal the
basal d-spacing for HT-ScO, varies with RH . In contrast. the basal d-spacing
of HT-N0 3 and HT-C01 are !he same at· room humidity and at IOOo/c RH.
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and these species do not uml~rgn rcoricntationnl motion in the observed
temperature range.
Conclusions; This study has shown that th~: structure and dynamacs of
the surface and intcrbycr chargcbalancing anions in HTs vary with their
charge, sizl'. polarity and ste ric configuration as well as the crystallinity of
HTs. No single parameter such as chargc/radaus ratio is adequate to fu lly
explain the observations.
References: (I] Bcllotto M . et aL ( 1996) J. Phy.r. Cia en~ . 100. 852785:14. [2) Moini A. and Pinnavaia T~ J . ( 1988) Solid State lonirs. 26. 119123. [3] Kirkpatrick R. J. et aL (1999) Am. Min<-ral., submitted. [4] Dupuis
J. et al. (1990) Solid State tonics. 42,251-255. [5) Marcdin G. et at. ( 1989)
J. Phys. Chem. , 93, 4646-4650. [6) van der Pol A. et aL ( 1994) J. Pllys.
Chem .. 98, 4050-4054. [7) Jonas J . and Brown D. ( 1982) J. Colloid. lnrerfacl! Sci.. 89. 374- 378.

OXYGEN-ISOTOPIC FRACTIONATION IN THE SYSTEM OF
QUARTZ-NaCI-CaClrWATER AT HIGH PRESSURE AND HIGH
TEMPERATURE. G. Hu 1 and R.N. Claytont.z. •Department of lhc Geophysical Sciences, University of Chicago. Chicago JL 60637. USA, 2Enrico
Fermi Institute and Department of Chemistry, University of Chicago, Chicago
JL 60637, USA.
lntrodut'lion: Aqueous fluids with various amount of salts are widespread at tbe surface and in lhtc upper lithosphere and play importml roles
in a variety of geologi:al processes. Compared to our knowledge of the
temperature dependence on isotopic fractionation. our lcnowledge of the effect
of pressure and flu.id composition on isotopic fractionation is very lirnit.t:d.
Some early St\Jdies on the isotope salt effect either show complex dependence
on tempera lure or no sal I effect [ 1-3). A series of studies on isotope salt effect
in a licJu.id-vnpor system by Horitn et al. [4- 71 indicates thai the isorope salt
effect at relatively low lemperdture and pressure is by ntl means negligible.
The isotop~ salt effect in mineml-water systems at high pressure and high
temperature may have profound geochemical implications.
Experimental: Ollygen-isotopic exchange lx:twecu quartz and salt so·
lutions was carried out in pis ton-cylinder apparatus as described by Clayton
et al. [8]. The isotope sail effect was obtaJDed by

R~-ults and Discussion:
Figure I shows the salt ~ffect of N:1C'I ()n 0isotopic frnctirmation between quartz and water. The concentration of NaCI
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Fig. 1. Salt effect of NaCI on 0-isoropic fracuooatio11 between quartz and
water under IS khar (temperature io Centigrade).
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ranged from 0 to saturation at a givc:n tcmperatur~ aod prt:SSU{C [91, At 600"
and 7SO•c, the salr effect of NaCI on 0-isoLOpic fracti,mmion is negatjve.
The magnitude increases li nearly with NaCJ concentration a.fld with tcmperallue. At
the salt effect is s light aod is almost negligible within ana·
lytical uncertainty. In contrast to the sa lt effect of NaCl abovt: soo•c. a
positive trend of salt effect has been observed at 400•c and 15 kbar.
The magnitude of tht: salt effect o f NaCI on 0 -isotopic fractionation is
much smaller than that derivt:d from the results on liquid-vapor experi men ts
[7]. However, it should be poin1ed o ut U1nt Lhe investigati on of isotope salt
effect in liquid-vapOr system '"as conducted at pressure lower than 221 bar
while our experiments were canied out at IS kbar. The smaller isotope salt
effect and change of NaCI e ffect from nega ti ve to pOsitive cou.ld be produced
by high pressure.
O~ygeo-isotopic fractionation between quartz and 6.2 M CuCI2 solution
has been carried out at 6oo•c and 750"C and 15 kb1rr. The salt effect of 6.2
M CaC I2 at 7so•c is - 0.6l'ilw and at 600•c is - 0.69%o. Compared to NaCI
with the same molar concen tration, CaCI 2 has ll larger salt effect and tbe
magnitude increases with decreasing temperature.
References: [IJ Truesde ll A H. (1974) EPSL, 23, 387-396. [2} Poulson
S. R . e,t al. (]994) Cht!m. G~ol., 116, 305-315. [3] Zhang L. et al. (1989)
Econ. Ceo/., 84, 1643-1650. [4) Horita J. ct al. (1993a) GCA. 57, 27972817. (5) Horita J. et al. ( 1993b} GCA, 57, 4703-471 L (6] Horita J. et al.
( 1994) GCA, 58, 3425-3437. 171 Horita J. ct al. ( 1995) GCil. 59. 11391 15L (8] Clay tOn R.N. etal. ( 1975) GCA. 39, 197-1201. [9) Aronovich et al.
( 1996) Comrib. Mifleml. Petrol., 125. 200-212.
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NONREACTIVE SOLUTE DISPERSION rN TRIASSIC SANDSTONE:
LABORATORY SIMULATION AND AN APPLICATION TO THE
l'lELD. W. Huang and D. N. Lemer. Department of Civil and Structu ral
Engi neering, University of Sheffield, Mappin Street, Sheffield S l 3JD. UK
(cip98wh@sheflield.ac.uk: d.n.lemer@sheffield.ac .uk).
Introduction: Groundwater is often polluted by organic chemicals that
arc extremely expensive to remove. In some o:.ases. t11ere is a substantia l travel
distance and time between the pollution source and the receptor (e.g., a
drinking water borehole). Natural attenuation (mostly biodegradation) may
reduce cootamioant concentration significantly without any treatme nt. However. the rate of biodegradation depends on the rate of supply of electron
acceptors. One of the important problems for modeling nnturnl attenuation
is Lhc rate al which the ox.idnnt mixes into a pOllution plume, driven by mechanical rni~ung (dispers ion) ;Jud diJfus ion. Better predi ction of mi xing will
give greater confidence in u~e of monitored natural attenuation as a costcffccti ve option for some polluted sites. Before estab lishing a biodegradation
model. a nonreactive model should bo deve loped.
Noll!cactive solute dispersion in a Triassic sandstone aqu ifer In the UK
was studied by simulating conservative chemica l (chloride and nuoride)
plume~ tra nsport in the subs urface. A two-dimensional, nonreactive solute
transport model was developed in Lhe laboratory and a suitable mnthematicnl
model was used to simulate U1c transpOrt. A new noninvasive imaging tech.·
niquc was developed to investigate plume transpOrt in porous media in the
laboratory. Sinte.re<l glass (partic le size 53- 106 f.Hn) was used to simulate the
Triassic sands tone ao<l a dye ( fluorescein sodium salt) was selected as a
conservati vc tracer. The dye in sintcrcd glass was excited by UV light and
emitted visible lig ht. A CCD camera was insta llt:d to record LTac~r trnnsport
process and Lhe images of tracer distribution in two-dimensionaJ sintered glass
sbeet. The brightness of images was processed and transferred to tracer
concentration distribution. The size of si ntered glass sheet is 140 mm long,
87 mm wide, and the wid r.h of the continuous line source (tracer) is 3 mm.
The results sho w that the tmCer distribution ca n be described by a mulbematical mode l of two-dimensional conti nuous line source. Experiments show lbat
dispersivity of the s intcred glass s heet is 0.00056 m. The rnog.: of 50·
percentj le diameter (median) of particles at fiel<l site is 150-200 ~tm and
groundwater velocity is-10m/ yr. Field tlata from two moni toring boteboles
which arc respective ly 130 m and 350 m from the source along Lhc mu ltileve l plume flow path were simulated by the lahordtory confirmed model. The
edges of the conservati ve chemical plumes are simulated ou the assumption
that the edge plume is not disrurbed by the middle. T he distributions of
chloride and fluoride remain unchanged with time, and these plumes were
regarded as contin uous sources. The s imulation sho ws tha t the ve rtical
dispersivity of the tidd she is 0.0038 m and the srune simulauon parameters

can pred.lct the IT1lllspon of different conservative chemica ls in two boleho lcs.
It also shows that the edges of different plumes {chloride, Ouoride, and su i·
fate) went down the same depth ( 13 m) in the subsurface between llte two
boreholes. All of Lhesc resu lts may suppon the assumption of nn undisturbed
plume edge. As for Lhc low dispersion coefficient ( 1.2 x 10-9 mZ/s) of the
fi eld s ite, it may show l11at molecular cliffus ion is a significa nt factor account
for venical dispersion.
BIOREMEDIATJON OF PETROCHEMlCAL CONTAMINANTS lN
UNSATURATED SOIL. W. Huang 1, D N. Lerne r' . and G . Li l ,
' Department of Civi l and Structurnl Eogineer illg, Uni versity of Sheffield,
Mappin Street, Sheffield, S I 3JD, UK (cip98wh@sbeffi eld.ac.uk), 2 0epart·
ment of Env ironmenta l Science and Engineerin g, Ts ioghua Unive rs ity,
Beijing !00084, Cb ioa.
Introduction ; Soil at a si te near Z ibo City. China, is poll uted with
petroleum hydrocarbons at concentrations up to 200 g kg- 1 dry soil. Sample
analysis indicates that the contaminants are mainly composed of heavy oil
and PAHs. The soil contained 101 microbial cells g-1 dry soil. and aerobicdegradation bacteria concentrations of IOL I 07 ceUs g- L dry soil in different
layen> of the soil. ln laboratory inve~tigations, aerobic-def,'flldation bacteria
from the soil show an obvious affinity for liquid paraFfin and an ability to
emulsify the liquid paraffin. Nearly all bacterin rem!lin on the surface of Lhe
oil droplets, witb few bacterin separo~tely growing in the pure water phase.
11Je bacteria l11erefore tend to coloni ze the boundary between the oil droplet
an<l water. An effective and rapid method to measure the aerobic degradation rnte by measuring U1e respiration of Lhe bacteria in the polluted soil is
presented. The most active spec ie aerobic heterotrophic bacteria (Xantlwmmws, Barillus, and 1/yphomicrobium) were screened and iso lated. The
factors that can influence biodegradation rate were studied. The fie ld investigation of the po llute-d soil sh.ows that pl-1 is close to neutr.tl. and N and P
contents are typically 0.1% and are sufficient to s ustain the natural and
enhanced biodegradation. The laboratory experimental results show Lhat under
these conclitions soil 0 con tent, temperature, moisture content as well as the
activity and number of aerobic degradation bacteria are the dominant factors
that inOucnce biodegradation rates. A biological activated C (BAC) system
was established to enri.:l1 incligcnous microbes to enhance biodegradation rates
io the laboratory. In this BAC system, C source was restricted to specific target
petroleum hydroc<~rbons. The system was inoculated with bacteria from the
polluted soil. The porous ~ urface offers a large area fur mixing of bacteria
an<l media and results in the enrichment of bacteria that degrade the target
petroleum hydrocarbons. Bacteria released from Lhc activated C have lower
viscosity and pass more easily through the soil. The feasibility of feeding
enriched indigenous bacteria to Lhe polluted soils has been stuclied. Tiuee
methods for enhancing biodegradation rate were inves tigated io the laboratory. The methods are ( t) adding en riched bacteria. (2) tilling and keeping
moiswre con tent of the soi ls consrnnt, and (3) combining treatment to the
polluted soil by adding enriched bacteria. keeping moisture (60% W!W)
content constant, aod tilling the soils. The three metl1ods gave rise to 15, 57.
an<l 70 % decrease of petroleum hydrocarbons respectively, and a contml
sample showed 0.8% degradation over the same period of 72 d. This may
suggest that tilling could cltvate the 0 content in U1e polluted soil, accelerate
biodegradation to product low molecu lar weight hydrocarbons and increase
valorization of tb.ese hydrocarbons. In the unsa turated soil, maintaining
suitable rnoist ur« content in th.c polluted soil is also important. because
bacteria that contributt" to biodegraduuon tend to grow Lhe boundary between
Ll1e petroleum hydrocarhons and wa ter. However, too much high moisture
content may inhibit the aerobic respiration and decelerate the biodegradation
ra te in tbc soil.
EL NrNO DURING THE LAST I NTERGLACIAL PERIOD RECORDEDBYAFOSSU.CORALFROMJNDONESIA. K A. Hughen'.
D.P. Scluag t, S. B. Jacobsen ', and W. 1-Iantorol, 'Department of Earth und
Planetary Sciences. Harvar<l University. 20 Ox ford Street, Cnmbridge MA
02138. USA. lRescarcll and Development Center for Gcotcchnology. Indonesian Institute of Sciences (LIP!). JL Sa ngkuriaug Bandu ng . Indonesia.
Oxygen isotopes (6 1&()) and elemental ratios (Sr/Ca) in coral skeletons
from Indonesia reflect changes in sea-surf<~ce temp.,nHure (SST) and satin-
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ity, and can be used to reconstruct El Nino-Southern Oscillation (ENSO) variability from the past. Sulawesi Island, in central Indonesia, is located in the
center of the negative precipitation anomaly (drought) caused by El Niiio.
Modem corals from Bunalcen Island, North Sulawesi, record the seasonal
climate cycle and respond sensitively to even slight perturbations in rainfall
from both El Niiio and La Niiia events. Uranium/thorium disequilibrium
dating showed that a fossil coral from Bunalcen Island grew -123 k.y. ago,
during the last interglacial period, Marine Isotope Stage (MIS) 5e. Sixty-fiveyear-long 1)18(} and Sr/Ca records from the fossil coral show slightly warmer
SSTs and a seasonal cycle much stronger than today, consistent with an
increased southeast Asian monsoon during MIS 5e. Analyses across a distinct mineralogical boundary from aragonite to calcite were used to quantify
the effects of diagenesis on coral geochemistry and demonstrate that diagenetic alteration has not affected the paleoclimate records. The 1)180 record
shows distinct interannual variability from El Niiio and La Niiia events,
indicating that ENSO was robust during a time of slightly warmer global
climate. Time series analysis reveals that the power spectral estimates for the
coral and early instrumental (1856-1976) ENSO records are strikingly similar, but distinct from the most recent period (1960-1998). The fossil record
reveals ENSO behavior during a period prior to anthropogenic influence on
climate, and together with the pre-1976 modem record comprises a view of
the natural variability of the ENSO climate system, suggesting that, during
interglacials, ENSO may be more stable than previously believed. Changes
in ENSO magnitude and frequency after 1976 appear anomalous with respect
to the earlier periods and support the hypothesis that recent ENSO behavior
lies outside the range of natural variability.
LITHIUM AND ITS ISOTOPES IN RIVER WATER AND SUS·
PENDED MATERIAL Y. Huh•, L.-H. Chan2, and J. M. Edmond•, I Mail
Stop E34- I66. Department of Earth, Atmospheric and Planetary Sciences,
Massachusetts Institute of Technology, Cambridge MA 02139, USA (yhuh@
mit.edu; jedmood@mit.edu), 2Department of Geology and Geophysics.
Louisiana State University, Baton Rouge LA 70803, USA (lchan@geol.
lsu.edu).
Introduction: Lithium isotopes have the potential to be an effective
tracer of weathering processes due to their large relative mass difference and
therefore fractionation. Previous reconnaissance study of the dissolved load
of major world rivers showed a large range from -6 to -32%.> [I]. However.
there was no clear relationship to any other chemical parameter. One of the
gaps in knowledge was the amount and isotopic ratio of Li carried as suspended material and its interaction with the dissolved load. We have analyzed additional samples of both the dissolved and suspended load to address
this issue.
Mafic Terrains: T wo river water samples were analyzed to determine
the value for basaltic terrrains. The Mayo, a tributary of the Anadyr, drains
arc basalts of the Mesozoic collision zone between the Kolyma and Siberian
cratons. The "Srf86Sr ratio shows a characteristic basaltic value of 0.70488.
Mg/Ca = 0.8 mole ratio, and a high Si value of 193 j!M. The Li/Mg ratio
is 0.66 x I Q-J and 1)6Li is -28. 7%o. The Baghicha. a tributary of the Indus.
drains the ophiolitic belt. It has unradiogenic B7Srf86Sr of 0.70451, Mg/Ca
of 0.4, and Si of 98 J.!M. The Li/Mg ratio is 0.49 x I O-J and 1)6Li is -22.2%o.
Lithium Mass Balance within the Orinoco Watershed: A crude massbalance study was carried out to determine if within-channel storage and
adsorption/desorption or ion exchange reactions played a significant part. The
Orinoco basin was chosen because it flows along the boundary between two
markedly different terrains, the Precambrian Guayana Shield on the right and
the Andes on the left, and has well-known hydrology and water chemistry.
Dissolved load. We have accounted for 60% of the discharge. and the
Li concentrations and isotopic ratios balance within this uncertainty. Conspicuous in this is the clear divide in the isotopic ratios between the Andean
tributaries and those draining the Shield. The Upper Orinoco, Ventuari, Caura,
and Carooi, all draining the Shield, have Li concentrations 27-77 nM with
1)6Li of -13%o to -22%o. The Guaviare, Meta and Apure draining the Andes
and its foreland basin have 39-127 nM and -30%o to - 36%•. The Meta
(-36.1%o) provides the bulk of the dissolved Li and so the Orinoco at its
mouth has ratios close to that ( -32.2%.).
Suspended load. The suspended load of the Orinoco River is predominantly derived from the Andes. In addition. the suspended Li concentration
is -7x higher in the Andean rivers (38.3-71.3 ppm) than those from the
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Shield (5.2-1 91 ppm). Thus. the overwhelming proportion of suspended Li
is from the combined areas of the Andes and its wide alluvial plain, the
Llanos. However. the isotopic composition is indistinguishable between the
two regions: -5.4 to 0.9 in the Shield rivers vs. -6.4 to -0.8 in Andean rivers.
1)6Li of Suspended Material vs. Dissolved: The differences in 1)6Li between suspended and dissolved Li arc much larger in the Andean rivers
(-30%o) than in the Shield rivers (-15%.).
Conclusion: The Li-isotopic ratios are much lighter in the suspended
material. Apparently, 6Lj is preferentially partitioned into clays during weathering. This is in contrast with other reactive isotopes. e.g.• C and 0. where
the heavier isotopes prefer solid phases. To a first approximation, during
superficial weathering in high-relief, tectonically active terrains. 7Li is preferentially leached and in large amounts, whereas in stable shield regions the
weathering is intensive so that the concentrations are low and the ratios in
the water becomes lighter with increasing degree of weathering. The heavier
isotopic composition of the Andean Rivers may also reflect dominant weathering of carbonate and evaporites. as well as adsorption as water percolates
through clay-rich weathering profiles. The latter process is not significant in
tropical shields where silicates are completely transformed to gibbsite.
References: [I] Huh Y. et al. (1998) GCA, 62, 2039-2051.
A NICKEL CARBONATE ELEGY. W . Hummel, Waste Management
Laboratory, Paul Scherrer Institute, CH-5232 Villigen PSI. Switzerland
(hummel@psi.ch).
Introduction: Any geochemical model aimed at a reliable description
of the behavior of contaminants in groundwater has to consider, at a minimum, the influence of hydroxide and carbonate on the speciation of trace
metals. The influence of hydroxide complexation is the scope of the comprehensive monograph The Hydrolysis of Cations [ 1]. No comparable work has
been published yet about the influence of carbonate complexation on tracemetal speciation. Regarding the ubiquity of carbonate in groundwater systems, this lack of a suitable monograph is somewhat astonishing. In the case
of Ni. a fair number of complexation constants can be found in the literature, and it seemed to be an easy task to evaluate the most reliable ones.
A Pretended Experimental Study: In [2], numbers can be found for
the complexes NiC03 (aq) and NiHC03•, apparently measured at 25°C in an
ionic medium of 0.7 M.
Only one reference (3] is given in [2] as source of these stability constants. The authors of [3] somewhat cryptically state that they detennined their
numbers by the "Garrels method." The reference in [3] for this method is a
Russian translation of the popular textbook by Garrels and Christ [4]. A
patient search in the 450 pages of the original textbook finally revealed the
meaning of the "Garrels method": The numbers in [3] are just estimates
derived from a plot of complexation constants vs. electronegativity on page
98 in [4]. Subsequently, the estimated values were extrapolated from zero
ionic strength to 0.7 M NaCI [3].
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An example of a data diagenesis process.
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These es timated and extrapola ted numbers were mistaken by [2) ns
e:'lperi meotal data an d included lo their collection of recommended stability
conSL1niS.
Iron ically, this is nor the end of o ur story. TI1c authors of a "Critical
Rt\evaluation of Stabili ty Constants" [5] w~re also de.:eived to take lhese numbers as experi mental data, but tbey added a further twist to this anecdote.
They repon "selected va lues" that have been "corrected to I = 0 from [3]"
by usiog a different melhod for io nic strength correction than [3].
A ~:,'I'aphi cal r~presentation of the entire multistep process of data diagenesis is shown in Fig. I. Note that not on ly the "precision" of U1e estima ted
number increased by el(ttapolating back a nd forth in ionic strength usi ng
differen t formulae, but also U\at the final val ue dropped by more than one
o rder of magnitude compared with the original va lue "determined" by lhe
"Garrels method: '
More Guesswork: TI1cse arc not the only numbers concerni ng nickel
carbona te complexation floating around in thermodynamic data collections.
A literature review revea led an entire series of numbers, derived by vario us
estimation procedures, but none of them had actuall y been measured. NoneUJeless, th e estimated numbers usually are presented wi th an apparent "precision" of two digits in logarithmic units. On the other hand. the estimated
values published so far vary over more than four orders of magnitude. A very
detailed inspection of the individual esti!lliltioo procedures revealed that the
es timated values arc based on shaky grounds, to say the least ll proved
necessary tO reevaluate the most promising estimation mcU1ods but with lhc
sobering result that. despite of a U efforts, U1c range of uncertainty remains
large.
The End of the Story; Summarizi ng th e results of my detailed review
of estimation procedures, I expect stabili ty constan ts within the followi ng
r.1oges
Nil• t- CQ 31~ ~ NiC03(aq)
NiC0 3(aq) + COl- ¢ N i(C01 ) 2'LNi!+ + HC0 3- ~ N iHC0 3 ~

4< 1ogK 1 <5.5
Jog K2 < log K 1 - 2
l < log HKU < 2

References: [ 1) Baes C. F. and Mesmer R. E. ( 1976) 17te Hydrolysis
ofCatiollS. Krieger Publishing Company, Malabar, FL. [2] Smith R. M . and
Martell A. E. ( 1989) Critical Stability CatLWanfs. Vol. 6: Secor~d Supplemem.
P lenll.ITl Press. NY (3) Zhorov V . A. ct aL ( 1976) Ocea!lology, 16, 463-466.
[4 ] Garrels R. M. and Christ C. L ( 1965) Solut ions, Minerals, ond Equilibria, Harper & Row, NY. [5] FouilJac C. and Criaud A. ( 1984) Genclwm.
) ,, 18, 297-303.

TIMESCALE OF AQUEOUS ACTIVITY IN THE EARLY SOLAR

SYSTEM. I. D. Hutcheon 1, L. Browning2, K. Keill, A. N. Krotl, D. L
Phi nney ' , M. Prinz4, and M. K. Weisberg', ' Lawrence livermore National
Laboratory, Livermore CA 94551. USA (hutcheonl@ ll.nl.gov) . zsoulhwcst
Research Insti tute, Sao Antonio TX 78238, USA , lU niversity of Haw;1i'i,
Hon olulu HI 96822, USA, 4 American Museum of Natural History, New Yt,rk
NY 10024, USA

Although they are among the most d Jctrtically primitive solar system materials, the carbonaceous chondrites are Dot pristine relics from lhe earliest
epoch of sol ar sys tem history but have been extensively modified wi thin thei r
par~nt bodies [1]. Aqueous alteration, in parti cular, has played an imponaot
role io the petrogcm:.sis of lhc C chondrites. generating a comp lex army of
sccoDdary min erals. including oxides, hydroxides, carboDates, and sulfates,
and hydro us and anhydrous silicates. The extent of alteration varies widely,
from completely hydrated CM -Iike clasts , ro nearly anhydrous CV material,
and it is unlikely that all secondary minera ls are coeval but formed over an
extended period. iD a variety of locales. Many secondary minerals haw high
MnJCr, and we have applied the SlMn.SlCr chronometer (tJn = 3.7 Ma) to
investigate the timescales of aqueous activity in the early solar system.
Secondary mjnerul phases ha ve been in vestigated in 4 C -chondrite
cla.~ses: carbonates in Cl. CM, and CR chondrires and fayali tc io CV chondrites. Carbonates- ferTOatl magnesite and dolomite in C is, dolomite in CMs.
and calcite and dolomite in CRs - occur primarily as isolated matril< grains
exhibiting no common associati on with other phase~; some C l carbonates

Angrites7

l;)rl

Mokoia Fa

~

....

Orgueit Cart>.

,.._._.

CMCart>.
Kalclun Garb.

~

Chondrules 7

t--Cl-1
I

10

15

5

0

-5

Relative Age (Ma)
fjg, ),

Manga nese-53-<:hromium-53 chronology.

cootain included magnetite [2]. Fayali te in CV chondrites occurs in type J
(Mg-ricb) chondm les associated with magneti te, sulfide. and Fe-rich pyroxene [3]. Carhonate and fayal ite have extremely low Crcontent («1 ppm} with
55M nJ52Cr of up to - 100,000.
Carbonate and fayalitc in all four classes of C chondri tes contain large
excesses of 53Cr, ranging up to - l300%o, correlated w1tb the respective Mn1
Cr. The linear correlation betwceD the magnitudes of the SlCr excesses and
Mn/Cr is characteristic of the in situ decay of 53Mo and demonstrates unequivocally that these secondary minerals forTUed while short-lived 53M.D was
still extant. The data do uot plot along a s ingle correlation line on a 5JMn SlCr evoluti on diagram but defiDe groups. each characterized by a distinct
5lMnJ55Mn associated wi th the host lithology. Orgueil (CI) carbonates and
Mokoia (CV) fayalites have similar HMnJ>SMn of (1.96 ± 0.25) x lQ-6 and
(2.32 ± 0 . l8) x JO- • respectively [4,5 ), whi le Nogoya and Y 791198 (CM)
carbonates have 5lMnJ55Mn of (6.4 ± 1 .2) x 10-6 and Kaidun (CR-Iike) carbonates have 5lMnJ5SMn of (9.4 ± 1 .6) x I0-6 [6).
Ass uming a uniform initial >lMnfSSM n in the region of the nebula where
chondrites formed, we use t11ese data to coDstruct a relative chronology of
aqueous activity (Fig. I ). The 53Mnf55Mn ratio for the K aidun carbonates is
among the highest ever measured and comparable to the value measured in
Bishunpur and C nainpur chond rules [7]. The Kaiduo carbonates appear
contempor-aneous with chondrulcs, suggesting aqueous activity began on some
chondritc parent bodies when nebular temperatures remained hot enough for
chondru le formation. The time interva l re lative to CAl formation is uncertain but 1.-aunot exceed 6 m .y. The CM carbonates appear to have fanned
-2 m.y. after Kaidun carbonates. The scatter of individual analyses about the
best-fit C M line raises U1e possibility of variations in age among coexisting
CM carbonates and suggests aqueous activi ty on U1e CM parent planet was
episodic, Fnyalite in Mokoia and carbonate i o Orgueil have the lowest irtitial
HMnf55Mn, sugges ting formation -8 m.y. after Kaidun carbonates. The oDsct
of aqueous activity on lhe Cl and CV parent bodies may have postd.lted that
on the C R and CM parent planets or fayatite and ferroan magnesite may
represent mineralization in U1c final stages of an ex tended epoch of aqueous
alteration. Liquid water must have begun to flow on parent bodies very early
in solar system history and persisted for at least 8 m.y. The evidence for .HMn
in secondary minerals req uires the formation o f s mall planetesima ls and
heating to melt ice within a few million years of CAl formatio n.
R eferences: [ l ] Richardson S. M . (1978) Meteoritio, 13, 141 - 159.
[2) Jolmsoo C. A. and Prinz. M. ( 1993) GC/1, 57, 2843-2852. [3J Hua X.
and Buseck P. R. ( 1995) GCA, 59, 563- 579. [4J Endress M. et al. ( 1996)
Nature, 379. 701- 703. [5 ) Hutcheon I. D. eta!. (1998) Scieltce, 282, 18651867. (6) Hutcheon l. D. et aL ( 1999) LPS XXX, Abstr~ct # 1722. [71 Nyquist
L. E. er a l. ( 1997) LPS XXVIJ/, 1033- 1034.
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Geochronology: Zircon ages in paragneisses indicate a predominant
source from turbidites of the Greenland Group. This detrital pattern is a
characteristic of the Cambrian-Ordovician Gondwana margin and represents
material being shed off the continent at that time. The dominant contribu tion is 500- 650 Ma. with a secondary peak at 1000-1200 Ma, an indistinct
group at 1700 Ma, and scattered ages out to the Archean. Upper-amphibolite-grade metamorphism of the peilites has produced metamorphic monazite.
U-Pb analysis indicates a Devonian metamorphism, coincident with the
emplacement of Karamea Suite granites ( -370 Ma). Monazite ages indicate
orthogneisses in the region are largely Cretaceous and are related to the
emplacement of Separation Point Suite and Rahu Suite granites (-1201 I 0 Ma) and the formation of metamorphic core complexes frarn extension
prior to the opening of the Tasman Sea.
In Fiordland, deeper levels of crust are exposed, but the geology is similar. The core of Fiordland is the Western Fiordland Orthogneiss (WFO), and
it is surrounded by high-grade metamorphic rocks including orthogneisses and
metapelites. All of these rocks have been subjected to pressures of - I 0 kbar.
The emplacement of WFO at 126- 119 Ma has largely masked many geological and geochronological relationships. The WFO represents the roots of
the Separation Point suite rocks in northwest Nelson and in most cases.
heating associated with its emplacement has reset, or at least disturbed, the
U-Pb-isotopic system in both zircon and monazite. The oldest units in
Fiordland are Cambrian-Ordvician granites, similar in age to those in Nelson
at 500- 490 Ma. Widespread granite emplacement also occurred during the
Devonian-Carboniferous (-370-340 Ma).
Metapelites from central Fiordland are variably metamorphosed to sillimanite grade (Ml) and kyanite grade (M2). Kyanite-grade metapelites largely
surround the WFO, and it has been suggested that the high-pressure metamorphism experienced by these rocks is due to magmatic loading of the crust
following the emplacement of WFO. In this case the kyanite metamorphism
should have a Cretaceous age. The metapelites from central Fiordland are
again sourced from Cambrian-Ordovician turbidites of similar chronologie
parantage to the lower-grade metapelites in Westland. The age of metamorphism has been determined by analyzing monazite. Two ages of metamorphism are evident in Fiordland Ml sillimanite grade at -360 Ma and M2
kyanite grade at 340-330 Ma. The age of Ml metamorphism is again similar to that of Karamea-suite granite emplacement, while the M2 event is close
in age to granites from southwestern Fiordland such as the Kakapo Granite.
The monazites also preserve complicated inheritance patterns of detrital
monazite in an Ml metapsamrnite, and Ml metamorphic monazite preserved
in an M2 metapelite. These systematics clearly indicate monazite can survive high-grade metamorphism under apposite conditions
The close spatial association of kyanite-grade metapelites around the WFO
has suggested a causal link with kyanite-grade metamorphism following
emplacement of WFO. However, the monazite geochronology indicates that
M2 is Paleozoic and is not related to the emplacement of the WFO.
References: (!)Ireland T. R. and Gibson G. M. (1998) J. Metam. Geol.,
16, 149-168. [2) Mason B. and TaylorS. R. (1987) J. Roy. Soc. New
Zealand, 17, 115- 138.

AGE OF THE LITHOSPHERIC MANTLE BENEATil AND AROUND
THE SLAVE CRATON: A RHENIUM-OSMIUM-ISOTOPIC STUDY
OF PERIDOTITE XENOLITIIS FROM THE JERICHO AND SOMERSET ISLAND KIMBERLITES. G. J. lrvine1, M.G . Kopylova3, R. W.
Carlsoo2, D. G. Pearson!, S. B. Shirey2, and B. A. Kjarsgaard4, !Department
of Geological Sciences, Durham University, South Road, Durham DH1 3LE,
UK, 2Department of Terrestrial Magnetism, Carnegie Institution of Washington, 5241 Broad Branch Road NW. Washington DC 20015. USA. JDepartment of Earth and Ocean Science, University of British Columbia, Vancouver
BC, V6T IZ4, Canada, 4Geological Survey of Canada, 601 Booth Street,
Ottawa ON, KIA OE8, Canada.
Introduction: The discovery of kimberlites in the Slave Craton over the
last decade [I) has provided an opportunity to assess the areal and depth
extent of the Archaean Craton via entrained mantle xenoliths. We have
applied the Re-Os-isotopic system to a suite of xenoliths, sampling a range
of depths, from the Jericho and Somerset Island kimberlites in order to
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constrain the age and evolution of the lithosphere underlying the Slave Craton
and surrounding areas.
Geology: The Slave Craton is dominated by late Archaean supracrustal
and plutonic rocks (2.6-2.7 Ga) (2], but also contains blocks of older gneisses
(2.8-4.0 Ga) [3]. New studies suggest central Slave basement is much more
significant in areal extent than previously thought (4]. The Jericho kimberlite
is located 400 km northeast of Yellowknife in the Northwest Territories and
intrudes Archaean granitoids and supracrustal rocks [5]. Somerset Island lies
to the northeast of the Slave Craton and is intruded by several kimberlites.
Precambrian basement ages vary from 2.48 to 1.71 Ga with Nd model ages
of 3.0 to 2.2 Ga, suggesting the presence of juvenile Proterozoic crust plus
reworked Archaean material [6).
Results: Jericho. Thirty-five whole-rock samples from Jericho were
analyzed, comprising various peridotites and two wehrlites. Peridotite Os
concentrations ranged from 21 to 0.31 ppb (mean =4.47 ppb, n = 35) with
Re 0.27-0.013 ppb (mean = 0.098 ppb, n = 9). The overall range in 1870sf
188Qs is 0.1066- 0.1305 (Fig. 1). Although this range is large. good systematics exist for individual lithologies. Osmium-187/osmium-188 for spinel
facies peridotite range from 0. 1066 to 0.1189. This range equates to Tl\P
model ages of 3.1- 1.3 Ga. Eight out of nine samples have TRD ages >2.5 Ga
and three samples have T RD = 3.1 Ga. Osmium-187/osmium-188 for garnet
facies peridotites range from 0.1074 to 0.1305. The range in J87Qsfl88Qs in
garnet peridotites corresponds to TRD ages between 0 .5 and 3.0 Ga. For
samples where Re has been measured, some show considerably older T MA
ages, whereas for others TRD ages arc within 200 m.y. of the T MA ages. One
garnet peridotite and two wehrlites give T MA ages -500 Ma.
Somerset Island. Nine whole-rock samples from Somerset were analyzed.
The overall range in 1870sJ18BOs is 0.1094-0.1146. Samples appear to fall
within three distinct groups: two samples -0.1095, three samples -0.111, and
four samples - 0.114. TRD ages range from 2.7 to 2.0 Ga. TMA model ages
of up to 2.9 Ga were obtained.
Discussion: The lithospheric mantle beneath Jericho has a wide age
range compared to the Kaapvaal and Siberian cratons. [7) On the basis of
mineral chemical data, it has been suggested that the mantle beneath Jericho
is Proterozoic [8). The T RD ages of spinel facies peridotites and some garnet
facies peridotites from Jericho are clearly Archaean. Many of the garnet facies
peridotites, however, could ei ther be Proterozoic, or reworked Archaean,
altered by numerous magmatic events (including the Mackenzie plume event).
T MA ages of wehr lites and some peridotites indicate a magmatic "event'' at
-450 Ma. The oldest T RD ages for Somerset peridotites are late Archaean
suggesting the existence of some cratonic lithospheric material beneath this
region.
References: [ I) Pell J. A. (1997) Geosci. Canada, 24, 77-91. [2) Padgham W. A and Fyson W. K. (1992) Can. J. Earth Sci., 29, 2072-2086.
[3) Percival J. A. (1996) Geological Survey Canada Open-File 3228, 161-
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1b9. (4) Bleeker and Davis. ( 1999) Ca11. J. Earth Sri.. in press. [5) Kopylova
M G. et al. (1999) J Pmol .. ~0. 79-104. 16) Kjarsgaard B A. (19961
Geological SurVI!)' Canada Open-File 3228, 61 - 66. f7] Carlson R. W. e1 ~1.
\ 1999) Pror. 7th lfltl. Kimberliter Col!(, in press. [8] Griffin W L. e1 al.
( 1998) Ext, Abstr. 7th Inti. Kimberlites Corif., 27 J-273.

QUANTITATIVE LASER ABLATION MICROPROBE INDUCTI\'ELY COUPLED PLASMA MASS SPECTROMETRY ANALYSIS
OF TRACE ELEMENTS IN DIAMONDS. .S. E. Jackson'. R. M. Davies 1•
W. L. Griffin1.2, S. Y. O'Reilly'. and B. DoyleJ , 1Kcy Centre for Geocbernical
Evolution :md Metallogeny of Continents, Macquarie University. Sydney
NSW 2109, Australia (sijackso@Jaurel.ocs.mq.cdu.au), 1 Commonwealth
Scientific and lndustriaJ Research Organisation Exploration nod Mining,
Nonh Ryde. NSW 2113, Australia, 3Kenoecott Cauada Inc ., 200 Gmoville
Strcel, Vancouver BC. V6C 1$4. Canada.
Naluml diamonds erupted by kimbcrlites and Jamproites are unmodified
samples of the deepest upper mantle . Traee-elemcnt analysis of their impurities provides information 0.0 the composition Of their SOUTC<! environment.
Questions 10 be addressed through the trace-clement study of diamonds
include the following: t 1) Do diamonds of different parngeoeses crystallize
from different fluids? (2) Wtla l are the origins of these fluids'? (3) Are diamond-forming processes similar worldwide or depend on manUe age and wmpositJon? and (4) Can we "fingerprint" diamonds from a particular locality'/
A laser ablation microprobe inductively coupled plasma mass spectrom·
etry (LAM-ICP-MS) technique. developed for trace-element analysis of carbonaceous substances [2], has been used to ana lyle trace clements in fibrous
and non fibrous diamonds. The custom-built LAM employed in tbis work uses
a Continuum Surc(jte 1-20, Q.switched Nd:YAG laser frequency quadmpled
to 266-nm wavelength and operated at a frequency of 10 Hz. The ICP-MS
is a Perkin-Elmer Sciex ELAN 6000. Calibration was performed by d irect
ablation of a certified oil reference material (S-2 1, 50 ppm; Conostan} contained in a capillary tube. A bitumen standard rcfer.:nce material (SRMI632b;

TABLE I . Comparative data on trdce-elemcnt abundances in diamond
Jwnl 10 from LAM-ICP-MS. PlXE and EMP + NAA analyses.
Val ues are in pans per million.
LAM
mg#
Na
Mg
AI
Si
K
Ca
Ti

v

Cr
Mn

Fe

Ni
Cu
Zn
Ge

Dr

Rl>
Sr

y
Zr

So
Ba
Ce

Th

Yb
Pb

PIXE

45
6.0

33

5

II
12
211
58
96
g

<3

0.3
24
0.5
03

<3

EMP, NAA

69

Ctl .3

()

0. 16

35
0.9
1.7
1.2

31.20
0.54

53
7

0. 17

n.d.
<I S
02
0.9

0.2
0.2
1.7

0..22

u.d.

2.1

I I:Z

0.04

3.8

1.6
0.2
n.d .
n.d.
0.02

0.5

0.15
1.47

1.70
0. 19
0.02
0.01
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NISTl was used to extend the list of elements calibra red and to crosscheck
the lluta. Carbon was used as an internal s 1andard to correct for diflenng ahlauon yields. Las.:r pulse enl!rgy used was 0 15 mJ/pulse for tbe oil and
bitumen slandards. and 2.0-2.2 mJ/pulse for diamond. For each snmplt!.
optimal background (-60 replica1es counted on the Ar carrier gas) und
ablation (-120 replicates) regions wcrc selected f rom 1he time!-re,olvcd ~pc:c
tra and integrated to determine the net coum rates and concentrations for each
element (2] . Two to four analyses were averaged for each diamond. Relative
deviations for replicare anaJyses of fibrous diamond samples ranged between
2 and 81% for differeD! elements (median 20%), indicating significant hetcrogeoelty from spot to spot.
To test the accuracy of tbe results, we have analyzed fibrous diamonds
from the Jwaot!ng kimber(jte (Jwn 110 and Jwn 115) previously analyzed by
NAA [5]. EMP (4]. and PlXE [6]. Good agreement was found between the
methods, considering sample helemgeneity and the different volumes sampled
by the different analytical methods (Table I). The resui!S demonstrate that
th~ LAM -I CP-MS can rapidly and accurately meas11re a wide swte of trace
elements with high spatial resolution. Several improvements are being made
to the technique. They include development of a frequency quintupled laser
wavelength option 0 .. = 2 13 om} 10 improve ablation efficiency of the diamonds, and development of a synthetic aqueous standard(s) to extend the tist
of elements !hat can be quantified (halogens. S. etc.).
To compare diamonds of different paragenesis, we are ana lyLing nonfibrous diamond~ from tbc 0027 kimberlite, Slave Craton. whose parageneses \peridotitic, eclogitic. and superdeep or ferropericlase-bearing) were
defined from mineral-inclusion studies [ 1]. Preliminary resui!S show that
diamoods from the three parageneses arc significantly different. Relative to
peridotitic diamonds. Na, Mg. AI, K, Rb, Sr, Y. So, and Ce are high in
eclogitic stoocs and low in superdeep ones. The difference$ suggest that
meaningfu l trace-element "fingerprinting" to identify a diamond as being from
a single locality is unlikely to be successful.
References: (I] Davies R. M. ct al. \ 199Q) Proc. 7th lrHL Kimberlites
Con}:. in press. [2] Longerich H. P. et al., JAAS. II. 899-904. [3] Mossman
D. J , et aJ . (1999) £co1t Geol., submitted. [4] Schrauder M . and Nnvon 0 .
(1994) GCA , 58, 761- 77L [5] Schrauder M. et al. (1996) GCA. 60, 47114724. [61 Griffin W L and Ryan C. G., unpublished data.
DETERMINATION OF HIGH-PRECISION ISOTOPIC RATIOS BY
LASER ABLATION MULTIPLE COLLECTOR INDUCTIVELY
COUPLED PLASMA MASS SPECTROMETRY. S. E. Jackson'. W L.
Griffini.Z. and N. J. Pearson' , 1 Key Centre for Geochemical Evolution and
Metallogeny of ContinentS, Depanment of Earth and Planetary Sciences,
Macquarie University, Sydney NSW 2 I 09, Australia (sijackso@laurel.
ocs.mq.edu.uu), "Cornmonwe;Jltll Scientific and Industrial Research Organisation Expluration and Mining, NSW 2113. Australia .
lntruduct.ioo: The multiple collector inductively coupled plasma ma~s
spectrometer (MC-ICP-MS) makes determination of high-precision isotopic
ratios of wide range of clements routinely possible. Furthermore. the lack of
time-dependent diffcrentiaJ ionization of clements allows elemental spikes to
be used for mass bias correction and isobaric overlap corrections 10 be made.
aUowing for the effective use of laser ablation (LAJ sampling for in situ determination of high-precision iso1opic ratios.
lnstruDlcntutioo: The instrumcutatioo used was a Merchantek LUV266
Nd: YAG laser ablation sampler opcro1tiug al a wavelength of 266 nm . 'This
was coupled to a Nu Plasma MC-JCP-MS featuring an ICP coupled to a
double-focusing electrostanc/rnagoetic mass aoalyz.er. Novel variable dtspersion ion optics focus the ions into a fixed collector array con-sisting of 12
faraday cups and 3 ion counting detectors. Both instruments were installed
at Macquarie University in November 1998.
Methodology: Mass hias correction was effec ted using two procedures: (I) calculation of rna.~s bias using a stable isotopic ratio of the element of interest. where present (e.g., Sr, Hf); (2) where no fi)(ed stable isotopic
ratio was available (e.g .. C'u. Pb. etc.}, mass bias was determined from another clement, which was inttoduccd via aT-junction into the sample carrier
gas stream as a "dry" aerosol generated using a CETAC MCN6000 desolvating nebulization system. For laser analyses, data were acquired using a I.Jmc
resolved analysis ucquisitioo protocol that r.:ports signals 10 timests, !hereby
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allowing assessment of isotopic ratios as a function of ablation time. Here
we report several critical observations on isotopic fractionation during laser
ablation sampling.
Hafnium isotopes. Hafnium isotopes were measured on several zircons
[I] and LIMA minerals [2]. Mass-bias correction was achieved using the
stable isotopic ratio 179Hf/177 Hf. Significant changes were observed during
each ablation analysis in the uncorrected 179Hf/177 Hf ratios that correlated inversely with total Hf signal intensity. However, corrected t76Hf/I77Hf showed
no relationship with ablation time. Multiple analyses of two zircon standards
gave highly precise 116Hf/I17Hf ratios that were in agreement with thermal
ionization mass spectrometry (TIMS) data.
Strontium isotopes. Strontium-isotopic analyses of several LIMA minerals [3] were made using the stable 88Srf86Sr ratio for mass-bias correction.
As with Hf isotopes, the stable isotopic ratio generally showed an inverse relationship with total signal intensity during ablation.
Antimony isotopes. Antimony-isotopic measurements were made on Sbbearing native Ag and sulfide minerals using So introduced via the MCN6000
for mass-bias correction. Strong within-run variation (up to 0.4%) in 123Sbf
121Sb ratios, showing a positive correlation with total Sb signal, were typical
while t24Sntt22Sn ratios showed minimal or no correlation with signal intensity.
Copper isotopes. Copper-isotopic ratios were measured on chalcopyrite
and Cu metal using Zn introduced via the MCN6000 for mass-bias correction. Strong within-run variation (up to 0.2%) in uncorrected 6SCuf63Cu ratios
were typical, which, like Sb, showed a positive correlation with total signal,
while 64znt62Zn ratios showed minimal or no correlation with signal intensity. Laser ablation analyses of chalcopyrite and Cu metal gave 6SCuf6}Cu
ratios that were significantly lower than analyses of the same samples digested
and analyzed by solution introduction
Discussion: Both lithophile (Hf and Sr) and chalcophile (Sb and Cu)
elements showed within-run isotopic variations during laser-ablation sampling. For the lithophile elements, the heavy/light ratios showed a negative
correlation with total signal intensity, whereas, for the chalcophilc elements,
the heavy/light ratios showed a positive correlation. Elements introduced via
the MCN6000 showed minimal within-run isotopic variations. The different
isotopic behavior of elements derived by laser ablation and the MCN 6000
suggests that observed fractionations cannot be attributed to the MC-ICP-MS
and that the laser sampling/transport process can fractionate isotopes to a very
significant degree. The isotopically light Cu-isotopic ratios produced by laser
ablation are in accord with a fractionation mechanism involving differential
volatilization and condensation processes during laser sampling/transport.
The relationships between the observed isotopic fractionation patterns and
ablation conditions are not yet understood. However, strong elemental fractionation of lithophile and chalcophile elements can occur during laser sampling, suggesting that their ablation mechanisms may be fundamentally
different.
Highly precise and accurate Hf-isotopic data indicate that mass bias correction using a stable isotopic ratio of the element of interest adequately
corrects laser sampling-related fractionation. However, when mass bias is
corrected using an introduced element, laser sampling-related fractionations
are detrimental to the precision and accuracy of the technique. Experiments
using alternative tra.nsport gases and laser cell designs are under way to further investigate and deal with the problem.
References: [I) Griffin W. L. eta!. (1999) GCA, submitted. (2] Griffin
W. L. et al., this volume.
ISOTOPES AND METHODS FOR MODELING OF GEOCHEMICAL
CYCLES. S. B. Jacobsen, Department of Earth and Planetary Sciences,
Harvard University, 20 Oxford Street, Cambridge MA 02138, USA
(jacobsen@neodymium.harvard.edu).
Introduction: The concept of geochemical cycles dates back to
Goldschmidt [1), with his early version of the C cycle. He realized that man
already bad made a significant perturbation of this cycle due to fossil-fuel
burning. Barth [2) introduced the concept of residence time in a discussion
of some of Goldschmidt's earlier work on geochemical cycles. Mason's
textbook [3) included a general chapter on geochemical cycles. The fundamental equations for the kinetics of evolving systems of reservoirs was dis-
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cussed by Lotka [4] with applications to problems in biology. Lasaga [5] used
such techniques for quantitative evaluation of geochemical cycles. The critical step is calculating the eigenvalues and eigenvectors of the geochemical
cycle matrix (K).
Geochemical Cycle Models Based on Isotopes: Elemental cycles are
usually modeled using a linear cycles approach with a K matrix that is independent of time. The geochemical cycle matrix K is, however, in general
a function of time, and better constraints on the dynamic evolution of the
Earth can be obtained from radiogenic and stable isotopic evolution of Earth
reservoirs. For long-lived radionuclides, the isotopic effects (E) can be directly
related to the mean age of the reservoir [6]. The radiogenic-isotopic evolution equations (d£/dt Qf + KE; Q is a bulk Earth factor, andfis the chemical fractionation of the parent/daughter ratio) can be used to constrain the
K matrix and thus the mass fluxes between all the reservoirs [7]. Examples
of the application to stable isotopic ratios (in particular 1)13C) for constraining the C cycle will also be given [8].
Accretion of the Earth: The extinct nuclide system t82Hf.t82W can be
used to constrain the rate of accretion and core formation using these principles. The upper part of Fig. 1 [from 9] shows the results of Wetherill's [10]
accretion calculations (97.5% of the Earth is made before 100 Ma and the
last2.5% is assumed to be added at 100 Ma). This model yields a mean time
of formation of 16 Ma for the Earth. The resulting isotopic evolution of W
(£w) in the silicate portion of the Earth is shown for jflf!W ratios of 12, 20,
and 40 using a magma ocean differentiation model. In all cases the Ew values
show a peak at -30 Ma. Subsequent to that time the Ew value decays more
rapidly for higher values of JHftw The last 2.5% of accretion is sufficient to
reduce the effect in the Earth to I ew unit or less. A variety of such models
have the following features in common: (I) They can produce a large early
Ew anomaly in the silicate Earth provided the initial growth stage of the Earth
is rapid (more than 50% forrned in the first 20 m.y.); (2) if substantial (>20%)
growth of the Earth occurs subsequent to 20-30 Ma, then the Ew anomaly
is almost always reduced to <I Ew unit by I 00 Ma; and (3) late giant impacts result in a Ew anomaly of <0.5 Ew units. It is necessary to have the Moon
form by an early ( - 25-Ma) giant impact, while the Earth still had a substantial Ew anomaly. At least 20% of the Earth must have accreted subsequent
to the formation of the Moon to effectively erase the Ew anomaly in the silicate
Earth. A scenario in which the Earth's core is forrned after 60 Ma and the
Moon simultaneously by giant impact is implausible.
References: [I] Goldschmidt V. M. (1934) Geol. Foren. Forh., 56, 416.
[2] Barth T. F. W. (1952) Theoretical Petrology, Wiley, 416pp. [3] Mason
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B. (1966) Principles of Geochemistry, Wiley, 329 pp. [4] Lolka A. J. (1924)
Elements of Physical Biology, Williams & Wilkins, 465 pp. [5] Lasaga A. C.
(1980) GCA, 44, 815-828, [6] Jacobsen S. B. and Wasserburg G J. (1979)
JGR, 84, 7411-7427. [7) Jacobsen S. B. (1988) GCA. 52, 1341-1350.
[8) Jacobsen S. B. and Kaufman A. J. (1999) Chem. Geol. , in press.
[9) Jacobsen S. B. (1999) LPS XXX, Abstract # 1978. [10) Wetherill G. W.
(1986) in Origin of the Moon (W. K. Hartmann et al., eds). pp. 519-550,
LPI.
TOWARD A CONSISTENT EARLY SOLAR SYSTEM CHRONOLOGY. S. B. Jacobsen, Department of Earth and Planetary Sciences,
Harvard University, 20 Oxford Street, Cambridge MA 02138, USA
Gacobsen@neodymium.harvard.edu).
Introduction: Long-lived chronometers (e.g., U-Pb, Sm-Nd, Rb-Sr, LuHf. and Re-Os) provide some broad constraints on the chronology and differentiation processes in the early solar system. However, the isotopic record
of extinct radionuclides may potentially yield more reliable constraints on the
rates of accretion. core fonnation. and the evolution of the mantle and crust
at very early times in planetesimals and planets.
Early Solar System Chronology: The upper panel in Fig. I shows the
U-Pb age vs. time with the Angrite LEW defined as time = 0. This meteorite
has a well-deterntined U-Pb age of 4557.8 :t 0.5 [I]. This is clearly younger
than the U-Pb age for CAis of 4566 :t 2 [2]. However, [3] preferred a slightly
older CAl age on the U-Pb scale of 4568.3 :t 0.7. These are the two solid
points in the upper panel in Fig. I. The ages or relative fonnation times of
all the other objects are inferred ftom the Mn-Cr and Pd-Ag systems shown
below. Manganese-chromium [3) on LEW, pallasite Omolon, and an HED
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whole-rock isochron yield their relative ages. The chondrule point (4) indi·
cates that CATs and chondrules are almost of the same age. Considering
uncertainties, they could be different by up to 1-2 m.y. Using Pd-Ag for
pallasites from the summary of [5] we obtain relative ages of mesosiderites,
group I, II, and III iron meteorites (all mostly very similar) but with IVA irons
being somewhat older. We use the group I, II, and Ill iron meteorites to obtain
a consistent chronology for the Hf-W system [6,8). An obvious problem is
consistent
the Hf-W eucrite data of [7]. They yield t82HfJ180Hf = 1.3 x l
with the age of LEW rather than HED! Also, metal from chondrites yields
t82Hffl80Hf values similar to those of group I, II, and III iron meteorites [8]
suggesting no time difference between metal fonnation in chondrites and core
formation in the parent bodies of group I, II, and Ill iron meteorites. A
preliminary result for the Tc-Mo system is also shown {data from this lab).
The 146Sm!•«sm detcrntined for the LEW angritc of 0.0071 ± 17 (I]. This
value should only be 0.0005 lower than the initial value for CAis. Even so.
higher values have been suggested for mesosiderites and the lA iron meteorite Caddo [9). Note that the primary constraints comes ftom the chronom·
eters U-Pb, Pd-Ag, and Mn-Cr that are all affected by multiple processes. It
is not clear what processes the ages refer to. These chronologies need to be
tested and compared to results ftom additional systems that are more uniquely
fractionated by a single planetary differentiation process (Hf-W. Tc-Mo, and
Sm-Nd). Such constraints are clearly useful in the evaluation of models of
the origin of the planets. This method of approach provides a means to better
constrain the conditions and timescales associated with planetary coagulation
and differentiation.
References: [I] Lugmair G. W. and Galer S. J. G. (1992) GCA, 56,
1673- 1694. [2] Gopel C. et al. (1991) Meteoritics, 26, 338. [3) Lugmair
G. W. and Shukolyukov A. (1998) GCA, 62, 2863-2886. (4] Nyquist L. E.
et al. (1997) LPS XXVI/l, 1033-1034. [5] Chen J. H. and Wasserburg G. J.
(1996) Geophys. Monogr., 95, 1-20. (6] Horan M. F. et al. (1998) GCA, 62,
545- 554. [7) Lee D. C. and Halliday A. N. (1997) Nature, 388, 854857. (8) Jacobsen S. B. and Yin Q. Z. (1998) LPS XXIX, Abstract #1852.
(9) Stewart B. et al. (1996) EPSL, 143, 1-12.
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STRONTWM-, CARBON-, AND OXYGEN-ISOTOPIC VARIATIONS
OF NEOPROTEROZOIC SEAWATER. S. B. Jacobsen 1 and A. J.
Kauftnan2, I Department of Earth and Planetary Sciences, Harvard University,
Cambridge MA 02138, USA Gacobsen@neodymium.harvard.edu), 2Department of Geology, University of Maryland, College Park MD 20742, USA
(kaufman@geology.umd.edu) .
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We present a relatively detailed first-order record of isotopic variation
("SrJ86Sr. l)IJC, and l)18Q) in seawater through the late Neoproterozoic Era,
during which several discrete global ice ages (snowball glaciations) occurred
(VI, V2, S I. and S2) and the first macroscopic animals evolved. The data
was obtained on well-preserved marine limestone from Siberia, Namibia,
Canada, Svalbard, and East Greenland.
During this time, the lowest 87 SrJ86Sr-values ( -0.7056) characterize the
interval between -750-800 Ma and have been interpreted to reflect a major
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Fig. 1. Uranium-lead and five extinct nuclide chronologies (half-lives given
in parenthesis). Solid symbols represent data discussed in the text. Open
symbols represent points calculated to obtain a consistent chronology for the
objects labeled in the top panel.
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that the maximal organic C burial flux, interpreted from 1)13C value ( -8) of
preglacial carbonate, stops and starts instantaneously at t 0 and t 3 x
J()S yr, respectively. Over this interval, 87Srf86Sr of seawater would experience little change due the much longer residence time of this element.
In contrast, for a - 10-m.y. glacial interval, the 87Srf86Sr value would drop
from 0.707 to below 0.703 assuming total cessation of continental inputs.
Including a diagenetic flux of Sr similar tO today (lx), then 87Srf86Sr would
drop to -0.7038 after I 0 Ma. Unless it can be shown that diagenetic fluxes
were an order of magnitude greater during snowball glaciations, we conclude
that the Neoproteorozoic glaciations lasted less than - 1 m.y. each and that
any model to explain these glaciations needs tO account for this constraint.
The relationship between 1)13C and 87Srf86Sr variations suggests that these
negative C-isotopic excursions would have lasted at least 350,000 yr and no
more than -I m.y.• assuming modem diagenetic fluxes of Sr to the oceans
and total absence of continental fluxes.
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ON THE SEARCH FOR NEODYMIUM-142 IN TERRESTRIAL
ROCKS. E. Jagoutz and R. Joner, Max-Pianck-Institut fUr Cbemie, Postfach 3060, D-55020, Mainz, Germany (jagoutz@mpch-rnainz.mpg.de).
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hydrothermal event. From 750 to 600 Ma the 87Srf86Sr isotope values vary
between 0.7063 and 0.7074. Between 600 Ma and the Early Cambrian
(-535 Ma). 87Srf86Sr values rise sharply from 0.7063 to 0.7087. This rise is
thought to reflect enhanced continental input to the oceans associated with
a pan-African continental collision.
The IP3C-curve rises from values close to 0 prior to 800 Ma to -6 at 750
Ma and -8 for the time between 600 and 730 Ma. During the time between
600 and 542 Ma, the highest values are -4 (higher values in each interval
are preserved in little-altered dolomites). Strong positive-to-negative excursions to values of -5 are associated with both Vendian glaciations estimated
at -575 and 590 Ma and with Stunian glaciations estimated at -120 and
740 Ma. In strong contrast, there are no distinct changes in 87Srf86Sr across
Neoproterozoic glacial intervals.
The duration of these global refrigeration events is a subject of considerable debate. Figure 3 shows the response of 87Srf86Sr and 1)13C to a glacial
event that is 3x the C residence time in seawater. This calculation assumes

Neodymium- 142 is a decay product of t46Sm (half-life of 103 m.y.).
Samarium-I46 is a so-called extinct radioisotope [I]. It existed at 4.56 Ga
(0.008 ± 0.001 146Smf1«Sm [2]) but was essentially extinct after 300 m .y.
There is a indirect sign of 146Sm existence by observation of 142Nd variations
in meteorites [I]. The first finding of 142Nd in terrestrial rocks was reported
from a single sample of the Isua supercrustal [3]. Several groups challenged
this ftnding. However, those anomalous rocks from Isua were remeasured
by (4].
A 142Nd anomaly is created by an early Sm/Nd fractionation. In a reservoir with a high Sm/Nd ratio, radiogenic 142Nd will be generated, while
in a low Sm/Nd ratio reservoir, a deficit of 142Nd will remain. After decay
of 146Sm, those reservoirs will keep their 142Nd anomalies as long as these
two reservoirs are not remixed again. A later differentiation within such a
reservoir will not affect the anomaly. First attempts to find a 142Nd anomaly
on Earth were simply guided by measuring old rocks and hoping that some
of the !sua rocks were derived from an early differentiated reservoir.
We found reason to believe that some of the cratonic lithosphere might
actually be a remnant of a primary differentiation. The first indication in this
direction was the finding that the cratonic ultramafic in South Africa arc
having a higher modal abundance of onhopyroxenc [5] than the primitive
mantle. Later, the higher modal orthopyroxene contained was also demonstrated for the Siberian Craton [6]. Herzberg actually proposed that this might
be caused by a primary differentiation on Earth [7]. We found that, besides
other geochemical peculiarities, a depletion of AI is evident in such cratonic
ultramafics. A geochemical parallelism is found in SNC meteorites and
Urelites. In SNC meteorites, a variation of 142Nd is evident [8]. indicating
that the AI deficit was caused by a very early differentiation. A similar style
of primary differentiation could have produced the cratonic lithosphere. This
made us search for a 142Nd anomaly in cratonic ultramafics. In one of our
samples, we found a 30 ± 10-ppm deviation from the standard 142Nd. However, this needs further confirmation by additional measurements. We are
willing to distribute splits of such samples to groups interested after our
measurements are finished.
Realizing the need for better 14 2Nd data, especially on meteorites, we
systematically improved the precision of our ' 42Nd measurements. This has
involved updating the hardware and software of our mass spectrometer, including installing a relational database that saves all parameters !rom each
scan measured on the machine. The latter not only makes data reduction
easier, but also provides a powerful "diagnostic tool" for identifying critical
parameters during the analysis. Our amplifier bias is constant with or without a beam entering the cup, but the bias does exhibit small temperature
dependence. All data handling (e.g., time interpolation, bias subtraction) is
performed using database functions . A considerable effort was made to
minimize the error contribution by data handling. The time interpolation is
especially crucial and therefore we optimized this routine for 142Nd measurements. A second-order fractionation correction was applied to the data to
funher improve analytical precision. We reproduced the standard 14 2Nd within
a I 0-ppm error. However, we realized that the sample Nd must be very clean,
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since chemical impurities influence the results on this extreme level of precision.
References: [I I Lugmair and Marti ( 1977) EPSL, 35, 273-284.
[21 Lugmair and Galer (1992) GCA, 56, 1673-1694. [3] Harper and Jacobsen
(1992) Nature, 360, 728-732. [4) Shanna et al. (1996) GCA, 60, 2037- 2047.
[5] Boyd F. R. (1989) EPSL, 96, 15-26. [6] Boyd F. R. eta!. (1997) Contrib.
Mineral. Petrol., 128, 228-246. [71 Herzberg C. T. (1993) EPSL, 120, 1329. [8] Harper eta!. (1995) Science, 267, 213-217.
TEMPERATURE, PRESSURE, AND RHENIUM-OSMIUM AGE
SYSTEMATICS OF OFF-CRATON PERIDOTITE XENOLITHS
FROM THE NAMAQUA-NATAL BELT, WESTERN SOUTH
AFRICA. P. E. Janney', R W. Carlson' , S. B. Shirey1, D. R. BeiJl, and
A. P. le Roex2, 'Department of Terrestrial Magnetism, Carnegie Institution
of Washington, 5241 Broad Branch Road NW, Washington DC 20015, USA
(pjanoey@dtm.ciw.edu), 2Department of Geological Sciences, University of
Cape Town, Private Bag, Rondebosch 7700, South Africa.
Introduction: Proterozoic mobile-belt lithosphere constitutes approximately half of the southern African continent, yet its age and formation history
are poorly lcoown compared to the Archean cratons of the region, particularly the well-studied Kaapvaal craton. We have collected a suite of garnet
and spinel-bearing peridotite xenoliths from six k.imberlite and melilitite pipes
in the Namaqua-Natal mobile belt of western South Africa. Five of the localities are in the central Karoo region, located between SO and 175 tan southwest of the Kaapvaal craton boundary (Fig. 1). The sixth locality is located
in northern Namaqualand (just south of Namibia), -300 km west of the
Kaapvaal craton.
Thennobarometry: Estimates of pressure and temperature based on
mineral compositions using the Brey and Kllhler [I I thermobarometer for the
garnet peridotites (lherzolite and websterite) yield pressures and temperatures

TABLE. I.

Locality

Distance from Craton

Age Range (TRD)

75 km
100 tan
175 tan
300 km

0.86- 2.34 Ga
1.80-2.15 Ga
1.14-1.20 Ga
137 Ga

Uintiesberg
Hebron
Gansfontein
Hoedlcop

.

Hoedkop

'

'

'

\

.

Namaqua-Natal Belt '

IGmberley

_

--<'Uintjesberg
~ Klipfontein
• \"Hebron
Gansfontein
Mellon Wold

Fig. 1.

of 25-50 Iebar and soo•-12oo•c respectively. Most P-T data form a linear
array that is displaced 75°-ISO•c above the cratonic geotherm, possibly
reflecting higher heat flow in the thin mobile-belt lithosphere [2]. There
appears to be a weak anticorrelation between the maximum equilibration
pressure of peridotites and their distance from the craton, but additional data
are needed to make any flfm conclusions.
Rhenium-Osmium Ages and Discussion: Rhenium-Osmium isotopic
data are being obtained on the xenolith suite in order to date the accretion/
stabilization of the terranes constituting the Narnaqua-Natal Belt. The 1810sf
t88()s isotopic ratios, corrected to the age of the host k.imberlite, vary between
0.1119 and 0 1226 In general, the maximum Re-depletion ages (TRD; minimum model age calculated by assuming that all Rein the peridotite was added
at the time of host kimberlite eruption) from each locality decreases with
increasing distance from the craton. The large spread of ages at Uintiesberg
most lilcely indicates a complex history with multiple stages of melt extraction and addition.
The oldest T RD ages determined on the peridotites ( 1.8-2.34 Ga) are
essentially identical to the oldest Nd and Pb-Pb Namaqua-Natal crustal model
ages (1.9-2.3 Ga) [3,4], supporting the hypothesis that crust formation and
stabilization of lithospheric mantle occurred simultaneously, as in the
Kaapvaal craton [e.g. , 5]. The younger TRD ages (1.14-1.37 Ga) may also
correspond to widespread crustal generation/metamorphism events at 1.5-1.3
and 1.1 Ga recorded by the Namaqua gneisses of western South Africa [4,6].
It is possible that the younger T RD and crustal ages at Hoedkop and
Gansfooteio indicate the presence of a younger terrane accreted or stabilized
(by large-degree melt extraction) at this time.
One exceptional attribute of this sample set is that most localities lie within
the region covered by the Kaapvaal Seismic Experiment seismometer network.
This will allow us to correlate the seismic velocity structure of the lithosphere
southwest of the Kaapvaal craton with age, composition. and pressure-temperature data obtained from the peridotites.
References: [I] Brey G. P. and K()hJer T. (1990) J. Perro/., 31. 13531378. [2] Nyblade A. A. and Robinson S. W. (1994) GRL, 21, 765- 768.
[3] Harris N. B. W. et al. (1987) EPSL, 83, 85-93. [4] Reid D. Let al. (1997)
S. Afr. J. Geol., 100, 11- 22. [5] Pearson D. G. eta!. (1995) EPSL, 134, 341357. [6] Cornell D. H. et al. (1986) S. Afr. 1. Geo/., 89, 17-28.
A NOVEL REACTOR TO DETERMINE THE RATE OF PYRITE
OXIDATION IN AIR. J. K. Jerz and J.D. Rimstidt, Virginia Polytechnic
Institute and State University, 4044 Derring Hall, Blacksburg VA 24061. USA
(jejerz@vt.edu; jdr02@vt.edu).
Introduction: Pyrite exposed by mining operations oxidizes to create
acidic solutions by the multistep, multipath reaction that can be summarized
as follows:

Kaapvaal
Craton

\.
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Off-craton peridotite xenolith localities investigated in this study.

FeS2 + 7/2 0 2 + H20 -+ Pel++ 2

so.z- + 2

H•

(I)

The acid and metals released by this process have severe implications for
the environment and aquatic life. U.S. Water Reports estimated the cost of
dealing with this pollution at $71 billion [1]. In order to effectively control
AMD. the reaction-path that generates acid most quickly must be identified.
To this end, researchers have studied extensively the oxidation of pyrite in
aqueous solution. However, much pyrite is contained in above ground waste
piles and is not submerged in water. Our initial data indicate that pyrite oxidation occurs significantly faster in air than in solution (Fig. I).
Because it seems that oxidation of pyrite in air is possibly the fastest acidproducing reaction, we are quantifying the rate of pyrite oxidation as a function of 0 partial pressure (P0 ,) and relative humidity (RH). A reactor was
built that was capable of determining this rate in a short time interval using
a small amount of sample.
Reactor Design: Oxygen was chosen as the rate monitoring parameter
of the pyrite oxidation reaction (reaction I). A reactor system was designed
to measure very small amountS of 0 consumption under conditions of fixed
relative humidity (RH), gas composition, and temperature (Fig. 2). The
experiment consistS of two chambers, one for pyrite and one as a control,
linked by a manometer. In both chambers, RH is controlled by the equilitr
rium between salt solutions and the atmosphere. The temperature of the
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independent of variations in atmospheric temperature and pressure. Quartz
is present in tbe control chamber to ensure that the internal volumes of the
two chambers are equal.
Results: Several experiments have been performed at -25•c. 96-99%
RH, and P 0 , = 0.21 bar (Fig. 3). The rates of pyrite oxidation calculated from
these data using the initial rate method were on the order of JO-B mol(pyrite)l
m2s. Additioual experiments will be carried out over a range of 0 2 partial
pressures and relative humidities. The rate of pyrite oxidation rates in air
appears to be as fast or faster than aqueous oxidation rates under most con·
ditions (Fig. l).
References: [!)US \Vater News (Oct. 1993), 10. [2) Williamson M. A.
and Rimstidt J. D (1994) GCA, 58, 5443-5454.

Air
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Fig. 1. Relative rates (moVm2s) of pyrite oxidation. Rates for ferric iron and
dissolved 0 are from Williamson and Rimstidt [2) assuming equilibrium with
amorphous iron hydroxide for FeDI and 9 mglkg 0 2 for DO. The air oxidation
rates were determined in this study.

u
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Fig. 2. Differential manometer system used to determine the rate of pyrite
oxidation in air.
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Data from initial experiments.

system is controlled by a constant temperature bath. The 0 partial pressure
can be varied using 0 2 -N 2 mixtures. The manometer is filled with a special
low-density fluid with a low vapor pressure that can measure as little
0.0000001 mol of 0 consumption. The control chamber is used as a refer·
ence for the pyrite chamber. This allows for the manometer readings to be

ELEMENTAL GEOCHEMISTRY OF DOLOMITITE WEA11JERING
PROFILE AND ITS IMPLICATION FOR COMPOSITION OF THE
UPPER CONTINENTAL CRUST. H. B. Ji, S. J. Wang, Z . Y. Ouyang,
and D. Q. Zbou, The State Key Laboratory of Environmental Geochemistry,
lnsistute of Geochemistry, Chinese Academy of Sciences, Guiyang 550002,
China (hdh@publicl.gy.gz.cn).
It bas been one of fast developing fields in geochemical researches that
sedimentary materials are used to trace the nature of source areas, find the
composition of continental crust and study the evolution of the crust. The
amount and nature of the information included in sedimentary materials that
are derived from chemical weathering is determined, at least in part, by the
degree of weathering to which the primary minerals in weathering profile have
been subjected [1). In this article, the Xinpu weathering profile that was de·
veloped on the bedrock Cambrian dolomitite and morphologically located in
upland in karst terrain in the Northern Guizbou, P. R. China and proved to
be in situ dolomitite weathering product (2), was selected as research object.
Our aim was to make a thorough inquiry of elemental geochemistry behavior
and profile evolution feature to soluble rocks in chemical weathering pro·
cesses, evaluate weathering probably effect on the average upper continental
crust and recover the composition of upper continental crust in regional
dimensions in karst terrain.
In the A·CN·Kand A·CNK-FM triangular plots (3). the soil samples were
concentrated in the relatively more weathered region in those two diagrams
and between the terminal A and the terminal Kin the A-CN·K diagram. It
was obvious to divide the dolomitite chemical weathering trend into two
stages in these two diagrams: the first stage for dolomitite dissolution residue accumulation to form soil and the second stage for chemical weathering
of the residuum, which is similar to the weathering process of the other rocks.
From the lower to upper part of the Xinpu proftle tbe chemical index of
alteration (CIA) values of the soil samples increased from 57 to 92, indicating positive weathering succession of the profile.
Element mobility in the Xinpu weathering profile was characterized by
the mass-transfer coefficient 't;, which was computed from the mass ratio in
terms of a conservative component Al20 3 [4]. Sodium, Ca. and Mg were
totally depleted at the soil-bedrock interface. Approximately 10% of Ti, Mn,
and Fel•, and 30% of Si and K were retained in residual soiL The contents
of Fel• and P increased in the upper and the intermediate zone. Concentrations of trace elements for samples· were also normalized to Al 20 3 to evaluate the loss or gain during the weathering processes. Compared to the parent
rock, the concentrations of three groups of trace elements for soil samples
decreased in the order of Y, Rb, Ba, Ga, Th, and U, V, Zn, Co, Sr. Pb, and
Hf, Zr, Nb, Ta at least. However, the contents of Li, Cs increa~ed and those
of Ni, Cr. Mo, W, and Ti were unchanged in soiL Elemental losses and gains
in the residual soi I were not essentially constant and varied with depth of the
profile, indicating that the chemical weathering occurred not only at the rocksoil interface, but also during the evolution of residual soil in the profile. The
geochemical behavior of rare earth elements (REEs) in dolomitite weathering profile was similar to those observed in weathering profiles of the other
rocks, such as granodiorite and sediments. There existed REEs fractionation
with at least change in Ce and the largest change in Gd for samples during
chemical weathering process. Two REE and other elements (e.g., P, Hf,
Zr, Nb, Ta)-rich beds had also been observed in the research profile, and
were postulated to come from the environmental changes in the evolution of
the profile.
Based on the above results, the concentration of trace elements in the
uppermost part and the lowermost part of the profile that had undergone
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strong chemio.:al weathenog arc suggested to represent mohilc dements and
immohile ~lcrnentS or the composttion u( upper c.:onuncntal o.:rust in karst area
rcspcrtively 'Tite acid-insoluble restduum in the curbonalt rocks. like loess
:md gla~:ial clay depo>its. could ~ considered as the average chcnucal composition uf upper cuntincntal crust in karst area.
References: Ill Nesbitt H. W. and Markovics G. (J<lQ7) CCA. 61 ,
1653-1670. 121 Wang~. J. ct al., lhis volume. (3 1Nc~bin H. W. and Young
G M. (198tl) J Ge<>l.. 97. 129-147 . (4] White A. F. (lllll5) Rev. Mineral..
31. -107-461.
ISOTOPIC SJGfllATURES ACROSS THE FRASNIAN-FAMENNL\N
BOUNDARY: EVIDENCE FOR ENUANCED PRODUCTIVITY,
WATER COLUMN ANOXIA, AND VARlt\TIONS IN SEAWATER
TEMPERATURE. M. M. Joachimski. Institute of Geology, University of
Erlangen, Schlossgnnen 5, 91054 Erlangeo, Germany (joachimski@gcol.uoierlangcn.de).
Int.rodurlion: The Late Devonian extinction event represents one uf
the "Big Five" mass extinctions in Earth history. The biotic event records
severe changes at various trophic levels. Most important. the low-13titude
strom.:Hoporoid-coral reef ecosystem vanished during the late Frasnian The
~:auses of the mass eJCtinction are discussed controversiaUy. A bolide impact
was proposed I I I as the ultimate cau~c. However, no compelling geochcmic:al evidence for a cometary strike was presented up to today. The data
presented tn this paper argue for Earth-derived causes uf the mass C:'ttinction.
Reorulrs; The investtgation of the trace-element and organic geochemistry of a basinal Frasnian-Famennian boundary section at Kowala (Holy Cross
Mountains/Poland) shows that the lower wat.er columo was 0-deficicnt during
Late Frasnian and Early Famennian times. The abundance aod C-isotopic
composition of isorenieratane, a biomarker indicative for green S bacteria,
proves that eu:'tinic walers reached into the photic zone, at least episodically.
TOC cornents show a maximum that is time-equivalent to the Upper
KeUwasscr horizon that marks the Frasnian-Famennian boundnry. Enhanced
TOC concentrations in the basinal Kowala section arc explained by a higher
primary productivity presumably as consequence of an enhanced nutrient
supply from the continent. This interpretation is support~d by a l'Oncomitant
increa~e in the 87SrfS6Sr ratio measured on well-preserved brachiopod calcite
121. The enhanced burial of 12C-enriched organic C is indicated by a 3%o
excursion measured for TOC as well as for individual n-alkaoes and isoprenoids. c)IJC of total organic C and individual biomnrkcrs represenunive
for primary orgnnic C parallel the global l)tJC record of inorganic C [3). The
positive excursions in l)llCc:ano anti I)BC'.,, are explained by a JO% increase
io the organic C burial fraction on total C burial. The burial of large amounts
of organic C is expected to result in a decrease in pC02, in climatic changes
and variations in sea-surface temperature. Indeed, preliminary high-resolution o1SO data on condonl and fish teeth apatite suggest variations in seasurface temperature across tht! Frasnian-Famennian huundnry. In addition, a
decrease in pC02 is expected to affect th~ photOsynthetic C-isotopic fractionation (Ep). The fact that the l)tJC records of biomarkers representative for primary producers and of inorganic C parallel each other sugge~rs that EP was
most probably at maximum values as a consequence of high atmospheric and
oceanic-dissolved C02 concentrations during the Dt:vonian.
The S-isotopic composition of pyritic and organically-bound S show a
27%o excursion across the boundary. The significant positive 83•Spyrire excursion may~ interpr.:tcd dth~:r as a regional signal due to an enhanced sulfate
reduction nue as a consequence of a higher supply of metaboli7.able ort,>an.ic
C or as a global signal. In the latter case, seawater sulfate I)HS is expected
to increase parallel to the observed shift in c'P'Spyri•o· A 25%o excursion in
I)HS,"11"'• of barite [4) measured io sediments from the Selwyn Basio (Yukon/
Canada) was assumed to be of middle Frasnian age. But, since biostratigrapluc control in the noobioturbated euxmic sediments is poor fS). it is uot
cenaio "'hcther the e~cursion in 8"S•ulfo~e is or is oor time-equivalent to the
Late Frasnian pyrite 1)3•S eJCcursion.
Conclusions: Carbon- 0-. and S-isotopic signatures show promin~nt
changes across the Frotsnian-Famennian boundary. Thc~e variations are mterpreled to point to severe changes in the global C cycle. in the climatic conditions as we ll as In tbe oceanic ventilation and circulation pauero It is
assumed that the subtropical to tropical shallow-wuter .:cosystem suffered
dramatically from these. changes.
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l<efereuces: [ 1J McLaren D. ( 1970) J f'af,llJmol., 48. 80 1-805.
[11 Vei'lcr J. ct al (1997) Palaeogeugr., PalaNJdlluatol. , f'alaeoei'UI., 132,
o5-77 [31 Joachimski M. M. and Buggisch W. (19931 Geology, 21. t>75678. (41 Goodfellow W. and Jonasson I R. ( 11)84) Geology. 12, 583-586.
[5 j Gcldsctzcr H. J. et al. ( 1987) Geology, 15, 393- 396.
LATE QliA TERNARY PALEOENVIRONMENTS AND TilE EXTINC·
TlON OF TEIE 1\USTRALL\N MEGAFAUNA. B. J. Johnsoo 1, G. H.
Miller2, M L. FogeJl, andJ. W. Magee-4. 'School of Oceanography. University
Washington, Seattle W A 98 I95-7940, USA (bjohnson @ocean,washington.
edu), 2INSTAAR. University of Colorado, Boulder CO 80309-0450, liSA,
lGeophysical Laboratory, Camegic Institution of Washington, 5251 Broad
Branch Road NW, Washington DC 20015-1305. USA. 'Department of
Geology, Australian National University, Canberra ACT 0200, Australia.
Appro~imately 85% of Australia's large land !lD.lmals w.:nt extinct in the
late Quaternary [l ]. Genyomis newroni, a large flightless bird and element
of the Austra lian megafauna disappeared from the Austr<~Uan interior -50 ka
ago. during a period of moderate climate change [2j and roughly coincident
with the arrival of the first human immigrants -60 ka ago [3).
We use st.abk C isotopes (oUC) in fossi l eggshell carbonate laid by the
eJCtinet Geny11mis newroni and the exllllJt Dromaius nol'aehollaruliae (emu)
from Lake Eyre, South Austro.lio, to better understand the paleoecology and
dietary preferences of both birds. Between 50 and 65 ka, Genyornis was
primarily a C3 feeder, anti relied heavily on the presence of C3 trees and
shrubs, whereas DmmaiuJ had a much broader dietary range including a
sigoiJicant component of C4 grasses. We speculate that after 60 ka. a decrease
in shrub and tree cover resulted from an increase in fire frequency brought
about by the arrival of the ftrst human immigrants, and contributed to the
ultimate demise of Genyornis [3].
The oDC of DromaitiS eggsheU provides the first continuous paleovegcrotion record from the Australian interior thut extends through the last 65 ka
(4]. Because the Austrnlian monsoon controls summer precipitation over Lake
Eyre, changes in the relative abundance of C4 grasses serves as no indirect
proxy for the effectiveness of the AustrJli;m monsoon. The monsoon was most
effective when C4 grass abundanc-e was hight.<st (between 45 and 65 ka), and
least effe.clive when C4 grass abundance was lowest (between 15 and 28 kat
The Holocene had intermediate levels of C4 grasses. and a moderately effective summer monsoon.
Our isotopic results are consistent with a human overprint oo natural
climate change. The effectiveness of the summer monsoon at Lake Eyre
decreased significantly ~I approximately the same time as the megafauna
extinction and never fully recovered despite an invigorated planebry monsoon during the early Holocene [5]. Furthermore. a change in vegetation type
across northern Australia may have ftlduced the southward penetration of the
Australian monsoon tty decreasing the amount of moisture transfer to the atmosphere. Continued investigations of vegetation and fue histories arc currently under way.
References: (IJ Flannery T. (1994) Tlte Futurl' Eaters, Reed Book.~.
Melboume.[2] Miller G. H. et al. (1999) Science. 283, 205. [3] Roberts R. G.
cr al. (t994) Quat. Gt!ochrono/., 13. 515 . [41 Johnson B. J. cr al. ( 1999)
Scit!nce, in press. [5] Xiao J. L. et al. ( 1999) QtiOt. Sci. Rev., 18. 147.

FATE OF CYANIDE USED IN l'ROCESSING OF GOLD ORES: NEW
EVIDENCE FROM ISOTOPIC MEASUREMENTS. C. A. Johnsoo 1,
D. J. Grimcs2, and R. 0 . Rye! , 'Mail Slop 963. U.S. Geological Survey, Box
25046. Denver CO 80225, USA, lMail Stop 973, U.S. Geological Survey,
Box 25046, Denver CO 80225, USA.
lntroduction: Solutions of cyanide (CN-) are used at mines worldwide
to recover gold from orcs. Consumption of cyanide can be considerable; the
estimate for ore processing operations within Nevada alone is 64.000 metric
tons CN-/yr. Cyanide releases during or after mining are au environmental
concern because of t11e documented toxicity of cyanide to wildlife. Here we
describe the processes controlling cyanide degradation, loss. or persistence
at active and inactive mineral processing operations iu the southwestern U.S.
The ultimate objective of the work is ro provide a complete mass-balance
accounting for cyanide at representative operations. New in our work is the
application of st;tble isotopic (t'lfll; t•N , BCJ12C) roofs [1].

142

Ninlh Annual V. M. Goldschmidl Conference

Results of C!t~c Studies and Experimenls: ln active heap leach circuits, cyanide can be lost from process solutions via three gen.:ral pathways
[2): ( I) offgassing of HCN to the aLmospherc; (2) microbial or abiotic o~ti
dation to form dissolved inorganic C and N spt:cies; and (3) retention in the
ore hcnps as precipitarcd. coprecipiuned. or adsorbed species. In case studies
at three circuits in Nevada [3]. we have found that cyan.ide in barren process
solutions comains C thar is isotopicall y very light ( -5 1%o to -33%. relative
to PDB) and N that is slightly light (-5%,. to -2%o relative to air). The isotopic compositions reflect the compositions of the 11n.tural gas and air N~ tbat
are commonly used in the manufacturing process. After passage of the solutions through ore heaps the cyanide can show decreases of up to 4%u in
one and up to 7%. in l;I>N. Isotopic shifts -are great.cst in solutions that are
most depleted in cyanide. The decrease in 6-values of dissolved cyanide
resembles the behavior found in laboratory experiments where cyanide was
precipitated as a cyanomelallic compound. bui is the reverse of the kinetically conttoiJcd behavior found in experiments where HCN was offgnssed.
The isotopic tlata suggest !hal significant amounts of cyanide may be retained
in the heaps as precipitates. and that offgassing may be Jess important than
has been proposed by other workers [e.g., 2].
Isotopic ana lyses of dissolved nill'ate, ni trite, and ammonium at active
operations show 815N valocs of 1-l 5%., systematically higher than !he negative l:)lSN values found for cyan.ide. The highest valoes ( 13-15%o) are found
where process solutions are stored in poods. Such large I5N enrichrm.'tll~ are
slrong ev idence that BISN of noncya.nide N species is affected by bacteriallymediated denitrification reactions. Total o."idi;zed C was extracted from pond
samples (the method used recovers C from C03 2-, HC03- . H1C0 3 , and CNQ-)
and was found to have low, cyanide-like l)l3C va lues. This indicates !hal
significant ilmounts of cyanide arc destroyed by Ollidation. It is clear U1at
process solution nitrate is produced by cyanide ox.idation, but the degree to
which other nitrate sources are important (e.g., explosive residues) is diffi.
c ult to determine from isotopic or chemical clam.
Where we have studied spent ore heaps that are. being rinsed to lower their
fina l cyanide conte nt, or groundwale.rs that have been cont:1minated .hy process solutions leaks. cyanide mobil ity is contro lled by strong Co and Fe
cyanocomplexcs. The strong complexes are known to break down when
solutio,ts art' exposed to UY light or sunlight. However, whether they are
susceptible to microbial or abiotic oxidation, or to retention as solids in the
subsurface. are questions that need further investigation. Isotopic analyses of
nitrate N and bicarbonate C give no obvious indication of cyaoocomplex
oxidation, but the large isotop ic effects of nitrate denitrification and microbial respiration. and the lac.k of information on isotopic fractionation during
cyanide ox idation. preclude a firm conclusion.
Conclusions: At active heap leach circuits studi ed 10 date, stable isotopic data provide evidence of cyanide loss by retention as solids witl1in the
ore heaps. and by o~idntion. Cyanide offgussing must also occur at tbese operations, hut it does not appear to be the dominant cyanide loss mechan.ism.
Thus the nux of cyanide gas 10 tbe atmosphere from mineral processing
opomtions is substantially lower than the total c.:yanide consumption. On the
other hand. spent ore heaps may be larger cyanide reservoirs than previously
thought. The cbern.ical form and mobi lity of retained cyanide are in need of
furtl1cr investigatioo.
References: fl) Johnson C. A. (1996) Anal. Chern., 68, 1429--1431.
[2 ] Smith A . and Mudder T. (1991) The Chemisrry and Trmtmenc ofCya~ti
dation Wastes. Mining Journal Books Ltd. , London, 345 pp. [3] Johnson
C. A. et al. (1998) U.S. Genlogi.~al Sun•ey Ope11-File Rept., 98-753, 7 pp.
DEVELOPMENT OF SELENIUM STABLE ISOTOPES FOR
ENVIRONMENTAL APPLICATIONS. T . M. Johnson 1. M. 1. Herbel 1·2,
and T. D. Bulle nZ, IMail Code 102. Geology Department. Univers ity of
Illinois. Urbana IL 61820. USA (tmjohnsn@uiuc.edu), l Mail Stop 420, Water
Resources Division, U.S. Geological Survey. 345 Middlefield Road, M~nlo
Park CA 94025, USA.
Selenium in the Envirolllllent: Selenium is potentially toxic to wildlife at levels as low as 3 J.tg/L io water. This problem is compounded by
agricultural mobilization of seleoate from seleoiferous soils developed on
black shnh!s. and Se accumulation in wetlands of the westem U.S. that aJt:
critical to migration and reproduction of birds and waterfowl. Fly ash and

TABLE L Selenium-isotopic fractionation (as •oseJ76Se).
Study

Reaction

e• (%o)

[4]

SeO, to Se0 3 abiotic
SeO, to Se03 • bacteria
Se0 3• to SeOaiJiolic
Se0 3• to Sed Microbes
Se0 3 • to SeObacterin
Soii-Se oxidation
SeO, adsorption
Se volatilization by ulgae
Se volatilizntion by $Oi I rn.icrobes

- 12
-0.9 to -4.5

This study
[1 ,3-Sj
[2]

TI1is
This
This
This
This

stutly
study
study
stutly
study

-7 to -13

-3 to -27
-7.3 to -8.2
<0.5
<0.5
< 1.1

<0.6

*Some values urc converted to B"Sef'•Sc from 8 lSef76Se.

other coal combustion byproducts, mining waste and backfi.ll materials, and
industrial wastewater also contaiu potentially harmful leve ls of Sc. The complex ity of Se hiogeochemi stry complicates predictions of Se transport and
bioavailabili ty. Selenate. (Se0."). is soluble ami mobile. Selettitc, (Se03~).
is soluble but prone to sorption. Elc.mental Sc, seo. is readi ly precipitated,
immobile, anu resistant to reoxidation, Sclcnide is reactive and often found
in soluble or volatile organic compounds. lt is common for selenate to be
removed from sol ution by reduction to elemeutal Se, a process which is
probably mediated by microbes. Nitrogen aod S isotopes are useful indicators of denitrification, sulfate reduction, and sulfate/nitrate sources: Sc isotopes sbould be similarly useful as indicators of selenate and selenite
reduction. and Se sources.
Selenium Isotope Measurements: Several studies, starting with work
by Krouse anti Thode in 1962 [ 1- 5), showed that selenate and selenite reduction induced isotopic fractionation of up to 40%o in 82Sef76Sc. The ScF6
gas-source technique used in these studies required large quantities of Se. and
thus analysis of al l but the most conlarn.i nated waters and sediments was extremely tlifficult. Negative thermal ion mass spectrometry (NTIMS) methods
developed by K. Heumann's group [6] brought the sample require ment down
to submicrogram levels, but precision suffered from uncontrollable discrimination during hearing of the unavoidably vol atile Sc. We developed a doublespike NT!MS technique (spike 74Se and 8lSe, measure SOScf16Se) that corrects
for fracti onation during sample preparation and mass spectrometry, yielding
an overall reprod ucibility of ±0.2%•• A major advantage of this approach is
the abi lity to usc reductive H2 Sc generation, which is well developed for Se
concentration analyses, as a purification method.
Selenium-isotopic Fractionation: We have conducted several laboratory experiments to measure Sc-isotopic fractionation during biogeochern.ical transformations. The results. combined with those from earlier s tudies,
provide a nearly t:omplelc reconnaissance of Se-isotopic systematics (Table I).
Selenate and selenite reduction, both microbial and abiotic, are the major isotopic fractionating mechanisms, whereas other ttaosformations cause linle or
no isotopic fractionation. The microbial fractionations are variable, because
of metabolic effects. as is observed with sulfate and nitrate reduction. In summary, Sc-isotopic fmctioontion should be a good indicator of selenate and
selenite reduclion io environmental studies, but the laboratory results do not
predict the size of the fractionation in a given natural setting.
Field Studies: Reconnaissance field studies are in progress. Samples
from the San Fr;mcisco estuary, Californin, showed little conttast between elemental Se in sediments and the estuary waters ; this corroborates independent evidence that Sc is transported into the mud n;JtS and marshes as
particulate, and selenate/selen ite reduction is a less important process in these
relatively ox idized sediment~ . However, furt11er research into Se-isotopic fractionations in natural ~ctt.ings is necessary to support such studies.
References: [ I] Krouse and Thode (1962) Can. 1. Chern., 40, 367- 375.
Ill Rashid cl al. ( J978) in Shorr Papers of the Ftmrth Jntemwimwl Conferella, Geochronology, Cosmochronology, lsmope Geology (Zarunan. cd.),
USGS Opeo-File Rept. 78-701. [3] Rashid and Krouse ( 1985) Can. 1. Clrem.,
63,3195- 3 199. [4] Rees aud Thode ( 1%6) Can. J. Chem , 44.4 19-427
[5) Webster ( 1972) Ph.D. dissertation. Colorado State Un iv. [6] Wachsmao o
and Heumann ( 1992) Int. 1. Mass Spectram. fort Proc.. I 14, 209-220.
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COMPARATIVE MAGMA OCEANOGRAPHY. J. H. Jones, Mail Code
SN2, NASA Johnson Space Center, Houston TX 77058, USA (jjones2@ems.
jsc.nasa.gov).
The question of whether the Earth ever passed through a magma ocean
stage is of considerable interest. Geochemical evidence strongly suggests that
the Moon had a magma ocean and the evidence is mounting that the sa.me
was true for Mars. Analyses of martian (SNC) meteorites have yielded insights into the differentiation history of Mars, and consequently, it is interesting to compare that planet to the Earth. Three primary features of Mars
contrast strongly to those of the Earth: (I) the extremely ancient ages of the
martian core, mantle. and crust ( -4.55 Ga); (2) the highly depleted nature
of the martian mantle; and (3) the extreme ranges of Nd-isotopic composi •
lions that arise within the crust and depleted mantle.
The easiest way to explain the ages and diverse isotopic compositions of
martian basalts is to postulate that Mars bad an early magma ocean. Cumulates of this magma ocean were later remelted to form the SNC meteorite suite
and some of these melts assimilated crustal materials enriched in incompat·
ible elements. The REE pattern of the crust assimilated by these SNC magmas was LREE enriched. If this pattern is typical of the crust as a whole,
the martian crust is probably similar in composition to melts generated by
small degrees of partial melting (-5%) of a primitive source. Higher degrees
of partial melting would cause the crustal LREE pattern to be essentially flat.
In the context of a magma ocean model, where large degrees of partial melting presumably prevailed, the crust would have to be dominated by late-stage,
LREE-enriched residual liquids. Regardless of the exact physical setting, Ndand W-isotopic evidence indicates that martian geochemical reservoirs must
have formed early and that they have not been efficiently remixed since. The
important point is that in both the Moon and Mars we see evidence of a
magma ocean phase and that we recognize it as such.
Several lines of theoretical inference point to an early Earth that was also
hot and, perhaps, mostly molten. The giant impact hypothesis for the origin
of the Moon offers a tremendous input of thermal energy and the same cou ld
be true for core formation. And current solar system models favor the formation of a limited number of large (-1000 krn) planetesimals that, upon
accreting to Earth, would cause great heating, being lesser versions of the
Giant Impact.
Several lines of geochemical evidence do not favor this hot early Earth
scenario: (I) Terrestrial mantle xenoliths are sometimes nearly chondritic in
their major element compositions. suggesting that these rocks have never been
much molten. Large degrees of partial melting probably promote differentiation rather than homogenization. (2) Unlike the case of Mars, the continental
crust probably did not form as a highly fractionated residual liquid from a
magma ocean (-99% crystallization), but, rather, formed in multiple steps.
(The simplest model for the formation of continental crust is complicated: (I)
-10% melting of a primitive mantle, making basalt; (2) hydrothermal alteration of that basalt, converting it to greenstone; and (3) I 0% partial melting
of that greenstone, producing tonalite.] This model is reinforced by therecent observation from old ( -4.1 Ga) zircons that the early crust formed from
an undepicted mantle having a chondritic Lu/Hf ratio. (3) If the mantle were
once differentiated by a magma ocean, the mantle xenolith suite requires that
it subsequently be homogenized. The Os-isotopic compositions of fertile
spinel lberzolites place constraints on the timing of that homogenization. The
Os-isotopic composition of spinel lherzolites approaches that of chondrites
and correlates with elements such as Lu and AI. As Lu and AI concentrations approach those of the primitive mantle, Os-isotopic compositions approach chondritic. The Re and Os in these xenoliths were probably added
as a late veneer. Thus, the mantle that received the late veneer must have been
nearly chondritic in terms of its major elements (excluding Fe). If the mantle
that the veneer was mixed into was not already homogenized, then Os isotopes should not correlate with incompatible elements such as AI. Consequently. either early differentiation of the mantle did not occur or the
homogenization of this differentiation must have occurred before the late veneer was added. The timing of the late veneer is itself uncertain but presum·
ably postdated core formation at -4.45 Ga and did not postdate the 3.8-3.9-Ga
late bombardment of the Moon. This timing based on siderophile elements
is consistent with the Hf-isotopic evidence cited above.
If the Earth. Moon, and Mars bad magma oceans, the Earth subsequently
rehomogenized whereas the Moon and Mars did not The simplest solution
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to this observation is that homogenization of igneous differentiates was never
necessary on Earth, either because the hypothetical magma ocean never
occurred or because this event did not produce mantle differentiation.
THE EARLIEST KNOWN OCCURRENCES OF CHARCOAL IN THE
FOSSIL RECORD. T. P. Jones' and N. P. Rowe2, 'School of Biosciences.
Cardiff University, Museum Avenue, Cardiff, CFl 3US, Wales, UK
Uonestp@cardiff.ac.uk), 2Laboratoire de Paleobotanique, Place E. Bataillion,
Universitt! de Montpellier II, 34059 Mootpellier, France (rowe@isem.univmontp2.fr).
Introduction: There is an established fossil charcoal record, from the
Lower Carboniferous to the preseot. Pre-Carboniferous "charcoal-like" plant
fossils exist, but their modes of preservation are problematic and subject to
debate. In the literature there are "anecdotal" references to Devonian charcoat but it has never been satisfactorily demonstrated. It is important to
distinguish between charcoal, the end product of a process, i.e., fire; and
fusain, a fossil material defined by physicochemical characteristics. A fossil
record of charcoal has important implications for limiting atmospheric 0 levels, palaeoenvironrn.ental reconstructions, plant evolution, and long- and shortterm global C budgeting. Fossil charcoal is recognized by: plant threedimensional anatomical preservation, black color, silky or fibrous texture,
friable nature, the homogenization of previously-stratified plant cell walls, and
its general appearance - overall similarity in size and shape to modem charcoal.
Problematic Pre-Carbonifer ous "Ch arcoal": Prototaxites a "plant"
fossil of uncertain affinity is preserved as "fusain," and is possibly the world's
oldest charcoal (1- 3). Plant fragments have been found in Devonian gneiss,
but the metamorphic conditions have eradicated any clues to the fossil's
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Fig. 1. The earliest record of charcoal.
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taphonomy 14]. Fusinitc has been recorded in Devonian coals. however, in
small ttmounts, and off unknown taphonomy [5]. Fusain has b~en rt:covered
from Mississippian clastic scdimenl~, but a non-fire microbialt~phonomy has
been proposed [6). Fossils confidently identified as charcoal are abundant
from the late Toumasiao onwards, with an e;o;tensive litcramre from 1847 l71
to the pr.:scnt day [8].
Devonian Charcoal: Charcoal has been recovered from sediments io
Sau~rland in Central Gcnnany, a couple of meters below the 0-C boundary,
in the LN miospore zone. at the very top of the Famennian. This section is
famous for containing early winged seed fossils [9]. The fossils were macerated from sediments by HCI and HF. followed by HN03 to remove any nooiocn organic component. Under a scanning electron microscope (SEM) can
be seen exceptional three-dimensional preservation of very delicate aOlltOmic;ll features. FunJ1ennore the cell wa lls arc homogenized. The charcoul is
found in association witb coalified and petrified planl~; thus, clearly th ere
were two distinct and very different mechanisms of plant preservation. Not
enough material was available to undertake reflected light studies. Despite
the latter, it meet~ all other requirements to be confidently identified as the
earliest unambiguous fossil charcoal; the end product of an ancient wildfire.
References: lll Robinson J. M. et al. (1997} NATO AS/ Series I, 51,
253-270. [2) Edwards D. et al. ( 1995) Bot. J. Lin. Soc., 117. 233-254.
[3) Cope M. J_ (1984) Ph.D. thesis, Univer.;ity of London, UK. [4] Pflug
H. 0. and ProsseJ K. F. (199 1) Sciellti)LC Drilli11g, 2. 13-33. (5] Ooodarzi F.
et al. ( 1989) Cont. Can. Coal Geosci., 120-130. [6] Beck C. B. el al. (1982)
Am. J. Bot., 69. 54-76. [7] Lyell C. (J847) Quart_ J, Geol. Soc. 47, 261280. [8] Jones T. P. and RoweN. P. (1999) Fossil Plants flJ1d Spores:
Modem Tedrniques, Geological Society of London. 19] RoweN. P. (1997)
Ptzlaeontolngy, 40, 575-595.
THE ROLE OF LOWER CRUSTAL DELAMINATTON IN TilE
GENESIS OF CONTINENTAL CRUST. M. Jull and P. B. Ke.lemen,
Woods Hole Oceanographic lnstirution. Woods Hole MA 02543, USA (jull@
whoi.edu; pkelemen @whoi.edu).
The average composition of the upper, lower. and bulk conlin enral crust
lies along a calc-alkaline magmatic trend and can be charactcriz.cd as high
Mg# andesite (i.e.. wt% Mg# >0 3 and <10 wt% MgO: see Ill and references therein). High Mg# andesite (HMA) lavas wiU1 compositions similar
to the continental crust are found in many contempor.ll)' arcs. suggesting that
continental crust formed us a reSlllt of arc magmatism [e.g., 2]. Despite
decades of effort, melting experiments have not confirmed the hypothesis
that HMA is produced from a fractionated basaltic parent magma. However,
mill ing of the endmember compositions from a fractionation trend (e.g ..
"basalt" and ''granite") can produce the HMA composition of the bulk crust
[1] .

For a milling mechanism to generate continental t-rust, some process is
required to remove the cumulates and residues formed during generation of
lhe highly silicic "granitic" cod member. Kay and Kay [3] proposed that mafic
lower crust, if it is thideoed suflicieotly, will convert 10 high-density mioentl assemblages, leading to a gravirationally unstable configuration in which
the lower crust can delaminate and sink. ioto the lower density mantle. Similarly, Amdt and Goldstein [4] pointed out that ultramafic cumulates arc always denser than residual upper mantle peridotites, and proposed tlmt they
may undergo delamination.
We consider the possibility of lower crustal delam ination as a means by
which to remove a mafic and ultramafic residue generated in the process of
liMA fonn.ation. Though there is an extensive body of work on delamination [e.g.. 51, most of this has focused on the density instability generated
by the conductive cooling of the mantle lithosphere, Controversy ClliSL~ as
tO whether the density inversion created by conductive cooling of the lithosphere is coun ter balanced by the positive compositional buoyancy of the
lithosphere by the extraction of melt (the isopycnic hypothesis of Jordan [6J).
lo any case. high-density phase transformations of a fOllfic to ultramalic
lower crust are likely to create density invetsions that can drive lower crustal
delamination events. However, high-rnanl)e viscosity at low temperatures may
im pede this process,
In this study, delamination of the lower crust is evaluated using a finite
element modo! developed by Houseman and Molnar [5). which allows us to

calculate growth rates for linitc- deformation of gravitationally unstable (i.e ..
Rayleigh Taylor instabi lity) layered configurations. We consider a ra nge or
rheologies and densi ty structures to represent the lower crust and underlying
mantle. Rheologies for the lower crust are assumed to be that of clinopyrox.enite and jadeite. while that of the upper mantle and lithosphr.re is assumed to b<! dry olivine.
Results of the modeling show !hat high temperatures are necessary for
de lamination to occur on geologically significant limescales. Using a range
of lower crustal and lithospheric mantle bulk compositions- ranging from
ultramafic cumulates to basaltic compositions, we calculated the subsolidus
pbase assemblage and resulting density using the programs of Asimow and
Ghiorso [7] and Connolly [81. These calculations allowed us to detennine the
density of the lower crust as a function of temperature and pressure and to
calculate the growth rates of instabilities under a variety of conditions. The
resu ltS show that lower crustal delamination is a viable mechanism for the
removal of mafic and ultramafic layers from the lower crust oo geologically
relevant time scales. Specifically, oo geologically likely density cootrdsr can
go unstable in less than 100 rn.y. if the manrle temperature is less than
-90Q•C. Thus, delamination is highly improbable within stable cratons and
during continent-continent collisions.
Wh ile negative buoyancy of basaltic and gabbroic compositions requires
growth of garnet, and is thus pressure dependent and kinetically unfavorable
during slow cooling under H20-free conditions, negative buoyancy of ultramafic cumulates is due mainly to composition, and not phase transformations.
Fonn.ation of ultramafic cumulates at the base of the crust creates a dense
layer, which is always unstable aod likely to delaminate in <10 m.y. at virtually any pressure, provided the underlyio,g mantle temperature is>- I000°C,
References: [II Kelemen P. B. (1995) Co111rib. Mineral. Perrot., 120,
1-19. [2] TaylorS. R- ( 1985) Twonl)phys., 4, 17-34. [31 Kay R. W. and
Kay S. M. (1994) Tile Geology of North Amerir:a, Vol. I, 687-722. [4] Arndt
N. T. and Goldstein S. L. (1987) Tecro11ophys., 161, 201-212. (5] Houseman G. A. and Molnar P. (1997) Geopltys. J. lnr.. 128, 125-150. L6] Jordan
T. H. (1988) 1. Perro/., I 1-37. [7] As imow P. 0 . nod Gbiorso M. S. (1998)
Am. Mineral., 83, 1127-1132. [8) Connolly J. A. D. (1990) Am. }. Sci., 290,
666-718.

MELT GENERATION AND TRANSPORT; CONSTRAINTS FROM
THE DEGLACIATION OF ICELAND. M. Ju ll'. D. McKenzieZ, J .
Macleonan 2, L. Slarerl, and K. Gronvoldl. 1Woods Hole Oceanographic Institution, Woods Hole MA 02543, USA. 2Bullard Laboratories. University of
Cambridge. Cambridge CB3 OEZ, UK. lNordie Vo lcanological Institute. University of Iceland, Reykjavik, Iceland.
The geoerdtion and transport of melt through the mantle is the center of
much controver.;y ;md debate. Constraints from born the chemistry of erupted
m;1grnas and physical models of melt transport have Jed to two endmember
theories. One of these considers me lt transport as a "dynamic' ' process in
which melt is chemically isolated from the solid matrix and transported to
the surface as soon as a critical threshold porosity is attlined l l ]. The other
considers melt transport to be a reactive process in which m.elt percolates
Ulfough a porous matrix resulting in chemical exchange, leading to the formation of high-porosity conduits [2]. Both models are constrained by the
chemical signature of meJt erupted at the surface. In particular, their ability
to account for the disequ ilibrium of U-series elements observed in erupted
magmas is ci t~d a~ om: of the key pieces of evidence that validates these
models. Howcvc.r, both me lting models interpret the U-series disequi libria as
the result of different processes. In the dynamic model, U-series disequilibria is generated near the solidus and fast melt transport through conduits or
channels is required to ma intain the observed disequi librium. The reactive
porous flow model requires that U-series disequi libria is initiated at the solidus
and is then maintained by chromatographic effects as melt migrates via porous
flow through a melt column in which there is continuous chemical interaction with the surrounding matrix [3].
Despite U1e ability of both these models to eltplain the U-scrics disequilibria. there are some problems_For example, the reactive porous tlow model
requires lhal U-serics disequi li bria be initiated at th.e solidU$ and thc:n maiota.ioed by chromatographic melt flow. 111is tl1cory is challenged by observa-
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Lions from Hawat'i that show lhal clements with different compati bilities have
strong temporal correlations (4,5), indicating lhat chromn1ographic ~cpara
tion of clements has had little effect oo the melt as H has migrated through
the mantle. Though such observations have yet to be made at mid ocean
ridges. where melting el\tends over a greater depth range than lhat of Hawai' i.
the results from Hawai'i raise some questions of douht Dynamic melt transport. on the other hand, is challenged by an apparently ~cgative correlation
between (ZZ6Raf2lO"Jn) and (Z.lO'Jllf2lBU) observed at miu-ocean ridges [2]. If
excesses of bolh !26Ra and 230'Jll arc produced at the solidus. as proposed
in the dynamic model, it is unclear why lhc observed excesses appear to be
negatively correlated.
Since both melt lrnnsport models can, to a certain extent, account for lhc
observed U-series disequilibria. other independent critcrin urc needed to
constrain mantle melting and transport through the mantle. One such coostminl is provided by the deglaciation of Ice land. In response to the rapid
unloading of icc -11 ka, melt production in Iceland mcrcased by a factor of
20-30 and tr.1ce-elemenl c.:oncentrJtions decreaserl in response to enhanced
decompression melting [6-9). l11is perturbation to lhe melting stale of the
mautlc gives us aa opport.unity to olm:rvc change< in melt chemistry :wd
volume as the melting region departs from steady Slate. The timing between
deglaciation and the surge in postglacial magmatic activuy gives an independent constraior oo melt tmnspon, wilh a rate of -50 mlyr. and is consistent
with the dynrunic melting model, where ZZ6Ra c~cesses ure generated near
the solidus.
The change in composition of melt iu response to deglaciation also allows us to constrain lhe melt distribution in the mantle. Inverse modeling of
REE concentrations to calculate melt distributions io the mantle [I OJ haw
been criticized for the implicit a priori assumption of a starting source composition. The change in chemistry from deglaciation allows us to avoid this
assumption because it provides an opponunity to inven for lhe melt distribution by comparing lhe change in chemistry between glacial and postglacial magmas. Our re~ul~ show that the melt dislributiun Clllculat~d from ilie
inversion of REE concentrations of' glacial and postglacial magmas has a productivity that continuously increases with decrea.sing deplh, which is consistent wilh lhe results of recent thennodynamic calculations [ l!j.
References: [IJ McKeolie D. (1985)£PSL. Tl, 149--157. [2] Kelemen
P. B . et at. (1997) Phil. Trans. R. Soc. Lund., 355. 283-318. [3] Spiegelman M. and ElliotT (1993) EPSL, 1/8, 1-20. (4] Cohen A. S. eutl. (1996)
EPSL, I.J3. 111-124. [5) Hauri E. H. et al. (1996) JGR, 101, 11793-11806.
[6] Hardarson and Filion (1991) Natrul!, 353, 62-64 (7] Jull M. and
McKenzie D. (1996) JGR, 101, ~1815-21828. (8] Slater L. et al. (1998)
EPSL, /64, 151-164. [9] Maclennan J. et aL, in pn:par.llion. (10) McKenzie
D. aod O'Nions K. ( 1991) J. Petrol.. 32. 1021-1091. [ J I] Asimow P. er at.
(1995) GCA, 59. 4489-4506.

111E EFFECT OF HYDROGEN BONDING ON 'mE STRUCTURE
AND PROPERTIES OF AQUEOUS HYDROTHERMAL FLUIDS:
COMPUTER SIMULATION STUDIES. A. G. Kalinichevt.z, 1Depanment of Geology, University of Illinois, Urbano ll 61801, USA (andreyk@
hercules.geology.uiuc.edu). linst itute of Experimental MinerJiogy. Russian
Academy of Sciences. Chemogolovka, Moscow Region, 142432, Russia .
Introduction: Accurate thennodynrunic modeling of hydrothennal fluids is complicated by lhe presence of specific H bonding interactions between
water molecules. The question of the ranges of tempcralllre and pressure
(density) where lhese specific interactions can significantly influence the
observable propenies of water is very imporlaDl for \bP rOilStrllction of re.
alistic lhermodynamic and structural models of hydrothermaJ fluids. Several
experimental sources suggest lhat some degree of H booding persists well into
the supercritical region of water [ 1]. However, such evidences are often
indirect and inconclu>ive. On lhe other hand, numerous Monte Carlo (MC)
a nd molecular dynamics (MD) computer simulation studies of sup~rcritical
water have bcerl pcrfonned over lhc last decade (21 The advantage of computer "experiments" is in their ability to generate and analyze in detail spatial
and energetic environmentS of every individual molecule or multimolecular
configuration. thus providing extremely useful microthermodynamic and
microstructural information on the molecu lar level, not available from :~ny
rral physical measurement.
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Computer Simulations: Monte Carlo and molecular dynaJlllcs simula
tions of water using several realistic intermoleculaJ potential functions were
carried our a1 more then SO ~tares covering a very wide range of thennodyoamic conditions typical for many hydrothermal and metamorphic
processes: 273 !> T $ 1273 K; 0.02 $ p 5 L67 g/cm1; 0.1 5 P 5 10000 MPa
[2.3). Simulated PVT-properties. as well as enlhalpy, internal energy. heat
capacity. isothermal compressibility. thermal expnnst<ln and self-diffusion coefficientS agree surprisingly well with available c~pcrimeotal data. if one
correctly accounts for some differences in lhc critical parameters between lhe
models and real water. The simulated structure of supercritical water also
agrees well wilh X-my and neutron diffraction data, and is consistent with
several other computer simulations using inh~rently differeD! intermolecular
potentials. 1llis qualitatively 11nd quantitatively correct behavior of many
simulated properties over very wide ranges of lhermodyoamic conditions allows us to analyze with reasonablt confidence the detailed tempernturr:- and
dcnsrty dependencies of local spatial and encrgcllc arrangements of water
molecules leading to H bonding.
Hydrogen Bonding under Hydrolllennal Conditions; Quant1tative
~nalysis c>f H bQnding in supercrit:icaJ walfr was performed oo IIW ht>SL< nf
hybrid distancc-eocrgy criterion of H bond formation [4J. With increasing
temperature. the average number of H bonds per a water molecule, (n1m),
decreases with the same slope fnr both liquid-like (-1.0 g/cmJ) us well as
vapor-like (-0.2 gfcml) supcrcriticul water. Th1s result agrees well wilh all
available estimates based on experimental data from various sources. Over
lhc whok supcrcritical region. except for lhe most lligh-dcnsity states. (o 1m)
is always below the percolation threshold (-1.6) indicating lhatlhe continuous percolating network of H bonds is brolcen. Nevertheless. up to 40% of
H-bonds present in liquid water at room temperature can still be preserved
under supercritical conditions. For n typicnl hydrothermal lherroodynrunic
state (T = 673 K: P = 80 MPa; p: 0.66 g/cml), average H bonds are almost
10% weak!!r energetically. 5% longer. and -s• more bent, compared w those
in normal liquid wate-r.
Clusterization in Supercritical Water: Allhough the infinite percolating network of H bonds largely breaks apart under hydrolhermal conditions,
individual water molecules for significant amount of time still remain bonded
togelher in smaJicr molecular aggrt:gates, or clusters [2]. Quantitative understanding of the size and structure of such clusters is imponant for mnny
fundamental uncl practical reasons. For cl\ample, large pressure effects on the
isotopic fractionation between hydrothermal solutiuns and minerals can be
explained by taking into account lhe degree of clustcrization io water vapor [Sj.
Present simulation result:s demonstrate that evc11 low-density hydrolhcr
mal fluid (p <0 2 g/cm3) can contain relatively lt~rge H bonded clusters, consisting of up to 10 water molecu les. We observed no significant density
dt>peodeo~:~ of relative abundances for topologic:~lly difl-...reot water dusl~n:.
and chain-like clusters arc found predominant. In contrast to lhe re1>ults of
quantum cbemical calculations for isolated water clustc:rs, which Identify ringlike cl usters as the most stable energetically, such clusters arc only rarely
formed under hydrothennnl conditions [6]. The fraction of pentnrners topologically nrganized as complete tetr~hcdra is also insignificant under these
conditions.
Rererenct!s: [I) Gorbaty Y. E. and Kalinichev A. G. (1995) J. Phys.
Chem. , 99. 5336-5340. [2] Kalinichev A. G . aod Bass J. D. (1997) J.
Phys. Cht!m A, 101, 9720-9727. [31 Kalinichev A G . and Heinzingcr K.
(1995) GCA. 59,641-650. [4] Kalinichev A. G. and Bass J. D. (1994) Chem.
Plrys. Lt!tl., 231, 301-307. (5] Driesner T. (l997J Smma. 277. 791-793.
[6] Kalinichev A. G. :wd Churaltov S. V. (1999) Chem. Pilvs. Lt!tt.. 302, 411417
COMPUTER SIMULATIONS OF TIIE lNTERLA YER STRUCTURe
AND DYNAMICS OF MIXED-METAL LAYERED HYDROXIDES.
A. G. Kalinichcv'. R. J. Kirkpatrick' , and R. T. Cyganz, ID~partment of
Geology. University of Illinois at Urbana-Champaign. Urttana IL 61801. USA
(kalinich@uiuc.edu). ~Geochemistty Department. Sandia National Laboratori es. Albuquerque NM 87185-0750, USA.
Introduction: Mixed-metal layered hydroxides (MMLHs) are among
lhe few oxide-based materials with permanent anion el\change capacity de-
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vcloped through isomorphous substi tu tion. 1bey occur in many natural environme nts. arc readily synthesized. and are rece ivi.ng rapid ly increasing
attention from a wide variety of applications as materia ls for caw lys is. environmental remediation, etc. (I-2]. MMLHs have a lo yered strm:ture based
on that of Mg(OH)z or Ca(OHh. Substitution of +3 cations (often A I) for
th e +2 cation.~ (often Mg orCa) leads to a permanenL positive layer charge.
Anions and associated water molecalt:s occur in the iDLerlayer sp11ce and on
the p<trticle surfaces. The Ca-MMLHs ore uo.ique in having 311 ordered Ca./\ I
clistributioo and a highly ordered interlayer space due to coordination o f the
intc rlayer H20 molecu les to Cain the hydrox ide layer, resulting in ? -coordinate Ca.
Molecular Dynamics Simulations: We mode led and analy-ced lht:
dynamical behavior of the anions and wa1er molecules in the ioterlaycr of
MMLHs over a range of temperatures us in g molecular dy nam ics (MD)
compUier simu lation 1echnique. A modified consis tent valence force ftcld was
used to model all ion-ion and ion-water interactions l3l. For water, a Ocx.ible
version of the "simple point charge" model [4] was cmploycd.lbe cl.:ctroo.ic
structu re of the sim~tla1cd materials was determined using periodic density
functional lheory [5]. Mulliken analysis of lhe electron popu lation was performed in order to esli m;lle pilJti:t l charges of the atoms.
In MD simu lations of lay~red materials, the atom~ in the main oxide layers
are often constrained to be immovable. This approach is computalionaliy very
effec ti ve, but it prevents the momemum exchange between the intcrlayer/surfacc species and lhe rigid lattice. lbus, realislic modeling of lhe dynamics
of H bonding to lhe surface, adsorption. and surface complexation is limited
by the momentum and energy conservation lnws. This can result in the overestimation of surface diffusion rates and can ioO uence the calcu lated structure of the interfacial water layers.
In our MD simulations, all atoms were treated as movable. Moreover. the
size and shape of the simulation cell were uoconstrained. The isothermal isobaric simulations were performed for bulk crystals. dehydrated crystals at
high temperature, and for the interface of MMLH phases wi th bulk water.
luierlayer Structure and Dynamics : Por the particular case of
[Ca 2A l(OH)JCI x 2H20 (Friedel 's salt) structure. the resulting crystal lall.ice
parameters and density are all reproduced within -I% of their measured room
temperature values [6). A minimum of the lattice parJmcter a around o•c
is found , which closely corresponds to the phase IJansition observed for litis
material in NMR cxpcrim()nts at -6°C (7].
In contra~t to the highly ordered arrangement of interlayer water molecules
presumed from the X-ray diffraction meas urements [6]. MD simulations
reveal significant orieotational clisorder which is preserved even at temperatures as low as -LOO"C [8]. Nevertheless, each Cl- ion is still H bonded on
average to four intcrlayer H 20 mo lecules and additionally coordinated by six
OH groups from two adjacent hydroxide layers , thus forming no axial ly
symmetric arrangement. This H bo nding environment effectively keeps anions immobile wiUI.in the structure even at high temperatures.
Pow.:r spectra of translational, fibrJt iooal. aod vibrational motions of
interlayer anions and water molecules were ca lcu lated as Fourier transforms
nf' the velocity autocorre lalion functions for each species. The spectrum of
the inlcrlayer Cl- and H20 hindered translations consists of tree dis tinct
frequency bands cen tered arouod 50, 90, 3nd 140 cm- 1• TI1e 50 cur• band
~.:orr~.:spoods to 0 ···0 .. ·0 fle/Cing motions of lhe in termolecular 1-1 -bonds in
bulk liquid wa1er (e.g., [9]).
Strong electrostatic n1tractioo between intcrlaycr wnter molt!culcs und
corresponcting Ca atoms in the hy<J.ro/Cide layer results in very low ioterlaycr
diffusion rntes and makes the Ca .. ·O bond dircctioo thr most preferable axis
for H7.0 librat ions (hindered rotatiuos). 11tis is in sharp cotHrast to the
mo lecular librations in hulk li4uid water whcr(', on average. four equally
strong H bonds acting on every walt:r molecule create almost isoLropic librationa I enviro nment resulting in much broader spectra l peaks of these hindered
rotations [9]. To some ex tent, this is also true for H20 molecules ad~orbed
on the crystaVwatcr inlcrface.
Rerereoces; [I J Cavani F. ct al. (199 1) Cacalysis Today, 11. 173- 301.
[21 Ulibarri M.A. et al. (1995) Appl. Clay Sci.. /0, 131-145. [3) Molecular
Simulations Inc. (1998) Ceri t1sZ User Grdde . [4] Uerendsen H. J. C . eL al.
(198 1) in lrrrermo/ecular Force.f (Pu llman B.. ed .), pp. 33 1- 342. Riedel,
Dordrct:hL [5] Delley B. (1990) J. Cht' m. Piry.v.• 92, 508- 5 17. (6) Tcrzip A.
ct al. ( 1987) Z. l<ristallogr.. /8 1. 29-34. 17 1 Kirkpatrick R. J . ct a!. (1999)
Am. Mineral. , in press. [8] Knlioicbev A. G. et al. ( 1999) Am. Mineral. , in
preparati on. [9) Kalinichev A. G. and Hcinzinger K. ( 1992) Adv. Plrys. C'eocltem., 10, l-59.

MECHANI SMS OF PYRITE OXIDATION REVEALED F ROM IN
SITU MEASUREMENTS OF DISSOLVED OXYGEN, J<:h, AND pU OF
SOLUTIONS IN A CLOSED SYSTEM. G. Kamci t and H. 0 hmoto2,
1
Japan Nucle.ar Cycle Development Instit ute. Tokai -mura. lbaraki 3 19-1 194,
Japan (kamei@ tokai.jnc.go.jp). 2Astrobiology Research Center and Depanmen l of Geosciences. Pennsy lva ni a State Unlversi1y. Univers ity Park PA
16802. USA (obmoto@geosc.psu.edu),
Previous experimental studies on Ute kinetics of pyrite oxidation were nil
carried o ut in sys1ems open 10 0 2. In order to test if the rate law derived from
open-system experiments is applicable to groundwater problems, we have conducted a series of pyrite ox.idation cKperiments in a sysrem closed to dissolved
0 (DO). Distilled and de-iooi.l.cd water was first saturated with the alr, and
sealed in a 1.4-L-volume batch reactor (Pyrex glass) 1ogcthcr witJ1 1-3 g of
crushed and cleaned pyri rc grains; the ratios of surface area of pyrite to
volume of water (SN) were 0.037 to 0 .112 m!/L. The reactions were ~.-.u-ricd
out nt 2s•c and 37• c for periods lnst10g -30 b to -160 h. T he values of
DO, Eb. and pH of U1e expcrimen lal solutions were continuous ly monitored,
in siru, d uring reactions. The S0,.2- contcnl was analyzed for the solutions
periodically withdrawn from the experimental reactor; the f e2+ con1en r was
calculated from mass and charge balance equations.
The changes with time in DO, Eh . pH, S042-, and Pe2• values followed
complicated palhs, but the paths can be discussed rn \crms of three stages
of reactions. Duri ng the first stage, which typically lasted for less than -5 h.
Eh decreased rapidly by - 100 to -200 mV , pH rose from -5.6 to -6, and
SO/-· and Fe~• increased to - 0 .005 mM, bul DO did not cbange. During lhe
second stage, which typically lasted for -3 to -25 h after the first stage, Eh
and DO slowly decreased, SOi- and Fe2+ s lowly increased. but pH remained
essentially constant During the th ird stage (t >-3 to -25 h) . Eh, DO, aod
pH dct.Tcased very slowly, bul S042- and Fe2• remained essentially constant.
The above trends with Lime in the chemica l composition of cxpcri mcnlll l solutions suggest the following series of dominant reactions.
Consumption of W from the dissolved H 2C03 (i.e., tl1e dissolved atmospheric C02 ) by pyri1c:
(I)

Oxidation of HS2- by the surface electrons of pyrite:

(3)

(4)
Reactions (I) and (2) are importanl in slage I. Reactions (3) and (4) sLarL
to become important in stllges 2 and 3 respectively. Reaction (2) appears 10
slow down once lhe pyrite surface is conl<:d with the ferric hydrox.ides prolluced by reaction ( 4 ) .
The !'3tes of pyrite oxidation during the ftrst two stages ;1re several orders
of magnitude higher than tho;c in the third stage. The rates of pyrile ox idation during the second and third stag('s appear to follow the tirst-order rate
law wi th respect to DO as first suggested by Manaka [lj: -d[py j/ dt
- k(SIV)IDOl where k is the rate constant. The k values wen: dclermined to
be (6.76 ± 2.02 x I 0- 7 Uml s at2S•C and (2.02 :l: I.OJ) x I ()- 6 Lfm?s a1 37•c.
These values give the activation energy of 47-80 kJ/mol for pyrite oxidation
by clisso lved 0.
References: (I) Manaka M. (1997) Ph.D. thesis. Tohoku llnlv
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THE GENESIS OF SIDERITE JN ARCHEAN AND PALEOPROTEROZOIC OCEANS. A. J. Kaufman, Department of Geology, Uoiver.;ity
of Mary land, College Pork MD 20742, USA (kaufmau @gcol.umd.edu ).
The genesis and the exodus or Archean and Palcoprot.cro:wic banded ironformations (BIFs) is ge nerally cons idered to be th e logica l res ult of the
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biological production of 0 . In this view, the origin of these enigmatic marine
deposits is related to the immobili7..ation of soluble iron by fil(atlon with 0 2
produced during oxygenic photosynthesis, and deposition of OIF ceased when
the deep oceans became pervasively oxidized ca. 1.8 Ga. The Sr- and Ndisotopic records indicate that Archean and early PuJ.:oprot.:rozoic oceans were
domin:ued by hydrothermal fluids [1-3 ]. and were the.r efore anoxi,, acidic,
and rich in soluble ferrous iron; isolated plumes of iron-poor. oxygenated
water spread out from stromatolitic p!Jiforms. Eventually these plumes spread.
coalesced, und deepened . In their wake iron was swept from the oceans.
However, rather than being driven by biological sources from above, the
primary control of the ox idation state of the deep ocean appears to be exerted by tectonic forces controlling the flux of reduced ions from below. Based
on modem studies in vokao.ic lakes [4]. as we ll as pctrogr.1phic and C-isotopic analyses [5- 7] of B!F siderite microbands. the primary control on the
deposition iron-bearing BfF minerals appears to be related to changes in pH
and iron availability across the transition from anol\ic lo o~ygenatc:d waters.
The current model suggests an abiological process for the primary precipitation of siderite in the A.rcbeao and Paleoproterozoic oceans [cf. 8, 9].
Soluble ferrous iron as well ns C01 -rich and sulfide-poor solutions were
upwelled from deep hydrothermal sources to shallow shelves At a chemcx.'line
these acidic solutions were neutralized by the dissolution of calcium carbonate raining down from the surface or swept off !'rom shallow water subtidal
and peritidal environments. Dissolution would result in a noticable increase
in alkalinity; because siderite is I 00-fold less soluble than calcite [ 10] and
ferrous iron was readily avai lable in the ascending water column, siderite
would precipitate. The rain of siderite down from the chemocl.ine would accumulate at the sediment-water interface. This iron-bearing mineral would
have persisted to a depth where the acidity of ascending waters neutralized
the less soluble carbonate. Tite Archean and Palcoprotcrozoic oceans may thus
have been charJcterizcd by having both calcite and siderite compensation
depths.
References: [I] Veic:er J. and Compston W . (1976) GCA. 40. 905914. [2] Jacobsen S. B. and Pimentel-Klose M. R. (1988) EPSL, 87, 2944. [3] Jacobsen S. B. and Kaufman A. 1. (1999) Chem. Geof., in press.
[4] Bahrig B. (1988) Palat!ogeogr. Palaeoclimorol. Palaeoecol., 70. 139151. (51 Kaufman A. 1. et al. (1990) GCA, 54,3461-3473. (6) Kaufman A.
J. {1996) Precambrian Rex., 79, 171-193. [7] Winter B. L. and K.nauth L.
P. ( 1992) Precambrian Res., 59. 283-3 J:l. [8] Klein C . and Beukes N. J.
(1989) Eron. GeQ/.. 84, 1733-1774. [9] Beukcs N.J . et al. (1990) Ecr>n.
Geol., 85, 663-690. [10] Eugster H. P. and Otou 1-M. (1973) Econ. GeoL.
68. 1144-1168.

LANTHANIDE TETRAD EFFECTS IN RARE-EARTH-ELEMENT
FRACTIONATION AMONG PARTiCULATE, COLLOIDAL, AND
SOLUTION FORMS IN RIVER WATER. I. Kawabe 1, I. Oho.ishi, T.
Sakak.ibara, and K. Yamamoto. 1 ~partment of Earth and Planetary Sciences.
Graduate School of Science. Nagoya University. Chikusa, Nagoya 464-8602.
Japan (kawabe@eps.nagoya-u.ac.jp).
lntroductioo: Rare earth elements in river water comprise ''particulate,"
·•colloida l," aod "solution" forms (1-3]. The particulate REEs arc obtained
by filtration using 0.45-0.2-J.liii·pore-siz.ed fillers. The filtrate includes the
colloidal and the solution REEs. The colloidal REEs can be identified by filtration using progressively finer pore-sized filters [2,3] . Suspended and
colloidal particles have shale-like REE compositions, but the solution REEs
are highly enriched in heavy REEs relative to the suspended and colloidal
particles or tbe avemge shale [1 - 3). The fractionated REEs of solution form
relative to average ln1stal ones are comparable with those of coastal seawater samples [I.Jj. We will focus on whether lanrllanide tetrad effects are
associated with the REE fractionation among the three forms in river water.
The seawater REE patl.ems normalized by chondrite or nverage shale show
concave tetrad effects (4-6]. The previous data for REEs in river water have
been obtained by isotope dilution-thermal ionization mass spec!Tometry (TDTIMS). but they lack the analytical data for mono-isotopic REEs (Pr. Th. Ho,
and Tm) and Y. It is difficult to examine tetrad effects ia REE data by lD·
TlMS. However, the preconcentration of REE and Y in seawater [7] and
inductively coupled plasma mass spectromell')' (TCP-MS) made it possible to
determine all REE a.n d Y in filtered water samples. Our ICP-MS data of REE
and Y for suspended particles and filtrates of water samples from JGso River.
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ceotml Japan, reveal tetrad effects iu REE fractionation among the particu
late. colloidal. and solution forms in river water.
Sample and Experimental: Water samples have been collected at two
loc:atmns tA and 0) of Kiso River, 25 km east of Nagoya. central Japan on
28 October, 1998. The samples at A are ourmal river water tS =O.O%o), but
the samph:s at B art- sl ightly saline water (S = l S%o) in the estuarine lOne
Two 20-L samples for REE and Y analysis and one 500-mL sample for
chemical analysts of major consl.ltuents have been collected at each site. Two
filtrate~ (A I and A2) were obtained by filtering samples from A with
Nuclepore filler (0.40 fJID) and PTFE filter (0.50 fJm) respectively . The
suspend~d particles on the Nuclepore filter (SP-A I) were also recovered. Four
filtrates were obtained from tlle water samples at B: B I by the paper filter
[foyo No. SA], B2 by .Nuclepore filter (0.40 J.Ull), B3 by the paper filler and
PTFE filter (0.50 f,Jm), and 84 by the paper filter and cellulose nitrate
membrane filter (0.2 11m). Two suspended particle samples (SP-B I and SPB2i were collected on Ole paper filter and Nuclepore filter (0 40 f.tiil), respectively . REE and Y in all filtrates were concentrated by th.: method of [71,
aod their JCP-MS determinutions were made as well as for the suspended
particle samples.
Results and Discussion: There is no systematic REE fractionation
among the three suspended particle samples (SP-A!. SP-lll. and SP-112). The
suspended particle samples show almost the same tetrad effectS in their shaleoorm.alized REE patterns, but their tetrad effectS when normalized by NASC
and PAAS are different. The PAAS-oormalized REE pallerns for suspended
particles show typicul Gd breaks due to the octad effect. Ths meaos that the
tetrad and octad effect features are different among the suspended particles
of Kiso River and U1c average shales. The REE concentrations in the water
filtered the more thoroughly become tbe lower, and show the larger fraction·
ation between light and heavy REEs. These features are in accordance with
tbe previous resultS by 10-TIMS [2,3]. Observed large variations in REE
concentrations in the four filtrates (BJ-B4) can be explained by a simple
model that REE concen!Tations in the respective filtrates are sums of colloidal and solution REEs both compos itions of which are common among the
filtrates hut their colloidal particle concentrations arc different. The REE
fractionation patterns between colloidal and suspended particles are not totally
smooth. Small tetrad and octad effects are recognized in the REE patterns.
The REE patterns for the solution form relative to tbe colloidal one show concave tetrad effects in light to middle REEs that resemble the seawater tetrad
effect The seawater tetrad effect begins with the frnctionated solution REE
feature in slighlly estuarine river water. However, there still remain significant differences in REE and Y reatur~s concerning heavy REEs (Er-Lu) and
the Y/Ho rallo between the slighlly estuarine water and coastal seawater.
References : [I] Elderfield H. et at. (1990) GCA, 54, 971-991.
[2] Sholkovitz E. R . (1992) EPSL, I /4. 77-84. [31 Sholkovitz E. R. (1995)
AqutJI. Ou:n~ . 1, 1-34. f4] Masuda A. and lkeuchi Y. (1979) Gcochem. J.,
13, 19-22. [5) Ak.agi T. ct al. (1993) GCA, 57 2899-2905. [6] Kawa))(! I.
ct ul. (1998) Geochem. 1., 32, 213-229. [7) Shabani M. B. ct al. (1992) Anal.
Chem., 64. 737-743.
CREATION, MODU'ICATION, AND DESTRUCTION OF CONTI·
NENTAL LITHOSPHERE IN TilE NEOGENE CENTRAL ANDES.
S. M. Kay and R . W, Kay, Deparonent of Geological Sciences, Snec: Hall,
Comdl UniveTsity, Ithaca NY 14853, USA (smkl6@comell.edu; rwk6@
comcll.edu).
Introduction: l11e Neogene Central Andes is a maJOr site of creation.
modification and destruction of the post-Archean continental lithosphere. Arc
magmatism is the major process of new addition whereas loss occurs by
delamination of thickened crust. tectonic forearc erosio!l. and loss of the base
of the arc and backarc lithosphere above nearly horizontal segments of the
subducting Nazca plate. Modification i5 severest as magmatism ceases over
a sbaUowing slab, as the arc froot migrates. or as magmatism re-initiates over
a steepening slab. Three east-westtr.msects are discussed below as examples
or along strike lithospheric modification and loss as the dip of the slab varies
in time and space. In each transect. evolving magmatic patterns carry robust
keys to rapid changes in crustal and mantle lithospheric conditions and loss.
These examples nre more tllan a local story as substantial amounts of continental lithosphere has passed through Andean arclikc crucibles.
Lithospheric Processes: Miocene shallowing of the subducting slab
initiated an important episode of continental lithospheric loss beneath the
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modem noovolcanic Chilean flats lab region (28"-33°5). Estimates of loss
since 18 Ma for a 400-k.m-long east-west tmnscct cast of the Early Miocene
ltrc front near 30"-31 °5 are up to 69% [1.2). 1l1c mechanism must be more
mechanical than thcrmaJ as loss occurred with a shallowing slab, a thinning
asthcno8phcre, and a thickening crust Estimates of crustal thickening from
18 Ma to 6 Maunder the arc region arc -25 km . The principal driving force
is inferred to be westward wedging of mid to lower crust from beneath the
thrust belt to the cast imo the hot magma-injected arc crust. Lithospheric
changes beneuth the arc arc recorded by temporal variations in ismopic and
trace-element signatures thm reflect a cooling mantle, a changing crustal
basement, and an increasingly rugher pressure.: residual mineral assemblage
in equilibrium with erupted magmas (2]. Isotopic and trace-clement signatures of subduction-related magmas erupted up to 700 k.m from the trench
bavc components removed from the base of the lithosphere further west (sec
1 ,2].

Contemporaneous steepening of the subducti ng slab to the north (-22°250S) [I] precipitated major lithospheric modifications that are reflected by
giant Mirx:ene/Pliocene ignimbrites in the central part of the high Andean
plateau. ·n1cse dacitic ignimbrites reflect massive melting of thick crust and
thin hydrated lithosphere developed over a formerly shaHow subduction zone.
Their chemical and isotopic siguatures reflect these sources as well as midcrustal storage befOrt! being erupted in response to horh.ontal compressional
collapse and thickening of the hot magma-injected crusL The volcanic zone
narrowed to tl1c west as the lithosphere thickened in response to underthrusting of the Brazilian shield and lithospheric cooling above the steepening slab.
111c most dramatic lithospheric chaoge occurred to the north of the
Chile<m flatslab (25°-28"S) where the slab retained an intermediate dip and
the arc front migratt.'() -50 km to the cast from - 7 to 3 Ma. The presence
of 7 Ma :He lavas -80 km above the modern seismic zone signals the
magnitude of this change. Some of the highest La!Ta and La/Yl> ratios known
in post Archean rocks occur io mafic andcsitic to rhyolitic flows erupted in
the zone of the migrating arc. High La!Ta ratios (to 100) suggest retention
of Ti group elements in O)(ide phases stabilized by especially oxidizing/hydrous conditions above tl1e adjusting slab. Lanthanum/ytterbium ratios up to
60 in mafic andesites suggest some mantle magmas equilibrated with garnet
peridotite above this slab. liigh La/Yb ratios in silicic flows (to 100) reflect
mixing of ace magmas with thickened garnet granulite LO eclogitic crust or
with tectonically removed forearc crust subducted into the mantle. Isotopic
signatures of mantle-derived Pleistocene arc magmas (87Srf86Sr = 0.7058,
ENd = -2 ) erupted east of the sed.iment barren trench arc consistent with
mi)(ing of tectonica lly removed crust into the ~mntle. Arc migration ended
with widcspre.ad dacitic ignimbrites erupted before t!Je typical modem cen·
rral Andean volcanic arc centers became established. Other changes occurred
in the backarc where delamination of ovt:r-tllickened eclogitic crust and the
underlyiug mantle lithosphere can explain the distribution of <:-6 Ma
inrraplate, calc-alkaline and shoshonitic lavas. and the vo luminous Cerro
Galan ignimbrite [3]. The intraplate lavas and crustal melting tb.at produced
the ignimbrite renect asthenospheric maolle ioOow into the gap left by the
delami nated lithosphere. Evidence for melting of cclogitic crust comes from
glassy dncitic flows with high La/Yb ratios (to 100) and radiogenic isotopes
(S7Srfi!0Sr =0.7098, ENd " -6.6) that erupted along faults generated hy ~IJ'ess
re-oricnution above llu: delaminated lithosphere.
References: [I] Kay S. M. et al. (1999) Sol'. Emn. Gen/. Spec.. Pub.
7, in press. [2] Kay S . M. and Abbruzzi J. (1996) Tectonnpltys., 259. 1528. (3J Kay S. M. et al. (1994) JGR. 99, 24:123-24339.
COMPARISON OF CUEMJCAL VARIATlON IN GABBROS FROM
OPIDOLITES, OCEANIC CRUST, AND CONTINENTAL, IGNEOUS
LA YI!;RED INTRUSIONS. P. B. Kelemen. Woods Hole Oceanographic
Institution, Woods Hole MA 02543, USA (peterk@w hoi.cdu).
A compilation of data on varia tion of mineral compositions with height.
or "cryptic variation'' reveals tl first order difference between oceanic and
cootiucntlll J~yered gabbros. Studies of cryptic variation in mod1tlly layered
gabbros from the Ornao oph.iolite ( 1]. nnd in gabbroic dri ll core from the
southwest Indian Occ;m (ODP Site 735}. Pacific (Hess Deep, ODP Site 894}.
and Atlantic (MARK. ODP Sites 921, 922 and 923) show that olivine and
cljoopyroxene molar Mg/(Mg + Fe), or Mg#, vary by more than 10%, and
plagioclase molar Cai(Ca + Na). or An, varies by 10-20%. over vertical
interva l~

of IP.M ro hunflrNI.~ of m.-,rcl'!l

fly

r.on rrR<r , varia tion in r.ompilcrl

datll for the Stillwater, Bushvelcl Kiglapait, and Duluth gabbroic intrusions
is much more subdued , with Mglt and An varying by less than 5% over
hundreds of meters. Even the Skaergaard intruSion. with its well known Fccorichmcnt trcncL docs not show large variations in mineral composition on
vcnkal scales of tens of meters. The Troodos ophiolite CY ·4 drill core also
has subdued variation with height. more like the continental layered intru·

sions than like other "oceanic" sample suites.

Kelemen et aL (2) and Korenaga and Kelemen [3) argued that preservation of large cryptic variations over short vertical interva ls in Oman lower
crustal gabbros, coupled with well-correlated chemical variation in different
minerals. precludes large vo lumes of diffuse, reactive porous flow of melt
Ultough the gabbros after the chemical layering was formecL and requi res that
most of the melt that formed upper crustal dikes and lava flows must have
foUowed conduits of focused flow, perhaps in hydrofmctures. In a simple
model [4] porous flow in a conductive gcotherm leads to cooling of melt,
lTystallization in pore space, foJIDution of permeability barriers underlain by
overpressured melt lenses, visco-elastic failure of the barrier. and melt extraction by flow in cracks.
Substantial variation of composition with height may never have formed
in continental intrusions. Alternatively, vertical variation in continental intrusions may have fom1ed and tl1cn become damped as a result of diffuse,
reactive porous now of melt. Evidence for reactive flow processes in layered
intrusions has been documented in many studies by McBirn.:y, Irvine,
Boudreau and a host of others. Most continental intrusions may contain larger
instantaneous melt volumes than individual intrusions beneath oceanic spreading ridges. If so, compaction in !he lower ''half' of continental intrusions
wou ld drive melt upward into hotter rock at lower pressure. Tltis would Lake
the liquid (on its own composition) away from its saturation surface. In
reactive porous flow. this would lead to partial dissolution of preexistin g
crystals and an up-section increase in porosity and permeability. Dissolution
reactions in the adiabatically upwelling mantle, combined with viscous compaction. may lead to formation of localized condui ts of focused melt now
[5- 71. However. in large layered intrusions the upward increase in permeability may be so marked. and the viscous response so slow, that focused flow
is rarely deve loped. Instead diffuse, reactive porous tlow may be the dominant mode of melt transpon.
References: I I) Browning P.. tbesis. Open Univ. [2] Ke lemen et al.
( 1997) EPSL. [3] Korcnaga and Kelemen ( 1997) JGR; ( 1998) EPSL.
[4] Kdcmen and Aharonov (1998) AGU Monograph. [5] Kelemen et al.
(1995) JGR. (6) Aharonov et al. (,1995, 1997) JGR. (7] Spiegelman et nl.
(1999) JGR, submitted.
SPECULATION ON CONSEQUENCES OF DELAMINATION OF
ULTRAMAFIC PLUTONIC ROCKS FROM THE LOWER CRUST
AND IMPLICATIONS FOR THE GENESIS OF THE CONTINENTAL
CRUST. P. B. Kelemen and M. Jull, Woods Hole Oceanographic Jnsti·
tutioa, Woods Hole MA 02543. USA (pclerl<@ whoi.edu).
At tltis meeting. lull and Kelemen report calculations bearing on "delamination" of ultramafic plutonic rocks previously formed at the base of igneous ~:rust. Ultramafic plutonic rocks, formed by p<tr!ial crystallization of mafic
magmas, have lower molar Mg/(Mg + Fe), or Mg#, than underlying mantle.
and tl1crefore will be denser than underlying mantle when the mantle is as
hot or honer than the plutonic rocks. As suggested by Arndt and Goldstein
(I] this creates an uoswble density inversion. We calculate that, for ultrama·
fie layers 1-10-l::m-thick. with mantle at 900°-I200•c, this will lead to
delamination in< 10 m.y. At <900•c. mantle viscosity is too h.igb for delami nation LO occur on geologic timescales. Thus. lower crusta.! delamination due
to formation of dense eclogite from basaltic lower crust at <9oo•c [e.g., 2.3)
seems comparatively unlikely.
The most likely setting for formati on and subsequent delamination of
ultramafi c plutonic rocks is U1c base of the crust beneath subduction-related
volcanic arcs, where the combination of lti gh-magmntic HP and pressures
> I GPa combine to suppress plagioclase stnbility relative to olivine and pyroxenes. Forrnntioo of ultrarmtftc cumulates is known fTom arc crustal sections and plutonic xenoliths in arc lavas [e.g., 4-6]. Uppt:r·mantle tempera tures in arcs are likely > JOOO•c. based on heat flow and seismi c obse.rv~
tions [e.g., 7,8]. Thus, the base of the crust beneath active arcs may be
characterized by cont.iauous formation of ultramafic plutonic rocks via crys·
t:~t fr.lr.rionation from hy<lmu• magma~. and periodir. <IP.IanJination of I he<<>
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plutoruc rocks. Ullfllmafic plutonic rocks in xenolith suite~ and arc sections
centrale oo the adiabatically upwelling regtoo, emphasizing the tollo,ving
may be remnants of a larger mass, of which much has hecn delaminated.
pCJinll>.
Other scenarios in which ultramafic plutonic rocks mJy form include:
I New literature data 11n Lf series disequilibrium m MORB continue to
(I J at the base of thick crust beneath rifting continental margins, where high
support the hypothesis that melt migratioo beoeath riuges occurs in a twopor(\Sity network , in whjch most melt migrates through the upper 30 or 4() km
pressure 1nay supr~ss plagiocla.sc crystallization; and (2) beneath intraplate
hotspot volcanos. such as Hawni'i. where ultramafic cumulates arc known
of the month! 10 chemically isolated condUits, but some melt migrates by
to form in the crust and in the upper mantle [e.g.. 9, 10). Reheating of mantle
re.1<~tivc porous flow through highly d.:plc:tcd residual peridotite, resulting in
hen<!.ath an ancient, ul~r.~mafic layer at the base of cootinenrul crust could also
high 21 6Ra cxces~ in the roost light REE depleted meltS. This is in contrast
lead to delamination.
to U-series data from Hawai ' i, in which ll6Ra excess IS correlated with inA consequence of this process is that igneous crust, after delamination,
compatible trace element abundance !2), probably becDuse reactive porous
will Ill! more Si02-rich. and MgO- and FeO-poor. than mell<: in equilibrium
flow is a less important process beneath Hawa.i'i, ond the depletion of resiwith the upper mantle This may account, in part, for the relatively SiOz-rich
dues is smaller.
2. A rcv1ew of melt migmtion mechrtntsms proposed to date 13-10),
nature of continental L-rust. Delamination of eclogite derived frum plagioclaserich gabbroic rocks should produce relative depletion of Sr and Eu in remamtogether with seismic evidence from the East Pacific Rise I I I . 12), shows that
iug crust. Such depli!tioos arc not observed [e.g., I J ]. suggesting that
only porous melt transport mechanisms can exp lain the observation tbnt
delamination of gabbroic compositions was not important in continental
igneous crustal accrc1ion bcueath spreading ridges is concentrated within a
genesis. In contrasl. delamination of ultramafic plutontc rocks would not result
few kilometers of the ridge axis. Combinations of different porous flow
in Sr and Eu d~pletion.
processes are likely. and might enhance focusing of melt toward the ndgc.
Where upper mantle temperatures are ~bove their solidus temperature,
As ernpbasized in our earlier review, if hydrofractures do occur in the adiadelaminating plutonic rocks may undergo anatexis [3], aud because buoyant
batically upwelling region, they probably form within preex.isting. high porosity condttit.s (I] . Cracks might nlso propogate within porous conduits !hat
melt moves much faster thao surrouodjng solids, anatectic melts could nse
into the overlying crust. The composit.ton of melts of ultramafic plutonic rocks
coalesce tuward the ridge ax1s.
could vary widely, depending on the solid phase assemblage, temperature,
3. Size/frequency and spatial distribut.ton statistics on the distribution of
and pressure. There is a need for more experimental data. Small degree melts
dunitc veins in ophiolites [13,141 record th~ presence of a c.:oalcscing netmay be Si02-rich, varying from quartt-normative where melting occurs at 1work of porous melt condttits that chemically isolate ascendJng melt from sur2 GPa and wbere olivine is not a part of the melting assemblage, to alkaline
rounding, residual mantle peridotite [15].
where melting occurs at h.igher pressure and where olivine is a part of the
We also review mechanisms of melt migration as mt:!t passes wto the
conductive. thermal boundary layer at the base of a plate. There, competition
melting assemblage. Also of interest will be the presence or absence of
residual garnet and rutile during melting, because the presence of these
between the rate of crystallization (filling pore space) and viscous decompaction (preserving pnre space) can lead to twn distmct results [ 16].
residual phases seems essential in understanding th.e. light REB enriched. Nh
and Ta depleted nature of the continental crust (e.g .. 12,13].
I. lntcrgranular pores become clogged with new crystals. leading to
Evidence that delamination and anatexis of ultramafic cumulates does
ponding of melt at increasing pressure beneath a penneability banier. This.
in turn. will lead to hydrofracture and rapid melt transpon in cracks through
occur. producing alkali-rich. Si02-rich melts and high Mg# andesites may
be found in t 1l the sou them Sierra Nevada, where seismic data and evidence
the permeability barrier [ 17]. nus may explain the presence of primitive
from xenoliths suggests that a layer of pyroxenite and eclogite was removed
"cumulate" plutonic rocks formed near the base of the crust in ophiolites {ll!].
from the base of the crust [ 14,15]; (2) Baja Califorrtia, where eruption of highand observed as high-pressure ?.cnolilhs that crystallized ar -3 GPa near the
Mg# andesite magmns after cessation of subduction [16.17) suggests partial
base of the thermal boundary layer benenth Hawai'i [ 19]. Such a process
melting of a "trapped slab" ur of delaminating lower crustal rock.s combined
could he the general explanation for the transition from continuous porous
with melt/rock reaction with surrounding mantle [e.g .. 181: (3) a similar
llow in the mantle to periodic emplacement of dikes and lava flows in the
Upper crust at ridges and in other magmauc settings [171.
situation in Ch.ile where delamination is intt:rpreted to be more likely than
melting of subducted material [3]: and (4) in suites of alkali-rich granites and
2. Alternatively, where crystallization in pore space is slow compared to
dccompnctioo, melts may continue to ascend into the conductive boundary
syerutcs aloog the Atlantic margins of North America and Greenland during
and after rifting.
layer. Diffuse porous flow coupled with crystallization is tnhercotly diffuse
References: [I] Arndt N. T. and Goldstein S. L. ( 1989) TectOIIOpityr,
[ 10,20], leading to pervasive melt/rock reaction at low melt/rock ratios. In
161. 201 - 211. [2] Kay R. W. aJJd Kay S. M, (1991) Geol. Rundfrh. , 80, 259these circu!IL~tances, combined crystal fractionation and melt/rock reactiou
can lead to extreme enrichment of incompatible elements 10 small amouuts
178. (31 Kay R W. and Kay S.M. (1993) Ttr((>~~ophy,, 219, 177-189
[4) Conrad W. K. and Kay R. W. ( 1984) J. PetroL , 25. 88-125. [5) DcBari
of migrating melt at high, nearly constant Mg# [1,21 1-Consequences of these
S M. and Coleman R. G. 11989) JGR, 94. 4373-4391. [6) Jan M. Q. and
processes rnay include some lcinds of mantle metaSomatism. production of
immiscible carbonatite liquids, crystallization of trace-elcment-nch minor
Howie R. A. ( 1981) 1. Petrol., 22. 85- 126. [7) Hlackwcll D. D et al. ( 1982)
JGR. 87. 8735-8754. [8) Zhao D et at. (1992) JCR. 97. Jll909-1\lll28.
phases such as apatite and rutile from evolved silicate or carhonatite liquiJs,
[9) Sen G. and Jones R. E (19!10} Scirnce, 249, 11.54-1157. [IOJ Sen G.
and ultimately hydrofrJcture and explosive eruption of vapor-saturated melts.
ltnd Presnall D. C. (1986) J. Pe1rol., 27. 197-217. [I IJ Rudnick R. L. ( 1995)
Although 1t is ~vidt:nt that this type or comt>[ned fractional crystallization and
Nature, 378, 571-577. [12) Ryerson F- J. and Watson E. B. (1987) EPSL,
melt/rock reaction may be important in intraplate settings where melt flllX
86, 225-239. [13) Kelemen P. B. et al. (1993) EPSL, 120, 111-134.
is small and the rate of change of temperature with height is small, this process
[14] Ducea M. N. and Saleeby J. B. (1996) JGR. 101, 8219- 8244.
may operate beneath mid-ocean ridges as well [I]. This may explain forma[15) Wernicke B. et al. (1996) Snem:e. 271. 190-193.[16] Rogers G. et al.
tion of "over-enriched" melts- With high incompatible element abundances
(1985} Nature. 315. 389-392. [17) Saunders A. D. et al. (1987) JVGR. 32.
at a given Mg#- which are observed in melt inclusions and rare lavas from
223- 245, [18] Kay R. W. (197l!) JVGR, 4, 117-132.
ridges [e.g., l2).
References: f I J Kelemen et a!. P. B . ( 1997) Phil. Tram-. Roy. Soc.
Lo11don. A355, 283-318. [21 Sims K. W. W. el nJ. (1995) Science, 267. 508UPDATED REVTEW OF MELT-EXTRACTION PROCESSES JN
512. [3) Nicolas A. (1986) J. Perro/. , 27, 999-1022. (4} Phipps Morgan J.
l'IIE UPPER MANILE BENEATH OCEANIC SPREADING RIDGES
(1987) GRL, 14, 1238-1241. [5] Spiegelman M. ami McKenzie D. (1987)
AND 1Nl'RAPLA TE VOLCANIC CENTERS. P. B. Kelemen', G. Hirth I
EPSL. 83, 137-152 . [6) Slc.:cp N H. (1988) JGR. 9.1, 10255-10272.
and M. Spicgelman2, •woocts Hole Oceanographic Institution, Woods Hole
£7] Nicolas A. ( 1990) in Magma transport and Storagt' (M. P. Ryan. ed.),
MA 02543, USA (pctt:rk@whoi.edu; ghirth@whoi.edu), 2Lamont-Dohcrty
pp. 159-173. [81 Sparks D. W and Parmentier E. M. (1991 ) EPSL. 105.
Earth Observatory, Columbia University. Palisades NY 10964, USA
368-377. [9) Kelemen P. B. and Dick H. J. B. (1995) JGR, 100. 423-438.
(mspicg@ldeo.columbia.edu).
[10) Kekmen P. B. et al. ( 1995) ./GR. 100, 475-4%. [II] Forsyth D. W.
ct al. (1998) Sdtnce, 280, 1215-1218. (12] Forsyth D. W. et al. (1998)
We will provide an updated review of melt lfllnspon mechanisms beneath
Science, 280, l235-1238. I 13] Kelemen p_ B. et al (J 998) £.o1 Trans.
AGU, 79, S225. [14) Kelemen P c:t al. (1999) Eos Tram . AGU, 80, in press.
mid-ocean ridges, following from the 1997 review of Kelemen eta!. [1) with
a. comparison to re!JLed data from intraplate: volcanic centers First. we cou[151 Kelem<!.ll P. B. et al. (1995) Nawre, 375, 747-753. 116) Koreonga J.
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and Ke lemen P. 8 . ( 1997) JGI?, 102, 27729-27749. [17] Kelemen P. D. and
Aharonov B. ( 1998) Geophys. Mmrogr., /06, 267-289. 118 1 Kelemen P. B.
et al. ( 1997) EPSL, 146, 475-488. li9J Sen G. and Jo nes R. E. ( 1990)
Srienre, 249, 11 54-1 157. (20) E. Aharonov et al. (1997) JGR, 101, 148.2114833 [21) Kelemen P B. ( 1986) 1. Geol. , 94, 829-843. [22] Sours-PageR.
et al. (1996) Eos Trans. AGU, 77, 842.
MANTLE F'LOW AND GEOCHEMICAL HETEROGENEITY. J. B
Kellogg and R. J. O'Connel l. Department of Earth and Planetary Sciences,
Harvard University, 20 Oxford Street, Cambridge MA 02138. USA (kellogg@
geophysics .harvard.edu; ocon ne ll @geophysics .harvard.edu),
The reconcil iation of geochemical and geophysica l datascts remains
among the most cha llenging problems of earth science. The most vexing
geochemical dataselS involve the noble gas..:s. which seem inescapably to indicate relatively undegassed region.~ in UJe mantle. If one envisions perfect
mixing within the proposed uppe r and lower mantle reservoirs, then this
observation is directly at odds with recent tomographic smdies showing thllt
subducting slabs continue into t11c lower mantle, resulting in a high-mass fl u)(
between the reservoirs. However, if mixing is incomplete or significantly more
sluggish in the lower mantle, then it may be possible to preserve undegassed
materia l in a fully convecting mantle with la rge mass flux bet\VC-Cn the upper
and lower layers.
Whi le two-di mensiona l numerical investigations of mixing are numerous,
few studies eltist in U1e literature ibat take into account the full Uuee-dimen·
sionality of the problem. We revisit the problem, focusing specitlcally on the
effectS of viscous layering and rigid plates. We present results dynamical
calcu.lations in a Cartesian geometry as weU as ongoing work in a spherical
geomelry incorporating reali stic plate configurations . 1l1c latter suite of
cnlcuJations include flow driven by plates and density anomaJies drawn from
tomographic results .
The presence of lateral plates gives rise to a un.iquely ibree-dimcns ional
flow feature: toroidaJ motion. We find that this effect enhances mixing in
ibe upper mantle versus the lower, but conclude thut this mechanism is not
sufficient to explain the inferred differences between the MORB and OIB
source regions; the high-mass flu)( across the upper-lower mantle houndary
cycles virtually all the material through lhe high-strain rate upper mantle. ln
fact. toroidal motion serves to break up convection cells, reducing bias
between the layers.
We conclude that if th e geochemical data is taken at face value there must
be regions of the mantle which ex.hibit fundamenta !Jy d ifferent mechanical
and dynamical behavior. either through hi~her density or higher viscosity.
We address the Ia uer possibility in a separate ta lk in which we find that
geochemically primitive or enriched. highly viscous blobs may persist over
geo logicai.Iy long periods. Such blobs wou ld be subj ect to sampl ing by
upwelling plumes. but not by MORs, thereby exp lainj og the observed syste matic differences between the two.
GARNET GRANULITE XENOLITHS FROM TfiE NORTHERN
BALTIC SHIELD: THE LOWER CRUST OF A PALEOPROTEROZOIC LIP. P . D. Kempl0n 1• H . Downes1. L. Neymark3. E. V. S harko~.
R. Zartman5 , and J. Wartho•. 'Isotope Geosciences Labomtory, National
Environmental Research Council, Kingsley D unham Centre. Keyworth, NG 12
5GG. UK (p.kcmpton@nigl.nerc.ac.uk), lBirkbc~kNCL Research School of
Geological and Geophysical Sciences, Birkbeck College, Ma let Stre.et, London
WC I E 7HX. UK (h.downcs@ ucl.ac.uk). lU.S. Geological Survey . Denver,
CO, USA (loeymark@ us gs .gov) , 4 lnsti tute of Ore Depos its, Geology,
Petrology, Mineralogy, and Geochemislry, Staromnnctny per 35, Moscow,
109017. Russ ia (sharkov@ igem. msk.su), SDepartmeut of Geological Sciences,
University of Cape Tow n. Rondcbosc h 7700, South Africa (rzart@gcology.
uct. ac. za), 6Department of Earth Sciences. The O pen University, Milton
Keynes MK7 6AA. UK (j.warUto@open.ac.uk).
Introduction: lt is generally believed UJat growth of continental crust
has occurred Uuough e ither or both of two mechauisms - i.e. , volcanic arc
accretion (I] and oceanic plateau accretion [2- 4] - but have the relative
contributions of these two mechanisms varied with ti me? Although the former

is a model of long standing, the Iauer may be able to explai n periods of rapid
conti nental growth better than the volcanic arc a<.:cretion mode L ln order to
improve our understand ing of the processes involved in the formation and
evolution of continenta l crust in Archean/Proterozoic time. we have undertaken a geochemica l and isotopic study of a suite of Proterozoic lower crustal
xeno liths from the northern Bailie Shie ld 151.
Th~ Kola Xcnolitlu;: The Kola xenoliths were brought to ibe surface
by a Devonian ultramafic lamprophyre diatteme on Elovy island (Kola Pen·
insula). The xenolith suite includes mafic granulite (gar + cpx +ru tile.' ± plag
± opx. ± pWog ± amph). ft:ls ic granulite (gar + cpx + plag + ruti le ± q1.1, ±
Kspar ± phlg ± amph), and pyroxenite (± phlog ± amph). but "cclogitic"
plagioclase-poor granulites predominate. Although some samples are restites,
ibere is no evidence for a predominance of magmatic cumulates, as is commoo for Phanerozoic lower crustal Jteno lith suites. Instead, most of the
protoliths of the granulites were mafic. LREE-enriched nori tes to gabbro·
nori tes.
Major-clement. trace-clement. and isotop ic evidence indicates that the
Ko la xenoliths arc the high-grade metamorphic equi valents of continen tal
flood tholeiites, emplaced into the Baltic Shield lower crust in early Proterowic time ( - 2.4- 2 6 Ga). Similarities in major· and trace-element systemat·
ics ~uggest that they form~d in response to the same plume-driven magmatic
event that created the widespread Palcoproterowic igneous province in the
area at 2.4-2.5 Ga. TilUs. the mafic protoliths may have formed in a manner
analogous lO Phanerozoic lower crustal rocks (i.e". basaltic underplating), but
in this case the underplating was the result of an actively upwelling plume
rather than passive upwelling asthenosphere beneath an e:dending region. The
Kola xenoliths, therefore, reprcseot the fi.J'St lower crust of a Palcoprotcrozoic
LIP to be studied in petrological detail.
The granulites eiliibit a wide mngc in isotopic vaJues that can be related
to primary lithology and the presence or absence of secondary bydrous phases.
Preseo.t-dtty Sr-isotopic values rJ.nge from 0.7052 to 0 .9564; Nd isotopes
range from 0.51 I 2 to 0.5 I 23. Lead isotopes e)( hi bit an ex tre me range of
values: 6/4Pb = 17.39- 22.47, 7/4Pb = 15.42-16.03, and 8/4Pb = 37.4654.83. The unusual radiogenic Ph-isotopic compositions of t11e )(enoliths are
the product o f an ancient metasomatic event and not a function o f initial
protoli th composition, such as might be the case for aucient metasediments.
Indeed, amphibole and/or phlogopitc occur commonly in xenoli ths of all
types, and are interpreted to be metasomatic in origin. Ar-Ar dati ng of a
phlogopite separate from one strongly metasomatized lCenolith indica tes that
introduction of K-ricb nui ds occurred sometime -2 Ga; this event resulled
in substantial enrichment in Rb. K. LREEIHREE. T h/U, Th!Pb, and. to a
lesser extent, Nb and Ti. The flu ids responsible for this metasomatism were
probably alkalic volatile-rich melts generated from enriched lithospheric
mantle above an incubating plume head that arrived beneath the region at
-2.0 Ga. These data in dica te that the lower crust has not been un iformly
depleted in U-Th -Pb since ancient Limes. but locally may have had e)(treme
Th/Pb, ThN. and U!Pb ratios for -2 b.y .
Ev idence for partial melt ing of mafic crust elt isL~ in the presence of
rnigmatitic granulites. The timing of rnigmatizatioo overlaps that of metasomatism, and it is suggested that migmatization was faciliated by the metasomatism. The metamorphism, metasomatism and migmatization recorded In
the Kola granulite lCenoliths may be represent:Jtive of the processes respon·
siblc for converting Archean UP-generated protocontinenlS into continenl!tl
crust.
Refereuet'5: [1] Taylor S. R. ( 1967) Tet:llmophy.r., 4, 17. [2) Stein M.
and Hofmann A. W. (1994) Nat11re, 372, 63- 68. [3] Stein M. and Gold.~tein
S . (1996) Na ture, 382, 773- 778. [4] Abbott D. and Mooney W. (1995)
Rev. Geophys., 33,23 1-242. [S] Kempton P. D. et at. (1999) J. Petrol. , sub·
mitted.

THE DEPLETED COMPON ENTS OF MANTLE PLUMES : A
STRONTJUM-NEODYMlUM-LEAD-H AFN1UM STUDY OF THE
NORTH ATLANTIC RIFTED MARGIN. P D. Kempton',J. G. Fiuon2,
A. D. Saunders\ G. M. Nowell'. R. Taylor'. and B. S. Hardarson2. 'lsmope
Geosc iences Laboratory, NntionaJ Environmental Research Cou ncil, Kings ley
Dunham Centre, Keyworth NG I 2 5GG, UK (p.kempton @nig l.nerc.ac.uk).
2G ra nt Institu te, Un iversity of Edin burgh, Ed inburgh EH9 3J W, UK
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(gfitton@glg.ed.ac.uk.), JDepartment of Geology. Leicester University ,
Leicester LEI 7RH, UK (ads@leicester.ac.uk), 4 Southampton Oceanography
Centre, Southampton SOI4 3ZH. UK (rex@soc.soton.ac.uk).

EPSL, 148, 243-258 [8) Thirlwall (1995) J. Geol. Soc. London, 152, 991996. (9) Hards et al. (1995) J. Geol. Soc. London, 152, 1003- 1009.

Introduction: Numerous studies have demonstrated that most mantle
plumes are enriched in incompatible trace elements relative to MORB.
However, the character of this enrichment varies from plume to plume, leading to the identification of various enriched mantle componentS (e.g., EM I,
EM2, HIMU) [1,2]. More recently, the question has been asked whether
mantle plumes also contain a depleted component that is distinct from
MORB-source mantle [3-6]. In an effort to address this question, we have
undertaken a geochemical and isotopic study of basalts from the North
Atlantic Igneous Province (NAIP). We will show that, in combination with
Nd isotopes and Zr-Nb-Y trace-element systematics, Hf isotopes provide a
robust means by which to discriminate the various mantle components. Thi.s
in tum allows us to speculate on the origin and structure of the Iceland plume.
Results: New Sr-Nd-Pb-Hf data require the existence of at least four
mantle components in the genesis of basalts from the NAIP: (I) one (or more
likely a small range of) enriched component(s) within the Iceland plume, (2) a
depleted component within the Iceland plume, (3) a depleted sheath surrounding the plume, and (4) shallow N-MORB source mantle. These components
have been available since the major phase of igneous activity associated with
plume head impact during Paleogene times.
In tt.d vs. £111, samples from Iceland, DSDP Leg 49, ODP Legs 152 and
163 (southeast Greenland margin), the Reykjanes Ridge, Kolbeinsey Ridge,
and DSDP Leg 38 (Site 348) define fields that are oblique to the main ocean
island basalt array and extend toward a component with higher 176Hff117Hf
than the N-MORB source available prior to plume impact, as indicated by
the compositions of Cretaceous basalts from the Goban Spur (-95 Ma). Aside
from Goban Spur, only basalts from Hanon Bank (DSDP Leg 81) lie consistently within the field of N-MORB, which indicates that the compositional
influence of the plume did not reach this far south and east -55 Ma. (Note
that two very high 176Hffi77Hf values previously reported for Iceland basalts
[5] are now known to be in error because of inadequate correction for REE
interferences on 176Hf during mass spectrometry. This indicates that in contrast to the results of [7). our first two column stages do not adequately
separate 176Yb and 176Lu from 176Hf in all cases, particularly for samples that
have high Yb/Hf ratios, e.g., some depleted rocks from Iceland and mid-ocean
ridges. We now use a third column pass to purify these samples.)
Thus, Hf-Nd-isotopic systematics are consistent with previous studies that
indicate that shallow MORB mantle does not represent the depleted component within the Iceland plume [4,8,9]. They also indicate that the depleted
component is a long-lived and intrinsic feature of the Iceland plume. generated during an ancient melting event in which a mineral (such as garnet)
with a high Lu/Hf was a residual phase.
Conclusions: Collectively, our data suggest a model for the Iceland
plume in which a heterogeneous core, derived from the lower mantle, consists of "enriched" streaks or blobs dispersed in a more depleted matrix. A
distinguishing feature of both the enriched and the depleted components is
high NbiY for a given ZrfY (i.e., positive aNb), but the enriched component
has higher Sr- and Ph-isotopic ratios, combined with lower ENd and E111. This
heterogeneous core is surrounded by a relatively broad sheath of depleted
material, similar to the depleted component of the Iceland plume in its ENd
and E111, but with lower 87Srf86Sr, 208J>bi204Pb and negative aNb; this material was probably entrained from near the 670-km discontinuity when the
plume stalled at the boundary between the upper and lower mantle. The plume
sheath displaced more normal MORB asthenosphere (distinguished by its
lower c111 for a given ENd or Zr/Nb ratio), which existed in the North Atlantic
prior to plume impact.
Preliminary data on MORSs from near the Azores plume suggest that
much of the Nortb Atlantic may be "polluted" by material similar to the
Iceland plume sheath. If correct, this may provide a general explanation for
some of the compositional diversity and variations in inferred depth of melting
[9] along the MAR in the Nortb Atlantic.
Referen ces: [I] Zindler and Hart (1986) Annu. Rev. Earth Planer.
Sci., 14, 493-571. [2] Hart et al. (1992) Science, 256, 517. [3] Kerr et al.
(1995) Geology, 23, 843-846. [4] Fitton et al. (1997) EPSL, 153, 197-208.
[5] Kempton et at. (1998) Mineral. Mag .. 62A, 759-760. [6] Nowell et al.
(1998) Chern. Geol., /49, 211-233. [7] Blichen-Toft and Albarede (1997)

HALOGEN AND NOBLE GAS EVIDENCE FOR THE AGE AND
ORIGIN OF MINERALIZI NG FLUIDS I N COPPER-PORPHRY
DEPOSITS. M. Kendrick., R. Burgess, R. Pattrick, and G. Turner, Department of Earth Sciences, University of Manchester. Oxford Road, Manchester
Ml3 9PL, UK.
Introduction: Noble gases and halogens are proving to be an ellcellent
aid to understanding the sources and interactions of ore-forming fluids and
the timing of mineralization [1-3). This approach utilizes the ability of noble
gases to distinguish in a quantitative way the contribution of crust, mantle,
and hydrosphere to these hydrothermal fluids. Because the halogens may be
strongly fractionated by processes such as evaporation and organic activity,
UCI and Br/CI ratios can provide a fingerprint of the sources of fluids and
mixing processes in the Earth·s crust.
Methods: We have analyzed fluid inclusion-bearing quartz samples
from Laramide copper porphyries (75-55 Ma) in southern Arizona (Silverbell,
Ray, Mission, Pinto Valley, and Globe Miami) and the Bingham Canyon
deposit (39 Ma) in Utah. Crushing, UV laser probe, and stepped-heating gas
extraction techniques have been used for simultaneous determination of
neutron-produced noble gas isotopes formed from Cl, Br, I, and K. and natural isotopes of Ar, Kr, and Xe.
Halogens: Data obtained from fluid inclusion-bearing quartz from
Bingham Canyon illustrate the complimentary nature of the different extraction techniques (Fig. I). During crushing and stepped heating there is a progressive change in Br/CI and IICI toward the bulk value (arrows in Fig. Ia).
which we believe reflects preferential release from fluid during crushing and
from solid (halite crystals) during stepped heating. The difference in halogen
ratios is ellplained by the low partition coefficient of the large halide ions,
Brand I, in halite crystals, which leads to their enrichment in the fluid. Laser
extraction of fluid inclusions, however, analyzes fluid and solid phases together, and these results provide evidence of fluids having a range in Br/CI
between 0.60 and 1.51 x I0-3 molar (M) (Fig. lb. dotted lines). With the
exception of Silverbell, bulk Br/CI values for the deposits are between 0.6
and 1.4 x JQ-3 (Silverbell 1.3-1.7 x JQ-3 M). and UCI are 0. 1-0.4 x JQ-.5 M
(Silverbell 0.8-1.2 x 10-s M).
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Fig. 1. Halogens in fluid inclusion-bearing quartz from Bingham Canyon.
(a) Crushing and stepped heating, and (b) laser microprobe extraction of fluid
inclusions.
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Fig. 2. Argon-potassium-chlorine diagram for stepped heating and crushing
fluid includsion-bearing quartz from Silverbell.

Age Constraints: Dating of mineralization suffers from the problem of
excess 40Ar, but this can be overcome using correlations with 36Ar, K, and
Cl, and by talcing advantage of the selective nature of the extraction techniques. Using data from Silverbell as an example (Fig. 2). it can be seen that
during crushing excess 40Ar is released, which correlates with Cl (fluid). In
contrast, 40Ar liberated during stepped heating is dominantly radiogenic and
correlates with the release of K from a solid phase. A plane fit to the data
in Fig. 2 gives an age of 56 ± 2 Ma for Silverbell. Other deposit ages are
Ray 65 ± 2 Ma; Globe Miami 62 ± 3 Ma, and Pinto Valley 63 ± 8 Ma.
References: (l] KelleyS. P. et al. (1986) EPSL, 79, 303-318.
[2] Bohlke J. K. and lrwin J. J. (1992) GCA, 56, 203-225. [3] Turner G. and
Bannon M.P. (1992) GCA, 56, 227-243.
MELT INCLUSIONS IN SUBDUCTION-RELATED BASALTS: AN
EXAMPLE FROM THE MARIANA ARC. A. J. R . Kentt and T. Elliot2.
1Mail Code L-202, Lawrence Livermore National Laboratory, Livermore CA
94551. USA (kent5@Unl.gov), 2faculteit der Aardwetenschappen, Vrie Universiteit, Amsterdam, The Netherlands (ellt@mailhost.geo.vu.n1).
Introduction: In this abstract we will discuss the results of a study of
melt inclusions hosted within olivine and clinopyroxene phenocrysts from
recent lavas from the Mariana arc.
Melt inclusions in basaltic rocks offer a unique means to investigate the
formation and origin of mantle-derived melts [1-6]. In many environments
melt inclusions from phenocrysts preserve a wide range of magmatic com·
positions. many of which are not represented in the suites of lavas or intrusive rocks that comprise the end-products of magmatic activ ity. Melt
inclusions provide information about a number of different magmatic processes; in MORB compositional variations between melt inclusions provide
insight into melting processes and interactions between ascending melts and
the surrounding mantle [ 1,2]. In OIB and other plume-related rocks. melt inclusions may provide information on the diversity of chemical and isotopic
compositions present within a given magmatic source region [3,4].
Studies of melt inclusions are also useful in investigating mantle-derived
rocks from convergent margins [5,6]. In particular the ability of melt inclu·
sions to preserve the diversity of chemical components present in a magmatic
source region provides a means to enhance identification and characterization of components from the depleted mantle and slab-derived melts and fluids
that contribute to magmatism in a given arc system.
Homogenized melt inclusions from olivine and clinopyroxene phenocrysts
from lava samples from Agrigan and Guguan islands in the Mariana arc were
analyzed by electron microprobe for major elements and Cl, and by ion
microprobe for a range of trace elements. Lavas from these islands represent
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Fig.l. Dariurnflanthanum vs. [La/Sm]. for lavas from Agrigan and Guguan
and olivine-hosted melt inclusions from sample AGR-8b (Agrigan) and GUG13 (Guguan). Although melt inclusions show a large range in composition
compared to the bulk lavas, the general characteristics of the host lavas are
apparent in the melt inclusion populations (e.g .. high [La/Sm]. and low Bat
La for Agrigan and low [La/Sm] 0 and high BalLa for Guguan). Data for lava
samples and bulk subducted sediment are from [7).

two compositional end members [7]. Agrigan lavas contain a significant
subducted sediment component, apparent as unradiogenic t4)Ndfl"Nd, high
[La/Sm] 0 ratios (Fig. I) and negative Ce anomalies, while Guguan lavas have
excess 238Uf230J"h and high BalLa and Ba/Nb ratios (Fig. I). thought to
represent addition of an aqueous fluid derived from the down-going slab.
Results and Discussion: The compositions of melt inclusions from
single samples from Agrigan and Guguao show substantiaiiy more compositional variation than that evident between lavas from these islands. This is
evident in both major· and trace-element concentrations and in the ratios of
incompatible elements. However, inclusions from Agrigan and Guguan also
exhibit features typical of lavas from these islands. For example, inclusions
from AGR·8b have large Nb depletions, marked negative Ce anomalies. low
Ba!Nb and BalLa, and high [La/Sm] 0 (Fig. 1), whereas those from GUG-13
have negligible Ce anomalies, high Ba!Nb and BalLa, and lower [La/Sm) 0
(Fig. 1).
The compositions of melt inclusions also provide insight into the variety
of magmatic sources for Agrigan and Guguan lavas. On the plot of Balla
vs. [La/Sm]. given in Fig. I, inclusions from Agrigan form an array between
the bulk sediment value and lower [La/Sm] •• suggesting that the inclusions
represent melts that contain variable degrees of a subducted sediment component. In contrast, inclusions from Guguan form an array between high Bat
Nb, and lower Ba/Nb and higher [La/Sm]•. High Ba!Nb is considered to be
a signature of a slab-derived fluid component [7]. suggesting that Guguan
inclusions represent melts that contain variable degrees of a slab-derived fluid.
Acknowledgments: Work performed under the auspices of DOE con·
tract W-7405-Bng.
References: [I] Sobolev A. V. and Shimizu N. (1993) Nature, 363,
151- 154. [2) Shimizu N. ( 1998) Phys. Earth Planet. Sci, 107, 183-201.
[3] Kent A. J. R. et al. (1998) Mineral. Mag., 62A, 765-766. (4) Saal A.
eta!. (1998) Science, 282. 481-484. [5] Sisson T. W. and Bronto S. (1998)
Nature, 391, 883-886. [6] Kamenetsky D. et. al. (1998) EPSL, 151, 205223. [7] ElliotT. et al. (1997) JGR, 102, 14991-15019.

MERCURY SORPTION TO IRON· AND ALUMINUM·(HYDR)OXIDES AND SPECIATION IN NATURAL SAMPLES. C. S. Kim 1 , G. B.
Brown Jr.l, and J. J. Rytuba2, 'Department of Geological and Environmental
Sciences, Building 320, Room 118, Stanford University, Stanford CA 94305·
21 15, USA (chrislcim@pangea.stanford.edu), 2Mail Stop 901, U.S. Geological
Survey, 345 Middlefield Road, Menlo Park CA 94025, USA.
Introduction: Mercury ore deposits are located extensively throughout
the California Coast Range, occurring either as near-surface hot-spring de·
posits or coincident with silica-carbonate alteration rock [I]. Weathering of
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Fig. 1. Results of linear combination fining of the contaminated calcines,
compositional results, and residual values corresponding to the quality of
the fit.

waste piles generated from past mining of the Hg ore in these areas can result
in the release of Hg to surface-water supplies. As Hg travels downstream, it
may become associated with streambed sediments either through sorption to
solid particles or by incorporation into precipitates, effectively sequestering
Hg back into a solid phase. Both processes have direct implications for the
mobility of Hg in the environment and therefore its potential toxicity to living
organisms. The objectives of this study are ( 1) to demonstrate the feasibility
of extended X-ray absorption fine structure (EXAFS) spectroscopy in directly
characterizing the speciation of Hg in calcine piles, and (2) to investigate the
sorption processes occurring between Hg and various synthetic and natural
substrates.
Results/Discussion: The speciation of Hg in various calcines was
achieved by generating linear least-square fits that matched EXAFS spectra
collected from the calcines against a database of E!XAFS spectra from known
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Fig. 2. EXAFS spectrum and Fourier transform of Hg sorbed to goethite.
The fit indicates that the second shell consists of Fe atoms, consistent with
innersphere Hg adsorption.
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Hg minerals (Fig. 1). The results indicate that most Hg is present in the sulfide
form but that secondary, more soluble Hg phases are also present and may
represent a significant source of soluble Hg. EXAFS analysis also indicates
the presence of Hg-CI phases in "hot-spring" calcines, where chloride levels
are known to be elevated (2]. but not in "silica-carbonate" calcines. Such
direct knowledge of the speciation in Hg-bearing wastes can aid in the prioritization of contaminated sites that are in most immediate need of remediation.
Mercury(Il) was found to sorb strongly to a synthetic goethite (Ct-FeOOH)
substrate as reported in [3] and to an amorphous Fe precipitate from the Knoxville Mine, California. EXAFS analysis of the sorption products (Fig. 2) indicates the formation of bidentate innersphere complexes in both cases. In
contrast, uptake measurements as a function of pH indicate weak sorption
of Hg(ln on synthetic y-AI 10 3. However, the presence of second-neighbor
features in the Fourier transform of the EXAFS spectrum (not shown) suggests the formation of a precipitate, perhaps a mixed AVHg coprecipitate.
Such mixed-metal coprecipitates have been observed in other systems [4,5].
The sorption and precipitation of Hg(ll) in natural systems may be significant processes by which Hg is removed from the aqueous phase and concentrated into sediments. thus reducing its potential bioavailability in the
environment.
References: ( I] Rytuba J. J. (1996) Geology and Ore Deposits ofrlu
American Cordillera Symposium Proceedings, Geological Society of Nevada.
[2] RytubaJ. J . (1986) USGS Bu/1.1693, 178-179. [3] Barrow N.J. and Cox
V. C. (1992) J. Soil Sci., 43, 295-304. [4] TowleS. N. et al. (1997) J. Coli.
Inti. Sci., 187, 62-82. [5] Scheidegger A. M. ct al. (1997) J. Col/. lnrl. Sci.,
186, 118-128.
MAJOR- AND TRACE-ELEMENT GEOCHEMISTRY OF SILICEOUS SHALE, MIDDLE MIOCENE ONNAGA W A FORMATION
(6-13 Ma) , JAPAN: CAUSES FOR VARIATIONS IN PRIMARY
PRODUCTIVITY AND REDOX. S. Kimura and N. Shikarono, Department of Applied Chemistry, Keio University, 3-I4·1, Hiyoshi, Kouhoku-ku,
Yokohama 223-0061, Japan (sikazono@applc.keio.ac.jp).
Middle Miocene organic C-rich siliceous shale are common in northeast
Japan. These sediments, known as potential source rock for oil and natura.!
gas in northern Honshu, might have been formed related to the combination
of local as well as global geologic and climate changes thorough the middle
Miocene age. To elucidate the paleoceanographical conditions of the Sea of
Japan in the middle Miocene, particularly the primary productivity and redox state, and causes for their variations, we examined mineralogical and
geochemical studies on 37 rock samples, collected from early Miocene to
Pliocene sedimentary rock units, Oga peninsula, northeast Japan.
The studied sedimentary rocks are Nishikurosawa (Early Miocene. massive dark greenish shale, 12 samples), Oonagawa (middle to late Miocene,
banded black colored siliceous shale, 20 samples) and Funakawa Formation
(Pliocene, massive light grayish shale, 7 samples) in ascending order.
The siliceous shale is mainly composed of quartz; minor amounts of
feldspar. pyrite, illite, smectite, and kaolinite are found. In the siliceous shale,
illite is dominant among clay minerals , compared to the shale of
Nishikurosawa and Funakawa Formation. The clay minerals in these sediments are thought to be mainly detritus in origin (not diagenetic in origin).
Mineralogical study of Quaternaly Sea of Japan sediments shows that most
illite is not back-arc in origin. The difference in clay minerals suggests that
detritus material in the siliceous shale was probably derived mostly from the
continent of China.
Barium/aluminum (proxy for primary productivity), MolAl, Ni/Al, and
U/AI (proxy for redox state) ratios and organic C contents of the siliceous
shale are generally higher than those of the shale of Nishilcurosawa and
Fuoakawa Formation. These ratios of the siliceous shale are variable in their
stratigraphic positions. Siliceous shale in the (I ) lower (-12.5 Ma), (2) middle
( -10-11 Ma), and (3) upper ( -7-8 Ma) horizon has high Ba!Al, P/Al, MolAl,
Ni/AI, and U/AI ratios. Magnetic susceptibility value and illite contents
(detritus contents) are also high in (2) and (3) horizons. These geochemical
variations imply that high primary productivity and reducing conditions of
the Sea of Japan in (2) and (3) horizons were caused by upwelling of deep
seawater, influenced by strong wind or increase of river flux from China. They
are related to sudden uplift of Tibet-Himalaya.
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STRUCTURE AND DYNAMICS OF SURFACE AND lNTERLAYER
SPECIES: A COMBINED NUCLEAR MAGNETIC RESONANCE
AND MOLECULAR MODELlNG PERSPECTIVE. R. J. Kirkpatrick'.
P. Yu1 . X. Hou'. A. Kalinichev'. and R. T. Cygan\ 1Depanment of Geology,
Univers ity of Illinois at Urbnna- Champaign. Urbana IL 6180 1. USA
(kirkpat @ui uc.edu), 1 Dc pnrlment of Materials Science and Engineering,
University of ILlinois at Urbana-Ch ampa ign. Urbuna TL 6 1801, USA.
lGeochcmistry Department. Saodia National Laboratories. Albuquerque NM
87 185·0750, USA
Introduction: The combination of nuclear magnetic resonance (NMR)
spectroscopy and molecular modeling methods allows for the dctermioation
of a wide variety of structuHI and dynamical char.lcteristics of geochemically
significant ~·ationic and aoionic: surface and ioterlayer species in :rnd on a
wide variety of minerdls. Such surface and interlayer species are difficult to
observe, because tl1e underlying partides are often small, the loca l structures
are disordered and nonrepetitivo, and the dynamics often occur at quite low
frequencies. Understanding these processes is essential to a comprehensive
understanding or sorption and exchange. surface precipitation, aqueous sol ute transport in rocks, impurity iocorpor.ltion in growing crysta ls. and the
mechanisms of mineral growth and dissolution.
Nuclear Magnetic Resonance Spectroscopy: NMR is the only direct.
simultaneous probe of local, motecular-scnlc srrucrurc and dynamical information in the 1-JOS-Hz frequency range. Structuml information cuo be
derived from tbe chemical shift, <:bemical shift anisotropy and quadrupole
coupling constant and asymmetry parameter. Dynamical infom1ation in tlu:
-1-10'-Hz range comes from the T 2 relaxation rJte and lineshape analysis,
and in the J01- J08-Hz range from the T 1 relaxation rate. Many processes
relevant to chemical reactions occur at these frequencies, and thus NMR often
provides unique and signi fi cant information about them.
Although the coucentratiOils of the surface and exchaoged species are
often quite tow, the sensitivity of modem high-field NMR spectrometers is
high enough to allow not only for the acq uisition of s ingle room-temperarure
spectra but also variable temperature T 1 and T 2 values. Nuclides that can be
readily investigated and that commonly occur in sorbed or CICChangcd species incl ude IH , 2H. 6,7Li . 11 8. uc. •SN. 17Q, 19p, 23Na, l7AJ, Z9Si, J5CJ, 31p,
17Se, and 133Cs. Many others remaioto be more thorough ly investigated. 'fhc
instrumentation oeeded for this work is a standard solid-stare NMR spectrometer. although variable temperature capabilities are often needed bec<tusc of
tile tcmperaturc-dependeot surface nnd intertayer dynamics.
Molerular Modeling: Molecular modeling methods including energy
minimization and molecular dynamics calculations provide signi fiCllnt insight
into the structural interpretations based oo NMR and other spcr.:lroscopi~
tcchJliques. and can substantially improve molecular scale understand ing of
the dynam ical information obtained via NMR. This is true even though the
characteristic timoscales of the experiments and calculations are different.
Proper incorporation of water and the dyo<Lmics of the underlying crysta l
structure are key to these ca lcu lations and have been a focus of our research.
These calculations also provide important connections to vibrational spectroscopy and to the details of high-frequency processes.
Examples: Successful examples of combining NMR and molecular
modeling methods include the use of 1 3Na and 133Cs NMR and e nergy
minimization and sorption map Cltlculatioos to unders tand Na and Cs snrption on illite, and the use of UCJ NMR and molecular-dynamics calculations
to understand surface and iotcrlaycr CJ- in mixed-metal layered hydroxides.
For surface Na aod Cs on iHite, t11e NMR results suggest that Cs occurs as
both innersphere and outersphere complexes and Na as outersphere complcxe;:s, and that lhe illite $Urface prefers Cs to Na. Energy calculations and
three-dimensional sorption-energy maps confirm these interpretatioos and
indicate tha t sorption on broken edges is greatly prcfe.rred to sorption on the
basal surfaces. The lowest energy sorption sites occur a t the level of the
interlayer space associated with tetrnhedrul s ites containing At. providing a
c lear explanation for the origin of the variation in tJJCs NMR chemical shift
with decreasing extent of surface exchange. For Ct in mixed-metal layered
hydrox ides. NMR shows a dynamical order-disorder phase transition <tSSO·
ciated with thermaUy induced motion of the interlayer species. At the trJos ition. the ioterlayer CJ- becomes mobile and its symmetry changes from
triaxial to unialtial. With increas ing temperature above the transition. site
hoppiog decreases the time-averaged JSCJ electric tictd gradient, Molecular-

dynamics s imulations show the significance of H-bonding in control ling the
Ct- structurdl eoviroomeot ;10d demonstrate how the orieotationnl d isorder
anu high-frequency librational dynamics of the interlayer water molecules lead
to the time-averaged uniax ial CJ- symroel.fy. even though the iostantaueous
symmetry is tria..~iat.
CONTINENTAL GROWTH AND ENVIRONMENTS OF ARCHEAN
CONTlNENTAL CRUST: AN EXAMPI.E OF THE COASTAL
PILBARA TERRAIN, WESTERN AUSTRALIA. S. Kiyokawa 1. A
Taira2, T. Byrne), aod Y. Saoo•. ' Department of Geo logy, National Science
Museum. 3·23-t Hyakuninn-cho, Sh.i.njy uku-ku Tokyo 169-0073, Japao
(kiyokawa@kahaku. go.jp). 10RI Un iversity of Tokyo, l-15-1 M inamidai
Nakano-ku, Tokyo 164-0014. Japan (ataiJ'a@ori.u-tokyo.ac.jp). JDepartrnent
or Geology and Geophysics. University of Connecticut 354 Mansfield Road,
Storrs cr 06269, USA (byrno@geol.uconn.edu), Department of Earth Science, Hiroshima University, J-2- t Kagamiyama Higashihiroshima 739-8512.
Japan.
Introduction: The Archean continental growth mechanism is very important in determi ning the Earth crusta l evolution. Late Archean, continental
evolution has been changed to Wilson cycle system that is ideotified as the
fonnar.ion of supercontinent and its fragmented environment. Many people
have noted that the early und middle Archean microcontinent formed a piece
of a jigsaw puz.zle, wh ic h is the bas ic crustal material of continents [e.g.. 1,2].
Kiyokawa and Taira [3) suggestro that the coastal Pilbara terrane originated as an immature oceanic island arc setting. The tectonic evolution of
the Pilbara Craton. especially at middle Archean. is ool well recognized. Here
we provide detailed srructurat analysis and reconsrruct the tectonic history
of the 3.2-Ga greenstone-grani te terrane. the coasta l l'ilbara terraoe. We
cons idered that this area provides the most appropriate tectonic mechaoism
for the evolutio11 of midd le Archean granitoid-greenstone terranes.
Regional Geology: Tht.: Pilbara Craton of Western Australia is one of
the best preserved Archean greenstone-granite terrains in the world. Three
lithologic pans are identified as follows: greenstone terrane. whicb contai ns
the volcani-sedimentary scqucnee, granite batholith. and strike-slip sedimentary basin [4.). Recent U-Pb z.i rcoo age dating suggestS, the greenstone-granite terrane of the Pilbara craton grows from east ro west and ranges from 3.5
to 3_0 Ga [5]. The coastal Pilbara terrane, which is westernmost of the Pi lbara
craton, is preserved U1c Ctlfly continental growth evidence to recognized its
growth tcctooics at 3.0- 3.2 Ga.
Lithology: The coastal Pi lbara terrane is composed of two lithotectonic
un its: the Karratha and Clcaverv ill e-Roeboume Supercomplexes. The
Karratha supercomplcx. which lies tectonically beneath the Cteavcrv illeRocbournc supcrcornplex, consists o f 3265-Ma granitic batholiths and metamorphosed terrigenous sediments, which is quite similar to continental shelf
facies. The C!eavervitte-Roebourne Supercomplex consistS of an imbricated
ophiotire-lik.e crustal section that includes a 3200-Ma felsic bimodal volcanicchemical scdimentnry sequence. metabas ite . low-K granitic gneiss and a
peridotite [3 ]. The cyclic bimodal volcano sedimeotary sequence suggests that
the greenstone complex identified as the island urc setting environment. The
3020-Ma felsic porphyry and grJ nite intrude this terrane.
Structural Evidence: Detailed structural analyses suggest that the
Ctcavcrv itte-Roebouroe Sopcrcomplex records at least three deformation
events (Fig. I). D1 is chardcteriz.ed by a top-to-the oorthwest thrusti ng occurred sometime during 3020-3200 Ma. After 3020-Ma felsic magmatism,
D2 is characterized by regional-scale left-lateral sirike-s lip faulting (-29503020 Ma). D2 appears to bave affected the entire Pilbara Craton and is interpreted to be related to craton-sca le deformati on. D3 is represented by
localized right-lateral Sholl shcaJ zone which truncates botl1 D1 and D2 structures.
Tectonic Environment: We propose that the coastal Pilbara terrane
evolved collision between an immature island arc - an old PilbaJa continent
The 3020-Ma granite intrusion might be related the postcollision volcanism.
After the D 1 collision event, D2 represents intraplate crustal scale dcformntioo of the s tnhili ziog Pilbara Craton. Regiona l strike-slip deformations
have been reported elsewhere in the Pilbara terrane; Mulgandinnah shear zone
16J, the Lalla Rookh. and t11e Whim Creek belts [7 ). These regional-scale.
strike-slip events resu lted in the fonnation of obloog termnes 50-100 Jcrn wide
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The abundance of fulvic-acid S slightly exceeds that of AVS, and increases
at upri ver and estuarine points, although its fraction is smaller than that of
pyrite. The values of 034 S for fulvic-acid S are -19.2o/oo to -9.4%o in Zinzu
and - 12.3%o to +{).5%o in Oyabe respectively, and higher than those of pyrite
S. The content of humic-acid S represents only a small fraction of total S .
The kinetic isotopic effects during sulfate reduction obtained from the o34 S
values of pyrite are -40%o in Zinzu and - 30%o in Oyabe. Since industrial
contamination is strongest in Oyabe, active sulfate reduction occurred in enriched organic matter in river. Thus, it would be expected that isotopic fractionation during sulfate reduction is small.
References: [I) Kohnen M. E. T. et al. (1990) ASC Symp. Ser., 429,
444-485. [2) Briichcrt V . and Pratt L . M. (1996) GCA, 60, 2325-2332.
[3) Briichert V. (1998) GCA, 62, 1567-1586.

Fig.l.

and more than 500 km long. The size of these terranes might be related to
the strength or thickness of the Archean craton.
Finally, D 3 is more localized strike-slip deformation than that of the
regional-scale D2• Tills change of deformation characteristics from regional
deformation to localized deformation within a terrane might suggest a change
in strength of the continent. The change from D2 to D3 may therefore suggest a timing of continental stabilization (2.8-2.9 Ga)
In this way, the coastal Pilbara terrane bas been recognized three tectonic
stages: (I) arc-continent collision, (2) regional crustal scale strike-slip deformation, and (3) final localized strike-slip stages. After these tectonic series,
the Mt. Bruce Supergroup unconformably overlay this craton at 2.77 Ga. The
three relationships are one example of a crustal formation and stabilization
at middle Archean Craton.
References: [I) de Wit M. J_ et al. (1992) Nature, 357, 553- 562.
[2) M. J. de Wit and L. D. Ashwal, eds. (1997) Greenstone Belt. [3) Kiyokawa
S. and Taira A. (1998) Precambrian Res., 88, 109-142. [4) Krapez B. and
Barley M. E (1987) Geol. Mag., 124, 555-567. [5) Nelson D. R. (1998)
GSWA, Record 1998/2, 242. [6) Kusky T. M. and Vearncombe J_ R. (1997)
in Greenstone Belt (M. J. de Wit and L. D. Ashwal, eds.), pp. 91-124.
[7) Zegers T. E. et al. (1998) Precambrian Res., 88, 233-247. [8) Krapez B.
(1993) Precambrian Res. , 60, 1-45.
H ORIZONTAL DISTRIBUTIONS OF INOR GANIC AND ORGANIC
SULflJR IN ESTIJARINE SURFACE SEDIMENTS FROM T OYAMA
BAY, JAPAN. Y. Kiyosu, I. Yamaguchi, and K. Katsuyama, Department
of Environmental Biology and Chemistry, Toyama University, Toyama 9308555, Japan (kiyosu@sci.toyama-u.ac.jp).
Recent data from surface sediments indicate that reaction rates for formation of organic S species are slower than those of inorganic S such as pyrite
[e.g .• 1,2). Furthermore, delayed organicS species are suggested by enriched
l 4 S of humic and fulvic acid-S relative to coexisting pyrite. However. very
few data of S species have been reported in estuarine sediments [2.3]. In this
study, data are presented for the horizontal abundance and isotopic ratio of
dissolved sulfate and sulfide, inorganic, and organicS from Zinzu and Oyabe
estuarine surface sediments in Toyama Bay, Japan.
Results and Disrussion: The concentration of Zinzu dissolved sulfate
showing a near than that of seawater sulfate (28 mM) is horizonatally constant, whereas the value of Oyabe. being lower than that of seawater sulfate,
increases toward its estuary. In Zinzu samples, OJ'S values of porewater sulfate
show a slight enrichment in 34S relative to seawater sulfate whereas the
isotopic ratio of Oyabe samples ranges from 25%o to 40%o, indicating that
the rate of sulfate reduction and the removal of S from porewater are fast.
The contents of acid-volatileS (AVS) in Zinzu and Oyabe sediment samples
are lower than those of pyrite S in Oyabe.
The inorganic S (AVS, pyrite) content in Zinzu is lower than that in
Oyabe. The ol'S values of pyrite range from -21 %o to -7. 1%o in Zinzu and
-18.7%o to +2.0%. in Oyabe respectively. and decrease with increasing pyrite
content, indicating the proceeding process of sulfate reduction in sediments.

OXYGEN-ISOTOPIC ANALYSES OF DIAGENETIC CHERTS AND
THE CLIMATIC TEMPERAT URE HISTORY OF THE EARTH.
L. P. Knauth, Department of Geology. Box 871404, Arizona State University,
Tempe AZ 85287-1404, USA (knauth@asu.edu).
Figure I gives I)H!O analyses of over 1000 early diagenetic cherts over
geologic time. Most of the samples are replacement cherts that display field
and/or petrographic evidence of precompaction silicification and/or lithifica tion within meters of the sediment/water inte.rface. Exceptions are several Tertiary and Devonian bedded chert suites that include postcompaction conversion of preexisting opaline phases to quartz.
At any given geologic time, !)1110 of these cherts varies over a range of
-6-IO%o. For bedded cherts, this variation is related to depth of burial; cherts
that form at deeper burial temperatures have lower !l 1SO. For the more common replacement cherts, the variation is related primarily to the amount of
low- 18() meteoric water involved in the silicification process. These cherts
form in hydrodynamically active coastal groundwaters that are a mixture of
meteoric and marine pore fluids [I). Cherts with lower !)18() values formed
in fluids that were primarily meteoric. Silicification usually occurs during
initial stabilization of carbonate when aragonite and high-Mg calcite are
replaced with low-Mg calcite and dolomite. Silicification is less well understood in Precambrian carbonates, but field and petrographic evidence suggests little difference in the timing and sedimentologic setting of silicification.
Cherts in Archean strata are even more problematic, but nearly all are examples of precompaction replacement of carbonates , volcaniclastics, and
possibly evaporites. Initial silicification for the overwhelming majority of the
samples in Fig. I thus occurred during shallow burial at temperatures equal
to that of any overlying water mass or at the ambient climatic temperature.
The 6-IO%o range of !)18() values for early diagenetic cherts is similar
at any given time, but the range shifts to dramatically lower values going back
in time. Archean cherts are -10%o lower in 1)18() relative to their Phanerozoic counterparts. The change with time is a huge isotope effect and must
be related either to higher past climatic temperatures, lower o 18() of the early
hydrosphere. wholesale lowering of !)18() by alteration of the record during
late diagenesis and/or metamorphism, or change in style of silicification in
which all Archean and low 18() cherts are hydrothermal deposits.
o 18() of the oceans appears to be held within :t2%o of the present value
by interaction with mid-ocean ridge basalts [2,3) and is now the least likely
explanation for the secular variation. o 18() does not correlate at all with
metamorphic grade of the host rocks, and no metamorphic event could reasonably produce the 6-12%o values observed for some microfossil-bearing
late Archean examples. While metamorphism may locally lower 1)180 by
several per mil. this is not a satisfactory explanation for the general secular
trend. Some coarse-grained cherts cross-cutting Archean volcanic rocks are
clearly hydrothermal and have !)18() values in the range 12- 15. Hydrothermal fluids can produce the low 18() values observed in the Archean, but most
of the samples in the figure are from microcrystalline stratiform cherts displaying no field evidence that they formed around hydrothermal vents.
Archean strata are silicified on a scale unknown since. The sea floor today
is not massively silicified around vents and spreading centers. Suggestions
that widespread Archean silicification is related to hydrothermal circulation
near intrusions is oot supported by modem analogs or the geologic setting
of most examples.
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The data are most easily explained in tenns of climatic temperatures that
were -40°- 50°C warmer in the Archean and declined to modem values over
geologic time. The smaller isotopic fractionation between quartz and water
at higher temperatures can readily account for the data shown. Io essence,
waters on the early Earth constituted an open hydrothermal system in which
sediments were readily silicified yielding IPSO values as shown. The extremely
low Ill() values for the upper Archean examples are for microfossil-rich cherts
that probably formed in nonmarine environments. consistent with sedimentologic interpretations. Cherts that demonstrably formed during the narrow
time intervals of the Precambrian glaciations are not known, but analyses of
any such samples could provide a useful test of the climatic temperature
interpretation.
An intriguing possibility is that the inferred temperature decline with time
is related to a gradual draw-down of atmospheric C02. If so, the interpretation suggests that the recent spate of ice ages is a result of an Earth that
has cooled down so much that glaciation is more likely and that the Earth
is in danger of freezing over for good. Burning of fossil fuels could be the
saving grace.
References: [I) Knautb L. P. (1994) Rev. Mineral., 29, 233- 258.
[2) Muehlenbacbs K. and Clayton R. N. (1976) JGR. 81, 4365-4469.
[3] Holmden C. and Muehlenbachs K. (1993) Science, 259, 1733-1736.
SALINITY HISTORY OF SEAWATER. L. P. Knauth, Department of
Geology, Box 871404, Arizona State University, Tempe AZ 85287-1404,
USA (knauth@asu.edu).
Chlorine is a volatile element that probably outgassed as HCl along with
H20 early in Earth's history. Sodium was leached from rocks to make an
initial ocean rich in dissolved NaCI. Precipitation of halite is the only known
mechanism for removing large amounts of NaCl from the oceans. Until largescale evaporite deposition began, the oceans would have been at their maximum salinity [1-2). This salinity could have been twice the modem value
(or even more) depending upon poorly constrained estimates of the amount
of halite and basinal brine (evapoconcentrated seawater and/or dissolved
halite) subsequently removed from seawater and stored in sedimentary basins [3).
Evaporite deposits are easily recycled and any salinity draw-down of the
oceans requires extensive sequestration of large salt deposits within epicratonic sedimentary sequences. The salinity dmw-down of the earliest oceans
thus depend~ upon when continents formed and the rate at which giant salt
deposits and brine masses accumulated. Salt deposits are widely preserved
in the Phanerozoic, but the abundance falls off dramatically in successively
older Precambrian strata [4). The degree to which this decrease is due strictly
to dissolution of salt with time is unknown. Over half the known salt was

deposited within 100 m.y. in the upper Paleozoic. Salt deposition is clearly
episodic. Precambrian "source" rocks from which huge thicknesses of salt
were removed have not yet been identified. It is possible that the improbable
tectonic, geographic, and climatic conditions necessary for the formation of
"saline giants" did not develop until late in the Precambrian.
The issue of when long-lived cratons developed upon which salt and brine
could be sequestered is continually confused with the question of the growth
rate of tonalitic continental crust Even if tonalite were completely separated
from the mantle prior to 3.5 Ga, the issue is still whether large assembled
cratons were present and accumulating saline giants and saline formation
waters. The lack of evidence of such deposits plus the question of whether
cratons could sequester saline giants during the late bombardment raises the
real possibility that ocean salinity was in fact high throughout the Archean
and possibly well into the mid-upper Proterozoic.
Resolution of this issue requires a better inventory of NaCl in evaporites
and continental brines, a better understanding of the development and history of cratons, and more fluid inclusion measurements in possible seafloor
phases. Existing fluid-inclusion data [5) can be interpreted as indicating an
ocean salinity 1.7x the modern value [3), in accordance with reasonable
guesses regarding the salt/brine inventory and growth rates of long-lived
cratons. Such high values carry significant implications for the early evolution of life. the geochemical character of Precambrian sediments, and the
relationship between dissolved 0 and atmospheric 0 levels in the Precambrian.
References: [I] Walker J. C. G. (1983) Nature, 302, 518- 520. [2) Holland H. D. (1984) The Chemical Evolution of the Atmosphere and Oceans,
Princeton Univ. [3) Knauth L. P. (1998) Nature, 395, 554-555. [4] Holser
W. T. et al. (1980) GSA Abstr. with Prog., 12, 449. [5) DeRonde C. E. J.
et al. (1997) GCA, 61, 4025 - 4042.
FRACTIONATED CRUST OF MARS AS AN ADEQUATE RESPONSE
TO ITS BODY WAVE WARPING. G. G. Kochemasov, Institute of Ore
Deposits, Geology, Petrology , Mineralogy, and Geochemistry, Russian
Academy of Sciences, 35 Staromooemy, Moscow 109017, Russia.
A significant compositional difference between martian lowlands and
highlands was predicted two years before the Pathfinder landing [I] and then
two months before this event [2]. Our confidence was based on regularities
of wave planetology [3 et al.] indicating that with increasing solar distance
(orbital periods) planetary bodies become tectonically "coarser grained," less
spherical, and more disrupted (relief range increases), and hence must acquire
higher density (compositional) differences between highland and lowland
lithologies. All these regularities are consequences of elongated elliptical orbits
of celestial bodies (much more pronounced in the geological past when much
of body shaping occurred). They imply periodically changing orbital curvatures and body accelerdtions leading to standing inertia-gravity waves warping rotating bodies in four ortho- and diagonal directions. Interference of these
waves leads to formation of uplifting 1+1, subsiding /-/ and neutral /0, alternation of+ and-/ segments, sectors and other polygonal blocks, constructing surfaces and deeper spheres of any cosmic body.
The following theorems of planetary tectonics proved by laws of wave
interference are formulated: (I) Celestial bodies are dichotomic, (2) celestial
bodies are sectoral, (3) celestial bodies arc granular, and (4) angular momenta
of different level blocks tend to be equal.
The first theorem reflects interference of fundamental waves long 2nR,
where R is a body radius . The second one reflects interference of the first
obertone waves long nR and subsequent harmonics. The third one concerns
interference of wave lengths that are proportional to orbital periods: the
characteristic size formed by rounded (polygonal in details) blocks-supergranulas is, e.g., for Mercury nR/16, Venus nR/6, Earth nR/4, Mars 7tRI2,
and asteroids nR/1. The fourth theorem demands equilibration of angular
momenta of hypsometrically (tectonically) different level blocks comprising
one rotating body to keep its integrity.
Angular-momenta equilibration requires light (not dense) martian conti·
nents standing high over lowlands. !n the sequence Venus-Earth-Mars with
in situ studied compositions of lowlands (Mg-basalts, tholeiites, Fe-basalts)
and partially highlands (all<ali basalts, andesites (on an average)?] the highest range between densities and hence compositions is expected for Mars
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having the lughest rcli~f r.mg;:. DisCCivcred hy the alpha·proton X-r.~y (AJ'X)
S(li:Ctrometer of the SoJourner rover andesite rocks [4] ~:hardcteriz.e the coobet zone between the northern lowlands and southern highlands Otherwise.
more actdic (less dense) rocks have to he cxp~ctcd in the highlands themselves. Somewhat elevated K content in the Pathfinder soils, otherwise similar to the Viking soils. JS due to contamination by the ncar continent (not
an analitical error as suggested by H Wanke. orJl conununicatJOn) On the
whole, elevated CJ content in the martian soils is possibly due to widespread
eolian coD!aminanoo by wind (sand)-eroded material of lughlands Preferentially eroded soft Cl minerals. such as halite and sodahte, cannN be excluded
from acid highland lithologies (syenites, granites, albitites, etc.).
References~ [lf Kocbemasov G. G. (1995) LPI Tec!J . Rpt. 95-01 .
Part I. LPI. Houston. 63 pp. [2] Kocbemasov G. G. (1997) Annale~
Geophysicae, Suppl. /11. 767. [3] Kochernasov G G. (1992) 16th Russian·
Arlll'rican I Vemadsky-Bmwn) Mirro~mpnsi11m 011 Planetology. Vernadsky
lost. (GEOKHI), 36-37. [4] Wanke H. et al. (1997) 26th Ruq·ian-Amertcatl
( Venwdsky·Brown) Microsymposium orr Comparative Planetology.
Vernadsky lnst (GEOKHJ), 131-132.
INTRUSION STRATIFICATION AS A RESPONSE TO CHANGES IN
TilE EARTH'S ROTATION RATE WITH VARIOUS PERJODS.
G. G. Kochcmasov Institute of Ore Deposits. Geology. PetTology. Mineralogy,
and Geochemistry. Russ1an Academy of Sciences. 35 Swomonctny. Moscow
I 09017, Russia.
Liquation, crystal differentiation. volatile aclion, and other mech;misms
alone normally cannot adequately e~plain observed paltems of slr.ltification
of lcnown layered intrusions. More or less pronounced layering is an intrinsic
r~ature of large nurobetS of in1rusivc bodies of various comPQsitions (and
practically in all basic iniJUsions) and ages (from AR to Mz-Cz). A layering
paucm often repentS itself in the same body in various scaii.'S (periOdicity ot'
various scales). Researchers usually referring to o gravity settling nevertheless pay main auention to the chemistry aod PT conditions of various mineral phases. not to their densities. But in ~~ rotating body as .Earth. density
of mineral phas~s composing rocks are much more important t11an their
chemistry, as density (mass) is one of the mcmbeiS in the angular momeolum formula (ra1e of rotation and radius-vector being the remaining two).
Physics plays the first determinant role, aod chemistry follows it Now one
.:ould consider periodical sequences of layers in stratiform intrusions as an
ahernntion of differing densities lnyers caUed to compensate oscillation of rotation rntes w1th various periods and amplitudes. Certain rotation rates requtre formation oflaycrs with certain densities at certain depths. Mechamsms
uf their formation including partial melting aud magma ascent can vary, depel!diog on lOcal conditions.
Important density variations one tlbscrvcs in nature: Duft'k massif anorthosites and magnetitites: Bushveld- anorthosites and cbromitites, and
platiniferous reefs; Nonl'sk- anorthosites and Ni-Cu-su lfides layers:
Lovozero masstf (Kola Pcninsul3) - urtites and lopante malignites.
a.:girinites. Layers io massifs are discrete and can have transitions between
them ns well as rotauon rates change abruptly and more smoothly. During
CtlQiiog of an intrusive a few kilometers thick (say, tens of thousands 10
I m.y.) rotation rates oscillated considerably aod, combined with changing
radius-vector. specially in orogens, must have influenced distribution of
densities in a cooling colwnn. These determinant factotS existed during the
whole geological history of Earth and are imprintt:d in structures of layered
intrusions of various ages and .:ompositions.
Rotntion of celestial bodies is connected 10 their convexo-concave shape
or tectonic dichotomy [I]. Body warping is a consequence of interference of
sbnding inertia-gravity waves pnx.'teding in four ort110- und diagona l directions. They appear tn bodies in response to thciT movement in elliptical orbits.
much more pronounced in the geological past. nus tmpltes periodically
changing orbit curvatures and accelerations leading to inertia forces and
producing inertia-gravity warping waves. Their ioterfer~nce gives uplifted,
subsided and neutral segments. sectors. and other polygonal blocks composing. surfaces and deeper spheres of any cosmic body The following theorems
of planetary wave tectonics are formulated [2}: (I) Celestial bodies are
dichotomic, (2) celestial bodies are seccoral, (3) celestial bodies are graoular,
and (4) angular momenta of different level blocks tend to be equal. The fust
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theorem reflects ioterfcrence of fundnmenrn l waves long. 2nR. where R is a
body ra.dJus. The second one reflect;, interference of the first obenone waws
long nR and subsequent harmonics. The third one concerns interference of
wave lengths that are proPQrtionnl to orbital periods: the characteristic size
formed by these rounded (polygonal in details) blocks-supergranulas is for
Mercury nR/16, Venu~ nR/6, Earth nR/4, Mars ltR/2, and asteroids nR/1.
Tht fuurth thc:orem demands cquilibrJtioo of ongulnr momenta of
hypsumetricJlly (tectonically) differing level blocks comPQsing one rotating
body tl' keep its inlegrity. lnlrusion denstty layering is to be considered in
relatiou to angular momentum lcvding processes.
References; (IJ Kochemasov G. G. (1998) Armales Geoplrysicoe, Suppl.
lllto V(ll. 16. Pt. 111, C987. [2] Kochcmasov G. G. (1999) Geopilys. Rc;
Ab~tr, Vol 1, NJ, 700
CONSTIL\INTS ON DIAGENETIC AGE DISTURBANCE: COM·
BTNED URANTUM-PROTACTINfUM AND URANilJM-THOR!UM
AGES OF TilE KEY LARGO FORMATION, FLORIDA KEYS,
USA. G. Koetsier. T. Elliott, and C. Fruijtier, Vrije Universitei t, FatUity of
Earth Sciences. De Boelelann 1085, 1081 IN Amsterdam, The Netherlands.
(koet@gco.vu nl; ellt@geo.vu.nl).
Reconstructing the timing of sea-level change around the last interglacial providc:s key constraints in determining the response of the Earth to
changing solar insolation and in ~~:sting Milanko,~tch theory. Uranium-238uranium-234-tborium-230 measurements provide a potentially high-resolution datiog tool for this period. but unfonun:1tely diagenesis severely impairs
the accuracy of such dates for many last-interglaeial samples. Moreover, diagenesis is frequently inferred for U-SI!ries nuclides in samples that otherwise
appear pristine (e.g .. >99% aragonite). Samph:s may be scr~cned for "reliability" using initial 23.1UJmU 3Cltvity !"dUOS, (mUfllHU)T, which appear to
be readlly perturbed ))y diagenesis from closed system. seawater val ues of
1.15. Such a test, however, does oot necessarily guarantee closed-system
behavior, and more importalltly, very few last-ioterg.lacial corals would pass
a strigent (2l 4 Ufll8U)T test. It is thus important to better understand the
process of diagenesis and assess if any of the many nonclosed system samples
might nev~rtheless pmvide accurate ages. Ao ultimate goal would be to
predict the inaccuracies of perturht:d samples.
With this aim in mind, we investigated 135U.231pa disequilibrium in
combination with znu.n•u.2lO'J'h measurements. Clost:d-system samples
should providt- concordant ll5U_2JIPa aod 234U-230'T1J [2,3]. Since the two
cbronomctcn. tu.vc a somewhat different half-life (it: .. 11/2 ZlO'TlJ -75 ka, tl/2
23 1Pa -32 kn), but are bolb headed by U, the systematics of discordant samples
should hopefully provide a constraint on the timing and magnitude of age
perturbation in a similar manner to U-Pb zircon chronology [3). The low
concentratiOn of Pa in corals, which is on lbe order of 10-1000 fg/g, however, poses an analytical challenge to determine lllPa concentrations to
sufficient precision. We have developed a new method for the chemical
extraction and measurement nf a few hundred femtograms Pa by thermal
ionization mass spectrometry (TIMS).
We have analyzed a set of last interglacial samples from the Florida Keys
that nrc all marl:ed by (ll 4Uf2l&U)T well in eKcess of seawater values, 1.1631.176 [I J, and therefore show clear evidence of open-system U-se ries behavior. Uranium-thorium ages from the petrographically freshest samples range
from 125 to 138 ka. Here we present mass spectrometric 2JIPa- 2l~U ages on
lbe same samples. Five out of seven samples are discordaD! with mpa.usu
ages ranging from 121 to 195 k.a. The discordant samples show significantly
oltler mpa.mu ages relative to u•u.Z10'fh nges. i.e.. samples Ue above me
concordia. This can be explained by recent mu loss or l~tPa addition. Clearly
mu loss should be mirrored by a pauem of usu loss evident in lbc mu.
!3~U-230'J'h systematics. 11Us does not nppear to be the case. For example,
samples with the oldest U-TI1 ages do not give the oldest mpa.1l~U ages,
in the same way that samples with the most perturbed 2l4Ut2l8U ratios do
not yield the oldest Th-U ages. This implies independent addition of all three
dnughter nuclides. 2J•U, 231l"fh. and Z11Pa. This. saclly. greatly diminishes the
potential of combined 2J8U_1HU.2lO'fb and 235U.2l1Pa measurements in
unraveling the altemtion history of corals. The important constraint that
alteration must have been recent. however, does e~plain why samples as old
as 80 1m still appear 10 remain closed system, as at present the)· are beneath
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sea level and so prot.ected from the recent phase of meteoric alteration suffered by the -120-ka samples.
References: [I) Fruijtier C. et a!. ( 1999) GSA, in press. [2) Edwards
R. L. et al. (1997) Science, 276, 782-786. (3] Cheng H. et al. (1998) GCA,
62, 3437-3452.
REDISTRIBUTION OF TRACE ELEMENTS DURING GARNET TO
SPINEL PERIDOTITE FACIES TRANSFORMATIONS. K. T. Koga,
N. Shimizu, and T. L. Grove, Mail Stop 23, Woods Hole Oceanographic
Institution, Woods Hole MA 02543, USA (ktkoga@mit.edu).
Introduction: Primitive mantle-normalized La/Yb rdtio of mid-oceanridge basalt is often used for determining "garnet signature," that is evidence
for equilibrium partial melts from garnet peridotite. If garnet peridotite is
stable at pressures higher than 2.7 GPa, partial melting starting from the depth
to the surface results in surplus of melt compared to the quantity determined
from thickness of ocean crust formed at mid-ocean ridges. This so-called
"garnet paradox" can be explained if melting of spinel peridotite produces
the trace-element characteristics accounted for garnet signature.
Our observation of trace-element "inheritance" in pyroxenes (cpx and opx)
as the result of garnet breakdown reaction suggests a possible contribution
for reconciling the "garnet paradox." Melting of zoned pyroxenes produced
by subsolidus garnet breakdown reaction favors a production of garnet signature from spinel peridotite. However, determination of exact condition to
produce garnet signature requires a forward model including diffusion and
melting rate of mantle phases.
Observation of Disequilibrium Distribution: Trace elements are redistributed to product pyroxenes during the breakdown reaction of garnet
caused by decompression of mantle. Observations are made for experimental
and natural samples showing the consequence of the reaction . For some
timescale of reaction, trace-element diffusion is slower than growth of pyroxenes, and results in pyroxenes to " inheriting" trace-element abundances
from reactant garnet. Figure I shows the composition of pyroxenes and garnet.
Rare-earth-element (REE) abundances in pyroxenes are indistinguishable and
almost the same as reactant garnet (I). A similar conclusion has been drawn
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Fig. 1. Rare-earth-clement mineral composition in garnet breakdown
experiments.

for peridotite form Lashaine [2]. It has been shown that REE abundances of
pyroxenes and garnet are similar and REE "inheritance" is evident.
Estimates from experiments predict that the transformation from garnet
to spinel peridotite facies is instantaneous in geological timescale [ 1]. Diffusion experiments demonstrated that major-element diffusion in cpx is faster
than trace-element diffusion [e.g., 3]. Considering these experimental results,
it is likely that phase transformation in mantle results in disequilibrium
distribution of trace elements, because transformation and major-element
equilibration are fast enough that trace elements cannot equilibrate through
diffusion.
Element Distribution During Melting: The pyroxenes " inherited"
trace-element abundance of garnet may contribute "garnet signature" at the
time of melting. Only possible circumstance is melting of zoned pyroxene
in peridotite. The rim is newly grown garnetlike pyroxene and the core composition is cpx composition equilibrated to protolith garnet peridotite. In this
case, the core of cpx has higher LREE abundances than the rim, and HREE
are more abuodaodant toward the rim. Progress of melting increases the flux
of LREE in melt while decreasing HREE flux, favoring the production of a
high La!Yb ratio. It is important to note that if melting is equilibrium. "inherited" trace-element abundance reequilibrates with the rest of peridotite and
there is no significance of melting pyroxenes that are not equi librium. In
contrast, trace-element diffusion data show that equilibration of trace element
is limited by diffusion for LREE [3]. Qualitatively, LREE diffusion is slow
and has stronger tendency for disequilibrium. Effective D(cpxlmelt) is therefore closer to unity than experimentally determined D. HREE is closer to equilibrium; effective D is the same as experimentally determined D. However,
melting starting with homogeneous garnetlike pyroxenes cannot produce La/
Yb more than one, since D difference between La and Yb is not large enough
[3] .
References: [I] Koga K. T. et al. (1998) Ext. Abstr. 7th Inti. Kimberlites
Conf, 443-445. [2] Koga K. T. eta!. (1999) Eos Trans. AGU, 80, S361.
[3) Van Orman J. A. et al. (1998) Eos Trans. AGU, 79, S37l.
STABILITY OF HYDROSULFIDE COMPLEX AuHSO IN GOLDBEARING SOLUTIONS. G. R. K.olonio, G . A. Pal'yanova, and G. P.
Shirooosova, Institute of Mineralogy and Petrography of Siberian Branch,
Russian Academy of Sciences, Novosibirsk, Russia.
According to [I), "additional experimental work is warranted to determine tbe stability of AuHSO at high temperatures." The maio goal of this study
is to obtain new experimental data for this complex as well as to estimate
its parameters for the revised HKF equations of state. As the flfSt step, a set
of Gibbs free energy of AuHSO was developed on the base of experimental
data [2-5] together with the results of (6] recalculated in terms of this form
as an alternative of HAu(HSno protonated complex, dominated probably in
more concentrated sulfide solutions. As the second step, the code UT-HEL
as a part of the Hch computer program [7) was used to treat these data and
to obtain parameters for HK.F equations together with the standard AuHSO
thermodynamic values. Finally, their additional adjustment was realiz.ed
through "HELGESON" code [8]. The assumption that Born's coefficient for
AuHSO is taken to be -0.038 by analogy with neutral AgOHO, AgClO, and
AuCIO complexes is a fundamental part of the performed calculations. Table I
demonstrates the obtained parameters of HKF equations for species AuHSO
and AgHSO (obtained the same way as for AuHSO along with the standard
thermodynamic characteristics at 2s•c and l bar).
The experiments on solubility of Au-Ag alloys of various compositions
in chloride-sulfide solutions in the presence of the quartz-muscovite-K-feldspar and pyrite-pyrrhotite-magnetite mineral buffers at 35o•c and 0.5 kbar
were carried out to check additionally the obtained values. The Au-Ag alloys
were used not only as the initial soluble matters, but as the inner universal
indicators of redox [9) and activity S conditions. Gold and Ag concentrations
io solutions were determined by atomic absorbtion method. with the previous coocentration of U1e metals by organic extracting agents (analyst: V.
Zimbalist, Analytical Centrum, UIGGM). The initial composition of the AuAg alloys in the experiments was in tbe interval from 0.2 to 0.7 mol. fraction
of Ag (NA8). Its variation after the experiments was controlled by the use of
microprobe analysis. A solution 1.0 m KCl + 0.1 m HCl was used as initial.
The duration of experiments was 30 d.
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TABLE I. Standard thermodynamic characteristics
aod HKF parameters for AuHSOand AgHSO,
obtained in the present work.
Species
6 1G029, kaVmol
S0290 kaV(mol X

K)
<;,29a kaV(mol x K)
V.m cm3/mol
a, x 10 kaV(rnol x bar)
~ x 10-2 kaVmol
a, kal x K/(rnol x bar)
a, X I o-· kal X K/rnol
c , kaV(mol x K)
c 2 x JQ-• kal x K/mol
W x I 0-s kaVmol

·12

AuHSO

AgHS0

6117
43.23
- 15.76
19.28
4.3888
2.9350
4.5961
-2.9003
- 3.4159
-6.2449
- O.o38

-680
18.06
-4. 14
11.674
3.3482
0.3938

5.595

- 2.7953
3.3941
-3.8779
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Fig. 1. Comparison of log K dissociation of AuHS complex on [2- 6] data
with the experimental and calculated resu lts.

In acid solutions the experimental data can be represented by the reac·
lion
Au. noy + H2S(aq) = AuHSO + 0.5H2(aq)
Its constant - 5.74 ± 0.22 was calculated with the help of equation
log K = log m11• + 0.5 log

mH2 -

log mH2s - log a,.•(olloy)

by the following recalculation in terms of the AuHSO dissociation constant
(log Kdis.= -13.35 ± 0.25). As it is seen on Fig. I, the latter within the limits
of experimental errors coincided with log Kd;, =-1 3.58 of AuHso at 35o•c
and 0.5 kbar, which was calculated on the base of data of Table I as well
as with the data of [3) for the pressures of saturated vapor and 0.5 kbar. At
the same time the Jog Kdis is about one order higher than those calculated
using the data from [5] and [6].
Acknowledgments: This research is supported by Russian Foundation
on Base Researches (grant no. 97-05-65252).
References: [I] Shenberger D. M. and Barnes H. L. (1989) GCA, 53,
269-278. [2] Renders P. J . and Seward T. M. ( 1989) GCA, 53, 245-253.
[3] Bening L. G. and Seward T. M. (1996) GCA, 60, 1849-1872. [4] Gibert
F. et al. (1993) Proceed. of the 4th ISHR. Nancy, 65- 68. [5] Baranova N. N.
and Zotov A. V. (1998) Mineral. Mag.• 62. 116-117. (6] Hayashi K. and
Ohmoto H. (1991) GCA, 55, 2111- 2126. [7) Shvarov Yu. V. (1999) Geo·
chimia. 6. in press (in Russian). [8) Akinfiev N. N. (1995) Ph.D. thesis. The

Vernadslcy Institute. Moscow. [9] Gammons and Williams-Jones (1 995) GCA,
59, 3453-3468.
MICROBIAL-SILICA INTERACTIONS IN MODERN HOT SPRING
SINTER. K. 0 . Konhauser 1, V. R. Phoenix 1, and D. G. Adarns2, 1School
of Earth Sciences, University of Leeds, Leeds, LS2 9JT, UK (k.konhauser@
earth.leeds.ac.uk), 2 Department of Microbiology, University of Leeds, Leeds.
LS2 9JT, UK.
Intimately layered microcrystalline siliceous sediments. associated with
biogenic deposits such as stromatolites, occur throughout the geological record
but are a striking feature of the Archean. Stromatolites and their recognizable microfossils represent some of the earliest records of life on Earth (I ).
Analogous silicified deposits occur in present hot-spring environments, but
the mechanisms of silicification (and crucially the role of microorganisms)
are still largely unresolved.
Recent studies using electron microscopy have shown that microorgan·
isms (viable and lysed) actually provide favorable nucleation sites for amorphous silica precipitation [2-5]. The mineralization consists of spheroidal
grains (hundreds of nanometers in diameter) , formed epicellularly on the
sheaths of living cells, and intracellularly, within the cytoplasm, presumably
after the cells had lysed. Often, the silica particles coalesced such that in·
dividual precipitates were no longer distinguishable; entire colonies became
cemented together in a siliceous matrix several micrometers thick. Eventually, only the sheath and cell wall of the original organic framework, or some
remnants of cytoplasm, remained recognizable. In terms of the sinter's overall structure, nearly half the thickness is attributed to silicified microorganisms, and it now seems indisputable that sinter formation is intimately
linked to microbial activity [4).
The above observations indicate that silicification begins when the microorganisms are living and continues for some time after their death. The
bacteria appear to facilitate silicification by providing reactive interfaces for
silica adsorption, thereby reducing activation energy barriers to nucleation
and allowing surface chemical interactions that sorb more silica from solu·
lion to take place. In this way, the bacterium functions as a reactive interface, or template, for heterogeneous nucleation. Because a sufficient supply
of silica is generally available in hot-spring effluent (in excess of mineraJ
solubility), continued adsorption results in the surface sites becoming satu·
rated, with particle nucleation taking place. After bacteria initiate silica
precipitation , continued growth presumably occurs autocataJytically and
abiogenically due to the increased surface area generated by the small silica
phases.
A certain degree of periodicity in silicification must also be occurring at
hot sprin~. because these mineralized structures are frequently laminated.
In both the Geysir and Krisuvik hot springs, Iceland, two very distinct lamina
types consistently form throughout the sinter, a "porous" layer in which viable
and preferentially aligned microorganisms (growing upward toward sinter·
water interface) are associated with silica. while a finely laminated silica layer
appears to be completely inorganic in composition. In all cases, the "porous"
layers have a sharply defined base, overlying the finely laminated silica, and
a gradational upper surface into the fmely laminated silica. The gradational
top surface suggests that silica precipitation must have at some point exceeded
the bacteria's ability to compensate (i.e., grow upward); this possibly reflects
their natural slow/death phase during the dark winter months of Iceland. In
tum, the defined base suggests rapid recolonizatiou of the inorganic precipitate surface by free-living bacteria in the effluent, once conditions for sur·
face attachment became favorable (i.e., in the spring). Thus. the laminations
might reflect seasonal variations in microbe-silica interactions.
The siliceous sinters are reminiscent of silicified Archean stromatolites
in terms of their morphology and microbial component [I] , suggesting that
we may be witnessing contemporaneous biomineralization processes and
growth patterns to those on the early Earth. Experiments on the silicification
of cyanobacteria have already shown that the silica coatings serve as effective UV shields, possibly having afforded Archean microbes with the opportunity to colonize shallow-water environments [6]. Furthermore, the findings
that phototrophic bacteria are still viable several millimeters beneath the sinter
surface (and there is no evidence of upward burrowing by the cells) suggests
that these microbes receive adequate light at depth [4]. Thus, cell motility
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is not crirical to their survival, precluding previously held beliefs that Archean
microbes (growing as stromatolites) needed to move upward. through overlying sediment. faster than rates of accretion.
Rcfe•·cnces: I ll Awramik S. M ( 1\192) Pho10. Re., ,, 33, 75- 89.
[2] Sthulw:-Lam S. et al. (1995) C 1111 1 Earrlt Sci., 32, 2021-2026. [3] Konhauscr K. 0. and Ftrris F. G. ( 19\16) Geology, 24, 323-326. [4 1 Konhauser
K. 0 el al. (1999) Geoloxy. in review. LSI Phoenix V. R. ct al. (1999) Chem
Gt!ol, in review. [6) Phoeoill. V. R. ct al (1999) Geology. in review.
UIE IS01'0PIC COMPOSITION OF CONODONTS AND BRACHIOPODS AS PROXIES FOR EVOLUTION OF TRIASSIC SEAWATER
C. Korte I, J. Veizer1.2, and H. Kozurl. 1lostitut fUr Geologie. Ruhr-Uoiversillit,
441!01 Bochum. Gcmumy (christoph.korte@ruhr-uni-bochum.de). ~Ottawa
Carleton Geoscience Center. University of Ottawa, Ontario KJ N 6N5. Canada
(veizer@geol.uottawa.ca), 3Rezsil u. BJ. H-1029 Budapest. Hungary,
tkozurh@helka.iif.hu).

Introduction: The 87S rfS6Sr. ()IS(). and ()I~ of su-atigraphically welldefined conodonts and brachiopods reflect the isotopic evolution of past
seawater (I]. The precondition is that the s11mples are not di:tgcncticaly altered
[2,31. and in order to evaluate the state of preservation, the fossils were studied by optical microscopy. scanning elcctmo microscopy (SEM), ioductively
coupled plasma atomic emission spectrometry (lCP-AES}, and particle·
induced X-ray emission (P£XB). Only conodont samples with a CAl index
of 1-1.5, and brachiopod samples with Mn content <250 ppm and Sr content >4()() ppm, complemented by well-preserved te~tures under SEM. were
considered in this study.
Results and Discussion: PIXE studies of Triassic conodonts [4,5] show,
in contrast to their Cambrian counterparts (5.61 a homogeneous distribution
of Sr an.d Nd. The "crown material" as well as the "basal bodies" of the Tri~ssir. MOOOOt!ts yielrlP.tl r.oor.ord~ nl 81Srf86Sr val uP$ reg;orcllc.~s of 1he rlnration of leaching by acetic acid.
The 81Srf86Sr values of conodonts and brachiopods rise abruptly from
0.7074 to 0.7082 in the lower Triassic. fall to 0.7075 during the middle
Triassic, and rise to 0.7082 at the cod of this interval, followed by a decline
to 0.7077 in the Rhaetian. The I)JJC v;tlues of bmchiopods are -0.5-0.8%o
PDB in the middle Triassic, rise abruptly by 2%o at the Ladiniao!Carniao
lxnmdary to 3%o in the upper Carnian, and subsequently fall lO 2%o in the
Rhaetian.
The shape of the l)llC curve may possibly reflect the intensity of coeval
coal formation. since the 2%o Ladiniao!Carnian jump correlates with the
renewed global phase of coal deposition 171. The oscillations of ()l3C in the
upper Triassic appear to correlate with the declining sea level stand.
The Sr-isotopic data apparently reOecttcctonic events. with higb 87Srf86Sr
ru tios in the lower Triassic coincident with tl1e uplift of the Appalachians and
in the upper Triassic with those of the Ci mmerides. Gondwanid es, and
lndosinians.
References: [ l l Veizer J. et al., Chem. Geol. [2 ) Veizer J. (1983) SEPM
slwn course. 10, 1-100. [3) Veizer J. ( 1983) Rev. Min ., 11, 265-299.
[4] Bmhn F. et al. (1997) Nucl. 1nst. and Merit. B. 130, 636-640. [5] Korte
C. (I 999) Thesis, Ruhr-Universitat Bochum, Genrutny. [6) Holmdcn C. et al.
(1\196) EPSL, 142. 425-437.[7] Retallack G. J. et al. (19\16) Bull. GSA. 108.
195- 207.
ISOTOPIC STRUCTURE AND CRUST-FORMING EVENTS OF
CENTRAL ASIA : EVIDENCE FOR EXTENSIVE CONTINENTAL
CRUST GROWTH IN THE PIJANEROZOIC. V. P. Kovach2, V. I.
Kovaleokol. V. V. Yarmolyukl, A. B. Kotov2. l. K. Ko7.akovz, and E. B.
Salnikoval, t)ostitute of Geology of Ore Deposits, Petrography, Mineralogy
and Geochemistry, Russian Academy of Sciences. Staromonemy, 35, Moscow
109017, Russia (aprel@igem.ru), llnstitulc of Precambrian Geology and Geochronology, Russian Academy of Sciences, Malcarova etnb., 2, St. Petersburg
199034, Russia. (kotov@ad.iggp.nts.spb.ru).
Central Asia Orogenic Belt (CAOB) - "the granite crown of Asia" separates the Siberian and Sino-Korean-Tarim Cratons of northern Eurasia
and stretches for -5000 km at I000-2000 km width. The architecture of the
CAOB is defined by the mosaic combination of Phanerozoic mobile belts

ex tended for hundreds and thousa nds kilometers and microcontinents witlt
presumably Precambrian basemen t and Vendian-Early Palaeozoic St!dimentary cover.
The fol lowing isotopic provinces have bcen recognized on the b3sis of
Nd -isotopic investigations of ini!Usivc granitoids of different ages ( 1202645 Ma) and tectonic se ttin g: "Archa.:an" (TNd(DM) = 2.9-3.3 Ga)
(Oaidarik block of lhe Dzabkhanian microcontinen() and "Paleoproterozoic"
(1'Nd(DM) =1.9-2.6 Ga) (Bailotl-Patom and Barguzin-Vi tim terrains, Baidarik
block) which appear to represent fragments of the old cratons: "Neoproterozoic" (TNd(DM) = 1.15- 1.65 Ga) in the cry stalline base ment of
microcootinents (e.g .. Tuvino-Mongolian): "Caledonian" (TNd(DM): 0.70.\15 Ga); and "Hercynian" (TNd(DM) =0.55-0.75 Ma) tha t coincide with
coeval tectonic zones.
Phanerozoic (120-530-Ma) granitoids of the "Pr.:cambrian" isotOpic provinces display wide variations in ENd(T) values (-12.9-4.6) whereas granitoids
of the "Caledonian" and "Hercynian" isotopic provinces are characterized by
positive ENd(T) values (predominanlly from 0.7 to 5.8 nod 3.5 to 6.2 respectively). Neodymium-isotOpic compositions of granitoids of these provinces
exhibit narrow linear trends with insignificant variations in their ENd(Tl values
(-2 E units) for rocks of similar ngc. 1l1ese data provide evidence for lbe
isotopic homogeneity of the continental crust in the Caledonian ;md Hercynian
tectonic structures and vertical het~rogencity of continental crust of "Precambrian'' provioct:S that expressed in underlying of Precambrian continental crust
by "juvenile" Caledonian crust.
Available geological, geochronological, and isotopic data indicate that
considerable vol umc.s of continental crust in Central Asia were fo•med from
juvenile sources with contribution of old crustal material io the island arcs
or Andean type of active coo linen tal margin environments during Early Caledonian and Hercynian orogenesis. The sources for melts for young granites
formed after collision of Caledonian. Hercynian. and Precambrian structures
were the continental crusts of these strucrurcs. By this means crustal growth
in centml A~ia han episoctic: char:•cler nnd imponam cmst-formi ng events took
place in the Phanerozoic.
Acknowledgments: Fmancial support for this study wus provided by
the Russian Foundation for Basic Research, projects 97-05·64384, 99-0565647, 99-05-65645, and 99-05-65687.
EFFECT OF DESFERRIOXAMINE-B AND DFOMTA ON Tin:
ADSORPTION OF LEAO AND EUROPIUM ON THE GOETHITE
SURFACE. S. M. Kraemcr 1 J. Xu1, K. N. Rayruood2, a.nd G. Sposito 1,
'Ecosystem Sciences Division, University of California. Berkeley CA 947203110. USA (skraemer@nature.berkeley.edu}, lDepartment of Chemislf)'.
University of California. Berkeley CA 94720-1460, USA.
Introduction: Siderophorcs are organic ligands released by microorganisms to solubilize and assimilate Fe. They form Fe complexes of exceptional stability and specificity. Desferrioxttmine B (OFO-B) is an example
of a trihydroxamatc sideropbore that is produced by a soil microorganism,
Streptumyces pilmus, uoder Fe-deficient conditions [ l] . Witl1 a I: I stability
constant of 1030.6, DFO-B has a higher affinity for Fe than for other rrmjor
dissolved ions in soil solutions. However, it also forms strong complexes with
a range of metal ions. A few trace metai-DFO-B complcll.es actually approach
or ex~'eed the stability of the Fe complex.. e.g., Th(IV) and Pu(!V) complexes
with 1: I sta bility constants of 102(..6 and IQJOR respectively [2]. The microbial re lease of DFO-B in soils could therefore have an important effect on
the transport of trace metals, such as actinides, in thl: environment.
Pollution of soils wit11 actinides is a major environmental problem and
healU1 concern. Actinide-specific DFO deri vatives have been developed for
their potential for decontamination procedures [2,31. DFOMTA is an example
of an actinide-specific DFO derivative that complexes Pu(IV) in octlldentate
coordination with l : 1 stability constants of 1038.6 [2).
This study focuses on the effect of DFO-B and DFOMTA on the adsorption of Pb and Eu on U1c goethite surface. Leatl(ll) has beeo chosen for its
relevance as soil trace pollutant, nnd Eutlll) as a moclel for actinide ions.
Materials and Methods: DFO-B was produced by Ciba-Geigy and received as a gift from the Salutar Corporation. The concentration of DFO-B
was measured spcctrophotomctrically at 463 .2 om as the Fe-siderophore
complex in the presence of excess Fe at pH 1.5. Lead aud Eu were measured
using inductively coupl ed plasma atomic emission spectrometry (lCP-AES).
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All adsorption experiments were performed using a batch method at an ionic
strength of 0.01 M NaClO•. Lead and Eu adsorption measurements were
conducted at a goethite concentration of 0.5 g/L between pH 3 and 9 in the
presence of 240 1-1M (DFO-B) or 150 1-1M (DFOMTA). A higher solids
concentration of 13 g/L was needed for DFO-B measurements.
Results: Adsorption of DFO-B. The adsorption envelopes of DFO-B on
goethite showed cationlike behavior. The adsorption isotherm at pH 6.6
showed a low maximum surface concentration of 1.5 ,..mol/g. This is far lower
then the maximum observed surface concentration (30 ~tmol/g) of acetohydroxamic acid, a monohydroxamate ligand [4].
Effect of DFO-B on lead and europium adsorption. lo the absence of an
organic ligand, Pb and Eu adsorb strOngly to goethite with increasing pH.
We observed a pHso = 5.5 and 6.3 for Pb and Eu, respectively . The
siderophores had a significant effect on metal ion adsorption. Less than 70%
of the initial Pb concentration and less then 20% of the initial Eu were
adsorbed between pH 3 and 9 in the presence of 240 1-1M DFO-B.
Effect of DFOMTA on lead adsorption. DFOMTA had a stronger effect
on Pb adsorption as compared to DFO-B. Less than 50% of the initial Pb
concentration was adsorbed between pH 3 and 9 in the presence of I 50 11M
DFOMTA. However, Pb sorption increased by up to 30% relative to adsorption in the absence of a ligand at pH <5.5.
Condusions: DFO-B and DFOMTA have a significant effect on the
adsorption of Pb(JJ) and Eu(JJI) by goethite. This indicates that natural and
synthetic siderophores can substantiaUy influence the mobility of trace metals
in soils and sediments.
Acknowledgments: The authors thank Dr. Sing-Foong Cheah, Rita
Zapf, and Claudio Coccoza for discussions and assistance. Support was from
DOE grant DE-FG03-96ERI4667.
References: [I) Bickel H. et al. (1960) Helv. Chim. Acta, 43, 21182128. [2) Whisenhunt D. W. et al. (1996) lnorg. Chem., 35, 412S-4136.
[3] Hou z. et al. (1994) /.Am Chem. Soc., 116, 840- 846. [4) Holmt!n B. A.
and Casey W. H. (1996) GCA, 60, 4403-4416.

THE INFLUENCE OF SOIL-RESPIRED CARBON DIOXIDE ON
MINERAL WEATIIERING AND SOIT.. WATER GEOCHEMISTRY:
RESULTS FROM NATURAL AND EXPERIMENTAL (ELEVATED
CARBON DIOXIDE) TEMPERATE FOREST ECOSYSTEMS.
T. C. W. Kut, L. M. Walter•. J. M. Budai•, G. W. Kling2, D. R. Zakl, and
E. L. Williams•, •Department of Geological Sciences, University of Michigan,
Ann Arbor MI 48109, USA, 2Departroent of Biology, University of Michigan,
Ann Arbor Ml 48109, USA, 3School of Natural Resources and Environment,
University of Michigan, Ann Arbor Ml 48109, USA.
Introduction: The rapid rise in atmospheric C02 concentrations is altering the biogeochemical cycling of C at Earth's surface. Previous experiments demonstrated that plants grown under elevated C02 conditions had
increased levels of photosynthesis. root production, respiration, and belowground biomass [1]. Associated increases in soil-respired C02 may enhance
chemical weathering of associated minerals and sequester C in regional
groundwater systems. The soil-water and gas-chemical compositions of two
natural temperate forested ecosystems (aspen and sugar maple) in the
Cheboygan watershed, northern Michigan, are compared with soil-water and
gas analyses from nearby open-top chamber experiments. Here, aspen and
sugar maple trees are grown in different treatments of atmospheric C02
(ambient and twice-ambient) and soil N availability (low and high). Importantly, these forests grow on thiclc Pleistocene glacial deposits containing
abundant, highly reactive carbonate minerals. The combination of rapid
biologic C cycling and availability of reactive minerals provides an ideal
opportunity to assess the effects of elevated C02 conditions on near-surface
environments.
Discussion: The principal mechanisms of C02 production in forest soils
are root respiration, microbial respiration, and oxidation of organic matter.
Tile accumulation of C02 in the vadose zone is influenced by the production
rates and several environmental factors such as temperature, soil moisture,
and porosity. Since soil gas quickly equilibrates with changes in atmospheric
pressure, the mass transport of C02 via advection is negligible. Therefore.
the partial pressure of C02 in the vadose zone is controlled by soil respiration and diffusion. In temperate forest soils, increased biologic activity in the
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DIC(mM)
Fig. I. o 13C01c vs. DIC. Carbon-isotopic evolution from soil waters to
groundwaters.

summer elevates the production of soil C02, creating a seasonal progression
of COz-depth profiles.
In the aspen and sugar-maple soils. C02 concentrations increased with
depth and reached maximum values (-7000 ppmv) in August. The dissolution of carbonate minerals is regulated by organic and inorganic acids, and
by pC02 with higher pC02 values resulting in greater amounts of carbonate
dissolution. In addition, carbonate dissolution proceeding under "open-system" conditions with an unlimited supply of soil C02 will dissolve greater
amounts of carbonate compared to "closed-system" conditions where dissolution is limited by a fixed amount of soil COz [2). Based on a physicochemical model and our measured carbonate parameters (pH, DJC, Ca•2 ,
Mg+2, oBC 01c), we determined that carbonate dissolution in the glacial drift
is occurring under "open-system" conditions.
The soil-water evolution is tracked by the C-isotopic composition of DIC.
1)13C analyses of soil gas COz were --22%. VPBD. indicative of a mainly
C 3 organic source. In shallow soil waters, soil-respired C02 is the dominant
inorganic C source, resulting in 1)tJC01c values near -22%o. In addition, the
low pH of most shallow soil waters increase the H2C03 proportion of DIC,
resulting in lower S•3C01c values due to the H2C03(aq)-C02(g) fractionation
factor of - J.I%o. As the water migrates downward through the vadose zone,
progressive weathering of Paleozoic carbonates (-O%o VPDB) shift the
1)1JC01c to -12%o, the typical value of regional groundwater (Fig. 1).
Experimental trees grown under ambient C0 2 conditions and low N
availability had the lowest range of soil-gas concentrations, indicating that
both elevated C02 and high nutrient treatments increased soil respiration rates.
In contrast to natural forest sites, the experimental chambers had relatively
high Ca•2·Mg+2-DJC concentrations. This is in part due to sediment reworking and increased exposure of reactive carbonate minerals. While the carbonate weathering differed from the natural sites, the extent of silicate dissolution
was realized immediately at shallow depths. Also, elevated N03- concentrations were observed in the initial phases of the experiment and were correlated with Ca•2 and Mg+2 concentrations. The high N03- concentrations were
tracked moving downward through the soil and diminished with time.
References: [I) Zak et al. (1993) Plant Soil, /51, 105- 117. [2) Deines
et al. (1974) GCA, 88, 1147-1164.

MOLECULAR MODELING OF SOOT AND INTERACTIONS WITH
POLYCYCLIC AROMATIC HYDROCARBONS. J.D. Kubickil,
1Department of Geosciences, Pennsylvania State University, University Park
PA 16802, USA (kubiclci@geosc.psu.edu).
Introduction: Partition coefficients of polycyclic aromatic hydrocarbons
(PAHs) between soot and water can be extraordinarily high [I]. PAHs are
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common pollutants that rea~;h the environment through a variety of processes
ind uuing wmbustion and leakage of petroleum products. Association of
PAHs wi th soot particles ca n he the resu lt of either co-formation during
combustion or partitioning from the aqueous phase. In either case, sorption
of PAHs into the soot matrix can uccrea~e the bioavailability ~nd increase
the lifetime of PAHs in the environment.
Although the PAH-soot association is clear [2]. the molecular-level chemistry of bonding between PAHs and soot is not well understood. Molecular
modeling techniques can be useful in this regard [3]. Using cx:pcrimentally
de tennined modl!ls for soot [4] and the known structures of PAHs, molecular structures and bonding energetics between these two types of compounds
can be predicted with a variety of techniques.
Computational Methods: PAH-soot interactions may occur on a range
of length scales. Por this reason, mooel simu lations were carried out with three
types of methods that address different aspects of the problem. The three
methods employed were molecular mechanics, scmiempirical quantum mechanics and density functional theory (DFT) calculations. Molecular mechanics simplifies bonding interactions into analytical terms such as bond
stretch.i ng and angle bending. Ignoring computation of the molecul:u- electron density allows model systems on the order of hundreds of atoms to be
simulated. Energy minimizations and molecular dynamics (MD) simulations
with molecular mechanics potentials can then be used to predict long-range
structures and dynamics for PAHs and soot. The simplification of molecular
bonding into analytical terms can lead to errors in calc ulating H or van dl".T
Waul's bonding. Semiempirical quantum mechanical calculations can he used
to improve the model predictions of these types of inte.rJctions. However,
computer limitations require that smaller model systems on the order of tens
of atoms be used for litis type of calculation. SemicmpiricaJ calculations also
make several approximations for atomic interactions that may lead lO significan t errors (5] . Hence, DFT calculations can be used to determine the
magnitude of Utese errors. DFT calculations with l:u-ge basis setS to describe
the electron density can n:sult in a highly accurate picture of molec ular
bonding. In Ib is case. only small molecules can be used within practical
compuU! tional constraints. However, the use of these three methods in combination can provide an accurate and rea li.stic descripti on of molecular bonding between PAHs and soot.
Results: Molecular mechan ics energy minimizations of n model soot
molec ule [4) consisting of 683 atoms (C4.89 H1600 34) predicted a relatively
open, planar structure. Hydrogen bonding between large molecules was strong
enough to keep molecular fragments associated. Molecular dynamics simulations of the same system conducted at 300 K undergo struetur..1l rearrangements from the mioimum energy structure, however. Hydrogen bondi ng
switches from a phenol-ketone association as suggested in [4) to a phenolcarboxylic anh ydride association. Furthermore. the soot structure becomes
more crenulatcd in the MD simulations as distortions from the potential
energy minimum structure were sampled.
Senlicmpirical energy minimizations of a C 127H480 14 fragment of the
original soot model including four benzene molecules were also conducted.
Original benzene positions presented the possibilities of H-H, H-0, H-It, and
1t-1t type interactions between tbe benzene molecules und soot substrate.
Optimized structures suggested that the H-0 and 1t-1t interactions were not
significant and that the dominant bonding mechanisms were H-H van dcr
Waa l's bonding and H-1t bonding.
Mo lec ular orbital calculations were carried out on smaller molecular
clusters to test the results of the molecular mechanics and semiempirical
simulations. Hydrogen-bonding interactions between phenol and a cyclic ketone as well as a cyclic carboxylic anhydride were modeled with a 6-31G*
basis set and M.¢1ler-Plesset second order peni.Lfbatioo theory (MP2). lntermoleeular bonding energetics are much more accurate at. this level than io
molecular mechan ics so these results will be used to assess the val idity of
the larger scale s.imulations. To lest the accuracy of the molecular mechanics
and semiempirical ca.lculalions with regard to 1t-n interactions, DFT calculations employing the Becke exchange funct ional [6J nod Lee-Ynng-Parr
correlation funclional [7] were performed on naphiiJalene associated with
various soot fmgmcnts.
References: [I] Chin Y-P. and Gschwcnli P.M. ( 1992) ES&T, 26,
162l. [2] Gustafsson 0 . et al. (1997) ES&T, 31, 203. [3) Kubicki J.D. and
Api tz S. E. ( 1999) Org. Geochem .• in press. f4] Akhter M. S. et al. (11!85)
Appl. Speer., 39, 143. [5] Stewart J. J. P. (1989) J. Comp. Chem., 10, 209.

[61 Becke A. D. ( 1988) Pltys. Rev. A. 38, 3098. [7] Lee C. et aL ( 1988) Phys.
Rev. B.. 37. 785.

ISOTOPIC AGE OF MAIN GEOLOGICAL EVENTS OF THE
ARCHEAN KOLMOZERO-VORONJA GREENSTONE BELT, KOLA
PENINSULA, RUSSIA. N. M.. Kudryash.ov, Geological Institute of the
Ko la Science Cen!Te of tllC Russian Academy of Sciences, Apatity. Russia.
Greenstone belt Kolmozero-Voronja is one of the most ancient gcologi·
cal struc tures of Kola Peninsula having l;.ept basic features and pecularities
of Archean endogenic proccssesPrezently apart from obtaining new geochro·
nological data one should correct available dating on some geological objects
of the belt.
Tite Kolmozew·Voronja greenstone belt is located between Murmaosk,
Centrdl Kola and Kcivy terrains of Upper Archean. It is stretched in a northwest-southeast direction being more than ISO km long and - I0-1 2 k.m wide.
Four suites are distinguished in lite greenstone belt: Ljavozerskya (lower
terrigenous formation), Polmostundrovskya (komatiite-tholeiite). Voronjatundrovskya (basu1t-andcsite-dacite), and Chervurtskya (an upper terrigenous
formation). All rocks are metamorphosed in amfibolitic facies in late Archean
(andalus ite-staurolitic subfacics) and early Karelian (kya nite-stauro litic
subfacics) time, display complicated isoclinal faults, and intruded with granodiorites, plagiomicrocline and tourmaline granites and peg.maritic veins.
Uranium-lead zircon dating of quartz porphyries and granodiorites. U-Pb
titanite dating of ovoid plagioarnphibolites and Pb-Pb dating of tourmaline
from tourmaline granites were carried oul
Quam porphyries are found in the non.hwest part of Ute complex. They
cross the rocks of the Polmostundrovskya formation and occur as subconcordant bodies in the upper part of the Voronjatundrovskya suite. They are
considered to be intrusive vein analogs of acid volcanites. Quartz porpbyry
is n fine-grained pale-grey rock with quartz and plagioci;Jse impregnants (up
to 5 mm). Zircon in the quartz porphyry consists of long prismatic and short
prismatic crystals with an oscillatory zoning that is characteristic of magmatic
crystallization. Eigbt fractions of tltcse zircons yield a discordant U-Pb age
of 2828 :1: 8 Ma. which we ioterpret as an age of intrusive emplacement of
quartz porphyry that at the fi nal stage of the belt development.
Small bodies (10-15 min thickness) of ovoid plagioamphibolites are
present among shistosed plagioamph.ibolites of th•: Polmostundrovsky suite.
The ovoid plagioamphibolites arc dark green rocks with large rounded aggregates of plagioclase (40-50 mm in diameter).
Titanite in the ovoid plagioamph.ibolitcs consists of pale-yellow crys~<~ ls
of irregular crystallographic forms. Dating of three fractions of sphene yielded
an U-Pb age of 2595 ± 20 Ma that is probably connected with the closure
of the U-Pb isotopic system during the regional andalusite-sillimanite facies
metamorph.ism.
Porosozero graoodioritic comple:ot is located in the southeast part of the
belt between granites of Murmaosk terrain, migmatites and gneisses of Central
Kola terrain and Keivy alka line granites. It is intruded into rhythmically
layered plagioamfibolitcs and biotite gneisses forming intersecting veins in
them. The granodiorites are medium-grained. even-grained rock with gra in
size - 1-2 mm. They are composed of plagioclase. (30-35%), microcllne (510%), quartz (20-25%). arnph.ibole (15-20%), biotite (5- 10%), and epidote
(2- 5%). Zircon sample is presented by bipyramidal prismatic crystals of
brownish color. lo immersion, thin oscillatory inner zoning is clemly visible
that implies magmatic genesis of the zircon. Umniu.m-lead age obtained for
the zircon 2733 ± 6 Ma is interpreted as an age of emplacement of the
complex.
Toumtalinc granites are found all over Kolmozero-Voronya belt occurring among volcanogenic-sedimentury rocks. The granites differ distinctly
from other granitoids of the regiou. They are characterized by big content
of muscovite and cootaiu tourmaline, apatite, and game! inclusions easy perceptible by an eye. The rocks have light-gr.ty color with big. up to 5 em black
tourmaline crystals and gneiss texture. Fine- and medium-grained, sometimes
coarse-grained and pegmatoid varietie,~ can be extracted. Tourmal ine granites are compounded by I5- 20% microcline, 20-25% plagioclase, '3045% quartz, 5- 15% muscovite, 0-5% biotite, 3-7% tourma line, aod 1S% garnet.
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Lead-lead dating of tourmaline extracted from tourmaline-muscovite
granites was carried out using the differential dissolving method [ 1]. It yielded
good linear correlation of 2520 ± 70 Ma. This age appears to denote the time
when Pb-Pb system had been closed due to tourmaline crysrallization at post·
magmatic srage of the complex formation.
The studied rocks of greenstone belt Kolmo~ero- Voronja are of Late
Archean age the geochronological dara obtained imply long and complicated
evolution of the belt.
Rererences: [I] Frei (1995).
BLACK CARBON AND THE GLOBAL CARBON AND OXYGEN
CYCLE. T. A. J. Kuhlbusch. University of Duisburg, FB9/AMT, Bismarckstrasse 81, 47057 Duisburg, Germany (tlcy@uoi-duisburg.de).
Introduction: Black carbon is ubiquitously distributed in the Earth's
environment. It can be found in soils, sediments, water bodies, polar ice, and
the atmosphere. The presence of black carbon throughout our environment
has various implication due to its unique physical and chemical properties.
One of its properties is its refractoriness concerning degradation. Thus conversion of plant organic matter to black carbon (here defined as the refractory C fraction of fire residues and emissions) represents sequestration of C
from the short-term bioatmospberic C cycle to the long-term geological C
cycle.
Black Carbon Formation: Black carbon (BC) formation in dependence
of the volatilization of the fire-exposed C (VOCE) was investigated for grass
fifes in the field and experimental fires in a container [1,2].
In Fig. I we generally see a rise of the BOCE ratio with increasing C
volatilization (VC) by the fire. The curves seem to be reasonable giving low
conversion factors (BOCE) for low- and high-VC values with a maximum
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in between. If the burning efficiency is low, not all biomass is exposed to
thermal degradation. Thus only little BC is produced resulting in a low
conversion factor. This factor increases up to a maximum (84-89% VC)
where BC formation is in equilibrium with the thermal degradation of BC.
Then the conversion factor decreases up to the point where all C was volatilized and thus no BC remains in the residue.
The maximum conversion factors determined for the experimental and
field fires was I .8 ± 0.2% and 1.3 ± 0.4% respectively. Comparisons of these
conversion factors with emission factors for BC emitted with the fire plumes
[3] show that more than 80% of BC produced by vegetation fires remains
on site in the residues.
Global Estimate: These conversion factors as well as some based on
data by Feamside et al. [4] were used to estimate the annual global formation rate of BC [2).
Another estimate based on the BC/C02 ratio gave an annual BC formation rate of 76-241 Tg (JOI2 g) C yr-t. These ranges of BC in residues together with the BC emitted with the smoke (6.4- 28 Tg C yr-1 [5]) leads to
an annual formation of 50- 270 Tg BC yr- 1•
Conclusions: BC formation by, e.g., savanna fifes represents a net sink
of atmospheric C0 2 since these kinds of vegetation fires are no net source
(C load per area unit before a fife is reached again 1-2 yr after the fire). BC
formation by e.g., deforestation fires just reduce the net atmospheric C02
source. Overall, the rate of BC formation estimated above reduces net C02
emissions by deforestation by 2-25% and may constitute a significant fraction of the "missing C" in the antbropogenically disturbed C balance.
The formation of BC from plant matter also releases 0 (I mol plant C =
>I mol BC + 1.9 mole 0). An estimate of 0 release based on the oldest record
of charcoal (340 m.y. ago) and assuming an average BC formation of 10%
of that of today gives 8x more 0 2 than the current atmospheric 0 2 content.
An estimate of 0 2 release by the burial of organic C in oceanic sediments
gives -25x the present atmospheric 0 2 content.
Rererences: [IJ Kublbusch T. A. J. et al. (1996) JGR, 101, 23651 23665. [2] Kuhlbusch T. A. J. and Crutzen P. J. (1995) GBC, 9, 491- 501.
[3] Cacbier et al. (1996) in Biomass Burning and Global Change Vol. I,
pp. 428-440, MIT. [4] Feamside P.M. et al. (1993) JGR, 98, 16733-1 6743.
[5] Crutzen P. J. and Andreae M. 0. (1990) Science, 250, 1669- 1678.
AN ANALYTICAL METHOD FOR THE DETERMINATION OF
DIFFERENT CARBON FRACTIONS IN SOILS. T. A. J. Kublbuschl.l,
R. G. Zepp•. and S. E. Trumbore3, •Environmental Protection Agency, Ecosystem Assessment Branch, Athens GA, USA 2NRC Associate, University
of Duisburg, FB9/AMT, Bismarckstrasse 81, 47057 Duisburg, Gerrnany
(tky@uoi -duisburg.de), 3Earth System Science, University of California,
Irvine CA 92697-3100, USA (setrumbo@uci.edu).
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TABLE I. Global estimate of black carbon
(BC) formation in residues.

Source

Carbon
Exposed [5]
Tg C yr'

Conversion
Factor
BOCE (%)

BC in
Residues
Tg C yr'

Shift. agricult.
Perro. deforest.
Savanna fires
Fuel wood
Agricultural waste
Total

1000- 2000
500- 1400
400-2000
300-600
500- 800
2700-6800

1.5-3.0
1.5-3.0
1.0-2.0
2.5-3.5
1.0- 2.0

15-60
8-42
4-40
8-21
5- 16
40-179

Introduction: Carbon in terrestrial vegetation and soils worldwide out·
weighs the amount found in the atmosphere and the ocean surface layers. This
terrestrial C pool, especially in the northern hemisphere, is currently thought
to be a sinlc for atmospheric COz. but how this pool will change in view of
global climate change is still highly uncertain and the subject of widespread
debate. Turnover times are only a rough estimate of the speed with which
C cycles through the soil. Some soil C compounds are retained for only days
while others remain in soils for thousands of years (e.g., some humic substances and black carbon). Thus there is a need for a method to fractionate
soil C constituents by degradability in order to estimate the different soil C
pools (labile/refractory) and to study processes influencing the pools.
Method: The analytical method developed to determine the different C
fractions in soils is based on the method by Kublbusch [I] for vegetation ftre
residues and divides soil C into 7 fractions; toral inorganic C (TIC), solvent
extractable organic C (OCI , light and dense fraction), thermally extractable
organic C (OC2. light and dense fraction), and refractory organic C (RC. light
and dense). The general scheme is also shown in Fig. I.
A sample of the bulle soil sample was analyred for C and the associated
H by an elemental analysis before and after decarbonization to determine the
total organic and inorganic C content. A Na polytungstate solution (density
1.6 g cm-3) was used to divide the soil C into a light and dense fraction [2).
Then the same analysis scheme was used for the light and dense fraction: First
step: 10 mJ different solvents in following order: 2 x NaOH, I x HN03, 4 x
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RARE GASES CONSTRAIN MANfLE MIXING IN THE RtUNION
HOT SPOT. J. Kunz and C. J. Allegre, Institut de Physique du Globe de
Paris, Laboratoire de Geochimie et Cosmochimie, 4 place Jussieu, 75252 Paris
Cedex 05, France (kunz @ipgp.jussieu.fr).

LTOC: Total orpnic cuban, light fraction: LTOCI: Orcanic cuban con~l after solvent exine·
tion.li&ht fraction: LRC: RdnodA>ry Carbon, II Jilt fnclioo. Cllbon COIII<IIt after oolvcot and lbermal
extraaioo; LOCI: ooiYUitextncced cubon,llcht fucdon,colculated: LTOC-LTOCI; LOC2:
lhctmally cxlnlelcd <*bon, Ughtl'roc:llon, calculat<>d: LTOC 1-RC; LRC: dircclly mouwod; Poralle.J
ICbeme rot the c1aue fri<:Uoo; H:""" ror b~p.

Fig. 1. Soil C analysis scheme.
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NaOH, 1 x HCI, 2 x ~0. 1 x HF, and H20 . A thermal treatment (2 h, 34o•c,
pure 0 2) followed as the second step. All samples and subsamples were
analyzed for C and H to derive the contents of the various fractions. The I"C
analysis was conducted as described in [2).
Results: Figure 2 gives the results of the tote analysis of the different
C fractions for a humus/clay layer from Thompson, Manitoba, Canada.
It can be seen that the dense fraction has an older apparent tote age than
the light fraction, and that the apparent '"C age increases with each treat·
ment step. Similar results were obtained for a humus layer and a prairie soil
as well.
Conclusions: t. 14C values of the different C fractions show that the
presented soil fractionation scheme is capable of separating soil C constituents by their degJ"adability. This scheme enables studies of physical and
chemical protection [3] by the separation of light and dense material, and the
breaking of the inorganic matrix by the HF-treatment (solvent extraction). The
results of this analysis also provide useful constraints for models of soil C
dynamics by allowing the determination of different C pools in soils. An upper
limit of the input of black carbon (combustion derived recalcitrant C fraction in, e.g., charcoals) to soils can be derived from the RC-fraction.
References: [ I ) Kuhlbusch T. A. J. (1995) ES&T, 29, 2695-2702.
[2] Trumbore S. E. (1993} GBC, 7, 275-290. [3] Oadcs J . M. (1995) Dahlem
Workshop Rpt., Environ. Sci., 16, 293- 303.

Introduction: The island of La Rc!union in the Indian ocean is the most
recent manifestation of a mantle plume, which has been active during the last
-70 m.y. Geothermal spring waters and fluid inclusions in mantle xenoliths
bear a primitive He signature with 4 He/3He = -54,000 [I and references
therein]; which is R = 3Hcf4He = -13 Ra (Ra =atmospheric 3Hcf•He = 1.38 x
l0- 6). This ratio is in between typical MORB values of -90,000 (R/Ra = 8}
and values of -20,000 (R!Ra = 35) observed at l..oihi seamount (Hawai'i).
the most pristine hot spot concerning primordial He [2-4 and references
therein]. This may result from some kind of mixing of pristine, Loihi-type
He with a more radiogenic (e.g., MORB·type} component. Surprisingly, this
isotopic signature of the Reunion hot spot has been quite constant since end
of Cretaceous. This indicates that the He-isotopic ratios are likely to repre·
scots the signature of the plume source itself and that this source must be
relatively gas-rich [5). Otherwise, radiogenic increase in the source or a more
or less erratic contamination during the rise of the plume, the residence in
a magma chamber or during eruption should have destroyed the constancy.
Neon, Ar, and Xe isotopes could give important information about the
Reunion plume source. However, their composition is less well known,
because only few samples revealed significant isotopic anomalies compared
to air. It is the aim of this study to establish the isotopic signature of all rare
gases in the source of the Reunion hot spot and to constrain the possible
mixing of mantle reservoirs therein.
Experimental: We select xenoliths (dunites} that have been analyzed
previously [1]. Samples are either xenolith "whole rocks" or olivine separates.
We apply step-heating or step-crushing techniques for gas extraction and
measure all isotopes on ARESIBO I with a single-ion-counting facility (ex·
cept 4 He and 4 0Ar with a Faraday cup). Analyses are still in progress.
Preliminary Results: Typical concentrations in cm3STPg- 1 (in parts per
billion) are 5 x tO-' (9 x I0-2), 1 x 10-11 (I x JQ-S), 1 x 10- 10 (2 x to- •),
5 x 10-12 (2 x (Q-S), and 5 x to-14 (3 x t0-'1) for •He, 22Ne, 36Ar, 84Kr, and
130Xe respectively. The He-isotopic ratios are quite homogeneous (•Hcf1He =
-53,500 ± 1900, ICJ deviation} and agree well with previous measurements.
We observe Ne anomalies up to 2CJNcf22Ne = 12.3 (air: 9.80) that correlate
closely with elevated 21Ncf22Ne ratios up to 0.039 (air. 0.029). The Ne mixing
line for the Reunion hot spot has a slightly smaller slope than the KilaueaLoihi mixing line [2,3], but it is considerably steeper than the MORB trend
(4]. Argon-40/argon-36 ratios vary between -500 and -8000 (air: 295.5} and
show a close correlation with elevated :WNef22Ne ratios. Correction for air con·
lamination by extrapolating toward 20Ncf22Ne = 13.8 (solar Ne composition}
gives 40Aff36Ar = -14,000 for the plume source, which is in between best
estimates for uncontaminated Loihi source (2000- 6000} [3) and MORB
mantle (44,000} [4]. 38Arf36Ar ratios scatter around the atmospheric value
(0.188) and show no correlation with Ne or 4llAff36Ar anomalies. Therefore,
the presence of a solarlike Ar component ( -0.175} is unlikely [6,7). Krypton
isotopes yield atmospheric ratios, too. Xenon shows some isotopic anoma·
lies up to 129){cfl30Xe = -6.9 (air: 6.4%) and 136Xcfl30Xe =-2.3 (air: 2.176).
Despite rather large error bars because of the quite low concentrations, we
can observe a correlation between radiogenic l29Xe· and fissiogenic t36Xe·
excesses that is quite sintilar to the MORB trend [8]. The correlation between
Xe and Ne anomalies is even less well constrained. Thus, a correction for
atmospheric contamination of the Xe is quite uncertain. However, it may
indicate, that the plume source has an 129XcfBOXe = -7, significantly below
the best estimate for uncontaminated MORB mantle (-8.2) [4].
Discussion: Neon, Ar, and Xe systematics confirm the He result that
the source of the Reunion hot-shot rare gases is likely to be a mixture of dif·
ferent mantle reservoirs. The most simple approach is to assume a binary
mixing between a Loihi·type component and the MORB mantle. This ntix·
ture is well homogenized (and apparently quite constant for the last
-70 m.y.!), before probably magma chamber processes and/or the eruption
cause the variable degrees of atmospheric contamination. The inferred
MORB:Loihi mixing ratios are -I: I for He and -1 :5 for Ne and Ar. The
difference in the mixing ratios may be due a locally more radiogenic MORB
signature for He. Local MORB mantle may be influenced by the DUPAL
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anomaly (9). which could significamly change !he He-isotopic ratios with only
minor effects on Ne and Ar.
Application of !his simp le mt>Cing model f(lr the Xe systematics tndicates
!hat !he Loihi·type sotlice should have onl)' smaU (or no) Xe anomalies. in
agreement with the proposed less-degassed state of !he this mantle reservoir.
References: [I] Staudach<.:r T . et al. (1990) Chem. Gi!ol.. 89, 1-17
[2) Honda Cl nl. (1991) tvarur<', 349. 149-151. [3] Valhracht et al. (1997)
EPSL, 150, 399-41 l. [ 4] Moreira M . ct al ( 1998) Science. 279. 1178- I 181
[5] Staudacher T. et al (1997) Terra Nova Ab.~rracr Suppl.. 9. 52. [6] Pepin
R. 0 . (1998) Nature, 394, 664-667. [7 ] Kunz J. (1999) Narure, in press.
(8] KuDL J. et al. (1998) Scienn·, 280, 877-880. [9] Dupre B. and Allt1grc
C . J. (1983) Ncuure, 303, 1~2-146.
TRACE-ELEMENT REDISTRIBUTION AND ASIAN DUST
ACCUMULATION IN A HAWAI'IAN SOIL CRRONOSEQUENCE.
A. C. Kum.'. L.A. Derry'. and 0. A. ChadwiclrZ, 'Department of Geological
Sciences. Cornell University. Ithaca NY. USA (kurtz@geology.comell.cdu).
2Depanmcot of Geography. Uniwrsity of Califomia. Santa Barbar.1 CA. USA.
lnlroductioo: Soils are cornplcA: open systetiJS with material losses from
weathering, and addition of new material from otmospbenc pathways. A well·
cbn.racterized chronoscquencc of Hawai' ian soils provides nn oppo!ll.lnity to
quantify elemental fluxes lo, from, and within the soil system. Important
processes include: residual enrichment of relatively insoluhlt: lr.ic:c clements
during weathering; leaching and rcprecipillllioo of these elements within the
soil column; partial loss of all but the most insoluble elements; addition of
trace elements to the soil by inputs of Asian dust; weathering and loss of the
dust itself Althougb the dust flUA: to Hawai'i is relatively low, dust is both
geochemically and ecologically significant in older soils.
llawai'i Loog Substrate Age Gradient: The soil chronosequence is
developed on basalt subslr.ites ranging in age from OJ ka to 4.1 Ma { l ]. Ali
sites are located near 1100-m elevation, receive -250 cm/yr rainfall. and are
dominall!d by the same tree species. Parent material at !he four older sites
(>.20 lea) is inferred to be bawai'ite. Degree of soil development differs
substantially across the age gradient. Secondary mineralogy of intermediate
aged soils (20- 150 ka) is dominared by noncrysllllline aluminosilicate "gels."
Kaolin and crystalline scsquioxidc minerals dominate soils older than I Ma.
Dust-deriv.:d quam and mica are important in ~20 k.a soils
Trace-element Distributions: We sampled the 20 ka to 4.1 Mu site~
over !he top -I m of soil, anu mea.sured a grvup of relatively insvluble el·
ements (Zr. Hf. Nb. Ta. Th, tJ, and REE) on Li-mctaboratc fusions by inductively coupled plasma mass spectrometry (ICP·MS). 'lllis dataset allows
us to evaluate !he behavior of these elements over 20 lea to 4 Ma timescales
in intensely weathered soils. Niobium and Ta appear to be the least mobile
elements. Tuntlllum/ninbium ratios are not fr.tctinnated in even tbe old~st soils,
while other elements, including Th and Zr are depleted relative to Nb at the
surface and enriched at depth. Thonum enrichments in the deep soils cannot
be balanced by Th lost from the upper pan of !he soil column. This "excess
Th" is easily accounted for by mobili2ation of dust derived Th.
Rare Earth Elements; REEs are strongly lt:ached from the ;urface horizons, and in some cases reprecipitated deeper in the soil column. LREEs
appear to be preferentially leached, resulting io parent-normalized LREE
depletion in the leached zooc, and LREE enrichment in the zone of accumulation. There arc no significant Ce anomalies in these soils. lntense leaching in surface horizons results in low basaltic RBE concentrations, amplifying
the influence of Asian dust on REE. budgets. Individ ual horizons at these sites
have ENd as low at -6.9. indicating that > 75 % of tltis ENd is dust-derived.
Dust Accumulation and Weathering: We calculate minimum long·
term dust additions to these soils by integrating the mass of quartz present
in the soil. and normalizing 10 the quartz content of dust. We find -6 g of
dust per square centimeter of soil at the 20-k.a sit<.:, and -14-18 g/cm2 in the
three older sites. There is no increase in quartz content in soils >150 k.y old.
suggesting that the rate of quartz loss by weathering is balanced by the input
mle on hmg timescales. Dust-derived mica weathers more rapidly than quartz,
especially in !he oldest soi ls.
We calc ulate a dust addition rate .. 300 mg/cro2tky to the Hawaj ' i
chronosequence sites, based on qunrt1 addition to the 20-ka site. This csti·
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mate is about a factor of 5 hrgher than !he background dcpositJon rate in the
Pacific Ocean ncar Hawai'• 1~1. likely reflecting orogmphrc effet·ts on precipitation. StiU, the Jlux is l-3 orders of magnirudc lower Oran dust nuxcs
to Cl)ntinentaJ soils Dust supplies -2 mg/cmZ/yr of phosphorus to the soils
Pbo:; phorus release rate should he approximately equal to deposition mtc in
the older soils where dust tS readi ly weathered. Weathering of dusl becomes
a triogeo<.:hemically relevant source of P io old Hawat'ian sotls where P
availability can limit forest gro"'lh [3J.
References: [I] Chadwick 0. A. et al (1997) GSA Today, 7. 1-8.
[2) Rca D. K. (1994) Rev. Geoplty.~.• 32, JSCJ-195. {31 Clladwick 0 A et al.
(1999) Naturt•, 397. 491-497.
DYNAMlCS OF THE GALAPAGOS HOTSPOT FROM HELIUMISOTOPIC GEOCHEMISTRY. M.D. Kurzt, J. M. Curticet, A. E. SnaJI.
and D. Geist2. 1Mail Stop 25, Woods Hole Ocennograpruc losbruuon, Woods
Hole MA 02543 , USA (rnk.urz@wboi.edu), 1 Department of Geology University of Idaho, Moscow rD 83843, USA.
ln order to utilize He as a tracer of the plume contribution tu oceanic
island volcanism. we have obl3ined isotopic (He, Sr. Nd. and Pb). majorclement, trace-element and exposure-age data from recent lava flows lhroughoutthc Galapagos archipelago. with an emphasis on the island of Fernandina.
The measured 31JeJ4He ratios range from 8.6 to 3 I x atmospheric (Rn), with
the highest values found at Fernandina, suggesting thalli is the center of the
hol~po!lmantle plume. The only other oceanic island w1lh such high lHei•He
r.1tios is Loihi Seamount (Hawai'i). Fernandina's location at !he western edge
of !he archipelago. at !he leading edge with respect to plate motion, and !hat
it is the most active volcano, arc consistent with it being !he center of !he
hotspot. In 3ddition, the 3HcJ4 He ratios decrease systematically in all direc·
lions from Fernandina. This spatial variability is assumed to reflect the relative contributions of tbe plume component. and shows that He is one of the
most sensitive indicators of plume influence. The isotopic data are consistent with earlier radiogenic isotopic studies. conftrming extensive contribution of MORB or lithospheric mantle sources. especially to !he central islands.
Correlations arc observed berween lHeJ'He and other tsotopes (particularly
Nd). trace elements (e.g., NbiLa, Srn!Yb), and major elements showing !hat
the spatial variations are a combination of melting effects and source het·
erogeneity. Because !he climate is so arid, Galapag~ lava flows are ex[femcly
well preserved, nnd it was possible to obtain surface exposure dlltcs for most
of the samples using cosmic·r.!y·pnxluced lHe in the ohvines. The predominantly young ages found in the western Galapagos (all <61 Ka) show !hat
these volcanos !lave been erupting distinct compositions simultaneously for
!he last -I 0 ka. The Fernandina Ia va flo,vs are all yc)Uilger !han -4 ka, and
the dal3 demonstrates !hat the 3Hc surface exposure age dating method can
be used to date lava flows as young as severn) hundred years. Combining the
exposure ages with erupti vc volumes calculated by Rowland [ l) shows that
Fernandina is growing at rates similar to Kilauea. making it one of the most
active in the world. Sigoificant (systematic) isotopic variation is found at
Fernandina. with older lavas having higher lHeJ'Hc ratios. These new data
suggest that the extremely lugh lHeJ4 He r.ttios found in the Galapagos, and
at some other oceamc islands. are dcri ved frum deep lllllntlc sources.
References: [11 Rowland (1996).
INFLUENCE OF PRESSURE ON THE DIFFUSIVllY OF CARBON
AND OXYGEN £N CALCITE. T. C. Labot.ka, 1 D. R. Cole,2 and L. R.
Riciputi2. 'Department of Geological Sciences. llntversity of Tennessee.
Knoxville TN 37996-1410. USA (tlabotka@utk.edu). lCh~mical and Analytical Sciences Division. Oak Ridge National Laborntory. Oak Ridge TN
37831·6110. USA .
The seJf.diffusioo coefficients for C and 0 in calcite were determined in
hydrothermal cold-seal vessels in the temperature range 600•-soo•c at a
pressure of 100 MPa. Single calcite crystals were encapsulated with pure,
rsotopically labeled JJC1ll0! in Pt capsules to eliminate !he catalytic effects
of H 20 on diffusion. The resulting diffusion coefficients are D0 = 7.5 x 10-3
exp (-29108ff) and De= 7.!\ x J0-9 exp (-19966ff). These values. although
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The diffusivity of C appears to increase with decreasing Pco,· although
the effect is highly determined by the value at Xco, =0.4. Preliminary results
indicate that the activation energy and the diffusivity decreases with increasing pressure. These suggest a change in the mechanism of diffusion with
pressure and a positive !lV of activation.
References: [I] Anderson T. F (1969) JGR, 74, 3918-3932. [2] Kronenberg A. K. et al. (1984) Phys. Chem. Mit1era/., 11, 101-112.
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similar in magnitude, indicate significantly different activation energies from
those determined by Anderson [I] and Kronenberg eta!. [2], who measured
the diffusivities at -1 atm. A comparison between our 100 MPa data and their
low-pressure data for C is shown in the Fig. I. The activation energies
measured by Anderson and Kronenberg are EA/R = 44022 (mol K)-1, more
than twice that measured by us.
The regression for the low-pressure data intersects our line at -7oo•c. The
difference appears to result from the difference in pressure of the experiments.
even though the experimental design of Anderson is much different from ours.
We are conducting a series of experiments to determine the influence of
pressure on the diffusivities. The first series consists of single crystals of
calcite in pure C0 2 heated to temperatures between 6oo• and soo•c at
pressures ranging from -0.2 to 200 Mpa. The low-pressure experiments are
conducted in platinum capsules with a calcite crystal and -0.1 Mpa COz, and
the capsules are heated in a muffle furnace. The total pressure results from
the heating of the encapsulated gas. The first results for the low-pressure
diffusion of C indicate a slightly higher diffusivity at 700°C, which is consistent with Anderson's results.
The second series consists of experiments conducted at 700°C and a total
pressure of 100 Mpa but the gas phase consists of a mixture of the labeled
C02 and N 2 . The N2 is introduced to the capsule as Cu 3N, which readily
decomposes at low temperature to Cu and N2 . The mole fraction of C02
ranges from 1.0 to 0.2. The experiment is designed to determine whether the
partial pressure of C02 rather than the total pressure on the crystal has an
effect on the diffusion of C and 0 in calcite. The results for 0 are ambiguous but indicate little or no effect on the diffusion coefficient (see Fig. 2).
The values of D for Care much more precisely determined than for 0, despite
the lower diffusivity of C.

OSMIUM-ISOTOPIC AND ABUNDANCE VARIATIONS IN MEXICAN ARC LAVAS: CONSTRAINTS ON THE PARTITIONING OF
OSMIUM IN ARC AND NON-ARC SEITINGS. J. C. Lassiter1 and J. F.
Luhr2, •Max-Planck lnstitut fur Chemie, 55020 Mainz, Germany (lassiter@
mpch-mai02.mpg.de), 2Department of Mineral Sciences, Smithsonian Institution, NBH 119. Washington D.C. 20560, USA.
Introduction: Compared with other isotopic tracers such as Sr or Nd,
the geochemical behavior of Os during melt generation and evolution is poorly
understood. There is considerable debate concerning the relative importance
of silicates and sulfides in controlling Os abundances in basaltic melts, and
several recent studies have suggested that Os abundances are controlled not
by equilibrium partitioning of Os between melts and residual phases but
instead by disequilibrium melting processes such as panial dissolution of
mantle sulfides by ascending S-undersaturated magmas [I]. The potential for
Os to be transported from subducting slabs via aqueous fluids is also poorly
constrained, although elevated 11170sf118(}s values in some arc-derived mantle
xenoliths suggest that such transport does occur (2]. We have examined Osisotope and abundance variations in a suite of arc lavas from the Western
Mexican Volcanic Belt in order to address two basic questions. (I) Is the
geochemical behavior of Os qualitatively different in highly oxidized arc lavas
than in less oxidized MORBs or OIBs, as would be expected if Os contents
were primarily controlled by sulfide partitioning or dissolution? (2) Do Osisotope variations in arc lavas primarily result from radiogenic Os input from
subducted crust and sediments (3 ], or from shallow-level crust/melt interaction?
Results and Discussion: Osmium isotopes and abundances vary greatly
in the Mexican lavas. with 1870st"S0s ranging from 0.128 to 0.207 and [Os]
from I 0 to 400 ppt. Both Os abundance and isotopic composition are strongly
correlated with MgO and Ni content, with more evolved samples having lower
Os abundances and higher 1870s/188Qs. The Ni-Os and MgO-Os trends are
consistent with bulk DofDNi = 1-2 during fractional crystallization. Lavas
with Ni content consistent with near-primary mantle melts (Ni = 200400 ppm) for the most part have Os concentrations between 30 and 100 ppt.
Samples with higher Ni and Os concentrations have experienced olivine accumulation or contain xenocrystic olivines from disaggregated mantle xenoliths.
Numerous oceanic basalt suites display similar correlations between Os,
Ni, and MgO abundance. Nickel-osmium trends in low-Ni lavas that have
experienced olivine fractionation (<200 ppm Ni) are consistent with Do/D..,=
1-5 during fractional crystallization in most basaltic suites. The vast majority of MORB, OIBs. and arc lavas that have undergone minimal olivine
fractionation or accumulation contain between 30 and 300 ppt Os. No systematic differences in Os contents of near-primary melts are observed with
respect to tectonic setting, oxidation state, or degree of partial melting. Using
an average mantle composition with -2000 ppm Ni and -3000 ppt Os, this
concentration range is consistent with bulk 0 0 ,1DN; = 2-15 for moderate
degrees of partial melting, or -2-3x the bulk Do/~; values observed during fractional crystallization.
Sulfur solubility in basaltic magmas increases with increasingfo,. and S
speciation progressively switches from primarily sulfide at low fo, (!lNNO
<-I) to primarily sulfate at highfo, (6NNO >1) [4]. The similarity of MgONi-Os trends in highfo, arc lavas (ANNO up to 6) with less oxidized oceanic
basalts (ANNO = -3 to I) suggests that disequilibrium melting of sulfides
[I) cannot account for the Os abundances in primary mantle melts. Instead,
equilibrium partitioning of Os between melt and silicate and sulfide phases
can reproduce the observed Ni and Os concentrations in primitive magmas
and the observed fractionation trends provided that sulfide/melt K0 is <-2 x
J()l, which is an order of magnitude lower that the estimate of Hart and
Ravizza [1).
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The .:orrelations ~twl'eo Os isotopes unJ Os conh:nt and indic-Jtor~ of
fractional crystallization inwcnte !hat most if not all of the isotopic variability observed in the Mexican arc lavns reflects \.TUStal nssimilation ralhcr !han
Os flux from the downgoing slab. Similar 1/[0s] - IS7QsJIBSQs correlations
arc observed in numerous other suites of evolved mngmns, including MORSs
(5] and arc lavas from Jnva [3]. Given the high compatibility of Os during
fmctional crystallization, such correlations cannot reflect pri1onry mixing of
mantle-derived componeots, bceause the Os concentrations in evolved lavas
bare little relation to primary Os concentrations. Therefore, 1/[0s] - tS7Qs/
ll!l()s correlations in evolved melts must reflect late-stage contamination by
cmsUJI- or seawater-derived Os.
References: [!J HartS. R. and Raviu.a G. E. (1996) AGU Gl'ophys.
Mnnogr., 95, 123-134. [2] Brandon A. D. et al. (1996) Science, '272, 861864. [3] Alves S. et al. (1999) EPSL, 168, 65-77. [4] Wallace P. and
Carmichael I. S. 5. (1992) GCA, 56, 1863-1874. [5] Sch.iano P. ct al. (1997)
EPS~
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TRACE-ELEMENT ANALYSIS OF SULFIDE ANI> SILICATE
PHASES WITH HIGH-RESOLUTION SECONDARY ION MASS
SPECTROMETRY. G. D Layue and N. Shimizu. Mail Stop 23. Woods
Hole Oceanographic Institution, Woods Hole MA 02543-1541, USA
(glayne@whoi.edu: nshimizu@whoi.edu).
Introduction; Large-format. high-resolution, h.igh-transmission ion microprobcs, such ns the Cameca IMS 1270, allow a new approach to secondary ion mass spectrometry (SIMS) analysis of tr~ce elements in geologically
important min~ra l phDScs. E.~sentially, elemenral :mulysis can oow be accomplished through explic::it peak resolution, rather than the more traditional
means of energy filtering commonly used on smaller fomtat SIMS instruments. Mass resolving powers (MRP) as h.igh as 10.000 have been used stably
in magnetic peak switching mode to accomplish accurate multi-element
analysis of REE and other trace elementS (TE) while remioing detection limits
of <1- 100 ppb. depending on !he element of interest.
The h.igh-transmission characteristic of the instrument means that low
primary beam currents may be utilized. Consequently. lateral spatinl resolutions of <5-10 11m may be maintaine.d where necessary. This makes the
technique readily applicable to problems involving !he analysis of experimental charges or very fmely textured or zoned natural samples.
Sulfide Analysis: The IMS 1270 is now being utilized for !he analysis
of low lt:vel TEs io pyrite, chalcopyrite and other simple sulfide phnses. To
date we have demonstrated the practicability of simuJtaneous quantitative
determination of Co, As, A g. Se, Pb, and Bi. MRP of 8500 is more than
suffi cient to resolve all substantial isobaric interferences (e.g .. 58FeH+ on
S9Co•, 75As>•s• and Fe03 • on 109Ag+). while retaining sufficient ~ignal and
peak flamess to produce precise analyses. These same parameters also show
promise for the determination of Mo. Th. and U.
This technique is currently being applied to !he study of TE distributions
in pyrite and chalcopyrite from seafloor massive sulfide deposits, as a key
to evolving physicochemical parameters and the mass transfer of metals within
these systems.
Silicate Analysis: Smaller forrrUJt ion microprobes. such as the Camcca
1MS3141516f series, have long been used productively for the measurement
of REE in silicate glasses and minerals. In many applications. isobaric interferences resulting from BaO,• and (LRE5)0, • may be effectively eliminated by the technique of energy filtering. In this manner. a useful subset of
REE (usually La. Cc, Nd. Sm. Eu. Dy. Er. and Yb) can be determintld in
many silicate matrices. wilh detection limits in the range of 1-5 ppb (1).
However, for LREE-cnrichcd phases. such as plagioclase, it becomes necessary to empirically peak strip these same isobars from tbe signuls for the
HREE - in<.-Tensing practical detection limits to 20-30 ppb for these elements [2J.
Using the IMS 1270, procedures for the quaotiUJtivc determination of ten
REE (La. Ce, Nd, Sm. Eu. Gd, Dy, Er. Yb, and Lu) in si licate minerals and
giDSses 11ave been developed using MRP of9500. Using this technique, oxide
interferences - such us 158GdO•, I5BDyO•. 1 ~2Nd0 2 • and 14 ZCe0 2+ on
t74Yb• -are completely resolved. As a check on the accuracy of d1ese measurementS, I be natural isotope ratios of Nd, Sm. Eu, Gd, Dy. Er. and Yh were
replicated with accuracies wath.in !he expected counting error (better than 2%).
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Using primary beam cUJ1'ents of !5 nA (wilh a consequent Jatcral spatial
resolution of <I 5 j.IITI) and a typical mo time of 25 min, noalyscs of clinopyroxene, orthopyroxene, and olivine have been performed wilh detection
limits ranging from 0.07 ppb for La to 9 ppb for Yb. Measurements of
reference materials with known REE concentrations show !hat considerable
matrix effects remain with respect to mnjor-c.lemcnt concentration, but that
accurate analyses can be uccomplished by using an appropriate reference
material for each phase of interest.
Reft!renccs: [I l Jones R. H. and Layne G. D. (1997) Am Mi11eral., 82,
534-545 . [2] Pun A. et al. ( 1997) GCA, 6/, 5089-5097.
DELAMINATION OF CONTINENTAL LITHOSPHERE BENEATH
AN ACTIVE MARGIN? THERMOBAROMETRlC AND RHENIUMOSMfUM-ISOTOPIC CONSTRAINTS FROM SIERRA NEVADAN
XENOLlTIIS. C.-T. Lee•. Q. Z. Yint.J. T. Chesley~. R. L. Rudnick•. W. F.
McDonough 1, G. H. Brimhall Jr.l. and S. B. Jacobsen•. 1Department of Earth
and Planetary Sciences. Harvard University. 20 0Jtford Street, Cambridge MA
02138, USA (ctlec@fas.harvard.edu). lDepartment of Geosciences, Uoiversity
of Arizona. Tucson AZ 85712-0077, USA, JDepartment of Geology and Geophysics. University of California, Berkeley CA 94720, USA.
Introduction: Delamination of !he lithosphere. defined as any detachment of the lilhospheric mantle or lower crust mto !he aslhenospherc, has been
propOsed as a mech3Jlism for recycling continental material back into the
convecting mantle and as an integral process in the geodynamic development
of orogenic zones. However, it is still undear bow and where delamination
occurs. Western North America is one regton where circumstantial evidence
suggestS recent delamination ba~ed on decreased sub-Moho seismic velocities and increased heat now, magmatism. and uplift. These ph~nomena are
especially apparent in the Sierra Nevada. California, located on the western
edge of the Precambrian Laurentian craton. In particular, Ducea :md Saleeby
[ l] report !hat mid-Miocene alkali basalts erupted through the axis of !he
Sierra Nevada have abundant garoet-bearing lower cmstal rocks. while
Pliocene basalts. erupted through the same reg!oo. are devoid of garnetbearing lilhologics, suggesting removnl of !he lower crust and lilhospheric
mantle between late Miocene to Pliocene.
While the evidence for delamination is compelling, there is also evidence
to !he contrary. Basalts erupted through !he eastern Sierra Nevada and weslem
Basin and Range have enriched Sr- and Nd-isotopic signatures !hat 11ave been
interpreted to derive from ancient. iocompatible-element-enriched, subcontinentn l lithospheric mantle, which must persist beneath much of western
North America [2]. In addition, radiogenic JHet4 He ratios in some of these
basalts have been iot<!rpreteJ to represent radiogenic ingrowth of He in
enriched lithospheric mantle [3].
Here, we attempt lo reconcile th.is controversy by studying peridotitic
JCenoliths from mid-Miocene and Pliocene alkali basaliS erupted lhroug.h !he
Sierra Nevada. We use !he Re-Os-isotopic system to test whclher any oflhcsc
~enolilhs represent ancient lilhospheric maotle or renewed asthenospheric
mantle. The form~r would be characterized by subchondritic 1870sf188Qs
(0.11-0.12) wllile !he latter would be chardctcrized by aslhcnospheric ratios
(0.125-0.129, bnsca on abyssal peridotite compositions).
Mid-Miocene Xenolith Suites: In these basalts, !here arc rare refractory ga.rnet-bearing spinel peridotjte xenoliths (Fo 90-91). wh.ich record unambiguous evidence. for cooling: pervasive ex solution of garnet from pyroxenes. formation of garnet at !he eJCpense of spinel. and h.igh Ca and AI cores
of orthopyroxenes. The nigh Ca orlhopyroxene cores require initial temperatures to be near-solidus (-1400"C) while garnet-pyroxene thermometry on
ex solved lamallac suggest thnt these rocks cooled to temperatures of-750"C;
within the range of temperatures inferred from gamet-clinopyroxenites [ 1.31.
Equilibration pressures are between 2-3 GPa, placing lhese peridotites near
the geothcrm inferred from low surface heat flow measurem~ols . These
cooling textures suggest intrusion of !he peridotites into cooler lilhosphere
and cooling to tbe ambient geotberm sometime prior to the Miocene. Preliminary results show these pt:ridotitcs to have ;c;thcnospheric (0.125-0.126)
and more radiogenic Os-isotopic compositions (0.140). We thus interpret
these peridotites to be samples of hot, asthenosphenc mantle upwellings that
rose into cold lithosphere and subsequently "froze" in place.
Late Pliocene Xenolith Suites: These l(eoolllhs are eharac1erized by
mor.: fertile compositions (<Fo 90), generJI lack of chemical disequilibnum,
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and higher equ ilibration temperatures (-1000°-llOO"C). ilased on the absence of garnet, these peridotites come from shallower depths than pl!ridotitt:S
in the mid-Miocene basalts. Preliminary data reveal Os-isotopic compositions
of 0. 126, consistent with these bdng asthenospheric manllc rather than
ancient li thopsheric manrle.
Discussion: Our limi ted data show that the Os-isotopic values between
Miocene and Pliocene upper mantle xenoliths arc indistinguishable and simi·
lar to modem asthenosphere. We have not yet found evidence for Proteroz.oic mantle lithosphere beneath the Sierra Nevada. If these findings arc born
out by additional measurements currently undcr.vay, they suggest loss of the
Proterozoic manllc lithosphere prior to the Miocene. TI1csc results would
further suggest that the differences in mafic xenolith abundances between
Miocene and Pliocene pipes may be ascribed to incomplete sampling of the
lithosphere by tbe hosl magmas and do not require post-Miocene de lamination of this material. We are currently measuring the Os-isotopic compositions of th.: "cold" peridotites in the Miocene host. which may represen t the
best chance of tinding ancient lithosphere.
References: [I ] Ducea M. N. and Saleeby J. B. (1996)JGR, 101, 8229-8241. [2] Ormerod D. S. ( 1988) Natrtre, 333. 349- 353. [3] Dodson A. et al.
(1998) GCA, 62, 3775- 3787.
MET ASEDIMENTS 1N TilE LOWER CRUST: TECTONIC ORIGIN
INFERRED FROM IN SITU HAFNIUM -ISOTOPIC ANALYSES OF
ZIRCONS IN A METASEDIMENTARY XENOLITH. C.-T. Lee,
Q. Z. Yin. J. Hom, R. L. Rudnick. and W. F. McDonough. Department of
Earth and Planetary Sciences, Harvard University, 20 Oxford Street, Cambridge MA 02!38. USA (ctlec@fas.harvard.edu).
Introduction: IL is generaUy believed that the lower crust is mafic in
composition. bei ng formed primarily by mafic underplating or by panial
melting of thickened crust that leaves behind a mafic residue. However.
metasedimentary xenoliths nrc a rare bu t ubiquitous component of lower
crustal xenolith suites I I ). It is thus important to document these suprcrustal
li thologies to understand how nod when they were emplaced in U1e lower
crust
Rare metasedimentary x.enolitbs occur in a Miocene diatreme erupted
through the Sierra Nevada batholith, a remnant of a Mesozoic arc. The
xenoliths are gamet-bearing metaquartzites. containing abundant rutile. apatite, graphite and zircon as accessory minerals. The goal of this study is to
constr.1in the provenance, timing of depositjon, and liming of emplacement
of these metasediments.
Here, we use laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to obtain irr siru Hf-isotopic compositions of these zircons.
Zi rcons are ideally suited for determining initial Hf-isotopic compositions
beca use they ha ve abundant Hf and very low Lu!Hf ratios and they are
genera ll y resistant to Lu/Hf disturbance. For these reasons. ir• situ analysis
of zircons may be n rapid reconnaissance tool in provenance studies.
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Fig. 1. Hafnium-isotopic ratios plotted wiU1 depleted manUe evolution curve.
2o mean <6E. Model ages esti mated by assuming Lu/Hf -0.

Lu tetium-depletion Model Ages: When combint:d with the fact that
crus t has low Lu/Hf. tbc Hf-isotopic composition of a zircon always
providt:S a minimum, but reasonable. estimate of the age of juvenile crust
formation, i.e., the mode l age is calculated assuming Lu!Hf - 0. Thjs approach
closely pardllels U1e use of the Re-Gs-isotopic system for dating mantle dif·
ferentialion: the residual man!le has very low Rt:/Os so that a minimum
estimate of the age of differentiation can be estimaled by assuming ReiOs =0.
Analyt ical Techniques: Hafnium-isotopic analyses were cooduct.:d on
a Micromass lsoprobe multiple collt:ctor !CP-MS at the Harvard Universi ty
Laser Ablation facility . Spot analyses ranged between 25 and 50~· Ratios
were normalized to t78Hffl17Hf = 1.46714, using an exponential law. lnterfer.:nce free masses 111Yb and l7SLu were monitored in order to correct for
Yb and Lu interferences oo mass 176. Signal sizes were <l V, giving internal precision for J76t-1f1117Hf between 0.5-6£ (lo.,). dc:pending on signal size.
Accuracy was monitored using standard 91500 zircons [2]. yielding reproducibility to wiU1jn 2E (176Hf/I77Hf = 0.282284). Lutetium-176/hafnium-177
in zircons ranged between 0.0005- 0.001.
Results and Discussion: Using the depleted mantle evolution curve
taken from the army of oceanic basalts [3). two age populations were discovered, 1.25-1.70 Ga and 0.6- 0.8 Ga (Fig. 1). One zircon gave an un usually radiogenic isotopic ratio of 0.2840 ± 0.0001, significantly higlm than
depleted mant le.
TI1e mid-Proterozoic ages are consistent with the age of juvenile crust and
t:rustal reworking in southwestern North America [4 ]. The lack of Archean
ages suggests that the sediment provenance was local basement rall1er than
dist.al Archean basement to the north. Alternatively. these ages may be associated with sediments derived from Grenvi llian basement (Sm-Nd model
ages of 1.0-1.6 Ga) remobilized during the Caledonian-Appalachi an orogeny [5].
The late Proterozoic to Cambrian nges nre enigmatic because no major
juvenile crust formation exists during this period of time. This curious distribution of ages mirrors that found in Triassic sediments of the Golconda
lerraoc in central Nevada [6] and mny thus con·espond to a distinct alloch·
U!onous temtne, or in our opinioo, to zircons associated with volcanism during
Precambrian rifOng of the western edge of l.auJentia. As such, U1cse sedi·
meots could have beeo emplaced during Mcsowic subduct.iou.
References: [I ] Rudnick and Foun tain (1995) Rev. Geoplrys .. 33, 267309. [2] Wiedenbeck M. ct al. (1995) Geo.vtandard.r New.rlett.. /9, 123. [3] Patchell P. J. ct al. (1981) Ca11trib. Mineral. Petrol., 78, 279- 297.
141 Wooden J. L. and Miller 0. M. (1990) JG/1, 95. 20133-20146.
[5] Patchett P. J. ctal. ( 1999) Scienr:t-, 283, 671-673.[6] Gehrels G. E. (1995)
Geology, 23. 831-834.
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NATROCARBONA TlTE PETROGENESIS: LIMESTONE-TRONA
(EVAPORITE> VOLATILE-FLUXING AND SYNTECTIC REACTlONS REV1SffED. D. R. Lentz, Depn.rtrnenl of Geology, University of
New Bmnswiek, FTedericton. New Brunswick E3B 5A3, Canada (dle.ntz@
unb.ca).
introduction: Brogger and Daly's simple limestone melting aud silit:ate ll.IJigma-limestone syntectic relations were the first magmatic hypotheses
for carbonatite genesis [1,2]. Since U1e early 1960s, however. ma ntle-related
hypolh.eses gaioed momen tum because of the enrichmentS in F. P. Nb. U.
111, REE. etc., and preliminary stabk and radiogen ic isotopic signatures were
unlike sedimentary limestones 14). Also. syntectic relations involving limestone were deemed problematic [5-7). However, volatile-fluxing of calc;lreous rocks during contact metasoma tism has theoretically been shown to
generate carbonate melts (8.9). Therefore. earlier obj ections to syntectic
hypotheses are oo longer as problematic (see below), if w~ter-rich, li mestonederived carbonate (or trona-derived nutro1.:arbonatite) melfs are involved [ 10).
Oldoiuyu Lcngai Petrogenesis: This unique, active natrocarbonatite
aod related hyperperalkalic voh:anic system are presently pos tulated as originati ng from the mant le either as liquid immiscibil ity phenomena [11-14) or
!'rom ex tremely pcmlkalic magmas [15.16). However, Milton [ 17. 18] suggested these lavas rormed via in teraction between a silicate magma and
troniferous (evaporitic} lacustrin.: sediments (LaJ;.e Magadi-type) that underlie the area. He postulated that peri-eult:clic (partial) melting io the CaC03NaC03 system, as experimentally de termined by Niggli [19J •.was pcrtincm
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to partial melting then syntectic reaction evolving imo immiscible separation
of relatively buoyant natrocarbonate magma.
Volatle-Fiuxing and Syntectic Relations: Using Wyllie and Tuttle's
classic study (20] , the possible role of volatiles in exocontact limestone
melting was recognized (9,10,21]. Considering the role of milced volatiles
(H20-C02) in melting [20), it is evident they should also depress the vola·
tile-saturated CaCOrNaCOrK2 C0 3 liquidi/solidus (22] from >75o•c to
<600•c. This is consistent with measured eruptive temperatures (575•6000C) (23] and gas compositions [24]. If intruding A·type magmas were
responsible for volatile-fluxed sediments. then syntectic reaction of these
derivative (natro)carbonate melts with the silicate magma could generated
these comagmatic systems analogous to the earlier thermochemical predictions (25,26] . Syntectic chemical interaction would involve elemental
exchange between evolving immiscible, volatile-fluxed trona melts (natro·
carbooatite) and hyperfractionating peralkalic silicate magma. Hyperfractionation results fTOm complex syntectic processes (coupled desilication of the
A-type magma and sial silication of the carbonatitic melt coexisting immiscibly). The derivative Ca-Mg bypersolidus eodoskam-like syntectic products
are reminiscent of mantle assemblages, although are typical high-Tendoskam
phases (e.g., Wo, Fo. Di, Mtc. Mel, Ttn, And). Differential degassing of a
shallow-level syntectically evolving system and the high·T of A·type magmas malce earlier objections to syntexis untenable and. in fact. complimen·
tary to existing experimental evidence on the solubility of CaC03 [6,7,27,28)
and NaC03 [29-31] in some silicate magmas .
Elemental partitioning/exchange reactions between immiscible "secondary" natrocarbonatite and A-type magmas during dynamic interaction is
analogous to known partitioning equilibria (31.32). A combination of
Rayleigh decarbonation processes and elemental partitioning between coexisting melts would result in isotopically heterogeneous (natro)carbonatite and
(hyper)peralkalic melts with "crustally contaminated" mantle-like signatures,
based on mass-balance considerations. Therefore, traditional studies cannot
readily distinguish between Daly-Brogger syntectic and mantle-derived genetic models, including those for Oldoinyo Lengai.
References: (I) Heinrich E. W. (1966) in 17le Geology ofCarbonatites,
Rand McNally, NY. [2) Daly R. A. (1933) in Igneous Rocks and the Depths
of the Earth, McGraw-Hill. NY . [3) Tuttle 0. F. and Gittins J. (1966) in
Carbonatites, pp. xi- xiv, Wiley, NY. [4] Watkinson D. H. and Wyllie P. J.
( 1964) Nature, 204, I 053-1054. (5] Watkinson D. H . and Wyllie P. J. (1969)
GSA Bull., 80, 1565- 1576. [6] Wyllie P. J . and Watkinson D. H. (1970) Can.
Mineral. , 10, 362-374. (7] Wyllie P. J . (1974) in The Alkaline Rocks, pp.
459-474. Wiley. NY. [8) Lentz D. R. (1999) Geology, 27, 335-338. [9) Lentz
D. R (1998) in Mineralized Intrusion-Related Skarn Systems. Min. Assoc.
Can. Short Couru, 26, 519- 657. [10) Lentz D. R. (1999) GAC/MAC Abstr.,
24, in press. (II) Peterson T. D. ( 1990) Contrib. Mineral. Petrol., 105, 143155. [12) Peterson T. D. and Kjarsgaard B . A. (1995) in Carbonatite
Volcanism: 0/doinyo Lengai and the Petrogenesis of Natrocarbonatites,
IAVCEI Proc Vole., 4, pp. 148-162, Springer-Verlag, NY. [13) Kjarsgaard
B. A. et al. (1995) in Carbonatite Volcanism: 0/doinyo Lengai and the
Petrogenesis ofNatrocarbonatites, IAVCEI Proc. in Vole. 4, pp. 163-190,
Springer-Verlag, NY. [14) Dawson J. B. et al. (1996) J. Geol., 104, 41-54.
[ 15] Gittins J. (1989) in Carbonatites: Genesis and Evolution, pp. 580-600,
Unwin-Hyman, London. [16) Bell K. and Dawson J. B. (1995) in Carbonatite
Volcanism: 0/doinyo Lengai and the Petrogenesis of Natrocarbonatires,
IAVCEI Proc. Vole. 4, pp. 137-147, Springer-Verlag, NY. [17) Milton C.
(1968) GSA Prog. Abstr., 202. (18) Milton C. (1989) 28th Inti. Geol. Cong.,
Washington, 2-4. [19) Niggli P. (1916) Z Anorg. Allg. Chem., 98, 241-326.
[20) Wyllie P. J. and Tuttle 0 . F. (1960) J. Petrol., 1, 1-46. (21) Schuiling
R. D. (1961) Nature, 192, 1280. [22) Cooper A. F. et at. (1975) Am. J. Sci.,
275, 534- 560. [23) Dawson J. B. et al. (1990) Geology, 18, 260-263.
[24] Javoy M. et al. (1989) Terra Abstr., 1, 324. [25) Schuiling R. D. (1964)
Nature, 201, 1115- 1116. [26) Schuiling R. D. ( 1964) Nature, 204, 10541055. [27) Watkinson D. H. and Wyllie P. J. (1971) J. Petrol.• 12, 357- 378.
[28) Woh-Jer Lee and Wyllie P. J. (1994) Inti. Geol. Rev., 36, 797-819.
[29) Koster van Groos A. F. and Wyllie P. J. ( 1966) Am. J. Sci., 264, 234255. [30) Koster van Groos A. F. and Wyllie P. J. (1968) Am. J. Sci., 266,
932-967. [31) Koster van Groos A. F. and Wyllie P. J. (1973) Am. J. Sci.,
273, 465-487. [32] Hamilton D. L. et al. (1989) in Carl>onatites: Genesis
and Evolution, pp. 405-427, Unwin-Hyman, London. [33] Jones J. H. et al.
(!995) GCA, 59, 1307- 1320.
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CHLORINE-ISOTOPIC FRACTIONATION IN A SEQUENCE OF
BLACK SHALES. S.M. Lev and R . D. Vocke Jr .. Mail Stop 8391,
National Institute of Standards and Technology, Advanced Chemical Sciences
Laboratory, 100 Bureau Drive, Gaithersburg MD 20899-8391, USA.
Introduction: Clay mineral formation, alteration. dehydration, and
transformation as well as ion filtration have been identified as potentially irn·
portant mechanisms for fractionating Cl isotopes in sedimentary systems
[1- 3). To date, CJ-isotopic variations in sedimentary sequences that have in·
teracted with diagenetic pore fluids have not been systematically quantified.
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study reports the Cl-isotopic signatures of a ~equence of diagenetically
altered Mid- Ordovician black shales deposited in the Welsh Ba~in. UK [4,5].
The !otal range in l)l7C! 5 R."' 975• (%o) values is between 5%o and J6%o (Fig. 1).
Thrse measurements c;onsiderably expand the previously measured range in
Cl-isotopic fractionation observed in sil[cates.
Methods: Chlorine was extracted from shale samples using a modified
pyrohydrolysis technique [6,7]. The extracted Cl was purified and converted
to C5;!CI' [SJ. All samples were ruu by positive- ion thermal ionization mass
spectrometry. N!ST isotopic reference material 975a was run in p;1rallcl to
monitor external reproducibi lity, whic;h was -0. 15%o at a 95% confidence
in terval. 1l1e use of SRM 975a as a normalizing standard ove r SMOC allows
for correction of ratio data to an absolute value. It also facilitnles a more
precise norrnalization and con~equent inter-laborJ tory comparisons by providing a homogeneous art ifact that is read ily available.
Discussion: The shales examined in this ~tudy span ~700 m of section
and have had extensi ve interaction with early and late diagenetic fluids [4,5].
The range in ch lorine isotopic composition displayed by these rocks doubtless reflecl~ this complicated diagenetic history (Fig. 2) and probably requires
a kinetic ro~ther than a chemical or biologic frdctionation mechan ism due to
the observed range of values and the conservati ve behavior of chlorine in
natural systems.
References: [1) Ransom et aL (1 995) Geolugy, 23, 715- 718. [2] Phil·
lips F. M. and Bentley H. W. ( 1987) GCA. 5 1, 683-695. (3] Loomis J. L.
et nl. (1998) Mineralogical Mag., 62A, 901-902. [4] Lev S.M. cc aL ( 1998)
JSR, 68, 970-980 [5) Lev S . M et al. (1999} .ISR. Part A. in press.
[6] Dreihus et al. (1977) in Origi11 and Distribution of the Elements, pp. 3338, Pcrmagon. Oxford. [7 ] Mangenheim et al. (1994) GCA, 58, 31 17-3121.
[8] Xiao Y.·K. and Zhang C.-G. (1992) Inti. ). Mass Spec/rom. fun Prot:.,
116, 183-192,
Thi~

GEOCHEMISTRY OF THE SHUIQUANGOU GOLD-BEARING
ALKALINE METASOMATIC COMPLEX IN NORTHWEST REBEl,
CHlNA. H. Y Li. Z. S. Yang, Z. M. Gao, Z. J. Ding, aod T. Y. Luo.
Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550002.
China (zjding@ms.gyig.ac.co).
A unique Au-bearing alkaline metasomatic complex is well developed in
the Au-Ag-polymetallic enriched area in northwest Hcbci (1]. The comp lex
extends over 400 km2. 1t consists of alkaline metl!somatic rocks including K
metasomatic syenites, Na metasomatic monzonites and acid metasomatic
grani tes, and Au deposits that include potass ic altered rock-type (Dongping)
and quartz vein-type (Xiaoyingpan). From its center to periphery, it is characterized by the alkaline me~omatism from intensive to weak. dimensiona l
to fracture-filled, fractures from ductile to brittle-ductile and co brittle, Au
mineralization from the potassic altered rock-type to the quartz vein -type. SmNd isochron ages from 251.3 to 157.8 Ma [2]. The separations of K from
Na, acid from alkaline and ore from al ~line occurred orderly in the system
as the alkaline metasomatic hydrothermal system evolved from c losed to
partialiy opened and to fuliy opened. Sodic, potassic. siliceous and ore consti tuents are characterized hy complex. horizontal and vertical zonalities f3j.
The extensive dimensional alkaline metasomatism could account for the
widespread occurrence of the 1<-metasomatic syeni tes , Na-metasomutic
monzonites and acid metasomatic granites. This earl y stage metasomatism
not only formed largely the complex, but provided some Au elements for min·
erali7.ation and made the Au elements in the Sanggan group (with an average
Au content of 8 ppb) around the complex mobil ize, migrate and move into
it, which resulted in a primary Au concentration in its endomorphic w oe (wilb.
an average Au content of 12.5 ppb), a Au depletion iu the metamorphic rocks
of the Sanggan Group (with an average Au content of 4 ppb) near the com·
plex. The majority of the alkaline feldspnr-quartz. veins. potassic-siliceous altered lodes, milklikc white quartz veins, and Au-bearing quam lodes (quartz
vein-type Au depos its), were formed during late-stage fracturc-fi lied type
alkal ine metasomatism [2 ).
1l1e most notable chemical changes from the unaltered original rocks were
the introduction of K1 0, Na20, and Si02 , und the loss of CaO, MgO, FcO,
and Ti02 during the alka line metasomatism. KzD contents (average) i n~-rease
from 1.8 1% io the unaltered original rocks to 6.05% in the K-metasomatic
syenites and up to 13.5% in the Au-bearing potass ic a ltered rocks. Na 20 coo-

tents (average) add from 2.74% in the unaltered rocks tO 5.59% in the KmetasomaLic syenites and up to 7.52% in the Na -mctasomatic monzoni1es.
Si02 conteots (average) cllange from 55.15% in the unaltered rocks to 66.50%
in the Nll·metusomatk monzonites and up to 90% io the quam veins. The
low content of Nn20 (0.3% average) in the Au-bearing potassic altered rocks
reflects the separa tion of K from N:1. The Au-bearing quartz veins are low
in KzD (0.07% average) and Na20 (138% average), suggesting the separa·
tioos of ulkalioe from acid and ore from alkaline [2].
FeO/MgO ratios from the a lkal ine metasomat ic rocks fall within the
restricted range of 1.73-2.18.With significant depletion of Cr. Ni, Co. aod
V, the K metasomatic syenites nod Na metasomatjc monzonites h.a ve lower
REE between 18.65 to 62.38 ppm, Srinitiel values between 0.701 to 0.706,
14-3Ndfl 44 Nd ratios between 0 .512708 to 0.512765 I)IBQ va lues be tween
7.06%o to 10.02%c. The S>•s values for pyrites in the Au deposits range from
-3.8%o to +4.5%o. These evidences show that the formation of U1e comple~
was effected by Ou ids of mantle source or mixed mantle-crust source.
References: [ I) Li H. Y ct al. (1996) Mineral Deposits, 15, 249-256
(io Chinese). [2j Li H. Y. et al. (1994) Gold, 15, 1- 6 (in Chi nese). [3] Du
L. T. (1983) Mineral Deposfrs, 2, 33-41 (in Chinese).

HYDROXYL BEHAVIOR IN OXYHYDROXIDE PHASES (MOOH,
M AI, Fe, Mn) BASED ON PERJODIC MOLECULAR ORBITAL
CALCULATIONS. J-J. Liang and R T. Cygan, Geochemistry Department,
Sandia Nationa l Laboratories, Albuquerque NM 87 185-0750, USA (jliang@
sandia.gov; rtcygan@s:mdia.gov).
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The oxyhydroxides (MOOH) comprise a class of crystalline materials that
have important members, such ~s AIOOH, FcOOH, and MnOOH, that arc
closely associated with industrial app lications [ 1,2] and witb geoc hemical
processes involving adsorption of chemica l and radioactive wastes (3]. A
molecular-leve l understanding of the bulk crystal structure of these phases
will provide a fundamental basis for the evaluation of mineral reacti vity and
s urface properties U1at are central to the environmenta l and industrial applic-ations. The extreme ly fmc-grained nature of these compounds has hindered
any conclusive structural detemlioation of U1c orthorhombic phases that are
of the boehmite (Y·AIOOH) structure type.
In our presen t study, we used periodic noolocal density functional U1cory
(DFT) to examine the structural deiails, particular ly the orientation and
energetics of the hydroxyl groups in the oxyhydroxides. Two periodic DFT
programs, DMOLJ [4] and CASTEP [5], were used in the calculation. The
plane wave pscudopotential-based CASTEP was used to re lax the unit cell
dimensions, while DMOLJ was used for the more accurate all-e lectron calcu lation. In CASTEP calculations, all atom species nre represented by a set
of ultrasoft potentials. In the DMQL3 ca lculations, a non local OFT method
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Fig. 1. Variation of e.nergy of the boehmite structure {Cmc2 1) as a func·
tion of the angle between OH vector and the 0 10 plane.
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was used based on ~ DNP (double numenc fuHctions together with polanLation functions) basis set for all atom species. Boehmite structure type was
studied in detail. and the experime ntally-determined boehmite mucture [6)
was used as starting model for all compositions. Uni t-cell dimensions for
llnown phases (Y·AIOOH and y-FeOOH) were reproduced to wil11in 3% of
the observed values. and non-H atom positions to within 0.1 A. Structure
energies of the boelunite structure in space group Cmc2 1 were calculated as
a function of OH orientation (Fig. L). When the OH bond orientation vector
is -48° to the (OJO) plane. the structu re t!nergy obtains a value at a welldefined minimum (Fig. 1). This result agrees with the neutron structure
refinement in space group Cmc2 1 In order to detect lower symmetty due to
H atom disordering, a unit cell with H atoms distributed such that the cell
assumes Pmc21 symmetty was constructed. A single-point energy calculation
using DMOLJ showed that this configuration is 0.77 eV less stable than the
configuration assuming Cmc2 1 symmetry. An energy optimi1..ation without
symmetry constraints (all atoms in the unit cell freely movable independent
of each other) with an initial Pmc21 symmetry resulted in a configuration that
is identical to that assuming Cmc21 syrrunetry. Therefore. an entropic sta·
bilization of at le<Ist 0.77 eV is needed for the structure to assume a disor·
dered configuration with Pmc2 1 symmetry as suggested by spectroscopic
studies [7.8]. Similar calculations for the FeOOH phase gave opposite results.
with the hydroxyl configuration assumiog Pmc2 t symmetry 3.28 eV more
favorable than that assuming the Cmc2 1 symmetty.
An eoergetically stable structure was found for MnOOH assuming the
boehmite structure that has oot beco reponed previously, with unit cell
dimensions (in ~ngstroms) of a = .2.8558, b = 12.56211. and c =4.0343
respectively.
Acknowledgments: This research was supported by the U. S. Department of Energy, Office of Basic Energy Sciences. Geosciences Research.
under contract DE·AC04-94AL85000 with Sandia National Laboratories.
References: [I] Morooka S. and Kusakabe K. (1999) MRS Bull., 24,
25-29. [2] Blesa M.A. ct al. (1994) in Chemical Dissolution of Metal Oxides,
CRC Press. [3) RaiD. and Zacbara J. M. (1988) Tech. Rpr. EPRI-EA-5741.
Electric Power Research Institute. [4) Delley B. (1990) ./. Chem. Pltys., 92,
SOS-517. [5] Payne M. C. ct 111. (J992) Rev. Mad. Phys., 64. 1045-1097.
[6) Christensen A. N. et at. (1982) Acta Chemica Scandinavira, 36A, 303308. [7J Farmer V. C. (1980) Spectroc/1imica Acra, 36A, 585-586. [8) Slade
R. C. T. and Halstead T K. ( 1980) J. Solid Stall' Chem. , 32, 119-122.
URANIUM·TIIORJVM-RADWM·BARIUM SYSTEMATIC OF BAL·
TJC FERROMANGANESE CONCRETIONS. V L.iebetcau 1, A. Eisen·
hauer2, N. Gussooe•. G. Wernert, and B. T. Hans<:n\ 1Gcochemischcs Instirut,
Universitilt Gottingen, Goldschmidtst:rnsse 1. D-37077 Gottingen, Germany
(vliebet@ugcvax.dnet.gwdg.de). lQEOMAR. Abteilung fUr Marine Umweltgeologie. Wischofstrasse 1-3, D-14148 Kiel. Germany (aeisenhauer@
geomar.de). lJGDL. Universirlit Gllttingen. Gotdschmidtstrasse 3, D-37077
Goningen. Gernoaoy.
Although no precise geochronological information is available for Baltic
Sea fe·Mn-crusts at the present. these are considered to be geochemical archives for the last hundreds to thousands of years. However, precise geochro·
nological data of the past are necessary for monitoring perturbations of the
geochemical cycles in the Baltic induced by mankind before and since the
industrial revolution [1).
The U-Th-Ra-Ba systematic is a potential geochronometer to date Baltic
Fe·Mn-crusts. In particular this is because the 226Ra half-life is in the range
of the age of these concretions. Howcv~r. before robust age information can
be gained from the U·Th·Ra·Ba systematic its geochemical behavior in the
marine environment of the Baltic and in the Mn!Fe-crusts has to be studied
in dctnil.
Samples: Baltic ferromanganese concretions can be divided into three
Cffilin types based on their abundance, morphology. composition and mode
of formation; those from the Gulfs of Oothnia. Finland and Riga. from the
Baltic Proper and from the western Belt Sea [.2j. For this study we selected
two concretions from the "Liibeck-Meck.leoburg Bay" (type: 1Vestem Bdt
Sea), which grew in shallow water depths of 20-28 m at the boundary
between sands and mud in zones of active boltom currents. At this sampling
site ("Biinkerhilgel") the occurrence of concretions is restricted to limited
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areas wh~re glacial till is t!xposed through mud [2). The recent growrh .:on·
ditions give mdication lor seasonal influcnC<'S on the growth zonauon. TI1e
rnvcstigatcd discoidal concretions have diffe~nt growth directions . The
predominant growth is parallel to the sediment/water interface (investigated
on samph.• I) and the minor one is vertically oriented (possible to be ioves·
tJgatcd on sample II. because in both directions 25x larger than sample ll.
TI1e texture along the horizontal growth direction is relative constant. How·
ever. the vertical growth direction shows indications of partial dissolution
und~r reducing conditions at the sediment/concretion interface.
Methods: Following a newly developed chemical procedure the samples
were chemically prepared for thermal ionization mass spectrometry (TIMS)
measurements of U. Th. and Ra isotopes. Barium was measured with indut:·
lively coupled plasma optical emission specrrometry (ICP-OES).
Results: In profile I (sample l. horizontal) the WiRa concentration inclines from 1.7 x 10-12 gig (0- 0 .2 em) to -2.6 ){ t()-t2 gig (2-.2.2 em) as
a function of depth. In profLie II the l26Ra concentrations declines from 40 x
to- n gig (0-0.2 em) to IS x to-tz gig (0.9-1. 1 em) as a function of depth.
Ncvertbeless, in both profiles the 226RaJBa ratios arc declining with depth.
Uranium-238 concentrations varies between 4 ppm and 13 ppm. The
23~UJ238U activity ratios is relatively constant aruund 1.16 and close to the
opco ocean U-acrivity ratio of -1.144. 11tc 23ll'fh concentrations varies in the
range between 20 to 8 ppt. Neither the Thill nor the RafTh ac1Jv1ty ratios
ace in secular equilibrium.
From the downward trend of the 226Raflla ratios in profile I (sample I,
horizontal) an apparent growth rnte of -0.02 mm/yr can be calculated which
corresponds to an age for the eotire concretion of -1000 yr From profile II
(sample- II. vertical) a lower growth rate of 0.003 mm/yr can be calculated
corresponding to -3000 yr for the entire coocrt-tiou. The diffc~nce in esti·
mated ages corresponds to the differences in size of the two samples. The
horizontal growth rate of profile I is in general accord with other independent growth rate detenninations of Baltic Fe-Mn·crusts (1 ,3], in which the
predominant growth direction was investigated. However. we consider our
results to be preliminary pending more geochemical studies in the future .
Rererences: [I] H.lawalsch S. ( 1999) G£0MAR Report. in press.
[2) Glasby G. P. ct at. (1997) Gcol. Soc. Spec. Pub/., 119, 213-237.
[3) Heuser S. (1988) Bericlrre Repom Geal. Paltinnr. Inn. 1/niv. Kie/, 26.

AN ISOTOPIC STIIDY OF GROUNDWATER IN GRANITIC TER·
RAINS (NORTHWEST PORTUGAL). A. S. Lima I, M. 0 . Silva2. P.M.
Carreiral, and D. Nuoes3, I Departamento de Ciencias da Terra, Universidade
do Minho, 4700-320 Braga. Portugal (asllma@dct.urnioho.pt}, 2Departameoto
de Geologia, Faculdade de Ciencias, Univcrsidade de Lisboa, 1700 Lisboa,
Portugal (mosi lva@fc. ul.pt), JDepartamento de Quimica, Instituto Tecno·
16gico e Nuclear . .2686 Sacavem Codex. Portugal (carreira@itn l.itn.pt).
Introduction: Several mineral and thermal springs used for both bot·
tliog and hydrotherapy in health spas can be found in norlbwcstcrn Portugal.
These springs occur in granitic terrains aod their water temperatures rnnge
from l5.7"C to 61.0°C. In this paper we present stable isotopic composition
(1\18() a.nd 1)2H) of rainwater and groundwater from this region A thermal
spring (72.6°C) in Lovios (Spain}, oear Geres (Portugal). was too considered
in this study, because it is probably related to the Geres major fault.
Sampling aod analytical methods: Six samples of precipitation were
collected from seaside to high-elevation areas (1500 m a. s. I.) inland. Ground·
water samples were obtained from two sourc~s: ( I) springs discharging shal·
low aquifers and (2) springs and wells related with deep flow paths. Isotopic
values are expressed in relation to Vienna Standard Mean Ocean Water
(VSMOW). Precision is ±O.l%o for the 11 180 and ±l%o for the OZH analyses.
Results and Disrussion: 1)180 and 02H values of precipitation range
from -6.98%o to -4.09%c aod from -37.0%o to -15.3%,, respectively. The
1)2H.I)1i!() relationship in rainwater is shown (Fig. I) by the least-squares re·
grcssion line, according to the equation l)lH = 6.15 I)IBO • 8.56. defining
the local meteoric waterline, which is different from both the global meteoric wat.ertine [I] and the meteoric wat<rline of Oporto [2j. To detenoine re·
lationships between isotopic composition of precipitation and geographic
variables (altitude and distance inland), a multivariate least squares regression yields rhc equation, 1)180 = (-o.oon•attitude) + (-O.OISJJ•distance
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TRACE-ELEMENT CHEMISTRY AND PETROGENESIS OF
PERIDOTITE AND PYROXENITE XENOLITHS FROM PLIOCENE
BASANITES OF THE DZHILINDA RIVER, VITIM VOLCANIC
FIELD. K. D. Litasov l, Yu . D. Litasovl, A. S. Mekhonoshin2, and V. G.
Mal'kovets 1 , 1Uo.ited Institute of Geology, Geophysics and Mineralogy,
Russian Academy of Sciences, Koptyuga Ave. 3, Novosibirsk 630090, Russia
(kostik@uiggm.nsc.ru), 2J nstitute of Geochemistry. Russian Academy of
Sciences, Favorskogo Street I a, Irkutsk 664033, Russia.
Three series of peridotite xenoliths from Pliocene basanites of the
D2hilinda river were determined: (I) high-T gar and sp lherzolites, (2) lowT sp lherzolites and hanburgites, (3) low-T titaniferous sp lherzolites. Pyroxenitcs are divided into: (4) Cr-diopsidc gar and sp webstcri tes, including
AI-poor sub-serie.~; (5) Al-augite sp websterites; (6) skarn-like clinopyroxenites. Megacryst assemblage (7) is presented by clinopyroxene, garnet, and
ilmenite.
I. Protogranular peridotites of the series I represent primitive or slightly
depleted mantle from depths 60-80 km at T = II00"-1250"C. Trace-element
patterns in clinopyroxenes are indicative of low degree panial melting of the
primitive mantle. Rare poikiloblastic harzburgites composed of Iow-Mg
minerals (Mg = 84-85) occur at the gar lherzolite facies depth. Their relic
clinopyroxenes are characteriud by convex-upward REE patterns, of which
a formation is interpreted as a significant modification of peridotites reacting with percolating porous melt [1].
2. Peridotites of the series 2 correspond to the depths 40-50 km at T =
800"-900•C. They were divided into 2a-coarse-grained protogranular and 2bfine-grained tabular equigranular. 2a-peridotites are often depleted in modal
composition and contain LREE-rich, HFSE-poor clinopyroxene: (La!Yb) 0
1.2-3.5 and (Ti/Eu). = 0.2-0.4. Such patterns may be formed due to a melt
percolation through peridotite matrix with reaction "lherzolite-dunite" [2).
Peridotites of the series 2b are often observed in contact with At-poor pyroxenites. They contain clinopyroxenes with slightly convex-upward REE
patterns and low HFSE, Sr contents.
3. Titaniferous peridotites enriched in pyroxenes and spinel were newly
detected. They have a mosaic equigranular texture and are interpreted as a
rare type of melt/mantle interaction. T-estimations within 750"-8so•c allow
extrapolations to the uppermost mantle section (40-50 km depth). Minerals
of these peridotites have a specific chemistry. Clinopyroxene (Mg# = 92-93)
contain 2- 2.2% Ti02. Olivine (Mg# = 91-92) contain 0.7% NiO. Spinel
(Mg# = 77, Cr# = 16-17) contain 0.6-0.7% NiO and 0.9-1.0% ZoO. High
Ti content (Ti02 0.55% in bulk rock) may characterize a metasomatizing
melt originated from ilmenite- and/or phlogopite-bearing source. Very high
contents of Cr, Ni, Zll, V. Ga. and Ge allow to suggest an initial rock type
as a dunite or harzburgite. Clinopyroxene REE patterns (La!Yb)8 = O.ot-0.08)
reveal an evidence for MORB-like composition of coexisting melt. This
interaction has been found nowhere before.
4. By the mineral composition, the Cr-diopside pyroxenites as well as
peridotites form high-T (1 oso•-tno•c) and low-T (860"-I OOO"C) subseries.
They are considered as products of interaction between basaltic melts and
primitive wall peridotites at two depth levels: 60-80 km and -50 km.
Clinopyroxene REE patterns vary from primitive with (La!Yb) 0 = 0.3 to
fractionated with (La!Yb) 0 = 5. I.
The AI-poor pyroxenites are characterized by low contents of Al20 3 = 34%, Na20 = 0.2- 0.5%. Regarding to mineral composition, these are close
to low-temperature peridotites of the series 2b. Clinopyroxene has convexupward REE patterns. The At-poor pyroxenites are interpreted as products
of interaction between basaltic melts and depleted wall peridotites (hanburgites to dunites).
5. Aluminum-augite pyroxenites are represented by two series of sp
websterites. The fust contain dark-green clinopyroxene and have transitional
varieties to lower-T Cr-diopside pyroxenites. REE patterns of their clinopyroxene are similar to that from Cr-diopside pyroxenites. However, the
second contai.ns brownish clinopyroxene with higher Mg#, REE, Ti. Aluminum-augite pyro"enites are formed near the Moho boundary due to a segregation of melt in magma chambers.
6. Aluminum-poor (0.5- 1.5% Al20 3) skarn-like clinopyroxenites may be
formed in the lower-middle crust due to an interaction with fluid or volatilerich melt. Their REE patterns have inflections near Sm and strong LREE
enrichment. Probably. these rocks were modified from clinopyroxenite or
gabbro having MORB characteristics.

=

200
0~--~--~----~L-~.---~--~--~

-7.5

-1
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inland) + (-4.03). This equation shows a mean 1SO value of -4.03%o for
coastal precipitation.
In groundwater samples, the isotopic contents lie between -6.76%o and
-4.63%o for lBO and -43.2%o and -23.8'!"oo for D. Groundwater isotopic
compositions is plotted below the local meteoric waterline, defining a trend
that follows this line (Fig. I). For mineral and thermal groundwater there is
a greater scattering of values of isotopic ratios than for shallow groundwater.
These differences suggest distinct pathways of mineral and thermal water and
shallow water. Nevertheless, meteoric origin for both sorts of water seems
to be confirmed.
Based on the relationship between isotopic composition of precipitation
and altitude, areas of recharge were estimated (Fig. 2). Shallow-water samples
are plotted close to the meteoric regional isotopic gradient. These samples
show a difference of altitude between recharge and discharge areas ranging
from 85 m to 490 m. For deep waters this difference ranges from 320 m to
890 m. Furthermore, for mineral and thermal waters, 1>110 contents are affected by isotopic exchange between water and host rock and, therefore, mean
recharge altitudes are probably higher. Mean elevation difference between
recharge and discharge areas is -300m for shallow groundwater. Mineral and
thermal water gradient is divergent relatively to the regional one. from low
to high altitudes.
Conclusions: Regardless of their pathways, both mineral-thermal and
shallow groundwater seem to have a meteoric origin. Stable isotopic ratio
differences should be related with the flow paths and with the magnitude of
rock-water interaction reactions. Comparing isotopic composition of groundwater with regional isotopic gradient of rainwater, one can distinguish deep
flow paths from shallow ones.
Rererences: [I] Clark I. and Fritz P. (1997) Environmental Isotopes in
Hydrogeology. [2) GNIP Database (1998) IAEA/WMO, http://www.iaea.orgl
programstrilgniplgniproainlhtm.
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7. The megacryst clinopyroxenes reveal certain trends or compositional
variations. such as ao increasing in Ti01, AJ20 1, REE. and decreas1ng in
C rz0 3, while Mg-oumber decreases These fearures are an evidence for their
formation by fractional crysta llization of alblioe basaltic or pkrobasaltic melt
si milar 10 those reported for megacryst assemblage from Mioce ne p1crobasahs
(3).
Acknowledgments: This work is supponed by RFBR gr. 1197-05-65309
Rererences: ( I) Xu Y.-G . ct al. ( 1998) Comrib. Mwaa/. Petrol., 132.
65-84 [21 Bedini R. M. ct al. (1997) EPSL, 153. 67-83. IJJ Ashchepkov
l V. ct al (1995) £u Absn. 6th Int. Kimb. Cut!(. Novosibirsk, 17-19.

MELT POCKETS IN MANTLE XENOLITHS FROM ALKALI
BASALTS OF VITrM AND UDOKAN VOLCANIC FIELDS, EAST
SIBERIA. K. D Litasov, V V. Sharygin. Yu. 0 Litasov. and S. z.
Smimov, Uniled Institute of Geology, Geopbysi<:s anti Min~ralogy, Russian
Academy of Sciences. Koptyuga Avenue 3, Novosibirsk 630090, Russia.
(kostik@uiggm.nsc.ru)
Melt pocketS are often found in mantle xeoolitbs from the Late Cenozoic
basaltic rocks of the Baikal Rift syswm volcanic fields. We studied majornod troce-elemeot cbemisuy of primary minerals and glllSses from melt pockets in three spinel peridotite xenoliths. Host rocks are re presented by
pinobasalt ( 16 Ma, Vitim field) with Mg# = 69-72. Ti01 = l.Q-2.1%,
K 20 = l.0-1.4%, Cr = 495 ppm, and melanepbelinites ( 14 Ma , Udokan licld)
with Mglt = 67-70. Ti0 2 = 2.7-3.5%. K!O
2.2-3.2%. and Cr
320410 ppm [1).
Melt pockets in amphibole-bearing spinel lherzolite from the Vitim
picrobasall were found Mound spongy-rimmed amphibole grains and consist
o f glass. olivine. spinel micropheoocrysts and rare ilmenite needles in glass.
Prim:1ry amphibole has Mg# 86.2 and contain Ti0 2 2.4-2.8%, Crp 3
0 .9%, K 20 = 2.1 - 2.6%. Glass contain Si02 =54 - 59%. Ti02 = 2.0-2.5%.
KzO =2.0- 3.2%, Cr = 14 ppm. 1'r.1ce-ekmcnt panems of glass and melt coe.,isting with primary amphibole are very similar· (La!Yb) 0 = 5.7 and 8.5,
(Nb/La)0
3.2 and J.O. (Zr/Sm} 0 = 0. 7 and 0 .8 re spectively. Olivine
rrucrophcnocryst!i have composition similar to primary lherzolilic olivine with
Mg# 89.5-90.0 and CaO 0.08-0. 1%. Spinel in mcll pockets contain 1516% Cr20 3. Primary spinel in lherzolite coo lain 7-8% Crl01. Trace-element
characteristics of melt coexisting with primary clinopyroxene are different
from those for amphibole and g lass; (La!Yb).= 16, (Nb.'La). = 0.5, (Zr/Sm)0 =
0.4.
Melt pockets in phlogopite-bearing spinel lherzolite from tbe Vitim
picrobasalt were found around resorbed phlogopit~ grains. They consist of
olivine rnicrophenocrysts and glass with ilmenite inclusions. Plllogopite has
Mg# = 92 and contains Ti02 = 3-4%, C'rp1 = 0.41%, BaO = 0.4%. Glass
contains Si02 = 63-66'!11. Ti01 = 1.7- 2.6%, K 20 : 7-10%, Crz0 3 = 0.2%.
Trncc-elcmeot patterns of glass and melt coexisting with phlogopitc are also
similar (La/Yb)0 = 8.5 and 9.6. (Nb/La)0 = 18 and 22, (Zr/S m) 0 0.52 and
0.75 respectively Olivine in melt pockets has Mg# = 88.7 and contains CaO =
(U 3%. Primary olivine llas Mg# = 86.5 and CaO
0.01 %.
Melt pockclS in "dry'' spinel lherzolite from Udokao melahephelinitcs fill
interstices between primary minernls. Melt pockets include olivine, clinopyroxene, felsic glass, minor chromite, san idine . and Fe-Ni-Cu-sulfide blebs.
Lher£olitic clinopyroxene has Mglt = 92 and contains Ti02 = 0.7%, Cr20 3 =
0.7%, Al10 1 = 7.3%. C linopyroxene in melt pockets has Mg# = 85-92 and
contains Ti01
0.1 - 0.7%. C r2 0 3 = 0.7-1.3%. and Al 20 1 = 0.3-0.6%.
Chrornite from melt pockets contains Cr10 3 = 61-62%. while primary >'Pinel
is less rich in Cr20J (7.7-8%). Olivine in melt pockets has Mg# = 83-90
and contains CaO : 0. I 5-0.3% and NiO : 0.2-0.3%. Primary olivine has
Mg# = 89 and coot.ains less CaO = 0.02-0. I% and more NiO : 0.35-0.4%.
Glasses were divided into two types. The first conuuns Si02 = 62- 65%, Al 20 3
= 20-13%. 1i02 = 0.7-1 0%. and K20 = 4-7% being s imilar to glas;y inclusions from phenocrysts io the host volcaaics. The second has Si0 2 : 7074%, low"r Al2 0 3 = 13--17% and same Ti0 2• K1 0. Trace-e lement patterns
of felsic glass and melt cocxisuog with primary clinopyroxene is quit.: different Glass has (La/Yh)0 = 24. Yh0 = 1 5, (Nb/La)., 1.1. Melt coexisting
with clinopyroxene has (La/Yb)0 = 4.6 Yb. = J 2.7. (Nb/La). = 0.5.
Origin of the glasses to Vitim nodules is coOIJe~: t~d with partial melting
of hydrous peridOtite minerals, what comes to be obvious from a similarity
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in major- and trace-element composillons of glass and melting phases. G lass
in the Udokan nodule was fonned by reaction between peridotite minerals
and basaltic meh before or during xenoliths entrainment to the surface. Origin
of such. Si-rich glasses in ntanUe xenoliths is still under discussion. Shaw ct
al. [2) suggested them to be fonned due to low-pressure orthopyroxene dissolution. Studied heated (Si02 = 50-64%) and unheated (Si01 = 65 - 76%)
melt inclusions in clinopyroxene from Yirim clioopyroxcnites [31 show that
Si -rich glass can be produced during a deep fractionation in close system and
reaction with host peridotite minerals. We suggest the same mechanism for
the srudicd glasses in the Udokan nodules.
Acknowledgments: Work is supported by RFBR grantS 97-05-65309
aod 97·05-6533!. Used partition coefficients are after (4-5). and primitive
maotle normalization is after [6).
Referen ces: [l) Rasslcazov S. Y. et al. (1997) Petrolog)~ 5. 115-136.
[2] Shaw C. S. J. ct aL ( 1998) Conrrib. Mineral. Petrol .. 133, 354- 370.
[3] Lit:tsov K. D. ct al. (1997) Abstr. of ECROFI XN, 186-187. (4] Ha lliday
A. H. ct al. (1995) £PSI~ /.B. 379-395. [5] HartS . R. and Dunn T . (1993)
C'ontrib. Mineral. Petrol. . 113, 1-8. (6) McDonough W. P. and Suo S. S.
( 1995) Chem. Gl:'o/., 120, 223- 253.
VARIATIONS IN CONCENTRATrONS OF DrSSOLVED TRACE
ELEMENTS IN RIVER WATER OF GUIZHOU, CHIN~. C. Q. Liu
and G. L. Han. The State Key L.1boratory of Environmental Geochemistry ,
Institute of Geochemistry. Chinese Academy of Sciences. Guiyang 550002.
China.
Geochemical ~tudies of trace elementS. especially heavy mebls in river
water, can provide grounds for the assessment of the iotluence of human
activities on the environment [1-3]. The authors have carried out systematic
studies on the variations in conceo!T!ltion of dissolved trace elements and their
controlling factors. while some systematic srudies are under way on the major
compositions of river water in the Wujiang drainage system in Guizbou
Province. a typical karst area in China. This paper is concerned mainly with
the trace-element composition of river water aud characteristics of geochemical eovironmeot with an attempt to evaluate the effects of bwnan activities
on the Wujiang River Valley.
The comparison of dissolved trace elements in river water with trace
elements in the upper continental crust demonstrates that Mn and Sr are
strongly coocen!T!lted relative to other elementS in river water, while Rb. Pb,
Zn. and Ni are relntively depleted, indicating that the process of chemical
weathering bas led to the: differentiation of different elementS between water
body and weathered crust. The concentrations of U in the Wujiang River
Valley are within the range of 1.78-7.25 nmoUL, far higher than the uverage
value of global rivers (1.3 nmoUL [3]). Uranium is mainly derived from
dissolution of limestones. Our work shows that U is enriched in river water
relative to Pb. so the variatioiJ of U/Pb ratio can be used to discuss the
capability of particles to adsorb heavy metals . The U/Pb ratios tend to increase from the upper to the lower reaches. For this there may be two explanauoos. One is that the Wujiang River nows through a Pb-Zn mining
district in its upper reaches, so the concentrations of Pb are relatively high
in river water (-2.67-10.04 nmoi!L), but those of U are of little variation.
Thai is why the U/Pb ratios are relatively low . This appears to be the resu lt
of weatheriog of carbonates or industrinl pollution caused by mining activities in the drainage area. The other explanation is that Pb in oceao water is
readily adsorbed on particles (particle action). and therefore it can also be
readily adsorbed on particles in river water. On the controry. U usually existS
in a dissol\led Stale in river water. So U tends to be concentrated whereas
Pb will be adsorbed on particles from the upper to the lower reaches.
Lead is often closely coexistent with Zn in su lfide ore depositS. In ore
deposits. Zn usually occurs as sphalerite. The process of oxidation of sphalerite ZnS04 has such a high solubility as to be easi ly transported into river
water. 1L can be trdllsported over a long distance in neutra l. acidic. and weakly
alkaline solutions. The concentrations of dissolved Zn in the Wujiang River
water are far higher lbao those of Pb. whjch vary over a range of 12.0254.31 nmoi/L, far higher than the average value of global rivers (3 nmoi/L
[3)) .
Manganese is highly enriched in the Wujiang River water. That is because Mn is present in the form of carbonate (MoC0 1) or bicarbonate
[Mn(HC03) 2) in karst areas and can be readily dissolved in water. But in the
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limestone areas. fe2+ is often oxidized into Fe(OHh hefore preciphallon.
Therefore, as compared with the uppt:r crust, the Wujiaog River water is
~nrichcd in Mn and depleted io Fe.
Zhang and Haung [4] considered that the concencration.s of clissolved tmcc
elements in the Yellow River are controlled mainly by weathering and erosion in the drainage area. Dupre et al . [51 considered that the concentrations
of U, Rb, Ba. and Sr in the Congo River are controlled maioly by rock types
in lh e drainage area. Accorcling to the authors. the dissolution of limestone
and dolomite would exen obvious constraints on the distribution of U. Mn.
S r, and Ba in river water. However, the distributi on of other heavy metallic
elements seems to be controlled by the chemical composition of river water.
(e .g., the influence of particle adsorption). High concenttations of clissolved
trace elements in the Wujiang River water are probably related to the chemical behavior of the complex HC03- in the river water. On the other hand,
under high pH conclitions. the dissolved trace elemeuts are easi ly adsorbed
on particles. So the authors hold that under high pH conditions the high concentrations of clissolved trace elements in river water provide evidence t.bat
the mechanism of controlling the concentrations of dissolved trace e lements
is very complicated, which may be a controlling mechanism of adsorption/
desorption and prccipitation/clissolutioo cquLlihrium.
References: [l) HuM. H. et at. (1982) Narure, 298, 550-553. [2) Shiller A. M. and Royle B. (1985) Nature, 317, 49-52. [3) Palmer M. R. and
Bdmond J. M. (1993} GCA, 576, 4947-4955. [4] Zhang J. and Huang W. W.
(1993) IV/l, 27, 1-8. (5] Dupre B. et al. (1996) GCA. 60, 1301-1321.

THE CONTINENTAL EXHALATION OF COPPER DEPOSffS FROM
RED CLASTJC FORMA TJON IN THE LANPING-SlMAO BASIN,
WESTERN YUNNAN, CHINA. J. Liu, C. Lju, C. Li, J. Pan. and T. Zhang,

01-0DG , lnstitut.e of Geochemistry. Chinese Academy of Sciences, Ow yang
550002. C hina.

The Cu deposits occurring io the Lanping-Simao basin of western Yunnan
arc the new type of C u deposits closely associated with continenta l exhala·
tion and showing many unique features. The Cu deposits exist in the Meso·
zook and Ceozooic clastic rocK forntatioo composed of sandstone, siltitc aod
argillite. The Cu orebodics mostly occur in the hosted rocks with oot only
vein aod network forms but nlso bedded-quasi bedded nod lensl ike forms . The
ores have very simple mineml assemblages. Over 20 mineral species have
been identified at present. Besides ordinary sulfides of Cu minerals such as
chalcopyrite, tetrahedrite, bornite, and chalcocite. there arc also other min·
erals of pyrite, galena. sphalerite, azurite, stibnite, quartz, calcite, fcrroan
dolomite, and barite. The ore fabrics are characterized by vein, network.
brecciated mainly and bedded. laminated, clisscminated partially. The wall
rock alterations are mosUy silicatioo. calcitization. and baritzation.
Based on U1e syst.ernatical studies on the tr:Jce elements and their char·
acteristic ratios. the rarl! earth clement clistributioo patterns, the flwd inclusions, the physical-chemica l conditions, and the isotopic compositions of S,
Pb, C, Si, 0 , and H in the Cu ores in the L:tnping-Simao Basin, the ;1uthor
concludes that the fon:nation of the Cu depos its progressed through two
mineralization stages, i.e .. the stago of scdimenti on and diagenesis and the
stage of continental exhalation. The fom1er stage is marked by the fom1ation
of banded and laminated structures of chalcopyrite, etc., showing initial and/or
locally concentrated ore substances. The Latter brought about remobilization
and reconcentration of ore substances . thus leacliog 10 the formation of mineral
deposits of commercial value.
Because they occur in the red clastic fonnatioo, the C u deposits arc
comparable with typical sandstone and/or shale-type deposits ( \ ,2]. However.
there are o bvious differences between the typical sandst.ooe and/or shale-type
Cu deposits and the present type, both in Cu occurrence forms, minera l
paragenesis, and metallogenetic mechanism. Therefore. the deposits belong
to a new type o( Cu deposit associalcd with continental exhalation . Jl is worthy
to mention that the research oo the contincnlal exhalation type of C u deposit
is just nl the initi<tl episode. Purther systcmnticnl study and exploration or
this type of deposi t will surely improve greaUy both the theoretical development concerning Cu minem lization aod the exploitutioo of Cu r~sources in
C hina .
Acknowledgmenls; This project is supported by a CAS- Yunnan Province cooperation and by Lhc "Hundred People Program" Foundation of
Chinese Academy of Sc iences.

Reference.Q: f I] He M . cl al. ( 1998) YlmitOJl. Geol. Pros., 34. 1.3-1S.
[2] Juc M. ct al. (1998) 111e Copper Depusits of Lanpins and Simuo Basins,
Geological f'llblishing House, Beijing. 109 pp.

THE CHARACT'ERTSTICS OF O RE-BEARfNG CH ERT FROM
CAMBRIAN GOLD DEPOSITS AND THEIR SED IME NTARY
ENVIRONMENTAL IMPLICATIONS TN THE WESTERN QINLING
MOUNTAINS, CHINA. J. U ul . C. Li ut. J. Liu1. and T. Gu'. 'OLODG,
Institute of Geochemistry, Chinese Academy of Sciences. Guiyang 550002,

Ch ina. 1The Research Center o f M ineral Resources Exploration, Chi nt:St:
Academy of Sciences, Beijing 100101 . C hina.

The ore-bearlog chert serv es as the source strata of Cambrian Au deposits in the western Qinling Mountains, China. The presence of the typica l chert
offer.; important evidence to evaluate the possible submarine exhalative
system and its role over the formntion of the source strata and Au deposits [I].
The ore-bearing chert occurs as layered black rocks, containing more or
less clays and organic matter. It is characterized by bedded, striped, lami·
nated, mnssive hold. ROd pseudobreccialed structure-s that cbnnge regu larly
in space. The thickness of a chert bed generally varies from 30 to 200 m.
Host elements are simple and concentrated in the chert. Besides Si~ (95.30%
0 11 average), only fcO, Fez03• and organic Creach or exceed 1.0%. The rdlios
of AV(Al + Fe + Mn) in all chert samples arc lower than 0.3 (0. 153 on
average}. In the Ferri vs. AV(A I + Fe + Mn) cliagr-dm and the Al-Fe-Mo lri.·
angle diagram, the chert samples fall into the hydrothennal field. However.
the chert is enriched in most tr:Jce elements. characterized by not only the
basic and ultrabasic elements group (e.g., Au, Ag, Pt. Pd, Cu. and Cr) but
also the acid elements group (e.g., W. Mo. U). REE arc characterized by a
low tota l cootent (ranging between 3.29 x IQ- 6 and 100 x I0-6), negative
Cc :tnomal, and a gmdually increasing NASC-normalized value with incrcas·
ing atomic number of REE. The l)18Q val ues of chert mainly vary from
17.60%o to 23.24%o (19.17%q on average), suggesting that the tempemture
for deposition was from 70.9° to 118.1 •c. The OJOSi val ues of the chert in
the area rJJJge mainly from 0.4%o to 0.8%o.
Both the geological and gcochemi(:al characteristics show !hal the chert
is the product of hydrothermal sedimentation. In the l."llrly Paleozoic periods,
there were several sy ngenetic fau lts lransecting fhe crust of lhi~; area
(Bailongjiang basin) and providing conduits for the hydrothcnnal activity.
Crustal extension along Lhcse faults resulted in the fonnation of a series of
basins and uplifts inserted among the hasin . I! may have formed in this seclimeotary environmenL '!be characteristics of the P:P 5 and MgO coments. the
oCe values, and the olOSi va lues manifest that the chert deposited in U1e deep
and half-deep sea eovironme nl
Acknowledgments: This project is suppor1ed by the National Natu ral
Science Foundation of C hina (No. 49773197) and by the "Hundred People
Program" Foundation of C hiocse Academy of Sciences.
References: [I) Liu J. et 11.1. (1998) Chinese Sci. Bull., 43, 85-86.

CHARACTERISTICS OF MANTLE METASOMATISM AND GEOCIIEMICAL MEClL'\NISM OF PETROGENESIS AND MINERAL·
IZATION OF ALKALI-RICH PORPHYRIES. X Liu, Z. Gao, J. Liu,
X. Zhao, C. Li, and W. Su. Institute of Geochemistry, Chinese Academy of
Sciences, Gwyang 550002, C hina.
The Ailaoshao-Jinsh:Jjiaog (Ai lao Mounlllins-Jinsha River) alkali·rich intrusive rock be ll is a large-sca le northwest-trending Cenozoic alkali-rich potassic magmatic rock belt in southwest China. As an essential component of
the bell, U1e alkali ·rich porphyry is closely re lated to the polymetallic minem! resources in the region. On tb.e basis of comprehensive investigations,
the geochemistry aod dynnmk mechanism for the petrogenesis nod mioeruliZJttion of alkali-rich porphyries cao be briefly described as following:
During geologica l history. the energy and subtancc equilibrium in deep
mantle was destroyed by large-sca le tectonic movemen ts and plate subductions, and it resulted in the origination of mantle metasomatism and alka lirich magma and accompanied accumulation of ore-forming malGrials and
minerali zers At the beginning of the C.:nozoic, a new cycle of strong teetonic movemeuts stimulated lhc upward transferring of alk~ l i -rich magma and
Si-rich fluids. which have been formed in deep mantle, with upper maoUe
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xenoliths and aloog large-scale deep faults across lhe crust/mantle boundary.
A part of alkali-rich magma wittJ Si-rictJ tluids might directly enter upper
crust trap structures, wd mineralization could result from the auto-metasomatism of fluids accompaoit."d by crystallization and petrogenesis of alkali·
rich magma. Another part. predominated by fluids, might be mixed with
formation water from various sources during migration, tht"o ht: activated and
extracted from ore-forming materials and mineralizers and from crust/manUe
mixing ore-forming hydrolhermal fluids. Furthermore, lhese nuids may enter
upper-crust trap structures along ore-conducting fracrures . and superimpose
on the mineralization caused by lhc fluid metasomatism and alteration accompanied with the crystalization and petrogenesis of alkali-rich magma. It
is obvious lh.atlhe former mineralization may be on a mlher small scale, while
the latter could result in lhe formation of large or even superlarge dcposiiS
if the fluid could move through preliminarily enriched source beds with
va rious o re-forming materials and tbe superimposed mineralization of
multisoun:es materials happened. Thus. it t<~n be seen that the well combination of deep-seated geological process and large-scale deep fauhs shou ld
be an essential condition for wide-spread mineralization in lhis region, and
an unitized intrinsic constraint. And the coupling of deep and shallow gec>Jogical processes and lbe resulted superimposition of deep· and shallow-source
ore-forming materials and mineraliu:rs must be a sufficient condition for lbe
formation of large or supcrlarge deposits in this region in Cenozoic. The
complicated nod variou~ ore-forming phenomen:t of Cenozoic era in lhe region
reflected the separation or combination of lhe above-mentioned two kinds of
geological processes or ore-forming materials to varying extent.

XENOLITH EVIDENCE FOR TECTONIC UNDERPLATING OF'
SEDIMENTARY ROCKS AND LAYERED COMPOSITIONS OF
THE LOWER CRUST AT THE NORTHERN MARGIN OF THE

NORTH CHINA CRATON. Y. S. Liu 1 and S. Gaol.2, 1Fttculty of Earth
Sciences, China University of Geosciences. Wu1tan. 430074, China (ysl\liu@
cug.edu.cn), lDeparrment of Geology, Nortltwtst University, Xi'an. 710069,
Ch.ina (gaoshan@cug.cdu.cn).

Granulite-facies lower crustal xenoliths in the Neogene Hannuoba alka·
line basalt at lhe northern margin of lhe North China cratOn are unique in
their diversity of lilhology, abundance, freshness, and size (up to 50 em in
diameter). They provide a rare opponunity to study lhc nature. formation and
evolution of lbe deep crust in this <trea. The xenoliths occur mostly in 1wo
localities of Damaping and Zhouba. and lhey show contrasting lithology. age,
and depth of derivation. Those from Darnaping are dominantly mafic with
less important intermediate (plagioclase + clinopyroxene ± orthopyroxene ±
K -feldspar) and felsic (quartz+ plagioclase± K-feldspar ± clioopyroxenw ±
orthopyroxene) members. They were elluilibr-Jted ot 800"-950" based on lhc
two-pyroxene geothermometer [I I Their Nd-isotopic composition5 are largely
homogenized at the mineral scale. The whole-rock samples give an imprecise Sm-Nd isochron age of l 45 Ma. wh.ich is not at great variance with lhe
single zircon U-Pb age ( 120- 140 Ma) (2). The age is interpret.:d to represent
the age of basaltic underplating followed by granulite-fades metamorph.ism.
Petrological evidence and geochemical and Nd-isntopic studies suggest that
lhe Darnaping mafic to felsic granulite xenolitlls were products of frdctional
crystallization of pyroxene and plagioclase from a basallic magma cbamlx>r
uoderplating at the base of the crusL
Jn contrast, granulite xenoliths from Zhouba are exclusively felsic and
some contain graphite and sillimanite, indicating a sedimentary protolilb.
Mineral assemblage and incomplete kelyphitization of garnet suggest that they
were derived from shallower depth compared to the Damaping xenoliths.
Whole-rock, garnet and plagioclase separates from one Zhouba gTdphitc·
sillimanite bearing felsic granulite yield a Sm-Nd isochron age of 424 ~
10 Ma, which is interpreted to represent lhe age of granulite-facies metamorphism unrelated to tbe Cretaceous rvenl The characteristic significant positive Eu anomalies for many samples of lhe Zhoubu xenoliths and lheir early
Paleozoic age of granulite-facies metamorphism readily distinguish from
clastic metasedimentary rocks of khondolite character in the nearby Archean
granulite terrains of lhe North Ch.ina craton, wh.icb possess post-Archean-like
negative Eu anomalJes (3). Dctri!Jll zircon dating by lhe evaporation melhod
for lhe Zhouba metasedimentary xenolith produces ao age range of 7271551 Ma. which constrains tbc maximum age of deposition. The evidence
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dcx:umcnts that the Zhouba Kenolilhs wore not frum the An:hc~n termins.
Instead. they arc tnterprctcd to be thr product of tectonic underplating of
Neoproterozoic to c:uly Paleozoic sedimentary rocks from the Mongolian
orogenic belt north of lhc North Cluna craton. 1l1c tectonic underplating is
considered to be related to lhe Caledouian closure and subducllvn of the early
Paleo:wic Mongolian oceanic crust beneath tbe North China craton. Our
conclusions are based on the observation that the interim of Ute North China
craton lacks deposition of late Ordovician to Devonian strata and tectonic
and magmatic activities in lhe Paleozoic, whereas early f'aleozotc grJoitoid
intrusions arc abundant a long the northern margin of lhe North Ch.ina craton
and were related to lhe subduction of the Mongolian oceanic crust.
Seismic refractrons reveal a rather homogenous crustal structure lhrough·
out the entire North Ch.ina craton, including the Hannuoba area [4). It shows
a four-layered structur.: consisting of lbe upper. lbe middle, lhe upper-lower,
and the lowermost crust. The upper-lower crust varies from 3 to 17 km and
lhc lowermost crust from I to q km in thickness. P-wave velocities of upper
and lowermost crustal layers show limited lateral variations from 6.5 to
6.7 km s-1 and from 6.8 to 7.2 km s-1 for the upper·lower crust and lowermost crust respectively.
The above evidence, along wilh correlation of measuretl and calculated
P-wave velocities of lhe xenoliths with resulL~ from seismic refractions.
indicates two layers of lower crust composition of contrasting origins atlhe
northern margin or lhe North Ch.ina craton. The lowermost crust is representt:d
by the Damnping xenolilhs and is mafic. young. and formed by basaltic
underplating, while the upper low~r crust is represented by the Zhouba xenoliths and is felsic, older, and formed by tectonic underplating.
Rerereoces: [I] Chcr1 S. H. ct a!. ( 1998) Acta Putrol. Srnica, 14, 366380 (in Chinese). [2] Fan Q , C. et al. (l <l98) Sci. Bull., <IJ. 133-137 (in
Chinese). (3] Gao S. and Wedepohl K. H. (1995) EPSL, 1.13. 81-94. [4] Gao
S. et aL (1998) EPSL, /6/, 101-117.

OSMlUM-lSOTOPIC COMPOSITIONS OF HOROMAN ULTRA·
MAFIC COMPLEX IN HOKKAIDO. JAPAN. Y. Z. Liu and T Tanaka,
Department of Earth and Planetary Sciences, Nagoya University, Chik.usa.
Nagoya 464-8602 , Japan (li u-yz@tumip.eps.nagoya-u.ac.jp).

lJltroduction: l.sland arcs like Japanese islands are considered to be
tectonic composites of various crustal blocks that accreted from various parts
of the Earth's surface at different periods, Isotopic characteristics of lhe
surface crustal mntcrials have been examined extensively in the past few
decades to clarify their source region or hinterland . Some areas in Japan
strongly show Precambrian continental affinities whilt: othtrs show mantlederived oceanic. Even in lhe Quaternary volcanics, isotopic ratios show areal
variations from lhe Pacific side to lh<= Sea of Japan side. 'l'b.is indicates CL'rtain
heterogeneities in lhe source mantle. Present and past materinls lhat underlie
lhe island arcs arc expected to have extensive variations in their chernicnJ
and isotopic features.
This work repons some results of Os-isotopic study of the Horoman
ultramfic complex. ll is known that R.e-Os system can provide a unique
perspective on lbc understanding of lbc origin and evolution of mantle,
because, unlike olher daughter clements, Os did not strongly panition imo
partial melts of the mantle. The high Os ~.:onr.:entrations of Horornao ullrd·
mafic rocks could result in resistance to the metasomatic disturbance. and
this allows Os systematics to be used to determine lhe partial melting h.istory
of the massif. We also aimed in lhis work to find lbc e11idence of processes
using Rc-Os system. wh.ich olher systems such as Rb-Sr nod Sm-Nd obviously cannot offer.
Goologjc Setting: The Horoman ultramafic complex is one of lhe largest samples of mantle-derived peridotites (-8 x 10-km area and >3-lun !.hickness) in Japan. Jt situates at the souUI\vestern end of the Hidak<t metamorphic
belt in Hokkaido, Japan. and was regarded lhe representative of an alpinetype peridotite intrusion [I]. The rocks of lilt Horoman ultramafic complex
are fresh and have well-developed layering nod good exposures. These characteristics make it very suitable for the pelrologicaJ 3nd geochemical swdies
on Horoman massif origin and mode of emplacement.
The Horoman ultmmafic complex is composed of lhree peridotite suites
with distinct petrographic charncteristics. The main harzburgite-lbenolite
(MHL) suite consists of harzburgite, spinel lherzolite, and plagioclase
lherzolite and occupies the largest pan of lhe comple.~ at more lhan 94 vnl%.
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The banded dunite (BDH) suite consists of layered dunite, harzburgite, and
olivine orthopyroxenite. The spinel-rich dunite-wehrlite (SOW) suite consists
of dunite containing abundant large oblate chrom.ian spinel grains (2) .
Analytical Methods: Osmium was preconcentrated using fire assay
technique, in which sample powder, borax, sodium carbonate, S powder, and
Ni powder were well mixed and then placed in oven at I Joo•c for I h. The
recovery of Os for tire assay technique is -75- 95% based on the weight of
NiS bead. Osmium was separated by distillation method using chromium
oxide as tbe oxidant in 6N H2S04 after the filtration of the digested NiS bead
in 6N HCI. A microdistillation method using a closed Teflon vial put directly
on a hot plate was applied for further Os purification. The employed negative themal ionization mass spectrometry (N-TIMS) was VG Sector 54 for
Os measurement.
Results and Discussion: The Os-isotopic ratios of 10 samples of the
Horoman ultramafic complex, which is composed of four ultramafic rock
types as dunite, hanburgite, lherzolite, and plagioclase lherzolite, were examined. The result of tS70sf 1B6Qs ratio ranges from 0.994 to 1.1 2. This is
similar to the range of the IB70sJIB6Qs ratio for abyssal peridotites and orogenic peridotites between 0.98 and 1.12. The Os concentrations of these
samples range from 2.3 to 6.0 ppb, and are also in accordance with the range
of Os concentrations found in mantle peridotite nodules from 1.1 to 6. 9 ppb
(3). The lower IB70sf 186Qs ratios measured here correspond to the higher Os
concentrations, reflecting the Re depletion related to the melt extraction event.
It is observed that the peridotite with high content of clinopyroxene shows
a relatively high " 70sJ1R6Qs ratio. This result supports the idea of oceanic
mantle origin for Horoman MHL suite peridotites [4,5). In addition, the lower
tB70sJIIIQ()s ratio and higher Os concentration, up to the limits of 0.994 and
3 ppb respectively for MHL suite peridotites, might support another conclusion that MHL suite peridotite represents a residual peridotite after a slight
to moderate degree of partial melting [2).
References: [1) Niida K. (1984) J. Fac. Sci., 21, 197-250. [2) Takahashi N. (1991) J. Mineral. Petrol. Econ. Geol., 86, 199-215. [3) Walker
R. J. eta!. (1989) GCA, 53, 1583-1595. [4) Dick H. J. B. et at. (1984) EPSL,
69, 88-106. (5) Komatsu M. et at. (1986) Petrol. Tectonics, 1, 21- 22 (in
Japanese).
TERMINAL PROTEROZOIC BENTIDC MICROBIAL MATS AND
THEIR ENVIRONMENTAL SIGNIFICANCE. 0. A. Logan 1, C. R.
Calver2, P. Gorjan3, R. E. Suounonsl, J. M. Hayes', and M. R. Walter3,
1Australian Geological Survey Organisation, P.O. Box 378, Canberra, ACT
2601, Australia, 2Tasmanian Geological Survey, P.O. Box 56, Rosny Park,
Tasmania 7018, Australia, 3School of Earth Sciences, Macquarie University,
Sydney, NSW 2109, Australia, 'Mail S top 8, Woods Hole Oceanographic
Institution, Woods Hole MA 02543, USA.
A combined sedimentological and biogeochemical study was conducted
on several Terminal Proterozoic mid-shelf microbial mat facies samples from
the Centralian super basin. Isotopic and organic geochemical analysis of the
bitumen and kerogen indicated that two sources of organic matter from
"planktonic" and "benthic microbial-mat" populations contributed to the
sediment. The "planktonic" source provided a suite of n-alkanes with «;0
predominance and the odd n-alkanes >Cz0 , whereas tbe "benthic" source
contributed an overlay of n-alkanes >C20 , with a strong even preference
accompanied by an unusual suite of midcbain methyl alkanes (Fig. I).
Kerogen and biomarkers derived from the microbial mat were depleted
in 13C relative to planktonic material. Pyrite in the microbial mats was also
found to be depleted in 3'S compared to the surrounding sediment. The combination of these observations suggested that the mats may have been at least
partly composed of sulfide-oxidizing bacteria. These organisms have specific
environmental tolerances that set limits on paleoenvironment. Their requirement for 0 indicates that the water column above the mid-shelf could not
have been continuously anoxic. Accordingly, from these results and age
determinations, it would appear that mid-shelf environments of the Centralian
super basin of Australia were seeing significant levels of 0 through the
Ediacariao [I ].
Recent analyses (2) of hydrocarbons extracted from sediment samples
within a middle Proterozoic J>b-Zo deposit in northern Australia show an interesting correlation with the Wallara-1 mat samples (Fig. 2).
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Fig. 1. Unusual hydrocarbon pattern in ao extract from the Wallara-1
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Fig. 2. A comparison of hydrocarbon distributions in a Pb-Zn sulfide ore
and adjacent poorly mineralized turbiditic muds.

Samples derived from sulfide ore and adjacent poorly mineralized turbitic
mud show two distinct hydrocarbon patterns. Within the muds, a similar but
more subtle distribution of even C number compounds occurs compared to
the Wallara mats, coupled with a population of large filamentous microfossils. It is thought that H2S and C02 were provided by the subsurface minerali~.ation processes and that mixing of the water column during turbidite
deposition provided 0 2 for populations of sulfide-oxidizing bacteria to flourish on the surfaces of the turbiditic muds.
Rererences: (l] Logan G. A. et at. (1999) GCA, 63, in press. (2] Logan G. A. et at. (1999) GCA, submitted.
EVALUATING SECULAR CHANGES IN SEAWATER CHEMISTRY.
T. K. Lowenstein', M. N. Timofeeffl, L. A. Hardie2, and S. T. Brennan',
IDepartment of Geology and Environmental Studies, State University of New
York at Binghamton. Binghamton NY 13902, USA (lowenst@binghamton.
edu; bf2 I 297 @binghamton.edu; bg20824@binghamton.edu), 2 Department of
Earth and Planetary Sciences, Johns Hopkins University, Baltimore MD
2 1218, USA (hardie@gibbs.eps.jhu.edu).
Fluid inclusions from marine halite deposits may be used to test the
hypothesis that secular changes in seawater chemistry have occurred in the
Phanerozoic Eon ( 1). To assess the chemistry of ancient seawater, the following are required: (I) an accurate technique for the chemical analysis of
individual fluid inclusions, (2) criteria for establishing that the fluid inclu-

LPI C'nntributinll No. 971

177

sions contain seawater, and (3) methods for back-calculating seawater from
OeparLment of Environment and Natural Resources, Mines and Geosctenccs
the chemical composition of brines io nuid inclusions thnt have undergone
Bureau, Region 7, Mandau~ City, Philippines 6014 (mgb7cellu@mozcorn.
evaporative 'ooccntration.
com; pcmomongan@hotmail.com}.
Fluid inclusions in halite can form from surface waters other than sea·
water and may be !Tapped at uoy time during diagenetic cementation and
The rapid iodU$trialization that i~ currently takiDg place on the island of
rccrysl.lllliuttion. Criteria are therefore required to establish that the nuid
Cebu in central Philippines has res ulred in the degradation of its natural
inclusions contain evaporated seawater. Halites from ancient evaporites muy
environment. Some of the most conspicuous problt!m areas involve the
contain well-preserved sedimentary textures and fabrics, including the well
pollution of coastal embayments including the Cansagn Bay. which was
known chevron crystal growth fabrics and settle-out cumulate textures. whkh
previously ringed by natural wetlands. With a surface extent of -850 ba, the
arc identical to features obscrwd in modem environments where halite prebay is located between heavily industrializing towns along the northeast
coastline of the islnnd. Among the residual patches of mangrove vege!Jition
cipitates from surfac-e brines [2]. These "primary" halite crystals commonly
contain abundant nuid inclusions along hands parallel to crystal-growth faces.
proliferates a bost of buiT!lln activities such as ship building, laod reclama Halite formed during later cementation or burial recrystallization lacks the
tion, fishpond construction , ttnd ho using projects. This paper describes a study
growth textures and fluid-inclusion banding that develop during precipitation
relating the effects of these encroachments on the nntural environment of the
cmbayed area.
from open surface waters.
Halite from the marginal marine saline pan of Salina Omotepcc. Baja
Water and bottom-sediment samples from the bay area were collected for
California. Mexico [2.3]. was examined to verify that primary fluid incluanalysis. while information about the existing coastal land use was updated.
sions in chevron halite from a modern setting contain unmistakable samples
TI1e sediments were taken from the inner portion of the bay as well as from
its outer fringes n.:ar the maiu shoreline. The •ampling was done during a
of evaporated seawater. Twenty-four nuid inclusions were analyted using the
ESEM-EOS technique The environmental scanning electron microscope
cycle of wet-dry-wet seasons in 1997-1998 to determine seasonal variations
(ESEM) with an attached X-ray energy-dispersive system (EOS) is capable
in the chemical characteristics of the sampling media. Appropriate sampling
of producing accurate major-element chemical analyses of individual fluid
methods aod handling were employed to reduce the risk of contamination.
inclusions in halite greater than -30 fl.Ill in size. The chemical analyses of
Proper protocols for storage and cbain of custody were also followed. Water
the major ions Na, Mg, K. Cl, and SO, show distinctive linear trends when
samples were analyzed using standard procedures fur water and wastewater
plotted against one another that closely tr:Jck the evaporation path of seawaanalysis. Octermmcd parameters were acidity. alkalinity, CO:!. Cl, NaCI. total
solids, Ca, Mg. Fe, turbidity, color units, pH, and S0 4• Sediment samplts
ter as it evolved during the erys!JIIIizatioo of halite. Fluid inclusions in halite
from Baja California contain uncontaminated evaporated seawater, despite
were analyzed for the majors: Si02 , A1 20 3, fe2 0 3• CaO, and MgO. Atomic
the fact that nonmarine innow and syndepositional recycling of previously
absorption spec!Tomc!Ty WliS used to determin~ Na. AI, Ca. Ti, Cr, Mn, Fe:,
deposited salts bnve occurred in tltis setting.
Co, Ni, Cu, Zn, Mo, Cd. Sn, and Pb in the water and sedimeot samples.
How do we know fluid inclusions in ancient halites contain evaporated
The terrane enclosing the bay area is underlain chiel1y by a Plioceneseawater? The best way to detect a seawater signal in ancient halite.s is to
Pleistocene eomlline limestone unit. However, this young limestone formaplot fluid-inclusion chemistries from several basins of about the same age.
tion nanks the older core of rocks in the island, which consists of Cretaceous
which we have done for deposits of Permian age (San Andres Formation.
to Tertiary volcanic and sedimentary sequences.
Salado salts, and Zechstein J halites) and Cretaceous age (Aptian of Congo
Results of chemical aoalysis showed that the inner sediments of the bay
Basin and tbe Sergipe Basin. coastal Brazil; Khorat Plateau. Thailand and
tend to have higher silica and alumina. and lower lime content, while thl·
Laos). For example. if Permian halites each have nuid-ioclusion chemistries
outer-bay sediments have lower silica and alumina and htgher lime content
that fall along a distinctive evaporation path, and if the paths for the three
Litbology of the terrane along the coast seems to be the major factor congeographically separated basins of about the same age overlap one another.
trolling tbe spatial distribution of the majors in the bottom sediments. The
the implication is that the parent water was "global" seawater of common
inner-bay sediments indicale a strong influence from clastic dispersion from
chemical composition. In addition. the effects of nonmarine inflow and
older terrigenous sources. The outer-bay sediments renee! sourcing from the
syndepositional recycling were not strong enough to greatly modify the
younger limestone formation. and also possibly from the limestone-filling
materials being used for reclamation of a portion of the bay. Sediments ncar
overlapping evaporation paths.
How can we back-calculate the cbemis!Ty of seawater from fluid incluthe ship-building industry showed a high concentration of Cu. Pb. Zn. Mn,
sions in halite that have undergone evaporative concentration'! Once an evapoPe, Mo. Ni, and Cr.
ration path is cs!Jiblished from fluid inclusions in geographically separate
Seawater samples showed Cu, Zo, Cd. Cr, Ni. and So concentrations
above acceptable levels. Chloride and sulfate tend to be higher in the inner
deposits of about the same age, the final step is to calculate the chemical
composition of the original seawater. This can he done with the Harviebay due to weaker water circulation imposed by developments in the area.
Moller-Weare [4] computer program, which can simulate evaporative conTotal solids. chloride. and sulfate in the seawater samples were geoerdlly low
centr:Jtion of parent seawaters that best lit the evaporation pathways of the
during the rainy season due to dilution by increased runoff and rainwater.
major clements defined by fluid-inclusion chemistries.
There is an increase in Ca in freshwater samples during the rainy season.
Our results show that Permian seawater was enriched in K (-50%) and
brought about mosllikcly by the increased interaction of the groundwater with
depleted in Mg (15-20%) and S04 relative to modem seawater. Cretaceous
the limestone. aquifer
seawater was probably substantially different from modem seawater because
the concentrJtion of Ca was greater than SO,. Assuming the Cl concentration to be the same as in modem seawater, Cretaceous seawater was enriched
ZINC AND COPPER ISOTOPES AS TRACERS OF METAL ORIGlN
in K nod Ca and depleted in Mg (-40%} und Nu. Our results for Permian
IN THE DISSOLVED AND PARTICULATE LOADS OF RAIN.
and Cre!Jiceous seawater generdlly match predictions of the major-element
J. M. Luck' . 0. Ben Ot!unant, F. Albarede2, and P. Tclou!.:Z, IUnilc' Mixt.:
chemica l composition of seawater [1] and strongly support the Hardie hyde Recherche. 5569 Hydroscieoces (cc 057), Universit~ Montpellier 2. 34095
pothesis that secular changes in seawater chemistry have occurred as a result
Montpell icr, France (jmluck@dstu.univ-mootp2.fr), ZG~ologie. Ecole Normale
of changes in the flux of mid-ocean ridge hydrothermal brim~s.
Superie ure de Lyon, 69364 Lyon. France.
References: [I] Hardie L. A. (1996) Geology, 24. 279-283. [2) Lowt:nsrein T. K. and Hardie L.A . ( 1985) Sedimemalugy, 32, 627-644. !3) ShearFor the ftrst time. Cu- and Zn-isotopic compositions (expressed as I)MCu
man 0. J . ( 1970) Trans. /nsr. Mineral. Metal/. 8., 79. 155-162. [4] Harvie
and li66zn) are r~poned for dissolved and particulate loads of rains, and also
C. E. et al. ( 1984) GCA. 48. 723-751.
for weak ncid leaches and HFfHN03 dissolution on the particulates and
aerosols from the northwestern Mediterranean. Both continental and marine
rains have been sampled. Additional data on regional natural and anthropic
ASSESSMENT OF HUMAN IMPACT ON A COASTAL EMBAY (rocks, fertilizers, chemica ls, urban efilueots. industrial cmiss10ns. and coal
MENT, CEBU, PIDLIPPINES: ANALYSIS OJ<' BAY WATER AND
ashes) end members are also presented (characterized in trace dements and
SEDIMENTS. A. R. Lucero Jr .. M. E. S. Lupo, and P. C . Momoogan,
Pb isotopes in [ 1)). Values that we obtained on loesses from Europe and Asia
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Fig. 1. Isotopic composition of Zn (expressed as S66zn vs. 64Zn, in per mil)
vs. inverse of concentration in rains and in various natural and anthropogenic
end members.

are used to constrain the Zn·isotopic signature of mean natural aerosol component.
As isotopic variations for transition metals have recently been reported
in ores, sediments etc. [2], our data are aimed to establish Cu and Zn as new
possible isotopic tracers in surface processes and to better understand the origins and proportions - natural and anthropic - of these metals in rains and
rivers.
A new chemical separation procedure was developed for separating metals
on anion-exchange and macroporous resins, and includes the procedure
developped by Marechal for Cu [2]. The whole procedure was checked for
possible isotopic effects. Isotopic compositions were measured on the VG
Plasma 54 at ENS Lyon. Combined precision and reproducibility is ±0.02o/oo.
Zinc data for II rains are presented in Fig. I. Zinc-isotopic data show
that (I) inland rain has generally heavier values (higher 1)66Zn) in the dissolved load than coastal rain; (2) on the whole, particulate loads show also
heavier (higher 1)66Zn) Zn-isotopic values than dissolved loads; (3) loess
samples have clustered values around 1)66zn = 0.3-0.4%c, similar to sediment
values reported elsewhere; and (4) HF-dissolved residues from particulates
show Zn values similar to loess.
The detailed investigation on a three-part sequential rain indicates that
the Zn (and Pb: see companion abstract by Ben Othman et al., this volume)
adsorbed on the surface of particulates exhibits lower S66zn-isotopic values
than those measured on the corresponding HF-dissolved residue. Coal ashes
samples are characterized by quite low values, presumably linked to biological fractionation. Although an end member with a low S66zn has yet to be
found, these observations open up the possibility of using Zn and Cu isotopes for better determining the proportions of natural vs. anthropic metals
in the atmosphere.
Rere.-ences: [I] Luck J. M. and Ben Othman D. (1998) Chem. Geol.,
150, 263-282. [2] Marechal C. et al . (1999) Chern. Geol., 156, 251 - 273.
HOW WELL CAN WE REALLY DO TIMESCALE GEOCHRONOLOGY WITH ZIRCON URANIUM-LEAD? K. R. Ludwig 1, R.
MundiJI, and P. R. Rennet , 'Berkeley Geochronology Center, 2455 Ridge
Road, Berkeley CA 94709, USA (kludwig@bgc.org; rmundil@bgc.org;
prenoe@gbc.org).
The U!Pb method has several impressive advantages over any other technique for timescale geochronology: it is the only method with really precisely
measured decay constants, a plethora of high-accuracy isotopic standards exist

for spike calibration, and the unique mathematical power of two coupled
decay schemes yields a delightful intellectual garden of methods for assessing (and, in favorable circumstances, correcting) open-system behavior.
Taking advantage of these and other circumstances, maoy laboratories can
now routinely determine the U-Pb age of typical single zircon crystals from
volcanics of Phanerozoic age to a precision of a few per mil. Further, the
highest-quality crystals can be preselected (using both normal and cathodoluminescence microscopy) to be as free as possible of obvious defects, high
U content, or older cores, thus minimizing the possibilities of both Pb loss
and inheritance. One might hope, therefore, that because of the absence of
evidence for thermal or hydrothermal events in most timescale sections, and
because of the easy detection (through internal U-Pb discordance) of mucholder inherited zircons, routine and reliable timescale zircon geochronology
at accuracies approaching a fraction of the single-crystal analytical precision
should be possible. Pooling of 206pbf238U ages (or, even better, "Concordia"
ages) rather than 207Pbf2C6Pb ages for this purpose is especially attractive,
because the former avoids the ~5-m.y. accuracy limitation (from decay-constant errors) of the latter, as well as reliance on the inherent but seldom
objectively justifiable assumption that any Pb Joss must have occurred only
very late in the zircon's history.
Unfortunately, there seem to be few cases (with adequate numbers of
replicate analyses) that permit such a straightforward approach. As examples,
we will show several instances of small (0.5-2%) but clearly resolvable
amounts of apparent-age dispersion in multiply-replicated analyses of carefully selected and prepared zircon crystals, involving tuffs ranging from
Cretaceous to late Precambrian age . In cases where both subtle Pb loss and
also slightly older xenocrysts coexist in a zircon population, and where geochem.icaVcrystallognphic criteria to distinguish xenocrysts are absent, it may
be impossible to objectively deconvolute the resulting age pattern - especially for Mesozoic or younger rocks, where internal concordance is maintained in spite of significant Pb loss. Even when slightly older xenocrysts are
identifiable (from morphological or geochemical criteria) or absent, so that
the oldest clump of Pb/U apparent ages must be the best approximation of
true age, it is possible that the best-estimate age remains biased by a small
but pervasive amount of Pb loss, perhaps averaged over the nontrivial volume of z.ircoo crystal.
The solution to this dilemma is not clear, although we argue that mathematical deconvolution of such datasets is not the answer. More extensive
evaluation of vigorous sample pretreatment, either for identification of imperfect crystals (lila Krogh's NaOH pretreatment; (!]) or removal of damaged zones (a Ia Krogh's or Mallinson's HF leaching [1,2]) seems to be one
of the few promising avenues.
Rererences: (IJ Krogh T. E. (1990) U.S. Geological Survey Circ.. 1107,
180. (2] McLelland W. C. and Maninson J. M. (1990) U.S. Geological Survey
Circ., I 107, 209.
HOW ALKALI BASALTS ASCENDING IN MELT CONDUITS CAN
AFFECT MELTING IN ADJACENT PERIDOTITE. C. C. Lundstrom,
Department of Geology, University of Illinois, 245 Natural History Building.
Urbana IL 61801 , USA.
lntroduction: Mantle melting is generally accepted to be a polybaric
process whereby melts arc generated over a range of depths followed by
aggregation prior to eruption. However, the extent to which magmas formed
at greater depths interact with mantle solids at shallower depths during ascent
is controversial. Melt transport beneath mid-ocean ridges has been proposed
to reflect chanoeli.zed flow through dunites [1), since incompatible element
contents of abyssal peridotites (2) require isolation from typical MORB
magmas. If melts are channeled into a melt conduit through the upper portions of a melting column, are there important interactions between melts
equilibrated deeper in the melting column now in the conduit and the adjacent peridotite?
Experimental: Piston-cylinder experiments examining the interaction
between basanite and peridotite were performed at I GPa in Mo/Pt-sealed
graphite capsules at 1200°-l300°C. The starting materials were a primitive
basanite (43% Si02) from the Canary Islands (representative of a melt in
equilibrium with peridotite at greater depths) and either a fertile spinel facies peridotite (KLB-1) or a harzburgite. Separate capsules of each material
were first synthesized at I GPa and the desired run temperature forming (I)

LPI Contribution No. 971

basalti<.: glass + olivmc :!: ..:px and (2) peridotite with inter.;titial melr Following synthesis, one basanik capsule: and one peridotite capsule were cuch
polished on au end, juxtaposed 1md pr.:ssumed with the basanite on top of
the peridotite, and ramped quickly (500"CJmin) to run temper.nure. Experiments at 1250°C nnd 1300°C usmg KLB-1 were held at nm temperature for
10 rrun lxforc: rapid quenching. Experiments ar 12oo•c (K.LB-1) and 1300°1.
(hanburgite) were held at temperature for 30 min.
Results: In all experiment.s, Na 20 diffuses from the basanite into tho:
melt with1n the peridotite forming a pronoum:ed pCJk in conccntratwn
-200 fJITI from the interface. In the 1250" and uoo•c experiments, Na 20
mpidly infiltrates the peridotite due to the large melt porosities in the original KLB-1 starting materiel (5 and 10% melt respectively) lxing higher than
its anginal conc.:ntration for >I mm from the interface. In the ha.rzhurgite
and I.ZOO•c KLB-1 experiments (with <I% melt originally present). a high
concentration Na20 peak is found close to the interface, but the lack of melt
farther from lh.e interface precluded assessing the extent of Na10 infiltration.
SiO~ shows a peak in concentration exactly coinciding with the Na20 peak
in aU experiments reaclling values as high as 58%; however, this !Ugh cQn·
centratJoo is not explicable by diffusion. Mineral modes change with distance
to the basanite-lherzolite interface In the 1300"C eKperimcnt, the orthopyroxene mode decreases from I8% in the starting matenal down to -6%
near the interface. The melt mode correspondingly inneast·s from 8 to 22%
as the interface is approached. Based on Ti0 2 contents. this cannot reflect
the basanite melt infiltrating the peridotite; instead, increased melt reflects
the effect of Na2 0 addition alone by diffusion on the peridollfe phase relations. Spinel and clinopyroxene compositions also systematically changed
with distance to the interface.
To gain further insight into this interJction process. basarute-tholeiite melt
diffusion couples were executed at 1450°C in order to quantify elemcnt.1l
diffusion rates. Mllst clements have binary diffusion profiles with D (diffusion coefficient) -1 x Io-ocm!fs. Notably. Na diffus1on is strongly coupled
to gradients in SiOz wilh. oN. -5 X JO-Scm2fs. K has DK -5 X J()-ot;m2/s and
Li (ion probe) has Du -2 x IO-Scm2/s.
Discussion: The rapid diffusion of alkalis intO the peridotite is cons•stent wilh. the strong prefereo~e of alkali cations for more polymerized. ttigher
silica melts [3]. The effect of addition of alkalis to melts in equilibrium with
peridotite is 10 increase Si02 contents [4]. Therefore, diffusive infiltration of
Na 20 favors the production of high silica melts through the preferential
melting of orthopyroxene and will occur any time higher-pressure melts pass
through shallow peridotite that contains melt. 111e diffusive mfiltratioo process documtnted by these e;~,periments could play a critical role in altering
how spinel lhenolite melts relative to that expected based on peridmite
melting experiments. Namely. this process could provide an explanation for
me !Ugh olivioc/orthopyrollene mode ratios observed in abyssal peridotites
[5). Using the diffusion coefficiem obtained above. melting in peridotite as
far as 230 m from a dunite melt conduit might be affected by this process.
In addition. this process may provide a means for producing lh.e high-alkali,
high-Si0 2 glasses found ubiquii.Ciusly in mantle xenoliths.
References: [I] Kelemen P. et al. (t997) Phil. Tran,, Royal Soc., 355,
283-318. [2} Jobnsoo K. T. M . et al. ( 1990) JGR, 95, 2661-1678. [3] Watson
E. B. (1982) Contrib. Minaal. Pt'trol.. 80. 73-87. [4) Hir.;chmann M. M.
et al. (1998) GCA, 62, 883-902. (5] Y. Niu et al. (1997) EPSL. 152. 251265.
ELECTROCHEMISTRY AND STRUCTURE OF YTfRlA-STABI·
LIZED ZIRCONIA MEMBRANES FOR POTENTIOMETRIC
MEASUREMENTS IN HYDROTHERMAL SYSTEMS. S. N. Lvov1.2,
G. C. Ulmer', X. Y. Zhou2, S. M Ulyanovz, L. G. Benoingl, D. E.
Grandstaff4. M. Manoa•, E. Vicenl;i5, and H. L. Bamcsl, 1Dcpartmcnt of
Energy and Gee-Environmental Engineering, Pennsylvania Stllte Univer.;ity,
University Park PA 16802, USA, 2The Energy Institute, Pennsylvania State
University, University Park PA 16802. USA. lDcpartment of Geosciences,
Pennsylvania State Univmity. Univers1ty Park PA 16802. USA. 'Dcpartrru:nt
of Geology. Temple University. Philadelphia PA 19122. liSA. SPrinceton
Materials Institute. Princeton University. Princeton NJ 08540. USA.
The electrochemical and stru,tural properties of yttria-stabilized zirconia
IYSZl membranes were investigated for use in high-temperature potentiomet·
ric aod pH measurements. These membranes were incorporated into a new
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elcctro.:hcmical cell designed antl constructed for use with di fferent el~ctro
chemi.:al prohcs up to -450°C
Cornmerdal b02 membranes were employed having 8 mol% Y20 3 (solidsolullon-stabihzing the cubic phasd and an impedance of <10 12 Q in the
temperature range of study A new flow-through YSZ pH sensor design has
been developed and tested nl tempero~hnes >300°C. The potentiorrn:tric response of the flow-through YSZ pH sensor was found to be 1dentJcal to that
of a flow-through H (Pt) electrode also developed in this research Both prolxs
arc beiug evaluated as acc:uro~te direct-reading ttig)Hemperdture pH sensors
Analyses of the available commerc1al YSZ membranes revealed that the
cells are hom texl\Jrally and compositionally less than ideaL The cells contain -5 vol% of Ca-AI-Silicatc glass ( 1.5 <SitAI< 1.6, 1.27 < AVCa < 1.40.
and I 78 < Si!Ca < I .85. molar ratios). Texturdlly, nearly all of the grain
lx1undaties intersect at dihedral angles aud are dewrated with this glass phase.
In the preseDI usc of lh.e YSZ. me data obtained suggest that me impedance
contribution of this glass is not seriously mterfering wilh. measurement of pH.
However, this glass reduces the long-term (102-l().l h) chemical durability
of tbe cdl, resulting in premature disaggregation of the cells in acidic solu·
uons (as dilute as 0.001 mol l<g-t HCI), even at moderate temperatures
(200°C). ln spite of the lack of durability of the commercial membranes in
our new electrode systems, we found the rate of pH response to be fas t,
apparently limited by tht· rate of mixing of solutions pumped into lhe cell.
A resolution of -±5 mV was measured with a corresponding uncenainty of
:!:0.05 pH unit
Other commercially fabricated YSZ membranes have also been investigated Almost nil contain grain-boundary phases that have been accidentally
or purposely added to the YSZ. Identified phases included glass, diopside,
and wollastonite Impedance spectroscCJpy reveals that these grain-boundary
phases may change the bulk impedance by orders of magnitude. In some cells.
yttria is not homog~neously distributed. leading to incomplete stabili2ation
of the cubic phase, and abrupt bulk 1mpedancc variallons with changes in
temperature. Such changes affect Nemstian response. Some minor impurities, such as Ti02, are desirable because they increase tbelllUII shock resistance, whereas olh.ers, like Hf02, are undesirablt: because they increase
susceptibility to neutron actJvation of sensors to be used in nuclear reactor
environments.
Acknowlt.>dgmeots: Under this collaborative re~earch, sponsored by
NSF (EAR 9725191 and EAR 9727118). we are therefore fabricating highpurity isostallcally hot-pressed YSZ membranes for further evaluation

SULFUR GEOCHEMISTRY OF THE MESO PROTEROZOIC BYLOT
St;PERGROUP, NORTHERN BAFFIN AND DYLOT ISLANDS,
CANADA: LOCAL AND GLOBAL IMPLICATIONS. T. W Lyons and
L. C. Kah. Department of Geological Sciences, University of Missouri.
Columbia MO 6521 I. USA (lyonst@rnissouri.edu).

The Bylot supergroup is 11 thick succession (-6000 m) of nearly undcfurmt:d silidclastic and carbonate rocks, along with minor evaporite and
volcanic lilh.ologies. exposed witllin fault-bounded basins of northernmost
Baffin and Bytot islands. Paleomagnetic and biostratigraphic constraints
suggest lh.at deposition of the llylot supergroup occurred between -1270 and
1000 Mn, wttich is supported by a recent Pb-Pb age of 1204 :t: 12 Ma for
carbonates of tht• Society Cliffs and Victor Bay Formations within me By lot
supergroup. From a geochemical standpoint. this represents a critical episode
in lh.e development/evolution of the Ol\ygenated ocean-atmosphere system but
is an interval for which very little elemental and isotopic data are available.
In order to test and constrain the general hypothesis nf increased biospheric oxidauon in the Mcsoproteroz:ic. we have undenalcen n detailed
characterization of the S geochemistry of the Bylot supergroup within the
context of a hroader geochemical study. The focus is threefold: (I) iron
sulfide and complementary trace-element data for centimeter-scale black
shaley intercalation~ within the carbonate/evaporite sequence. as well as from
over· and underlying red and black shales; (2) carbonate-associated trace
sulf~t~ [CAS] thought to be incorpomtcd within the lattice of calcite and
dolornite; and (3) the geochemistry of beddecl gypsum. Regarding the latter.
highly evaporallve scctious on Bylot Island contain well-preserved bedded
gypsum (10-15% of the lowermost 300m: beds up to 2m in thickness)
interbedded wHh carbonate and black shaley lithologies
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Anal ysis of 33 gypsum samples from the Society Cliffs Formation has
revealed a striking monotonic up-section increase io 1)3'S valu es from 24 to
32%.,, which spans - 300 m and likely records seawater compositions v:ui ably influenced by local reservoir conditions. Elemental data from the bedd~d sulfates. as well as compositional data from interbedded shaley and
carbonate unitS. are helping to constrain the local environmental factors that
may have influenced the preserved geochemical records. In particular. traceelement relationships and Sr-isotopic data speak to the records of local reservoir effects (e.g.. variations in the quantity and character of local fluvi al
inputs) vs. shon-rerm variation in the global S-isotopic composition of seawater sulfate. The latter will assist in strengthening our understanding of the
secuhu S-isoropic trend for Mesopror.erozoic senwarer and thus, when viewed
ln light of complementary C-isotopic results, help constrain the balance in
fluxes between reservoirs of reduced and oxidized S and associated effectS
on levels of atmospheric 0.
Carbonate-associated trace sulfate as a constraior on tl1c amount and isotopic composition of sulfate in the ocean is receiving wide attention within
the geochemical communi ty. Un like gypsum depositS, the carbonate rocks
that yield these data abound in the Precambrian record. and because the deposition of the carbonate rocks reflects marine cooditioos le:;s re:;l!ictcd than
those of the gypsum deposition. they can provide a less ambiguous record
of marine sulfate if sufficiently deficient in organic matter. Organic matter
has the potential to drive microbial sulfate reduction within the pore waters
that could mask the primary signal of the overlying water. TI1e sedimentological uoiqucness of the undeformed Mesoprorerozoic interbedded carbonate-evaporite su•:cession of the By lot supergroup provides a rigorous rest for
the generation nod interpretation of combined gypsum/CAS analyses using
bulk sample analysis, particularly given the large and systematic str.Jtigraphic
variation within the gypsum l\HS record Finally, the presence of iron suJfidcs within the black shales provides a mechanism for evaluating the oct
isotopic fractionation between sulfides and essentially coev<tl sulfate. Temporal trends in the magnintde of this fractionation have been linked to shifts
itJ the redox stole of the ocean-atmosphere sys rero and corresponding responses io the Prccambriun microbial ecosystem [1,2].
References : [1] Canfield D . E. and Teske A. (1996) Nawre, 3112, 127132. (2) Canfield D . Ei. (19'J8) Nature, 396, 450-453
M INERALOGY AND GEOCHEMISTRY OF THE LATERITIC
PROFILES IN SOUTH JIANGXI, CHINA : IMPLICATIONS FOR
SOURCE-AREA WEATHERING AND PROVENANCE. Y. J. Ma and
C. Q. Liu, Institute of Geocttcmistry. Chinese Academy of Sciences, Guiyang
550002, China (yjma@ms.gyig.ac.cn).

Introduction: The mineralogical and trace-element compositions of
fine-grained detri tal sediments arc widely used to trace provenance, the
evolution of the crust. paleoclimates. and tectonic activity [ 1-3]. but there
arc few detailed studies documenting the effects of chemical weathering on
the compositions of sediments [4]. Lateritic profiles are widespread in southem China, wberc an idenl chance is provided to test the premise tl1at the characteristics of a provenance area can he inferred from a study of silicielilstic
sediments. This study is to investigate the mineralogical, major-element, and
trace-clement changes in the lateritic profiles, and evaluate the effects of
chemical weathering and l'rosion on the compositions of siliciclastic sediments.
Results and Discussion: The lateritic profiles studied arc developed
respectively on granite and acid volcanic rocks in South Jinogxi. China. which
have different maturity controlled by the balance between erosion and chemical weathering. With the increase of chemical weathering intensity, quartz
content increases, plagioclase is rapidly convened to llalloysilc and kaolinite. and biotite is rapidly altered ro clay minerals. K-feldsp!li:plagioclasc ratios
increase and the residual plagioclase becomes more albitic than U1at in the
parent rocks. Generally speaking. the intensity of chemical wcaU1eriog plays
an important role in determining the mineralogy of the we.atheriog profile:;,
and continued chemical weathering, erosion. and hydraulic sorting would
prohably resu lt in the separdtiOn of aluminous clay mineral-rich mud~ from
sands with abundant quartz. feldspar. and higher K-feld~par:plagioclaso r.Jrios than those of the parent rocks. So the mineralogy of sediment< more
closely reflects those of weathering profiles than bedrocks from which they
arc derived.

In these lateritic profiles. Fe(TlfT'i. Alffi, ZrfT'i, and TI11Ti ratios almost
stay constant regardless of the wea thering intensi ty. implying the homogeneity of parent rocks and immobili ty of these elements. With rhc increase of
chemical- weathering intensity, :~lka lis and alkaline earths (e.g., Na, K. Rb,
Cs. Ca. Sr. Ba) are rapidly leached away. resulting in the rapid decrease of
elementffi r~!los from the bouom to top of the profiles. Transition meralffi
ratios (e.g., Sc/Ti. ZnfT'i, VITi, CofT'i, and NifT'i) aod high fie ld strength
elemen.t ffi rarios (e.g.. HffT'i, Nb/Ti, Tatrl) display minimal changes reJa.
tive to t11ose of parent rocks. suggesting similar behaviors of these clcmeniS
to Ti.
In hlgh weathered matu.re profiles subjected tO minimal erosion. LREEis
are e.xtremely enriched in the intennediar.e zon~;s of the profiles. which implies
that LREEs are leached from the rop zooes of profiles and traosponed by soil
solution to the intermediate zones 10 deposit. However, Eiu and HREEis are
depleted in tl1e top zones and their clemcnt!Ti ratios gradua lly decrease from
the bottom to rap of U1c profiles. indicating that HREEs are more mobile than
LREEs during chemical-weathering. LREE/HREE ratios obviously increase
with the increase of chemical weathering intensity. Chondritc-norrnalized REE
patterns of weathering samples arc similar to parent rock, but with the increase of chemical weathering intensity, LREEs become more enriched and
the negative Ce anomaly (i n hcdrocks) gradually turns into a positive one (in
top soil zones). On the con trary. in immature profiles subjected to rapid
erosion. tl1e uppermost REE-leachcd zones are eroded away and the element
accumulation zones are exposed in the top of the profiles. From the bottom
to top of the protiles, REEfl'i rarios and Ce/Ce* increase, while LREEIHREE
decreases.
It is obvious that clcmeot distribution trends in weathering profiles are
controlled by the change of rclutive rates of chemical weathering and erosion, and the trace-clement characteristics of derived siliciclastic sediments
vary depending on the weathering zones eroded. When the REE-deplctcd
zones of high weathered profiles are eroded, the REE contents in sedimen lS
will be less than that in source rocks and REE patterns will also have some
difference. When the immature weathering zones, e)(tremely enriched in
REEs, are eroded , RBEs in derived sediments should be more abundant than
in source rock. Tectonism and climate generally dcrermine the relati ve mtes
of erosion and chemical weathering [1,2].
With the exception of 11J1Sc, Sm!Nd, Zr/Hf, and Nbfl'a, none of the traceelement ratios cao be transferred with min imal changes from bedrock ro
weathering profiles and then to sediments. So caution needs to be exercised
when using trace-clement ratios in line-grained detrital sediments to tracesediment provenance.
References: [l ] TaylorS. R. and McLennan S. M. ( 1985) Tlte Colliirrental Crust: /Is Composition and Evolt1tion, Blackwell. 121 McLennan S. M.
and TaylorS. R. (1991) J. Geol., 99. 1-21 . [3] Condie K. C. ( 1993) Chern.
Geol.. 104. 1-.37. [41 Nesbitt H. W. et al. (1996) J. Geol . 104. 525-542.
SEASONAL MIGRATION OF REDOX BOUNDARY AND lTS INFLUENCE ON WATER QUALITY IN LAKE LUGU, YUNNAN,
CHINA. Y. J. Ma aod C. Q. Liu, TI1e State Key Labor.1tory of Eovironment.al Geochemistry. Institute of Ge.ochemistry, Chi nese Academy of Sciences, Guiyang 550002, China (yjma@ms.gyig.ac.cn).

Introduction: Lake sedimcnlS are a m;ljor repository for heavy meta ls,
both of anthropogenic and natural origin, However, these metal pollutants can
be released to the overlying warer column from the sediments when environmental conditions (e.g.. redol\ regime, degradation of organic maner. pH, and
bioturbation) change [1,2]. Studies indicate that to a large extent the early
diagenetic behavior of hea vy metals depends on the redox conditions in the
sediments [1-4]. The redox cycling of Fe and Mn is a major geochemical
process ncar the sediment-water interface of the lake [ 1.2). 111e aim of this
investigation is to study the seasonal migration of the redox boundary and
quantify the diffusive fluxes of heavy metals at U1e sediment-water interface,
meanwhile estimating the influence of beavy-metal diffusion on the overlying water quality io Lake Lugu, Yunnan, China.
Methods: From Novemher 1991 to July 1994, the water columns and
sediment cores wero collected in the shallow and deep part of Lake Lugu.
where rbe Mosuo nationality lives in an isolated matriarchal community and
there is li ttle anthropogenic impact on the lake environment. Sediment cores
were cut into 0.5-1-cm-thick secti ons and pore water was obtained by ;, situ
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ceutrifugalion. All waler samples were fillered lhrough :1 0.45-flm cellulose
acetalc membrJnc and analyLed for Fe. Mu. Cu. Ni. Cr. Co. Cd. and Pb by
GFAAS. 111c lcmperaiUn:. pH. and dissolved 0 (IJO) were measured in lilll.
Ni1ra1e and sulfate were analyzed by ionic chromatography.
Resull~ and Dislu..--sion: In winter, DO, N0 3-. all(! SOl concentralions
are conslanl aloug lhe lake water colum n re~pectively :t.l 5 20, 1.10, and
0.76 mg/L. butlhese oxidizers rapidly dc~rcase al lhe interface and are completely consumed wilhin the upper 5 mm of sediments. In summer. DO and
N03- concentrations arc close to 0 both al the interface and in the pore water,
•mplying that the redox conditions become ano)(ic.
With the seasonal change of redox regime, the concentration profiles of
ilissolved heavy metals also show typica l seasonal variations. Jn the pore water
of !he topmosl sedimeor layer, the heavy-melal concentrations are mostly
higher than in the bottom water. and always reach a maximum within 10 em
deptb of the sediments, implying that release of heavy metals is likely to occur.
The positions of ht:avy metal-peaks in the porcwater profiles are always higher
in summer than in winter. and tbe form of peaks usually becomes sharper
in summer. The heavy-metal concentrations in the bottom water are also
rughcr in summer than in winter.
The Mo and Fe dat;t, in conjunction with pH. DO, NO). and SOi-. were
used to establish the redox zonation in this lake. In winter. the O)(ic-aooxic
boundary coincides with the sediment-water interface. under which Mn shows
a broad peak in the Mn reduction ?.One. heavy metals are significantly enriched in the topmost sediments. and liuh: diffusion out of the sediments
occurs. However, in summer, the oxic-anoxic boundary moves upward into
the bottom water, tmd the heavy metals in the topmost sediments are significantly released into overlying wat~r. leading to the ncar-surface depletion of
heavy metals in aouxic sediments. lu fact. the releasing rates and paucms of
different metals are different due to the formation of mclal sulfides 11-4).
If the heavy me1al distributions in the sediments are assumed to be
controlled by a one-dimensional vertical transpon process, the diffusive f)U)(es
of heavy metals across tbc sediment-water interface (Jdirr) can be calculated
according to Pick's first Jaw . Meanwhile, we quantified the influence of
heavy-metal diffusion on the Jakewatcr quality. The results show that t.he
diffusive fluxes of heavy metals are significantly higher in summer tban in
winter, at deeper stations (more anoxic) tban nt sha llower ones. The diffu~ion ut the interface significantly affects the concentrations of heavy metals
in overlying water. and can even lead to a 35x increase of Mn concent:ralion
in the oonom water. Generally, the diffusion across the sediment-water interface is an important process to coniTol the water quality of lakes. especially of those with )t:SS water depth, longer residence time of water and lower
heavy-metal concentrations in water
Rerereoces: [I) Davison W. (19!13) Eanh Sci. R~v., 34, 119-163.
(:!)Chen Z. et nl. (1996) Chint!se Sri. Bull., 41 , 1359-1363 [3) Sh;Jw T . J.
ct al . (1990) GCA, 54. 1233- 12.46. [4]l.app 6 and Dalz.cr W. ()993) GC'A,
u. 4639-4652.
VARlABJLITY OF MERCURY AND PHOSPHORUS IN EVER·
G LADES PEAT CORES: IMPLICATIONS FOR MERCURY MO·
BILITY. A . W. Macfarlaoe 1 and C. Arfsrrom 2, 1Departlllem of Geology.
Florida International University, Miami FL 33 I 99, USA (macfnrla@fiu.cdu).
2CH2M Hill, Tampa FL. USA.
The Everglades are presently used only for recreation. flood control. and
waler supply. witl1 intensive sugar farming in their northern reaches. When
up to 3 ppm Hg were discovered in Everglades fish io the late 1980s (I].
the high Hg levels were initially surprising. Subsequent research hils sought
to identify the source of the anomalous Hg and the mechanism by which it
is incorporated into animal life. Proposed Hg sources include agricu ltural
runoff, contamination from industrial plants and incinerators. aod enhanced
methylation of resident soil Hg.
Analyses of Hg in peat cores in particular have been used to estimate the
rates of Hg accumulation in Everglades soils through time, assuming that the
Hg remains immobile in the peat after deposition . S tu dies hased on t.his
methodology have concluded thai Hg deposition in Everglades peat since
1985 (23-141 IJg/mayr) has been -5x as rapid as at the tum of the ceniUiy
12J; however. recent direct measurements of atmospheric Hg deposiliOn (1928 J.lg/m~*yr) [3J do oot support the elevated rates proposed from studies of
peat cores. We !lOalyzed Hg and P in surface and core samples to look for
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areal pancrns that could indicate contaminat.Jon from l<x:;tl Hg sources such
as canals or •ncuJeraltlrs, to evaluate possible correlations belwecu sml P and
Hg. and to examine soil Hg and P vmations w1th dcptl1. Southern WCA-JA
is centrally loc.al..:d and probably represents averJgc condihoos m the Everglades Trough
Mercury conteats of 64 surface samples collected ou a !-mile grid over
a 500-Janl area average 28.7 ngtcc (2()<) ppb dry sediment). which is typtcal
of organic -rich soils. High Hg contcnL~ in Everglades ftsh are therefore not
simply caused by anomalous soil Hg. Phosphorus contents of surface samples
(350-850 ppm dry s~dimeot) are typical of previous data from the interior
regions of WCAs away from canals bearing agricultural wastewater. Mercury
and P cont~nts do not show systematic gradients from nonh to south or with
distance from canals. Spatially homogenous sources are suggested for both
elements. ratbt:r than point sources such as local dumps or incinerators or
overflow from the canals. The most likely such source is dispersed atmospheric deposition
Orcs from ninr sites contain more Hg and P at or ncar the surface lhlln
at 20-30 em depth. Maximum Hg nod P cooceutrations in several cores lie
4 8 em below the surface. Mercury and P contents of individual cores
correlate well and define statistically separute background and anomalous
populations. The Everglades arc naturally nutrient -poor. and subsurface P
distributions are probably d~tmnined by tbe uptake of P by sawgrass and
other plants. nu: correlation between P and Hg suggests that Hg may also
be remobilized during uptake by plants, causing both clements to become
cono.:entratcd near lbe surface in the zone of accumulation and decay of the
plant matter. Although atmospheric Hg deposition has undoubtedly increased
in recent decades, rcmobilizatiou ot Hg by plants would acccniUate the nearsurface Hg enrichmcol seen in the cores. and violale the assumption of
immobility of Hg in peat used in earlier siUdies. Mercury deposition rates
estimated from peal cores therefore may have been large overestimates.
A simple model is presented to evaluat.e tht! assumption of Hg immobility in peat. using dnlll from our cores and assuming homogenous deposition
of Hg from the aunospbcre. The model indicates that Hg cannol have been
immobile in the peat after deposition unless surface deposition was very
heterogenous.
References: [I) Waie F. ct al.. Pror. Am. Conf SEAFWA, 44, 5- 12.
[2) Rood B E. ct al .. Water, Air and Soil Pull .• 80, 981-990. (3] Guewcl
J. L. et a! .. Water, Air and Soil Poll., 80, 393-402.
SEASONAL CHANGES IN LAKE MICHlGAN SEDIMENT M1CR0.81AL ACnVITY: A MODEL FOR "TOP-DOWN" CONTROL OF
CARBON CONVERSION. B. J. MacGregor•, M. Maurer•, B. Baker! ,
D P. Moserl.l, K. H. NcalsonH, and D . A. Stahl•. 'Civil Engineering Depart·
mcot, Northwestern University, 21~5 Sheridan Road, Evanston IL 60208,
USA (bmacgrcg@anton.civil.owu.tdu), 2Great Lakes Water Research
Institute, University of Wisconsin-Milwaukee, 600 E. Greenfield Avenue,
Milwaukee WI 53204, USA. 3Depanment of Geosciences. Princeton University. Prmcelon NJ 08544, USA. ~Mail Stop 183-501. Jet Propulsion
Laboratory. California Institute of Technology. 4800 Oak Grove Drive.
Pasadena CA 91109, USA.
We have been using molecular biological methods to study the distribution of microbial populations in offshore Lake Michigan sediments, in rcla·
tion ro electron acceptor availability (I]. Our sludy site (fo)( Pomt) is at
-100-m depth, with year-round watt!r temperatures of 1 ·-~·c. The sediments
are fine si lt, deposited al -0.25 em yr-t, and are considered mcsotrophic to
oligotrophic.
Sedjment was collt!cted with 11 30-cm2 box core. Three-inch-diameter
subcore.s wen~ then squeezed to extract porewater for cht:mical dctcnninations
or sectioned at 0.5-cm in~Crvals under 3 N atmosphere for nucleic acid (RNA
and DNA) extractions. Extracted RNA was hybridized to nylon membranes
and probed with radiolabeled oligonucleotides comph:mentary to small-sub·
unit ribosomal RNA (SSU rRNA). Ribosomes are intracellular protein-RNA
comple}(es responsible for the translation of messenger RNi\ into protein.
Because their production is growth-rate regulated, SSU rRNA levels arc a
sensitive indicator of metabolic :!Ciivity.
Sediment cores collected over a one-year penod (fig. I J bad relatively
constant 0. sulfate. and dissolved f'e and Mn profiles, wrule nitrJte concen t.rntions and SSU rRNA concentrations changed seasonally. Surficial April
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of Earth Sciences, Cardiff University, P.O. Dox 914, CardiffCFI 3YE, Wales,
UK (macleod@cardiff.ac.uk).
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Fig. 1. Small-subunit rRNA recovery and chemical profiles.
sediments had the highest near-surface nitrate concentration ( -200 vs.
<50 pm) and the lowest SSU rRNA concentration (<100 vs. 400- 1800 ngj
g sediment). We hypothesize that a subpopulation of autotrophic nitrifying
bacteria may be active in the spring before nitrate-utilizing heterotrophs,
allowing for nitrate buildup. Preliminary SSU rONA sequence data suggest
that nitrifiers related to Nitrosomonas spp. are active in Fox Point sediments.
We further suggest that eukaryotic grazers such as Mysis relicta and
Pontoporeia hoyi, abundant in profunda! Lake Michigan, may drive this
seasonal pattern. Easily degraded C from the spring diatom bloom may be
rapidly utilized by grazers, which excrete ammonia that is converted to ammonia by nitrifying bacteria, while heterotroph activity increases only as more
recalcitrant C compounds are hydrolyzed.
To test the feasability of this hypothesis, we have designed a model that
describes the behavior of the sediment with respect to the flow of electron
acceptors and donors. It assumes that within the sediment, molecular diffusion is responsible for the transport of soluble species, and that they are
converted by biologically mediated processes only. The dynamic character
of the model allows us to simulate temporally variable seston deposition.
The following processes are used to describe the observed concentration
profiles: (I) Aerobic conversion of fresh seston by higher organisms into
detritus; (2) hydrolysis of detritus by extracellular enzymes into soluble,
microbially accessible compounds; (3) aerobic and anoxic growth of heterotrophic organisms; (4) nitrification; (5) anaerobic production of reduced
species (sulfide and methane) in deeper regions of the sediment; and (6)
aerobic conversion of reduced species.
A sensitivity analysis shows that the amount of C removed by eukaryotic
grazers (as C02 or biomass) and the rate of aerobic and anaerobic hydrolysis
have the biggest influence on the concentration profiles. Nitrification rates,
half-saturation coefficients for electron acceptors. and mechanical miJting by
the grazers play only a minor role.
The model is able to explain quantitatively the measured concentration
profiles for the different seasons. The results indicate that higher organisms
play a significant role in the dynamics of C conversion and that they have
a significant influence on microbial activity in the sediment. As a first test
of this model, we propose using oligonucleotide probes to follow the seasonal
activity of nitrifying and total bacteria in relation to the rate of spring bloom
C and N deposition.
References: (I) MacGregor B . I. et al. (1997) Appl. and Environ.
Microbiol., 63, 1178-1181.
MAGMA TRANSPORT AND STORAGE IN THE MELT LENS AND
UNDERLYING CRYSTAL MUSH AT FAST-SPREADING RIDGES:
CONSTRAINTS FROM THE OMAN OPHIOLITE. C. J. MacLeod', G.
Yaouancq 1, R. M. Thomas 1, L.A. Coogan1, and M. J. O'Hara1, •Department

Introduction: From seismic evidence we know that a small body of
magma is present at mid-crustal levels beneath most fast-spreading ridges.
and that this small sill or melt lens overlies a much broader area of hot but
largely solid material (a "crystal mush") that constitutes the lower ocean crust.
Beyond this, however, we have little direct knowledge of the the physical and
chemical processes that operate in and below the melt lens, nor of the
mechanisms by which magma is transported through the lower crust to the
melt lens and thence the surface. We here attempt to constrain the mechanisms of magma transport and residence in the middle crust by carrying out
a structural and geochemical study through the crustal section of the Oman
ophiolite, concentrating on the upper plutonic sequence and transition into
sheeted dikes.
Architecture of the Lower Crust in the Oman Ophiolite: The lower
two-thirds of the Oman plutonic section is composed of modally layered
gabbros, intruded in some places by later wehrlite bodies. The layering in the
gabbros is parallel to the petrological Moho. Penetrative 1-s shape fabrics,
with foliations parallel to the layering and consistent lineation directions.
indicate that the gabbroic lower crust has been transposed by simple shear
magmatic flow. In the upper third of the lower crustal section, compositional
variation in the gabbros dies away, and the magmatic foliation becomes steep
and lineation subvertical. Texturally, these foliated gabbros are less well
equilibrated than the layered gabbros, suggesting faster cooling rates. Plagioclase crystals exhibit pronounced zoning, in constrast to the layered gabbros,
in which plagioclase is rarely, if ever, zoned. The foliated gabbros pass up
into a very heterogeneous "varitextured" gabbro horizon typically 100-150-m
thick. Foliated gabbros, with steep magmatic fabrics parallel to those beneath,
pass laterally and vertically over a few meters into isotropic gabbros with
variable grain size and abundant oxide-rich pegrnatitic segregations. Silicarich "plagiogranite" segregations are common in some sections but absent in
many others. Grain size within the isotropic gabbros decreases toward the top
of the varitextured gabbro horizon and the proportion of pegmatite diminishes. Asymmetric dolcritic chills are observed and can be traced upward into
a sheeted dike complex.
Geochemistry of the Lower Crustal Sec:tion: Whole-rock analyses of
both the layered and foliated gabbros show very high Mg#s (typically 8085}, very low abundances of incompatible elements, and positive Bu anomalies, consistent with their intepretation as "cumulates," i.e., crystal residues
left after the partial erystallizatioo of a magma and subsequent removal of
the remaining liquid. Simple geochemical modeling indicates that the proportion of trapped interstitial liquid or "residual melt porosity" is uniformly
very low. and that the mineral phases crystallized from liquids that span the
range of compositions of the overlying sheeted dikes and lavas. No systematic variation with stratigraphic height is observed through the layered and
foliated gabbros; instead, almost the entire range of variability is observed
at any one stratigraphic level.
The varitextured gabbros, in marked contrast, are very heterogeneous in
composition. The foliated gabbro remnants are identical in composition to
the layered and foliated gabbros below, but the isotropic gabbros (Mg#s of
53-78) are either of basaltic composition or represent mixtures of this basaltic liquid and a variable proportion of cumulus crystals. The oxide-bearing
pegrnatites are ferrobasaltic, containing up to 16 wt% Fez03•oc and 4.5 wt%
Ti02 . The calculated bulk composition of this horiwn is basaltic, with an
Mg# of 60 and Ti02 of 1.5 wt%.
Interpretation: We interpret the varitextured gabbro horizon as a fossilized melt Ieos, filled with pooled liquids of basaltic composition evicted
from the crystal mush pile below. The ferrogabbro pegmatites represent latestage fractionates of this liquid that formed in situ at the cooler edges of the
melt lens.
We can place some constraints on the scale and nature of melt transport
in the submelt lens crystal mush. Field relationships preclude the steep fabrics in these rocks, having formed by "gabbro glacier" subsidence of originally horizontal layers [e.g., 1]; instead, we suggest the fabrics record the
ascent of crystallizing magma batches, frozen in the transport direction at the
transition from suspension to grain-supported flow. It has been suggested [2)
that the layered gabbros are a sill complex and, on the basis of cryptic
variations in mineral compositions, that melt is extracted from the lower crust
through melt-filled cracks rather than by diffuse porous flow. Noting the
prominent mineral zoning in the foliated gabbros and absence in the layered
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gabbros, we suggest that porous flow may, however, be an important melt
transport mechanism in the immediate submelt lens region, and/or that the
crystal mush directly below the melt lens is typified, at least episodically, by
much greater proportions of melt. The low residual melt porosity preserved
in the Oman-foliated gabbros implies that final removal of the interstitial melt
upward into the melt lens was extremely efficient.
References: [I) Quick J. Denlinger R. (1993) JGR, 98, 14015- 14027.
[2] Korenaga J. and Kelemen P. (1997) JGR, 102, 27729-27749.
TIMING OF MAMMAL-LIKE REPTILE EXTINCTIONS AND THE
USE OF CARBON ISOTOPES IN TilE STUDY OF TilE PERMIAN/
TRIASSIC BOUNDARY. K. G. MacLeod1, P. L. Koch2, R. H. M. SmithJ,
M. J. de Wit4, and N. A. RakotosolofoS, 1Department of Geological Sciences:
University of Missouri, Columbia MO 65211. USA (macleodk@missouri.
edu), 2Earth Sciences Department, University of California, Santa Cruz CA
95064, USA, 3South African Museum, P.O. Box 61,8000 Cape Town, South
Africa, •.soepartment of Geological Sciences, University of Cape Town,
Private Bag, Rondebosch 7701, South Africa.
The Permian/Triassic (PIT) extinction event is the largest of the Phanerozoic. and many possible causal mechanisms have been proposed. Different mechanisms predict different global-scale spatial and temporal patterns
of change, but correlation with adequate resolution is difficult to achieve.
Many areas lack independently dated material, and litho- and biostratigraphic
techniques are often inappropriate due to the physical and environmental
separation between sections. Carbon-isotopic stratigraphy is one of the few
means of consistently providing global chronostratigraphic control. The
surface ocean mixes on timescales of 104 yr and, because its C-isotopic
composition is in dynamic equilibrium with the atmosphere (which mixes on
much shorter timescales), global 1)13C excursions should be geologically
simultaneous in continental and shallow marine environments [I].
We have found a large 1)13C excursion (Fig. I) that coincides with the
Pff boundary in a section from the interior of Pangea. A similar I)UC ex-
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cursion has been described at the PIT boundary from a number of globally
distributed marine and coastal nonmarine sections in both organic and inorganic samples. Thus, the Pff boundary event was synchronous across
environments ranging from the marine realm to (super)eootinental interiors.
Our 1)13C data are not as useful for determining the nature or tempo of
change. We argue that the nodule results (-10%o shift) are more robust than
the tusk results (3-4%o shift), but other studies have reported an excursion
ranging from 3 to >IO%c. Further, stratigraphic gaps between occurrences of
Bethulie nodules compromise our ability to directly access the rate of 1)1JC
change or to resolve any possible higher-order features of the olJC curve. Our
ongoing efforts to confirm the Bethulie curve at other sections and in different C-bearing phases have so far had limited success. The data suggest
no long-term o 13C changes through hundreds of meters of section at the end
of the Permian and underscore the need to rigorously test for diagenetic
artifacts, but they do not refme the oBC curve across the boundary.
To estimate the rate of change at Bethulie, we cite sedimentological and
biostratigraphic observations. Within the resolution of sampling, the lowest
1)13C values coincide with a 15-m-thick overlap z;one between Permian and
Triassic taxa. The stratigraphic co-occurrence of these taxa cannot be anril>uted to taphonomic mixing of temporally distinct faunas, and the overlap z.one
contains several paleosol borizons that would have each required >103 yr to
form. Recent radiometric dates from Chinese marine sections have placed a
maximum duration of -106 yr for changes across the PIT boundary [2]. Our
data show that, although the event was geologically rapid, it was not geologically instantaneous.
Existing 1)t3(; data do not point to a unique cause for the PIT event, but
viable extinction scenarios must explain a large, rapid, negative 1)13(; excursion. Better control on Pff 1)13C curves could provide additional constraints
and would help avoid the potential circularity of using 1)13C data both for
correlation and interpretation.
References: [I] Koch P. L. et al. (1992) Nature, 358, 319-322.
[2] Bowring S. A. et al. (1998) Science, 280, 1039-1045. [3] Smith R. M. H.
(1995) Palaeogeogr. Palaeoclimatol. Palaeoecol., 117, 81- 104.
CALCIUM-ALUMINUM-R I CH INCLUSIONS IN CHONDRITE
METEORITES: THE CASE FOR LOCAL PRODUCTI ON IN THE
SOLAR NEBULA. G. J. MacPherson, Department of Mineral Sciences,
U.S. National Museum of Natural History, Smithsonian Institution,
Washington DC 20560.0119, USA (glenn@glennm.si.edu).
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Fig. l. Stratigraphic pattern of 1)13(; in pedogenic nodules, dicynodont tusks,
and diagenetic calcite at Bethulie (South Africa). The PIT boundary is placed
at the last occurrence of Dicynodon, which, in this section, is 15 m above
the first occurrence of Lystrosaurus (3] .

Chondrite meteorites are 4.5-Ga aggregates containing diverse kinds of
preplanetary grains and dust, and retain direct physical clues to high- and
low-temperature processes in the preplanetary solar nebula as well as accretionary and alteration processes on early asteroidal bodies. The relative abundances of nonvolatile elements in chondrite bulk compositions approximate
those in the solar photosphere [I). The properties of chondrites and their
components anchor models of the earliest solar system.
Chondrules (igneous olivine- and low-Ca pyroxene-rich spherules) and the
less-abundant Ca-Al-rich inclusions (CAis) are varieties of chondritic grains
that occur in most (except CI) subtypes of chondrites. Both formed by very
high-temperature processes in the solar nebula. The submillimeter- to centimeter-sized CAis hold special importance in understanding the earliest solar
system: they are the oldest objects formed in the solar system, and they
partially preserve isotopic signatures of the presolar dust from which they
formed. They are the principal carriers of evidence for the short-lived radionuclide (t'n -0.7 Ma) 26AJ in the solar nebula. a possible beat source for early
planetary melting. They are also unusually enriched in 16(). Until the fall of
the large Allende carbonaceous chondrite in 1969, few people had ever heard
of CAis and fewer still had studied them. Brian Mason, to whom this paper
is respectfully dedicated, was one of the frrst, publishing a series of papers
[e.g., 2-4) on the geochemistry of the large and abundant Allende CAis that
helped establish their importance to solar nebula models.
Calcium-aluminum-rich inclusions were originally interpreted to be the
products of gas-solid (equilibrium) condensation from a nebula that was uniformly hot at least out to the asteroid belt [e.g., 5). But the preservation of
presolar dust and the existence of widespread isotopic heterogeneity among
the constituent grains of chondrites (including CAis) make a uniformly hot
nebula unlikely. Yet CAis undeniably formed at high temperatures, so where
and how did they originate? New 0 -isotopic evidence suggests an intriguing
possibility. Carbonaceous, ordinary, and enstatite chondrites differ from one
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another in their bulk 0 -isotopic compositions, and these compositions cannot be related to one another by processes that result in simple mass-dependent isotopic fractionation. Multiple isotope reservoirs are required.
Chondrules have 0 -isotopic compositions that reflect those of their host chondrites but, until recently only CAJs from carbonaceous chondrites had been
analyzed for 0 isotopes (mainly because only those from Allende and similar chondrites were large enough to analyze by conventional techniques).
Recent advances in ion microprobe techniques allowed in siru analyses of
individual mineral grains within small (<500 j.llll) CAls in thin sections of
ordinary chondrites. 1be data show that these CAis are similar to CAis in
carbonaceous chondrites in terms of 0-isotopic composition [6], even though
the chondrules from the two chondrite types lie on different mixing lines.
These early results appear inconsistent with nebula-wide production of CAis,
because of the voluminous meteoritic data showing that the asteroid belt (and
by implication the nebula) was isotopically quite heterogeneous in terms of
0 [7]. The data may be more consistent a new model [8] in which all CA!s
formed in a restricted and isotopically homogeneous region of the solar
nebula, near the infant Sun, then were later distributed more globally via
bipolar outflow to the different chondrite accretion regions. Supporting
evidence comes from CAts in enstatite chondrites, wbose mineralogy suggests they did not form in the enstatite chondrite formation region of the
nebula [9]. One consequence of the local CAl production model is that CA!s
and cbondrules may have formed in different places by different mechanisms.
1be model of [8] also proposes local production of 26AJ as a way of explaining the :2:5x higher initial ratio of l6AJI27 AI in CAis relative to choodrules.
An anomalously 26AJ-enriched CAl formation region would mean the CAU
chondrule isotopic difference cannot be interpreted as resulting from a 2- 3m.y. age difference [10]. However, correlations of26AI with 4 1Ca [II] in CAl
imply 26AJ was not locally produced. A chronologie interpretation of the AlMg-isotopic data remains plausible if controversial.
References: [I] Anders E. and Grevasse N. (1989) GCA, 53, 197-214.
[2] Martin P. M. and Mason B. (1974) Nature, 249, 333-334. [3] Mason
B. and Martin P. M. (1974) EPSL, 22, 141-144. [4] Mason B. and Taylor
S. R. (I 982) Smithsonian Contrib. Earth Sci., 25, 30 pp. [5] Grossman L.
(1972) GCA, 36, 597-619. [6] McKeegan K. D. et al. (1998) Science, 280,
414-418. [7] Clayton R. N. (1993) Ann. Rev. Earth Sci., 21, 115-149
[8] Shu F. H. et al. (1996) Science, 271, 1545-1552. [9] Guan Y. et al. (1999)
LPS XXX. [10] MacPherson G. J. et al. (1995) Meteoritics, 30, 365- 386.
[II] Sahij pal S . et al. (1998) Nature, 39/, 559.
CONTAMINATION OF THE BUSHVELD COMPLEX THROUGH
PROGRESSIVE PARTIAL MELTING OF CRUSTAL WALL ROCKS.
W. Maiert, N. Amdt2, E. Curtl, and M. Ohnenstetter4, IDepartment of
Geology, University of Pretoria, Pretoria 0002, South Africa, 2LGCA,
Universite Joseph Fourrier, 38031 Grenoble Cedex, France, lDepartment of
Earth Sciences, Monash University, Clayton, Vic 3168, Australia, ~entre
National de Ia Recherche Scientifique-Centre de Recherche Petrographiques
et Geochimiques, B.P. 230, 54501 Vaodoeuvre-les-Nancy, France.
The Bushveld Complex is a large layered mafic ultramafic intrusion
emplaced 2.06 Ga in the Kaapvaal craton in South Africa. The lower part
consists mainly of opx and olivine cumulates (the lower and critica.l zones);
the upper part of plag and pyroxene cumulates (main and upper zones). The
Merensky Reef, one of the world's largest deposits of Pt metals, occurs at
the top of the critical zone.
Trace-element and isotopic compositions vary widely in the complex. The
lower ultramafic parts have highly fractionated trace elements (high Th!La
and La/Sm) combined with relati vely low initial Sr-isotopic compositions
[(81Srf86Sr)i = 0.7045-0.706] (Fig.J). The parental liquids, whose compositions are estimated from compositions of the cumulates or associated sills,
had high trace-element concentrations. The upper gabbroic to anorthositic
parts have less fractionated trace elements (lower Th!La and La!Sm) but
higher (87Srf86Sr)i "' (0.707-0.709). Inferred parental liquids have lower traceelement contents. Newly obtained Nd-isotopic data are consistent with the
published Sr data: the lower zone has Er;d(T 2.06) between -5 and - 6; the
upper critical and main zones have e:Nd between - 6.5 and -7.5.
To explain the decoupling between trace elements and isotopes, we call
on a model proposed by Sharpe et al. [I] and Hatton [2]. These authors
suggested that the contrasting magma types in the complex resulted from
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Fig. 1. Isotopic and trace-element variations in the Bushveld Complex. The
bars labeled B I to B3 indicate the compositions of associated silL

assimilation of a crustal component whose composition changed progressively
during emplacement of the complex. The contamination took place in a
staging chamber below the complex. This chamber was fed by picritic
magmas hot enough to partially melt the crustal wall rocks. Early magmas
contaminated by low-temperature partial melts migrated into the overlying
chamber where they crystallized to form the lower part of the complex. The
crustal melt was strongly enriched in incompatible clements such that a
relatively small proportion (we calculate - 20%) radically changed the traceelement pattern of the hybrid magma. The effect on the isotopic composition, bowever, was relatively small. The refractory residue left in the crust
after extraction of the low-melting fraction was depleted in incompatible
elements, with low Th and LREE and a flatter REE pattern, but high Sr
because of abundant residual plagioclase. Continued contamination formed
a hybrid magma with the trace-element composition of the upper part of the
complex.
The Merensky Reef is enriched not only in siderophilelchalcophile elements such as Pt, Ni, and Cu, but also in incompatible lithophile elements.
Its trace-element pattern resembles that of lower-woe cumulates and contrd5ts
with patterns in critical-zone norites. We propose that the reef formed when
pockets of siliceous, hydrous, trace-element-rich granite or pegmatite was
encountered during assimilation of the refractory margin of the lower magma
chamber. The resultant hybrid magma mixed with magma in the maio chamber, causing precipitation of the usual mineral assemblage of the reef.
The Bushveld Complex is a medium-sized igneous province (MlP) petrologically and geochemically similar to continental flood basalts. The processes that operated during formation of the complex parallel those that
control the compositions of flood basalts.
References: [I] Sharpe M. R. et al. (1986) Geocongress, Univ.
Witwatersrand, 621-624. [2] Hatton C . J. (1995) Communs. Geol. Surv.
Namibia, 10, 93-98. [3] Maier W. D. and Barnes S.-J . (1998) Chern. Geol.,
150, 85-103.
EXPERIMENTAL STIJDY OF PYRITE OXIDATION BY DISSOLVED
OXYGEN: OXIDATION MODEL BASED ON SURFACE OBSERVATIONS. M. Manakal and H. Ohmoto2, IJapan Nuclear Cycle Development
Institute. Tokai Works, 4-33 Muramatsu, Tokai-mura,lbaraki-ken, 319-1194,
Japan (manaka@tokai.jnc.go.jp), 2Astrobiology Research Center and Department of Geosciences, Pennsylvania State University, University Park PA
16802, USA (ohmoto@geosc.psu.edu).
In order to understand the detailed mechanisms of oxidation of pyrite by
dissolved 0 (DO) at near neutral pH, three different pyrite grains were reacted with air-saturated distilled water at 65 °C for 31 d. The changes in
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various propertic~ of pyrit<! surfaces were invcstigarcd usi ng reflccrcd-liglu
microscopy. scanning clecrron microprobe (SEM). energy dispersive X-ray
;.pecrroscopy (EDS), X-ray photoelectron spectroscopy (XPSl, and auger
decuon spectroscopy (AES),
O~idation proceeded from the ccntrnl to the margi nal partS of grain
surfaces. The surfaces after oxidation were rough and contai ned corrosion pits.
A variety of S·, Fe-, nnd 0-bearing species was observed on the surfaces. TI1e
most abundant S species was iron-monosu lfidc, whi le the second most abundant surface species was iron-polysulfide. 1l1e presence of thiosulfate and
sulfate oo the reacted surfaces was not coofinned. lroo-hydroxide and ironoxide precipitates also fonned on tbe reacted pyrite surfaces. From tbe cbnnges
with time in the properties of various renction products on the oxidized pyrite
surfaces, we propose n three-step reaction mechnnism for oxidative dissolu·
tion of pyrite. The first step is a decomposition reaction from pyrite to iroomonos ul fide and iron-polysulfide ca used by DO. 1lre second step is the
oxidation of iron-monosulfide and iron-polysulfides by DO to fonn aqueous
Fez. and SO.Z-. Th~ third step is the oxida tion of Fel• by DO tc> form
Fc(OH) 3(am) precipitates.
WHAT DO WE LEARN FROM PEAKS OF URANilJM AND MANGANESE IN DEEP SEA SEDIMENTS? A. Mangini, H.:idelberger
J\kndemie der Wissenschaften, lNF 229 D-69120 Heidelberg, Germany
I mg @upbys l.uphys.uni-heidelberg.de).
Introduction: Uranium and Mn are rwo redox-sensitive trace elements
with complementary behavior. Under anoxic conditions U is immobile, while
reduced Mn is dissolved in porewater of sediments. Uranium thus diffuse~
from seawater into reducing sediments and is enriched there [ 1,2]. The depth
of the redoxcline and the sediment accumulation rate determine the enrich·
ment of :uu.higenic U. On the contrary, Mn diffuses from the reduced sedi·
ment sections and forms peaks of Mn-oxidc j ust above the re.doxcline [3].
The depth of the subsurface peak of Mn, corresponds to the last event of
shoali ng of the redoxc line. Thus. both Mn and authigenic U record the depth
of the redoxcline during periods of 0 limitation in the sediments.
Results: Estimates of the depth of the redox cline during the last glacial
were derived for several cores at localitites in the Atlantic and Southern
Oceans. Modeling of !be redoxclioe as a function of the 0 con rent of the water
column and of the flux of organic maner to the sediments constrains these
values during periods of e~treme sballow redoxcli ne depths.
Bum down of organic matter and deepening of the redoxeline dwing the
Holocene may have altered signjficantly the glacial organic mutter and U
signals in the sediments. At present-day conditions. sediments accumulating
at ra tes smaller than 2 cm/ka may have lost these signals [4). The lack of
peaks of U in slowly acC\J muJating sedimeo rs cannot be used as uo argument
against conditions of suboxlc diagenesis of Ba [5). Peaks of Mo arc then the
only record for a less ventilated sediment column in the past [6).
References: [I) Gariepy C. et al. (1994) Can. J. Earth Sri. , 31. 2837. [2) Shaw T. J. et al. (1994) GCA. 58, 2985-2995. (31 Froelich P. N. el al.
(1979} GCA. 43. 1075- 1090. f41 Juog M. et al. (1997} Mar. Geol, 141, 5160. [5) McManus J. ct al. (1999) GCA. 62, 3453-3474. [6) Mangini A. ct al.
( 1990) Palt!oceanography, 5, 811-821.
ACCESSORY MINERALS AND TRACE-E LEMENT FRACTIONA·
TION lN GRANITES. J . Marcels, M. Verhaeren, and J. Hertogen. Fysicochemische Geologie. University of Leuven, Celestijnenlaan 200C. B-300 I
Leuven, Belgium (joyce.marcels@ gco. kuleuvcn.ac. be; jao.hen oge o@geo.
kuleuven.ac.be).
The accessory minera ls zircon. apatite. sphene, moaazite, xcnotime,
allanite, rutile, etc., are the main host phases (up to 95%) of incompatible
urace elements in granitic (s.l.) rocks, io spite of tbe tow comt>i ned modal
abundance (<I%) [1.2]. There is however much uncertainty about tbc role
that the accessory minerals play in the urace-element fractionation attending
differentiation during intrus ion and solidification of gran itic crystal/melt
mushes. In order to control tr.lce-cleme.nt fractionation. an accessory mineral
must be a liquidus phase during the main stages of melt/solid segregation.
While this may reasonably bold for z.ircon and apati re. it is n contentious
assumpti on for ev.:n rarer accessory minerals [3).
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In siru microanalys is of the trace-ekrnenr content of accessory minerals
in their natural tclttural environment is able to provide the appropriate data
base ro asse~s th.: control of accessories on trace-element fractionarion . Laser
ablation inductively coupled plasma mas;. spectrometry (LA-ICP-MS) holds
much promise [4). The technique has lower spa rial resolution thau ion microprobe or electron microprobe ana lysis. but is becoming much more widely
available than the former and has 5uperior scnsitiviry than the latter.
Results are presented of a case study of the Variscan leucogranitcs of
Nauwiller and K:tgenfels, Nonhero Vosges, France. Whole-rock samples have:
been analyzed for major-element composition and for rracc elements (by
INAA and XRF). The distribution of accessory minerals is studied by optical
ttnd backscaUered electron microscopy. Judging from the major-element (Ca.
Fe. and Ti) variation the different units of the evolved Kagenfels granite span
a subslrultia.J range of differentiation. Severdl textural types ("rhyolitic," granophyric. symplectitic, medium-grained, and porphyritic) are distinguished.
The Natzwiller grdnite is less evolved and shows less variation. There is no
indication for the presence of resti te material. The accessory minerals of the
muscovite -bearing Kagenfels granite arc zircon. apatite, monazite, and lesser
amounts of rutile, sphene, and ilmenite. TI1e biotite-bearing Natzwi llcr granite contains zircon, apatite, ilmenite, and allanite; monazite is very rare In
both units, the accessory minerals dominantly occur in polymineralic clusters, although zircon and apatite are occasionally present as isolated grains.
Results will be reponed of work io progresss using a 266-nm ultraviolet LA·
ICP-MS probe. which allows mi~Tuanalysis of individual grains down to a
grain size of I0 IJm. Standardization of probe response is still the major
analytical difficulty at present. An additional problem is the recasting of
resu ltS of microanalysis of a closed microsystem into realistic partition coefficient values.
The clustering of accessory minerals could indicate that they precipitated
from patches of highly evolved tntpped residual liquids, remaining after
crystalljzntion of major miner.rls quartz and feldspars. If lbat is tbe case, the
n1lc of accessory minerals on the trace-element variation trends of granites
becomes ambiguous. Observations made on rock samples might renecr conditions during the fina l stages of solidification. but may not be entirely
relevant to conditions pertaining during tl1c actual differentiation processes.
Nonetheless. the rare earth element (R.EE) variation with differentiation
witltin the Kagenfels suite, is difficult to explain wi thout invoki ng the con·
trol of a light R.EE-enricbed phase, such as monazite. The prominent decline
of light and middle REE with differentiation cannot be attributed to crystallization of only apatite and zircon. One can o.rgue thnt a prominent role in
the trace-elemenr fractionation must be attributed to residual liquids escaped
from largely solidified parts of the rising granitic crystal/melt mush.
References: [I] Gromec L. P. and Silver L. T. (1983) GCA, 47, 925939. 121 Wark D. A. and Miller C. F. (1993) Cflem. Geol .. 110, 49~67.
[3] Evaus 0 . C. a.od Hanson G. N. {1993) Chern. Geol, I 10, 69-93. [4] JacksonS. E. et al. (1992) Can. Mineral. , 30, 1049-1064.

SILL STACK MUSH COLUMN MAGMATISM. B. D. Marsh. Morton
fC IJ)auslein Department of Earth and Planetary Sciences, Johns Hopkins
University, Baltimore MD 21218, USA (bmarsh@jhu.cdu).

A vertically extensive. intricately integrated stack of ephemeral sills
fonning an interactive magmatic mush column is emerging as a common
theme of magmatism. The local scales of the sill reservoirs and the interconnec ting necks produce a wide spectrum of crystallization environments.
Extensive horizontal an d vertical mushy walls provide conditions conducive
to specific processes of differentiation from so udification front instability to
sidewall porous flow. Coupled wirh the size and srrength of the system. these
proce~ses define the fundamental compositional diversity of the mush column. Entrainment, transport, and sorting of cumulate crystals also contributes to compositional diversity and loca l layered intrusive complexes. The
large scale of these systems is well defined by the seismiciry of Hawai'i and
the detailed dynamics are well exemplified by ophiolites and the Ferrar
dolerite system of the Dry Valleys of Antarctica. The Fcrrar-DV system
contain5 -1()4 tunl of doleri te distributed throughout a fir-tree like stack nf
4 or 5 areally extensive 300-750-m-lhick sills. The lowest sill contains a vast
tongue of orthopyroxene (opx) cu rnu lares emplaced with the sill itself. The
bulk sill composition varies from 20% MgO in the tongue center to 7% in
the leading tip and margins of the si ll. which itse lf defi nes the compositional
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spectrum of a.he whole complex and is remarkubly similar to that of Hawai'i.
Relative sorting of large. (I-50 mm) opx and sma ll (J-3 mm) plagioclase due
to kinetic sieving in the tongue produces pervasive 1tnorthositc stringers. This
has culminated in the formation of a small, well formed layered intrusion (Ute
Dais Intrusion) consisting of alternating layers of orlhopyroxenite and an·
orlbositc, complete with apparent ripples, and channel (4 x 20m) ftlls. Cryptic
layering is also evident, which is also found within the vast opx tongue. The
opx composition varies systematically from Fc-rich (En,1 ~) at the 10nguc top
to Mg-rich (En75) at the bottom. Upwards in the system tlle sills become
progressively depleted in MgO and temporally and spatially contiguous lavas
arc 7% MgO tholeiites witll no sign of opx cumulates. Entrained cumulates
Ums become systematically depleted upward in tlle system. The siz.c, extent.
and number of sills suggests emplacement witll a time progression similru
to that of volcanic episodes and the internal structure of individual sills
suggests <t rhytllm of injection similar to volcanic eruptions tllemselves. The
continued horizontal stretching of a system of tl'lis type would lead to pro·
cesses as recorded by ophiolites. On the other lmnd, repeated injection into
a single reservoir would undoubtedly lead to a massive layered intrusion.
THE POLYCYCLIC AROMATIC HYDROCARBONS AND BIO·
MARKERS IN CARBONACEOUS MAlTER OF KIMBERLITE PIPE
"MIR" AND HOSTED SEDIMENTARY ROCKS. D. Kh. Martikhacva.
E. A. Razvoubaeva, A. G . Polozov. and /\.. E. Vorootsov. lnstilllte of
Geochemistry. Siberian Branch of Russ ian Academy of Sciences. P.O. Box
4019, lrkutsk 664033. Russia (poloz.@igc.irk.ru).
lntrnduction: The study of molecules - markers (PAHs and bio·
markers) of crubonacoous matter (CM) of rocks- allows tlle recognition of
its sources and revealing a de!,'l'te of tr.msformalion.
Tiu:. carbonaceous matters from open pit mioe of diamond bearing pipe
"Mir'' and hosted, brecciated and hydrothemtally alterat.ed sedimentary rocks
(do lostone) of tlle Siberian platform was examined. Using tlle modem meth·
ods of organic geochemistry. CM was extracted by chloroform at room lemperdture, and divided ioto a fr.1ction with using HPLC metllod. The structure
of mokc ules of markers identified hy gas chromatography with mass spt.'C·
tromctry (GC-MS).
Results and Oi5cussions: TI1e CM !'rom "Mir" pipe is poor in tcm1s
of heteroatoms. The basic reductants are hydrocarbons. ethanol-benzol gum
and aspbaltene. To CM from hosted, brecciated and hydrothermally a Iterated
rocks, the share of aspbaltogeoe acids is decreases and the contents of tty·
drocarboos increase.
On tlle infrared spectrum of CM from the "Mir" pipe absorption bands
of aromatic patterns ( 1610 ± 30 cm- 1), methyl and mctllylcne patterns of
paruffioes ( 1310, 1380, and 1460 cm-J ), naphthenc (970, 2920, and
2970 cm-1), and nlso oxychemicals such as aromatic acids, aethers and
ketones (1720 cm-1) arc clearly expressed. The infrared spectra of bitumen
from the host rocks testify a presence of S containing groups ( 10001140 cm-1). oxygenated functional groups (1700 crrr'). aliphatic unsaturated
groups (1600 cm-l and 1640 cm- 1) and aromatic pattcms (1615-1690 cm- 1) .
The carbonaceous matter from the "Mir'' pipe refers lO 3 biogenic matter
by isotope data, aod the disuibutioo of o 1 ~C isotopes in fractions corresponds
to a isotope-fractional curve. chllracteristic of a humus type matter. As a result
of weak tllerrnaJ effect on sedimentary rocks a heavy isotope IJC (up to 4.4%o
concemjng other fractions) enriched a benzene frd<:tion .

TABLE I. Identification of hydrocarbons (HCs) from
hexane fraction of bitumen from "Mir" pipe.
Peaks No.
8

9

11
12
14

Percent of
HCs total
5.9
36. 1
40.0
6.2
0.4

M.W.

Compositioo

384
202
228
370
470

C 211 C._
CI6CJO
C J3CJ1
C2,C..,
c.~o~C60

Compound

<;. -

tri tcrpane
Pyrene
Cttrysene
~ 7 - tri le!lJaoe
c,.- hopane

TABLE 2 Identification of hydrocarbons (HCs) from
hexane fraction of bitumen from hosted rocks.
Peaks No.

Percent of
HCs total

M.W.

Composition

Compound

Sample 1. well 90, depth 289 m
12
10.9
254
16
5 .2
302
6.1
276
18
19
9.7
300
05
26
370
0.7
486
30

C 1.H,,
C2.Hll>
c l,Hl,
c z.Hn
C2,H,.
C,1 H.,,

o-a lkane
Benzpyrene
Anthanthrcne
Coronene
c1,- hopane
c,J- hopane

Sample 2. well 90. depth 847 m
0.9
296
5
7
17.3
252
!\
19.8
276
<)
19.4
300
426
1&.9
10
17.8
370
II
12
0.9
412

cl, H.,.
CwH,l
Cl2Ht2
C:wH,2
cllH_.
c 2,H4b
C.Jin

n·alkane
Pery lene
Aotlla.olhiene
Coroncne
Homonopane
C 27 - tritcrpanc
CJII- hop<mc

The results obtajned by us on study of CM from hosted rocks coincide with
those published enrlier.

The PAHs chrysene and pyreoe were identified on mass frJgmentograrn
of sample (Table 1). They arc peculiar to associations. which generate in
reduction conditions at high concentration of carbonaceous compounds.
Detected hopanes Cz7 , C28• and C 34 confinn availability of tllc contribution
of CM of procariol-bactcrias and single-celled algaes in total mass.
PAHs of the CM from the hosted sedimentary rocks are presented
(Table 2) by coronene, benzpyrene, perylcnc, and anlbantlliCnc. which is interpreted as the presence of hydrothermal and petroleum associations of PAH.
Tite presence of alkanes C 18, C 19• Cz0 • and Cz3 in sample I is gcoerically
related, probably, to marine algae, and the a lkaoe Cn is the sign of contribution of land plants. The naphtbcnic HCs are significant and result from
nticrobiological tnnsformation of CM. The detecting instrument of microbe
activity of disintegrating of vegetation remnants are hopanoid' C27 , Cz9 , C:J 1,
C33 , and C 35. PAH and hopanoids are detected in sample 2 while alkanes and
naphthcne are not available. The CM of tl'lis sample is identical to tlle same
ones from open pit mine of "Mir'' pipe by chromatogram patterns and quan·
titative characteristics of hydrocarbons.
PALEOGEOGRAPffiC RECONSTRUCTION OF A .PAJ..,EOCENE
CARBONIFEROUS BASIN (LOS CUERVOS FORMATION,
TACIURA STATE, VENEZUELA) BV USING TRACE-ELEMENT
CONTENT AND GEOSTATISTICAL ANALYSIS OF COALS. M.
Martinez, M. Escobar. and C. L6pez, Centro de Geoquimica, Institute de
Cicncias de Ia Tierra, Facultad de Ciencias. Universidad Ct,ntr<~l de Venezuela, Caracas 1010 A, Venezuela.
The cruboniferous bas io of the Tachlra State. al tlle Venezuelan Aodes.
contains coalfields with differe nt levels of maturity, belonging to two Slnlti·
graphic units: Los Cuervos formation and Carbonera formation, from Paleocene and Late Eocene respectively.
Four titostratigraphic columns from the Los Cucrvos formation. in different localities of the basin were dcst-n'bcd and sampled. Collected coals wen::
analyz.cd for 30 minor and trace c lements {Mo. Cu. Pb, Zn. B. Ti, AI, P. Ni.
V. La. Na, K, Ca. Sr, Mg. Bi. Au. W, S, As. Sb, Cr, Mn, Fe. Co. Th. U.
Ag, and Cd) as well as moisture, volatile matter, fixed C. ash content. and
vitrinite rcflcctaoce. The purpose of this work is to chllracterizc tllc coals.
aod to obtain ao integmted geochemical model of tlle studied unit in the basin.
Four statistical associations were found by using factor aualysis on the
matrix data. 11tcse factors (Ag-Cd-Mo, La-V-Th. Fc-S-As, and Ca-Mg-Sr)
rcllcct four gcochemie.1l sources in the basin. Analyzing their variation and
distribution, it was possible to establish the source rock. trace-e lement anoma·
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lies. input vectors, and variations in the sedimentary dynamics of the basin
during the accumulation time.
The obtained results allowed establishing the areas of the basin with the
higher marine influence. as well as vertical changes in the sedimentary unit
provided by marine incursions. The results show at least three sources of
clastic sediments (granitic, volcano-clastics. and calcareous). It was also
determined the approximate direction of each sedimentary source, the subsidence history, and posterior lifting of the basin.

IDENTIFICATION OF MICROBIAL METHANE DEPOSITS VIA
CORE ANALYSIS. A.M. Martini'. L M. Walterl, J. C. Mclntoshl, and
J. M. Budai2 , 1Department of Geology, Amherst College, P.O. Box 5000,
Amherst MA 01002, USA (ammartini@amherst.edu), lDepartment of Geological Sciences, University of Michigan , Ann Arbor Ml 48109, USA.
Introduction: Organic-rich shales and coal beds are increasingly being
developed as a source for natural gas. In many of these deposits, a sigoifi·
cant proportion of the methane is microbially generated and, subsequently,
possesses a distinct compositional and isotopic signature [1]. Natural gas
(methane, ethane, propane, and higher chain hydrocarbons) is stored in these
reservoirs by adsorption onto the organic matter within the matrix of the rocks.
Compositional and isotopic values of gas generated from crushed core samples
permit determination of the origin of the gas.
New Albany Shale, lllinois Basin: The New Albany shale, a Devonianaged black shale located in the rtlinois basin, has recently undergone exploration as a potential source for natural gas. Coupled water and gas analyses
from New Albany shale producing wells have allowed a delineation of thermogenic and bacterial gas zones based primarily on (I) concentratiou and
13C values for DIC in the reservoir, (2) oD values for methane and water
coproduced from the reservoir, and (3) concentrations of the various gas
fractions [I).
Core samples from zones of thermogenic and mixed microbiaVthermogenic gas production were analyzed via gas chromatography combustion mass
spectrometry (GC/CIMS) to verify the association between produced gas and
water and gas stored within the rock.
Relative concentrations of hydrocarbons and C02 for both zones are
indicative of the genesis of the gas. In Fig. Ia, high (20%) concentrations
by volume of ethane and propane, absent C02, and mole volume percent of
all species that are invariant with respect to depth (Fig. Ia) suggests a thermogenic origin for this gas. In contrast, the core data from a zone of mixed
roicrobiaVtherrnogenic gas has significant concentrations (up to I 0% by
volume) of C02, a byproduct of bacterial methanogenesis. In addition. the
relative concentrations of gaseous components are variable with methane and
C02 increasing near the top of the reservoir while the mole volume percent
of higher chain hydrocarbons are reduced, most likely by microbial oxida·
tion.
The variations in ouct'l vs. ethane concentration (Fig. 2a. open triangles)
strongly indicate that microbial oxidation is occurring in the core representing a "mixed" gas origin. This process accounts for both the decrease in the
amount of ethane and the isotopic shift as microbes metabolize ethane with
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Fig. 1. (a) Methane, ethane. propane, and C02 gas compositions from two
cores, one located in a tcnowo thermogenic zone, and (b) one from a mixed
microbial/thermogenic sowce.
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low 13C values first. Ethane concentrations from the thermogenic zone (solid
triangles) are invariant with values typical of immature thermogenic natural
gases. The presence of microbial gas in the mixed zone core is clearly demonstrated by the plot of I) I~ vs. total gas content (Fig. 2b). High
02
values, linked to microbial methanogenesis [I], and increases in the amount
of gas stored may be related, suggesting that the addition of microbial gas
to this reservoir is of economic significance.
Implications: Preliminary results suggest that microbial processes, both
methane generation and hydrocarbon oxidation, can be identified using core
analysis. It may be possible to "prospect'' for these microbial gas deposits
using previously collected core material due to the slow desorption rates for
certain gaseous components.
References: [I) Martini A. M. et al. (1998) GCA, 62, 1699-1720.
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GOLDSCHMIDT'S LEGACY: BRIAN MASON'S CONTRIBUTIONS
TO GEOCHEMISTRY AND METEORITICS. U. B. Marvin, HarvardSmithsonian Center for Astrophysics , 60 Garden Street, Cambridge MA
02138, USA (marvin@cfa.harvard.edu).
Introduction: On March 17, 1937, V. M. Goldschmidt presented a
lecture to the Chemical Society of London entitled, The Principles of Distribution of the Chemical Elements in Minerals and Rocks. Subsequently,
the Society's journal carried a copy of his talk to far-off New Zealand where
it caught the eye of B. Mason, a fourth-year student at Canterbury College
in Christchurch. For Mason, Goldschmidt's demonstration that analyses of
meteorites are the key to the absolute abundances of the elements opened up
an exciting new field that never had been mentioned in any of his courses
in chemistry or geology. Two years later, when he received a Graduate
Fellowship for study abroad, Mason wrote to Goldschmidt asking if he might
come to his institute in Oslo. Goldschmidt replied that he never had had a
student from the Antipodes and Mason would be very welcome.
Interrupted Research in Oslo: Mason arrived in Oslo in January, 1940,
four months after World War II was declared. At Goldschmidt's suggestion,
Mason began research on the geochemistry of Te, but, on April 9, 1940, the
Germans invaded Norway and Mason rode out of Oslo two hours ahead of
Hitler's troops. In Stockholm, Mason enrolled in the university and took up
research on mineralogy. In December, 1942, Goldschmidt, who had been
interned in a concentration camp in Norway, suddenly appeared in Stockholm,
where he had been spirited by the Norwegian underground. Soon afterward,
the British flew Goldschmidt to England. Mason received his doctorate in
May 1943, and left Stockholm for England where he spent several months
X-raying minerals, by the hour, at the British Museum. He managed to meet
with Goldschmidt only once. After the war, Goldschmidt returned to Oslo
hoping to resume his research, but his health was failing and be died on March
20, 1947. Their association had been brief, but Goldschmidt's insights had
been decisive in shaping Mason's interest in geochemistry.
Mason's Career Moves and Geochemistry: In 1944, Mason returned
to New Zealand, where he taught mineralogy and geochemistry until 1947
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and then moved to lndinna University. While there. be served as thesis advisor
to S. R. Taylor, a fomtcr student from Christchurch. M85on's book, Prillciplc!S of Geochemisrry, appo:ared in 1952. As the fust textbook of geochemistry in English, it opened this new imerdi.sciplinary science to legions of
students in geology, chemistry, and contingent fields. In 1953, Mason accepted a curatorial position at the American Mll~cum of Natural His tory in
New York, with an adjunct professorship at Columbia Univers ity. His lectures were attended by E. Anders in 1953 and B. P. Glass in 1960. each of
whom would pioneer new lines of research. At the museum, Mason reorga·
nited the meteorite collection and collaborated with the Finnish chemist, B.
Wiik. on n new classification of carbonaceous chondrites. He also mnst.ered
the technique of rapidly classifying ordinary chondrites by the y-indices of
ref.rdction of their olivincs- a skill that proved invaluable in laLer years when
he assumed responsibility for classifying the large influx of meteorites collected by U.S. teams in Antarctica.
The Space Age and Meteornes: After the orbiting of Sputnik IV in
1957, Mason redoubled his research on meteorites and supplied critically
important samples to an ever increasing number of scientists. In 1961. he
pre.-;cnted a semi oar on meteorites at the University of Tokyo and expanded
his lccrures into his book, Meteorites, which appeared in 1962. Once aga in,
Mason authored the first textbook in English on a subject of key importance.
In 1965. Mason made his final career move to the Smithsonian Institution.
wllere he conducted research on meteorites and lunar sample-s. Brian Mason
conrribut.ed significantly to the opening of a new era in geochemistry. cosmochemistry, and the planetary sciences..

BLACK CARBON (CARBON-14) IN TB.E SANTA MONlCA
BASIN: RIVERJNE DELIVERY AND SEDIMENTARY ACCUMULA·
TION. C. A. Masiello, E. R. M. Druffel, and S. Griffin, Mai l Code 3100.
Department of Earth System Science, University of California, lrvine CA
92697-3100, USA (masiello@essgrad.ps.uci.edu; edruffel@uci.edu).

Although numerous studies have shown black carbon to be a significant
component of deep-ocean sedimentary organic carboo [ 1-3], very little data
is available on black carbon budgets for coas tal margins. TI1is is n significant data gap, because coa.~tal margins and river deltas account for more than
95% of Holocene organic carbon accumu lation [4]. Additionally, massbalance studies [5] and measurements of the age of black carbon in dc.epocean sediments [2] suggest that rivero may be a significant source for the
ocean's sedimentary black: carbon pool.
We present mass and radiocarbon re.-;ults for a coastal sediment core taken
in the Santa Monica Basin. The Santa Monica Basin is located off the coast
of Southern California aod has been anoxic aod laminated since approximately 1600 A.D. The sedimentation rate at this site is high enough that we
can observe ( L) the ovemll enrichment in surface organic C 14(: due to the
testing of tbeanonuclear weapons in lbe 1960s, and (2) the decrease in the
14C of sedimentary black carbon due to either buman combustion of fossil
fuels or human increases in the California soil erosion rate. We also document changes in black carbon concentration and radiocarbon age through the
oxic/anoxic boundary at this site, providing a glimpse of the cffecl~ of 0
exposure on black carbon sedimentary preservation.
lo addition 10 measurements of black carbon in the Santa Monica Basin,
we also presen t black carbon mass nux and radiocarbon measurements made
during the winter of 1997-1998 in U1c Santa Clara River, the main source
of terrl!srrial C to California Borderland sediments. The radiocarbon age of
black c:u·hon in the Santn Clnra River is hiehly variahle {--~70 + 1RO%n} and
strongly correlated with the bulk organic C age, suggesting that the black
carbon age is not due to inclusion of fossil fuel C. In this presentation we
will compare tbc mass and isotopic signatures of black carbon river sources
and sedjmeotmy sinks, with the goal of understanding more about black
carboo transport and storage processes.
References: [I] Smith D M. et al. (1973) Nawre, 241, 268-27 1.
[2] Verardo D. J. and Ruddjm an W. F. (1996) Geology, 24, 855-857.
[3) Masiello C. A. and Druffel E. R. M. (1998) Science, 208, 1911-19 13.
[4] Hedges J. I. and Keil R. G. (1995) Mar. Chem., 49, !\1-115. [5) Suman
D. 0 . (1983) Ph.D. thesis, Univ. Califom.ia, Sao Diego.

A NEW 1\•t ETHOD FOR IN SITU H1GH-PRECJS10N SULFURlSO'fOI•IC RATIO MEASUREMENTS BY LASER ABLATION
MULTIPLE COI.LECTOR INDUCTIVELY COUPLED PLASMA
MASS SPJ.<:CTROMETRY. P. R. D. Mason 1 • C-J, de Hoog 1 , and S.
Meffan-Main1. 1Faculty of Earth Sciences, University of Utrecht. Budapestlaan 4. 3584 CD Utrecht. The Netherlands (m.ason@geo.uu.nl), 2Micromass
UK Limited, Floats Road. Wytbenshawe, Manchesler M23 9LZ. UK

Introduction: A new method uti lizing Xe gas in a ht.!x.apole reaction
cell and Cl isotopes for internal mass bias correction enables the accurate and
precise measurement of S isotopes by multiple collector inductively coupled
plasma mass spectrometry (MC-!CP-MS). The technique, when coupled to
a laser ablati on sample introduction system. allows isotopic ratios to be
measured directly within solid samples on a scale down to 100 llffi· Preliminary data obtained by the new technique cao reproduce the levels of ~ccu
mcy and precision possible by other techniques [1-3).
Experimental: Pressed powder pellets and sulfide minerals were ablated
to varying degrees of spatial resolution using a commercially available 266-nm
ultraviolet laser ablation system. A solution of 20% HCI was nebulized at low
flow rates (l 00 J.lL min-1) and mixed with the ablated vapor. A bexapole ionfocussing device cootaining a mixture of He and Xe was used to focus S•
and remove 0 2+ ions [4). The interfering 0 2• background at ns was eli minated or reduced to insigni ficant levels. The combined signal from simultaneous laser ablation and solution nebulization was measured statically using
the MC-lCP-MS.
Results and Discussion: Internal precision when ablating sulfides, sulfates, oative S, and pressed powder pellets was often excellent. approaching
levels not easily achievable by other in situ analytical techniques ($(). 1%o s.c.).
In contrast a major problem during analysis was poor external preci.sion due
tn mass-dependent instrumental drift (Fig. Ia). To account for medium term
response fluctuations in the S-isotopic ratios the J 7CI/JSCI rati o was measured
simultaneously duri ng each run. The internal variation for Cl isotopes was
insignificant compared to the int.Jasample/standard S variation and any Cl
component in the srunples was negligible compared to the Cl introduced by
the solution nebulization system. Significnnt improvement in l 4Stl2S external reproducibility was seen after Cl-normalization (Fig. lb}. Improvements
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in internal precision were also observed. The majority of the instrumental mass
bias was corrected using the Cl normalization so that the Cl-corrected 32Sf34S
ratio approached the value expected assuming zero instrumental mass bias.
1\34$ accuracy when calibrating sulfide standards against one another was
good (±l%o). However matrix effects, probably linked to space charge effects
in the ion beam extracted from the plasma, were observed between sulfides,
elemental S and sulfate. Five pyrite samples (independently analyzed by gas
source mass spectrometry (GSMS)] were ablated and when calibrated against
one another showed good accuracy and reproducibility.
MC-ICP-MS offers an alternative technique for the investigation of Sisotopic ratios. With funher optimization of the technique it may be possible
to extrapolate the performance of the system to smaller ablated spot sizes and
down to percent levels of S that takes it beyond the capabilities of current
techniques. Chlorine internal standardization proved to be very effective and
similar procedures may be beneficial for the investigation of other light
isotopic systems by ICP-MS.
References: [I) KelleyS. P. and Fallick A. E. (1990) GCA, 54, 883888. [2) Crowe D. E. et at. (1990) GCA, 54, 2075-2092. [3) Kakegawa
et at. (1998) GCA, 62, 3205-3220. (4) Mason P.R. D. et at. (1999) J. Atom.
Anal. Spectrom., in press.

TilE "LOMAGUNDP' CARBON-ISOTOPIC ANOMALY REVISITED:
EXTREMELY HIGH l)llC EXCURSION IN CONTINENTAL AND
MARINE CARBONATE ROCKS OF TilE CIRCA 2.1-Ga MAGONDI
SUPERGROUP, ZIMBABWE. S. Master•, B. Th. Verhagen2, and J. D.
Kramersl, •Department of Geology, University of the Witwatersrand. Private
Bag 3, Wits 2050, Johannesburg, South Africa (065sha@cosmos.wits.ac.za).
2Schonland Research Centre for Nuclear Sciences, University of the
Witwatersrand, Private Bag 3, Wits 2050, Johannesburg, South Africa,
Jtsotope Geology Group, Mineralogy and Petrology Institute, University of
Bern, Erlachstrasse 9a, 3012, Bern, Switzerland.
Introduction: The Paleoproterozoic Lomagundi dolomite in the
Magondi supergroup of Zimbabwe is well known as the first rock sequence
in which the -2-Ga positive c')IJC excursion in marine carbonates was identified [1). Schidlowski et al. (I) reported an average c')I3C value of the
Lomagundi dolomite of 8.2%o PDB, n = 67, but this was based on analyses
of samples collected over a wide area with no stratigraphic control. In 1993,
a 20-km-diameter meteorite impact structure was found in the Magondi belt
[2), over an area that was sampled by Schidlowski [I) for C isotopes. The
carbonate rocks within the impact structure have been highly deformed and
shock metamorphosed, and many rocks there previously mapped as
Lomagundi group have been reassigned to the underlying Deweras group [2).
Some of Schidlowski' s samples [I) were from the contact zones of mafic
dykes, or from areas of amphibolite-grade regional metamorphism. We report bere the results of the first detailed stratigraphically controlled C- and
0-isotopic profile through the lower dolomite of the Mcheka formation,
Lornagundi group, in an area of low metamorphism (greenschist facies) well
away from the impact structure. We also report on C and 0 isotopes in
evaporitic lacustrine carbonates from the continental Deweras group that unLomagundi Group: The Lomagundi group has a minimum age of
1.97 ± 0.07 Ga. based on K-Ar dating of phyllites. Its depositional age is -2.1
Ga, based on model Pb ages of galena from the facies-equivalent Piriwiri
group. In the Lomagundi group section sampled, the lower dolomite is 5.5 m
thick, and consists of fine-grained massive white dolomite. with a few thin
interbeds of pink dolomite and dolomitic shale. There are four beds, between
10 and 30 em thick, in which there are centimeter-sized oval nodules of sparry
calcite. The results of very tight sampling at an average spacing of 20 em
(n = 30), show that although most of the samples arc extremely enriched in
IJC. and have high positive c'i13C values. there is a marked control on C- and
0 -isotopic values by sedimentary facies. The gray shale and pink dolomite
interbeds have 1)13C values lighter by up to 2-3%o compared to the massive
fine-grained white dolomites, which show little variation from a mean ll 13C
value of around 10.8%.. The sparry calcite nodules have similar sue values
to the host dolomite, to within 0.5%o, but with one value going down to 3.4%o
in a sample showing a fan strucrure. Such negative shifts in SIJC have been
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reported from carbonates replacing sulfate evaporites, and it is possible that
some of the carbonate "fans" may be of similar origin. The 0 isotopes are
also fairly constant. but with variations in 1\ 180 up to l%o from a mean value
around -8%o PDB, and show an antipathetic trend to the variations in C
isotopes. The 1)18() values of the calcite nodules are 1.5-2.5%o lighter than
the host dolomite, possibly reflecting meteoric water influx during diagenesis. Strontium-isotopic data on Lomagundi dolomites indicate values of 87Sr/
86Sr (calculated for 2.06 Ga) ranging from 0.703 to 0.708 [4).
Deweras Group: The Deweras group, which unconformably underlies
the Lomagundi group, consists of continental red beds comprising arkoses,
conglomerates, siltstones and anhydrite-bearing evaporitic dolostones, and
subalkaline basalts and pyroclastics that have been metamorphosed to greenschist facies. The rocks were deposited in continental rift-related alluvial fan,
eolian dune, playa flat, and playa lake environments [3). Age constraints on
the Deweras group are as follows: mafic lavas dated at 2060 ± I 00 Ma (W.R.
Rb-Sr); Pb model age of -2.1 Ga on galena from metamorphic veins [3), and
a 207pl:JI206pb age on dolomites and anhydrites of -2 Ga [4). Carbon-isotopic
data on the Deweras group playa flat carbonates show that they are also
extremely enriched in 13C [5] . Their 1)13C values range from 5.74%o to
16.19%. PDB, with an average of I 1.15o/oo PDB (n 23). The c')IB() of these
carbonates range from -13.35%o to -20.01%o PDB, with an average 1)18() of
-16.59%. PDB (n = 23). The presence of the "Lomagundi" C-isotopic
anomaly in continental carbonates of the Deweras group indicates that the
anomaly is due to a global perturbation in the entire C cycle, involving the
ocean-atmosphere-continent systems, and is not just the result of special
restricted environments in the marine sequences that have been studied up
to now.
References: [I) Schidlowski M. et at. (1976) GCA, 40, 449-455.
[2) MasterS. et al. (1995) LPS XXVI, 903- 904. [3) MasterS. (1991) Ph.D.
thesis, Univ. Witwatersrand. [4) J. D. K., unpublished data. [5) MasterS. et al .
(1990) Geocongress '90, 23rd Earth Sci. Congr. Geo/. Soc. S. Afr., Cape
Town, 346-348.
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COMPARISON OF DEPTH PROFILES FOR LIGHT RARE-EARTHELEMENT TETRAD EFFECT IN REPRESENTATIVE OCEANS.
A. Masuda• and J. Shimoda2, Department of Chemistry, University of Tokyo,
Hongo, Tokyo 113-0033, Japan (masfield@green.ocn.ne.jp), 2Department of
Chemistry, University of Electro-Communications, Chofu, Tokyo, Japan.
Introduction: Quantification of tetrad effect is of essential significance.
For this purpose, four parabolic curves are drawn, each spanning the "tetrad" [I). The degree of the LREE tetrad effect is defined as AEL (or
ABEXEL) value [2). Its utility has been proved [3] for the water column of
the Cariaco Trench [4). Evaluation of AEL has been made based on the data
published in papers [5-9, II].
Characteristics for Representative Oceans: The depth profiles for
LREE tetrad effect in the Pacific, Indian, and Atlantic Oceans are shown in
Figs. I and 2. It is seen that the depth profile for west north Pacific are flat
(not strictly vertical). In particular, the profile for 271-1 [5) is very flat except
the upper layer. The profiles for west Indian Ocean f61 near Madagascar are
also flat, but show somewhat larger range of variation than the Pacific Ocean.
Unlike the Pacific and Indian Oceans, the Atlantic Ocean seawaters show
the notably large range of variation of AEL value, with areal characteristics.
At station 10404 located at the outlet of Mediterranean outflow (7], the
absolute value of AEL decreases smoothly from the top toward a discontinuity at 700 m, which may be related with salt fingering. Depth profile at
Sargasso Sea [8) exhibits the largest range of variation of AEL. A dip of AEL
value to -0.263 around 700 m and a sudden rise to -0.034 - -0.006 are
interpreted to reflect an especially developed pycnocline and the related
peculiarity in stratification and in distributional state of specified lanthanides.
Depth profile at GEOSECS 115 [9) is considered to represent that for the
rather "ordinary" site in Atlantic Ocean. Even this profile exhibits much larger
extent of AEL variation than those for Indian and Pacific Oceans. The depth
for maximum absolute value of negative AEL is located around 2140 m. The
depth profile for Indian Ocean at site 1502 [6) has "miniaturized" features
qualitatively similar to GEOSECS 115. Depth profile [ 10] for the Southern
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GCA, 57, 1957-1986. [7] Greaves M. J. et al. (1991) EPSL. 103, 169-181.
[8] Sholkovitz E. R. et al. (1994) GCA, 58, 1567-1579. [9] Elderfield H. and
Greaves M. J. (1982) Nature, 296, 214-219. [10] Masuda A. and Shimoda J.
(1997) Proc. Japan Acad. , 738, 195-200. [ I I) German C. R. et al. (1995)
GCA, 59, 1551-1558.
RHENIUM-OSMIUM EVIDENCE FOR CRUSTAL INFLUENCES ON
PORPHYRY COPPER SULFIDES AND DURATION OF MINERALIZATION. R. Mathur 1, J. Ruiz•. and F. Munizaga2, •Department of Geosciences, University of Arizona, Tucson AZ 85721, USA, 2 Departamento de
Geologia, Universidad de Cllile, Casilla 13518 Correo 21. Santiago, Cnile.
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HAFNIUM-ISOTOPIC CONSTRAINTS ON THE SOURCE OF
KERGUELEN ARCIIIPELAGO LAVAS. N. Mattielli 1, J. Blichert-Toft2 ,
D. Weisl, D. Damasceno•, J. S. Scoates•. F. A. Frey3, F. AlbarMe2, and
A. Giret', 1 ~partement des Sciences de Ia Terre et de I'Environnement, Universite Libre de Bruxelles, CP 160/02, ULB, B- 1050 Brussels, Belgium
(nmattiel@ulb.ac.be), 2Ecole Normale Superieure de Lyon, 69364 Lyon
Cedex 7, France, lDepartrnent of Earth, Atmospheric, and Planetary Sciences,
Massachusetts Institute of Technology, Cambridge MA 02139. USA. 4 Univcrsite Jean Monnet, 42023 St. Etienne Cedex 2, France.
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Two outstanding questions in studies of metallogenesis are the source of
tbe ore-forming metals and the duration of mineralization. Rhenium-osmium
isotopes can constrain the answers to these questions because these elements
are chalcophile and found in the sulfides. Thus it is possible to get information directly from the sulfides rather than solely from associated alteration
silicates. We report new Re-Os-isotopic data from pyrites, chalcopyrites from
six porphyry copper deposits (five from the Andean Cordillera and one from
the South Pacific).
Sulfides from the deposits have Re concentrations ranging from 0.8 to
300 ppb. Osmium concentrations range from 0.004 to 0.2 ppb. Initial 1870sf
•ssos ratios for the sulfides range from 0.25 to 9. There is no difference seen
between porphyry deposits occurring in a continental arc, such as the Andes
or a Jess mature arc such as Panguna in the South Pacific. The calculated
initial isotopic ratios for the sulfides contain too much radiogenic Os to be
derived solely from the mantle that should have an 1870sJI880s ratio close
to 0.13. There are several possible sources for the radiogenic Os. These
include the subducted slab, metalliferous or organic-rich subducted sediments,
or lower continental crust. Trace-element, Pb, and Nd isotopes , suggest that
subducted sediments could be the source for some of the Os, but the lower
crust is a more likely source for the radiogenic Os because of the relatively
low concentrations of Os.
The Os-isotopic data yield sulfide isochrons with ages that agree with UPb ages on zircons from the productive intrusions. The sulfide ages, however, can be much older than U)Arf39Ar ages obtained from potassic and
quartz-sericitic alteration thought to be associated with the mineralization.
The Re-Os data indicate that the large base metal porphyry deposits are
probably the result of a complex series of magmatic-hydrothermal events that
occurred over a period of - 4 Ma. Thermal modeling shows that the mineralizing events cannot be the result of a single cooling intrusive and points
to a complex magmatic history that must include multiple intrusions and
cooling episodes.
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Depth profiles of LREE tetrad effect in the Atlantic Ocean.

Ocean (II] shows unique features different from those for any of other oceans
displayed in Figs. I and 2.
References: [I] Masuda A. et al. (1994) Proc. Japan Acad., 708, 169174. [2] Masuda A. and Shimoda J. (1996) Proc. Japan Acad., 728, 202207. (3] Masuda A. et al. (1998) Geochem. J., 32, 275-280. [4) De Baar
H. J. W. et al. (1988) GCA, 52. 1203-1219. [5) Piepgras D. J. and Jacobsen
S. B. (1992) GCA, 56, 1851-1862. (6] Bertram C. J. and Elderfield H. (1993)

One of the strongest constraints on Earth differentiation is provided by
the combined variations in Hf- and Nd-isotopic compositions. As one end
member of the OIB array, the Kerguelen basalts are key oceanic lavas for
delimiting the total range of Nd-Hf-isotopic correlation in OIB. We report
an extensive new data set of Hf-isotopic compositions for Kerguelen Archipelago lavas. Our primary goals are to determine the Hf-Nd-isotopic variability and to bener characterize the source-components of the Kerguelen lavas.
We selected over 30 samples, mostly from basaltic stratigraphic sections that
span the complete range of chemical compositions (transitional to highly alkaline), Sr-Nd-Pb-isotopic compositions [ 1], and ages (0.1-29 Ma [2)) of the
archipelago lavas.
Hafnium-isotopic analyses were carried out by plasma-source mass spectrometry (Plasma 54). The age corrections for Hf-isotopic ratios are small,
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a maximum of 10 ppm for the oldest lavas (29 Ma). The slightly less radiogenic age-corrected 176Hf1177Hf do not modify the overall isotopic data distribution or the interpretation of the results.
Hafnium-isotopic compositions for the Kerguelen lavas show a large range
of values. covering 13 EHI(T) units. Variations in 176Hff177Hf (0.283070.28283) and 143 NdJ 1«Nd (0.51288-0.51258) show an extremely good positive correlation (EHT -1.6"ENd + 2.8). The large spread of the Hf-Nd-isotopic
field for the Kerguelen lavas defmes the low Hf-Nd end of the om array and
largely determines the shape of the EMI-EMII endmember field.
The dominant isotopic signature defined by more than I 00 samples in
Sr-Nd-Pb-isotopic space and now mirrored in Hf-isotopic space, reflects the
Kerguelen plume signature. A few lavas from three volcanic sections. older
than 25 Ma, which represent as a whole <I 0% of the sample population, show
relatively low 87Srf16Sr and high 143NdJI«Nd and 176Hf1177Hf. These lavas
were called group D (for depleted samples) [3]. The Sr-Nd- and Ph-Phisotopic trends for these lavas imply the contribution of oceanic crust as a
source-component added to the Kerguelen Plume; our Hf-isotopic data for
the group D lavas are consistent with this interpretation. The youngest archipelago lavas, including those from Mt Ross (2-0.1 Ma}, have lower 206p1J1
204Pb for given Nd- and Sr-isotopic compositions [4) and also have lower
176Hf1177Hf. As for the other isotope systems, the temporal trend of the archipelago lavas towards less radiogenic Hf-isotopic compositions with decreasing eruption age reflects changes in the relative proportions of different
components entrained by or incorporated into the Kerguelen Plume.
The broad positive correlation between Hf and Nd isotopes for the
Kerguelen Archipelago lavas also holds within each volcanic section (corresponding to time intervals from -300 to 900 k.y.), as observed for the Mauna
Loa and Mauna Kea drilled Java flows [5]. The Hf-Nd-isotopic correlation
is usually attributed to the presence of garnet as a residual phase during basalt
extraction. Tile importance of residual garnet is indicated by Kerguelen lavas
with similar 8 7Srf86Sr, 14 3NdJ144Nd, and 176Hf!I77Hf and variable (more than
a factor of two) LaiYb [6). In addition, the entire EHT range of Kerguelen lavas
indicates source components with different Lu/Hf ratios.
The large variability in Hf-isotopic compositions, in conjunction with
variations in Sr, Nd, and Pb isotopes in Kerguelen Archipelago lavas. reflects
the dominant role of the Kerguelen Plume, together with the influence of other
components in their genesis: a depleted component well expressed in the
group D lavas [3), and a minor low 206PIJI204Pb component, possibly continental material, in the youngest and also most differentiated lavas (<I 0 Ma).
A contribution of continental lithosphere is present in some Kerguelen mantle
xenoliths [7); however it is not expressed in >95% of the archipelago lavas.
Nevertheless for the youngest. most differentiated lavas. the lower :206PIJI204Pb
and Hf ratios for comparable Sr- and Nd-isotopic ratios, characteristic of the
Kerguelen Plume. may reflect the same process of continental incorporation.
Ongoing studies on Kerguelen Archipelago lavas and lavas from the recently
drilled ODP Leg 183 should allow the continental component to be identified.
References: [I) Weis D. et al. (1998) Mineral. Mag., 62A, 1643-1644.
[2) Nicolaysen K. et al. (1996) Eos Trans. AGU, 77, F824. [3) Yang et al.
(1998) J. Petrol., 39, 771-748. [4) Weis et al. (1993) EPSL, 118, 101-1 19;
Weis et al. (1998) J. Petrol., 39, 973-994. [5) Blichert-Toft J. and Albarede F.
(1999) GRL, 26, 935-938. [6] Frey eta!. (1999) Chern. Geol., in press.
[7] Hassler and Shimizu (1998) Science, 480, 218-221: Mattielli N. eta!.
(1999) J. Petrol., in press.
DISSOLUTION OF ALUMINUM-SUBSTITUTED GOETHITES BY
AN AEROBIC PSEUDOMONAS MENDOCINA VAR. BACI'ERIA. P.
A. Maurice' , Y.-J. Lee1, and L. E. Hersman2, 1Department of Geology, Kent
State University, Kent OH 44242, USA. 2Life Sciences Division. Los Alamos
National Laboratory. Los Alamos NM 87545, USA.
In soil environments, goethite particles often contain AJl+ substituted for
Fe3+ in octahedrally coordinated sites. Aluminum substitution has been shown
to result in a variety of rnicrotopographic, micromorphologic, and crystal
structure changes as well as changes in abiotic dissolution rates and mineral
stability. This study focused on the effects of AI substitution (to 8.8 mol%)
on goethite dissolution by an aerobic Pseudonwnas mendocina var. bacteria.
In contrast to dissimilatory iron-reducing bacteria (DIRB), this bacteria is not
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capable of using Fe as a terminal electron acceptor for oxidative phosphorylation. Because the aerobic P. mendocino var. bacteria do not utilhe Fe
as a terminal electron acceptor. they require only micromole quantites of Fe,
compared to the micromole concentrations used by DIRB.
Pure. and Al-subslituted goethites were synthesized and analyzed by BET
(surface area by gas adsorption), X-ray diffraction (XRD). atomic force
microscopy (AFM), scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS) . Growth experiments conducted in aerobic
conditions, in the dark at 22•c. showed that maximum microbial growth did
not correlate with particle specific surface area. However, microbial growth
was observed to increase with increasing AI content of the goethites, as well
as decreasing particle size, decreasing multidomainicity. and decreasing particle aspect ratio. Due to the formation of dense biofilms, we were unable
to observe dissolution features by AFM. The heterogeneous nature of the
biofilms suggested that mineral aggregate structure may be important ia
detennining microbial attachment and dissolution rates. Although the mechanistic reasons behind the observed microbial growth/mineral dissolution ttends
remain unknown, it is clear that the microorganisms are well adapted to
utilizing AI substituted goethites, as are commonly found in aerobic soils.
THE SULFIDE CAPACITIES OF HAPLOBASALTIC AND BASALTIC
SILICATE MELTS AT 1400°C AND 1 BAR. J . A. Mavrogenes and
H. St. C. O'Neill, Research School of Earth Sciences, Australian National
University, Canberra ACT 0200, Austtalia (john.mavrogenes@anu.edu.au;
hugh.oneill@anu.edu.au).
Fincham and Richardson [I) showed that S dissolves in silicate melts at
low lo, Cfo, <QFM) as S2-, and does so by replacing 02- on the anion
sublattice, as described by the reaction

This suggests the relationship
[S) = Cs

Cfs/fo,)0·5

where [S] is the S content of the melt (e.g., in parts per million) and Cs is
the "sulfide capacity" of the melt, which is a function of melt composition
as well as temperature and pressure. Fincham and Richardson [I) experimentally verified the (ls,llo,)O.S relationship for simplified metallurgical slag compositions in the system CAS by varying Is, and lo, independently at I atm.
Subsequent work has repeatedly confU1lled the vaiidity of the Fincham and
Richardson model for other simple metallurgical slag compositions. but there
is only limited information on the solubility of S in silicate melts relevant
to geology.
Obviously C 5 has meaning only if the Cfs,lfo)o.s dependence is obeyed.
While this relationship has been validated for an Hawai'ian tholeiite [2] , other
studies [3-5] have exhibited disturbing deviations from the relationship,
which, if real, would demand a fundamental rethinking of the sulfide solubility theory as developed by the metallurgists. Moreover, there are apparent
inconsistencies in the geological studies that presently preclude the development of a quantitative model relating sulfide solubility to melt composition.
Accordingly we have embarked on an experimental program to study S
solubilities in silicate melts under controlled fa, and Is,· to test the Cfs/fo./·s
relationship over a wide range of silicate melt compositions. and, if the
relationship is confirmed, to determine the compositional dependence of Cs·
Initially, experiments have been undertaken at the relatively high temperature of 1400°C to access as wide a range of melt compositions as possible.
Experiments were conducted in a conventional vertical tube furnace
equipped for gas mixing, using C02-CO-S02 mixtures to impose fo, and fs,·
The major experimental problem was condensation of solidS on the cool parts
at the top of the furnace, which, if allowed to build up, may then fall off into
the hot part of the furnace, greatly increasing Is, over that calculated from
the gas mixture.
Four strategies for varying melt composition were used. First, we selected
seven near-eutectic compositions in the CMAS system, plus compositions
along the anorthite-diopside join. Second, starting with anorthite-diopside
eutectic as the base composition. we added the following components: Si0 2•
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MgSi01• CaSi0 3. Mg2Si04 , FeO, PezS i0 4 • Ti0 2• and NltAlSi p 8• Third, we
studied :m assortment of natural melt compositions spanning a range nf FeO
contents. Fou11h, we attempted to replic;1te some measurements on compositions studied by previous in vestigators .
Samples were hung on Pt wire loops (or Re or Fc-lr loops for some Fe·
bearing compositions), and run generally six at a time . Quenching was by
dropping into water. Samples were :mnlyzcd by electron microprobe using
WDS with a troi tite standard for S. E nergy dispersive X -ray spectrometry
(EDS) was used to confum major-element compositions. As expected, loss
of alka lis by volati lization and Fe loss into Pt loops were pervasive problems.
The results were fitted by a global nonlinear least sq uares regression to
an expression of lbc form

where [MO,] are the Olt ide components of the melt in we ight percent, and
the coefficients AM are used to describe the compos itional dependence of C 5.
The fit to the data shows that the lfs/fo,)O.s relationship is followed by all
compositi ons. We find Ar-.. > Ac. » AMg >An . with the coefficients for other
Oltide components (Si02, Alp3 , Na20) being effective ly zero. The magnitude of AM correlates roughly with the magnitude of the free energies for !he
reactions

=

Fe, Ca. Mg, Ti, AI, and Si, but th.is relationsh.ip breaks down for
for M
allmlis, for wh.ich it would predict ~. to be large, rather !han negligible as
obs~rved.

O ur results are not in good agreement with the previous work [3-5),
although allowance needs to be made fo r the different temperature (1200°C)
of the latter study [5]. Importantly, we find a much higher value of A~.
inclicating that FeO has a stronger influence on Cs than hitherto thought. Our
high va lue of AF<> helps explain the observation [6] that the S content al sulf1de
saturation (SCSS) of natural basa ltic melts increases with increasing [FcO]
in the melt. despite the simple prediction from the law of mass action for
th.e reaction

thaL increasing [FeO] in the .melt shou ld correlate with lower, not higher,
va lues of S1- rrnel• l· i.e .. SCSS. C 5 in complex roeiL composhioos is poorly
preclicted by generalized melt descriptions such as NBOfT' or optical basicity.
References: [I J Fmchrun C . J. B. and Richardson F. D. (1954) Proc.
Roy. Soc. London, 223A, 40-61. [2] Katsura T. and Nagasbima S. ( 1974)
GCA, 38, 5 17-531. [3] Buchanan D. L. and Nolan J. (1979) Can. Mineral.,
17. 483-494. [4] Buchanan D . L. et al. (1983) Spec. Pub. Geol. Soc. S.
Afr., 7, 83-391 [5] Haughton D. et al. (1974) Econ. Ceo/., 69, 451 - 467.
[6] Mathcz E. A. ( 1976) J. Geophys., 81. 4269-4275.

TRACING TRE FATE O.F ANTHROPOGENIC NITROGEN IN
LARGE WATERSHEDS BY ISOTOPIC TECHNIQUES. B. Mayert

and C . HeinzcrZ, 1Dcpanrnenls of Ph.ys ics and Astronomy and Geology and
Geoph.ysics, University of Calgary, 2500 UnivcrsiLy Drive, Calgary, AJbena
TIN IN4, Canada (berohard@cnrth.geo.ueaJgary.ca), lfnstitut filr Geologic,
R uhr- Universitat Bocburn, Un ivers itiitsstrasse 150, D-47780 Bochum,
Germany (constaoze.heinzcr@ruhr-uni-bochum.de).
l.otroduction: Human activity has greatly a ltered theN cycle iu terrestrial aud aquatic ecosystems and increased the N flow in many rivers. Preliminary work of the International SCOPB Nitrogen ProjecLindicates that only
20% of the human-controlled N inputs LO large watersheds are exported to
the oceans in riverine tlows [ I]. 'Therefore. -80% of the anthropogen ic N
inputs are either stored or denitrified in the catchments.
Anthropogenic N can be retained in forests as a result of increased prod uctivity or in agricultural soils and can potentially be stored in groundwater. These sinks are in aJI likelihood noL large enough 10 account for tbe
"missing" N . It is therefore assumed mat the majority of llie human-comrollcd

N inputs to large watersheds is denitrilied in soils, riparian zones, wetlands.
lakes. aud rivc.rs.
Obj1.'Ctive: In this study we performed isotopic ana lyses on riverine ni trate (rom 20 streams drainiog into the north Atlantic Ocean. Both !) 1 $Nnitr.>~<
<md S 1 ~0oi~r.~t• values were determ ined in order to ideotify the sources of the
dissolved nitrate. A further objective was to test whether the isotopi c composition of disso lved nitrate provides a meas ure for the Clt tCnt to whicb
denitrification occurs in tbe respecti ve watersheds.
Results a nd Discussion: The isotopic com positi on of disso lved nitrate
in all investigated rivers and streams revt:a led that atmospheric deposition and
ferti lizer inp ut were generally not a sign ific.au t prima ry source of riverine
nitrate. For 15 watersheds in the northeastern United States, 15N"''"'" values
between 4%o and 7% 9 and !) 180ni.,,e values varying from t0%o to 15%o indicated that most of the dissolved nitrate in surface runoff was derived from
nitrification processes in soils . The obtai ned isotopic data provided no evidence for significant in-stream denitri fication in these catchments.
In several German rivers, 1SNniLnK< va lues as high as 30%o and 11 180 11;,,....
va lues of more than 25%o were occasionally observed. This is evidence for
intensive denitrification within the catchment areas . a process during which
the heavier isotopes 1SN and 180 nrc progressively enriched in the remaining
dissolved nitrate, It appeared !hat poio L sources such as s ewage treatment
plavts were the major coo tributor of dissolved nitrate with extraordinary high
o tSN and !)18() values along some of the iovestigated German rivers.
Conclusions: Tbe isotopic composition of dissolved nitrate appears to
be a valuable trJcer, wh.ich enables us to determine the sources of riverine
nitrate . Elevated 81SN and o 1BO values can provide additionally evidence for
the occ urrence of denjtrification processes within watersheds. It -is. however,
dil'ficull to assess isotopically, where and to which extent anthropogenic N
inputs are den itrified in large watersheds.
References: [1] Howarth R. W. ( 1998).
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SULFUR- AND IUIENIUM-OSMIDM-JSOTOPJC SYSTEMATICS IN
PRECAMBRIAN SEAFLOOR MASSIVE SULFIDES. T . E. McCandless!. R. D. Mathur!, C. J. Eastoc1. and A. Kontinen 2• 1Center for Mineral
Resources, University of Arizona . T ucson AZ 85n l , USA (diamonds@
geo.arizona.edu), 2Geological Survey of Fin land, P.O. Box 1237, 7021 L
Kuopio. Finland (asko.kontineo@gsf.fi).
Introduction: Sul fide deposits that form on the modern-day seafloor
record an extensive interaction of mantle -derived Os and seawater Os, with
ranges in tfi70sttBBOs from 0. 16 to 1.04 [I]. This interaction is eas ily recognized because oceanic mantle has a t870st 18HOs ratio of -0.1. whereas
seawater Os is around 1.0. Tbe mantle 187Qsf1B8(}s ratio varies only sl ightly
fro m 0. 1 over geo logic time, whereas seawater values in the Precambrian are
unknown but should be eq ua l to or greater than the mantle. The 1B70sf l880s
ratios recorded in Precambrian seafloor massive sulfides therefore should
record min imum estimates or the Os-isotopic compositions of the seawater
involved in their formation . S ulfide samples were obtained ftom the deposits
at Outokumpu, Finlnnd. Jerome, Arizona, and Otjihase. Namibia. to eva luate
this possibil ity. Th.e Cu-Fe-Zn-Co sulfide deposits of the Outokurnpu clistriet
occur in clastic metasedimentary sequences that nrc spatially associated with
2.0-Ga ophiolites in the Svccokarelides of Finland. The Jerome Cu-Fc-Zn
deposit occurs io 1.7 -Ga submnrioe felsi c, intermediate, and mafic mevavolcanic rock-s thut are metamorphosed to grennsc hist facies. Copper-ironzinc sulfides at O tjihase are directly associated with the Matchle-~s Belt, a
350-km linear be ll of amphibolite tbat defines the 0.7-Ga rifting phase of the
Damam Orogen.
Preparation: The samples were manually crushed and sul fi des we.re
physica ll y concentrated with three splits taken from each sample. T he first
split is examined by microprobe and back sottered ele.ctron (BSE) imaging
to eva luate the sulfide separates, as primary and secondary texnual, mineralogical, and chemical features can be identified and mapped out io detai l.
For example. BSE exami nation of sulfides from the smoker structures at
Jerome revealed thaL their textures were identical to textures observed io
modern-day smoker sul fides from the J uan de Fuca Ridge. suggesting that
very little deformation or alteraLion of the smoker sulfides had Laken place
since their formation 1700 m.y. ago.
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Sulfur Isotopes: The second split from each sample was analyzed for
S isotopes, as S isotopes can help to characterize the type of seafloor setting
in which each deposit formed. For example, sphalerite aod pyrite separates
from Jerome have a OJ4S range of -0.5%.. to .f{).9%o, which is within the range
for sulfides from the Guaymas Basin (- 3 to 5) [2). the best modem-day analog
for Jerome. Sulfides and their host amphibolites at Otjihase form a narrow
belt with the Kuiseb Formation, a schist representing voluminous clastic
metasediments. Pyrite and chalcopyrite from Otjihase have 634S values from
0 .5%o to 7.7%.., similar to modem-day sulfides from the sediment-filled
Escanaba Trough ( 1-13%.) [2).
Rhenium-Osmium Isotopes: Rhenium and Os were separated and
purified from the third split using a Carius tube dissolution, followed by
distillation and anion resin column exchange techniques. Rhenium and Os
concentrations are from 0.07 to 3.07 and 00.08 to 3.00 ppb, respectively, and
these ranges are similar to modem-day sulfides (0.005-4.0 ppb Os (I)).
Preliminary data for sulfides from the Jerome deposits give an errorchron with
an age of 1.45 ± 0.30 Ga and an initial 1870s!188()s of 0.898, within the range
of modem seafloor sulfides. The elevated initial 1870stl88Qs ratio suggests
that seawater may have been very radiogenic during some periods of time
io the Precambrian.
Rererences: [I) Ravizza et al. (1996) EPSL, 138, 105-11 9. [2) Shanlcs
et al. (1995) AGU Monogr., 91, 194-221.
NEW DEVELOPMENTS IN IN SITU ANALYSES: HARVARD
UNIVERSITY'S LASER ABLATION INDUCTIVELY COUPLED
PLASMA MASS SPECTROMETRY (QUAD AND MULTICOLLECTOR) LABORATORY. W. F. McDonough, R. L. Rudnick, and I. Hom,
Department of Earth and Planetary Sciences, Harvard University, 20 Oxford
Street, Cambridge MA 02138, USA (mcdonough@eps.harvard.edu).
Introduction: Recent advances in laser and inductively coupled plasma
mass spectrometry (ICP-MS) technologies are providing unparalleled opportunities for in situ analyses at high spatia.! reso.lution. Both e.lementa.l and
isotopic compositions of a wide spectrum of geological and meteoritical
materials can now be determined ( 1). Over the past two years we have developed a laser ablation laboratory at Harvard University (http://wwweps.harvard.edu/la-icp-ms.hlllll) that employs an excimer laser in combination
with both a quadrupo.le and a multip.le col.lector ICP-MS. This presentation
is an opportunity to share the latest results from our laboratory (including ones
not yet available at the time of writing).
Laser: Our homemade laser ablation system [2) uses a Compex 1.10
excimer laser (Lambda Phsyik) operating in the deep UV at 193 om. Pulse
energy can be varied from <0.1 to -10 rnJ, as too can pulse repetition rates
that vary from l to 100 Hz. Because the spot is an image of a blanking
aperture in the beam path, spot shapes can be any geometry required (i.e.,
circles, rectang.les, squares, even triangles). Diameters for circular spotS (the
most commonly used geometry) can be set at any size between 10 and 400
Jllll. Helium is used as the carrier gas in the sample cell that results in in·
creased transmission over AI carrier gas, yie.lding a factor of -5 increase in
sensitivity [3].
Quadrupole Inductively Coupled Plasma Mass Spectrometry: Our
quadrupole ICP-MS is a PQ2+ (VG Elemental) with typical solution
(Meinhard) sensitivity of I()! cps/ppm on IISJn. When coupled with the
excimer laser we can achieve detection limits of I 0- 100 ppb for high mass
(>85) and .low 1st ip (<8eV) elements for a 20-Jllll spot, or 100-200 ppb for
the PGE, many of which have higher ionization potentials. We have employed
our quadrupole in a variety of in situ trace-element applications [e.g., 4,8].
In addition, through simu.ltaneous solution nebulization and laser ablation,
we have achieved -2% precision (2a) on Pb-Pb and U/Pb ages for Paleozoic
zircons [2).
Multiple Collector Inductively Coupled Plasma Mass Spectrometry:
Our newly acquired multiple col.lector ICP-MS, an lsoprobe (Micromass)
(Fig. I) is equipped with nine faraday cups and a wide flight tube for simultaneous collection of isotopes across a mass range of .15%. It has a hexpole
filter before the laminated magnet that serves to narrow the ion energy spread
to -.I ev, and eliminate Ar interferences (when using Ar and H gases in the
hexapole). It also inc.ludes two channeltrons at the low mass end and a
moveable axia.l faraday that provides access to a WARP filter followed by
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a Daly detector. Abundance sensitivity is <10 ppm with the faradays, or 15
ppb using the WARP fi.lter on the Daly. Our instrument has achieved a
sensitivity of >3 x .JOIO cps/ppm (i.e., 500 Vlppm) on U using a CETAC
MCN6000. Internal run precision for 87Srf86Sr and l•lNdJI••Nd ratios is
8 ppm, and external precision is 6-30 ppm, measured over several hours on
.I 00 ppb standard solutions. Accuracy for 21l6P~Pb, tONdJI«Nd and B7Sr/
86Sr ratios on standard solutions is 70, 20, and 40 ppm respectively.
When coupled to the excimer laser we have achieved £ level precision
on Hf-isotopic ratios for samp.les with concentrations of hundreds to thousands of parts per million, depending on spot size and abundance level [5,6].
In a search for extinct !nNb, we achieved ±3 e level precision on Zr isotopes
io ruti.les [7). In addition, Paul Mason showed, using the Micromass demo
machine (similarly equipped). that they cou.ld measure
in su.lfides to a
precision of :!:0.2%. [9). New results gathered over the summer on these and
other isotopic systems, applied to a spectrum of cosmological and geochemica.l problems, will be reported at the meeting.
References: [I) Eggins et al. (1997) EPSL; Christensen et al. (1994)
EPSL; Hirata and Nesbitt (1998) EPSL (2) Hornet al. (.1999) Chern. Geo/.,
in review. (3] Eggins et al. (1998) App. Sur. Sci. [4) Rudnick et al., this
volume. [5) Horn et a.l, this volume. [6) Lee C.-T. et al., this vo.lume, [7) Yin
Q. et a!., this volume. [8] Barth et al., this vo.lume. [9) Mason et al.. this
vo.lume.
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SURFACE CHEMISTRY OF SULFIDE MINERALS DURING
OXIDATIVE DISSOLUTION. M. M. McGuire'. K. J . Edwardsl, J. F.
Banfie.Jd2, aod R. J. Hamers l, IDepartment of Chemistry, University of
Wisconsin-Madison, 1101 University Avenue, Madison WI 53706, USA,
2Department of Geology and Geophysics, University of Wisconsin-Madison,
1215 West Dayton Street, Madison WI 53706, USA.
The surface chemistry of sulfide minerals during oxidative dissolution at
37•c and pH 1.5 was examined. Samples of pyrite, marcasite, and arsenopyrite were exposed to an Fe-oxidiziog microbial iso.late (Ferriplasma acidarmanus), a S-oxidizing isolate (Thiobacillus caldus), and a mixed enrichment
culture. Changes in chemical speciation of the mineral surface products were
monitored by Raman spectroscopy. Results indicate that the most abundant
surface product under abiotic conditions or in the presence of an Fe-oxidizing microbial species is e.lemental S. In the case of marcasite and arsenopyrite. calibration of the intensity of the Raman signal from S suggests that it
forms in amounts on the order of thousands of atomic layers within days.
Pyrite, however. exhibited a dissimilar surface chemistry. producing significantly less S than either marcasite or arsenopyrite.
Mineral surfaces in the presence of the $-oxidizing isolate revea.l very .little
evidence of elementa.l S. Surprisingly, the removal of the surfaceS layer by
the S-oxidizing species does not correlate with an increase in dissolution rate
as compared with the abiotic control reactions. These findings suggest that
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the elemental S la yer does not passivate lhe mineral surfac~ from further
reaction. but rather must form a porous SlTUct'Ure that continues to allow the
passage of oJCidan ts to tho:: surfaco::.

CHEMICAL AND ISOTOPIC EVIDENCE FOR PLEISTOCENE
RECHARGE TO SILURIAN-DEVONIAN AQUIFERS, ILLINOIS
BASIN. J. C. Mclntosb 1• L. M. Waltcr1, J. M. 13udai 1, and A.M. MartinF.
'Department of Geological Scio::nct:s, University of Michigan. Ann Arbor.
Michigan 48109 - 1063. USA (jmcintos@ umich.edu), 2 A mherst College.
Amherst MA 01002-5000, USA.

Introduction: The midcominellt region of the United States is characterized by a number of sag-type basins that have been influence.d by repeated
PleistOcene glaciations. Many of these basins have seen lin le tectonic disturbance and so have low topographic gradienlS. Thus, glaciatioo can s ignificantly change fluid and rock stress regimes, especially near basin margir1s.
TI1is is evidenced by recharge of Pleistocene waters into various re&ional
aquifer systems. For example, glacial meltwater recharge into the CambrianOrdovician aquifers of the northern Illinois basin bas been established [ 1.2).
This recharge locus 010 also play a key role in gencr;lling unconventional
biogenic gas deposits where organic rich shale units are in prox imity to basin
margin recharge. Martini et al. [3], for example. established a link between
Pleistocene glaciation and sha llow biogenic gas deposits in the Michigan
basin.
New Developments in the Dlinois Basin: Our current study targets the
eastern part of the Illinois basin where Devonian black shales subcrop near
the basin margjo. Previous studies show that underlying Siluriao-Devonian
carbonate aquifers have significant salinity depletions (4) suggestive of freshwater recharge in this part of the basin. Recent exploration for shallow biogenic g:ts occurrences in these black: shales has made a large number of new
wells available in this hitherto unexp lored margin of the lllinois basin. Of
special significance is the association of biogenic gas production with high
volumes of dilute formation water.
Formation water and gas samples from the New Albany and over- and
underlying aquifer systems have been collected and analyzed for clement and
isotopic geochemistry. Salinity and isotopic variations i.n the New Albany
shale and underlying Silurian-Devonian waters indicate selective recharge of
glacia l meltwater into Silurian-Devonian carbonates. Th is is compatible with
the regional arc of the carbonate subcrop in the northern limb of the Illinois
basin (Fig. 1). The chloride content of Silurian-Oevonian formation waters

Depth
(feet)

Cl (mM)
F"Jg. 2 . Silunan-Devoruan carbonate formation sa ters: Cl (mM) vs. depth.

is extremely variable. Dilute water, near-potable near the surface, penetrates
to c loso:: to 2000-feet depth. At that poiot. sa linities increase rapidly to values
in excess of 3000 mM (Fig. 2). The overlying New Albany shale formation
waters show a similar suppressed salinity pattern with depth. Stable isotopic
constraints coupled with these depth/salinity relations demonstrate thnt glaci al meltwater has recharged Si.lurian-Devonian aquifers nnd migrated upward
through n regional fracture system established in the New Albany shale.
Deuterium-isotopic values of the New Albany shale waters vary co-linearly
with chloride from basinal brine values ( -4%o) to values more depleted than
modem ro~infall in this area (-46%o vs. -40%o today). Oxygen-isotopic values follow a similar pattern: formation waters vary from basi nal brine values {1.38%o) to values more depleted than mode rn Indiana groundwater
(-7.5%" vs . -6'1iw today}.
Summary: The chemical and isotopic variations o f Silurian-Devonian
and New Albany shale waters, along with studies from other parts of the basin,
confirm thar Pleistocene waters have recharged Silurian-Devonian and Cambrian-Ordovician aquifers during major glaciations and that invasion of freshwater was regionally extensive. As with the Michigan basin, the invasion of
dilute waters into the organ ic-rich New Albany shale formation induced U1e
generation of biogen ic gas 3long the basin margin.
Rerereuces: [ I] Siegel D. I. (1989) U.S. Geological Survey Prof Paper
/405· 0 , 76. [2) Stueber A. M. and Walter L M. (1994) Bull. GSA, /06,
1430- 1439. [3] Martini A.M. el al. (1996) Nawre, 383, 155- 158. [4) KcUer
S. J. (19B3) GS Occasional Paper 4/, 30. [5) Droste J. B. and Sh.aver R. H.
{1983) GS Spi!c. Rpr. 32, 2.

GEOCHEMICAL EVIDENCE FOR SEDIMENTARY SILICA ON

MARS. S. M. McLennan, Deparunent of Geosciences, State University of
New York at Stony Brook, Stony Brook NY 11794- 2100. USA (scott.
mclcnoan@sunysb.ed u).

Fig. 1. St:rucrurJI map of U.S. midcontine nt region (;tdapted from [5]). The
Silurian-Dcvonian aqu ifer system subcrops along the Kankakee ~ml Cincin nati arches , overlying Cambrian-Ordovician strata.

Introduction: There is abundant evidence from imaging, spectroscopy,
magnetics, thermodynamic considerations, and c he mical analyses tha t a
variety of sedimentary processes have affected the martian surface. Among
those processes that have been identifLed or proposed are conversion of basalt
to palagonite and cl;tys during low temperature alteration [I]. oxjdation of
igneous minerals to form hematite and other iron-oxides ( 1,2] possibly including a m;tgnctic iron oxide mineral (3], chemical evidence consistent wilb
heavy minerdl fractionation during sedimentary transport [4], and evidence.
for Mg (and poss ibly Pe) sulfmes and chlorides in martian soils [2,4,5].
Analyses of SNC meteori tes and martian rocks and soils also indicate that
the martian surface is dominated by malic to ultramafic rocks [6). During
weathering and low·tcmperatmc alteration of basalt on Eartlt, large amounL~
of Si0 2 rnay be li berated and under certain near-surfac.e conditions silica is
WghJy mobile, Accordingly, an importan t question is whether or not similar
processes take place on Mars and if so. what role does sedimentary si lica play?
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A variety of workers have recognized that silica may play a role during
alteration processes [e.g.• 1,5] and Bums [I] alluded to "hydrous iron oxidesilica deposits" in the Argyre and Hellas basins. However, the possibility of
extensive silica deposits at or near the martian surface has been inadequately
explored.
Low-temperature Alteration of Terrestrial Basalt: Alteration of terrestrial basalt across a broad range of conditions from weathering to hydrothermal is corrunonly accompanied by loss of up to >50% of Si02 due to the
dissolution of unstable mafic minerals and glass [e.g., 7,8). Examples of
idealized dissolution reactions for olivine and pyroxene include
Fayalite:
Forsterite:
Diopside:

F~Si04 + 4H+ = 2Fe2 • + H4 Si04
Mg2Si04 + 4H• = 2Mg2-> + H4Si04
CaMgSi 20 6 + 4H• + 2H20 = Mg2• + Cal+ + 2H 4 Si04

On Earth weathering processes often proceed under largely open system
conditions and much of the silica is either transported to less altered portions
of the weathering zone where it may be involved in other weathering reactions or is lost entirely from the weathering zone to streams and groundwater.
Evidence for Low-temperature Alteration of Martian Basalt: Among
the most surprising results of the chemical analyses of martian soils and rocks
are the high abundances of Sand Cl [9,10]. At the Pathfinder site, only MgO
(and possibly FeOr) correlate positively with S03 and Cl, suggesting that a
significant fraction, if not all, of the Mg in soils is present as sulfide and
chloride minerals [4,5,11]. It is also generally agreed that much of the Fe in
martian surficial deposits is present as secondary oxide minerals such as
hematite [I ,2]. Chemical data are also consistent with fractionation of Fe-rich
phases (e.g .• hematite, Fe-sulfate) in martian soils and rocks, likely during
sedimentary transport [4).
The significance of these relationships is that much of the Mg and Fe
derived from alteration of mafic minerals reacted to form nonsilicate minerals. Accordingly, there is a likelihood that substantial amounts of Si02, also
derived from alteration reactions, would be available to form discrete sedimentary silica phases, including noncrystalline or crystalline opals, microcrystalline quartz (e.g., chacedony) or quartz.
Fate of Sedimentary Silica: The ultimate fate of silica is difficult to
constrain because little is known about the nature of the martian hydrosphere
over geological history. Near alteration roues, silicon may combine with AI
(from plagioclase) and various cations to form palagonite and a variety of
clays (e.g., saponite, nontronite, sepiolite, montmorillonite, etc.). However,
silica that is lost to near-surface waters could be transported considerable
distance and precipitated as a separate silica phase Thus silica could be found
in a variety of geological settings. including sedimentary chert deposits (iron
formations of Bums [I)?}, veins, fracture fillings, mineral overgrowths,
encrustations on rock surfaces, authigenic mineral grains, or dust coatings.
The presence of abundant silica would have important implications for interpreting imaging. remote sensing, and chemical data that have been returned
from Mars.
Rererences: (I] Bums R. G. (1993) GCA, 57, 4555-4574. [2] Bell
1. F. III (1996) Geochem. Soc. Spec. Pub/. 5, 359-380. [3) Madsen M. B.
(1999) JGR, 104, 8761-8779. [4] McLennan S. M. (1999) LPS XXX,
Abstract #1700. [5] McSween H. Y. Jr. et al. (1999) JGR, 104, 8679-8715.
[6] McSween H. Y. Jr. and Treiman A. H. (1998) Rev. Mineral., 36, 6116153 [7) Nesbitt H. W. and Wilson R. E. (1992) Am. J. Sci., 292, 740-777.
[8) DauJ~; V. et al. (1994) GCA, 58, 4941-4954. [9) Clark B C. (1982)
JGR, 87, 10059-10067. [10) Rieder R. et al. (1997) Science, 278, 1771-1774.
[II) Clark B. C. ( 1993) GCA, 57, 457 4-4581.

COPPER-CHLORIDE COMPLEXING IN HYDROTHERMAL
BRINES. D. C. McPhail', 1. Brugger•. W. Liu 1• L. Spiccia2, and J. Black•.
1Department of Earth

Sciences, Victorian Institute of Earth and Planetary Sciences, Monash University, Clayton, Victoria 3168, Australia (bear@mail.
eanh.monash.edu.au), zoepartment of Chemistry, Monash University,
Clayton, Victoria 3168, Australia.
Introduction: The concentrations and transport of Cu in ore-fonning
and other environments is controlled in part by how Cu and chloride compleJ~; together in high-temperature brines. Despite the importance of Cu in
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many types of hydrothermal ore deposits (e.g., porphyry, epithermal, SED EX),
little is known about tbe complexes of Cu with chloride. Copper geochemistry is complicated because of the two important valence states of aqueous
Cu [Cu(l) and Cu(ll)J. We are studying the hydrothermal geochemistry of
Cu(I,II)-chloride complexes using a combination of mineral solubility and
UV-Vis-NIR spectrophotometric experiments and thermodynamic modeling.
Cuprite Solubility: The solubility of cuprite [Cu(l)) was measured in
preliminary experiments using water bath (under N atmosphere) and evacuated silica-glass tubes at temperatures between 25°C and zso•c. vapor-saturated pressure and in acetic-acid and phosphate pH buffered waters with
variable NaCI concentrations (0-2 mol). Copper oxidized or disproportionated
in all experiments with less than -0.1 mol NaCI concentrations and in most
water bath experiments, even when vessels were closed and under a constant
flow of purified N. Successful experiments have been run at SO• and !SO•C
using evacuated silica glass tubes, acetic-acid pH buffer (0.1 mol to 1.0 total
acetate) and 0.01-2.0 mol NaCI. Aqueous Cu is greater than 95% Cu(l) based
on measured absorbance spectra and quantitative measurements nsing the
neocuproine analytical method. At Iso•c and measured pH:z.s·c -4.7, measured log mole. ...... increases linearly from -3 to -I between log molc1,,..,1
of -2 and 0, with a reproducibility of better than 6%. The slope of the curve
is one, indicating that CuCI(aq) predominated at the conditions of the experiment. Total acetate concentration was varied at a constant 0.1 mol NaCI,
resulting in a small increase in measu.r ed Cu concentrations and indicating
that some Cu(l)-acetate was present in the experiments.
ffitraviolet-Visible-Near-lnlrared Spectrophotometry: UltravioletVisible-Near-Infrared spectra of Cu(ll)-chloride complexes have been measured successfully using conventional methods at 2s•c. 60°C, and 90•c for
acidified 30 ppm Cu (ultraviolet wavelengths) and 500 ppm Cu (visible
wavelengths) solutions between 0 and 18 mol LiCI. Cu(TI)-chloride system
was chosen for three reasons: (I) to develop the necessary methodologies of
running the experimentS and interpreting the data, (2) extend the range of
existing experimental data for Cu(II)-chloride species, and (3) understand the
positions and shapes of the important absorbance spectra for Cu(IJ) species
so that we can identify potential interferences with the absorbances of Cu(I)
species. The UV spectra of Cu(II) complexes are easier to interpret than the
visible spectra at all temperatures and indicate at least five species based on
a principal component analysis. The most probable stoichiometries of spe·
cies in these experimentS were Cu2•, CuCI•, CuCI 2(aq), CuCI42- and an
unlcoown species. There appears to be an octahedral-tetrahedral transition with
increasing LiCI concentration, based on a comparison with solid-phase spectra. The transition is apparent between 2 and 5 mol LiCI at all three temperatures. A preliminary interpretation of the spectra indicates the change in
predominance of species with LiCI concentration (Fig. 1). UV-Vis-NIR
spectra of Cu(l)-chloride complexes in LiCI solutions was measured at 2s•c.
but at higher temperature the Cu oxidized too quickly to measure reliable
spectra.
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Fig. I. Estimated percentages of Cu(II)-chloride species derived from UV
absorbance data at 2s•c.
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High-temperature Ultraviolet-Visible-Near-Infrared Spectropho-

tometry: A newly designed Ti pressure cell wit11 sapphire windows has been
successfully tested t{l Joo•c. The cell has f{lur windows Uta! allow both liquid
and vJpor spectra to be measured in t11e same experimen t. We are currently
using the cell to ex1end the temperature range for Cu(ll)-chloride spectra,
measure C u(T)-chloridc spectra, and detect liquid-vapor partitioning of Cu in
chloride, bisulfide and ammine systems. Preliminary measurements ofCu(ll)chloride liquid-vapor up to 300"C do not show any Cu vapor species.
Thermodynamic Modeling: Modeling suggests that disproportionation
is important at low temperatures and low salinities. Comparisons of our data
with recently publi shed thermodynamic propc.rties show good agreement for
Cu(ll)-chloridc spt.'lcies at low salinity; however, there is less agreement for
Cu(ll)-chloride species at high salinities and Cn(l)-chloride species.

THREE PALEOPROTEROZOIC POSITIVE ISOTOPIC EXCURSIONS OF CARBONATE CARBON-13/CARBON-U: STILL A PARADOX. V. A. Melezhik' and A. E. Fallick2. 'Geological Survey of Norway,
Leiv Erikssons vei 39, 7491, Trondheim, Norway (victor melezhik@ngu.no),
lScottish Universities Research and Reactor Centre, East Kilbride G75 OQF,
Scotl<tnd (t.fallick@surrc.gla.ac.uk).
Until recently a 2.06-2.33 -Ga Palcoproterozoic posi ti ve e~tcursion of
5t3Ccari> has been considered as a single isotopic event lasting over 200 Ma
[e.g., I]. Since Buick et al. (2]tcponcd a oew -2.40-Ga ncc.m-rich occurrence this long-lasting single isotopic event may perhaps be bener considered as three or four positive shifts of 1)13(:"""' separated by returns to 0'~•.
Although there is very little doubt that the 2.06-2.40-Ga positive excursions of ~i'JC have a widespread character, the isotopic event is unique io
terms of both dunltion (>300 Ma) and llC enrichment {up to 18%o). The
mechanism responsible for one of tlle most s ignificant C isotopic shifts in
Earth history remains highly debatable. To d!lte. I)IJC of I 0- 15%o cannot be
balanced by organ ic C burial as there is no geological evidence for an en hanced c.,& ace umulation prior to or synchronous witll the excursion.
For the interval 2.06-2.4 Ga there is a paucity in li'JC•rt data at the time
when the positive carbonate excurs ion developed. Consequently, neither A.:
nor forg can be estab li shed with meaningful precision. Surprisingly, the
Paleoproterozoic isotopic event is followed by formation of a vast reservoir
of 13C-depleted organic material (down to - 42%o at Shunga) and by one of
the earliest known oil-generation episodes at 2.0 Ga. The Inner time is also
marked by the fir.il appeara nce, and then by the worldwide development, of
diagenetic carbonate concretions marked by negative 1)13C<llrl> values. This
may be t11e first reliable evidence tiJat organic material was recycled during
diagenesis under oxic conditions.
Predominantly highly O)(idized "red beds" with evaporitic affinities are
associated with llC-rich carbonates. Close association of 13C-ricb carbonates
with abundant scromntolites is a further striking fact, perhaps as yet underestimated. The data available indicate that the global 813C values for the
Pn leoproterozoic excursions could, in fact, be at lower levels than often
considered. The e.xtreme enrichment in 13C (above S%o?) might well have been
caused by local factors such as an intensive development of cyanobacteria,
coupled with cvaporJtion in restricted basins that were apparently not in f11 ll
equil ibrium with atmospheric C02•
However even if globa l l)llC values for the Pa leoproterozoic excursions
were to be constrained at 5%o there is nor yet known any organic C reservoirs that can balance this val ue. Moreover none of !he three positive eJ(cursions of 1.3Ccllrl> are followed by negative isotopic shifts significantly below
O%o. as bas always been observed in younger isotopic eventS reflecting an
ovenurn of a maj or marine C reservoirs. Could the absence of such shifts
in the Palcoproterozoic indicate that perhaps there were no such reservorrs
(i.e .
was constant)? If so. it is necessary to investigate other options to
explain the Paleoproterozoic positive excursion of liDC.,.ro. Perhaps the traditional approach via forg change is not app licable to 2.06-2.40 Ga. As this
period of time was marked by transition from generally 0-free to gradually
oxygenated atmosphere, this might !Jave influenced tht: mechanism involved
in the production of organ ic C. Onset of intensive methane cycl ing [e.g.. 3)
resulting in 6c change is another possibil ity. Wa have to accept that a "ca use-

o

.f.,,

and"effect" relationship betwee.n tlte excursion and a series of related phe nomena is still not fully understood.
References: [ ll Karim and Holland (1996). [2) Buick et al. (1998).
(3] Hayes (1998).

lSOTOPIC COMPOSITION OF CONCRETIONARY SULFIDES
FROM THE 2000-Ma NONEUXINIC BASIN, PECHENGA GREENSTONE BELT, NORTHWEST RUSSIA- v. A. Melezhik 1, L. N.
Grinenlco2, and A. E. Fallick.3, 'Geological Survey of Norway. Leiv Erikssons
vei 39. 7491 Trondheim, Norway (victor.mc lczh ik.@ngu.no). 1fnstitute of
Geochemistry and Analytical Chen1istry, Russian Academy of Sciences,
Moscow, Russia, JScottish Universities Research and Reactor Centre, East
Kilbride, Glasgow G75 OQF. ScQtland. UK (t.fallick@surrc.gla.ac.uk).
Two hundred and fifty-nine sulfide samples from metar:norph oscd
(greenschist facies) black shales of the 2000-Ma p1oductive formation belonging to the Petsamo supergroup in the Kola region (northwest Russia) have
been analyzed for their S isotope ratio, The sultide-beariog black shales were
formed in a non-euxinic basin within an oceanic ri ft environment. The black
shales arc marked by very high S/C•<i mtios and a strong positive correlation
between co<g and s (r 0.70) with zero intercept on the aJtis. Dlfferent
generations of sulfide concretions have been distinguished by means of
concretional analysis. Individual isotope study of synsedimentary sulfide
layers and sulfi des from early, mid- and late diagenetic-catagenetic sulfide
concretions yields trends, which suggest bacterjal sulfate red uction as the
concretion-forming process. The overall spread of I)HS from -8.3%o to
+24.9%o indicates I)J4S,.u.,c->ulfid< between +29%o and -4%o. given a seawater
sulfate at around 11%o. The first-order trend is a progressive enricluneot in
1~S with increase of burial. Two major populations of su lfides have been distinguished. The 11rst (concretiOJlS and perhaps thin layers) formed in an open
system with respect to seawater sulfate and has a limited l)l4S range of - 2.7%o
t.o +3.8%o. This is coupled with extensive formation of diagenetic carbonate
beds ma.rked by sue of -8.7%o to -12.5%o. The second population (lenses.
thin layers. concretions. and microconcretions in carbonate nodules) formed
ia a closed system and is characterized by a high FeZ•fS2- ratio and progressive development of a Rayleigh distillation process which drove I)HS from
-8.3%o up to +24.9%o. 'Il1e high fe2•/S 2- and possibly change in pH parameter resu lted in pyrrhotite rather than in pyrite. Associated abundant carbonate nodules have o13C in the mnge-8.2%o to-14.1%o. Overall low 1)34S1111r,..,.suu;de
and the high S/Cors ratio are consistent with one-stage bacterial sulfate reduction in a nOneux in ic basin. The Observed 034SsulfatNulfid< Of 29%u (as
ma)( imum) is within the "pure sulfate-reducing bacteria" rJnge of 4-46%o.
Advanc~d isotopic modification involving the oxidati ve part of the S cycle
has not been detected. Based on the data available one cannot exclude the
presence of a third population of su lfides (thin massive layers with 83~S from
-2.5%o to +0.3%o) that might have inorganic origin and formed from an
exhal.at.ive source.
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EVOLliTlON OF MINERAL AND GLASS SURFACE ROUGHNESS
WITH DISSOLUTrON. N. P. Mellon 1, S. L. Br ant ley' . and C. G.
Pantanal, ' Department of Geosciences, Pennsylvania State University,
Un iversity Park PA 16802, USA, 2Dcpartment of Materials Science and
Engineering, Pennsylvania State University, University Park PA 16802. USA.

lntroduction: M ineral surface area may be the least understood parameter in the standard equation of mineral dissolution rates. Recent investigations of mineral surface morpilology and micr01exture bring to light U1e oeed
to understand how mineral surfaces change with dissolution [ 1-5]. In this
study. 01e evolution of the surface roughness of laboratory -dissolved albite
powders and plates is e)(amined and quantified us iog BET adsorption aod
atomic force microscopy (AFM). ResuiiS from th.is study can be appl ied to
help constrain assumptions made in the derivation and application of dissolution rate models.
Mnterials and Methods: Albite crystal and gloss (prepared by melting
crysta lline albite) used in this study were prepared as powders and polished
plate.> . Crystalline and g lass albite were each ground in an agate mortar and
pestle and s ieved to collect powders of 75-1 SO 11m. Powders were then
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Fig. 2. (a) Representative AFM-height image of an unleached polished
albite crystal plate. (b) Representative AFM-height image of an albite plate
leached in a pH 2 solution for 5000 h. (c) Representative AFM-amplitude
image of unleached powdered albite. (d) Representative AFM-amplitude
image of powdered albite leached in a pH 2 solution for 1250 h. All figures
have scales of 10 lllXl on the x-axis, y-axis scales of 10 lllD· and z-axis scales
of 50 om.

dissolved in an HCI (pH 2) solution in batch reactors for various lengths of
time. Solution chemistry was monitored throughout dissolution. Albite mineral and glass plates were cut and polished to 0.05 llm and dissolved in both
static and flow reactors, at several values of pH for various lengths of time [6].
BET surface area was measured by adsorption of N gas with a Micromeritics ASAP 2000 surface area analyzer. Powdered and polished samples
were imaged using a Digital Instrument Nanos cope llla Dimension 3100
AFM. Surface features were quantified by roughness. power spectral density,
and fractal analyses.
Results: Surface area of powdered albite crystal increases by a factor
of -1.5 with dissolution in a pH 2 solution. Rate of increase in surface area
is fast for the first I 00 h, and then decreases with time (Fig. I).
Simi larly, the rate of increase in Si in solution is at first fast and then
slows with time.
Atomic force microscopy imaging also reveals changing surface microtopography throughout dissolution on both polished and powder surfaces.

197

Roughness, as imaged using AFM , increases rapidly from 0 to 1000 h,
and then increases less rapidly between 1000 and 5000 h.
Discussion and Conclusions: Results from BET and AFM analysis
suggest surface roughness and surface area increase over 5000 h for both
albite glass and crystal. The rate of increase of surface topography decreases
with time, similar to the rate of dissolution as measured by solution chem·
istry. These observations may imply that surface area does oot reach a steady
state, at least in most laboratory experiments. Changing surface area must
presumably be taken into account when deriving a rate equation. If surface
area does not obtain a steady state value, it may be incorrect to assume that
dissolution reaches a true steady state.
References: [I) White A. F. and Peterson M. L. (1990) ACS Symposium, 416, 461-475. (2] Anbeek C. A. (1992) GCA, 56, 1461-1469. (3] Lee
M. R. and Parsons I. (1995) GCA, 59, 4465-4488. [4) HocheUa M. F. and
Banfield J. F. (1995) MSA Reviews, 31, 353-401. [5) Brantley S. L. et al.
(1999) Surface Area, in press. [6) Hamilton et al. (1999) GCA, submitted.
SOURCE DISCRIMINATION OF ATMOSPHERIC AEROSOLS AT
ALERT, ARCTIC CANADA DURING 1!194-1995 USING A YEAR·
LONG RECORD OF LEAD-ISOTOPIC AND TRACE-ELEMENT
DATA. G. Mercier 1, C. Gari~py 1 , L.A. Barrie2, and A. Simonetti', 'Centre
de Recherche en G6ochimie Isotopique et en G6ochronologie, Universiti de
Qu6bec a Montreal. CP 8888 succ. Centreville, Montreal H3C 3P8, Canada.
2Environment Canada, 4905 Dufferin Street, Toronto M3H 5T4, Canada.
The Alert meteorological station, located at -82°N on Ellesmere Island,
collects weekly samples of aerosols to provide information concerning the
origin and atmospheric pathways of Arctic pollution. The latter is most
pronounced during episodes of Arctic haze, which occur predominantly
between December aod April, when polluted air masses from Eurasia penetrate into the Arctic [1]. Samples of atmospheric aerosols from Alert, collected in 1983- 1984, indeed yielded very uniform 206J>b1207Pb ratios for the
period between November and May, averaging 1.160 :!: 0.010 [2). This signature is consistent with a model involving equal contributions of atmospheric
constituents from Western Europe, Eastern Europe, and Asia [3].
Weekly samples (n = 51) were analyzed, covering the period from June
1994 to May 1995. Isotopic abundances of all stable Pb isotopes were determined by thermal ionization mass spectrometry (TIMS) after digestion
(leaching) io 0.8 N HBr and conventional anion exchange chromatography.
Complete digestion of residual materials (n = 3) yielded exactly the same Pbisotopic compositions as the corresponding leachates. Elemental abundances
were obtained oo total samples using inductively coupled plasma mass spectrometry (ICP-MS) and instrumental neutron activation analysis (INAA).
On a seasonal basis, average aerosol Pb abundances are: summer
«0.1 nglml; fall-0.5 nglml; winter -1.2 nglm3; and spring -0.7 ng/ml. The
winter and spring Pb aerosol abundances are well correlated with concentrations of S04 , Cu, and Zn [4), a feature characteristic of the Arctic haze
phenomenon. However, this is not the case for samples collected in the fall.
Aerosol AI abundances, which is a proxy for the amount of natural (silicate) materials present in the atmosphere, are systematically low (typically
20-150 ngtml) with the following exception: half of the fall samples have
AI contents >500 nglml, and pealcing to 2200 nglml. These At-rich samples
have higher, but poorly correlated, levels of Pb, Cu. and Zn.
The summer aerosols have nearly identical isotopic compositions with
206pbJ204Pb. 208pbJ204Pb, and 206pbtz07Pb ratios averaging 18.17 :!: 0.06,
38.09:!: 0.15, and 1.164 :!: 0.003 respectively. The fall aerosols describe a
well-defined positive correlation between their AI content and their Ph-isotopic ratios (r2 >0.85). This can only represent mixing of an Al-poor
(unradiogeoic) eod member and Al-rich componenl(s) with 206piJ1204pb, 208P!JI
204Pb, and 206pb,1207Pb ratios = 18.5, 38.5, and 1.19 respectively. The latter
represent the minimum Pb-isotopic composition of the natural materials that
are transported in the Arctic troposphere during the fall season.
The winter and spring aerosols display different relationships. Their isotopic ratios are negatively correlated with their Pb contents that represent mixing between two anthropogenic components. The most radiogenic end
member (A) contains 206J>b1204Pb, 208J>b1204Pb, and 206p!J1207Pb ratios of -18.1,
-38.1, and -1.16 respectively. Component A is derived from sources in Asia
and/or the former Soviet Union. At Barrow, Alaska, from February to March
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1990, mean 206Pbfl07Pb and :wspbl207pb values of J.J 61 and 2.432 were
reported [5]. consistent with component A. The Pb-rich end member (B), has
206pbf204Pb, :W8pbf204pb, and 206pbf207Pb ratios= 17.6, 37.5, and 1.14 respectively. This can only be attributed to atmospheric inputs from sources located
in Western and/or Northwest Europe [3], where gasoline Pb additives have
very unradiogenic signatures. Although uncertain, apportionment of Pb deposited at Alert is of the same order of magnitude from components A and B.
A weekly sample from early August 1994, with very low contents of both
AI and heavy metals, yields a remarkably unradiogenic isotopic composition
having 206pbf204Pb, :W8PlJI204Pb, and 206Pb!ZO'Pb ratios of 16.94, 36.67, and
1.090 respectively . Back-trajectory calculations (925 mbar) for this period are
consistent with these aerosols being mainly derived from anthropogenic
sources located in the Siberian Plateau region [6]. The unradiogcnic Phisotopic character suggests a Precambrian, nonferrous ore source.
Trace-element and Ph-isotopic data discriminate between three major
sources of atmospheric aerosols reaching the Canadian high Arctic. These
comprise: (I) A radiogenic "natural" end member that was preponderant during the month of September 1994; back-trajectory calculations suggest it
originated from rhe Canadian Arctic Islands and the coastal areas of West
Greenland. (2) Unradiogenic end member B originating from west and/or
northwest Europe, welt recognized in the late fall and winter samples. (3)
Anthropogenic end member A, characterized by 206pbf207Pb ratios of -1 . 16
[2,5], originating from Asia and prominent during the late spring and early
summer.
References: [I) Barrie (1986) Atmos. Environ., 20, 643- 663.
[2] Sturges and Barrie (1989) Atmos. Environ., 23, 2513--2519. [3) Hopper
et al. (1991) Tel/us, 43B, 45-60. [4] Sirois and Barrie (1999) JGR, 104, in
press. [5] Sturges et al. (1993) Atmos. Environ., 27a, 2865-287 I. [6) Hopper
and Barrie (1988) Tel/us, 40B, 446-462.
ANOMALOUS XENON IN THE PRECAMBRIAN NUCLEAR
REACTOR IN OKELOBONDO (GABON): A POSSIBLE CONNECTION TO THE FISSION COMPONENT IN THE TERRESTRIAL
ATMOSPHERE. A. P. Meshik, K. Kehm, and C . M. Hohcnberg, Campus
Box I 105. McDonnell Center for the Space Sciences. Washington University,
One Brookings Drive, Saint Louis MO 63130, USA (am@howdy.wustl.cdu).
Introduction: Some chemically fractionated fission Xenon (CFF-Xe),
whose isotopic composition is established by simultaneous decay and migration of radioactive fission products, is probably present in the Earth's lithosphere, a conclusion based on available Xe data from various crustal and
mantle rocks [I]. Our recent isotopic analysis of Xe in alumophosphate from
zone 13 of Okelobondo (southern extension of Oklo), along with the independent estimation of the isotopic composition of atmospheric fission Xe [2).
supports the hypothesis that CFF-Xe was produced on a planetary scale.
Experimental: Using a microanalytical laser extraction technique [3],
we measured Xe and Kr in various mineral phases in the 6 x 3 x 0.5-mm
polished section of U ore from reactor Zone 13 in Okelobondo (southern
extension of the Oklo deposit [4)). A Q -switched Nd-YAG laser focused
through an optical microscope allowed us to locally degas some 8 ng of target
material typically using 0.3-s bursts of 25 W at 500 Hz. Spatial resolution
under these conditions was -I 0 IJIII. Before Xe analysis the polished section
was examined by scanning electron microscopy-energy dispersive X-ray
spectrometry (SEM-EDX) to determine mineral composition.
Results: The isotopic composition of Xe in all U-rich phases was close
23SU neutron fission, as expected from a natural nuclear chain reaction.
However, Xe with the CFF-isotopic pattern - enrichments in mxe, 131Xe,
129Xe- was found in aU-free alumophosphate adjacent to the host U-phase.
The average isotopic composition among nine individual alumophosphate inclusions corrected for air contamination (assuming no radiogenic ll8Xe) is
the following: 136Xefi34Xef132Xef131Xef130Xef129Xef128Xe = Ill .2511.73/0.89/
0.0045/0.27410. The concentration of CFF-Xe was determined to be on the
order of 10-2 cm3 STP/g, the highest Xe concentration ever measured in
natural material. These results indicate that the alumophosphate is a carrier
for CFF-Xe in the Oketobondo.
Implication: The theoretical fission Xe component in the Earth's atmosphere was estimated using multivariate correlation analysis applied to existing data on carbonaceous meteorites (2] . This inferred fission Xe composi-
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Fig. 1. The inferred isotopic composition of fission Xe in the Earth's
atmosphere [2) is more similar to CFF-Xe [this work) than 238U or 244 Pu.

tion is in good agreement with the earlier estimate [5]. Despite the large error
bars on the inferred composition. the match with either 238U, or 244Pu is
unsatisfactory, although the latter seems to be a better candidate (Fig. 1).
Meanwhile CFF-Xe, as found in the Okelobondo alumophosphates , looks
isotopically identical to the estimated atmospheric fission Xe composition
[2.5] (Fig. I).
To supply the total inventory of fission Xe in the Earth's atmosphere (8 x
JQ14 cm3 STP). some 5 x JOIO tons of the Okelobondo alumophosphate has
to be degassed. 'This requires that less than a thousandth of the total crustal
U must have gone through a Precambrian reactor stage followed by the
selective release of evolved CFF-Xe.
Conclusion: Mineral specific laser excavation of Xc from Okelobondo
ore revealed that alumophosphate is a carrier of CFF-Xe. Its isotopic pattern
suggests that it is present in the Earth's atmosphere. If indeed so, natural
nuclear reactors must have been common during the Precambrian when the
conditions for starting fission chain reaction were the most favorable.
Acknowledgments: This work was supported by NASA grant NAG54173.
References: [I] Meshik A. P. et al. (1997) LPS XXV/Il, 943- 944.
[2]1garashi G. (1995) AlP Conf. Proc., 341, 70-80. [3] Nichols R. H. Jr.
ct al. (1995) Adv. Anal. Geochem., 2, 119-140. [4] Sample provided by Dr.
M. Pagel, CREGU, France. [5] Takaoka N. (1972) Mass spectromeTry, 20(4),
287-302.

H 20 CHARACTERISTICS OF MANTLE END MEMBERS: EVJ.
DENCE FROM MID-OCEAN-RIDGE BASALTS AND OCEAN
ISLAND BASALTS. P. J. Michael, Department of Geosciences, University of Tulsa, 600 S. College Avenue, Tulsa OK 74104, USA (pjm@utulsa.
edu).
Introduction: The identification and characterization of chemical
mantle components has contributed a great deal to the understanding of Earth
history and dynamics. HIMU, EMI, EMil, and DMM are components that
have been defined on the basis of isotopes [I) and trace elements [Z] in ocean
island basalts (018), and mid-ocean-ridge basalts (MORB). Other components, e.g., "C" [3] are internal to the isotopic array defmed by the others.
The origin of these mantle components bas been attributed to processes such
as depletion through crustal generation (DMM); subduction and recycling into
the mantle of oceanic crust (HIMU), sometimes with pelagic sediments (EMil)
or terrigenous sediments (EMI) [I]; the delamination and recycling of subcontinental lithosphere (EMI) [4) and mantle metasomatism by small degree
melts [5]. The concentration of H20 in enriched mantle components provides
further evidence about their origins. To factor out effects of partial melting
and fractional crystallization, the ratio of HzO to incompatible elements is

LPI Contribution No. 971

TABLE I.
Sample Suite

Component

Hp!Ce

Ocean island basalts
Galapagos platform
Loihi [6]
Loibi [6]
Loibi [6]

HIMU or C
plume
lithospheric
Koolau

180
170
220
160

No-EM
HIMU +EM
Strong EM
HIMU or no-EM

170
200
200
210

Mid-ocean ridge basalts
Northeast Pacific [8]
MAR 33•s [8]
MAR 35•- 39•s (Tristan)
Easter [8,9]

examined. In MORB. H2 0/Ce ratios are most constant, so this ratio is discussed below.
Samples: Submarine tholeiitic glasses from the Galapagos platform (this
study) and from Loihi [6] preserve their magmatic H20 contents and can be
used to describe enriched mantle sources. But most of the 018 glasses we
analyzed have lost H20 by degassing and do not preserve information about
their mantle sources. This includes the deeply erupted submarine basalts from
Tristan da Cunha, Pitcairn Island (EMI), Society lslllnds (EMil) and Easter
Island (HIMU). The best evidence for EM plumes therefore comes from
EMORB that are associated with these hotspots, and whose isotopic and traceelement compositions form mixing arrays toward those distinctive mantle
components. Additional insights are provided by E-MORB from the northeast Pacific that fall on the "No-EM array" [7].
Results: The most important finding is that there are not large differences in H20/Ce between diverse mantle enriched components. There are no
correlations between H20/Ce and indicators such as Ba!Nb or 87Srf86Sr.
Discussion: The lack of significant correlation between H20/Ce and
ratios that characterize the EM components suggests that whatever material
that carries the EM-isotopic and trace-element signature either has such a
small volume that it does not influence the H20/Ce ratios, or that it bas the
same H20/Ce as the other mantle com.ponents such as HTMU and no-EM.
Crustal recycling. The observations are consistent with proposals based
on isotopes and incompatible elements in which HIMU is related to subducted
oceanic crust. while the EM signature is created by subducted oceanic crust
plus a few percent sediments [10]. In this case, the quantity of sediments is
not sufficient to strongly influence H20 content of recycled material and suggests that sediments play only a minor role compared to altered oceanic crust
in any return flux of H 20 to the deep mantle.
Variations in H20/Ce associated with different mantle components are
smaller than regional variations. HzO!Ce is -260 in E-M ORB from the MAR
north of 35°N [8]. If crustal recycling accounts the trace element and isotopic characteristics of OIBs, then regionally high H20/Ce may be associ·
ated with rapidly subducted materials in which hydrous phases were
preserved. No correllltioos have been found between H20 and other trace element and isotopic parameters because H20 is controlled by the altered
oceanic crust while most other distinctive ratios (e.g., Ba!Nb) are related to
sediment subduction. High H20/Ce may also be associated with plume beads,
as they are found at Ontong Java plateau [II].
Mantle metasomatism. It bas also been proposed that OIB sources are
created by mantle metasomatism and the creation of small degree partial melts
in equilibrium with trace residual phases [5]. In this case, the limited range
of H201Ce ratios might reflect the nature and stability of these trace phases
during small extents of melting.
References: [I] Ziodler A. and HartS. R. (1986) Annu. Rev. Earth
Pla11et. Sci.. 14, 493-571 . [2] Weaver B. L. (1991) Geology, 19, 123126. (3] Hanan B. B. and Graham D. W. (1996) Science, 272, 991-995.
(4] McKenzie D . and O'Nioos R. K . (1983) Nature, 30/, 229-231.
[5] Halliday A. N. et al. (1995) EPSL, /33, 379-395. [6] Dixon J. E. and
Clague D. A. (1998) Eos Trans. AGU, 79, F939. [7] HartS . R. (1988) EPSL,
90, 273-296. [8] Michael P. J. (1995) EPSL, /31, 301-320. [9] Dixon J. E.
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et al. (1998) Eos Trans. AGU, 78, F688. [10] Chauvel C. et al. (1992) EPSL,
JJO, 99-119. [I I] Michael (1999) EPSL, in preparation.
EXPERIMENTAL STUDY OF CASSITERITE SOLUBILITY IN
HYDROGEN-CHLORIDE-BEARING WATER VAPOR. A. A. Mig·
disov and A. E. Williams-Jones, Department of Earth and Planetary Sciences,
McGill University, Montreal, Quebec H3A 2A7, Canada (artas@eps.
mcgill.ca).
Introduction: Boiling is a common feature of hydrothermal systems,
and is an important factor in the formation of metallic mineral deposits due
to preferential fractionation of components between liquid and vapor. Most
researchers have assumed that the metals are concentrated primarily in the
liquid phase and that the role of boiling is to saturate this phase with ore
minerals by removing volatile components. However, a number of studies
have suggested that the vapor phase may dissolve appreciable concentrations
of metals. Our particular interest is So for which concentrations as high as
2.5 ppm were reported by Gemme! [I) and Ouisefit et al. [2] from analyses
of condensates collected from Momotombo volcano, Nicaragua. In particular, we would like to understand the factors controlling the solubility of So
in the vapor phase. Given that cassiterite is the maio ore mineral of So. it
is reasonable to expect that its properties will determine tin speciation and
solubility in the vapor phase. Based on theoretical considerations, we can
predict that cassiterite will dissolve mainly as chloride and hydroxy/oxide
species. The goal of this study was to obtain thermodynamic information on
soluble stannous chloride and hydroxy/oxide species in water vapor at temperatures up to 360°C and pressures up to 200 bar.
Experimental Method: Experiments were carried out at temperatures
between 300° and 360°C. The vertical temperature gradient in the furnace
during a run was typically in the range 1.0°-2.5°C/m. Temperature during
runs was measured with two cbromel-alumel thermocouples. located at the
top and bottom of the furnace.
The experiments were performed in Ti autoclaves. and involved measuring the solubility of synthetic cassiterite in HCI-beariog water vapor. Autoclaves were loaded with preweighed quartz ampoules containing single
crystals of Sn02 . The ampoule was suspended near the top of the autoclave
using a quartz needle. A known mass of HCJ solution was placed in the
bottom of the autoclave in order to prevent contact of solid Sn02 with liquid
H20. The HCI was added in quantities that yielded solutions with pH values
of 1.5-4.0. Care was taken to ensure that the mass of water introduced into
the autoclavedid not saturate the system with liquid at the experimental
conditions. and that Sn02 dissolution was restricted to the vapor. The total
pressure in a run was assumed to that of pure water vapor. The redox potential of the system was bu.ffered by a Mo0z!Mo03 oxides mixture. After
a run, the autoclave was air-cooled down to room temperature, and the
condensates was sampled. SnOz condensed on the walls of the autoclave was
dissolved using 5-7 mL of HCI (pH = 0.5). The concentrations of dissolved
So in the condensates and washing solutions were determined by inductively
coupled plasma mass spectrometry (ICP-MS).
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Preliminary Resul ts: The concentration of Sn in water vapor varied
with the partial pressure of HCI at 300°C and constant P(H20) as illustrated
in Fig. I Figure 2 shows the dependence of Sn solubility with P(H 20) at
constant P(HCI) and 300°C.
Based on these preliminary data we conclude that So occurs in two main
gaseous forms, SnCI 2 and SnCI4• The calculated partial pressures of stannous
chloride are several orders of magnitude higher, than those for the water-free
system. We propose that stannous chlorides dissolve in water vapor in the
form of the hydrated species SnCI2(Hp)4 and SnCI4(H20)z.
References: [I] Gemme! B. J. (1987) J. Volcano/. Geothum. Res., 33,
161-181. [2] Quisefit J.P. et al. (1989) GCA, 53, 2591- 2608. [3] Menyailov
I. A. and Nikitina L. P. (1980) Bull. Volcano/., 43(1). 197-205.
THE MASS-DEPENDENT OXYGEN-ISOTOPIC FRACTIONATION
LINE: NEW MEASUREMENTS AND THE NEED FOR A REPORTING CONSENSUS. M. F. Miller, I. A. Franchi, and C. T. Pillinger,
Planetary Sciences Research Institute, The Open University, Walton Hall,
Milton Keynes MK7 6AA, UK (m.f.rniller@open.ac.uk).
Introduction: With notable exceptions in the fields of meteoritics and
stratospheric chemistry, 170f16() and l8Qf16() fractionation factors generally
follow a mass-dependent relationship given by

where •R is '0116(), sand r represent sample and reference, respectively, and
A. -0.5 (I ,2]. In terms of the 1\ notation
ln(l + J0-3 1)170) =A. ln(l + lQ-l 1)18Q)
where the respective li values are not large, and using the fact that ln(l +
x) ~ x for x «1 , this expression is usually approximated to
1)170

=)..'1)180

Here we distinguish the proponionality constant A.' from the exponent A,
although much of the literature overlooks this distinction. Theoretical considerations suggest that the value of A. varies for different compounds and
processes, ranging from 0.50 to -0.53 [3,4]. An early empirical measurement
of A.' [3], involving 35 terrestrial samples (various waters and rocks) gave a
value of 0.5164 ± 0.0033 (standard error). This result, rounded to two decimal places, has since provided the baseline for quantifying 0-isotopic heterogeneities preserved in primitive meteorites (5- 7). Departures from the
mass-dependent fractionation line are thence recorded as 6 170, defined as
5170 - 0.52 1)170 [8). More recent measurements (9], comparing A.' as determined from Precambrian and modem cherts, together with mantle-derived
lavas, suggested that, by 3.5 Ga, the Earth was essentially homogenous with
regard to 0 isotopes. A major objective of the present work was to investigate whether, with significantly improved 5 170 measurement precision

u<ing "lsoploi/Ex" (Lwwig, 1991)
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Fig. 1. Mass-dependent fractionation line, based on the "exact" relationship
between 1)170 and 1)1BQ.

compared to earlier studies, it was possible to further reduce the scatter in
the terrestrial fractionation line and thus obtain a better definition of the 517Q.
li18Q relationship.
Experimental: 1)170 and 1)180 measurements were made of 57 wellcharacterized whole-rock and mineral specimens (mostly in duplicate), spanning a 1i1SOsMOW range of 37.8o/oo. Basalts, mantle xenoliths, metamorphosed
igneous rocks, and metasediments were included in the study and spanned
an age range of -2.5 Ga. Infrared laser-assisted fluorination using BrF5 was
used to release the 0 2 , with isotopic data provided by high-resolution isotope ratio mass spectrometry (IRMS). Respective lcr precisions of individual
1)170 and 1\ 180 measurements for the complete analytical procedure were
typically 0.08 and 0.04%o: full details are given in [10).
Results and Discussion: Dara regression by the York algorithm [ I I],
using the "exacf'1)170-Ii18Q relationship, is shown in Fig. I; Jsoplot!Ex [12]
was used for this purpose. The precision significantly exceeds those reported
in earlier, comparable investigations and supports the view that a single
reference line adequately describes the relationship between 1)170 and 1)18Q
in terrestrial silicate rocks, regardless of age or composition. Surprisingly good
agreement was obtained between A and /..' values; the latter was 0.52457 ±
0.0012 (95% confidence level). However, our experience shows that this is
not always the case. Furthermore, unlike A., A.' is not invariant to the isotopic
composition of the reference gas. For consistency, we endorse the recommendation [ 13) that the "exact" expression for the fractionation line be adopted
for reponing in future.
References: [I] Craig H. (1954) J. Geol., 62, 115- 118. [2] Craig H.
(1957) GCA, 12, 133-149. [3] Matsuhisa Y. et al. (1978) GCA, 42, 173- 182.
[4] Thiemens M. H. (1999) Science, 283, 341-345. [5] Clayton R. N. et al.
(1973) Science, 182, 485-488. [6) Clayton R.N. (1993) Annu. Rev. Earth
Planet. Sci., 21, 115- 149. [7] Clayton R.N. and Mayeda T. K. (1993) GCA,
60, 1999-2017. [8] Clayton R.N. and Mayeda T. K. (1988) GCA, 52, 13131318. [9] Robert F. et al. (1992) EPSL. 108, 1-9. (10] Miller M. F. et al.
(1999) Rapid. Comm. Mass. Spectrom., in press. [II] York D. (1969) EPSL,
108, 1- 9. (12] Ludwig K. R. (1998) Berkeley Geochron. Center Spec. Pub/. 1.
[13] Meijer H. A. J. and Li W. J. (1998) Isotopes Environ. Health Stud., 34,
349-369.
THE RIVERINE DISCHARGE OF BLACK CARBON INTO
COASTAL SEDIMENTS OF THE GULF OF MEXICO. S. Mitral,
T. S. Bianchil, and B. A. McKeel, •Institute for Earth and Ecosystem
Sciences, Department of Ecology, Evolution, and Organismal Biology, 310
Dinwiddie Hall, Tulane University, New Orleans LA 70118, USA (srnitra@
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nmilhost.tcs.rulanc.cdu; tb•anch@mailhost.tcs.rulanc.edu). linstitutc for E<u1h
and Ecosystem Sciences, Department of Ecology. Evolution. and Organ is mal
Biology. 310 Dinwiddie Hall. Tulane University. New Orleans LA 70118.
USA. 2Institutc for Earth and Ecosystem Sciences. Department or Geology.
120 Dinwiddie Hall, Tulane University, New Orleans LA 70118. USA.
Black carbon (13C} concentrations in water column particulates (>0. 7 11m)
and sediments were quantified in the Mississippi River and Gulf of Mexico
(GOM) using the recently verified 375• therma.l oxidation method. Conccn·
trnrions of BC for a select set of samples from surface and bonom waters
of the Mississippi River indicated higher concentrations of BC in bottom
water particulates relative to surface water particulates. Black carbon con·
centrations in suspended particles in the river ranged from -0.03 to I mg
BCIL. This represented -0.5-35% of the tota l organic carbon (TOC) for
riverine water column particles. Similarly, concentrations of BC in surface
and bottom water suspended panicles from the GOM inner shelf ranged from
0 to 0.1 mg BCIL representing as much as 60% of the TOC in particulates
from the inner shelf. Surface sediment concentrations of BC throughout the
deposition zone~ in the lower Mississippi River and GOM in our samples
ranged from 3% to 20% of tlJC sedimentary TOC: generally lower in scrroc
relative to bottom water particulates. Taken together, these preliminary rc·
suits indicate that BC aerosols aJe likely associated with tbe operationally
defined "dlssolved" phase in surface waters and possibly through aggregation, represent a greater fraction of particulate C at depth. Following deposition into the seabed, this refractory pool of C is then diluted with other pools
("old" ;md "new") or c.

RARE-EARTH-ELEMENI' AND STRONTIUM·ISOTOPIC STUDY OF'
THE MIDDLE PERMIAN LIMESTONE-DOLOSTONE SEQUENCE
JN KUZUU AREA, CENTRAL JAPAN. N. Miurn1, Y. Asahara, nnd I.
Kawabe, 1Dcpanmem of Earth and Planetary Sciences, Graduate School of
Science, Nagoya Universiry, Chilcusa, Nagoya 464·8602, Japan (rniura@gcl.
eps.nagoya-u.ac.jp).
Introduction: The Kuzuu limestone-dolostone complex., in ccntrnJ Japan. is a rerrUiant of a middle Permian carbonate succession [1.2] fonncd on
a basaltic seamount in an open-sea realm without inputs of terrigenous rna·
terials. Hence they are geologicaiJy similar to the Tertiary to Holocene atoll
carbonate sequences in the Pacific. not to the continental platform·type
carbonate sequences. Their rare-earlh·elemem (R.EE) nnd Sr-isotopic data are
c:lues to understanding tbe diagenetic process of biogenic carbonates to crystalline carbonate minerals. We will focus our attention on how seawater REE
and Sr·isotopic signatures in middle Permian are retained in the carbonate
rocks and bow REE and Sr·isotopic fearures are different between the limestones and dolostones.
Samples and Analytical Methods: The carbonate rocks of Nabeyarna
Formation were sampled in tbe Yosbiuwa Mine in Kuzuu. This formation
consists of the lower Limestone, the middle Dolostone and the upper Lime·
stone members II]. Three samples are from the lower Limestone, five san1ples
from t11c Midd le Dolostone and four samples from the upper Limestone.
All REEs including Y, major and rni.nor elements of those samples have
been determined for HCI·soluble parts. Rare·eanh-elements nod Y were separated from matrix elements by the method of coprecipitatioo with Fe hydroxide and cation·exchange chromatography, and measured by inductively
coupled plasma atomic emission spectrometry (ICP·AES).
For determining 37 Srf'l• isotopic ratio of each bulli. sample. HCI·solublc
part of Sr was purified by a calion·eJtcbange resin column, and determined
their Sr·isotopic ratios by theTIIlJll ionization mass spectrometry (TIMS). In
order to determine the Sr-isotopic ratios of calcite and dolomite in each
dolo~ tone sample. it was leached with Jcetic acid. The Sr fractions in leachate
and residue represent those of calcite and dolomite, respectively, for each
dolostone sample.
Results and Discussion: The 87Srf~6Sr ratios of bulk carbonate samples
arc 0.7073- 0.7076. nnd their Sr-isotopic stratigraphic age (260 ± 5 Ma)
coincides with their fusulinid fossil age (263 :t 8 Ma).
TI1e carbonate rocks have much higher REIYCa ratios than modem hio·
genic carbonates {31 by factors of 102- 1(}1. The chondrite-oormalized REE

20 I

patterns for the Ku1.uu sample~ show large negative Ce aoomaljes, together
with seawater·li kc tetrad effecL~ and high Y/Ho ratios. Th~ir C'e anomalies
are comparable to those of present·day ocean waters at Jepths of 600-800 m.
except for the hottom part samples polluted w1th Pe(lll) oxyhydroxide pos·
sibly by fluids derived from underlying basaltic volcanics. Their REE put·
tcros uormaliz.ed by shallow Padfic water [4] exhibit smooth light REE
enrichment trends similar to the experimental p;utitioning coefficient~ of REE
between calcitc·ovcrgrowlhs and seawater solutions (5]. There is no signifi·
cant difference in REE and Y features between limestones and dolostones.
The original biogenic carbonates deposited on a basaltic seamount in
shallow water environment, but subsequently they were subsided to the water
depths suggested by their Ce anomalies. At the water depths, the biogenic
carbonates were recrystallized to calcite under a rondition of suflicient sup·
ply of the seawater, and the seawater REE and Y were incorporated into
calcite.
The 17Srf8~Sr ratios of dolomite, however, are slightly lower than those
of coe~isteot calcite by 0.0002, which is a time interval of -2 Ma by the
seawater 87Srf86Sr curve [6] for Middle to Late Permian. The doloroitiution
therefore occurred nlmosr immediately nftcr the rccrystallizstioo of biogenic
carbonate to calcite in a relatively deep wnter, and did not alter the REE and
Y features of limestone precursors. This is consistent with the recent diage·
netic model for tbe carbonate sequences of Neogene atolls in the Pacific [7]
emphasizing the role of thermal convection of moderately deep water.
References: [ l] Matsuda H. and lijirna A. ( 1989} J. Foe. Sci. Univ.
Tokyo Secrinn, 22, 89-119. [2] Kobayashi F. (1979} J. Geol. Soc. Japa11,
85, 627-642.13) Sholkovil2 E. and Shcn G. T. (1995) GCA, 59, 2749-2756.
(4) Piepgras D. and Jacobsen S . B. (1992) GCA, 56. 1851-1862. (SJ Zhong
S . and Mucci A. (1995) GO\, 59. 443-453. (6] Denison R. E. el at. (1994)
Chern. J. , 112, 145-167. L7l Aharoo P. et al. (1987) Geology, 95, 187-203.
GEOCHRONOLOGICAL STUDrES OF THE OLDEST KNOWN
MARINE SEDIMENTS. S. J. Mojzsis1 and T. M. Harrisonl.2, 1Depamneru
of Earth and Space Sciences. Institute for Geophysics and Planetary Physics,
Center for Astrobiology, Univers ity of California, Los Angeles. Los Angeles
CA 90095- 1567, USA, lfnstitule for Geophysics and Planetary Physics.
University of Dlifornin, Los Angeles, Los Angeles CA 90095-1567, USA
(sjm@argoo.ess.ucla.edu).
lntroduclion: The oldest known marine sediment [I f. which also contains the oldest evidence of biological processes active during lime of deposition [1.21. is a 5·m-thick layer of banded i1on formation (B IF) with thin
layers of Fe-rich silicates and magnetite contained within a body of metamorphosed mafic and komatiitic rocks. The BIF is found on the southern tip
of the Akilia Island, southern West Gre~:olaod. An intrusive sheet of grano·
dioritic orthogneiss that cross-cuts the supracrustal pack:lge coataming the
BIF yields U-Pb zircon ages that arc interpreted as indicating an age of
crystalliution of the magmatic protolith at 3850 Ma (2]. If this interpretation is correct, then the BIF is at least as old as 3850 Ma, or several tens
of millions of years older than the oldest dated rocks in the !sua supracrustal
belt (ISB), some 150 km to the northeast [3].
Age or Banded Iron Formations: Direct information regarding the
depositional ages of the BIFs and other metamorphosed sedimentary rocks
(e.g .. quamites, metapelites) cao perhaps be established by searching for
zircons incorporated io the accumulating sediments from nearby volcanism,
and/or d~trital zircons from weathering subaerial landmasses. Some units of
the BTF and quartzite of the -3700-3800·Ma ISB are found to contain rare
-3710·Ma :tircoo5 associated with both intermediate and felsic volcanogenic
sediments with ages determined separately as 3708 ± 3 Ma [2,3j. The eastern ISB contains abundant BIF and quartzites that contain rare zircons with
an age range of 3690-3700 Ma (A. Nutman, pers. cornm.). Such zircons may
represent tow·level CODlrunination from volcanic inputs, which would estab·
lisb the time of deposition of tbese sediments at -3700 Ma. Previous mineral
separa tion work done on -2 kg of BIF from Akil ia island (2] yielded rare
zircons with Z07pbf206Pb ages between -2700 and 2590 Ma. It was proposed
that these zircons formed during one or more episodes of late Archean high·
grade metamorphism. However. earlier metamorphic events or similar inteo·
sity sucb as a1 -3650 Ma (2-4j should have likewise resulted in the formation
of metamorphic zircons. Zircons from earlier stages of growth might be ex·
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Fig. 1. [Thorium/uranium) of orthogneiss zircons 9812 and BIF 97/13
multiple measurements and their relationship to the metamorphic history of
the Akilia district.
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Fig. 2. [Thorium/uranium] relationships of orthogneiss zircons 97/16 and
their relationship to the metamorphic hisotry of the Akilia district.

peeled to survive later overprinting and serve as nuclei for further metamorphic zircon growth.
To test this hypothesis, we have separated zircon from sample 97113 BIF
from Akilia Island and performed U-Pb geochronology (Fig. I) to establish
the sequences of events that would have led to their fonnation. The chemical
compositions of these BIF zircons are different from the igneous cores of older
grains found in geochronological studies we have undertaken of the cross·
cutting orthogneiss 97/16 (see Fig. 2) but do follow the pattern of decreasing
ThiU ratios with later growth stages in all samples.
Discussion: Suggestions that the >3650-Ma zircons reflect xenocryst
contamination are challenged by (1) the lack of a recognized source of such
ancient material, and (2) the highly zircon undersaturated nature of the granodioritic melts that produced the protolith of orthogneisses. Nonetheless, we
recognize the possibility that zircon contamination occurring late in the
crystallization history might be preserved. To assess this scenario, we are
investigating the relationship between zircon age and petrologic context by
in situ high-resolution ion microprobe U·Pb measurements of zircons iden·
tified in thin sections. We are performing full characterization using cathodoluminescence imagery of mineral structures, relict cores, and overgrowths in
zircon. Zircons included in early crystallization pbases from granodiorites are
expected to be reliable indicators of formational age. We suggest that these
studies could be used to resolve the origin of the very old grains as either
primary magmatic "survivors," inherited "hitchhikers," or metamorphic
"parasites.''
References: [I) Mojzsis S. J. et al. (1996) Nature, 384, 55-59.
(2] Nutman et al. (1997) GCA, 16, 2475-2484. [3] Nutman et al. (1996) Precambrian Res., 78, 1- 39. [4] Kambe S. A. and Moorbath S. (1998) Chern.
Ceo/., 150, 19-41.
GEOCHEMISTRY OF THE THERMAL WATERS AND ASSOCIATED TRACE ELEMENTS IN FALCON STATE, VENEZUELA.
R. L. Montero 1, M . Martinez, W. G. Melendez, and G. Gar~n. 1Ccntro de

Geoqu Mica, Instituto de Ciencias de Ia Tierra, Facultad de Ciencias,
Universidad Central de Venezuela, Caracas IOIOA, DF AP3895 , Venezuela.
The Venezuelan thermal manifestations are wide, mainly associated with
fault zones. Within the manifestations. the most spectacular are found on the
Falcon basin. This area is geologically cbaracterized by formations derived
from marine environments, whose deposits are of Eocene until Q uaternary
Age, with a complex structural and tectonic history. These structures promote
the percolation of the spring thermal waters. The most widely utilization of
these waters in our country, it has been directed related with medicinal
purposes. However, it does not exist relevant geochemical infonnation, allowing to deduce processes involved during the water-local rocks. This work
is a contribution at the knowledge and comprehension of this process in the
Falc6n basin.
Thermal waters from eight Falc6n localities were sampled. Simultaneously, the parameters pH, conductivity and temperature were measured. At
the laboratory, water samples were analyzed for major. and minor chemical
species: Na•, K•, Cal•, Mg2•, Sr2•, F-, Cl·, S042-, HC03-, and Si02; and
the trace elements AI, Ba, Fe, Mn, Ni, Cu, and Zn.
The temperature in the collected waters oscillate among 30" and 36°C,
while the conductivity shows values between 1239 and 7730 1-1S/cm; pH
varies among 6.84 and 8.23. The major is Na•, with concentration values
oscillating between 164.0 and 1964.4 mg!L; followed by Cal+, between 2.3
and 175.2 mg/L Mg2+ content in studied waters show a range of 0.6- 22.2
mg/L; and the K• is between 2.7 and 21.8 mg/L. On the other hand, the
predominant anion is HC0 3·, whose values varies between 436 and 4527
mg/L; followed by S04=, oscillating between I and 101 mg/L; the CI- varies
from 4.0 until940.0 mg/L; and the F- is among 1.1 and 6.6 mg/L, while Si02
content show concentration values between 15.7 and 29.8 mg/L.
The obtained results indicate that of eight thermal water samples, seven
are of the type HC03- -Na• and one is S04=-Na•.Cal•. The results strongly
suggest that the calcite, gypsum, pyrite, and dolomite dissolution, including
some ferruginous sections, derived from a few geological beds, leached by
such waters govern the chemical composition of these waters. In this way,
the ferruginous and calcareous sections are controlling the presence of the
Sr, AI, Ba. Fe, Mn, Ni, Cu. and Zn. Other processes controlling the chemical
composition of these waters are the ionic exchange, and the precipitation of
calcite and alunite in some thermal springs. It is suggested a contribution of
mixed meteoric and connate marine origin, for the thermal waters studied.
NOBLE GAS CONSTRAINTS ON DEGASSING PROCESSES. M. M.
Moreira• and P. Sarda2, I Woods Hole Oceanographic Institution, Woods Hole
MA 02543, USA (mmoreira@whoi.edu), 2Groupe de Geochimie des Gaz
Rares, Departement Sciences de Ia Terre et U.M.R., Orsayterre, Universite
Paris It-Sud, 91405 Orsay Cedex, France.
The upper-mantle source of mid-ocean-ridge basalts (MORB) is relatively
degassed and its He-isotopic signature results from the radiogenic produc·
tion of •He in a high (U + Th)J3He material. The "primordial" He-isotopic
signatures of some OrBs are interpreted as due to the existence of a less de·
gassed reservoir, probably located in the lower mantle. In this simple model
of mantle structure, there are two problems: why the plume samples have
much lower He concentration than the MORB samples (a factor 100)? What
is the Xe-isotopic composition of this plume source mantle? This last question is very important to undcrst.and terrestrial degassing history and the flux
from the lower mantle to the upper mantle. In order to constain these problems, we have compared the rare gas elemental ratios in glass samples of
MORB and primitive plumes to model estimates of the same ratios for upper
and lower mantle reservoirs. The combined use of He, Ne, and Ar elemental
systematics allows differentiation between the degassing process at mantle
plumes, which appears to be controlled by distillation, and at normal midoceanic ridges. where vesiculation occurs at equilibrium, followed by degassing of the magma chamber (Fig. 1).
The consequences for plume elemental and isotopic composition of noble
gases of such a distillation process are as follows: (I) The He is not very de·
gassed by such a process (<I 0% ); and (2) the Xe is completely lost, even
if only 5% of the He is lost. This explains why Xe-isotopic anomalies are
not observed in plume basalts. The question of the He content of plume souree
still ellists. We propose that the He is diluted in degassed magma chambers
to explain the relatively low He content of plumes.
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Fig. 1. Helium-4/argon-40* vs. 3Hef22Ne corrected for atmospheric con·
lamination, using a solar 20Nef22Ne. This diagram shows that the vesiculation
at plume context is in open system degassing whereas the vesiculation at
ridges is in closed system vesiculation.

The physical process responsible for the distillation occurring in the plume
context is actually not clear. It can be due to melt-gas separation during
magma percolation through the lithosphere or the crust, due to the high
surface tension of the bubbles.
1bese results show that Xe anomalies should not be found in plume basalts
and that He is not lost during the distillation process due to its high solubility in magma.
KINETICS OF 40Ar, H 20, H 2 RELEASE DURING GLAUCONITE
HYDROTHERMAL TRANSFORMATION. I. M. Morozova, A. V.
Maslenikov, and L. K. Levskiy, Institute of Precambrian Geology and
Geochronology, Russian Academy of Sciences, Makarova emb., 2, 199034,
St. Petersburg, Russia (lev@ad.iggp.ras.spb.ru).
Excess radiogenic Ar was found in the products of glauconite hydrothermal alterations at PH,o = 1- 2 kbar, T = 40Q•- 60Q•C, run duration 3-14 d.
The newly formed minerals were biotite and potassic feldspar. Isotopic
analysis of run products proved that the excess Ar was not captured from the
fluid but directly inherited by newly phases from the original mineral during
solid-slate to potactic transformation without complete dissolution in fluid.
The resullant inherilance shows variations in radiogenic Arranging up to 70%
of its content in starting sample and is independent on bulk composition, Alcontent in the octahedral layer and phase relations of run products.
Kinetics of 40Ar, H20, and H2 release have revealed some factors favor
the Ar inherilance. The low temperature of transformation and simultaneity
the processes of dehydroxylization and transformation restrict Ar diffusive
loss and explains the greater inherilance in Fe-bearing glaucoo.ites. But the
main factor determio.ing the inheritance is the rate of Fe+3 to Fe•2 reduction
in autoclave. The emergence of H in the volatile at the expense of Fe•2 to
Fe•l in the octahedral layer of newly formed biotite is a tracer of reduction
intensity. In the case of reduction occurring prior to glauconite transformation the portion of inherited Ar is small (not more than 15%). This results
from the fact that replacement of a larger newly formed ion Fe•2 into biotite
transposition is being accompanied by the rapture of bonds in the anion
framework thus removing radiogeo.ic Ar. The inherited Ar content is maximum (70%) for the samples showing no H in pyrolise of run products under
conditions of complete transformation of original glaucoo.ite.
Kinetics of Fe•l reduction is defmed by different energetic state of glauconite lattice. More precisely it depends on octahedral Fe-bearing layer
perfection. The most reactive will be samples showing a disturbed anion
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framework that might have derived from a partial postcrystallization dehydration resulting in the decrease in Fe coordination relative 0 in the octahedral
layer. Thus rate of Fe•J reduction in glauconite is assumed to be a criterion
of its lattice perfectness and hence of openness degree of isotope system.
However, taken into account are to be reversibility of oxidization-reduction
reaction and its possible repeated realization in the nature so that any reli·
able criteria are to be obtained only through investigation of radiogenic isotope
migration pattern under different P-T·X-conditions, and this migrations
known to be essentially irreversible process.
URANIUM-LEAD ZIRCON SYSTEM DURING THE ALKALINE
METASOMATISM: NATURAL AND EXPERIMENTAL MODELING.
I. M. Morozova, N. G. Rizvanova, and L. K. Levskiy, Institute of Precambrian
Geology and Geochronology, Russian Academy of Sciences. Makarova emb.
2, 199034 St. Petersburg, Russia (lev@ad.iggp.ras.spb.ru).
I. The behavior of U-Pb zircon system in the alkaline metasomatism zone
(contact of "Ozernaya Varaka" alkaline-ultrabasic intrusion with Belomorian
gneisses) is verified by reference to the result of experimental modeling of
the process with 2M Na2COrsolution at P = I and 5 kbar, T = 200•-soo•c .
2. Naturally occurring processes and experimental data suggest that
carbonate fluids result in considerable, however, varying influence on U-Pb
zircon system mobility with migration of both Pb and U.
3. Experimental modeling of isotope migration is shown to be accompao.ied by zircon phase alteration to form Na-Zr-silicate and baddeleyite whose
two stages are being fixed by radiographic and electron microscope techniques.
4. Optical study of metasomatic zircons derived from the phenitization
zone shows them to be represented by dull brown-yellow varieties with transparent thin shale which corresponds by its optical and radiographic features
to grains of unaltered zircons occurring far from the contact.
5. Direct impact of alkaline fluid on fonnation of altered grains is shown
by composition of their volatiles (H20. C02 • CH•) identical to that of fluid
accompanying intrusion and exhibiting different gas saturation.
6. Isotope analysis and radiography indicate to higher U abundance and
maximal discordance of U-Pb system in the crystal center with the preservation of preexisting low-U shell. The revealed tendency of U-Pb system
disturbance is consistent with experimental modeling data which exhibit
modifications appearing first in more defected fragments, occurring even in
the crystal center at the gain of fluid.
7. Different behavior of U-Pb zircon system in the nature and experiment
may be the result of differency in temperature, fluid content. and its movement in the open natural system.
Acknowledgments: This work is supported by Grant RFFl (Project #
97-05-65483).
OXYGEN-SULFUR-ISOTOPIC MEASUREMENT IN CONTINUOUS
FLOW MODE: APPLICATION TO THE ORIGIN OF DISSOLVED
SULFATES IN HIMALAYAN RIVERS USING ELEMENTAL
ANALYZER STABLE ISOTOPE RATIO MASS SPECTROMETRY.
J. Morrison!, C. France-Lanord2 • and A. C. Pierson-Wickrnann2 , 1Micromass
UK Ltd., Floats Road, Wythenshawe, Manchester M23 9LZ, UK (john.
morrison@m.icromass.co.uk), ZCentre de Recherches Petrographiques et Geochimiques-Centre National de Ia Recherche Scientifique, BP 20-15 rue
Notre Dame des Pauvres, 54501 Vandoeuvre-les-Nancy. France (cfl@crpg.
cnrs-nancy.fr; annecath@crpg.cnrs·nancy.fr).
The technique of interfacing an elemental analyzer to a stable isotope ratio
mass spectrometer in continuous flow mode (CF-IRMS) has been success·
fully applied to the analysis of S and 0 isotopes. This technique provides
the analyst with a routine, small sample, high throughput, I)HS and 18Q mea·
surement capability for inorganic samples.
A Carlo Erba NC2500 elemental analyzer configured in combustion mode
was interfaced via an open split to an Optima stable isotope ratio mass
spectrometer and used to measure lP4 S in sulfate samples incorporating a suite
of sulfate slandards at sample sizes of 15-25 IJS S. The elemental analyzer
was then reconfigured for pyrolysis operation and used to measure l)l8Q in
the same set of samples again incorporating a suite standards at sample sizes
of 10-15 1-1g 0.
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Rivers derived from tbe Himalayas have a very hlgb content of dissolved
sulfate. The sulfate can originate either from dissolution of marine evaporites from the sedimentary fonnation in Himalaya or from oxidation of sulfides. This last hypothesis is important with respect to (I) weathering budget
in thls system as sulfuric acid released by Ibis reaction is a very important
weathering agent, and (2) large sulfite alteration may be linked to the release
of large amount of elements such as As or Os.
The presented data will show results from north to south, with sulfide
oxidation being the likely source of dissolved sulfate in the north. On the south
flank of the river, dissolved sulfates have hlgher 1)34S and l)l8() implying a
different origin, possibly involving evaporitic sulfates.
A detailed description of the analytical techniques and a preliminary
interpretation of the results will be presented.
SUBOXIC NITRIFICATION IN RECENT SEDIMENTS FROM A
SCOTTISH SEA LOCH. R. J. G. Monimer'. M.D. Kroml, P. Hayes2,
and I. M. Davies2, 1School of Earth Sciences, University of Leeds, Leeds LS2
9JT, UK, 2Fisheries Research Services, Marine Laboratory, Aberdeen AB 11
9DB, UK.
Most of the chemical changes that take place during the early stages of
diagenesis in marine sediments are redox mediated and controlled by a well
defined succession of bacterial communities. The resulting biogeochemical
zones that are recognized by a characteristic sequence of chemical changes
in the sediment pore waters, are the classic framework within which recent
sediment geochemistry is described (Table I; (I)).
TABLE I. Depth-related scheme of biogeochemical zones (BGZ).
Microbial Respiration Reaction

Code of Zone

Oxic respiration
Nitrate reduction
Mn ox.ide reduction
Fe oxide reduction
Sulphate reduction
Methane production

Ox
NR
MoR
FeR
SR
Me

5

"
'
"
"
.
.
"
'
"
C

~

Nitrification

C

Fe-R Zme

Boundary effects

Iron solubilisation

~ Zme

Sulpbide production via ___)
sulpbate reduction

Fig. 2. New conceptual model of biogeochemical zones involving rapid
microbial recycling within woes.

Deployment of our new technology of gel probes [2) in Loch Duich,
Scotland, has revealed detai ls of pore-water geochemistry that have not been
seen previously. The hlgh resolution pore-water profiles obtained provide
direct evidence for a novel microbial process: suboxic nitrification. This was
observed as a sharp peak at the boundary between the Fe and sulfate reduction zones (Fig. 1).
It is suggested that there is coupled nitrification-denitrification occurring
throughout the Fe reduction zone. This peak bas been interpreted as net nitrate
production coupled with local suppression of denitrification, possibly by
sulfide inhlbition [3].
We also have evidence from Fe-DGT profiles [4) for rapid recycling of
Fe and S in the sulfate reduction zone. Such complex recycling processes were
not recognized withln the classical framework, and they lead us to propose
a new conceptual model for subsurface microbial processes (Fig. 2). This
model states that the chemical changes that have been used to define the classical scheme of biogeochemcal zones (BGZ) are the net effects of more
complex recycling processes within BGZ and non-steady-state effects at the
boundaries. It is only now that we arc able to measure pore-water chemistry
at much hlgber resolution that we are beginning to see evidence for thls more
complelt picture.
References: [I) Froelich P. N. et al. (1979) GCA, 43, 1075-1090.
[2) Mort.imer R. J. G. et al. (I 998) Marine Chern., 63, 119-129. [3) J~rgensen
B. B. (1983) in The Major Biochemical Cycles and Their Interactions (B.
Bolin and R. B. Cook, eds.). pp. 477-515, Wiley, NY. (4) Zhang and
Davison, unpublished data.
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ISOTOPIC EVOLUTION OF KAUAI SHIELD-STAGE LAVAS. S.
Mukhopadhyay '. J. C. Lassiter2, S. W. Boguel, and K. A. Farleyl,IMail Stop
I70-25, Division of Geological and Planetary Sciences, California Institute
of Technology. Pasadena CA 91125. USA, 2Max·Planck-Institut filr Cbemie,
Postfach 3060, 55020 Mainz, Germany, 3Departrnent of Geology, Occidental
College, 1660 Campus Road, Los Angeles CA 90041. USA.
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Fig. I. Pore-water nitrate profile, Loch Duich, showing peak at the boundary
between the FeR and SR zones (open circles = gel, black squares = core)

Introduction: Previous studies have shown that Hawai'ian lavas are
characterized by hlgb 3Hei4He ratios (8-32 RA) compared to MORB glasses
(8- 10 RA), with Loihl Seamount having the hlgbest ratios (-20- 32 RA) from
any ocean island volcano. However, the temporal variations in He-isotopic
compositions during the evolution of a shleld volcano and the question of
coupling of He to other nonvolatile tracers (like Sr, Nd, and Pb) are still subject to debate. To address the above issues, we have measured He-isotopic
ratios in olivine separates from stratigraphically and paleomagnetically controlled lavas from Kauai, and analyzed Sr, Nd. Pb, and Os isotopes from a
subset of the samples on which He measurements were made.
Results and Disrussion: Helium-isotopic analyses were made from west
Kauai (Potihate and Ohaiula ridge sections), central Kauai (Kahililoa section)
and east Kauai (Anahola section). Helium-3/helium-4 ratios from the Kauai
shleld are generally >20 RA. Samples from west Kauai have a range of 3 Hel
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ratios from 17.9 to 28.2 RA (n : 18). Central K:!uai ranges from 19.5
to 26.6 R,., (n : 6) whi le samples from east K:!uai mnge from 19 7 to 27.4
RA (n =10). Step crushing nnd fusion an~lyses of crushed powders iod.icnte
lillie to no contribution from cosmogenic or radiogenic sources. and we
conclud(' that the range in He-isotopic values reflects the composition of the
mantle sources of these lavas.
The mnge of lHci4 He ratios measured from the Kauai shield is very similar
to that reported from Loihi Seamount and is clearly distinct from the other
Hawai' ian shield volcanos. which wid1 the ex~:eptilln of a rew flows have lHeJ
~He ratios $20 RA. Our resulls from l<auai thus challenge the prevailing
notion tbat bigb >He/4 He ratios are restricted tu the preshield stage of
Hawai'ian volcanism.
Helium-3/helium-4 rdtiOS in the west. central. and ea~t Kauai shield lava~
vary erratically with stratigraphic position. ChronostratigrJphic control from
paleomagnetic: data indicates very rapid changes in the lHeJ4 He ratios (up
to 6 RA units). in some cases probably on timescales of IQ2 yr. Such variations are e.xtremely rapid. and must reflect the dynamics and timescales of
mixing between the different mantle sources.
Strontium, Nd, Pb, and Os data suggest east and west Kauai to be isotopically dist:ioct, in agreement with [ 1.2). There are good correlations among
the radiogenic isotopes, consistent with trends observed for other Hawai'ian
lnvns. West Kauai appeurs to be isotopically similar to the ''Loihi end member'' while east Knuai looks more "Koulau-like.'' Based on the Sr. Pb and
Os data, we predict east Kauai to have anomalously heavy 0 -isotopic composition (1) 180 -5.5%o).
Io isotopic space (e.g.. Sr vs. Pb, Sr vs. Os. Sr vs. Nd. or Os vs. Pb) east
and west Kauai define the isotopic extremes in o11r dataset, with central Kauai
lying in between. as shown with Sr and Nd by [2 ). This is probably either
due to a change in the mantle sources (from more "Loihi-tike" to more
" Koolau-likc") through time as the locus of volcanism moved from west to
cast Kauai, or possibly west and east Kauai are in fact different shield
volcanos Ill.
One of the obje.ctives of this study is to determine how the He-isotopic
ratios relate to the radiogenic isotope compositions. Helium-strontium data
suggest that west, centr.ll. and east Kauai share a common high 3HeJ~He endmember ("Loihi"), but while samples from west Kauai display a positive
correlation, those from central and east Kauai seem to display a negative
correlation. similar to tbat observed for Mauna Loa [3]. More work is under
way to coofmn the positive correlation seen in the west Kauni shield lavas.
Our results also suggest a positive correlation between He-isotopit: ratios and
the thorogenic component of Pb (v2 vector, [41) further confirming coupling
of He and Pb during Hawai'ian magmatism.
The good stratigraphic control of the Kauai samples. the lHeJ4 He signature in the lavas. and the correlation between He, Sr, and Pb raises the
possibility of btth:r characterization of the high lHeJ4Hc end member, and
a better understanding of the relative importance of the different mantle
sources during the evolution of Hawai' ian vo lcnnos.
References: [I ) Holcomb R. T. et al. (J9Q7) Geology. 25, 811-814.
[2) Reiners P. W. ct al. (1999) GSA BulL. 1 II. 674-685. [3] Kun M. D.
and Kanuner D. P. (1991) £PSL. 103, 257-269. [4) Eiler J. M. et al. (1998)
GCA, 62, 1977-1984.

COMPARISON BETWEEN BLACK CARBON DISTRIBUTrON IN
ALPINE LACUSTRINE AND COASTAL MARINE SEDIMENTS. G.
Muri'. B. Ccrmeljl, J. Fagaoeli2, and A. Brnncelj'. 'National Institute of
Biology, Vecna pot Ill, POB 141, 1001 Ljubljana, Slovenia (gregor.muri@
uni-lj.si), lMarine Biological Station. Pomace 41, 6330 PirJn. S lovenia.
Black carbon (BC), organic carbon (OC). and total N (TN} concentrations were determined io recent sediments of three high-altitude atpioe lakes
in Slovenia, i.e .• Lake Zgomje k.risko jezero. Lake Jezero v Ledvicah, and
Lake Je2.ero na P!anini pri jezeru. in one eutrophic subalpine lake (Lake Bled)
and at two different sites in coastal marine zone in the Gulf of Trieste {north·
ern Adriatic).
In parallel, sedimentation rates were determined by measuring the excess
11 0Pb activity, except for one coastal marine site. for which the ''C.,.&measurement was used.
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The BC conteot is U1e highest in alpine lakes, approaching the va lue of
10 mg/gdw (gram dry weight). The amount is lower in Lake Bled, averaging
S mg/gdw and coastal marine sediments. amounting to 1.5 mglgdw. Based
on s~dimeotatioo rates, all maximum values were determined around the
1950s. when the pollution seemed to be the most intensive.
The OC distributiou is similar. Again, the h.ighest rdtes were measured
in alpine lakes. with maximum value of 170 mglgdw. At the other sites rates
arc much lower, reaching 55 rng/gdw in Lake Bled and 15 mg/gdw in Gulf
of Trieste. In most cases the vertical profile shows exponential decrease of
OC concentration.
The pattem of TN follows the OC distribution. Also, the highest values
were measured in the alpine lakes and the lowest in coastal marine sediments.
Ratio BC/OC is the lowest in alpine area. with mean values of 5-8% and
increases to 10% in subalpine area and to L0-17% in coastal marine zone.
This clearly shows the difference between the remote and more polluted urban
sites.
DIFFERENTIAL WEATHERING OF GRANITIC QUARRY SAMPLES AND MONUMENT STONES. M. Nasraouil, N Clauer2, uod
M . I. Prudencio 1, llnstituto Tecnologico e Nuclear. EN 10, 2686-953
Sacavcm. Portugal. ZCcntra de Geochimic de Ia Surface. I rue Blessig. 67084
Str:tsbourg, France.
Abstract: Weathering of granitic wall stones of the Evora Cathedrol
(Portugal) was compared to the natural weathering of this rock lithology in
n nearby quarry. The rock samples were su~jected to a sequential leaching
experiment involving H20. HAc, HCI. and HN0 3 leachings. Natuml weathering induces mRinly elemental removals during HN03 leaching that suggests
interference of organic matter. When used as stones, these rocks lose systematically more elements during the experiments, the most being again by HN03
leaching (increase of the contents by a factor up to 5). More pervasive
weathering of wall stones seems to be monitored mainly by organic rnaner.
Differential weathering of granitic stones. relative to natural weathering in
quarries. can also be identified by the REE panems of the H20, HAc, HCI,
and HN03 Jeachates. The overall concentrations of the wall stones arc similar to those of the fresh rock. but the patterns of the HN03 leacbates arc
systematically more fractionated. indicating preferential scavenging of the
HREE by the occurring organic matter.
Results; A sequential leaching experiment was performed on three
quarry samples representing a sequence from fresh to brownish most-weathered facies. and on three cathedral sooes taken in the same vicinity on the
wall near the small garden. The e,.,petience consisted in successive leachings
with hi-distilled water, dilute acetic acid (IN). dilute hydrochloric acid (LN)
and dilute nitric acid (IN). The purpose of this experiment was to remove
successively the salts, the highly >ol uble mineral phases such as the carbonales and phosphates, the less-soluble mineral phases such as the oxides, and
to oxidize the organic maller with I~N03 and subscqu.:ntly analyze the re·
leased elements. The resid ues were dissolved afterwards in a mixture of
ftuorhydric and nitric acrds. Major (Si. AI, Mg. Ca. Fe, Mn, Ti, P, Na, and
K) elements were determined hy inductively coupled plasma atomic emission spectrometry {ICP-AES) with a precision of 10 x%. and the rare eanh
elements (REE) were determined by inductively coupled plasma mass spectrometry (ICP-MS) with a precision of 5%. The successi ve H20, HAc. HCI,
and HN03 leachings of the fresh reference rock remove 1.2. 2.2. 1.6. and
2.3 mg elements pro g of rock respectively. The elements removed first by
H2 0 yield following sequc:m:e: Ca > Si > K > Na > AI. The sequence becomes Ca > AI > K > Si > P fort11e HAc leaching, AI > Ca > Si > K >Fe
for the HCI leaching and Pe > AI > K > Ca > Na for the HN03 leaching.
Compared to these reference va lues, the naturally weathered rock in the quarry
lost successively 0.2. 2.9, 1.3, and 7.2 mg elements pro g of rock for the H20,
HAc. HCl, and HN0 3 leaching, respectively. The clements removed fust by
H20 are almost identical to those lost by the fresh rock. Mg replacing AI.
The HAc leachate contains foUowiog sequence AI> Fe > Si > Ca > Mg, the
HCI leachate yields the sequence AI > Pe > Si > K > Mg and the HN0 3
leachate yields the sequence Fe > AI > K > Mg > Ti. Among the three wall
stones of the cathedral. the H20 leachates contain 0.6. 1.1, and 55.8 mg
elements pro g of rock. the HAc leachatcs contain 3.0, 3.4, and 6.2 mg
elements pro g of rock. the HCI leat:hate contains 5.6, 3.3. and 6.2 mg
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pro g of rock and the HN01 lcachates wntain 33.3, 17.2, and 26.5
mg elements pro g of rock. The e lemental seq uences of the three wall stones
arc quite reproductible as follows: Na > Si > K > Ca > Mg for H20 leaching,
Ca > K > Fe> Al > P (Fe) for HAc leaching. Pe > AI > K > Si > C:1 for HCJ
lettching, and Fe > K > AI > Mg > Ti for HN0 3 leacb.ing. "111e fresh granitic
rock of the quarry yields REE distribution patterns for the HAc, HCI. aod
HN03 lcacbates that are slightly enriched in tbe tight REB (LREE) relative
to the ehomlrite reference, and slightly depleted in the heavy REE (H.REE).
The HAr and HCI pancms exhibit a negative Eu anomaly. whert'3S the HN03
pattern yields a positive Eu anomaly. The REE pallem of the H20 leach:1tc
shows a l;trong concentration depletion of a factor 1000 relative to the chon·
drite refcreuce. The pattern suggests a slight iucrease of the HREE relative
to the LREB. The REB patterns uf the HAc, HCI, and H.N03 leachates of
the naturally weathered rock of the quarry are very similar: eurichcd by a
factor 10 relative to llte fresh rock. a significant fmctionation and a similar
negative Eu anomaly. The H20 pattern is enriched by a factor 10 and is almost
flat. relative to the chondrite reference. The different patt~ms of the leach:ttes
recovered from wall stones are very similar: they are slightly fr.wtionutcd,
the most being the HN03 Icachatcs, and l11cy yield pronounced negative Eu
anomalies. The overall concentrations arc similar to those of the fresh rock.
On the oU1er hand, the H20 lcachates yield similar concentrations Umn the
same leachate from naturally weatben::d granitic sample. A s light fTactioo ation in favor of t.be LREE is visible.
Discussion: Natural weathering. relative to the fresh-rock reference.
induces mainly elemental removals during the HN0 3 leaching (increase of
the contents by a factor of 3), involving oxidation of the organic matter present
in the rock . The most affected elements are Fe, AI, and K. When used as
stones, these rocks release systematically more elements during the HAc, HCI
and HN03 leachings, the most efficient being again the latter (increase of
the contenLc; by a factor of 2 to 5). The elements mostly removed are again
Fe. AI, and K. but also Ti. This differentiated leachings suggest that more
pervasive weathering of wall stones is clearly re lated to tho occurrence of
organic matter. The differential weathering of granitic stones. relative to
natural weathering in quarries . can Jlso be identified by the REB patterns of
sequential leachings. a~ the pattern of the HN03 leachates are systematically
more fractionated, indicating preferential scavenging of the HREE by the
occurring organic matter. Even the REB patterns of the H20 Icachatcs are
depleted in the HREE.
elemenl~

DIFFERENTIA TrON BY DEFORMATION IN THE OCEAN CRUST.
J. H. Natlnnd and H. J. 13. Dick, Rosenstiel School of Marine nnd A1111osphcric
Science/Marine Geology and Geophys ics. University of Miami, 4600 Rickenbackcr Causeway. Miami FL 33149, USA (jnatland@rsmas.miami.edu).
In a paper now I:trgely forgotteu, N. L. Bowen (1920) postulated that
crystallilation differentiation could be dri vcu not only by gravitational
mllvemcnt of crystals, but also by deformation of partially molten =sses of
igneous rock. Although differentiation by deformation has not proved to be
important in the study or continental layered igneous intrusions, it now
appears to be a fundamental process in the ocean crust.
Bowen predicted Lhat crystalliz.ation during defon:natloo 'vould resul t io
unusually efficient separation of melt from crystals. leading to monoruioeralic
rocks, or as more gcncmlly termed today, adcumulates, of extreme purity.
Such pure adcumulalcs might aJso form intrusives with sharp contacts but
still would not represent Jiqujd compositions. Rock masses lhut ex.pericnced
such deformation might have cross-cu«ing lithologies that I..T}'Stallized ut different temperatures. including gabbros cut by complementary grJnophyric
dikes and veius. This lloweu termed discontinuous crysta llizotion. The deformed rocks could develop primary banding, or foliation, wttile still containing abundant melt. ln this way they would resemble metamorpllic rocks,
although having been deformed uuder super- rather than subsolidus conditions. Fina lly , very late-stage differentiates might segregate into cavities
formed by stretching or rupturing of a crystalline mesh, Utere to crystallize
to coarse grain size.
The gabbroic rocks drilled at ODP Hole 7358. Atlantis Jl Fracture Zon e.
Southwest Indian Ridge, and dredged from other fracture zones io the lndiao
Ocean.. exhibit all of U1esc featu res. The rocks are cumu la1es. being aggregates of minerals separated from liquids. and most are adcumula tes with very

low residual rnelt porosities. Cumu late theory based on layered intrusions does
not apply to these ro.:ks. Instead, all gabbros, including the oxide gabbros.
crystallized in a dense crystal mush in patterns domjnated by fractures,
channelized flow. and intergr.mular porous flow . Most gabbros are om layered: weak modal layering of UIJccrtain origin is present in <2% of the rocks.
Porosity reduction leading to formation of adeumulatcs at all stages was
extremely effic ient. This invo lved compaction under conditions of both
tiU1ostatic loading and shear, dissolution o.nd rcprccipitatioo of minerals along
grJin boundaries, and pressure solution, which was the final agent io porosity reductiou.
The cores of Hole 73SB comprise five main intervals or plutons. each
-250- 450 m thick, consisting of troctolite, olivine gabbro. and oli11ine gabbro-norite showing similar trends in cryptic variation. Each appears to represent an episode of significant additioo 10 the ocean crust. Each pluton in
tum consists of hundreds of small crystallization intervals of contrasting
lithology and gmin sile. and having sharp or sutured intrusive contacts. The
five plutons are cut by hundreds of small ox.ide gahbros, many of them
deforrued, throughout the core. Over 200 of these arc associated with felsic/
granitic veinlets. These were derived by internal differentiation of individuaJ
crystallization intervals, each containing a solidification front, many of which
were disrupted by deformation, leading to removal of buoyant differentiated
m~:lt along a developing fracture network. ·n1erc is a large coalescence of
oxide gabbro seams from 200-270 m deep in the section. perh.aps representing aggregation of differentiated melts beneath a permeability cap. This zone
was also an inclined active fault along which the two blocks of primitive
gabbros were being juxtaposed at the time. Many of these rocks consequently
have porphyroclastie, gneissic, and even mylonitic tclttures. Defon:nation and
magmatic overpressure widened porosity structure in some of these rocks.
leading to formutioo. of magmatic breccias with up to 30% ilmenite and
magnetite. The oxides form a cementing matrix. for fragments of angular and
irregular, high ly-deformed porphyroclnstic to mylonitic gabbro. These represent Bowen's stretching or rupturing of a crystalline mesh, ;md crystallization to coarse ~,rrain size. The process can be traced down to the scale of
individual minNa l grains, res ulting in troctolites , for example, in rims of
ilmenite on Cr-spinel and crack-fillings of ilmenite in forsteritic olivine.
lmergranular mix ing between primitive pore melts and injected differentiates
resulted in complex mineralogical relations, including early precipitati on of
magnesian orthopyroxene and multiple late-stage liquid lines of descent

ORIGIN OF DEEP-SEATED HYDROTHERMAL BRINES IN
NORTHERN GERMANY: GEOCHEMISTRY OF GAS"ES AND
ISOTOPES. D. Naumann!, J. En:ingert, and E. Faber2. 'GeoforschUllgszcntrum Potsdam. Tclegrafenbcrg, Section 4.2, D-14473 Potsdam, Germany
(dirk@gfz-potsdarn.de), ZfederJI Jnstilttte for Geosciences and Natural Resources. Stilleweg 2, D-30655 Hannover. Gerrnaoy.
We present geochemica l results of' sedime.ntary brines from northeast
Gennany that are used for geothermal energy production and brines derived
from two newly drilled bore holes. The thennal waters arc Na-CI-dorninated
brines and originate from upper Triassic and lower Jurassic formations. Their
sal inity varies from IJO to 230 giL depending oo depth and temperature (55•128"C), The total gas content of the investigated brines reaches values of 10
vol%. The gas phase is dominated by N2 , C0 2, and CH4, the concenr:mtions
of the minor constituents He, H 2, Ar, and oU1cr hydrocarbons are < I vol%
each. With increasing depth, C02 and CH• increases.
The oD/o 1SO-mtios of three of the investigated thermal waters are similar and plot close to the "ml!lcoric water line" (MWL) [ l j . Thus we assume
that there was no isotopic exchange between fluids and rocks. The liDi/llRQ.
ratios of the two most snline brines plot further away from the MWL. These
brines are possibly n mixture of old (''connate") seawater with meteoric water,
which was infiltmted at a time when average atmospheric temperature was
sign ificantly higher than today.
6 11 8-data of 24-36%• show that most of the boron in the brines originated from marine evaporites and/or marine carbonates, which are abundant
in this part of tl1e N-Ocrman basin [21. This is cons istent with TDS/Br--rdtios
(after (J J), which also show that the salt content of the waters may originate
from evaporated seawater and/or the dissolutioo of marine evapori tes.
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N2-Ar-He-ratios lead to the assumption that the brines were infiltrated
from the surface, following which the radiogenic production of He and Ar
altered the composition of the gas phase. This is consistent with the results
of He- and At-isotopic analysis. Very low lHef'He-ratios of in average 1.4 x
I o-& (lHeJ'He-ratio of the atmosphere = 1.4 x I o-6) indicate that most of
He is unequivocally radiogenic and that there is no influence of a "mantleHe" component [4,5]. Argon-40/argon-36-ratios of up to 367.5 (atmosphere=
295 .5) support the evolution of the brines from surface waters to crustal fluids.
Carbon-isotopic signatures of methane, ethane and propane (SllC 1 ,2,3)
from the brine of the geothermal beat plant Neustadt-Giewe indicate a thermogenic origin from a marine source rock. The S1lC-ratios correspond to a
vitrinite reflectivity of the gas generating organic matter of -1.2%. Therefore
the methane seems to originate from organic matter near to and/or in the
aquifer itself and did not migrate from deeper Carboniferous formations.
In addition, knowledge on the physico-chemical behavior of gases in
brines is important for engineers to design heat plants. In particular, detailed
information is necessary if there is a risk of degassing of flammable components.
References: (I) Craig H. (1961) Science, 133, 1702-1703. [2) Yengosh
A. et al. (1992) Geology, 20, 799-802. [3) Rittenhouse G. (1967) Am. Assoc.
Pm. Geol. Bull., 51, 2430- 2440. (4) Hooker P. J. et al. (1985) Narure, 318,
273-275. [5] Mamyrin B. A. and Tolstikhin I. N. (1984) Develop. Geochem.,
3, 273 pp.
ROLE OF WATER IN ENERGETICS OF ZEOLITES AND LAYERED
MATERIALS. A. Navrotsky, Department of Chemical Engineering and
Materials Science, University of California at Davis, One Shields Avenue,
Davis CA 95616, USA (anavrotslcy@ucdavis.edu).
The University of California at Davis Therrnocheooistry Facility has been
srudying the enthalpies of formation of zeolites, octahedral molecular sieves,
and layered materials by a combination of high-temperature reaction calorimetric techniques. We find several common trends. Dehydrated frameworlcs
are metastable with respect to dense phases by 5-15 kJ/mol but hydrated
frameworlcs are energetically stable by a similar amount (referred to liquid
water and a 2-0 framework formula unit). This energetic stabilization is counterbalanced by a negative entropy of hydration. The DH and 6S terms scale
with each Olher. Thus the localization of water within the cage or layer is
a major driving force in tbe formation of both framework and layered materials. New thermochemical data for a variety of zeolites and manganese
oxide based materials will be reviewed in the context of hydration energetics.
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Platinum-group-element profiles from three Apollo 12 basalts. one each
from the three groups present, are in Fig. 2. The subparallel profiles testify
to the general PGE-depleted nature of the Moon. If the Moon originated from
the Earth's (upper?) mantle after core segregation and underwent further core
separation during lunar differentiation, then ratios between the low and high
melting point PGEs should be affected and this is observed [4]. We suggest
that the source region, for at least the Apollo 12 basalts, have experienced
two PGE fractionation events. The first when the Earth's core differentiated
and the second when tbe lunar core formed. The pyroclastic glasses maybe
derived from a garnet-bearing region that did oo melt during the lunar magma
ocean (LMO) formation ("primitive Moon"); the crystalline basalts originated
from the cumulate LMO mantle.
Mars: Our results show HFSE ratios approximate those of chondrites
for the older two meteorites, but depart from chondritic values for EETA
79001. These ratios should not be affected by crystal fractionation so even
though these three samples represent two pyroxenites and a basalt. they should
be indicative of source region. Platinum-group-element ratios indicate that
differentiation was active early in the history of Mars. but in comparison with
the HFSEs, this was primarily the formation of a metallic core. The PGE
profiles (Fig. 2) demonstrate that ALH 8400 I is depleted and flatter than the

PROBING THE INTERIORS OF THE TERRESTRIAL PLANETS:
DATA FROM THE MOON AND MARS. C. R. Neal, J. C. Ely , and J. C.
Jain, Department of Civil Engineering and Geological Sciences, University
of Notre Dame, Notre Dame lN 46556. USA (neal. I @nd.edu).
Introduction: The Moon and Mars are the only other planetary bodies
that we have samples from and can analyze. Using a combination of high
field strength (HFS) and platinum group element (PGE) data for three martian meteorites (0.18-Ga basalt EETA 79001 lithology B; 1.3 Ga clinopyroxenite Nakhla; -4-Ga orthopyroxeoite ALH 8400 I), along with lunar basalrs
and pyroclastic glasses. different reservoirs are identified and can be placed
in the context of planetary differentiation. Rarely is a full suite of trace
elements determined on the same aliquot of extraterrestrial sample. X-ray
fluorescense (XRF) and instrumental neutron activation analysis (INAA)
cannot individually quantify all HFSEs and combining these data (obtained
from different sample aliquots) produces large errors in HFSE ratios. While
the abundances of the HFSEs in different aliquots may vary, their ratios
should not: any differences between samples are source-related.
The Moon: Pyroclastic glasses are not petroegenetically related to the
basaliS (I) and experimental evidence [e.g., 2,3] suggests they originated from
sources deeper than the crystalline basalts. Differences in Zr!Y ratios (Fig. I)
could be due to the presence of residual garnet in the source region of the
glasses.
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other two meteorites. There is a general increase in PGE abundance with decreasing age. These data support the hypothesis that ALH 84001 was formed
before any late accretion (veneer) of siderophile element rich meteorites, but
after the segregation of a metal-rich core [5]. However, the relative enrichment in the PGEs in the younger meteorites could be due to a change in
volcanic productivity from shallow melting when Mars was young (and honer)
to deep-seated, plume volcanism as the planet cooled. The increase in PGEs
in the younger meteorites could represent incorporation of a core component.
The initial interpretation of the data presented here is that Mars underwent
an early metal-rich core formation (consistent with [6]), but substantial silicate differentiation did not occur until much later (inconsistent with [7]).
References: [l) Delano(l986) JGR, 91, 0201. [2] Longhi (1992) GCA,
56, 2235. [3] Longhi (1993) LPS XXIV, 895. [4] Neal et al. (1999) LPS XXX,
Abstract #1003. [5) Warren and Kallemeyn (1996) MAPS, 31, 91. [6] Lee
and Halliday (1997) Nature. 388. 854. [7] Harper et al. (1995) Science, 267,
213.
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THE ONTONG JAVA PLATEAU: EVIDENCE OF A DEEP EARTH

ORIGIN. C. R. NeaP. J. C. Ely 1• A. L. Birkbold 1 , J. C. Jaio 1• J. J.
Mahoney2 , and R. A . Duncan3, 1Department of Civil Engineering and
Geological Sciences, University of Notre Dame. Notre Darne IN 46556. USA
(neal. I @nd.edu), 2School of Ocean and Earth Science and Technology,
University of Hawai'i, 3College of Oceanic and Atmospheric Sciences,
Oregon State University, Corvallis OR 97331 -5503, USA.

Introduction: The Ontong Java Plateau (OJP) in the southwest Pacific
represents the worlds largest "large igneous province (LIP)" [ 1,2] that has
been postulated to have formed by plume volcanism and originate at the coremantle boundary (CMB) [2]. The erupted basalts have been produced by large
degrees of partial melting [3,4], consistent with decompression melting of a
surfacing plume head [5].
Two isotopically distinct OJP basalt types [4,6] are found across the
plateau. Elemental abundances/ratios and petrographic observations demonstrate that these basalts have experienced moderate to high degrees of fractional crystallization (20-30%) [4]. Generally, the basalts are slightly quartz
normative, are cpx-plagioclase-phyric with only rare, corroded olivine phenocrysts seen in a few examples, and have MgO vales generally <10 wt%.
Core-Mantle Boundary Origin: Seismic evidence of a CMB origin for
mantle plumes is now available [e.g., 7] and supports modeling [e.g. , 2]
experimental evidence for such an origin [e.g., 5,8] However, chemical
evidence for such an origin is not as strong. Such evidence may be found
in the siderophile elements using the assumption that an origin at the siderophile element-rich core-mantle boundary should enrich the upwelling
mantle in these elements. Geophysical modeling suggests such chemical
interactions across the CMB would be minor [e.g., 9] or <3-6% [10]. Walker
et a!. [ 11, 12] used Re-Os isotopes, specifically an enrichment in 187 0s, to
suggest that some plumes originated at the CMB and that the observed U70s
enrichment was due to the influence of the core.
Ontong Java Plateau: The OJP basalts are not primary and fractional
crystallization processes may obscure possible source compositions. Significant fractionation of olivine and spinel lowers the abundance of Os in the
residual melt, negating Re-Os-isotopic determinations of the desired accuracy
and precision. Therefore, Re-Os analyses of the OJP basalts have not been
conducted.
Studies of the OJP include ODP drill legs [13] as well as fieldwork on
the islands of Santa Isabel and Malaita, Solomon Islands [1,4,14] where
outcrops of the OJP occur [4,1 5,16]. Recent studies of basaltic outcrops on
the island of Makira demonstrated the presence of OIP basalts, and also OIB
and MORB varieties that are stratigraphically intercalated [17]. Our preliminary interpretation is that the presence of MORBs on Makira is consistent
with an on-ridge/near-ridge setting with MORB erupting during periods of
plume quiescence. The OIB flows may represent the tail of the plume head
that formed the OJP basalts.
The data presented are platinum-group-element (PGE) abundances for OJP
basalts. We are using these as an indicator of a CMB origin. We have
determined the abundances of Ru, Rh, Pd, lr, and Pt in rwo OIBs island and
rwo OJP basalts (Fig. I). The OJP basalts represent the two groups defined
on Malaita and from ODP drill cores [ 13]. The OIBs are from Makira.
Using the plume head/tail model, the tail should contain relatively more
material from the source and it should have higher PGE abundances. This
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is the case. Melting models using spinel and garnet peridotites (±sulfide)
demonstrate the PGE abundances in the OJP basalts cannot be generated from
typical upper mantle. Large degree partial melting will dilute the silicateincompatible PGEs. While fractional crystallization accounts for the relative
depletion of Jr. Ru, and Rh [cf. 18,19]. it cannot generate the observed
abundances. We conclude that the PGE abundances support an origin at the
CMB and formation via plume magmatism.
References: [I) Mahoney (1987) Geophys. Monogr., 43, 207-220.
[2) Coffin and Eldholm (1993) Geology, 21, 515-518. [3) Mahoney and
Spencer (1991) EPSL, 104, 196-210. [4] Neal C. R. et al. (1997) Geophys.
Monogr., 100, 183- 216. [5] Campbell and Griffiths (1990) EPSL, 99, 7993. [6] Mahoney et al. (1993) Geophys_ Monogr., 77, 233-262. [7] Bijwaard
and Spakman (1999) EPSL, 166, 121-126. [8] Thompson and Tackley (1998)
GRL, 25, 1999-2002. [9] Boehler et al. (1995) Chem. Geol., 120, 199205. [10] Kellogg and King (1993) GRL, 20, 379-382. [II] Walker et al.
(1995) Science, 269, 819-822. [12] Walker et al. (1997) GCA, 61, 31453160. [13] Mahoney eta!. (1993). [14) Tejada et al. (1996) J. Petrol., 37,
361- 394. [15] Coleman and Kroenke (1981) Geo-Marine Lett., 1, 129-134.
[16] Petterson et al. (1998) Tectnophys., 283, 1-33. [17] Birkhold et al. (1997)
Eos Trans. AGU, 78, 826. [18) Capobianco and Drake (1990) GCA, 54, 869874. [19] Barnes et al. (1985) Chem. Geo/_, 53, 303-323.
GEOCHRONOLOGICAL CONSTRAINTS ON THE SOURCE OF
CONTINENTAL ROCKS FROM THE KERGUELEN PLATEAU,
ODP SITE 1137 ELAN BANK. K. E. Nicolaysen•. D. Weis2, F. A. Frey•,
S. A. Bowring1, M. F. Coffin3, and the Leg 183 Shipboard Scientific Party,
•Department of Earth, Atmospheric and Planetary Sciences, Massachusetts
Institute of Technology, 77 Massachusetts Avenue, Cambridge MA 02139,
USA (k:nic@mit.edu), 2Departement des Sciences de Ia Terre, Universite Libre
de Bruxelles, Brussels, Belgium.
Located in the southern Indian Ocean, the Kerguelen Plateau is part of
a large igneous province (LIP) formed by volcanic activity of the Kerguelen
plume during the last - 115 m.y. [I and references therein]. Leg 183 of the
Ocean Drilling Program sampled igneous basement in eight locations on the
Kerguelen Plateau and its conjugate Broken Ridge. Isotopic heterogeneity in
lavas from the Kerguelen LIP ( -2 x I ()6 kJn2) has, in part, been ascribed to
contamination by continental material, either in the plume source or in the
shallow lithosphere [2]. Elan Bank (-1.35 x lOS kffi2) protrudes from the
western margin of the central and southern Kerguelen Plateau (CKP and SKP
respectively). Although gravity and bathymetry lows separate Elan Bank from
the CKP and SKP, seismic reflection data show that no major normal or
reverse faults at the boundaries; however, one or more relict spreading ceo-
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ters and fracture zones, possibly obscured by volcanic cover . may exist in
the vicinity. Seismic velocities of 6.7- 6.9 km/s had previously suggested the
presence of continental crust in the lower crust of the - 20-km-thick Elan Bank
[3]. Newly recovered drill core from the previously unsampled and undated
Elan Ban.k includes garnet-biotite gneiss clasts contained within a -26-mthick conglomerate interbedded with basalt flows [I) which provides the fJist
direct evidence of continental crust from the Kerguelen Plateau.
Drilling at Elan Bank, Site 1137 (56°50.0'S, 68°05.6'E), penetrated to a
depth of 371 m below seafloor and recovered ten basement units. The ten
units include seven basaltic lava flows, -90 m total thickness, and three
interbedded sedimentary units. The unit 5 sandstone and siltstone (4.4 m
thick) consists of volcanic fragments and minor amounts of feldspar, biotite,
and hornblende. Coarse sandy layers contain sparse detrital garnet and zircon. The underlying volcanic lithic conglomerate (unit 6, 31.1 m thick)
contains evolved volcanic and metamorphic lithologies including clasts of
feldspar-bearing trachyte, flow-banded rhyolite. actinolite-bearing gneiss.
granitoid, and garoetiferous biotite gneiss. The Leg 183 Shipboard Scientific
Party concluded that these sedimentary units were deposited in a fluvial
environment.
Although the Kerguelen Plateau is currently hundreds to thousands of
kilometers from circum-Indian Ocean continental margins, plate tectonic
reconstructions [e.g .• 4] place Elan Bank proximal to the eastern margin of
India at -I 00 Ma. well after the separation of India and Antarctica. Biostratigraphy of marine sediments above the basement units provides a Campanian
age (-74 Ma) [3]. However the basal sedimentary sequence containing the
Campanian microfossils thickens to the east of site 1137, so the biostratigraphy provides an extreme minimum age for the reworked continental material.
Whole-rock f1SrJS6Sr analyses provide preliminary isotopic constraints on
the age of the garnet-biotite gneiss and the evolved volcanic clasts. The
evolved trachyte and flow-banded rhyolite yield 87 Srf86Sr of 0.713042 ± 8
and 0.732206 ± 7 respectively. The quoted uncertainties are 2 a errors in the
last place digit. Shipboard XRF analyses of Rb and Sr concentrations yield
B7Rb.f86Sr of 1.93 and 16.2 respectively. The resulting two point whole rock
isochron provides an age of 94.6 Ma with an initial ratio of 0.7104. The
garnet-biotite gneiss gave an 87Srf86Sr of 0. 785608 ± 8 and an 87Rtv86Sr of
5.2. Assuming initiaJB7Srf86Sr values of 0.702 and 0.705, the resulting model
ages are 1.13 and 1.09 Ga respectively. The calculated model ages are not
greatly affected by the picked values for the initial ratio. This preliminary
-1-Ga model age for the garnet-biotite gneiss correlates with Grenvillian ages
of gneisses on the east Indian and east Antarctic margins [e.g., 5].
Uraninm-lead geochronology and Sr-isotopic analysis of mineral separates
will provide additional constraints on the potential sources of the conglomerate clasts. The occurrence of the garnet biotite gneiss and its age will revise
our understanding of the evolution of the Kerguelen Plateau within the early
Indian Ocean.
Acknowledgments: Members of the Leg 183 Scientific Party include
M. Antretter, N. Arndt. J. Barling, F. Boehm, M. Borre, H. Coxall,
D. Darnasceno. J. Damuth. H. Delius. R. Duncan, H. lnokuchi, L. Keszthelyi.
J. Mahoney, L. Moore, R. D. MUller. C. Neal. M. Pringle, D. Reusch,
P. Saccocia. D. Teagle, V. Wahnert, P. Wallace, S. Wise. and X . Zhao
References: [I] Frey F. and Leg 183 Scientific Party (1999) Science,
submitted. [2] Mahoney eta!. (1995) Chem. Geol., 120,315- 345. [3) Cbarvis
P. et al. (1997) Eos Trans. AGU, 78, F711. [4) MUller R. D. et al. ( 1998)
in The Sedimentary Basins of Western Australia 2, Proc. of the Western Austral. Basins Sympos. (P. Purcell and R. Purcell, eds.), pp. 55-71. [5) Mezger
K. and Cosca M. (1999) Precambrian. Res., 94, 251 - 271.

TRACE-ELEMENT VARIATIONS IN MANTLE WEDGE PERIDOTITES ABOVE MODERN SUBDUCTION ZONES. Y. Niul, R. L.
Fisberz, and J W. Hawkins2 • !Department of Earth Sciences. University of
Queensland, Brisbane, Qld 4072 , Australia (niu@earthsciences.uq.edu.au),
zscripps Institution of Oceanography, University of California, La Jolla CA
92093, USA (jhawkios@poprnail.ucsd.edu).
Island arc volcanism is thought to result from slab-dehydration induced
melting of peridotites in the mantle wedge overlying subduction woes. The
mantle wedge peridotites, which are mostly highly depleted harzburgites, have
been interpreted to be residues of hydrous melting beneath ares. Whole-rock,

Tonga

0.01

Mariana

o.ot
Ba

Cs

Rb

Nb

Tb

La

Fig. 1. Primitive mantle [5] normalized element abundances of average
Tonga and Mariana harzburgites.

trace-element studies of these residues should therefore provide complementary information that may not be available from stuc!ying arc basalts alone

about melting and melt extraction processes beneath arcs, but such studies
are scarce [I]. We report here the results of an inductively coupled plasma
mass spectrometry (ICP-MS) trace-element ( -40 elements) study of wholerock mantle wedge harzburgites dredged from the landward slopes of the
Tonga and Mariana trenches [2-4).
The samples studied include fresh (<-0.45% total volatiles) and variably
serpentinized (9-14% total volatiles) harzburgites. These samples show huge
variations in rare earth element (REE) abundances (from -0.003 to -lx
chondritic values), and exhibit smooth yet variable cbondrite-oormalized REE
patterns [i.e .• variable (La/Sm)CN, (Sm/Dy)CN. and (Dy/Yb)CN ratios].
Nevertheless, the significant, though scattered, correlations of (Sm!Yb)CN
with REE and other incompatible elements (e.g., Nb, Th, Zr, Ti, Y, Ba, Rb,
and to a lesser extent Sr and Pb) suggest that, in addition to possible source
compositional effect, varying extents of melting and post-melting refertilization are the primary processes responsible for the compositional differences
in these harzburgites.
The Tonga harzburgites can be divided into Tl and T2 groups (Fig. 1).
Tl group samples are unusually fresh, and have low-REE abundances with
high (La/Sm)CN (-1.58) and low (Gd/Yb)CN (-0.05). While the REE patterns of Tl samples can be modeled as residues by 15-20% melting of a
depleted lherzolite, the positive anomalies of Ti. Pb. Sr. Cs. Rb. and to a lesser
extent. Nb. Th. and Ba (f ig. l) are unexplained by this process using published partition coefficient data. Nor can such combined elemental anomalies be readily explained by volatile-rich melt metasomatism. The freshness.
the lack of petrographic "anomalies" and the overall extremely melt-depleted
mineral composition [4] ofT! group harzburgites suggest that they could be
true melting residues beneath arcs. Positive Ti anomalies have been observed
in depleted harzburgites [6,7], but a detailed trace-element study of the constituent minerals is needed to reveal the residence characteristics of Ti. Pb,
Sr, Cs, Rb, Nb, Th, and Ba in unaltered, highly depleted harzburgites. The
incompatible element abundances of T2 harzburgites (Fig. I) can be produced.
to a first order, from a Tl residue modified through "interactions" of an
ascending "arc" melts (i.e., depleted in Nb and Ti). The Mariana harzburgites
(Ml, M2, and M3 groups; Fig. I) show broad similarities to T2 harzburgites ,
and could be produced similarly. However, the actual residues here may differ
from Tl group harzburgites, and the "interacting" melts may differ and vaty
in composition as well.
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Tbe fact that this interaction prm:ess docs not affect the highly depleted
composition of residual minerals [2-4] suggests that the me lt-solid interaction is mostly passive (vs. reactive). as seen in abyssal peridotites formed
beneath ocetto ridges [8].
References: [11 Parkinson I. J. aod Pe;~rce J. A. ( 1998) ./. Pet mi.. 39.
1577- 1618. [2] Fisher R. L. nnd Eogel C. G. (1969) GSA Bull., 80, 13731378. [3] BloomerS. H. and Hawkins J. W. {1983) AGU Monogr., 27, 274317. [4] BloomerS. H. aud Pisher R. L. (1987) ./. Geol., 95, 469- 495.
[5] Suo S.-s. and McDonough W. F. (1989) Gtol. Soc. Lvndon Spt•t·. PubL,
42, 323-345. [6] Niu Y . and Hckinian R. (1997) EPSL, 146. 243-258.
[7] McDonough W. F. et al. (1992) CMP, 110. 321-328. [8] Sevin L. et al.
(1998) Eos Trans. AGU. 79, F990-F991.
PLA TINUM·GROlW·ELEMENT AND RHENIUM ABUNDANCES IN
HAWAI'lAN PICRITES; COMPOSITIONAL VARIATIONS IN TilE
MANTLE PLUME AND POSSIBLE SECONDARY MOBll.JTY.
M. D. Nonnanl, V. C. Bennett2, and M. 0 Gan:ial, 1Centre for Ore Deposit
Research, Univers ity of Tasmania, Hobart TAS 7001, Australia (marc.
norman@utas.edu.au), 2Resea rch School of Earth Sciences. Australian
National University, Canberra ACT 0200. Australia, 1Center for Volcanology,
School of Ocean and Earth Science and Technology, University c.f Hawai'i,
Honol ulu HT 96822, USA.
Introduction: The Hawai'ian plume is geoc:hemically heterogeneous on
scales of tens of kilometers times tens of years. The plume probably originates nt considerable depth and it may sample material from sources as diverse
as the transition zone. tlte lower mantle, and the core-mantle boundary. At
least some geochemical components in tho pl ume probably originated as
recycled lithosphere. Osmium-187- and t~6Qs-isotopic compositions of
Hawai' ian tholeiites [l-3] show that the plume components record long term
differences in relative abundances of ~iderophile and chalcophile elements,
so these elements may provide useful tracers for the origins of manUe plume
source n:gions. To provide additionnl information on the siderophile element
characteristics of mantle plumes, we measured the concenttations of platinum group clcmellls (PGEs) and Rc in primitive tholeiitic picrit.es from the
rnajClr Hawai ' ian volcanic renter.; [4].
Results; Five picritc.~ were analyzed for PGEs and another 10 for Re
abundances by isotope dilution lCP-MS. One to two grams of aliquots w.:re
dissolved by carius tube and HF-HCI. PGE were preconcentrated by T.: coprecipitation and Re by anion excbaoge.
Platinum-group-element abundances range from 0.04 to 0.3 x PM for lr,
0.09 to 0.3 x PM for Ru. 0.3 to 0.8 x PM for Pt. and 0.3 to 1.6 x PM for
Pd. Rhenium abundances range from 0.27 to 0.95 ppb. Picrites from Loihi
and Kilauea generally have higher PGE and Rc abundances lban those from
Maunn Loa and Hualalai. Koolou picrites hnve amoog the lowest PGE and
Re abundances in this suite. The Kilauea 1840 picrite is exceptional in having
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low Re contents, more similar to picrites from Koolau than to t11e other picrites
from Kilauea.
Discussion: Platinum-group-element and Re contents of primitive
Hawai'ian tholeiites appear to be linked with other source chardct~ristics of
the mantle plume, as indicated by their good correlations with Os and Pb
isotopic compositions and trdce-cloment charJcteristics such as Zr/Nb [3,4].
Simitar Os/Pb and incompatible trace-clement compositions in the Hawai'ian
plume components [ J ,3,4] imply generally similar PGE con tents in tbcse
components, so the variable PGE and Re abundances of the picri1es may
reflect other differences in source characteristics during melting.
Platinum-group-clement and Re abundances in the mantle arc Strongly
inlluenccd by sulfides, and the ir concentra tions in these picrites can be
modeled u.~ing variable amounts of residual sulfide during melting, with the
higher concentrations of Rc and the PGEs in the Loihi and Kilauea picrites
implying less residual sulfide in the source of these lavas during melting.
Glass rims and melt inclusions in the Loihi and Kilauea picrites have high
contents of reduced S (1200-1500 ppm) and small blebs of irnmjscible
sulfides which show the me lls 1vere S saturated on eruption. Our limited data
indicates generally lower S contentS in submarine glasses from Mauna Loa
and Kol)lau. and less-abundant sulfide compared to Loihi and Kilauea. Higher
concentrations of PGEs, Rc, and S in the Loitti and Kilauea picrites may
reflect either greater solubility or mobility of mantle sulfides in the Loihi and
Kilauea parental melts [7] or different D's for PGEs and Re io the residual
sui!Ide during melting.
Secondary alteration also appears to have modified the Re and perhaps
the PGE contents of some Hawai'ian lavas. For example, the low Re contents of thf' Koolau and Kilauea 1840 picrites may reflect alteration aod partial
loss of Ulis element. Most of U1e picrites studied here have nearly constant
Cu!Rc ratios that are similar to the mantle value [5], indicated by the line
in Fig. I. ln contrast, the Kootau picrites. the Ki lauea 1840 picritc. and a 9%
MgO tholeiite collected from Pu'u O'o (KIL93) all have low Re content~ and
higb Cu!Rc: ratios. Subaerial lholciites collected from Mauna Kea by HSDP
also have high Cu!Re ratios and low Re content~ (data from [ l ,6)). Rhenium
depletion in these subaerial lavas may reflect partial loss during outgassing
in shallow magma chambers. on eruption, or by weathering. These da.ta raise
the possibility that Re tmd perhaps the PGE contents of subaerial Hawai' ian
tholeiites may have been modified during evolution and eruption of these
lavas.
Referenc.es: [I] Lassiter and Hauri ( 1998) EPSL. 164. 483 [2] Brandon ct al. {1998) Science, 280, 1570 [31 Bennett cl aJ. (1996) Narure. 38/,
221 [4] Norman and Garcia (1999) EPSL, 168. 27. [SJ McDonough and
Sun ( 1995) Chem. Geol. , 120. 223. [6] Albarectc (19%) .!GR. 101, 11841.
(71 Gaet:tni and Grove (1999) EPSL. 169, 147.
HYDROCARBON SPECIATION lN CARBON-OXYGEN-HYDROGEN
FLUIDS DURING SERPENTINIZATION. C. Normand and A. E.
Williams-Jones. Department of Earth and Planetary Sciences, McGill
University, 3450 University Str.:et, Montreal, Quebt:c, Canada H3A 2A7
(cbarlesn@eps.rncgill.ca).
Several studies have documented the presence of CH4 and hydrocarbons
in fluids produced during serpentinization [ l,2J. Although U1e origin of these
fluids is controversial, several authors have suggested that they form as a result
of Fischer-'rropsch synthesis involving a magnetite-catalyzed nonequilibrium
reaction between C02 and H2 , lhc laner gas being the product of serpentinization reactions of the type FeO (silicate) + O.SH20 = Fc0 1.s (silicate. oxide)+
0.5H 2.
In t11is paper we report the results of a study of hydrocarbon tluids lrappcd
in rodingitcs hosted in serpeotinitcs from the Jeffrey Mine. Asbestos, Quebec.
Gas chromatographic analyse,~ of fluid inclusions con!Jtincd io purple and
green vesuvianite. and in wollast.onite. reveal that CH 4 is the dominant
carbonic species. followed by ~H 6, C3 H~, n-C4 H10, and n-C5Ht 2 · lo the case
of the purple vesuvianite. the relative proportions of the gases describe a
Schutz-Flory distribution (<X= M0 • 1IM0 ) with a value for Ct. of0.29 (Fig. 1).
This distribution also describes the relative proportioos of ftydrocarboo gases
produced during magnetite-catalyzed Fischer-Tropsch synthesis (o. =0.33:
[3]). The distribution of hydrocarbons in green vestJvianite and wollastonite
i.l lso di~plays a Schut z-Flory distribution. However, tl1e values of o. (0.01.
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Based on the results of this study, we conclude that while Fischer-Tropsch
processes may play a role in the production of hydroca rbons during
serpentinization, the presence of these hydrocarbons is equally well explained
by separation of a reduced carbonic fluid from the aqueous serpentiuizing
fluid and reaction with phases like awaruite (Ni 3Fe), cohenite and magnetite.
References: (I) Thayer T. P. (1966) Am. Mineral., 51, 685-710.
[2] Aabrajano T . A. et al. (1988) Chem. Geol., 71, 211- 222. [3) Berndt M. E.
et al. (1996) Geology, 24, 351-354.
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0.02) do not correspond to those predicted for any known Fischer-Tropsch
catalyst.
An alternative explanation for the production of higher hydrocarbons
during serpentinization is exsolution of a reduced carbonic phase from the
hydrothennal fluid, and nonequilibrium reactions of this phase with Fe oxides,
Fe-Ni alloys, and Fe-Ni carbide species. In Fig. 2. we present a fo,·f co, phase
diagram in the system Fe-Mg-Si-C-0-H at 300°C and 2000 bar among the
phases cohenite (Fe3C), siderite (Sd), iron (Fe), ferrous oxide (FeO). magnetite (Mgt), hematite (Hem), forste.rite (Fo), fayalite (Fa), antigorite (Atg),
brucite (Brc), talc (Tc), magnesite (Mgs), graphite (Gr), and quartz (Qtz). The
shaded field corresponds to a system dominated by a carbonic fluid. Also
shown on this figure are a series of pseudoinvariant conditions for which we
have calculated a series of compositions in the system C-0-H. The distribution of n-alkanes in this system is shown in Fig. 3. Also shown on this figure
are the distributions of hydrocarbons present in purple vesuvianite, green
vesuvianite and wollastonite. The theoretical and measured distributions
follow the Schulz-Fiory rule. It is also evident that higher hydrocarbons in
green vesuvianite and wollastonite have distributions greater than those
calculated theoretically for conditions defined by invariant points 4 and 5
which represent maximum equilibrium values at the serpentinizing front,
assuming graphite saturation, on the limbs of the solvus between a predominantly carbonic and a predominantly aqueous fluid. By conuast, the distribution of hydrocarbons in purple vesuvianite is similar to that for invariant
point 2 representing equilibrium between Fe3C-Fe0-Mgt, i.e., conditions that
are considerably more reducing and of higher f co,·

HAFNIUM-ISOTOPIC SYSTEMATICS OF K.JMBERLITES, LAMPROITES, AND MEGAC RYSTS: IMPLICATIONS FOR MANTLE
RESERVOIRS AND THE COMPOSITION OF BULK SILICATE
EARm. G. M. Nowe1Jl.2, D.G. Pearson1, and P. D. Kempton2 , 11sotope
Geosciences Laboratory, National Environmental Research Council, Kingsley
Dunham Centre, Keyworth, Nottingham NG12 5GG, UK (gmn@wpo.nere.
ac.uk), 2Departrnent of Geological Sciences, Durham University, South Road,
Durham DHI 3LE, UK
Introduction: The isotopic composition of BSE is at present one of the
central issues in Hf-Nd-isotopic geochemistry, as it has important implications for the evolution of the Earth [ 1-5]. Although several model Hfisotopic compositions for BSE have been proposed recently [2,3], the BlichertToft and Albarede (BSE8 rA• [I)) model has been the catalyst for most discussion because it is displaced below the terrestrial array (TA; Fig. I; [2))
The apparent discrepancy between terrestrial Hf-Nd isotopes and the
BSEsTA chondritic reference value could be resolved by any one of the
following non-unique solutions: (I) the Earth is not chondri tic in composition; (2) the present Hf-Nd chondritic values do not accurately represent BSE
[2,3); (3) a third, unsampled, major reservoir, with eKr€t!d values that place
it below theTA, is "hidden" within the Earth [1).
Here we focus only on the latter solution and illustrate the significance
of our Hf-Nd-isotopic data for lamproites, kimberlites and megacrysts to the
existence of a "hidden" terrestrial Hf reservoir.
Results and Discussion: l..amproites and kimberlites (L&K) are unique
amongst terrestrial magmas, as they clearly do not plot along the Hf-Nd array
defined by all other terrestrial samples [4-5). Although the slope of the
L&K arrays are quite different, their common and most important feature is
a trend toward, and convergence on, EwENd values significantly below the
TA (-ve M 111; Fig I , [4-5)). The Hf-Nd data presented in Fig. I therefore
provide the clearest and most direct evidence yet for the existence of an
additional "hidden" terrestrial component, i.e., one not previously observed.
This component has at least the correct isotopic composition to potentially
account for the displacement of BSEBTA below theTA.
One question arising from Fig. I is the identity of this -ve AEHf component [5). Is it continental lithospheric mantle (CLM) or a much deeper mantle
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component? Such information is necessary to provide constraints on whether
this component is likely to be volumetrically significant enough to account
for the displacement of BSEoTA alone.
As this -ve 6£Hf component contributes to L&Ks. it might be logical for
it to be located within the CLM. If this is the case, because lamproites are
believed to sample some of the most isotopically extreme CLM known, the
-ve 6£Hr component may be no more isotopically extreme than the area
outlined in Fig. 1. However, it is unlikely that a -ve A&m component located
in the CLM could account for the position of BSBsTA below theTA alone.
The CLM represents only 2-3% of the silicate Earth, and it is unlikely that
the whole of this reservoir would be characterized by the composition shown
in Fig. I. If this -ve 6£m component resides in the CLM, our data would
not appear to preclude those recent models that place BSE within the terrestrial array [2,3).
However, there are several arguments, including the displacement of
megacrysts and HIMU toward this -vc 6£m component [4,5), that suggest
that tbe -ve 6£Hr component might reside in the deeper sub-CLM mantle
(>200 km; [4,5)). Such a component would nevertheless need to be located
in a boundary layer reservoir, e .g., 670-km discontinuity or the core-mantle
boundary, because of the necessity for long-term isolation from convection.
A 200-krn-thick D" region (6) would account for over I I% of the volume
of the silicate mantle. If such a region had the composition outlined in Fig. I,
it could potentially account for the displacement of BSEgTA below the TA
alone
Our data clearly have important implications for the composition of BSE
and lends support for the BSEgTA model [1].
References: (I) Blichert-Toft J. and Albarede F. (1997) EPSL, 148,
243-258. [2) Salters V. J. and White W. M. (1998) Chem. Geol., 145,
447-460. [3] Vervoon J. D. et al. (1999) EPSL, 168, 79-99. [4) Nowell
G. M. eta! (1998) EPSL, submitted. [5) Nowell G. M. et al. (1998) 7th
Iml. Kimberlites Conf Ext. Abstr. Vol., 628-630. [6) Jeanloz R. and Williams Q. (1998) Physics and Chemistry of rhe Earth's Deep Interior, 37, 241259.

University of Durham, South Road, Durham DHI 3LE, UK, 3Carnegie
Institution of Washington, 5241 Broad Branch Road NW, Washington DC
20015, USA, 4Department of Geological Sciences, University of Cape Town,
Rondebosch 7700, South Africa.
Introduction: Silicate and oxide minerals of the Cr-poor megacryst
assemblage (CPMA) are characteristic of group I kimberlites worldwide . High
P-T equilibrium conditions and trace-element compositions of megacrysts
suggest they crystallized from an OIB-Iike parental magma at the base of the
lithospheric mantle. The parental megacryst magma, sometimes referred to
as a "protokimberlite," may eventually evolve toward kimberlitic compositions through the interaction and assimilation of enriched lithospheric mantle.
Megacrysts therefore provide an imponant opportunity to determine the
isotopic composition and evolution of precursor kimberlite magmas prior to
lithospheric contamination. Previous isotopic studies on the CPMA have
focussed on mainly Sr and Nd and were restricted in their coverage because
only garnet and clinopyroxene had sufficient concentrations of these elements
to permit isotopic analysis. Such restrictions do not apply to Hf, which is
present in most megacryst mineral phases at concentrations sufficient for
straightforward isotopic analysis of virtually the whole CPMA with the new
generation plasma ionization multicollector mass spectrometers (PIMMS).
Results and Discussion: Previous Hf-isotopic studies of South African
kimberlites reveal a unique source component that plots well below the mantle
array conjectured to represent a deep Earth reservoir [1-3]. To further constrain the isotopic composition of the "protokimberlite" magma, we have
determined the Hf-isotopic composition of a variety of CPMA mineral phases
from the Monastery and other southern African kimberlites on a VG-Eiemental P54. Analyses of ilmenite, garnet and clinopyroxene megacrysts were
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HAFNIUM-ISOTOPIC ANALYSIS OF KIMBERLITE MEGACRYSTS
BY LASER ABLATION AND SOLUTION MODE PLASMA
IONIZATION MULTICOLLECTOR MASS SPECTROMETRY:
EVIDENCE FOR A CONTRIBUTION FROM A DEEP MANTLE
COMPONENT IN KIMBERLITES AND MEGACRYST MAGMAS?
G. M. Nowell 1, D. G. Pearson2 , P. D. Kempton•, R. W. Carlson3, D. Bell4,
and R. E. Zartmann 4, 1Isotope Geosciences Laboratory, National Environmental Research Council, Kingsley Dunham Centre, Keyworth. Nottingham
NG 12 5GG, UK (gmn@wpo.nerc.ac.uk), 2 Department of Geological Sciences,
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carried out by solution mode-PIMMS, wllile mono-mineralic zircons and
zircon-ilmenite intergrowths were analyzed by both solution- and laser ab·
lation· PIMMS. The ftrst Nd-isotopic analyses of mantle ilmenites, obtained
by thermal ionization mass spectrometry, will also be presented. The CPMA
llas a limited range in EHf, -2.8 to 2.9 (Fig. 1). There is no clear systematic
isotopic variation within the megacryst crystallization sequence. Furthermore,
like their host kimberlites, the CPMA is characterized by some of the most
extreme displacements of any terrestrial samples below the mantle array in
6EHf.f.Nd space (Fig.2; [2]).
Our Hf data give no indication for any significant isotopic evolution of
the parental CPMA magma during crystallization of the CPMA due to lithospheric contamination. The CPMA therefore appear to give a true reflection
of the isotopic composition of a magma, perllaps a "protokimberlite," wll.icll
was derived from sublithospheric mantle depths . It is also clear that this
"protokimberlite" magma was isotopically unlike any melt known to be
derived from the convecting mantle. We argue that a distinct component, lying
below the mantle array in EHf-ENd space, must exist within a deep mantle
boundary layer, perhaps at the 650 km discontinuity or probably D" layer.
References: [I) Nowell G. M. et al. (1998) 7th Inti. Kimberlites Conf
Ext. Abstr. Vol., 634-636. [2) Nowell G. M. ct al (1998) EPSL, submitted.
[3) Nowell G. M. et al ., Proc 7th Inti. Kimberlites Conf Cape Town.
THE EFFECT OF GROWTH RATE, (U/Ca),q, AND Mg 2 • ON
URANYL ION COPRECIPITA TION WITH CALCITE. M. Nugent and
R. J. Reeder, Department of Geosciences, State University of New YorkStony Brook, Stony Brook NY 11794-2100, USA (nugent@sbmp04.ess.
sunysb.edu).
Aqueous U (VI) transport and immobilization in oxidizing waters is
controlled, in parr, by adsorption and precipitation processes. Calcite is a
common aquifer and soil mineral that may provide a template for aqueous
U removal from groundwater solutions via adsorption and coprecipitation.
Low temperature uranyl incorporation into calcite is expected to be kine-tically-controlled, based on reported results for other metal-calcite low-temperature systems [ 1). However, to date, the quantity and mechanism of
incorporation of the uranyl ion into calcite have not been documented for
steady state coprecipitation. Therefore, the distribution coefficient for VOl•
in calcite was determined as a function of calcite growth rate, (U/Ca)aq ratio,
and the presence/absence of Mg ion.
The distribution coefficient (K.t) for uranyl ion (U022 •) in calcite can be
defined by

Ko =

(U/Ca)ooud
(U/Ca)aq

where aqueous and solid concentrations are in moles/liter and moles, respectively. Steady-state growth onto calcite seed material was achieved via constant addition of growth nutrients (Ca and bicarbonate) at constant
temperature and ionic strength (0.2 M NaCI). Mg-contaioing growth solutions contained 0.005 M Mg, and Mg-free growth solutions were prepared
by filtering a preequilibrated calcite- 0.2 m NaCI solution, which had been
equilibrated at atmospheric Pco,· Calcite growth rate varied over almost 2.5
orders of magnitude (from J0-2. 7 to 1o-s.o molcoJ.;.)m2/hr) and the U to Ca
ratio in solution varied over more tllan 2.5 orders of magnitude (from 0.05
to 0.0001).
The distribution coefficient for uranyl ion in calcite is <I in all cases,
and, for Mg-free solutions, increases with increasing growth rate, in agreement with previously reponed data for other trace metal-calcite systems with
Kd <I [I). However, in the presence of Mg, we do not observe a growth rate
effect on the Kd. At low calcite growth rates, the amount of U incorporated
into calcite is significantly less when Mg is present than when Mg is absent
(for example, at a calcite growth rate of J0-4·0 molcaJci.Jm2fhr in Mg-free
solutions, approximately half as much U is incorporated as for Mg-bearing
solutions). Yet, at faster growth rates (J0-3.S to J(}-2.7 molcalci.Jm2fhr), the Kd
is indistinguishable for Mg-free and Mg-bearing solutions. Finally, as (U/Ca)aq
decreases, the distribution coefficient increases, over the range in (U/Ca),q
studied. However, the amount of U incorporated into the solid does not
increase significantly as the distribution coefficient increases.
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Because our distribution coefficient is in all cases <I, coprecipitation with
calcite may not serve as an effective immobilizing agent for aqueous uranyl
ion. However, we expect that coprecipitation may become more effective for
U immobilization in natural groundwaters and soils when there is low aqueous Mg2• and high calcite precipitation rates, because of the strong growth·
rate dependence for the K.t in Mg-free growth solutions .
References: [I] Mucci A. and Morse J. W. (1990) Aqua. Sci., 3, 217254.

GEOLOGICAL CONSTRAINTS ON INTERPRETING EARLY
ARCHEAN MINERAL AND WHOLE-ROCK ISOTOPIC DATA:
CASE HISTORY FROM THE ITSAQ GNEISS COMPLEX,
GREENLAND. A. P. Nutman 1, V. C. Bennett1, and C. R. L. Friend 2,
•Research School of Earth Sciences, Australian National University, Canberra
ACT, Australia, 2Department of Geology, Oxford Brookes University,
Headington, Oxford, UK.
Introduction to a Controversy: To wllat degree are the granitic (sensu
lata) gneisses dominating the Jtsaq Gneiss Complex of West Greenland the
products of a single 3600-3650-Ma crust formation "superevent," or of
several unrelated events between -3850 Ma and 3560 Ma? Wll.ich of these
age interpretations is correct has major implications regarding wllat the wholerock radiogenic isotopic record (Pb·Pb, Sm!Nd, Lu/Hf, and Rb/Sr) reveals
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Fig. 1. Lead-207/lead-206 age (Ma) of zircons from orthogneisses and
metagraoitoids. (a) and (b) examples of rocks clearly different in age; (c)
complex zircon populations in migmatites; (d) gray gneisses, including two
with simple 3.85-Ga magmatic populations. Note: there are no single-phase
granitoids witll abundant inherited older zircon.
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about continental crust fom~ation and very early terrestrial differentiation.
Tite.re is also debate if some West Greenland metasediments w~Lh C-isotopic
evidence for life llJ are ~3850 m.y. or only ~3650 m.y. old, with implications for the origin of life.
Methods: Some workers [e.g .. 2,3] have chosen tO base their conclusions mostly on high MSWD Sm-Nd and Ph-Pb ''isochrons" from regional
collections of whole rocks and feldspars . 1lte starting point of our studie.s are
field observations and sampling from low strain zones. where the origin ami
nature of the rocks are best preserved and understood, closely integrated with
V-Pb zircon geochrono logical data and cathodoluminescence imagery of the
dated zircons.
Results and Implicatiom; Our approach shows that most single-phase,
well-preserved, granitoid samples have simple zircon populations dominated
by grains fomted when their host magn~as crystallized. On t11c other hand,
migmatites and some strongly deformed banded gneisses have much more
compleK zircon populations. These findings demonstrate that in 1l1e studied
parts of the ltsaq Gneiss Complex; (I) exposed granitoids fom1ed during
multiple magmatic events between -3850 and 3560 Ma and are 1101 mostly
3650-3600-Ma rocks carrying abundant >3650 Ma inherited zircons; (2)
abundant ~750-Ma granitoids are present; (3) some waterlain sediments
containing C -isotopic evidence for life were deposited as early as 3850 Ma;
(4) the combined field evidence and zircon geochronology demonstrate that
the wbole-rock Sm-Nd isochron technique fails to distinguish 3600 Ma from
3800-Ma rocks and reinforces previous indications for markedly depleted
~2.5 eNd) domains in the pre-3750-Ma rrontle; (5) variation of initial z.ircon
tllf [4] between samples of a -3630-Ma plutonic suite free of inherited zircons warns that even when the rocks arc the same age, they may not meet
cri tcri a necessary to derive t11eir age and initial ratio by the isochron method.
References: [I] Mojzsis S. et al. (1996) Nature. 270. 43-45. [21MoorbathS. et a.l. (1997) Chem. Geol., 135. 2 13-231. [3] Kamber B. S. and
Moorbath S. (1998) Chem Ceo/. . 150, !9-4L [4) Vervoon J. eta!. ( 1996)
IVarure. 279. 624-627.
EV ALUA TJON OF HUMAN IMPACT ON LACUSTRINE ENVIRON·
MENTS AND ECOSYSTEMS IN THE TWENTIETH CENTURY BY
USlNG STABLE ISOTOPIC RATIOS 0}' FISH SPECIMENS. N. O.
Ogawa 1.2, H. Oc.Ja.3, T. Nakamura3, N. Ohkouchi2• 4, N. S. Smiroova-ZaJumi5,
V. V . Smimov0, N. G Melnik.5, N. A . .Bondarenko-\ T. KoitabashP, and
E. Wada7. 1Graduate School of Eovironmen tal Earth Science, Hoklutido
University . Sapporo, 060-081 0, Japan (nanaku@eea .hokud ai .ac.j p),
2Dcpartment of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, 360 Woods Hole Road. Woods Hole MA 02543. USA,
3Dating and Materials Research Center, Nagoya University, Japan. •Institute
of Low Temperature Science, Hokkaido University, Japan. 5Limnological
Institute, Russi:tn Academy of Sciences, Moscow, Russia, 6Baikal Museum.
Russian Academy of Sciences, Moscow. Russia, 7 Centcr fo( Eco logical
Research. Kyoto Un iversity. Japan.

Anthropogenic perturbation has been evident both in global and regional
environments such as the increase io the atmospheric C0 2 and Jake eutrophication in these 100 yr. However, reconstruction of these perturbation has often
been diflicult. because of paucity of direct observational records. In this study,
C- and N-isotopic r<ltios of lish specimens will be introduced as one of new
approaches to precisely describe these perturbations and to understand the
processes. To reconstruct the recent fluctuations of global and lacustrine
environments in this century, we measured isotopic ratios of tish specimens
which have been collect.ed in me last several decades from Lake Baikal and
Lake Bi1va.
In Lake Baikal, isotopic ratios of scale spccirneos of Omul fish (Coregonus
autumnalis migraiorius) collected from 1947 to 1995 were measured. I)IJC
of scale specimen showed around -21.4%o in I947. bu t U1ey grndually decreased to - 22.8%. in J9QS. The decreasing rate of tile C-isotopic ratio is
-0.02o/odyr. The decrease of the C-isotopic ratio may reflect the variation of
C-isotopic records of nuoospheric C02 , which is U1e ultimate source of C in
fish scale. The reported isotope rJtio of aunospheric C02 measured at Mauna
Roa and in an ice core from the Antarctic showel.i same decreasing rate
(0.02%.,/yr.) during the last 40 yr. which is caused by :m additional input of
fossi l fuel C to the atmosphere. In addition, /)llC and 1)15N of fish scales
showed oscillatiou with itS period of - 20 yr. This cyc licity may be explained

by some ecological effect, such as changes in phytoplankton biomass or
roodwch structures in tlle lake might link \0 it.
In Lake Biwa, N-isotopic f'dtiO was measured for lsaza lish (Chaenogobius
isaza) in 19 I6, l 952, I 963-1995 and lake sediment. The l)llN records in lsaza
!ish and sediments both showed a small change (< l'llm) until 1963 but they
rapidly increased more than 3%o from 1965-1980. The total increase is up
to 4%o during the last 100 yr. TI1ese variations of N-isotopic r.ltio may be
at!Iibuted to an eutroplllcation of Lake Biwa. A close relationship can be
observed between the N-isotopic records of lsaza fish and nitrate concentration of lake water. which is one of the indicators of eutrophication. The
eutrophication may have caused low 0 environments in the bollom water,
which induce denitrification whose proce.~ses leave residual N larger in the
isotopic ratio.
Fish specimens from many !aires in the world have been collected and
stored in universities and museums over the 20tlt century when anthropogenic
perturbation of the global and regional environmenL~ IJas become evident.
Thus. these fis h specimens arc expected to provide us a novel troterials for
reconstructing and evaluati ng hunJan impacts on the Earth's environments.
In this poster presentation both usefulness and limitation of this technique
will be discussed with presenting results from Lake Baikal and Lake Biwa.
ORGANIC CARBON AND NITROGEN JSOTOPES AS SOURCE
INDICATORS OF ORGANJC MATTER PRESERVED IN SEDI·
MENTS OF THE GULF OF TRIESTE (NORTH ADRIATJC). N.
Ogrincl, G. Fontolan2, J. Faganelil, and S. CovelJi2, IJ. Stefan Institute,
Department of Environmental Sciences, Jamova 39, HXlO Ljubljana, Slovenia,
2Dcparuncnt of Geological, Environmental, and Marine Sciences, University
of Trieste , Via E. Weiss 2, 34 I 27 Trieste, Italy, 3Marine Biological Station,
Fornae 41, 6330 Piran, Slovenia.

Understanding the paleoeovironrneotal conditions in coastal marine ar·
eas is important for predicting of future changes of biogeochemical processes
in these areas, including eutrophication. The combination of stable N and C
isotopes was used to uace the historica l evolution of the sources and deposi ti on of organic matter io marine sedimentS of the Gulf of Triest.e (northern
Adriatic) and increased eutrophication io Ibis marine basin.
Sediment samples from Uucc long cores, two of them (-3m long) taken
at two locations in the central part in the Gulf of Trieste (cores GTJ and GT2)
and another (-40 m long) in the sail tnarsb area along the southern shoreline
(Y6 core), were illlalyzed for organic C, total N. 6 13Corg and o1SN values, and
14C of sedimentary organic C (I"C.rg)· The downcore trend of li 13Corg and
I) tiN values shows the important influence of allochthonous organic input in
the past. 1i15N decreased to 3%o, while liBC values dcc.:reased to lower thao
-26%u, wlllch is typical for terrigenous plants. The cooventional 14(; age of
sedimentary organic C in the sediments from GTI and GT2 cores ranges from
3370-9380 yr in the depth range of -14 em down to a depth of 200 em. TI1esc
spatial variatjons are thought 10 be influenced predominantly by inputs of
older organic mauer from lateral transport. mass wasting. or variable C
sources. Using calculated mix ing rates. an input of SO% of terrigenous N
material and 35% of POC into tbe central part of the Gulf of Trieste is
calculated for today.
SUU"UR-ISOTOPIC RECORDS AROUND LIVELLO BONARELLI
BLACK SHALE AT THE CENOMANIAN-TURONIAN BOUNDARY.
N. Ohkouchi ', Y. Kajiwaral, and A. Taira3. 1Department of Marine Chemistry
and Geochemistry, Woods Hole Oceanographic lnstitution. J60 Woods Hole
Road, Woods Ho le MA 02543, USA (nohkouchi@whoi.edu), lJnstitute of
Geoscience, Uni vcrsity of Tsukuba, Tsukuba 305, Japan, 30cean Research
lnstirute, University of Tokyo, Nakano-ku Tokyo 164, Japan.

Among a oumber of Cretaceous black shales, one from the CenomanianTuronian (C-T) stage boundary at 93.5 Ma is locally characterized by extr.J.ordinarily high cont.ents of o rganic C (more than 50%) and is often referred
to as Oceanic Anox ic Event-2 (OAE-2) [I]> E!vidcnce ofOAE-2 is widespread
throughout the Atlantic Oceilll, Tethys Ocean, and some pan of the Pacific
Ocean (2]. In litis study we report isotopic compositions of suJfale S in the
rocks deposited around tl1e OAE-2 shale that crops out at Gorgo Cerbar;J in
the northern Apenn ines. Italy, and argue that the S cycle of the C-T ocean
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that should have varied sensitively with the redox conditions of the ocean [3].
Previous studies of infrared spectra and X-ray near-edge structure
(XANES) analyses of sedimentary carbonates indicated that S in carbonate
roclcs is not in the form of gypsum or aohydrite inclusions, but rather sulfate
substituting for carbonate [4). Thus, isotopic composition of the carbonate·
hosted sulfate presumably represents that of dissolved sulfate in seawater at
the time of carbonate formation [5], although the detailed nature of sulfate
incorporation io carbonate is not well known.
Pulverized rock samples were treated with NaOCI solution aod benzene
to remove organically bonded S and elemental S, respectively. The bleached
residue was then treated with dilute HCI to decompose carbonate. Hydrogen
sulfide that is evolved from certain acid-soluble sulfides was immediately
eliminated by the N2 stream, being trapped aod collected in a zinc acetate
solution. Acid-soluble sulfate hosted by carbonate is dissolved into the so·
lution aod collected as BaSO,. The BaSO, was converted to Ag2S by Kiba
method, and then converted to S02 by means of a vacuum-distillation tech·
nique. Isotopic measurements were performed by a Finnigan MAT Delta-E.
The analytical precision is ±0.2%..
The S-isotopic ratios of sulfate (&l 4S50,) in the organic-poor carbonate
and chert sequence are 16.5 ± 2. 1%<> in the Cenomanian and 20.7 ± 2.2%o
in the Turonian. A remarkable increase of &l•S50, was observed across the
Bonarelli horizon with the whole amplitude of 5-7%o. The positive shift of
&l4S50, suggests that the burial rate of pyrite, which has lighter isotopic ratios,
considerably increased during the black shale deposition. Because the period
of C-T event lasted -0.8 m.y., the rate of the 1)l'S50, shift at the C-T bound·
ary is calculated to be 6-9%o/m.y. Model calculations suggest that the in·
crease of pyrite burial during the OAE-2 results in a decrease of 9-27% in
the oceanic reservoir of sulfate.
One of the most impressive phenomena associated with a large amount
of pyrite burial is an elevation of 0 flux from the ocean to the atmosphere.
The excess 0 1 flux to the atmosphere during the OAE-2 is calculated as 927 x JOIS moVm.y., which corresponds to 200-600% of average 0 2 flux in
the Phanerowic (6]. Coupled with an effect of elevated burial rate of organic
C, atmospheric Oz concentration could have significantly increased during
this event. Some feedback mechanisms that compensate for this additional
flux of 0 2 may be considered.
References: [I] Arthur M. A. and Schlanger S. 0. (1979) AAPG
Bull., 63, 870-885. [2] Arthur M. A. et al. (1988) Narure, 335, 714-717.
[3] Ohkouchi N. et al. (1999) Geology, in press. [4) Pingitore N. E. et al.
(1995) GCA. 59, 2477-2483. (5] Burdett J. W. et al. (1989) EPSL. 94, 189198. [6) Kurnp L. R. and Garrels R. M. (1986) Am. J. Sci., 286, 337-360.
CARBON-ISOTOPIC RECORDS OF MARINE AND TERRESTRIAL
BIOMARKERS IN THE SOUTHERN OCEAN SEDIMENTS. N.
Ohkouchil.2, K. Kawamura2, N. Takemotol, M. lkehara2, and T. Nakatsuka2,
•Department of Marine Chemistry and Geochemistry. Woods Hole Oceanographic Institution, 360 Woods Hole Road, Woods Hole MA 02543, USA
(nohkouchi@whoi.edu), 2Jnstitute of Low Temperature Science, Hokkaido
Univer.;ity, NI9W8 Kita·ku, Sapporo 060-0819, Japan.
We studied C-isotopic ratios of ~ 1 n-alkane and C37 alkenes in the surface sediments collected from the Australian sector of the Southern Ocean
(from 48• to 66°S). The C31 n-alkane is produced as one of the major components of epicuticular wax of higher plant leaf and is long-range transported
through the atmosphere to open ocean [1]. On the other hand, C37 alkenes
are produced by haptophyte algae such as Emiliania hu.tleyi, especially in
low-temperature oceao [2]. The primary purpose of this study is to obtain
the distribution of C-isotopic ratios for these source specific compounds io
the pelagic surface sediments from the Southern Ocean. On the basis of these
"core-top'' records, we discuss the relationship between atmosphere/ocean environments aod C-isotopic ratios of biomarkers deposited on the underlying
sediments.
Nine surface sediments (0-1 em) were collected with a multiple corer
along a north-south transect in the Australian sector of the Southern Ocean
during the KH94·4 RJV Hakuho-Maru cruise. Lipids were extracted from the
sediments with methanol and CH2C1 2. The extracts were washed with 0.15
M HCI and saponified with 0.5 M KOH!methanol. Neutral lipids were
obtained from the combined extracts by extraction with o-hexaoe/CH20 2 . The
neutral components were further separated into subfractions by silica gel col-
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umn chromatography. Quantification of compounds was performed with a
Carlo Erba 8000 GC/FlD. Identification of compounds was performed with
a Therrooquest Voyager GC/MS equipped with an electron impact mode. A
fraction containing alkanes and alkenes was also analyzed using a Finnigan
MAT Delta-Plus GC/C/irMS. Isotopic calibration was done with an internal
standard (5cx-cholestane) and standard mixture of Cw~ 4 n-alkaoes whose
isotopic ratio had been independently determined by a conventional method.
Analytical error.; were determined on the basis of three or four injections of
the sample.
The 1)13C of~ 1 alkane derived from higher plant wax shows little change
along the latitude (avg. - 28.7%o), whereas snc of ~7 alkenes derived from
haptophyte algae decreases from -24.6 ± 0.7%• at 47 .6•s to -32.1 :!: 1.2%.
at 63.9°S with an overall amplitude of -7.5%o. Relatively heavy 1)13C of~~
alkane suggests a significant contribution of C4 plant waxes or conifer resin
whose I)BC of alkanes are significantly heavier than those of C3 plants. The
1)13C values of total organic Care around -20 to -21%c from 47.6° to 6Q•s.
However, they show a sharp decline from 6o.o·s (-21 .7'i'oo) to 65.5•s
(-26.0%o) with an overall amplitude of 5.3%•. It exhibits a latitudinal pattern
similar to that of C 37 alkenes, suggesting that organic C in the sediments is
primarily of marine origin.
We will also present the 1)13C record of <;t n-alkane io a sediment core
from Tasman Sea Plateau. Clear 2%o increases were observed in the climatic
transitions from stage 2-1 and from stage 6-5, which may reflect a dispersion of C3 plants in the southern hemisphere during these periods.
References: [ I] Ohkouchi N. et al (1997) GCA, 61, 1911-1918.
[2) Brassell S. C. (1993) in Organic Geochem., pp. 699-738.
DOES SIDERITE CONSTRAIN THE pC02 AND p0 2 LEVELS OF
THE ARCHEAN ATMOSPHERE? H. Ohmoto, Astrobiology Research
Center and Department of Geosciences, Pennsylvaoia State University, University Park PA 16802, USA (ohmoto@geosc.psu.edu).
The behavior of siderite in soils and sediments of Precambrian age has
been used by some investigators to support a model of a reduced atmosphere
prior to -2.0 Ga. For example, based on the absence of siderite in paleosols
>2.0 Ga, Rye et al. [I) argue that the atmospheric pC01 level was less than
one-half of the level required from climatic models [2]. They suggest that the
additional greenhouse gas was provided by methane. An implication of their
model is p02 « pCH, in the Archeao atmosphere; if not. most of the CH,
would have been converted to C02 by photochemical reactions. Based on the
presence of detrital grains of siderite in some saodstones and conglomerates
of -3.0 Ga, Rasmussen and Buick [3] conclude that the siderite grains, as
well as pyrite and uraninite, survived during weathering and fluvial transportation because they believe siderite is stable under a reducing atmosphere but
unstable under an oxic atmosphere. However, the arguments by these investigators neglect the fact that the solubility and dissolution lcineties of siderite
are dependent on pH and pC02 .
The pH of rainwater -3.0 Ga would have been less than -4.6, compared
to -5.6 today, if the pC02 was >100 PAL. However, because the pH-pC0 2
relationship of rainwater parallels that of siderite solubility, the siderite
solubility in rainwater becomes essentially constant (-0.4 moVIOOO g H20
at 25°C), regardless of the atmospheric pC02 level. The absence of siderite
in the pre-2.0-Ga paleosols is, therefore, due to the very high solubility of
siderite in rainwater, not because the atmospheric pC02 was below a certain
level as suggested by Rye et al. [1]. The absence of siderite in paleosols does
not constrain the atmospheric pC02 level.
In the presence of free 0 2, chemical weathering of siderite proceeds
through the following two steps:
FeC03 + 2 H+ => Fe2• + H20 + C02

(I)

Fe2• + 1/4 0 1 + 512 H2 0 => Fe(OHh + 2 H•

(2)

and

Coating of siderite surfaces by insoluble ferric hydroxides formed by
reaction 2 would slow down siderite dissolution (reaction I). If there were
no free 0 2 in the Archean atmosphere, ferric hydroxides would not have
formed to slow down siderite weathering. Furthermore. according to the
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available experimenta l data, the mte of reaction 2 decreases wi th decreasing
pH [4]. and that of reaction I increases with decreasing pH and increasing
pC01 [5]. Then, the rate of chemical wt:·athering of siderite under the Archean
atmosphere must ha ve been much faster than that of' today . The surviving
grains of "detrital" siderite must h.we been protected from chemica l we;tthering; their presence in some Archean rocks, therefore, does not imply a
reduced Archean atmosphere. It suggests tbat these "detrital" grains were.
liberated by fragmentation and abrasion of un!lsual host rocks (e.g., quartz
veins, massive sulfide orcs, siderite BIFs) while transported in streambeds
during noods, and that they deposited in desert environments. Their exposure lime to the surface water was probably much less than that of nomurl
sediments.
ln fact, the disappearance of primary grains of siderite. uraninite, and
pyrite in paleosols and the absence of detrital grains of these minerals in
ordinary sedimentary rocks of all geologic age [6] are more compatible w ith
the models of an oxygenated Archean atmosphere [6-8] than with those of
a reducing atmosphere [9].
ReferencL-s: [ I] Rye R. et al. (1995) Nature, 378, 603-605. [2] KasLing
1. F. (1993) Science, 259, 920-926. [3] Rasmussen B. and Buick R. (1999)
Geology, 27, 115-118. [4] Stumm W . and Morgan J. J. (1996) Aquatic
Chemistry, Wiley, 1022 pp. [5] Langmuir D. (1997) Aqueous Environmen·
tal Chemistry, Prentice Hall, 600 pp. [6] Dimroth E. and Klmberley M. M .
(1976) Cart. J. Earth Sci., 13, 1161-1185. [7] Towe K. M. (198 1) Precambrian Res. 16, l - 10. [8] O hmoto H. (1996) Geology. 24, 1135-1 138.
[9] Holland H. D. (1994) in Early L!fe on Earth (S. Bengtson, ed.), pp. 237244, Columbia Univ.

·EXPERIMENTAL STUDY OF DISTRIBUTION COEFFICIENTS OF
RARE EARTH ELEMENTS BETWEEN I RON-MANGANESE DEPOSITS AND SEAWATER IN VIEW OF RARE-EARTH-ELE·
MENl.'(IU)-CARBONATE COMPLEXATION CONSTANTS. A. Ohta
and I. Kawabe, Department of Earth and Planetary Sciences, Graduate School
of Science, Nagoya University, Chik.usa, Nagoya 464-8602, Japan (ohta@gcl.
eps.nagoya-u.ac .jp}.
Introduction: Rare earth elements (REEs) are bigllly enriched in marine Fe-Mn deposits. The REE removal by Fe-Mn oxybydrox.ides from seawater into marine suspending particles and sediments is an important geochemical process. In seawater, dissolved REE species are mainly REECOl\ "'ll
and REE(C03n-<oq) [l). It is important to examine how REE(Ill)-carbonate
complexation affects the REE partitioning process in seawater. Although
REB(IJI)-carbonale complexation constants have been reported by Byrne ct al.
[2 and refe.renccs therein], srudies of REE incorporation or sorption into Fe
and Mn oxyhydroxide are not as well understood [3-5]. We have determined
REE partitioning coefficients, Kd(REE: ppt./sol.), between Fe oxyhydroxides
and NoCI solutions with different carbonate ion concentrations. REE(III)carbonate complexation constants have also been determined from our experimental data. We have examined whether our experimental resu lts can
reprod uce apparent Kd(REE) values between Fc-Mn deposits and seawater.
Ercperimental Mctbod: Rare earth elements were coprecipitated with
Fe(lll) oxyhydroxide precipitates in 0 .5 M NaCI sol utions with various
amounts of NaHC03 (0.0-1 2.0 mM). The precipitates formed in solutions
were gently stirred with magnetic sti rrcrs in glass flasks places in a wnter bath
at 2s• c for 135- 145 h. Fe(IU) in the precipitate was sepamted from REEs
by U1e cation-exchange column. Iron(lll) and REE were detennjned by inductively coupled plasma atomic emission spectrometry (ICP-AES). Dissolved
REEs in each NaCI solution were collected by Fe(Jll) coprecipitltion method.
ResuJts ;md Discussions: The REE distributioo coefficients of log
Kd(REE) in tile systems without NaHC0 3 show bcavy REB-enriched patterns,
small positive Ce anomalies, Kd(Y)/Kd(Ho) ratios smaller than unity, K.t(Sc)
values much larger than those of beavy RBEs. and s imil ar conveK totrad
effects. With increasing NaHC0 3 concentration in NaCI sol ut ion from
0.0 mM to 12.0 mM, however, REE distribution coefficients show the following systematic variations: ( I) the decrease of Kd(REE) is pronounced in
heavy REE relative to li ght REE, (2) U1c convex tet:rad effect becomes less
obvious, (3) the Kd(Y)/Kd(Ho) ratio becomes large, and (4) the decrease of
Kd(Sc) is much greater than those for heavy REE.

These variations with increasi ng NaHCO, concentrati on are cause.d by
REE(lll)-carbonatc complexation. We have determined REE(III)-carbonate
comp lexation constants from our experimental data of log Kd(I{EE) as a
function of carbonate ion concenrration. When our complexation constants
are compared with the previously reported data by solvent-extraction method
[2] at 25"C and infinite dilution, ours arc higher than li terature data by I .01.5 in log unit. However, the increasin g tre nd of REE(III)-carbooatc complexation constants with atomic number of REE and convex tetrad effects in their
series variations arc quite similar between our results by Fe ox.yhydrox ide
coprecipitation method and those of [2] by so lvent-extraction methO<L
We have confirmed U1at experimental values of log Kd(REE) in the system
wiU1 the carbonate ion concentration sim ilar to seawater can reproduce the
characteristics of apparent Kd(REE) between Fe-Mn depos it and deep water,
except for a large positi ve Ce anomaly . However, the speciation calculation
in seawater using our REE{lll)-carbonate complexation constan ts is different
from the res ult using those by solvent extraction. The speciation calculation
using our complexation constants indicates that the dominant species is
RBEC03 ~('"1l except for heavy REE. In contrast, the calculation using the
constants by solvent extraction shows that REE(C03) 2- (oq) is the dominant
species except for tight REE [1-2]. Referring to field and experimental data
as to l<.i(REE) affected by REE(ITI)-carbonate complexation, we can examine which complexation constants are able to exp lain both natural and experimenta l systems simultaneously. Field and experimental Kd(REE) values
were recalculated into log {m[REE(OH)J] oH20 )/[RBB(C03>z-, ""J and log
{m!REE(OH)3] nH 20 )I[REE(C0 3) • . •ql by using REB(Ifl)-carbonate complexutiou constants. When we compared rec~lculated KiREE) values between
field and e.xperimenta l data, we have confirmed that our complexation constanL~ are better to explain laboratory and field data simu ltaneously than those
by solvent-extraction method.
References: [I] Byrne R. H. and Sholkovitz E. R. (1996} Handbook
of tire Pltysin and Chemistry of Rart' EArtlrs, 23, 497- 593. [2] Liu X, and
Byrne R. H. (1998) J. Sol. Chern.. 27, 803-815. [3] Koeppcnkastrop D. and
De Carlo E. H. (1992) Chem. Geol.. 95, 251-263. [4] Kawabe I. et al. (1999)
Geoclren~ J., in press. [5] Kawabe L et al, (1999) Geocfrem. J., in press.

A CHEMICAL WEATHERJNG STUDY OF A SMALL MOUNTAIN·
OUS GRANITIC WATERSHED (ESTffiERE, FRANCE): WATER
CHEMISTRY, SOD., AND ROCK MINERALOGY, AND STRONTIUM87/STRONTIUM-86-JSOTOPIC COMPOSmON. P. Oliva ' , B. Dupre',
M. RcmauryZ, T. Gauquelin1 , F. Martin 1, nnd J. Dnrrozes1, 1Labomtoire des
Mecanismes de Transfert en Geologie, 38 rue des 36 pouts, 31400 Toulouse,
France (oliva@lucid.ups-tlse.fr), ZL.llboratoire d'Ecologie, 39 alll!es Jules
Guesdes, 3 1400 Toulouse. France.
This s tu dy is focused on the chemical and isotopic compositions of
different element reservoirs (watc.rs, soils, river sediments, and parent rock)
of a sma ll alpine granitic watershed in Estibere, Hautes Pyrenees. southwest
France. This site offers a unique opportunity to identify and quantify weathering processes occurring in an alpine environment by coupling soil and water
chemistry. Moreover, this work provide major insights within the framework
of river geochemistry such as the estimation of present-day denudation rnte
in continental regions and its role on the controls of atmospheric C01 .
The Estbere watershed is located in a protected natl.Jral reserve site in U1e
Neouvielle massif in the Pyrenees. It has an area of approximated 6 Iunl at
an elevation of 2000- 2700 m. The watershed rests in an hercynian granitic
basement (300 Y 20 Ma, [I]) and is mainly composed of biotite-rich
monzogran ites except at the watershed outlet, where hornblende-rich granodiorites are exposed. My lonitic formations are also present in the norU1ern
s ide of the watershed. A small pedological cover rich in organic matter
develops over these rock fom1ations. Two types of soils could be described:
(I) a ranker type soil, sometimes cryptopodzolic, and (2) a typica l alpine type
podzo l. Numerous streams feed the Eslibe.re main stream. Lakes and pear bogs
develop in the natural depressions of the watershed . At this high altitl.J.de, U1e
atmospheric contribution is important and is rnallifested by the snow chemistry during its accumulation in winter lime . Vegetation is mainly composed
by a lpine grassland with Pinus w•cinata and Rododertdron ferruginwm
groves.
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Fig. I.
Dissolved concentrations of major ions (CI, SO,, N03• HC03 • Ca. Na
Mg. and K) and trace elements (AI, Fe, Rb, and Sr) wc:re determined by ion
chromatography (HPLC) and by inductively coupled plasma mass spectrometry (ICP-MS) respectively. Aqueous silica concenuutions were measured by
standard colorimetry. Soil, sedim.:nt, and rock mioemlogy were characterized
by X-ray diffraction (XRD), infmred spectroscopy (IR), scanning electron
microscopy (SEM). high-resolution transmission electron microscopy
(HTEM). eleCITon microprobe analysis (EMPA), and ICP-MS.
In the Esribere river stream, the dissolved fraction (i.e., <0.2 fllll) is not
influenced by any anthropic contributions but is only affecu:d by atmospheric
inputs and chemical weathering. Interestingly. Ca+-+ is the major cation (45 mg!L) in these waters, having a neutral pH 6.7-8. Although these waters
arc: depleted in many dissolved elements. they are among the most concentr.lted relative to other waters draining gmnitic formations in the Pyrenees.
The chemistry of atmospheric inputs is very heterogeneous. lnder.d, Pyrenees
mountains are strongly affected by snow bearing red dust coming from north
Africa. This causes the snow to lx: very enriched in major cations and thus
could be an imponant source for cations input in l11ese stream waters (2].
Pedological and mineralogical characteristics on the podzol-type soil samples
are of particular inwrest The podzol is composed of five major horizons, from
the bedrock to the surface: (I) :1 deep saprolithic horizon constituted mainly
of quartz. weathered feldspath and biotite. chlorite, and kaolinite; (2) no
unusual Al-rich dark BP2 horizon. mainly composed of clays (e.g .. kaol inite)
and organic maner rich in humic acids; (3) an ocrcous Fe-rich BP 1 horizon
with organic matter rich in fulvic acids: (4) an 11Sh·gray eluvial horizon: and
(5) ao organic-rich surface horizon composed of secondary phases such as
illite, smectite, kaolinite. and amorphous aluminosilicates (e.g.• imogolite.
allophane). Strontium-isotopic analyses are used in this work to evaluate the
contributions of encb different reservoir to the stream chemistry (Fig. 1).
In conclusion. this study attempts to discuss the origin of the chemical
signature of stream waters in this alpin<: environment. It's the resull of their
chemical interaction with soils and parem rock and the atmospheric inputs.
Thus, Ca.... enrichment~ in these waters can be explained by the atmOspheric
contribution. On the other side, the Sr-isoropic compositions of the s1ream
have signatures more similar to those of minerals {Tom the rock basement.
References: [I] Alibert C. et al. (1988) C. R. Acad. Sri. Pari.!, 306,
49-54. (2] Avila A. et al. (1998) Anrros. Errviron .. 32, 179-191.

THE EFFECT OF MELT COMPOSITION ON THE ACTIVITY
COEFFICIENTS OF SOME SIDEROPHILE ELEMENT COMPONENTS (F£0, NlO, CoO, Mo01 , MoOl and W02) IN MELTS IN
THE CMAS SYSTEM. If. St C. O'Neill I and S.M. Eggins1, IResearcb
School of Earth Sciences, Austrnliao National University, Canberr:l ACT
0200, Australia (hugh.onciU@anu.edu.au), 2Department of Geology, Australian National University, CanbeTT11 ACT 0200. Australia (stcphcn.cggins@
anu.c=du.nu).
The partitioning of trace elements between silicate me lt and crys1alline
ph11Ses is one of tht: main tools used by geochemists to unravel the history
of igneous rocks. There is, however. a complication: trace-element partition
cuefficieots are nCJt constants. but vary with the major-element composition
of both the silicate ml!lt and the crystalline phase, as well !IS temperature and

Co~ttributioll

No. 971

217

pressure. Exactly wltich of these variables is of practical import.aoce has beco
much debated. TI1e subject has recently had a burst of anen lion due to lhe
development of crystal site-strain theory Le.g., 1,2J,.,.. hich emphasizes the controlling intlucoce of the crystalline phase, but other authors have considered
the silicate melt composition to be a key variable (e.g., 3].
This isslle has n:maincd controversial for so long because in direct studies of crystaVmelt partitioning. it is not possible to vary independently melt
composition. crystal composition, temperature. or pressure so liS 10 decon volute the effects of each of these variables. Consequently, trace-element
partitioning data can generally be filled adequately (s~atisticaUy speaking) 1.o
several aliemative models, and so cannot be used to select whicb model is
correct tb~oretically. However, for certain elements whose oxide components
are easily reduced to the metal, it is possible to measure the effect of melt
composition directly. while keeping all other variables consr.ant, using redox
reactions of the type
M + xJ4 0 2

metal

= MOA12

sil melt

We have us~d this approach to determine the effects of changing major·
clement melt composition on the activity coefficients (YMoAJ2) of FeO, NiO.
CoO. W02 , and Mo0 2 and Mo03 in simple system CaO-Mg0-AIPrSi02 :t
Ti02 silicate melts at 1400"C and I bar
Nineteen silicate melt compositions were srudied, four in the ternary CAS,
two in the ternary MAS. twelve in the quaternary CMAS. and one in the
system CMAS-Ti0 2. Compositions were selected so as to be liquid at our
chOS(n experimental temperature of 1400°C and to quench to gla.~ses. This
limits the compositional space available in the C1\S and MAS systems to
small areas ncar eutectics. For the CMAS system, we chose both near·eutcc·
tic compositions and also near-liquidus compositions llmt are close to saturation with Si02, Mg2 Si04 , MgSi03, and CaSi03•
Beads of each composition were loaded onto wire loops .made from the
pure metal of interes t, and hung, six or seven at a rime, in a vertical-tube
furnace equipped for g!IS miting. Oxygen fugacity was imposed using CO·
C02 gas mixtures. The /o, for each metal was selected from previous work
[4,5] to produce coocenlr<~tioos near -4000 ppm of W. Co. and Ni in most
compositions, and -3% of Fe. Si nce Mo occurs in two oxidation sllltt'S at ex·
perimentally accessible Jo, 14]. this element w!IS studied as a function of fo-.
over liS wide a range off~ as WIIS experimentally feasible. Time series ex:
periments showed that-4 h WIIS all that was needed for the samples to closely
approach equilibrium. but most ex-periments were run for -40 h. Samples were
quenched by dropping into water.
The major-element compositions of all samples were checked by eleclron
rnilTOprobe ana lysis in the energy-dispersive spectrometry (E.DS) mode. Iron,
Ni, Co. and, in a few runs, Mo. were abo determined by electron microprobe
using WDS and the pure metals as standards. Tungsten, Mo. Ni, and Co were
determined by laser-ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS), a relatively new analytical technique that is ideally suited for
this type of study. Analytic~ I precision from either method is - 3% (I s.d.)
In deriving values of YMol</2 from the measured cle111ent solubilities. the
only other significant non-systematic uncertainty is that in /o,. which is
estiou1ted to be %().02 log-bar units (I s.d.). However. for eac)) set of samples
hung in the furnace, any error in fo, is common to all samples and may
therefore be ignored in comparing the effects of melt composition. Hence the
relative accurd<.:y of YMOx/2 is ±3%.
For Mo02, Mo03, and WO~. solubilities {hence 1/yMo.n) at constanlfo,
vary with melt composition by nearly an order of magnitude: much of the
variation rna)' lx: C)( plaincd by 8 strong positive correlation with rcaO] io the
melt, suggesting the importance of CaMo03, CaMo04• and CaW01 as melt
species. For FeO, CoO, and NiO, the variation with melt composition is mucb
more limited, and, as a ftrSl appro:Umation, YFeO could be represented by a
single value for all CMAS compositions 10 within :t30%, and Yc.,o to within
±20%. Ternary CAS compositions tend to have lower solubilities (higher
YMo,r.) for all three elements, whereas MAS samples have high solubilities.
For the quaternary CMAS samples. when the small variations are considered.
there is almost no correlation between YFaJ and Yeoo· YFeO and YN,o· or YN,o
and YcoO· This implies that attempts l.o parameterize values of YMo for these
ele ments using simple global- melt descriptors such as NBOff or melt basicity will not be successful.
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References: [I ] Blundy J. D. and Wood 13. J. (1994) Nature. 372.452454. [2] Wood B. J. aod Blundy .1. D. ( 1997) Cuntrib. Mineral. Petrol.. 129,
IG6-l81. [3] Nielse n R. L. ( 1988) GCA, 2. 27-38. (4) Holzhcid A. ct al.
(1994) GC.A, 58, 1975-1981. [5] Erlc l W. ctul (1996) GCA, 60. I 171- 1180.
ATMOSPHERIC C02 LEVELS DURING TI1E LATE MIOCENE AND
THE EXPANSION OF C 4 GRASSES. M. Pagani, K . H. Freeman, and
M. A. Arthur, Department of Earth Sciences, University of California. Snnm
Cruz CA 95064, USA (pagaoi@es.ncsc.edu).
Tre uds in C- isotopic composilioos of soil carbonates and mamma lian
tooth eon mel provide strong evidence for a global cltpansion of C,, grasslands
in the late Mioceoe ( 1,2]. This event has been attributed to a large-scale decrease io pC02 , which wou ld have favored C4 over<; plant metabolism. Thi.s
triggering mechanism is controversial, in pan due to a lack of direct evidence
for pC01 change and because other factors (such. as growing-season temperature and precipitation) are ulso import:mt in the favoring of plants with
different melabolisms. This study reconstructs late Miocene pC0 2 fron1 EP
values based on C-isotopic analyses of diunsaturated a lkenones and planktonic foraminifera. Alkenone-based pC02 estimates from Deep Sea Dri lling
Project Site 588 show no evidence for a major change in pC02 during the
late Miocene (5-I 0 Ma). Instead. estimated pC01 steadily increased from -14
to 9 Ma and stabilized at approltimately pre-industrial values by 9 M~- We
propose that C4 expansion was triggered by an episode of enhanced lowlatitude aridity and/or changes in scasonttl prccipitioo patterns on a global
scale >tssoc iated with both existing low pCOl conditions and a late Miocene
phase of Asian orogeny.
References:
[1) Cerling T . E. et al. (1993) Nature, 361. 344-345.
[2] Cerli ng T . E. e.t al. (1997) Nmure, 389, 153-158.
NEW GEOCHEMICAL (MAJOR- AND TRACE-ELEMENT, lNCLUDING RARE-EARTII-ELEMENl) DATA FROM PRONTO MINE
AND VILLE MARJE WEATHERlNG PROFILES IN ONTARIO AND
QUEBEC, CANADA: ELEMENTAL MOBILITY DURJNG PALEOPROTEROZOIC WEA111ERlNG OF ARCHEAN GRANITIC BASEMENT. A. Panahi and G. M. Young, Department of Earth Sciences,
Univers ity of Western Ontario. LondotJ ON. N6A 587, Canada.
New geochemica l analyses were obtained from samples of the Pronto
Mine and Ville Marh: p~leosols in Ontario and Quebec using inductivt:ly
coupled plasma mass spectrometry (ICP-MS). 111e Pronto Mioe weathering
profile formed on Archean calk-alkaline granite at -2.4-2.5 Ga and is marked
by tbe presence of a thin cap of sorted sedimenlS. Both paleosol and associated sedi ments are overlain by basal pyritic, uranjferous quartz pebble
conglomerates and sandstones of the Matioendu formation in the Huronian
supergroup. The Ville Marie weathering profile formed on Archean alkali
grani te between 2.4 and 2.2 Ga and is overlain by sandstones of the Lomti n
Formation. Both weathering profiles arc exceptionally well preserved.
Mass-balance calculations indicate that Na, Ca, P, and Sr were lost from
the profiles, whereas K, Rb, and Ba were intTod uced. Iron and Mg were also
added at Ville Marie. Titanium, Nb, Tb, Zr. Hf, and Ta were essentially
immobile. Rare earth elements (REE) were leached from the weathering
sumplcs of both paleosols.
Rare-earth-element/litnniuro mtios of the average bul k samp le from Pronto
Mine weathered profi le are -60% (LREB) to 20-40% (J-mEE) lower than
that of the protolitlt. (La!Yb)N, (La!Sm)N, and La!T11 ratios in samples from
the Pronto pa leosol are generally lower than those for the protolith. REE were
leached from the primary minerals during weathering of the granite. The (La!
Yh)N ratio for the average paleosol sample is 34.34. The ratio for the average
paleosol-related sedime nts (59.69) closely resembles thai of the protolitb
samp le (54.09). LREEs were preferentially concentrated in the fine-fraction
(sericitic) of the sedimen ts. The paleosol-related sediments may have acted
as a reservoir for REEs that were leached from the primary minerals. The Eul
Eu* for tl1e parent sample is 0.7!t All samples from tltc weathering profile
aod associated sediments have stronger negative Bn anomalies (Eu/Eu* :
0.44-0.66) than the prmolith, suggeSting that Eu was lost from the profi le.
Cerium/cerium .. ratios remained relatively unchanged.

Up to 40% of the REEs were leached from the Ville Marie weathering
profi le relative to protOiith and (La!Yb)N r~tios for the weathered s~mplcs arc
generally lower than that of the protolith. reflecting preferential depletion of
LREE relative to HREE. (Gd/Yb)N. (La!Sm)N. Zr/Hf. Th/U, and Th/Co ratios for the entire protile are generally the same as those of the proto lith.
Europiu m/europium* values for the samples of the Ville Marie weathering
proli le are in the range of tha l of the protolith and the ratio for the average
paleosol (0.72) resembles that of the protolith (0.71 ). Europium/europium*
values in the samples from the! bonom pan of the pro file. however, are lower
than that of the protolith. and Eu is positive ly correlated with Sr in these
samples .
Previous studies indicate that negative Eu anomalies can be produced
during chemical weathering. The uegative Eu anomalies in the samples from
Pronto Mine and Ville Marie were probably produced during chemical
weathering as a result of the desrructiOtl of feldspars. The magnitude of the
Eu anomalies may be controlled by Eh conditions.

MOLECULAR SIMULATION OF METHANE HYDRATE STRUCTliRE AND DYNAMICS IN MONTMORILLONJTE INTERLAYERS. S .-H. Park' and G . Spos itol. Geochemistry Department, Earth
Scicocl's Division, Lawrence Berkeley National Laboratory, University of
Cali fornia. Berkeley CA 94720. USA (spark@nature.berkeley.edu; gsposito@
nature.berkeley.edu).
lntroduction: Methane hydrates became industrially imporlant 3fter
their discovery in 1934 as blocking material in a gas pipeline [1]. Thiny years
later they were reported as natural reserves of hydrocarbons in Siberian permafrost [2]. Methane hydrates (clathrates) are environmentally irnponant inc lusion compounds oaturnlly occurring in deep ocean floors and in pern:J,1frost.
They potentially serve as energy resources, as an atmospheric methane sink
that may influence global climate, 1md as intercalates that affect the strength
of oceaojc sediments, leading to submarine landslides [3]. Computer simulation using the conventional Metropolis algorithm (Monte Carlo sirnnJation)
can be useful to study U1e equilibrium structure of methane hydrates in this
Cltperimenta lly hard-to-achieve environment [4]. Sloan and coworkers have
studied the effect of bentonite (sodi um montmorillonite) on methnoe hydmte
formation [5,6]. Our c.:omputer simulations of methane hydrate formatioo for
the l'irst lime include this clay type. which is a typical component of drilling
fluids in the oil industry as well as of ocean sediments responsible for landslides.
Methods: We used Monte Carlo (MC) and molecular dynamics (MD)
simu lations to study methane hydrate structure and dynamics. Details about
the use of this combination of two compulational methods for the san1e Namootmorillonite system (without methane hydrate) to study the st:ructure and
dynamics of water in clay iotcrlayers can be found elsewhere [7). MC si mu lations wen: carried out 111 I. JO, 20, 30. 40. and 50 atm for different loadings of methane with three adsorbed layers of waler within the montmorillonite pore space. The s imulation cell we used contains 8 unit cells of
Wyoming-type montmorillonite c lay . Na6 (Si 62Al 2] (A I2KM&.l0 160(0H) 32. MD
simulations were carried out for Prr of I 0 atm/JOO K, 20 atm/300 K. and
30 atm/300 K for 4, 8, and 18 methane molecules per simulation cell. re·
spectively.
Results: Out recent Monte Carlo simulations [8) show some aspectS of
the detailed structure of methane hydrates when in the presence of smectite
clay mincr.tls. The inherent hydrophobicity of the smectite siloxane surface,
as weU us the interaction between mctJJaoc and water, led to a distoncd 20fold CH4 -0 coordi oatiotJ (Fig. 1). Equilibrium physical properties in terms
of equilibrium structure and coordination number were compared witl1 previous eltperimeotal rcsuHs and with theoretical resnJlS on synthetic methane
hydrates.
We a lso carried out constant volume (NVT) molecular dynamics siroulalions after obtaining a possible subset of equilibrium structures from the
conslllnt-prcssurc (NP'T) ensemble Monte Carlo simulations. A complete and
detailed molecular picture using this lime-dependent simulation provided us
with valuable insight into the structure of methane clathrates and the behavior of water at an e levated pressure representing the sediment environment~
where methane hydrates are found .

LPI Contribution No. 971

219

for the equilibrium constant

Fig. 1. Visualization of a methane molecule adsorbed in tbe interlayer region
of the three-layer hydrate of Na-montmorillonite, based on MC simulation.
The typical 20-fold coordination between CH 4 and 0 occurs, but with nearly
half of the 0 being in the siloxane surface (at bottom).

Acknowledgments: The authors express gratitude to the National Energy Research Scientific Computing Center for allocations of time on its Cray
supercomputers. This research was supported in part by the Director, Office
of Energy Research, Office of Basic Energy Sciences, Geosciences Division
of the U.S. Department of Energy under Contract DE-AC03-76SF00098.
References: [1) Hammerschmidt E. G. (1934) Ind. Ens. Chem., 26,
851. [2) Makogon Y. F. (1965) Gazov. Promst., 5, 14. [3) Kvenvolden K. A.
(1999) Proc. Nat/. Acad. Sci. USA, 96, 3420. [4] Sposito G. eta!. (1999)
Clays Clay Mineral .. 47, 192. [5) Ouar H. et al., Trans Ichem£, 70. 48.
[6) Cha S. B. et al., J. Phys. Chern., 92, 6492. [7) Chang F. -R. et al.,
Lansmuir, 14, 1201. [8) Sposito G. et al. (1999) Proc. Nat/. Acad. Sci. USA,
96, 3358.

THE ROLE OF H 20 IN CONTROLLING THE COMPOSITION OF

HIGH-DEGREE MANTLE MELTS. S. W. Parman and T. L. Grove.
Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts
Institute of Technology, Cambridge MA 02139, USA (parman@mit.edu;
tlgrove@mit.edu).
Introduction: Many hydrous magmas are in equilibrium with residues
of olivine and orthopyroxene at elevated pressures (e.g., high-Mg andesites,
booinites, and Barberton lcomatiites). To understand the effect that H2 0 has
on the compositions of these magmas, we have performed experiments on
a lcornatiite composition that is saturated with olivine and orthopyroxene over
a range of P (0.001 - 22 kbar), T, and H20 contents (0 aod 6 wt%). H 20 loss
was minimized by using capsules made of AuPd alloys. Capsules with more
than 10 wt% Pd were presaturated with Fe to avoid Fe loss during the
experiment.
CompOSitional EJJects of H 20: The primary effect of Hp addition is
to raise the Si02 content of the melt, but only when the melt is calculated
on an anhydrous basis [ 1,2]. Gaetaoi and Grove [2) noted that when H 20
is included in the melt composition, the Si~ is diluted, and the hydrous melts
actually have less Si02 than the anhydrous melts. The more fundamental
effect of HzO is to raise the SiOJMgO ratio of melts relative to anhydrous
melts at the same pressure. This is true whether one includes H20 in the melt
composition or not.
Thermodynamic Controls on CompOSition: The compositional effects
are primarily the result of lowering the temperature at which the phases
coexist. This effect is best seen by considering the activities and activity
coefficients for Si02 io the melts. These values were estimated by first
calculating the equilibrium constant (K) for the reaction

using the thermodynamic data of [3). Then, the activities of forsterite in the
olivine (a01 ) and enstatite (a•• ) in the pyroxene were calculated. The equation

was then solved for activity of Si02 in the melt (asio,). The results show that
the activity of Si02 decreases with temperature. Thus, the temperature lowering effect of HzO causes increased Si02 activity. At the same time, Si02
concentrations are lower at lower temperature. This requires the activity
coefficient to rise as temperature decreases. Magnesium oxide contents must
decrease even more than Si02, because the SiOfMgO ratio increases with
the addition of H 20 . Therefore, the effect of H20 on the activity coefficient
of MgO in the melt must he larger than its effect on the activity coefficient
of Si02 io the melt. An alternative explanation of our data is that H20 is the
main control on Si02 activity coefficients and that temperature has a secondary effect [2]. The ambiguity between temperature and Hp arises because
the two are strongly correlated in our experimental data, and there is little
overlap in the temperature of the hydrous and anhydrous experiments to help
resolve their effects. Both interpretations are permissible at this point, though
the temperature model fits our data better.
Effect of Pressure: Another feature of the experiments is that the
hydrous and anhydrous ol-opx boundaries converge at higher pressure. This
implies that the elevated SiOz!MgO of hydrous magmas should he most
extreme at low pressures aod should decrease at higher pressure. This result
is consistent with the composition of sampled hydrous magmas. Boninites
are hydrous magmas produced at low P (<10 kbar) and show very high Si02
(54 -60 wt% [4)) relative to anhydrous basalts (-50 wt%). High-Mg andesites are produced at higher P (10-20 kbar) and have moderately high Si02
(53-58 wt% [5)). Barberton lcomatiites are Archean hydrous magmas that
were produced at pressures of -22 kbar and have Si02 contents of -49 wt%
[6). Though the Si02 contents of Barberton lcomatiites are low, they are higher
than anhydrous melts at the same pressure and melt fraction.
References: [I) Kushiro I. (1969) Am. J. Sci., 267-A, 269-294.
[2) Gaetani G. A. and Grove T. L. (1998) CMP, 131, 323-346. [3) Davidson
P.M. aod Lindsley D. H. (1989) Am. Mineral., 74, 18-30. [4) Crawford A. J.
et al. (1989) in Boninites, pp. 2- 44, Uowio Hymann. [5) Baker eta!. (1994)
CMP, 118, 111-129. [6) Partoao S. W. eta!. (1997) EPSL, 150, 303-323.

LASER ABLATION PLASMA IONIZATION MULTICOLLECTOR
MASS SPECTROMETRY: A NEW METHOD FOR INTRACRYSTAL
URANIUM-THORIUM-LEAD GEOCHRONOLOGY USING MICROSAMPLING TECHNIQUES. R. Parrish1·2, M. Horstwood2.3, G. NoweU2,
S. NobJe2, H. Timmermann2, P. Shaw4 , and I. Bowen', !Department of
Geology, University of Leicester, University Road, Leicester, UK, 2Isotope
Geoscience Laboratory, National Environmental Research Council, British
Geological Survey, Keyworth, Nottingham, NGI2 5GG, UK, :!Centre de
Recherche eo Geochionie Isotopique et eo Geochronologie, Universite de
Quebec a Montreal, C.P.8888, Succ. A, Montreal, Quebec H3C 3P8, Canada,
4 VG Elemental, Ion Path, Road Three, Wiosford. Cheshire CW7 3BX. UK.
A VG Elemental P54 plasma ionization multicollector mass spectrometer
(PIMMS), equipped with multiple Faraday detectors and a VG Microprobe[] 266-om UV laser, has been used to measure the full spectrum of U, Th.
and Pb isotopes in the minerals monazite, xeootime, and zircon, including
corrections for mass-bias using Tl with a natural isotopic composition.
Using two different standards of 55 Ma and 1876 Ma. a linear, zerointercept calibration function relating measured to known ratios has been
empirically verified using both the 208pbf2l2Th and Z06Pbf238U decay systems
for monazite, aod the 206Pbf238U decay system for xenotime and zircon
(Fig. 1).
Repeated measurement of the standards over the course of a day's operation has produced uncertainties in the slope of the calibration line of 38% (I s.d.), within sampled areas of -30 fliD across by 10-20 fliD depth. The
small variation in interelement ratios and the fact that the slope of the
measured vs. actual ratios are within 10% of 1.0 imply limited and fairly
constant differential ionizatioolvolatilizatioo in our procedure. Figure 2 displays these relatively constant U!Th-Pb ratios during a time-resolved analysis. This result is in contrast to many previous LA-ICP-(quadrupole)-MS
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zircon analyses from a number of laboratories who have found it difficult to
control the inter-element laser-induced fractionation to these levels of uncertainty using UV lasers [ I ,2].
In a separate experiment, 20Bpbf232Th and/or 206p!J123BU were measured
from zircon, xeootime, and monazite from the 55-Ma standard. The results
showed that irrespective of the mineral analyzed, the measurements agree to
within 4% (absolute variation, 2.1% I s.d.), proving that there is no significant "matrix" effect. By contrast, ion microprobe-based U-Pb geochronology
(i.e ., SHRIMP or CAMECA 1270) involves complex calibration functions as
well as the necessity to match the matrices of sample and unknown [3].
Because of the linearity of the calibration, its zero intercept, and its nondependence on matrix, the method outlioed here elegantly overcomes many
of the problems inherent to ion microprobe isotopic micro-analysis for geochronology, and facilitates rapid sampling and isotopic measurement, simpler standardization procedures, and reduced cost. It is believed that this
approach to in situ isotopic analysis will be an extremely promising method
in future geochronological and isotopic research.
References: [I) Feng R. et al. (1993) GCA, 57, 3479-3486. [2) Hirata
T. and Nesbitt R. W. (1995) GCA, 59, 2491- 2500. [3] Compston W. et al.
(1984) JGR, 89, B525- B534.
CRUSTAL GROWTH MECHANISMS: TI:IE ROLE OF TRANSFORM
CONTINENTAL MARGINS. P. J. Patchett and C. G. Chase, Department
of Geosciences, University of Arizona, Tucson A2 85721, USA (patchett@
geo.ariwna.edu; chase@geo.arizona.edu)
Introduction: There has been much discussion of juvenile arc vs.
oceanic plateau initiation for crustal growth. Both in the case of growth by
creation and addition of arcs [e.g., 1,2], and by addition of plume-related
plateau structures [e.g., 3- 6], it is observed that most mid-upper crustal rocks
eventually preserved in orogenic belts arc subduction-related magmatic products or derived sediments. To first order, the rate of production of subduction-zone magmas from any protolith must be a function of subduction rate,

but also of the water content of subducted rocks. Considering also factors
that inhibited long-term stabilization of continents in the pre-3.5-Ga Earth,
no close relationship between the heat budget and continent generation is
expected.
Rates of Growth: Perceived need for plume-driven crust generation
comes from apparent growth rates that locally exceed those of present-day
arcs by large amoun ts [e.g., 7 ,8)_ This problem can be partly explained away
by the serial accretion of arc structures [1 ,9], but assemblages of crust such
as northern hemisphere 1.7- 1.9 Ga (1) and 0.6- 0.9 Ga Arabia [9) still seem
to require very large growth rates. It is assumed that an oceanic plateau, with
a thick section of wetted basaltic protolith, whether abducted, accreted, or
subducted, would provide a large amount of "fuel" for a major crust generation episode [e.g., 6].
Episodicity: Episodicity of crust generation in individual continents has
long been known. Episodicity on a global scale is not expected [ I OJ. as
corroborated by important generation periods showing up in lesser-known
continents [e.g., 4) , to fill the "gaps" seen in North America and Europe. Any
apparent global episodicity that remains is probably an artifact of poorly
known continents, and cannot be used, in our view, to constrain mechanisms
[cf. II].
Transform Continental Margins: Both the problems of high local
growth rates and apparent episodicity are explained if mechanisms exist to
pile up juvenile crust into one or more restricted woes of orogenic belts. This
could be through serial arc accretion [e.g., 9,12], or by transform faulting
along the continental margin [12]. All that is needed in Proterozoic time is
more intense development of the accretion and transform faulting seen in the
Canadian Cordillera [12). Here. after subduction of the mid-ocean ridge, the
Pacific margins of Canada and of California have become transform margins,
with transport of accreted terranes to the north. Large strike faults are visible
and in part active, but can become nondescript shear zones in ancient terranes [e.g., 13, and cf. 2].
Modeling or Transform Margins: We have constructed models of the
development, frequency, and duration of transform margins to continents. The
critical factor is a large continental margin re-entrant ("armpif') established
either at time of rifting or by subsequent accretion patterns. If a large reentrant exists, then one of its sides must become either a transform margin,
or at least have a large component of transpressive convergence. The larger
the continental re-entrant, and the longer-lived the ocean basin, the greater
the pile-up of juvenile arc material into the re-entrant area. The Monte Carlo
models compare succ.essfully to paleogeography [ 14] for Phanerozoic time.
Geographic comparisons are close to impossible in Precambrian time. Nevertheless, to qualitatively explain episodes like the 1.7-1.9-Ga crust or the
Arabian-Nubian Shield, we show that major transform margins are expected
whenever large ocean basins had a protracted history of convergence at their
margins . Models indicate that a major transform margin has a high probability of existing somewhere on the globe at all times. A major transform margin
is expected to continue to operate, continuously or intermittently, for the
lifetime of the ocean basin, hence for 150-300 m.y. This explains apparent
rapid growth and episodicity without resorting to extr.tordinary mechanisms.
References: [ I] Patchett P. J. aod Arndt N. T. (1986) EPSL, 78, 329338. [2] Condie K. C. and Chomiak B. (1996) Tectonophys., 265, 101-126.
[3] Vervoort J. D. et at. (1993) Econ. Geol., 88, 1598-1614. [4] Bober M.
eta!. (1992) JGR, 97, 345- 369. [5] Stein M. and Hofmann A. W. (1994)
Nature, 372, 63- 67. [6] Stein M. and Goldstein S. L. (1996) Nature,
382, 773-778. [7) Reymer A. and Schubert G. (1984) Tectonics, 3, 63- 77.
[8] Reymer A. and Schubert G. (1986) Geology, 14, 299--302. [9) Pallister
J . S. et al. (1990) Geology, 18, 35- 39. [10) Gumis M. aod Davies G. F.
(1986) Geology, 14, 396- 399. [II] Albarede F. (1998) Tectonophys., 296,
1-14. [12) Samson S.D. and Patchett P. J . (1991) Austr. J. Earth Sci., 38,
595- 611. [13) Karlstrom K. E. et al. ( 1987) GSA Bull., 99, 529-5 38.
[14) Scotese C., Web site.
RADIOGENIC ISOTOPES AND CLAS TIC SEDIMENTS. P . J.
Patchett•. G. M. Ross2. J. D. Vervoort•, J. Blichert-Toftl, and F. Albaredel,
1Department of Geosciences, University of Arizona, Tucson A2 85721, USA
(patchett@geo.arizona .edu) 2Geological Survey of Canada, 3303 33rd Street
NW, Calgary, Canada, lENS de Lyon, 46 All~ed'ltalie, 69364 Lyon, France.
The gross aspects of element partitioning between chemical elements in
the weathering, soil, and sedimentary system were already evident in the early
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days of geochemistry, exemplified in Goldschmidt's posthumous book of
1954 [I] and in Principles of Geochemistry by Brian Mason (1952-1966)
[2], as well as in the many references contained in those works.
Trace elements, particularly REE, proved important and useful in defining the general nature of sources, and in crustal evolution [e.g., 3]. Compared
to all these approaches, radiogenic isotopes were slow to develop because
dating of shales by Rb-Sr appeared tricky [e.g .• 4]. As far as provenance and
Sr were concerned, it was realized early on that the fractionations between
Na, K, Rb, Ca, and Sr inherent in weathering and clay mineral and carbonate formation rendered the Rb-Sr system of doubtful value [e.g. , 5].
The advent of Nd-isotopic studies [e.g., 6,7] provided a huge field of
study. because of the known generally conservative behavior of REE in clastic
sediments. Studies have generally been effective at large scales, because of
long-distance transport of mud fractions in sedimentary systems. Applications
have been pursued to regional tectonic evolution [e.g., 8,9], large-scale eolian
transport [e.g., 10], and continent-scale dispersal from mountains [e.g., II].
The presentation will review and preview research in our group on Nd isotopes and large-scale sediment dispersal, and its importance for topographic
history of continents, in particular mantle-driven dynamic topography.
The multiple collector inductively coupled plasma mass spectrometer
(MC-lCP-MS), which can measure Hf isotopes more than IOOx better than
thermal ionization mass spectrometry (TIMS) machines [12], has opened Hf
isotopes to provenance studies. Hafnium-isotopic studies are now only <2x
more difficult than Nd, instead of SOx more difficult. To date, results have
shown the similarities to Nd isotopes in shales, and demonstrated variations
on a generalized global basis for shales of all ages [13]. A fractionation due
to slow weathering of zircon [ 14], thought to be very important for global
crust-mantle recycling discussions, is now shown to be of minor significance
over the whole globe and over large slices of geologic time [13,15]. The talk
will overview these global Hf-Nd isotopic studies conducted in our group(s)
[13], as well as older work on Lu-Hf fractionation and the use of U-Pb systematics from detrital zircons. Use of Hf isotopes in a manner comparable
to Nd, for regional and continent-scale provenance studies. will certainly
follow in tbe future.
Referwces: [I] Goldschmidt V. M. (1954) Geochemistry, Clarendon.
Oxford. [2] Mason B. (1966) Principles ofGeochemistry, 3rd ed., Wiley, New
York . [3) TaylorS. R. and McLennan S.M. (1981) Phil Trans. R. Soc., A301,
381-399. [4) Clauer N. (1979) in Lectures in Isotope Geology (E. Jager and
J. C. Hunziker, eds.), pp. 30-5 1, Springer. [5] Goldstein S. L. (1988) Nature, 336, 733-738. [6] Allegre C. J. and Rousseau D. (1984) EPSL. 67, 1934. [71 Miller R. G. an<:! O'Nioos R. K. (1984) EPSL. 68, 459-470. [8] Frost
C. D. and Coombs C. (1989) Am. J. Sci., 744-770. (9] Patchett P. J. and
Gehrels G. E. (1998) J. Geol., 106, 269-280. (10] Jones C. E. et al. (1994)
EPSL. 127, 55-66. (II) Patchett P. J. eta!. (1999) Science, 283, 671-673.
[ 12] Blichert-Toft et al. (1997) CMP. 127, 248-260. [13) Vervoort J. D. et al.
(1999) EPSL. 168, 79-99. [14] Patchett P. J. et al. (1984) EPSL. 69, 365378. [15) Plank T. and Langmuir C. H. (1998) Chern. Geol., 145, 325-394.

OPEN SYSTEM MODELS OF LEAD-ISOTOPIC EVOLUTION OF
THE EARTH. D. Paul and W. M. White, Department of Geological
Sciences, Cornell University, Ithaca NY 14850, USA (dp55@comell.edu).
Introduction: Suitable models of the isotopic composition of the Earth
must reproduce not only the present-day radiogenic isotopic ratios in each
terrestrial reservoir, but also the parent-daughter ratios in those reservoirs. The
U-Th-Pb system provides a particularly powerful constraint on such models
because three radioactive parents (2"U. mu. and 2J2Tb) decay to different
isotopes of Pb (207Pb, 206Pb, and 208Pb) with very different half-Lives. Galer
et al. (I) observed that230'Jbi232Tb ratios of mid-ocean-ridge basalts (MORB)
imply a present 2l2Tb t2JSU ratio (K) in the depleted upper mantle (DUM)
of <2.5, whereas 208Pb*f206Pb* ratios implied a much higher time-integrated
K of >3.7. Subsequently, White [2) concluded that while 206P~Pb ratios
in MORB implied a time-integrated 238Uf204Pb (fJ) ratio in the DUM of >8,
the present fJ in the DUM must be <6. A number of published mass-balance
and isotopic evolution models of the Earth produce plausible distributions
of B7SrfS6Sr and £Nd and their respective parent-daughter ratios between the
crust and the upper and lower mantle [e.g., 3]. However, none of them
adequately describe the distribution of isotopes of the U-Th-Pb system incorporating the constraints of Galer et al. [I) and White [2].
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Fig. l. Three-reservoir model of the Earth incorporating mantle plumes,
subduction, and oceanic crust production.

Galer et al. [I) and White (2) argued that the contrast between low present
and fJ and high time-integrated K and fJ in the DUM reflected a short
residence time (0-500 Ma) of Pb in the DUM. According to this view, the
high time-integrated K and fJ reflects results not from in situ U and Th decay
in the DUM, but is inherited from earlier residence of Pb in a reservoir with
high K and fJ, presumably the lower mantle.
Here we present a simple three reservoir model of the U-Th-Pb system
of the Earth. The model produces a plausible distribution of Pb isotopes and
parent-daughter ratios in these reservoirs. In particular, our model reproduces
the difference in present and time-integrated values of K and fJ in the DUM.
The Model: The essential features of the model are shown in Fig. l.
It consists of three reservoirs: crust, upper mantle, and lower mantle, with
fluxes between them representing mantle plume, oceanic crust production,
and subduction (at this point, we do not differentiate between upper and lower
crust). Mantle plume and oceanic crust production vary with time in proportion to radiogenic heat production and are scaled to yield the observed present
fluxes. These fluxes, together with subduction fluxes, are further constrained
to produce the present-day mass of the crust. Relative sizes of the two mantle
reservoirs and fractionation of U, Th, and Pb (representing partitioning during
partial melting and subduction dehydration) are adjustable parameters of the
model. Mathematically, the model is a series of differential equations representing changing reservoir compositions. These are solved over 4.55 Ga at
10-m.y. intervals using the Runge-Kutta method.
Results: One interesting aspect of the results is that reservoir compositions become nearly steady-state within 1-1.5 b.y. Using reasonable values
for the adjustable parameters, we can approximately reproduce many features
of Ph-isotopic geochemistry of the real Earth. For example, one model yields
present values of fJ and " for the DUM: of 3.9 and 2.1 respectively, with
corresponding time-integrated fJ and K of 7.9 and 2.1 respectively. This model
also produces reasonable compositions for the crust and lower mantle that
imitate features of the real Earth. For example, the DUM and crust have
similar 206pbfl04Pb (17.4 and 17.9 respectively), but the crust has, in a relative sense, much higher 207P~Pb (15.55 vs. 15.46). In this particular model,
upper and lower mantle had similar masses and the residence time of Pb in
the upper mantle was 750 m.y. We conclude that rapid cycling of Pb through
the upper mantle is indeed responsible for many of the enigmatic features
of terrestrial Pb-isotopic geochemistry.
Referwa:s: [I] Galer S. J. G. and O'Nions R. K. (1985) Nature, 316,
778-782. [2] White W. M. (1993) EPSL. 115, 211-226. [3) Jacobsen S. B.
(1988) GCA, 52, 1341-1350.
K
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GREENHOUSE WARMING BY CH 4 IN THE ARCHEAN AThtOSPUERE. A. A. Pavlov and J . F. Kasting, DeparuncDL of Geosciences,
Pennsylvania Stale University, University Park PA 16802. USA (pav lov@
essc.psu.edu).
Earth appears to have been warm during its early history despite the
faintness of the young Suo. Greenhouse wanniog by gaseous C02 aod H20
is in conflict with constraints on atmospheric C0 2 levels derived fTom
paleosols for early Earth [I j. In the present work we exp lored the greenhouse
warming by methane. We find that a CH~ rnlx.ing ra tlo of 10-4 (100 ppmv)
or more in Earth's early atmosphere wou ld provide agreement 'vith the
paleosol data from 2.8 Ga. Such a CH 4 concentration could have been readily
maintained by methanogcoic bacteria, which are thought to have been an
important component of the biota at that lime.
Model is currently being updated to include U1e effect of stratospheric
aerosols that may form as a result of methane photolysis. New resu lts will
be presented at the meeting.
References: [I) Rye R. (1995) Nature, 378. 603-605.

RADIOCARBON EVIDENCE FOR AUTOTROPHIC METABOLISM
IN MARINE PLANKTONIC ARCIJAEA. A. Pcru·soo. T. I. Eglin ton, and
J. M. Hayes, Woods Hole Oceanographic Institution, Woods Hole MA 02543,
USA (apearson@whoi.edu).
Numerous recent studies document the presence of archaeoplankton in
seawater and raise questions about their metabolic pathways, ecological
niches. and impact on marine biogeochernlsrry. Unlike their relatives that live
in regions of high temperature, salinity. acidity. or severe anoxia. these
Archoea arc non-extrcmophiles. Riobosomal RNA sequences show a widespread clistribution of these organisms in the marine water column. and lipid
biomarkers characteristic of Archaea nave been found in both the water
column and in marine sediments. The organisms themselves have not been
isolated or cultured, and as a result. thelr metabolism remains unknown.
Heavy stable C-isotopic (S 13C) va lues previously observed (I} for archaeal
lipids could be interpreted as a result of either (J) heterotrophic uptake of
isotopically-enriched algal carbohydrdtes and proteins, or (2) assimilntion of
dissolve~ bicarbonate during autotrophic growth. The two alternatives have
fundamentally different impl.ications for the utilization of nutrients and energy
within the global ocean. rn this work we exploit the gradient in At"C of watcrcolunm dissolved inorganic C (DIC) to distinguish whether the archaeallipids
preserved in the sediments of Santa Monica and Santa Barbara Basins,
California, are reflecting a t4C-cnriched, surface-water C source (currently
70"JiJa) or wbelher they are lAC-depleted.
The archaeal lipids analyzed were 40-C-atom (C4o) isoprenoid hydrocarbon sidcchains of caldarchncol. a dibiphytanyldiglyceroltetraclhcr membrane
lipid of thennophilic and non-thermophilic Crenarchae01a. These compounds
were extracted from sedlrnentary horizons dnting to both before and after
sign ificant uptake of "bomb- 14C" into the surf:tc.e water DIC pool. Jo all cases,
the At•C values measured for archaeal lipids (-143%o to -98%o) arc not characteristic of either biomass production in surface waters or of heterotrophic
uptake of sinking phytodetritus with a euphotic zone origin. These 14C
contents correspond, in both sitcs. to the isotopic composition of DlC near
the water-column 0 minimum. Other lipids of het<:rotTophk bacteria. in
contrast, clearly document the consumption of frcshJy degrading phytodel1itus
(C30 hopanol. 50%o: C; t.l2 hopanols, 15%o). Accordingly, the compoundspecific radiocarbon analyses provide compeiUng evidence for the growth of
these organisms as autotrophs that fix inorganic C within the deep Santa
Monica and Santa Barbara Basin env ironment.
References: [I) Hoefs M. J. L. cl al. (1997) Appl. Enviro/1. Microbiol.,
63, 3090- 3098.
ISOTOPE DILUTION INDUCTIVELY COUPLED PLASMA MASS
SPECTROMETRY ANALYSES OF RHENIUM-OSMIUM ISOTOPES
AND PLATINUM GROUP ELEMENTS VIA SOLVENT-EXTRAC·
TJON AND ANION-EXCHANGE PRECONCENTRATION AND A
DESOLVATING NEBULIZER. D. G. Pearson and S. J . Wood land,

Department of Geologieal Sciences. Durham University. SouUJ Road. Durham
DHI 3LE, UK (d.g.pearson@durb.am.ac.uk).
Introduction: 111e recent iocrcasc: in interest in platinum group elements
(PGEs) and their isotopes for tracing terrestrial fractionation events and
possible core-mantle intentction, combined with the widespread use of inductively coupled plasma mass spectrometry (lCP-MSJ instrumentation, has lead
a drive to improve analytical techniques fur these element.s. Most available
PCiB analytical tech.oiquc.s for geological samples are not amenable to the
analysis of both Re and Os (for isotopes if desi red) and other PGEs from the
same sample digestion. In addition. many of U:lese techniques suffer from very
variable total procedural blanks that are highJy reagent dependent, and great
effort has to be made 1.0 obtain pure reagents. Here we report a low-blank.
isotope dilution Carius Tube digestion ttlchnlque that allows solvent-extractlon separation of Os, followed by anion -excbaoge separation of lr,
Pt. Ru. Re, and Pd from the same sample dissolution aod analysis by ICPMS (1].
Chemistry: Samples arc spiked with JOfiPd. !IQRu, l&sRe. t90()s, t9tlr. and
19 4Pt. Following Carius Tube digestion [2]. Os is separated by a triple solvent extmction method, using CCI4 and HDr. based on Cohen and Waters
(3]. The residual aqua regia is dried, treated with Hf-HN01, taken up in IN
HCl and chJorinated to oxidize Lrh to J.r4+. This solution is loaded onto I mL
of fre:;h AG 1-X8 resin in chloride form, pretreated with Cl water, to maintain an oxidizing environment and prevent reduction of lr IV to lr Ill. A mixed
IN HF/HCI wash plus 0.8N HN0 3 is performed to remove excess Hf and Zr.
which form interfering oxide ions aod suppress ionization. lr is reduced with
sulfurous acid and eluted with 2N HCI. Platinum is then eluted with 6N HCI.
Rhenium and Ru are eluted with 4N HN03 . Palladium is eluted with warm
(SO"C) 12N HN03. Rhenium. Ru, and Pd can be eluted together as can lr
and Pt if desired. Solutions are dried and diluted to volume to run. Yields
arc -70% except Ru. which is variable.
Blanks: Total procedural blanks are typically <5 pg for Os, lr. andRe,
< 10 pg for Ru and Pd. and <25 pg for Pt. In common with Rchl:amper ct al.
[4) we found considerable J>t in poorly cleaned borosiLicate glass Carius
Tubes. This wns reduced to 30 pg or below by rigourous boiling in aqua regia.
Such blanks are adequate for most geological samples and apart from Pt. scale
with sample size.
Analysis: Solutions containing different PGE fr.u:tions were determined
by quadrupole ICP-MS on a Perkin Elmer Elan 6000. Oxide iuterefereuces
arc minimize.d using :1 CETAC Aridus desolvating nebulizer. Osmium concentr.Jtions are analyzed by ICP-MS using a CETAC direct inj ection nebuli zer, which provides a low memory sample introduction system. Osmiu m can
also be analyzed for isotope ratios and concentration by N-T! MS. Mass-bias
and oxide corrections are made using standard solutions.
Results: The komatiite standard WITS- I [51 initially was used to assess accuracy and precision. This standard has PGE concentrations withlo the
range of many standard silicate rocks. Eighteen replicateS were run as separate digestions for full PGE analyses. Nine Os s:unples run by N-TIMS gave
1.09 ± 0.08 (2 SD) ppb, while nine samples run by DfN-.ICP-MS gave I ,07 ±
0. 1 ppb. Osmium, Ir, and Ru reproducibility is 7.5-13% (2"' RSD), and close
to "accepted" values [Sj. More mobile elements such as Rc., Pt, and Pd appear
much less reproducible (20-40% 2* RSD). Although our reproducibility is
comparable to other methods using thls standard (better for Os, lr, and Ru)
it is somewhat worse than expected and we suspect possible heterogeneity
for the more mobile PGEs within the sample. Replicates on a suite of West
Greenland picrites from the Vaigat Formation (6] show much better reproducibility thao WlTS-1, despite being of similar major-element cht:mistry and
PGE concentration range. The following reproducibility was obtained (2"
RSD): Os 2.5%; lr 4%: Ru 5%: Pt 4%: Pd 3%: Rc 6%. A suite of volcanic
rocks from Grenada. Lesser Antilles arc [7), show progressively poorer 1c·
producibility as PGE abundances decline to <100 ppt; however. the sense of
the relative PGE fractionations is consistent for all replicates. lt. is evident
that different geological samples show different levels of sample heterogeneity for PGEs and replicate analyses of particular sample types, rather tban
standard rocks. arc probably the best way to assess reproducibility of data
for a p;rrticular sample suite.
Summary: Our techn ique allows accurdte and precise measurement of
Re. Os, Ir, Ru, Pt. and Pd by lCP-MS, with the option of running Os by NTIMS. Blanks arc mostly controlled by reagents and so are easy to regulate.
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Results for a variety of samples allow confidence to be placed in the reproducibility of interelement PGE abundances for geological samples in the partsper-billion range, in order to search for .,vidence of primordial Eartb PGE
fractionation events.
References: [ I] Pearson D. G. and WoodlandS. J. (1999) Chem Geol.,
in press. [2] Shirey S. B. aod Walker R. 1. (1995) A11al. Chem~ 67, 2136.
[3) Cohen and Waters (1996) A. Chim Acta. 332, 269. (4] Rehkampt:J M.
et al. ( 1998) Fress. J. A. CIU'm .. 361, 217. [5) Treadoux M. and McDonald 1.
(1996) Geosrandard Ntwslerr. , 20, 267. [6) Pearson D. G. eta!., this volume. Pl Woodland S. J. et al., this volume.
THE DEEP SOURCES OF PLUMES: RHENJUM -OSMIUMPLATINUM-OSMIUM-ISOTOPIC AND PLATINUM-GROUPELEMENT SYSTEMATICS OF HIGH HELIUM-3/HEUUM-4 WEST
GREENLAND PICRITES. D. G. Pearsonl . L-M. Larsen2, R. J. Walker3,
S. J. Woodlandl . A. K. Pedersen•. R. W. Carlsons. and S. B. Shireys,
IDI.'partmcnt of Geological Sciences, Durham University. South Road,
Durham DH I 3LE, UK, 2Geo1ogical Survey of Denmark and Greenland,
Thoravej 8. DK-2400 Copeohagt:o NV. Dewnark. lDepartment of Geology,
University of Maryland, College Park MD 20742, USA, 4Gcological Museum.
0ster Voldgade S-7, DK-1350 Copenhagen K. Denmark, lDcpartment of
Terrestrial Mngoetism. Carnegie losritutioo of Washington, 5241 Broad
Branch Road NW. Washington DC 20015, USA.
Introduction: Combined Re-Os and Pt-Os isotopic systematics in
maoUe-derived rocks offer considerable promise in beio,g abl~:: to discern possible in~eractions between the Earth's core and mantle-source regions of plumederived magma.~ [ 1.2). The discovery of very higb 3HeJ4 He ratios in picrites
of the Vaigat Formation. West Greenland [3), suggests their derivation from
a mantle plume sampling a deep, incompletely degassed reservoir sucb us the
lower mantle or core-mantle boundary. We have applied the Re-Os- and PtOs-isotopic systems, plus platinum-group-element (PGE) analyses to investigate possible source components in a suite of Vaigat Formation picrites.
Geology: The Vaigat Formation is the earliest of the Tertiary volcanic
rocks erupted in West Greenland. on Disko Island and the Nuussuaq Peninsu la. The succession is dated at 60-61 Ma [4] and divided into three separate members: the Anaanaa Member. overlain by the Nauja.nguit, and the
Ordliogassoq members. ALI three members contain an unusunUy higb. proportion of picrites [5] with inferred parental magma MgO contents of>19 wt%.
indicating very high potential!emper-arures (1540°- l600°C) and large degree
of melting. Strontium-neodymium-lead isotopic studies suggest contributions
from both a MORB-Iike and an Icelandic mantle component, with the
Ordlingassoq component containing the clearest signature of th.: ancestral
Iceland plume [5,6). Neodymium-isotopic compositions for picritcs of the
Ordlingassoq member are generally enriched relative to north Atlantic MORB
(ENdi 7.5- 9.0, i.e., Icelandic values). Samples from Ordlingassoq and
Naujanguit Members have lHef~He (RJRA) values rangiog up to 30: one
A.oaanaa Mb sample has a value of 17.6 (3) The samples studied are uncontaminated with continental crust. as judged from their isotopic and trnceelemenl compositions.
Results: Platinum group elemems. PGEs were detennincd by 10-ICPMS using Carius Tube digestion followed by solvent extraction and anionexchange separation [7). Oxide interefereoces are min.imized using a CETAC
Aridus desolvating nebulizer. Picrites from all three members of the Vaigat
Formation have relatively unfrnctionated PGE pntteros (Pdllr 5.8-8.0), and
high levels of 1-PGEs (0.8-1.9 ppb lr). consistent with their derivation as large
melt fractions undersaturated in S. P-PGEs show good inverse correlations
with La/Sm for all members.
Rhenium-osmium-isoTopic systematics. Rhenium/osmium values are low
(most <0.25). Yo.; values for the Anaaoaa and Naujfuguit Members are close
to chondritic (-0.3 to 0.7) and define a correlation oo an isochron diagram
that is within error of eruption age. Ordliogassoq samples have higher Yo.J
values (1.7-3.9) and define a ste~per correlation on an isochron diagr.un with
a more radiogenic initial 1870st188Qs. There is no correlation between l870sJ
J88Qs and lHef4He based on the few He analyses. No systematic trends are
app:u-ent in these rocks to indicate that crustal contamination bas a significant effect on Os-isotopic compositions. High Os conteots ( 1.5-3.8 ppb) mean
that more than 10% of Archean crust would be required to generate the most
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radiogenic J870sJ 188Qs values. For Ordlingassoq Mb samples, their steep correlation on the Re-Os isochron diagram could be intef1Jreted as mixing with
a high Re/Os, radiogc:nic Os component in tht: plum.: source,
Platillum-osmium-isntopic sysremalics. Variations in 18(>(JsJ188Qs for high·
Os rocks such as the Vaigal !Jicrit.:s are extremely insensitive to contamioa·
tioo hy crust. Four picrites have been analyzed for 186()st188Qs at UMD-CP
Thr.-e Ordlingassoq sarnples bave chondritic to suprachondritic 186()sf 1S&Os
thm lie on the lower part of the trend defined by Hawai'ian picrites analyzed
by Brandon ct al. (1 ). The most straightforward intef1Jrctalion of this data,
combined with the Re-Os isotopic mixing correlation. is tha.t it reveals ioCOfllOration of n small component («I%) with timc-intcgmted high Rc/Os
and Pt/Os such as t11e outer core. Tb.is intcf1Jrrtation would be consistent with
the very hi gil. 3Hei4He rJtios in these rocks. One Naujfuguit sample with relatively unmdiogenic t870sfl~S()s (Yo.i 0.2) shows enrichment in 186()s relative
to chondrites. This observation is more difficult to explain with a two-comptment mixing model. The sample also has very high 3He/4 He (RJR,., -30).
If 1860s enrichment does track the deep-plume signature in these magm:IS,
then Pt-Os systematics appear more sensitive Lhao tro~ce-element discriminants
that indicate t11at the Nauj~oguit Member is dominated by a MORB-Jike
source.
Refecences: [I) Walker R. J. et al. (1997) GCA, 61. 4799. [2] Brandon
A. D. et al. (1998) Science, 280. 1344. 13] Graham D. W. et al. (1998) EPSL.
/60, 241. [41 Storey M. el al. (1998) EPSL, 160. 569. 15] Larsen L. M. and
Pedersen A. K. (1996) J. Cmif. Abstr., /, 349. [6) Holm P. M. et al ( 1993)
EPSL 1/5, 227. l7) Pcan;on D. G. and WoodlandS. 1. (1999) Cllem. Geol.,
in press.
MAGMA TIC PROCESSES OPERATING IN THE LOWERMOST
OCEANIC CRUST: EXAMPLES FROM THE LEKA OPHIOLITE
COMPLEX (NORWAY). R. B. Pedersen' and B. Tikoff2. 1Department of
Geology, Un iversity of Bergen, Allegaten 41. 5007 Bergen, Norway (rolf.
peden;en@geol.uib.no). 2Deparuncnt of Geology and Geophysics, University
of Wisconsin, Madison WI 53706, USA (basi l@gcology.wisc.cdu).
Introduction: Because of the lack of penetration of the lowermost units
of the ocean crust by deep-sea drilling, studies of the layered series of ophiolite
complexes remain the main source of information oo the tectono-magmatic
processes that opernte close to the crust/mantle interface. A several-hundred·
meter-thick sequence of layered ultramafic cumulate is exposed above mantle
tectonites within the C.aledonian Leka Ophiolite Complex. The ultramafic
sequence is exceptionally well exposed and meter-thick layers may be followed laterally for several kilometers. Two-dimensional cryptic variations
have bt:en studicd in parts of the layered ulu-amafic sequence in order to
clarify lower crustal magmatic processes.
Nature ond Significance of Layering: The layered sequence shows
layering on three different scales: small-scale (decimeters), medium-scale
( 10m). and l:u-ge-scale (100m). The small-scale layering is defined by modal
varialions in amounts of olivine. cpx. opx. cluumite. and sulfides, and individual layers are typically <50 em. The medium-scale layering is defined
by the repetition of uni ts. t:ach -I 0 m thick. made up of successions of dunite,
wchrlite, and websterite, which are regularly repeated stratigraphically, and
this layering may be compared with the macrorhythmic units of layered intrusions. The macrorhylbmic units show lateral continuity for a1 least several
kilometers. The large-scale layering is defined by 50-200-m-thick subzones
of dunite that are interlayercd with other subzones dominated by peridotite
and pyroxenite. TI1e subzones are typically e.ach composed of several successive macrorhythmic units that show similar degree of completeness. The
subzones show a substantial lateral continuity and some have been mapped
for almost 7 km. The three scales of layering may be explained by that the
rate of e~Ctraction of melts from the mantle to the crust oscillated on at least
three different wavelengths.
Rapid reversnls in olivine compositions (from Fos 6 LO FD.j1 over less lban
a meter) are present at the base of some macrorhythmic units. suggesting that
the inflowiog magma did not mix with more evolved magmas when it entered the lowermost crust. The iotlowing magma seems therefore occasionally either 10 have pooled io bottom layers or to have formed new intruSions.
Systern.1tic upward Fe-enrichment trends are presenl in some mac-rorbythmic
units. while other units ex hibit no significant variations in olivine compo-
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sitions for several tens of meters. The lack of upward Fe-enrichmcnt in parL>
of the sequence suggests that inflow of magma was continuous during long
periods of time.
Some dun ite-ch.romite layers show features sugge.sting that they represent
tonguelike phenocryst deposits. The parental me lt appears therefore occasionally to have been loaded with crystal when it entered the lowermost c.:rust.
The apparent transport of phenocryst al-"TOSS the crust-mantle interfac.:e implies that the transition from porous to channeled n ow took place within the
mantle. The magma now velocity must at least have been ou the order of
I m!h during in nux evcnl<; when chromite phenocrysts became transported,
and this would have required channels that were at least I em across.
LateTal Gradieots: Later.J I gradients in forsterite contents on the order of l %/1000 m are pre.sent in the cumu lates. The lateml gradients disappear and reappear through the sequence, and the polarity of the gradie-nts
changes several time.s. The change in the J>Oiarity of the later..! I gradients may
possibly be Cl\plained by a stratified magma column above a tloor that
cbanged s lope with time. We favor, however, a model where the c.hanging
gradienl~ are Cl\plaincd by variations in the velocity and direction of the flow
of a crystallizing magma through an interconnected system of sills that acted
as a conduit for the lransfer of melt from the mantle to the upper crust.
Extraction of lnlcrstilial Melts! The steep gradients in olivine compositions present at the bases of several macrorhythmic units arc incompatible With extensive upward porous flow of imcrstitial me lts - demonstrating
that these lower crustal rocks could not have formed from a crystal mush zone.
lnterstitinl melts appear to have segregated into pods of pyroxenite that are
present as elongated, layer-pamllt:l bodies that locally show a sigmoidal shape.
Structural analyses of these bodies suggest that they represent " P-shcar"
tensional bridges that formed low-pressure domains toward which interstitial
melts streamed by porous flow . Interconnected networks of pods and veins
are present, and we suggest that the interstitial mell~ were transported out
of the cumulate pile through such networks. The study .indicates therefore that
tectonic processes play a fundamental role in segregating and transporting
interstitial melts in the lowermost oceanic crust.

DISSOLUTION AND GROWTH OF THE ALUMINA MINERALS
GfBBSITE, DIASPORE, AND BOEHMIT E STUDJED USING
ATOMIC FORCE MICROSCOPY. C. D. Pcskleway '. G. S. Henderson'.
and P. J. Wicksl . ' Department of Geology, University of Toronto, 22 Russell
Stree t.. Toronto, ON. M5S 3BI, Canada (claytonp@rom.on.ca), 2Dcpurtment
of Earth Sciences. Roynl Ontario Museum. Toronto. ON, M5S 2C6, Canada.
We are studying the d issolution and growth of A1(0H) 3 and AIOOH
minerals in Jifll using fluid-cell atomic force microscopy (AFM) in both
contact and tapping modes. The APM allows high-resolution observations of
surface processes in real time, while fluid compositions arc varied.
The dissolution of naturJI gibbsite in nilrie acid was followed on the (001)
face. The surfaces had complex topography, consisting of terraces with wide
variations in step heights and dens ities. with 0.5-om-high steps observed.
Dissolution was strongly dependent on crystallographic direction, and steps
either formed at angles corresponding to the forms {110 J and { I 00). or
existing ledges corresponding to these crystallographic orientations retreated.
With increasing dissolution, the ledges became straighter and more unifonn
in height and spacing.
Pre liminary in Jitu gibhsite growth experiments using natural gibbsite
surfaces as a substrate were carried out in tl1e presence of NaOH solutions
supersaturated witJ1 respect to Al(OH),. Growth occurred by lhe formation
of equant polygonal islands with diameters of < 5-50 om. The island edges
appeared to conform to crystallographic orientations corresponding to t11e
forms { 100} and { 110).
The microtopography of the (010) face of natural diaspore was observed
during dissolution under both acidic and basic conditions. In NaOH solut ions.
-5-nm-deep dissolution pits formed and grew. The etch piiS had polygonal
ou tlines confonning to crystallographic orientations corresponding 10 the
{100}, { 110}, and (210} forms . However. the rate of dissolution was affected
by the presence of the APM tip. which aJso influenced pit geometry. Etch
plts were more regular in shape with respect to crystaUogroph.ic direction when
tbe AFM tip was not being rastered across the surface. The rate of dissolu-

t.ion of diaspore in nitric acid as measured by step retreat was 2- Jx lower
t11an that of gibbsite al the same pH. In some cases etch pits formed having
ledges with ang les corresponding to the form ( 100}. aod existi ng ledges with
U1ese orientations retreated. In other cases, the surface consisted of superim·
posed equant polygonal terraces, 20- 80 nm in diameter and 1-2-nm high.
Like gibbsite above, the edges of the steps conformed to the crystallographic
orientations (in this case the {100). {110). and {210} forms) and retreated
wi tJ1 increasing disso lu tion . No effect from U1e APM tip was observed. The
observations of gibbsite and diaspore dissolution noted above rue fully consistent with previous proposed dissolution mechanisms. The results are io
agreement with models in which dissolution occurs along planes of crystal
defects that Cl\ist parallel to crystallographic directions.
PLATINUM-GROUP-ELEMENT CONCENTRATIONS AND OSMIUM-ISOTOP1C RATIOS IN LOESS: A PROXY FOR THE ERODINGUPPER CONTINENTAL CRUST? B. Peucker-Eh.renbrink 1 lind B. M.
Jahn2, 1Mail Stop 25, Woods Hole Oceanographic rnstitutioo. Woodshole MA
0254 I -1 54 1, USA (behrenbrink @whoi.edu), 2Department of Geosciences,
Universi ty of Rennes. 35042 Rcnnes , France (jaJm@univ-rennesl.fr).
Introduction: The geochemistry of loess deposit~ has been used ex tensively to infer the average chemical composition of the eroding upper continental crust (UCC) [e.g., 1). In this study we test the applicability of this
concept for the platinum group elements (PGE) and Os-isoropic compositions.
Due to the chalcophile aud siderophile behavior of Re and PGE it is not (a
priori) clear if sedimentary deposits such as loess are valid proll.ies for eroding UCC in general. The applicability of loess as a proxy for the PGE conccnrrations and Os-isotopic compos ition of UCC depends on the ex ten t of
fractionation of PGE-beari ng mineral phases during erosioolweatheriog of
source rocks. eolian transport.. and in siw weathering of loess deposits.
Samples: We use a well-characterized suite of 16 loesses and pnleosols
from Chl na. France. Belgium, United Kingdom. Argentina. and Spitzbergen.
All samples previously bavc been analyzed for major- and trace-element concentration as well a.s Sr- and Nd-isotopic compositions (2,3]. Srrontium- and
Nd-isotopic compositions arc inversely correlated and range from 0.706330.73025 and 0.51 197-0.51 256, respectively, thus covering a wide r~ngc io
Sr-Nd-isotopic space.
WeatbeTing: The geochemistry of loe.ss samples analyzed differs in
several important ways from estimates for UCC. On average, loess samples
are enriched in silica by -5 wt%. Enrichment in quartz and/or Joss/enrichment due to weathering causes the concentration of Na, 1<. AI, and Mg to
fall be low the average for UCC. TI1e chemical index of alteration (CLA) for
our samples ranges from 55 to 66 and is thus higher than estimates for UCC
(CIA of 48-54). However, in comparison to other sedi mentary proxies for
the chemical composition of UCC such as shales (PAAS, NASC) that arc
characterized by even higher C[A va lues of 68- 77, loess samples used in this
study deviate less from average UCC. Higher C IA values of loess relative to
UCC may reflect disproportionately large contributions from shales as source
rocks to loess and/or weathering of source materia l during erosion, transport,
and deposition. Depletion of trace elements such as Sr, Rh, Ba, and Ni as
we.ll as enrichments in Zr and Ta also indicate chemical modification re lative to UCC, either caused by enrichmem of quartz and zirco)l, loss during
weathering (Rb,Sr), and, potentially. fractionation of trace phases such as
sulfides and oxides during weathering and transport (e.g., low-Ni. high-Ta).
Osmium-isotopic Composition: The 1S7QsJ IBB()s of the eroding UCC
previously has been estimated at 1.26 (1.90 for average UCC). bnsed on
analyses of two loess samples from North America as well as Mississippi
River and delta sediments [4 ]. The average (median) 187QsJt KBQs of loess
samples analyzed in this study of 1.022 ± 0.23 (I s.d.) ( 1.016) is less radiogenic than Esser and Turekian's estimate [4) of eroding UCC. Osmium-1871
osmium-188 va lues do not correlate with H 7S rf8~Sr and 1 4 3Ndi ' 4~Nd . The Osisotopic composition of loess most likely places a lower limit on lbe Osisotopic composition of eroding UCC because several studies have indicated
that the most labile fraction of Os during weathering of granitoid rocks [5]
and b lack shales [6) is significanlly more radiogenic than bu lk rocks. A
radiogenic fraction of Os thus may have been lost in the early stages of
weathering of source rock. The fact that present-day seawater 181Qsf18S()s of
1.06-1 .07 [7,8] is slightly more radiogenic tJJan average loess indicates that
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(I) the average isotopic composition of continental runoff is more radiogenic
than eroding UCC (e.g .. 5,9-11], and/or (2) that volumelrically less important radingcnic lithologies enriched in Re and Os relative to UCC, such as
black shales. control the evolu tion of the marine Os-isotopic record (6,1 2).
Platinwn-Group-Eiement and RheniWll Concentrations: Estimates
of the Rc. Os. lr, and Pt concentrations in UCC range from 0.4 to 0.5. 0.03
to 0.05. 0.03 to 0.05, and 1 to 1.5 og/g. respectively [4,13,14]. Average (median) values for Re, Os, Ir. and Pt c.oncentrations in our loess samples are
379 (133). 35 (28). 26 (30), and 477 (359) pg/g, respectively . Ruthenium and
Pd analyses are stiU in progress. l11e large discrepancy between average and
median Re (and Os) cont·entrations is due to a Holocene loess sample from
Spitzbergen with high Re 0.59 nglg) and Os (155 pg/g) concentr.llions. These
results indicate that the average (median) 137ReJIBIIQs of 40.5 (25.1) is slightly
lower and the averagl' 190PtJI811Qs of 0 .016 (0.011) is significantly lower than
previous estima1es for UCC.
References: [I] TaylorS. R . e1 al. (1983) GCA, 47, 1897-1905.
[2] Gallet S. et al. ( 1998) EPSL, 156, 157-172. 13] Galle! S. et al. (1999)
JGR. submitt.ed. [4] Esser B. K. and Turekiao K. K . ( 1993) GCA. 57, 30933104. [5] Peucker-Ehrcnbrinlc B. and Blum J.D. (1998) GCA. 60, 3 1933203. [6) Hannigan R. E. and Peucker-Ehrcobrink B. ( 1998) Eos Trans. AGU.
79, 427. [7] Levasseur S. et al. (1998) Scienct', :?82, 272-274. [8) Woodhouse 0 . B. et al. (1999) EPSL, submitled. [91 Pegram W. J. et al. (1994)
EPSL. 128. 591-599. [10] Peucker-Bhrcnbrinlr. B. and Ravizza G . (1996)
Geology, 24. 327-330. [II] Levasseur S. eta!. (I 999) J. Conj. Abstr., 4. l3 I.
[12] Ravizza G. et al. (1998) Eos TrailS. AGU, 79, 427. [131 Schmid! G.
et al. ( 1997) Yearbook /nst. Nuclear Chem.. p. l5 , Mninz. Germany. [14) TaylorS. R. and McLennan S.M. (1995) Rev. Geophys., 33, 241-265.

PHOTOSYNTHESIS INFLUENCES SILICA BIOMINERALIZA-

TION? V. R. Phoeni;~;l, K. 0. Konhauscrl. and D. G. Adamsl . 'School of
Earth Sciences. University of Leeds. Leeds LS2 9JT. UK (vemon@earth.
leeds.ac.uk). 20eparunent of Microbiology, Univen;iry of Leeds. Leeds LS2
91T. UK.
Introduction' Several studies suggest thai bacterial photosynthesis cao
control biomineratization by mediating the pH of the surrounding microenvironment. It is believed that the production of hydroxyl ions during photosynthesis creates an alkali environment around the microbe [1.2]. which
may resuh in the precipitation of epicellular carbonates [3). In addition to
this, the sheath of some cyanobacteria may act as a partial diffusion barrier,
causing very high alkalinity levels to build up within the sheath matrix. This
has been proposed 10 result in the formation of calcile sphericulcs inside Ulis
extracellular polysaccharide [2]. In this study we consider how such processes
may influence bacterial silicification.
Bac1erial silicification is abundant n1 many hot-spring sites, where the
microorganistn5 are often found encru~ted in layers of silica several micro meten; thick [4..5]. These crusts appear to form from colloids (4.5): colloidal silica
probably being a dominant componenl of these supersanHated waters. A
recent study has dcmonstrar.ed that these microbes may still function with such
a mineral coaling [6], and it thus follows lhat they may pbotosyotheticnlly
influence the silicification process.
Methods; We tested how photosynthesis may conlrol bacterial silicification by mineralizing the cyanobacteria Calothrix in a laboratory setting.
This microorganism was mineralized by culruring on agar using BOll N+
as nulrieots. nod then placing in beaken; contnioiog I L of 300-ppm silica
solution . The solution was replaced every 2-3 d to ensure continual supply
of s ilica. Bacterial samples were also collected for electron microscopy.
Funhermore, polycationized Ferritin (PCF), and iron-cored protein II om in
diameter. was used both to label electronegative sites upon the sheath and
to detennine the sheaths impermeability to particles of sirrtilar size. such as
colloida I silica.
Results and Discussion: After 20 d. many filaments bad become
rrtineralized in a siliceous ~TUSt seveml micrometers thick. These crusts were
dominantly restricted to the outer surface of the sheath, and mineralization
was very rarely observed within the sheath matrix. llu! crusts also appeared
to form from the merger of silica colloids -20 om in diameter.
The PCF adhered to the outer surface o f the sheath, indicoliog its strong
anionic characteristic and hence suitability as a miner.1l nucleatioo site. The
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PC'F failed, however, lO penetrate U1e sheath matrix. s uggestmg 11Je sh~ath
had acted as a filter and was impermeable to particles of this size (i.e.,
~I I om).
nre si/icijicarion model. Based upon our observations and the previously
described models for bacterial calcificatioo. we tentatively suggest that si·
licification is resrrictcd to the outer surface of the sheath by photosynthetic
controls oo pH, wllich in tum control s ilica-solution chemistry. The model
is described as follows:
The microenvironment surrounding the bacaeriu cao be separated into two
domains. In the outer domain, outside the .~heath, the production of hydroAyl
ions during photosynthesis results in moderately alkali conditions (pH 7-9).
Under these conditi ons, silica 5a1urated witb respect to amorphous silica
occurs dominantly as colloids [7), 1vhich are bound electrostatically to the
surface of the sheath. These colloids are nnable to penetrate the sheath, due
to its degree of impermeability, and hem:e silica on ly accumulates on the
sheath's outer surface. Inside the sbeatb matrix (the inner zone), the partial
diffusion t>arrier created by the sheath creates a very high alkalinity with pH
values ~I 0. Under these conditions. silica exhibits higher solubiliry and is
dominantly monomeric, a fonn that is unable to bind to organic surfaces [8].
Thus silicification docs not occur within the sheath matrix. Ooce cell lysis
occurs there is no photosyotheticully induced alkalinization, and hence silici fication occurs within the sheath matrix and ultimately upon the cell wall and
cytoplasm.
References; (I] Miller A. G. and Coleman B (1980) Plant Physiol.,
2. 397-402. !21 Verrecchia E. P. e t al. (19Q5 ) J. Sed. Res., A65, 690700. (3] Thompson J. B. and Ferris F. G. (1990) Geology, 18, 995-998.
[41 Konhauscr K. 0. and Ferris F . G. (1996) Geology. 24. 323-326.
[5] Schultze-La.m S. et al. ( 1995) Can. J. Earth. Sci., 32, 2021 - 2026.
[6] Phoenix V. R. eta!. ( 1999) Geology, in review. [7] Shimada. K. and
Tarut.ani T. (1979) J. Chromatography, 168, 401-406. [8] Heaney P. J. and
Yales D. M . {1998) GS1\ Abstr. with Pmg.

THE OSMOJM BUDGET OF llfMALA YAN RIVER SEDIMENTS
AND SOILS: IMPORTANCE OF BLACK SRALE EROSION. A.-C .

Pierson-Wickroano 1, L. Reisberg 1, and C. France-Laoordl •Centre de
Recherches Petrographique& et Geochimiques-Cen1re National de Ia
Recherche Scieotifique, B.P 20. 54501 Vandoeuvre-les-Nancy Cedcx, France
(annecath @crpg.cnrs-nancy.fr: reisberg @crpg.cnrs-nancy .fr:
@crpg.cnrs·
nancy.fr).
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l11e marked increase of the I87Qsfi880s ratio of seawater during the last
JS m.y. is often thought to be due to Himalayan uplift and associated weath·
eriog [I j, in analogy with proposed explanations for changes in the marine
Sr-isotopic record. In order to test this bypotbesis, we have cho.ractcrized the
Os-isotopic compositions of river bedloads from Central Nepal and Bangladesh. as well as potential source rocks in the main Himalayan formations.
We have also determined the Os compositions of sevcrJI soil profiles. Our
goals are ( 1) to identify the sources of radiogenic Os, (2) to investigate the
behavior of Os during erosion, and (3) to evaluate the importance of Himalayan weathering on the marine Os budget.
The Himalayan Range is composed of three main formations. from north
to south: (I) The Tethyan Sedimaotary Series (TSS). composed of Phanerozoic sedimentS. is characterized by oonradiogenic bedroclcs and bed loads with
187Qsf188Qs = 0.6-1.9 and (Os) = 20-200 ppt. (2) The High Himalayan
Crystallines (HHC). highly metamorphosed paragoeisses and leucogranites.
are the principal source of eroded material of the range. Bedrocks have IB7Qs/
l88Qs = 0.8-1.6. while bedload ratios = 1.1 - 1.8. (3) The LH fomtation
consists of metasediments with ENd values indicative of long crustal residence.
187QsJ18ijQs 0 .7-3.0 in the bedloads and 0.9- 8.5 in the bedrocks. Tb~ Os
concentration also varies widely. from 7 to 530 ppt. The highest Os-isotopic
ratios ttre associated with the highest [Os]. and are derived from black shales
containing 6- 10 wt% black. carbon.
Thus. with the c:xceptioo of the LH black shales. the Himnlnyao formations gcner.1lly have Os-isotopic ratios close to that of average eroded continental crust 121 (187QsJ1~8Qs 1-1.3). ln contrast. U1c Os-isotopic ratios of
river bedloads sampled near the o~tflow of the range are very radiogenic, as
high as 3.8. Thus a very minor lithology, the blacl; shales. that represent <.3%
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of the volume of tbe LH fom1ation controls tht: Os-isotopic composit ion of
tbc sediments ddivered from the Hima layan chain.
Results from three soil profiles con flfm the conclusions deduced from the
river sediment data . Soils developed on the HHC and LH formations display
the same Os signature us the HHC and LH bedloads uninfluenced by black
shales. U10ugh the Os concentrations :lTC somewhat higber ( 18-50 ppt). The
IS7Qsf188()s ratio of a soil profi le taken from the J:fH(' is constant with depth
(-I .3), except for 01 single layer with a ratio of 2 .0. The 1X1Qs/188Qs ratio
(-1.1) of a LH profi le also docs not vnry notably with depth. Interestingly,
this profile overlies a saprolith wi th 187Qsf188Qs = 1.95 and (Os) = 320 ppt.
A third sojl profile, developed on aiJuvium in the floodplain at the outflow
of the range, bas a strikingly high I87Qsf18 8Qs mt io (>4), wh ich again is
roughly const:mt with depth . This ratio. comparable to those of nearby
bcd loads, again shows the great iofluence of rare LH black shales on the Os
budget.
Mass-balance calculations, based solely on Os concclllralions and assuming erosion at steady state, indicate that HHC and non -black shale LH rocks
do not contain enough Os to explain the total Os flux (bedload. suspended
and dissolved [4) loads) of the Ganga River, Thus Os concentrations alone
require the presence of an Os-rich component. Taking into account the Osisotopic ratios. it can be shOWII that the addition of -4% of black shales similar to those found in Central Nepal can explain the Os characteristics of the
bedloads at the outflow of the range. This proportion is much too rugb, both
because black sbnles represent only a minor lithology at th.e scale of the basin
(< I %) und because the bedload C contenlS are too tow to be consistent with
such a high input from organic-rich rocks. Black shales with higher Os could
be proposed as the mixing end member. However black shales with the
required characteristics are quite rare (I out of the 33, given in [3J). Thus
simple m ixing does not adequately explain the data. Instead chemical erosion, perhaps involving preferential remova l of radiogenic Os from black
shales [5] and interaction between dissolved and ~edimeot loads must be
considered. Ganga river water [4] has an Os ratio similar to those of the
bedloads, s uggesting that some equilibrdlioo has occurred between the dissolved and sol id phases. Fmally, the fact that the dissolved fraction represents -30% of the total Ganga Os flux underscores the imparlance of chemical
erosional processes.
The highly radiogeni c nature of the dissolved [4] and bedloads of the
Ganga River suggest that Himalynn derived Os may play an impormnt role
in the rapid rise in the seawater Os ratio during tbe last IS m.y. This r.uii.ogenic signature is derived fiom a very minor lithology. black shale. These
data suggest tb.nt black shale, ratller than siJjcate, erosion largely influences
tbc marine Os record.
References: [ I] Pegram et al. (1992) EPSL. 113, 569-576. [2) Esser
( 1991) thesis, Yale Univ. [3 ) Singh et al. (1999) EPSL, in pross. [4) Levasseur
et a l. (1999) Terra Abstr., 1 I, 231. [5) Peucker-Ehrcnbrink and Hannigan
(1999) Terra Abstr., II. 231

MJCROBIA.L COMMUNITIES IN CIIARCOAL FROM WILFIRE

AND TilE UNDERLYING HUMUS. J. Pietikaincn. 0. Kiikkila, and H.
Fritze, Fi.llllish Forest Research Institute, P.O. Box 18. FIN-01301 Yantaa ,
Finland (janna.pietikaioen @metla.fi).
Introduction: Forest fires or prescribed burning produce a layer of black
charcoal. which originates from tl1c charred remnants of vegetation. litter and
logging slash. This charcoal bas been shown to have adsorbing capac ity
resembling that of activated C, and it has an active role in forest regeneration since it adsorbs allelopathic compounds. e.g., phenolics [I]. Since the
charcoal layer is capable of adsorbing phenolics, we presumed that it can also
adsorb other organic compounds from the percolating soil water. On top of
the charcoal layer formed during a tire, a layer of ocw litter starts to accumulate originati ng rrom the newly formed vegetatioa. This pioneer vegetation produces litter that is rich in water-soluble compounds [2]. The watersol uble compounds include. e.g., carbohydrates, amino acids, and phenolics
(3]. These substances serve as an energy-rich C source for microbes.
After a fiic. a more or less heated humus can be found under the charcoal layer. TI1e microbial biomass in the underlyiog humus has been showo
to decrease after fire [4]. and the recovery to prebum levels takes -10 yr [S].
We hypothesized that (I) the charcoal has a capacity to adsorb organic
compounds and thus form a new habitat for microbes utili zing these substrates. and (2) the •:harconl may negatively affect the microbial community

of the underl ying humus by capturing otherwise avai lable substrates from soil
water.
Material and Methods: We prodm:ed charcoal (at 450"C) from dried
and sieveLI forest humus (HuCh) and crowberry Empetrumnigrum (Emp01),
which is a common dwarf shrub. Using these two types of charcoul and
:1ctivated C (Ac!C) and nonadsorbing pumice (Pum) as controls. we prepared
mjcrocosms witb 25 g fresh, untreated humus in the bottom, und 25 g of one
of the adsorbents on top. TI1e microcosms were incubated at 20"C. moistened regularly with birch leaf litter extract, and after one month bOlh the
overlying adsorbent and th e humus was destructively sampled. From
adsorbents and humus we measured the total microbial biomass by substr.lleinduced respiration. basa l respiration, microbial phospholip id fatty acid
(PLFA) pattern (6]. substrate uti lization pattern [7]. and bacterial growth rate
as 3H-thymidine incorporation [8].
Results and Discussion; The potential adsorbing capacity of the
adsorbeots was tested prior to the incubation, and i( increased in the order
Pum < HuCh < EmpCh < ActC. After the incubation, all the adsorbents
harbored microbial bioma~s. The amount of microbial biomass C was lowest
in Pum (0.3 mg g-1), and highest in EmpCh ( 1.5 mg g-1). On average. the
amount ofmic.Tobial biomass in the ad.sorbents was 16% of that in the humus.
Basal respiration got low va lue.s in Pum and ActC. while the level in both
charcoals (EmpCh nnd HuCh) was 3-4x the value measured in Pum and
ActC. A similar response pattern was nlso seen for thymidine incorporation
rate. with EmpCh and HuCh sbowiog the rughcst bacterin! growth rates. The
specifi<.: growth rate per bacterial cell was one magnit ude higher in the
adsorbents than in the humus. Thus, the substrates of the birch-leaf litter
extract supported a small but highly active microbial commun ity io the
adsorbents.
In addition to the size of U1e microbial biomass, its structure was also
dependent on the properties of the adsorbent. As revealed by both PLFA and
substrate utilization patterns, totally differen t kinds of microbial communities were formed in the four adsorbents. When th.e conununity structure data
were subjected to principal component analysis, and the scores of the first
pri11cipal component were tested with one-way ANOY A. it was seen that U1e
microbial community of Pum differed significantly from ActC + EmpCh (by
PLFA profi ling). These results show that charcoal from forest fire or prescribed burning can form a new habitat for microbes, which confirms our
fust hypothesis.
T be microbial biomass in the underlying humus did not differ between
adsorbents. If the adsorbents had captured subs!rJtes from the litter extract,
!he ruicrobial biomass shou ld have been hjgher uoder Pum than under. e.g.,
ActC. Since this was not confirmed by ow- results, we rejectt.'Cl our second
hypothesis. However, the microbial communities were affected by the overlying adsorbents. with the communities under Pum and EmpCh being most
dissimilar.
Conditions similar to those in Ollf microcosms can be found in U1e field
a few years af1er burning. According to our results, a microbia l population
can be c.q>ectcd to live in the charcoal layer, the porous structure of which
obviously offers shelter for the microbes against faunal predators ( I) . However, the charcoal is not responsible for the commonly observed reduction
io microbial biomass in the underlying humus.
References ; (1] Zackrisson 0 . et al. (1996) Oiko.r, 77, 10-19.
(21 Johansson M.-B. (1995) Forestry, 68, 49-62. [3] Palm C. A. and Rowland
A. P. (1997) in Driven by Nature (G . Cadisch and K. E. G iller. cd~.). pp. 379392, CAB International, Wallingford, UK. f4J Pietikainen J. and Fritze H.
(1995) Soil Bioi. BiochenL, 27. 101-109. (5] Fritze H. eta!. 1.1993) Can J.
For. Res .. 23, 1286-1290. (6) FrostegMd A.. et aL (1993) SoiL Bioi. Biochem.,
25. 723-730. [7) Pen.oanen T et al. ( 1998) FEMS Microbial. Ecol., 27, 29!300. [Bl B~ath E. ( 1992) Soil. Bioi. Biochem, 24, 1157-J 165.

URANJUM-238-THORJUM-230-RADIUM-226 DISEQUILIBRIA IN
HISTORICAL KILAUEA VOLCANO LAVAS: MANTLE MELTING
WITillN TliE llAWAI'IAN PLUME. A. J. Pietruszka I.*, K.. H. Rubio 1,
and M. 0. Gurcia'. 1Deptartmcnt of Geology and Geophysics, University of

Hawai'i, Honol ulu HI 96822. USA (•present address: Department of
Terrestrial Magnetism, Carucgie Instit uti on of Wash ington, Was hington DC
20015, USA).
Introduction: A fundamental goal of geochemical research at oceanis land volcanos and mid-ocean cidgc:s is to iofe.r the process of hasaltic melt
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generation and transport. The U-series isotopic abundances of lavas, in conjunction with other high-resolution geochemical tracers, are panicularly well
suited for this purpose because they can be used to quantify the timescales
of magmatic processes (such as the melting rate). We conducted a detailed
study of the U-series isotope geocbemistty of a suite of historical Kilauea
Volcano lavas (1790-1998) using high-precision mass spectrometric techniques to evaluate the melting process within the Hawai'ian mantle plume.
Our results show that the (230o'Jbi238U) and (226Raf2»rh) ratios of Kilauea's
historical lavas, 1.01-1.04 and 1.08-1.15, respectively, have remained small
and constant over the last 200 yr. despite large (factor of -2) variations in
the degree of partial melting (inferred from the melting-related changes in
ratios of incompatible trace elements such as La!Yb or NbiY). In this study,
we reconcile these observations using the two endmember "ingrowth" models for producing U-series disequilibria during mantle melting (dynamic
melting [I] and equilibrium percolation melting [2]) and then estimate the
melting parameters for Kilauea lavas.
lbe Etrect or Melt Fraction: Previous workers have suggested that the
226Ra-23<rrb_238U disequilibria of lavas from ocean-island volcanos should
correlate with melt fraction [3.4]. Given the evidence for relatively large
variations in the degree of partial melting from the incompatible trace-element ratios of Kilauea's historical lavas, a correlation between the inferred
melt fraction and the U-series disequilibria might be expected. However, no
obvious correlation exists. Our U-series model results resolve this problem
because the calculated 230Th and 226Ra disequilibria (at a given melting rate
and melt-zone porosity) are insensitive to [(210'J'hi23BU) ratios] or unaffected
by [(226Raf23lrfh) ratios] changes in melt fraction from 5-20%, which is the
range expected for Hawai'ian shield lavas [5].
Physical Constraints on the Melting Process: The large Z26Ra-23<rrbmu disequilibria observed in young mid-ocean-ridge basalts (MORB) require very low melting rates and melt-zone porosities [2,6]. Based on the
relatively small 226Ra-l30'fh-238U disequilibria of Kilauea and Mauna Loa
lavas, previous workers have suggested that Hawai'ian tholeiitic basalts are
produced at higher melting rates and melt-zone porosities compared to MORB
and have calculated moderate melting rates of >0.0005 kg m-3 yr-• and
porosities of <0.1-1 % [3,7). However, we found that the melting rates and
melt-zone porosities calculated from the ingrowth models were strongly
dependent (by an order of magnitude or more) on the choice of the partition
coefficients (D). Given the range of published D values for Ra, Th, and U
(which likely vary as a function of composition and pressure), the melting
parameters (for either MORB or ocean-island lavas) cannot be estimated
simply from U-series disequilibria alone. Instead, physical constraints are
required.
The geochemical differences between adjacent, active Hawai'ian volcanos, such as Kilauea, Mauna Loa, and Loihi, place strong physical constraints
on the melting process. These intershield geochemical differences require that
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the mantle sources, melting regions, and magma pathways between these
volcanos be physically distinct on the 25-50-krn·length scale of the distance
between the volcanos [8]. The "instantaneous" mantle source volumes needed
to sustain Kilauea's average magma supply rate (0.06 lcm3/yr) can be calculated using the melting rates from our U-series modeling results. The radii
of these source volumes (assuming a cylindrical 55-krn-long melting column
(5]; Fig. I) are generally much wider than permitted by the intershield
geochemical differences. The smallest acceptable source volumes (and radii)
are obtained for those pararneterizations of the equilibrium percolation model
(only) that give the highest average melting rates (0.003-0.007 kg m-3 yr-•)
and melt-zone porosities (0.4-2%). These may be the most reliable estimates
so far of these melting parameters for tholeiitic basalt production within the
Hawai'ian plume.
References: [I] McKenzie D. (1985) EPSL, 72, 149-157. [2) Spiegelman M. and Elliott T. (1993) EPSL, 118, 1-20. [3) Hemond C. et al. (1994)
Chem. Geol., 116, 163-180. [4) Chabaux F. and Allegre C. J. (1994) EPSL,
126, 61-74. [5] Watson S. and McKenzie D. (1991) J. Petrol., 32, 501-537.
[6) Williams R. W. and Gill J. B. (1989) GCA, 53, 1607- 1619. [7) Cohen
A. S. and O'Nions R. K. (1993) EPSL, 120, 169-175. [8) Frey F. A. and
Rhodes J. M. (1993) Phil. Trans. R. Soc. Lend. A, 342, 121-136.
A HAFNIUM-ISOTOPIC COMPOSITION RECORD OF THE CENTRAL INDIAN OCEAN FROM FERROMANGANESE CRUSTS.
A.M. Piotrowski!, D-C. Leel, A. N. Hallidayl.2, J. N. Christensen•. and J. R.
Heinl, 1Department of Geological Sciences, University of Michigan, Ann
Arbor Ml 48109- 1063, USA (ampiotro@umich.edu), 2[nstitutc fUr
lsotopengeologie und Mineralische Rohstoffe, Department ftJr Erdwissenschafeten, Eidgenllssische Technische Hochschule-Zeotrurn, NO, CH-9092,
ZUrich, Switzerland, lU.S. Geological Survey, Menlo Park CA 94025-3591,
USA.
Although variable, the present-day Hf- and Nd-isotopic compositions of
the Indian Ocean are intermediate between the relatively radiogenic Pacific
Ocean and unradiogenic Atlantic Ocean. The processes that directly control
the global disuibution of Hf and Nd in deep ocean water include weathering
from proximal land masses and large-scale water mass mixing between ocean
basins. In the case of the Indian Ocean, the uplift of the Himalayas over the
last 20 m.y. could have affected the Hf- and Nd-isotopic composition of the
Indian Ocean. However. the Indian Ocean may also have been affected by
a number of paleoceanographic changes, including the increasing global
influence of North Atlantic deepwater (NADW) via circum-Antarctic deepwater, and the closure of the Indonesian gateway. Recently published Ndisotopic profiles of Indian Ocean Fe-Mn crusts show little variation, and. do
not show the shift to nonradiogenic values expected to accompany proJtimal
weathering of continental material accompanying Himalayan uplift [ 1]. The
Hf in seawater is expected to be more variable than Nd because of the larger
variation in Hf relative to Nd in weathered materials capable of entering the
deep ocean [2]. Hafnium may also provide a record of MOR hydrothermal
activity, since unlike Nd, it is not believed to be effectively scavenged in vent
plumes. Here we present the first high-resolution Hf-isotopic profiles of two
central Indian Ocean Fe-Mn crusts, 109D and SS663, in an attempt to better
constrain the evolution history of Hf in the central Indian Ocean and its
implications to paleoceanographic changes.
The Hf-isotopic composition of the southern crust I 09D remains 4 ± I £Hf
throughout the entire 20-m.y. growth history. The northern crust SS663,
which is more proximal to the Himalayan erosional source, records a Hfisotopic composition of is 6 ± I £HI prior to 5 Ma. Between 5 and 3 Ma there
is an abrupt oonradiogenic shift. after which the Hf composition remains 4 :!:
I EHf. The nonradiogenic shift observed in SS663, but not in the more southem I 090. suggests a change in either Himalayan erosion rates or Indian
Ocean paleocirculation -5 Ma.
The circum-Antarctic current plays a major role in interocean deepwater
mixing and in controlling the global elemental abundance distribution of
seawater chemistry. The present-day Nd- and Ph-isotopic composition of
circum-Antarctic water has been shown to be influenced in part by the incorporation of modified NADW [3]. The strengthening of NADW during the
last 5 m.y. [4], accompanied by northern hemisphere glaciation, would have
indirectly affected the composition Indian Ocean deepwater. Thus, the Hfisotopic records displayed by these two Indian Ocean crusts could suggest
that NADW modified circum-Antarctic water of nonradiogenic composition
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started to affect the Ind ian Ocean at 5 Ma . It is worth noting that our Hfisotopic composi tion for the Atlantic shows a rad iogenic peak centered at
2 Ma. wi th less radiogenic values both before and after this time. Though
speculati ve. it is conceivable that some of the variability observed in the highresolution records of Indian Ocean Hf-isomp ic composition over the last
2 m.y. may have been caused by pulses of less radiogenic NADW into circumAntarctic deepwater. Other possible causes for the shift in Hf-i sotopic composition at 5 Ma include a change in deepwater nux from the P.aeific. Ocean
through the Indonesian gateway aod changes in hydrothemtal activity.
The question as to wheU1er wealhering from proximal landmasses or largescale mixing between ocean basins is !.he more dominant factor in controlling Hf-isotopic composition is sti ll open. The case of the Indian Ocean, as
well as some observations from the NorU1 Atlantic . seem to indicate that bot.h
sample location and dept.h in relation to major water masses must be taken
into account in order to interpret the isotopic record preserved by ferro·
manganese cruslS. Complete profiles of Nd- and Hf-isotopic composition wit.h
depth through the present-day Jodian Ocean may help deciphering U1e palh·
way of Himalayan eros ional nux.
References: [1] O 'Nions R. K. etaL (1998) EPSL, 155, 15-28 [2'1 Lee
D-C. et a!. (1999) Science, in press. [3] Goldstein and Abouchami ( 1997)
GCA. 61. 3957-3974. (4] Burton K. W. et al . (1997) Narure. 386, 382-385.
CONSTRAINTS FROM TIIORIUMJLANTIIANUM ON THE EVOLUTION OF TilE CONTINENTS. T. Plankl.l, 1Department of Earth
Sciences, Boston University, 685 Commonwealt.h Avenue, Boston MA 022 15,
USA (tplank@bu.edu), 2Deparnnent of Geology, Un ivers ity of Kansas. 120
Lindley Hall, Lawrence K.S 66045, USA (tplank.@k.uhub.cc.ukans.ed}.
Continental growth involves formation of juvenile contincotal material at
convergent margins, and this process may e~plain similar ln!ce-clement ratios
in volcanic arcs and !.he continental crust. such as low Ce/Pb, h.igb Th!Nb,
and high Th/La. An alternative explanation for !.he common traits, however,
is that arc volcanics inherit continental ratios from subducted sediment. How
much of !.he continental signature in arc basaltS is created in subduction woes,
and how much is inherited from subducted sediment? To eva lua te this
question, we consider the fractionation of Th/La in subduction zones .
Thorium/lanthanum is low (<0.1 2) in the mantle but enriched (>0.3) in
the continents, and varies in arc basalts from 0.09 to 0.34. Tborium/l;Jnlhanum fractionation in !.he subduction zone can be eva lu.ated simply because
both Th and La enrichments derive predominantly from subducted sediment,
with little contribution from subduetcd ooeanic crust. T horium/lanthanum
varies in marine sediments from <0.1 in metalliferous and reel clays, to
-0.15 in volcaniclastics and 0.3-0.4 in terrigenous turbidites. 1l1e bulk Th/La
of different sedimentary columns subducting at trenches strongly affects !.he
Th/La of !.he related volcanic arc. For high-sediment flux margins. sediment
and arc Th/La corre late well and form a trend wilh a slope of I. This reflects
a direct inheritance of the sediment ratio by !.he arc wit.h lirllc new fractionation in the subduction zone.
Thus the high Th/La ratio of the continents is not created in modem
subduction zones. A small part of the fractionation between the continents
and mantle took place in the Archean (Th/La in Archean continents was
-0. 17}, but upper crusta l compositions show a large secular increase in Th/La
during the last 2 b.y. One mechanism for increasing Th/La in the bulk continental crust is lnln!crusllll fractionation and lower crusllll foundering. As me
continent differentiates into a granitic upper crust and restitic lower crust,
Th/La fractionates from >0.5 in some graoi tes to <0. 15 in lower crusta l
granulites, possibly due to the partitioning of La over Th in restitic apatite.
Periodic foundering of U1c lower crust into the mantle will continually enrich
the continents in Thll...a. TI1erefore, alt.hough !.he continentS form in part at
subduction zones, other crustal recycling processes. s uch as lower crustal
foundering. are needed for the continental crust to reach its presen t chemical
composi tion.

AN EARTH-SYSTEM SCIENCE APPROACH TO UNDERSTANDING,
PREDICTING, MITIGATING, AND REMEDlATING METAL MOBU..ITY FROM MINES AND UNMINED MINERAL DEPOSITS. G. S.

Pl um leel and M. J. Logsdon2, IMail Stop 964, U.S. Geo logical Sur vey,
Federal Center, Denver CO 80225. USA (gplumlee@usgs.gov), 2Gcochimica,
Int., S uit e M, 206 N. Signal , Oja i CA CJ3023, USA (ma rk .logsdon @
worldnet.att.oet}.
Introduction: Environmen!U I issues have become important. if not critical, factors in the success of proposed mining projects worldwide. The Earth,
engineering, and life sciences (which we group here under the term "Earthsystem sciences." or BSS for short) provide an ample toolkit that can be drawn
upon to better undersmnd, anticipate, prevent, and remediate !.he environmenta l effects of mining and mineml processing [1].
Controls on Metal Mobility from Mining and Mineral Processing
Sites and Unmined M inernl Deposits: The natural weathering and erosion
of a mineral deposit at the Earth' s surface disperses its constituents into !.he
waters, soi ls , and sediments of its surrounding env ironment. There. the
constituents may be taken up by p lants and/or organisms. The potential
environmental effects of uomined mineral depos its are a comp lex function
of the geologic characteristics of U1e deposits and !.heir surrounding watersheds, Ule climatic setting of !.he deposits and U1eir watersheds, and geochemi cal. biogeochemical. and hydrologic processes (such as sulfide oxidation, acid
genera tion . evaporation, sorption, and dilution}.
Modem mining and mineral processing activities employ a wide variety
of methods to prevent or minimiu adverse e nvironmenta l impacts. However,
if not carried out with appropriate mitigation and prevention practices (as was
common in most historical miniog), or as n result of accidental releases,
mining and mineral proc.essing can disperse potentially deleterious metals,
other deposit constituents. and mincrdl processing chemicals or byproducts
into t he environment. The environmental effects of mining and minera l
procPssing are controlled by the same factors as U1ose of unmined mineral
deposits, as well as !.he mining or mineral processing methods used and !.he
preventive/mitigative processes followed.
Tools in the Toolkit.: A large number of techniq ues developed for
Earth-system science investigations are also directly applicable to mincrJI cnvironmeotaJ issues. As with any toolkit, it is the professional' s responsibi li ty to choose the tool(s) best suited to a specific job, based on their
professional judgment. 'Ellamples of tools in the toolkit include include
geologic characterization studies (geologic mapping, mineralogic characterization, structural analysis); mineral deposit mode ls and geoenvironmental
models of mineral deposits: mineral resource, mineral-environmental, ecosystem, and abandoned mine lands assessments; geochemical characterization
of waters, soils, sediments, plants, mine wastes, mineral processing wastes,
aod other ooeclia; other geochemical studies (laboratory simulation expcrime.nts. geochemical modeling, stable and radiogenic isotopes , and nge dating); geophysical char.1cterization (including a variety of field methods such
as resistivity. ground-penetrating radar, and seismic tomography surveys, and
remote methods such as aeromagnetic and airborne electromagnetic surveys);
remote-sensing surveys; biological. toxico logical, and ecological characterization and testing; and geospatial databases and geographic information systCIOS (G!S) analysis of !.he data in !.he databases.
Interdisciplinary studies that integrate tools in the ESS toolkit provide truly
powerful insights into the environmental impacts of mineral deposits, mining. and mineral processing. ln general, these studies, as well as mineralenvironmental chamcteriz.ation, prediction, mitigation, and remediation, arc
best carried out within a watershed context. For example. the downstream
environmental effects of acid drainage from a particular mine site or unmined
deposit arc a function of !.he contributions of ac id and metals from the site
relative to those from ot.her sources in !.he watershed. They are also a functioo of the proportions and compositions of !.he site waters re lative to !.hose
of !.he surface waters or ground waters wit.h which the site. waters mi~.
References: [I] Plumlee G. S. and Logsdon M. J. (1999) Soc. Econ.
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RHENIUM -OSMIUM-ISOTOPIC SYSTEMATICS OF SEVERAL
DECCAN ALKALINE COMPLEXES. A. Poirier 1, L. Reisberg2, A.
Simonetti 1, C. Gariepy! , and S. L. Goldsteinl, lCentre de Recherche eo
Geochimic Isotopiq ue et en Geochrono logic, Universitc du Quebec a
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l('entre de Recherches Petrog.raphiqucs ct G.;uchimlques-l'cntrc National de
Ia Recherche Scientifique. 15 rue Notre-Jame des P<umes. BP 20, 54501
Vandoeuvre-les-Nancy Cedex. France, lLamooi-Dohcny Earth Observatory,
Columbia University, Palisades NY 109~. USA.
The Deccan igneous province consists of a volumetrically large succes·
sioo of predominantly tholeiitic lava nows, which mark the first surface
expression of the Reunion hotspot on the Iodian sulx:nntinent [ 1]. Potassium·
urgon and 19Ar/41lAr g¢ochronological data, studies of paleomagnellsm, and
paleontological evidence all suggest that -2.000,000 kmJ of basalt within
the Decca n igoeous province erupted -65 Ma, within a time interval of
<I m.y. [2]. Moreover. alkaline complexes consisting predominantly of Siundersaturated (nephelinite. melilitite :t carbonatite) rocks occur within the
nonhwestem region of the Deccan province. Re.ccnt l9Arf.WArdates from seveml of these complexes revcal~d that alkaline magmatic activity may h.ave
been slightly older in the nonhero part of the province (-68.5 Ma) than in
the south (-65 Ma [3]). Several of these complexes, namely Banner, Bhuj,
Mundwara, and Amba Dongar, were the focus of a recent Nd-Pb-Sr-isotopic
investigation [4). These isotopic data suggest that Reunion mantle played a
more prominent role during the early stages of Deccan volcanism involving
small-degree melting of plume-modified (metasoJruJtized) lithosphere. As time
progressed, the isotope systematics of both alkaline and thole iitic magmatism
recorded a larger lithospheric imprint.
Previous studies, focused on the trace-clement chemistry and Nd-Pb-Srisotopic systematics of Deccan basalts, indicate a large degn:e of heterogeneity, which has been attributed either to crustal contamination of the magmas or to interaction with a metasomatized maoUe source. ln contrast. a recent
study of the Rc-Os-isotopic systematics of Deccan basalts collected over several hundreds of kilometers within the igneous province [5] provides a welldefined isochron corresponding to an age of 65.6 ± 0.3 Ma. which is in
excellent agreement with the existing K-Ar and Ar-Ar dates. The basalts yield
an initial 1870sfl&!!()s th.at is typically cbondritic (-0.128), and indicate that
crustal contamination and metasomatic activity played a very small role in
the Re-Os budget during formation of the Deccan basaltic province.
We present here preliminary Re-Os data for samples with known Sr-, Nd-.
and Ph-isotopic compositions from the Banner, Bhuj, Mundwara, and Aroba
Doogar complexes [4). This study is among the ftrst to report Os-isotopic data
from alkaline, Si-undersarurated rocks (± carbooatite). The main objective is
to use the Os-isotopic data to evaluate plume-lithosphere interactions and the
role of metasomatic processes that were involved in the generation of Deccan
alk.ilioe magmatism.
The results obtained to date are as follows. Samples of ijolite, tephritc,
and ncphelinit.e from the Mundwara complex (-68.5 Ma) yield initial I870sf
•&8()s values of 0.136, 0.\48, and 0.169. respectively. with Os contentS of
42-103 ppt. From the region of Bhuj (-66 Ma), four basanitcs yie ld initial
1870sf1B8()s values from 0.141 to 0.170, with Os conceotrntions from 19 to
64 ppt. Overall. Os contents and initial ratios are roughly anticorrelated,
suggesting mixing between a mantle component and a more radiogenic eod
member. If the laner is represented by average continental crust (i,t:., I87Qsf
ISSQs -1.2 [7)), simple calculations require -3-4% of crustal like Os in those
samples with 20-30 ppt total Os. On the other hand, n basanite from Amba
Dongar (-61 Ma) with a lower Os content of 15 ppr yields a chondri ric initial
most•ssos of 0.1 25, which is indicative of essentially no crustal contamination. A carbooarite dike from the Banner complex (68.6 Mal containing
6 ppr Os yields a very radiogenic initial IS7Qs/IB&Qs of 2.28. Finally, a
pyroxenite dike from the Mundwara complex with 3 ppl Os yields an even
higer initial ratio of 3.70. While these latter two results ~:ould result from
contami!UltiOn by unusUlllly radiogenic crustal rocks, they may alternatively
indicate d.:rivation from an~:icnt pyroxenite veins.
Based on available Sr-. Nd·, and Ph-isotopic data, the origin of the Deccan
alkaline complexes are best explained by the involvement of at least three
mantJe end members: Reunion pl ume, MORB -Iike asthenosphere, and
metasomati.t.ed subcontinental lithosphere. The Os budget of some samples
from lhc Mundwara and Bhuj complexes may be marginally affected by
crusl:ll Os. However, it remains that a pyroxenite dike and a carbonatite have
initial rati os higher than those of most crustal rocks. which may indicate
derivation from ancient pyroxenite veins in the subcontinental lithosphere.
Finally, the very low Os concentration of the Banner carbooatite suppons the
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notion tlmt COrrelated mctosomllli~m doe~ nor play an important rote in the
mantle Os budget
Refereoce.s: f I] Vandamme D. ct Bl. ( ICJ'll) Rev. Geoploys., 29 IS<l190. [2) Counillot V. e t al. ( 1986) EPSI., 80, 361 - 374. [3) Basu A. R. et al.
( 1993) Scit•nce, 261, 902-906. [4] Simonetti A. et al (1998) ./. Petrol., 39,
1847-1864. (51 Allegre C. J. et at. (1999) EPSL. in press. (6] Pegram W. J.
and Allegre C. J. (1992) EPSL, II I, 59-68. 171 Esser B. K. and Turekian
!-.. K. (1993) GO\, 52, 1383-1388.
CHEMICAL STRUCTURE OF THE REFRACTORY ORGANIC
FRACTION lSOLATED FROM A FOREST SOIL (LACADtE,
SOuniWEST FRANCE): BLACK CARBON CONTRIBUTION AND
ANALYTICAL BIAS. N. Poirier1.2, C. Largeau1 , J.·N. Rouzaudl, S .
Dcrenne2, A. Mariani•, and J. Balesdent•, •Diogeochimic Isotopique, Iostitul
National de Ia Recherche Agronomique!Ccnue National de Ia Recherche
Scicntilique/Uoiversite Pierre et Marie Curie, Paris, France, 1 Chirnie
Bioorgauique et Organique Physique, Centre Nation:~! de Ia Recherche
Scientifique/L'Ecole Nationalc Superieure de Chimie de Paris, Paris, France,
JCRM-Centre National de Ia Recherche Scieotifique, Orl~ans, France,
4Commissarint il I'Energie Awrnique, Saint-Paul les Durance, France.
Soil organic matter (SOM) is comprised of several pools with different
turnover rates, including a stable pool with mean residence times up to
millenia. Information on the nature and fate upon changes in land use of the
Iauer pool is imponaot, smcc variations in its abundance would geoemtc large
C0 2 flows between atmosphere and soil. However, the mechanism that
accounts for the stability of refractory SOM is still far from being completely
elucidated [e.g., 1). Protection by mincmls is often considered, but intrinsic
resistance of some SOM constituents, directly related to their chemical structure, might also be an imponaot factor. Nevertheless, the chemical composition of the refractory fraction of SOM is still a matter of debate.
A number of studies, chiefly based on solid-state tJC NMR observations,
pointed to the occurrence of bigi!Jy aliphatic recalcitrant structures in SOM,
reviewed in [2). To contrast witb the above findings. it was also considered
that aromatic carbon r.cods to accumulate as SOM decomposition proceeds.
lnde.ed. recent studies showed th.at black carbon accounts for a substantial
fraction of tollll organic carbon in various soils [1 ,3]. Accordingly. block
carbon might be an important souree for the refractory, aromatic, carhon pool
in soils [I .4). as recently shown in the case of I'TlaTine sediments [e.g., 5].
In a previous study [6] we observed that a substantial pan (-25%) of total
humin in a forest soil from Lacadee (soull1west France) is composed of oonhydrolysable macromolecular material and preliminary studies, via solid-state
IJC NM.R. and Curie point pyrolysis gas chromatogmphy mass specrrometry
(Py/GCIMS) pointed to a highly Jlipbatic structure for thls refractory frnt:·
tion [6].
In the present work. ll1is rcfrac..1ory material was funher examined via a
combination of elemental analysis, Fourier transform infrared specuoscopy,
quantitative pyrolysis, and transmission electron microscopy with electron
diffraction and dark-field imaging. It lhus appeared that (I) aliphatic moieties are only minor components in the refractory fraction of the LacaMe soil,
and (2) this fraction is dominated by a mixture of black carbon and
melanoidin-type macromolecules. The refractory fraction of the Lacadee soil
thus exhibits a complex and heterogeneous composition. In addition, this
study illustrates how the chemical structure inferred for such material can be
highJy biased wheo analytic-al methods such as solid-state 13C NMR and Curie
point Py/GC/MS arc used, since black carbon coutribution is highly undurcslimated by these methods.
References: [II Skjemstad J. 0. eta f. (1996) Aust. J. Soil Res., 34, 251271. [2] Preston C. M. (1996) Snil Sr.i., 161, 144-166. [3) Glaser B. et al.
( 1998) Org. Gec>chem., 29, 8 11-819. [4) Haumai~r Land Zech W. (1995)
Org. GetXhttm., 23, 191-1%. (5 ] Gusrafssoo 6. and Gschwcod P. M. (1998)
GCA, 62, 465-472. [6) Augris N et nl. (1998) Org. Geochem., 28, 119-124.
BONlNlTE-LIKE VOLCANIC ROCKS IN THE 3. 7- 3.8-BD..LIONYEAR-OLD ISUA GREENSTONE BELT !CENTRAL TECTONIC
DOMAIN), SOUTHWEST GREENLAND. A. Polatl, A. W Hofmann•.
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M. Rosing1. and J . Mycrs3. 1 Max-Planck-lnstitut ror C hemic, Abtei lung
Geochemie, 55020 Mainz, Gcnnany (poli•t@rnpch-mainz.-mpg.de: hofmann@
mpch-mainz- mpg.dc ). 2Gcologic;~l Museum, Univers ity of Copen hagen,
Oester Voldgade 5-7. Copenhagen 1350. Denmark, JGco logical Survey uf
Western Australia, 77 Falls Road, Lesmurdie, Austral ia.
The 3 .7-3.8-Ga !sua greenstone belt of southwest Greenland is characteril.ed by metamorphosed, nwtasomatitcd, and deformed lithote~:tnnic successions of volcanic and sed imentary rocks [ 1,2). The volcanic rocks arc
composed of pillow basalts intercalated with ultramalic units. The sedimentary units cons ist mainly of banded iron formations. cherts. and siliciclastic
tUibidites. The belt is 35 km long and up to 4 bn wide. occurring in 3.73.8-Ga Amitsoq gneisses.
The voluminous. intra-oceanic, malic to ullrama!ic (MgO = 7-25 wt%,
Ni = 60-827 ppm, Cr = 60-3450 ppm) metavolcanic rocks (garbenschiefer
amphibolites) from the central tectonic domain f II of the !sua greenstone belt
have typically low Ti0 2 (0.20- 0.40 wt%) but high (AI 20 3 13-20 wt%)
contents, resulting in high Al20:1fi02 = 45-t){) rdtios. They tend to have sub·
chond.ritic Zr/Y = 1.2-2.3, Ti/Zr = 65- 112, and Ti!V = 7-10 ratios. On a
chondrite-normalized diagram they possess the following significant features: ( 1) low MREEIHREE ratios (Gd/Ybn = 0.40-0.60): and (2) highly
depleted to enriched LREEs (La/Smn = 0.45-1.40), generating concaveupward REE patterns. In addition, they arc cb.nractcrized by depletion of Nb,
but enricbmem of Zr, Pb, and S r with respect to neighboring REEs. AJter·
ation and fractional cry~talliz.ation c;Jo be ruled out as the cause of tl1e distinct and coherent composition. The progressive depletion of h ighly
incompatible to compatible elements (e.g .. Th, LREE, Zr, T i, Y, HREE) may
have resulted from a previous melt extraction event from the mantle source,
consistent with positive ENd (1.5) values [3]. The concave-upward LREE
patterns, combined with the systematic depletion of Nb, relative to Th and
La, and the enrichment of Ph and Sr, with respect to Sm and Nd, may indicate
subduction-zone innuence on a previously depleted mantle source. Collectively. these geochemical characteristics of the garbenschiefer metavolcanic
rocks are comparable to those of Phanerozoic low-Ti island arc volcanic series
(e.g .. boninires).
References: [1) Appel P. W. U. et al. (1998) Terra Nova. 10, 57-62.
[2] Rosing M. T. eta!. ( 1996) Geology, 24, 43- 46. [31 Gruau G et al. (1996)
Chem, Geol., 133. 225 - 240.
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GEOCHEMISTRY OF 3 .7-3.8-BILLION-YEAR-OLD PILLOW
BASALT CORES AND RIMS FROM TilE ISUA GREENSTONE BELT
(NORTHWESTERN TECTONIC DOMAIN), GREENLAND: IMPLICATIONS FOR GEODYNAMIC SETTINGS. A. Polar 1 • A. W.
Hofmaon 1, J. Myers2 ;md P. W . U. AppeJ3, 1Max-Pianck-lnstitut fllr Chemic,
Abtcilung Geochcmie, 55020 Mainz, Germany (polat@mpch-mainz.mpg.de;
hofmann@mpeh-mainz.mpg.do). 2Geological Survey of We.stem AustrJlia. 77
Falls Road, Lcsmurdie, Ausrralia, JGeological Survey of Denmark. and
Greenland, 2400-Copenltagen, Denmark.
The rsua Greenstone Belt of West Greenland contains the world's oldest
known, relatively well-preserved, metavolcanic and metasedimentary rocks,
providing important information about the early history of the Earrb. The
rocks are all deformed, metasomatized, and metemorphosed up to amphibolite facies grade l1 ,2j .
Pillow basalts with well -preserved rim~ and cores are exposed in rhe
northwestern tectonic domain of the eastern part of tbe belt II ). The rims.
up to two centimeters thick. arc characterized by fmc-grained hornblende +
biotite ± quartz ± carbonates. The pillow cores, with radial and concentric
cooling fractures, contain hornblende +quartz+ feldspar+ biotite ± epidote
±carbonates (calcite). Composi tionally. tl1ey are tholeiitic basalts and basaltic andesites. Both the rims and cores have comparable A1 20 3 (I l-13 wt%).
Ti0 2 (0.84-0.96 wt%), Cr (40-390 ppm), Ni (60-130 ppm), Sc (20-50
ppm). Zr (63-73 ppm), Th (0.40-0.60 ppm), and Y (12-24 ppm) contents.
and AJ~01n102 (13- 14). Zr/Y (2.4-3.8), aod Ti!Zr (70-90) ratios. The rims
are more enriched in F~03 (17 .5-20.4 vs. 9.6-18.8 wt%) compared to the
cores. Large ion lithophile clements (LILE: Sr. Rb. Ba, K) have large varia·
tions both in the cores and rims. consistent with mobilization of these elements by sewndary processes. In some rims, LREEs appear to l!;tve been lost

during either seatloor hydrotherma l alteration or subsequent amphibolite
facies grade metamorphism, whereas HFSEs (Th, Nb, Zr. and 'T'i) have rema ined relatively unchanged. In contrast to tl1e rims, most cores appear to
have preserved their original REB and HPSE signatures. On a pri mitive
roantle-oormalized diagram. samples screened for minimum alteration hnvc
the follow ing significant characteristics: (l) slightly to moderately enriched
REE patterns, where La/Ybn = 1.5-3.0; (2) depletion of Nb with respect to
Til and La (Th!Nb 0 = 1.1 3-1.94, La/Nb0 = 1.2-2.3): (3) depletioo of Zr aod
Hf with respect to Sm and Nd (Zr/Sm0 = 0.86-1 .0); (4) depletion of Ti relative
to Sm and Gd (Ti/Sm, = 0.58-0.70); and (5) minor negative Eu anoma lies
(Eu/Eu* =0.85-1.0). Alteration, cmstal contamination, and fractional crystallization can be mlcd out a~ the cause of distinct and coherent trJ.ce-clcment patterns. The enrichment of LREE and depletion of HFSB in the lsua
pillow basalts are comparable to those of Phanerozoic juvenile oceanic island arc basalis, suggesting that modem convergent marginlikc tectoni~:
scnings existed as early as 3.7-3.8 Ga.
References: Ll l Appel P. W. U. et al. ( 1998) Terra Nova, 10, 57-62.
[21 Rosing M. T . et al. (1996) Geology. 24, 43- 46.

A COMMERCIAL CELESTINE ORES lN IRON-ORE DEPOSITS OF
THE SmERIAN PLATFORM. A. G. Polozovl, T . N. Morozl, N. A.
Palcbik2, L. V. Miroshnichenko2 , 0 . Yu. Belozcrova1,1. M. RomancnkoJ. and
P. F . Benedyuk 1, IJnstitute of Geochemistry, Siberian Branch of Russian
Academy of Sciences. P.O. Box 4019, Irkutsk 664033, Russia (poloz@
igc.irk.ru), ZUnited Institute of Geology, Geophysics, and Mineralogy.
Siberian Brdnch of Russian Academy of Sciences. Academy Koptug Avenue
3, Novosibirsk 630090, Russia (moroz@u.iggrn.nsc.ru), 3Jnstitutc of Experimental Minernlogy of R11~sian Academy of Sciences, Cheroogolovka, Moscow
District 142432, Russia (jgor@iem.ac.ru).
lotroduction: The sulfa te (S r. Ba, and Ca) mineral assemblages are
found in all iron-ore deposit~ of the Siberian platform. Withio some of these
deposits the commercial ce lestine ores have been discovered, but their compositions are not well examined. Th.is situation is not favorable for the development of the model of genesis, and for the creation of processing scheme
for the such ore types.
Geological Sketch: The i.ron-ore deposits of the so-called Angas<~-llim
type are located in intricately built breccia-fissUic zones. often of tubu lar
(columnar) configuration, and occur within the Phanerozoic cover of the
Siberian platform. The researchers proposed diverse genetic concepts (also
those reciprocally excluding each other) available in the lbeory of ore formation, on the origin of structures, hosted rocks, and ores.
Sulfate mineral assem/;lagl!s occur ubiquitously. Beyond columnar stmctures, in surrounding rocks. in the columnar structures proper and particularly within sedi mentary depos its of cupholes. developed in the upper parts
of deposits. Beyond columnar structures, t11e veins and r.ue nests in sedimentary rocks of different composition primarily represent these assemblages. In
the columnar structures proper t11ey occur through entire depth as oests and

Fig. I.

A polished section of the celestine nodu le.
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Fig. 2. A celestine-barite-anhydrite mioal patterns of the celestine ores from
iron-ore deposits.

veiolets in the silicate rocks of the basic composition, different metasomatic
rocks and ores. In the cupholes the sulfate minerals are available across the
whole section of deposits, but the maio one is located at the bottom, in the
domain of distribution of brecciated and more coarse-grained rock varieties
where mineralization is represented as a thick, crescentlike deposit. In the
center of depressions (up the cross-section) there are rocks enriched in the
spots and veinlets primarily of Cu minerals. These horizons are described as
bedded Cu ores. The near-surface parts contain widespread large nodules of
celestine (Fig. I), forming the Ieos and beds of commercial ores.
Mineral Composition: The mineral composition of commercial ores
was investigated using electron microprobe analyzer and by means of X-ray
powder diffraction method, Raman, and infrared spectroscopy.
Cationic and anionic isomorphous substitutions take place in the examined sulfate minerals. The Sr ion is replaced by Ba in the celestine lattice
and vice versa in barite ones and intermediate compositions are found as weU
(Fig. 2).
The celestine of intermediate compositions (celestinobarite) forms the
maio part of commercial celestine ores. The Ca content in such celestine
increases (up to 3.2% of CaO). The X-ray patterns and Raman spectroscopy
indicate the gypsum and anhydrite impurities in some celestine samples. In
the Raman spectrum the band due to VI mode of $042- is expected tO be the
most intense. A replacement of the SOi- anions by C0 32- was observed on
infr.tred spectra of celestinobarite crystals.
Summary: The Ca-content celestinobarite with substitution of S042anions by C032- ones compose the main part of commercial celestine ores.
These features should be accounted for to develop the model of genesis and
ore processing scheme.
Aclulowledgmeots: This work is supported by Russian Foundation for
Basic Research grants No. 98-05-65204.

TRANSFORMATION OF BASALT ON CONTACT TO SALTS IN
THE SIBERIAN PLATFORM SEDIMENTARY COVER. A. B.
Polorov. 0 . A. Proidakova, G. P. Sandimirova, and E. V. Smironova, Institute
of Geochemistry, Siberian Branch of Russian Academy of Sciences, P.O. Box
4019. Irkutsk 664033, Russia (poloz@igc.irk.ru).
Introduction: The basalt-salt interactions are interesting geochemical
phenomena, not only for the waste-disposal modeling (natural analogs), but
for the petrology and ore geology as well. The rare occurrence of similar
natural experiments requires in each case a close, detailed, and therefore complex study.
Geologic Setting: The contacts steeply dipping of basalt dike disposed
in salts of Nepa potash deposits of the Siberian platform sedimentary cover
were studied. The lying side of dike is changed as much as possible, i.e., it
becomes cavernous, and the caverns are filled in new formed minerals: si(jcates, sulfides, phosphates, oxides, sulfates, carbonates, and halite. The dike
itself is broken by numerous fractures with visible zones of alterations and
gangue minerals, e.g., silicates. sulfides, carbonates, and halite. As it was
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known earlier, the cavernous develop in the lying side of dikes and sills, at
close contact. due to their impregnation into the water-saturated stratas under
conditions of volatile mixing of underlying stratas and cooled magmatic body.
Experiment: The basalt sample was crushed up to a fraction 1-0.5 mm
and then the fractions of unaltered ("fresh'') basalt and altered ones were
separated. Thereafter these two samples were analyzed chemically, and the
residual was divided into three parts. One of the parts was not treated and
two of the others were leached by a double distillate water within 48 h; one
of them was powdered and the other was a fraction. After processing all three
parts were dichotomized and half of samples were treated by 1.5 N hydrochloric acid during 15-30 min. The water and chloride extracts were analyzed, as was leached basalt.
ResuJts and Discussion: On the REE chondrite norrna(jzed patterns, as
shown in Fig. I, a "standard" slope and position characterize the basalt from
contact to salts. The altered basalt practically does not differ by REE pattern
from the "fresh" ones. The basalt treated by hydrochloric acid bas not a
"basalt" slope of a normalized curve and demonstrates a sharp Ce minimum
with conjugated Eu maximum.
The REE analysis of unaltered basalt fractions, treated by water, demonstrates a weak slope in the LREE part explained as migration with a watersoluble salts, though this phenomenon required further special investigations.
The slope of a curve for samples treated by hydrochloric acid (fractions and
powder) were rather essentially changed. It is explained by preferential LREE
incorporation in carbonaceous phases.
Conjugate appearance of Ce minimum and Eu maximum in basalt, treated
by hydrochloric acid (Figs. I and 2), and newly fonned minerals range from
caverns and basalt itself have allowed to offer the model of origin of such
pattern on chondrite-normalized curves. Appearance of the sulfate-containing solutions on contacts of anhydrite stratas and cooled magmatic body
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results in thermal sulfate reduction. Under redox condilions (cluring anhydrite
decomposition) the S2- anions arc formed. Eu becomes bivalent and separa te
from the other REE, and sulfide-an.ion forms the su lfide minerals. as observed
in the basalt matrix., This phenomenon has a subjected role that depends from
the man y otber c<>ndirions. T he su lfate -containing sol ution oxidized th~
ce rium up to Ce~. and this e lement as '"ell a.s LREE incorporate into the
ca lcite crysta ls fonned in p lace of decomposed anhydrite and volaLile originated from cooled magma and superheated sedimentary rocks. So the calcite
and sulfides grains from such basal t are the scavengers of LREB and S1-.
Acknowledgments: This work is supported by the Russian Foundation
for Basic Research grants No. 98-05-64245.

CHARRED ORGANJC MA 'ITER IN BLACK SOILS OF SASKATCHEWAN. E. V. Ponomarcnko' and D. W. A.ndersonz, JCanadinn Museum
of Civilization. 100 Laurier Street. P.O. Box 3100, Station B Hull. Quebec
JSX 4H2. Canada (led@cyberus.ca), 2 Dcpartment ofSoiJ Science. University
of Saskatchewan. Saskatoon. Sas katchewan, S7N OWO, Canada (darwin_
anderson @duke.usask .ca).
A. combination of both conventional and novel techniques such as micromorphology, high-energy ultraviolet (UV) photo-oxidation, and scanning
electron microscopy (SEM), has been applied to estimate the proponion of
charred organic carbon (C) in the Black Chernozemic soils in Saskatchewan
The scheme of the UV O;tidation-based experiment developed by Sl<jcmstad
(1993) was modified and complemented by detai led morphologica l and
botanical analysis of char.
The followi ng morpbons and horizons bave been investigated within
both sand and loam soil profiles: ( l) ploug)l horizons in both erosional ;md
accumulative posi tions, (2) humus horizons in the noncultivated profiles ,
(3) zoogenic AB horizons, and {4) buried bumus horizon.
The investigation bas been carried out on gravel, sand, silt, and clay
fractions of the samples.
Gravel size fmctions of most samples from both plough horizons and AB
horizons included only arboreal charcoal. In other fractions char is represented
by products of incomplete combustion of both arboreal and herbaceous
vegetation, with the Iauer corresponding to incomplete combustion of sod in
wet conditi ons such as spring or late autumn/wi nter fires.
Char pool in sand fractions reflects results [Tom a series of fire events,
which can be distinguished on the basis of particle shape, surface area, and
!ype of fuel combusted. Jo sand fractions up to 25% of charred panicles
originate from herbaceous fuel (straw of grasses). Preserva tion of fragi le
herbaceobs char in sand size fractions poinls to ils recent origins. presumably due to manmade fires in agro-ecosystcrns.
T ile scanning clectton microscopy (SEM) investigation of char in partic le
size fractions showed that the surface area significantly differs for charred
particles assoc ia ted witb. si lt aod c lay fractions (separated by sedimentation).
Char in sand and clay fractions as we ll as those separated with heavy
liquids has a well-pronounced anatomical structure and high porosi!y. Charred
particles separated with Nal as a part of light fraction {LF) arc never smaller
than silt size. Distinctive char particles, sedimented witb mineral particles of
clay, are of silt size as well.
Char in silt fraction has low surface area with pores mostly in-fi lled by
clay. Plnnt anatomical structure is not pronounced beca use of clay coatings.
This has been interpreted as older uge of char associated with sill fraction
(" heavy'' char).
In plough horizons of Black Chemozemic soils. tbe charred C. estimated
as n UV-oxidation resislllnt part o f a C pool {ORC), contributed up to 60%
of total C conten t (TOC). The c.ontri butioo is hi gher in accumulative ele ments
of landscape than in erosional ones {60% vs. 45-SO% for the S<Jme site).
The humus hori w ns of uncultivated soils have a noticeably higher percentage of char than the plough horizons of culti vated soils (difference is 10 30% for the same site).
In pa leosols UV -ox idation-resistant C contributes up to 80% of TOC.
In A.B horizons ORC contributes 30-60% ofTOC, high variabili!y of char
content being characteristic.
The maximum percenmge of UV -oxidation-resistant C from the TOC in
the panicle size fractions is in the sand fraction (up to 70% of TOC in the

fraction); t.hc char content in the clay fraction Is generally the lowest {2040%). The major amount of ORC is stored in sand size fraction for AB
horizons. and clay fracti on for paleosol.
Distribution of C among pools of parti culated organic matter (I'OM),
oxidizable C. and charred C has been estimated with re ference to soi l C pools
of different labil ity. Comparison of ox idizable C con tent with the content of
LF in the sa me samples showed that at least SO% of oxidizable Cis rcpre·
sentcd by parti cula tcd organic matter.
This work demonstra tes that fw1her investigation. involving separation
of both charred C and partlculated organ ic matter. is required for accurate
estimation of the role of soi l humic substances in soil C pool of Black Soils.
References: [ I) Skjemsllld eta!. (1993) J, Soil. Sci., 44, 485- 499.

K1NETICS OF Till: ABIOTIC REDUCTION OF COLLOIDAL Mn02
BY NlTRITE. J. l. Popp and G. W. Luther Ill, University of Delaware, 700
P ilottown Road, Lewes DE 19958. USA (jpopp@udcl.edu).
Intl'oduction: Manganese ox ides are considered significant oxidants for
organic ma tter (OM) decomposi tion in the enviroument. The oceanographic
paradigm for OM decomposition has been designed to show a sequence of
oxidants based on the oxidant yielding the most free energy. This mode l ranks
the oxidants in the following order: 0 2 reduction, N03- reduction. Mn02
reduction. F~03 reductioo, SOl- reduction, and rnetha.nogeosis. Manganese
dioxide reduction occurs after nitrate reduction (denitrification): however, an
overlap of these zones bas been shown to a cen ain degree in pelagic scdi·
ments. Much of the research involving Mn0 2 reduction has centere-d on solid
phases: however. little bas been done with soluble or polymeric forms. Solub le
Mn(lll, IV) compounds could be of extreme importance at the interfaces of
oxic, subollic, ;md aooxic zones and in low-salinity waters. In this study. a
colloidal form of Mn02 (Mn02(c) J is used to determine the empirica l rate
Jaw and the acti vation energy for the reduction of Mo0 2{c) by nitrite to form
nitrate. Nitrite is an intermediate species in denitri fication as well as nitrification. Jo natural environments, the reducti on of solid Mo01 ( Mn~(s)) by
nitri te has bee n shown. In this study. the rates of reduction of Mn0 1 (c) were
measured as a function of pH (4.5-6) and temperature (11.5•-JJ.S•C). The
stoichiometry of the reduction of Mn0 2(c) by nitrite has been proved to follow
the reaction

The rates o f reducti on of MnOlc) by nitrile determined in this study were
considerably faster than the rates determined for the same reaction using
Mn0 2(s) instead of Mn02(c).

ORGANIC CARBON AND SULFIDE SULFUR-ISOTOPIC STIJl>ffiS
FROM THE OXYGEN/SULFUR AND SULFERIDEUTERIUM
BOUNDARY SEDIMENTS IN VOLAND. E. ParebsJ.<.a1, Z. Sawlowicz1,
and H. Stn~uss2. ' Insti tute of Geologica l Sciences, Jagie llonian Universi!y,
ul. Oleandry 2A. 30-638 Krakow, Poland (zbysze k@ing.uj.cdu.pl). 2Geologisch-Pa Hiontologisches lnstilut, Westf:il ische Wilhc lms - Universi tii.l
Mii.nStcr, 48149 MUnster, Germany.
lntl'oductiou: Most of the presented isotopic d;~ta come from the well stud ied Lower Pa laezoic deep-sea section in Zdanow. A few additional
samples from the SID transitioo in th e East Europt:an Platform (EEP) shelf
sediments were a lso studied. The Zdanow section represents a part of the
basinal sequence of the Bard1.kie Mounta ins (S udetes, southwest Poland). The
sequence, which inc ludes the uppermost Ordovician to Lower Carboniferous
sediment~. belongs to an accretionary prism that is believed to be deposited
to the north from the Gondwana-derived Armorica microcontinent, located
in tl1e high southern !attitude during early Siluri an. The 0/S boundary interval is characterized by a ttansiti on from the flysch-dominated Jodlownik Beds
{upper Ashgill) into hemipelagic an d pelagic Lower Graptolitic Shales {lower
Llandovery) [1). T he SID transition in the Bardzkie Moutains is developed
as deep- water graptolitic blac k clayey and siliceous sha.les. The hi ghest
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SPATIAL DISTRIBUTION OF CHROMIUM IN NORTHEAST
ARABIAN SEA SEDIMENTS. C. Prakash Babu1• H.-J. Brumsack2, and
B. Schoetger 2, 1National Institute of Oceanography, Dona Paula, Goa, 403
004, India (pbabu@csnio.ren .nic.in: pbabu@darya.nio.org), Zlnstitute of
Chemistry and Biology of the Marine Environment, Oldenburg University,
P.O. Box 2503 , D-26111 Oldenburg, Germany (brumsack@icbm.de;
b.schnetger@ icbm.de ).

Fig. I.

Silurian transgrediens zone and the first Devonian uniformis zone are separated by a thin (30-cm) interval of a linograptid "interregnum" [2). EEP shelf
sediments arc represented by gray marls deposited in an Ollie environment
of high accumulation tate.
Geochemistry: Organic C-isotopic data (12 samples) vary according to
the sedimentological and geochemical characteristics of the sediment around
the 0/S boundary (Fig. 1). Lower turbidite-dominated ollie sediments, which
probably mark the end of Hirnantian glaciation, have ol3Croc values around
-27 .5%o, hemipelagic transitional facies of anoxic shales have values around
-28.5%o, and pelagic radiolarian black cherts have values around -30.3%..
A dtastic change in redox conditions and in the style of deposition observed
in the studied section may be related to a glacio-eustatic sea-level fluctuation, recognized around the 0/S boundary in other regions where shift in 1)13C
values is up to 5%o [3]. Sulfur-isotopic data are limited. One sample of black
shale has l)l4S value !5.8%o, whereas values for three samples of cherts
changes from -!5.1%o to -7.9"/oo.
S 1lCroc values (II samples) at the SID ttansition change gradually from
-29.5%o in transgrediens zone to -28.0%o in the linograptid "interregnum,"
and return to -29.8%o in the uniformis zone. These values strongly coincide
with estimated higher primary productivity and contribution of nonsiliceous
plankton during the "interregnum" period (Fig. 2). Porebska and Sawlowicz
[2) suggested that the linograptid burst, accompanied by changing sediment
geochemistry across the SID boundary, was attributed to short-term
shallowing of the upwelling system, which introduced specific nutrient-rich
waters into the mixed layer. 034S values in transgrediens zone change irregularly from - l1.2%o to - 19.5%o, stabilize around - 17.6%o at the "interregnum"
sediments, and decrease rapidly to values around -21.3%. in the uniformis
zone. No significant correlation is discernible between S-isotopic data and
Fe, S, and TOC contents.
1)13Croc values (four samples from two boreholes) from the SID ttansition in EEP shelf sediments vary from -25.8%o to -26.5%o and are significant.ly heavier than values from the Zdanow section. This could be related
to a higher contribution of land plants (cooksonia have been found here). l)34S
values from the EEP sediments vary from -14.2%o to -2.4o/oo in the uppermost Silurian to 6.7%o in the lowermost Devonian.
References: [I) Sawlowicz z. and Porebska E. (1998) Mineral. Mag.,
62A, 1326-1327. [2) Porebska E. and Sawlowicz Z. (1997) Palaeogeogr.,
Palaeoclimatol., Palaeoecol.. 132, 343-354. [3) Marshall J. D. et al. (!997)
Pala11ogeogr. , Palaeoclimatol., Palaeoecol., 132, 195- 210.

Along the western continental margin of India, Cr (normalized to AI) is
relatively enriched in sediments overlain by the 0 minimum zone (OMZ. 1501200 m; range 17-33 x 10-4; mean 25 x IQ- 4) when compared to deeper
sediments (16-26 x I0- 4 , mean 20 x IQ-4 ) when the samples with low terrigenous component are considered. Within the OMZ, Cr seems relatively less
enriched in the southern Arabian Sea (southwest coast of India, maximum
26 x 10- 4) when compared to northern Arabian Sea sediments (maximum 31
x IQ-4) even though the mean concentrations are the same. Incidentally. the
productivity and organic C content (fOC) are relatively high (>l g Cfmlfd
and 2-4%) in the south when compared to the northern Arabian Sea (0.501.0 g C/m2/d and 1-2%). Chromium/aluminum show a positive correlation
with TOC/AI , Se/AI, and PIAl in the north (0.88, 0.89, and 0.80) but not in
the south (0.34, -0.26, and 0.44).
The poor correlation of Cr with TOC, Se, and P appears to suggest the
derivation of Cr either from heavy and opaque minerals and/or partial release
of biogenic Cr in southern Arabian Sea sediments, whereas Cr appears to be
accumulated in the northern Arabian Sea. The release of biogenic Cr seems
to indicate a relatively oxygenated sediment/seawater interface in the southern Arabian Sea, whereas the accumulation of Cr indicates the reduction of
Cr •VI to Cr•m, which is particle reactive. It appears that Cr•m is being
adsorbed onto settling particles and accumulates in the sediments. Uranium,
a redox-sensitive element, also shows a positive correlation with Cr/AI (r =
0.69, n = 17), supporting the idea of Cr reduction in the northern Arabian
Sea.
The normalized river particulate enrichment factor (EF) for Cr in the study
area is high even in comparison to anoxic basins, i .e., Framvaren fjord and
Cariaco trench. It appears that the suboxic water column causes Cr reduction
in the northern Arabian Sea, and the presence of a midwater turbid layer, as
reported in earlier studies, augments the rapid accumulation of Cr.
Our study suggests the potential use of Cr as a proxy for paleoxygenation
in northern Arabian Sea sediments, provided care is taken for Cr enrichment
during early diagenesis and potential variation in Cr/AI ratios owing to provenance of terrigenous detrital maner.
BIOGEOCHEMISTRY OF THE CAUVERY FLOOD PLAIN SEDIMENTS, SOUTIIERN INDIA: IMPLICATIONS TO THEIR ORIGIN
AND FARMING. G. K. Ptasad and V. Rajamaoi, School of Environmental
Sciences, Jawaharlal Nehru University, New Delhi 110 067, India.
Soil, an essential Earth resource for food production, is formed by the
interaction of the physical, biological, and chemical forces of nature. Allu vial soils and flood plain sediments are known to be very fertile and rich in
plant nutrients. The nutrient elements are derived from rocks in the catchment areas by complex weathering processes. Rock weathering, soil erosion,
transportation, and deposition of these weathered materials has resulted in the
formation of nutrient enriched, easily weathetable sediments. The alluvial sediments are home to billions of organisms, which utilize the bio-available
nutrients, in turn accelerating the process of bioweathering by secreting
various kinds of organic acids and complex chemical compounds into the
sediments. Action of these compounds leads to further weathering and release
of nutrients, thus making the area a highly fertile farmland. Understanding
this complex biogeochemical process is very important for sustainable agri culture. Cauvery constitutes a major river system of southern India. It originates in the western ghats, in the Mysore plateau, flows eastward, and finally
drains into the Bay of Bengal. Along the way it flows through granitic.
gneissic, and charoocldtic terranes that are subjected to repeated uplifts, and
forms a vast and highly fertile flood plain in the down stream area. Sediment
samples from the flood plain areas were collected from a depth of 0-20 em,
within 200m on either side of the river channel. The dominant type of fungi
present in the samples were isolated, cultured, and identified using techniques
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in microbiology. A.~pergillu.v niger, A. 1erreu.1 var. terreu.v, 8yssodtlamys nive
(Westling), R!tiwmucor pusilltts, anti Fusarium solnni were the major fungi
idcntjfied. All these organisms arc known to secrete organic ac ids anti hence
may play an active role in bio-weathering. Humic acids (HA) anti fu lvic acids
(FA) extracted from the sediment samples, were analyzed by inductively
coupled plas ma atomic emission spectrometry (ICP-AES) for various elements, and by X-ray diffraction (XRD) and infrared (IR} spectroscopy for
mi neralogy anti organic characteristics. The analyses indicate tbat. possibly,
the humus is fresh and not very complex in nature. Concentrations nf all mttjor
oxides in bulk samples, including the calculated Chemical Index of Alteration
(CIA), suggest lillie chemical weathering, of the samples as well as their
sources. The samples are predominantly alknline in oature, with low EC vHiues
indicating very lillie free ions. The organic C content is well below the avemge
expected values (<1.5%) and constitutes nearly 80% of the total C in the soil
samples. Nitrogen content is also at best low to average. Organic acid concentration is low and does not seem to have influenced the pH of sediments
to any great extent. Neither the texture nor the compositjon of the sediments
show any perceptible variation along the course of the river downstream, to
suggest any further chemical weathering. Most of the nutrients are still tmppcd
in the minerals of the sedjments, perhaps because of tbeir very recent origin.
JODlNE-XENON DATJNG: SENSITIVE CHRONOMETER FOR
REPROCESSING IN THE PRIMITIVE SOLAR SYSTEM. 0. V.
Prdvwvtseva anti C. M. Hollenberg, Campus Box ll05, McDonne ll Center
for the Space Sciences. Washington Un iversity, One Brookings Drive. St.
Louis MO 63130-4899, USA (am@howdy.wustl.cdu).
lnb·oduction: The 1-Xc chronometer is based upon decay of ll9J to
t29Xe in the early solar system. Recent comparison of 1-Xc system in individual mineral separates from 12 different meteorites Ill with independent
Pb-Pb data [2] has demonstrdted that 1-Xe clock is a reliable sensitive chronometer when applied to a single mineral system. Since most I hosts arc
secondary minerals, the 1-Xe clock generally records postfonnational processing, providing the information on early meteorite evolution. Absolute 1-Xe
ages can be found by normalization using Lbe measured 1-Xe and Pb-Pb ages
of Acapulco phosphate (4.557 ± 0.002 Ga). Absolute ages for the 1-Xe internal standards Shallowater and BjurbOie, 4.566 ± 0.002 Ga and 4.565 ±
0.003 Ga. respectively, provide absolute 1-Xe ages for aU olber samples. The
1-Xe age of bulk meteorite is meaningful and interpretable only when the
carrier ofprimorwal I is a major minera.l phase (e.g., enstatite chondrites [3]}.
Using the "monomincral" approach, separated phases from the Richardton
H5 chondrite provide a case history ofpostformationnl alteration in this object
[4]. 1'1Us work applies the l-Xe chronometer to determine lhe times of reprocessing of selected minerals in single meteorite types. A preliminary account
or thjs work was recently reported (5).
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minera l phases from L, LL. and H chondrites.

R~11Jts: Our recent measurements of 1-Xc ages of L, LL, and H chondrites along witl1 earlier results from our group [I) were combined together
and shown on u sing le plot (fig. 1). Minerals whose isotopic syste m expccl.t'd
to close first du.ring metumorphism (Cr-spioel and pyroxene} have the oldest
1-Xe ages, whi le phosphates and magnetites are among the youogesL Troilil.t'
and feldspar hnve intermediate ages. Although specific closure temperatures
of different mincrnls may vary depending upon chemistry, solid-state reactions and thermodynumic properties, the observed trend is suggcsti vc.
Conclusion: Iodine-xenon chrunometer applied to a single mineral
system shows different closure times for different mineral separo1tcs from the
same meteorite class. 1'1Us observation gives us encouragement that the 1-Xe
system cnn resolve mineral-specific meteorite evolution bolb wilb qualitative
sequence and quantitative formation times.
Acknowledgments: This work is supported by NASA grant NAG54173.
References: [1) Brazzlc et al. {1999) GCA, in press. (2) G!lpel C. et nl.
(1994} £PSL. 121, 153-171 . [.3 ) Kebm K. et al. (1994) LPS XXV. 683-684.
[41 PrJvdivtscva 0. V. ct al. (1998) MAPS, 33, Al26-AI27. [5 ) i>ravdivtseva
0. V . and Hohcoberg C. M. (1999) LPS XXX, Abstract #2047.

A FAST THERMAL METHOD FOR BLACK CARBON ANALYSIS OJo'
NATURAL SAMPLES. K. M. Prentice and J, I. Hedge-s, Oox 357940.
School of Oceanography. University of Washington, Seartle WA 98 195-7940.
USA (preoticc@u.washington.edu; jihcdges@ u.washington.edu).
lntroductiun: With increasing concerns of anthropogenic effects on the
natural environment anti 4uestions couceming paleoclimatology, many studies have been aimed at quantifying the amount of black carbon (BC) in the
environment. Titese studies are char.Jctcrizcd hy numerous and occasional ly
opposing definitions of BC. wfficultics in quantification, and often involve
complex procedural steps. The goal of our study was to test a simple and rapid
therma l oxidation rncth<XJ to mea~ure black carbon (BC) in naturnl samples
(incl uwng polh:n, coal, wood, marine sedimellf, and soils}. This method was
then compared wrectly 10 photo-oxidatjoo and di chromate methods of measurement 11,2),
Method: 'The thl>~mal OKidation method described below is based on a
method developed by Gustafsson ct at. (3]. Natur:J I samples were spiked with
a known amount of carbon black-acetylene (Aifa) before treatment io order
to utilize a standard addition method of quantification. Carbon black was also
used as an internal slllndard to account for any loss of BC during therma l
oxidation. Samples were weighed into pretared silver boats (5 x 3.5 mm,
Microanalysis} and lhennally oxiwzed for 24 h at 375•c. After cooling to
room temperature, sumples were exposed to HCI vapor for 24 h to remove
carbonate 14). Samples were then analy?.ed for weight percent BC in a CHNElemeotal Analyze r (Carlo Erba, Model 1106).
Results: The ratio of BC to organic C wns very smull io all natural
samples, implying that BC may not be a large factor in C cycling. In comparison to otlter oxidation n•cthods, thermal oxidation gives consistently lower
UC concentrations for a gi vcn sample. These BC measurements result from
the inability of the thermal oxidation method to measure char materials .
Acknowledgments: We would like to thank J. Baldock, C. MasieUo.
and J. Skjemstad for providing samples and valuable input We wou ld also
like to thaolt the AOG group for aJI of their guidance.
Reffnoces: [IJ Skjemstad J. 0. et al. ( 1999) in press. [2] MasicUo C. A.
and Dmffel B. R. M. (1998) Science, 280, 1911-1913. [3] Gustafsson 0.
clal. (1997) Environ. Sci. Tedmol., 3/, 203-209. {4] Hetlgcs J. I. and J. !1.
Stern (1 983) Linmol. Oceatwgr., 29, 657- 663 .
l'LATINUM (;ROUP ELEMENTS JN TilE 2.8·GA KOSTOMUKSHA
GREENSTONE BELT. I. S. Puchtcl and M. Hurnayun. Department of
the Geophysical Sciences, University of Chicago, 5734 S. Ellis Avenue,
Chicago IL 60637. USA {ipuchtel@gcosci.uchicago.cdu; hum8@midway.
uchicago.edu).
lotroductinn : Platinum group elements (Ru, Rll, PcJ, Os, lc and Pt) are
present at higher levels in komatiites than in basalts making komatiiLes beuer
probes of m;Jntle PGE nbundances. Abundances of PGEs in komatiitcs and
ba.~alts provide complementary information to that derived from mantle
xenol iths. We :tre investigating Archaean mantle PGE ahuntlances using
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komatiites, and associated basalts. from the Baltic Shield to better constrain
the effects of partial melting and fractional crystallization on PGE abundances
and to estimate source compositions. Here, we report precise PGE data for
the 2.8-Ga Kostomuksha greenstone belt. Based on field relationships, traceelement, and Nd-Pb-Os-isotopic data. the submarine lava sequences of this
greenstone belt have been proposed to be remnants of the upper crustal portion
of an Archaean oceanic plateau [I]. Osmium isotopes indicate that the source
of the Kostomuksha lavas had a supercbondritic initial y1870s of 3.2 :t 0.9
[2). These komatiites were thus derived from one of the earliest known plumes
with a !&70s-enriched isotopic composition [3).
Experimental: Samples analyzed were from pillow and massive basalts,
and olivine spinifex-textured and cumulate lcomatiites, from a number of wellpreserved lava flows, recovered from deep (up to 600 m) diamond drill holes.
A Finnigan ElementTM, magnetic sector inductively coupled plasma mass
spectrometer (ICP-MS), with a CETAC MCN6000 nebulizer, was used to
measure the PGEs by isotope dilution. Samples were spiked witb a mixed
spilce (99Ru, IIOPd, 190()s, t91Jr, and 198Pt) and then fused with NiS. Groupseparated PGEs were directly analyzed. and spectral interferences were corrected as follows: Mo and NiAt+ on Ru, Cd on Pd, Pt on Os, and Hg on Pt.
Procedural blanks were determined by analyz.iog four aliquots, 0.5-4.5 g in
size, of a low PGE basalt and were (in pg): Ru 19, Pd 626, Os 12, lr 14,
and Pt 317. Blank corrections applied were <2% for komatiites and 5-20%
for basalts.
Results and Discussion: Data are shown in Fig. I. normalized to a mantle composition (PM) with CI-relative abundances [4) and Ir = 3.2 ppb [5].
Basalts. The basalts have MgO abundances ranging from 6.5% to 8.4%,
and are characterized by having highly fractionated PGE patterns, (Pt/Os)N =
10 :1:: 4, and subcbondritic (Os/lr)N = 0.7 1 :1:: 0.16. The PGE abundances show
a strong positive correlation with MgO, Ni, and Cr, and thus behave compatibly in the basalts.
Komatiites. The spinifex-textured (MgO = 25-28%) and cumulate
(MgO = 34-37%) lcomatiites are moderately enriched in Pt and Pd relative
to Os and lr with (Pt/Os)H = 2.5 :1:: 0.4, and exhibit chondri tic (Oslir}N = 0.98 :t
0.06 ratios. The PGE abundances in the eight analyzed spinifex-textured
komatiites vary by 11-16% about the mean. The cumulate komatiites sbow
a systematic decrease in Pt and Pd with increasing MgO. This is consistent
with dilution of these melts by olivine. In contrast to the basalts, PGEs behave
incompatibly in the early cumulate phase of these komatiites. probably due
to sulfide undersaturation. Thus, the relative PGE abundances are representative of primary komatiite melts.
From mass-balance considerations we find that removal of average
Kostomuksha komatiite from a cboodritic mantle source produces depletions
of Pd {up to 75% for 30% melting) in the residue, and enrichments of the
compatible Os and Ir (25% ), with minor effect on Ru and Pt abundances
(<10%). A residue of this type may be represented by the Biu harzburgite
[6). With the exception of Pd, the PGEs appear to behave compatibly during
komatiite extraction, implying little Pt/Os fractionation in the residual mantle.
Our calculations show that the Pt/Os enrichment combined with the Os
abundance observed in these samples is still insufficient to account for radiogenic 186()sf1B8Qs observed in some plumes [7) with reasonable assumptions regarding the amount of komatiite subducted and mixed into a chondritic
mantle source. We conclude that the origin of the radiogenic J86()sfU8()s
signature requires a noncrustal source, supporting previous arguments [3,7 ,8].
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References: [I) Puchtcl I. S. et al. ( 1998) EPSL, /55, 57-74. [2) Puchtel
I. S. et al. (1998) AGU Fall. [3] Walker R. J. et al. (1995) Science, 269, 819822. [4] Anders E. and Grevesse N. (1989) GCA, 53, 197-214. [5) Morgan
1. W. (1986) JGR, 91, 12375-12387. [6] Rehkamper et al. (1997) Science,
278, 1595-1598. [7] Brandon A. D. et al. (1998) Science. 280, 1570- 1573.
[8) Walker R . J. et al. (1997) GCA, 6/, 4799-4807.
CLAY CHARACTERIZATION WITH AN ELECTRON MICRO·
PROBE: AN ARCHAEOLOG ICAL EXAMPLE USING COARSE
POTTERY FROM THE AZTEC CULTURAL HORIZON IN
MORELOS, MEXICO. G. PurceJJI, D. Wark2, and S. Adhyal, 'Department of Anthropology, University at Albany, State University of New York,
Albany NY 12222, USA (gp9420@cnsvax.albany.edu), 2Director of the
Microprobe Facility, Depanment of Geosciences, Rensselaer Polytechnic
Institute, Troy NY 12180, USA (warkd@rpi.edu), lDepartrnent of Earth and
Atmospheric Sciences. University at Albany, State University of New York.
Albany NY 12222, USA (sa8438@csc.albany.edu).
Coarse pottery usually results from fuing an intentional mixture of clay
and nonclay minerals and rock fragments (clasts), although some naturallyoccuring clays are suitable for pot-making without added "temper." In particular, clay chemical variability in coarse pottery may provide a set of
signatures for particular pot-making recipes and/or natural sources of clay.
Traditionally, neutron activation analysis (NAA) bas been used to determine
this chemical variability. While NAA can be used to characterize the clay
chemistry of fioewares, it bas serious limitations when used to assay coarsewares, since it conflates in one analysis/assay what are essentially different
populations (clay minerals, nonclay minerals, and clasts). Since these can
covary unpredictably in coarse pottery in several ways, NAA is unlikely to
produce a reliable assay of the clay chemistry of the any one discrete population within this material.
In this research, electron microprobe analysis (EMA) was used to assay
the elemental composition of the clay in a set of well-documented pottery
sberds from in and around the Valley of Yautepec, Morelos. Our goal was
to assess the suitability of ema for such clay characterization, and to compare the results of NAA assays of precisely the same coarse pottery, using
the same set of elements. The probe was set up to assay 14 elements: Si, Ti,
AI, Fe, Mo. Mg, Ca, Na, K, Zn, Cr, Ba, V, and Ce. The result of the work
suggests that EMA of the clay chemistry of coarse pottery represents an improvement over the traditional NAA method for the purposes of archaeological inference.
MECHANISM OF ADSORPTION OF CADMIUM ONTO GOETIIITE
AND HYDROUS FERRIC OXIDE IN THE PRESENCE OF SELENITE. K. V. Ragnarsdottir1,2, L. Spadini2, and A. Manceau2, !Department
of Earth Sciences, University of Bristol, Bristol BSS I RJ, UK (vala.
ragnarsdottir@bris.ac.uk), 2Laboratoire de Geophysique Interne et Tectonophysique/Centre National de Ia Recherche Scientifique, Observatoire de
Grenoble, Universite de Joseph Fourier, 38041 Grenoble Cedex 9, France.
Introduction: The understanding of the sorption of cations and anions
to mineral surfaces is fundamental for many processes in soil and environmental geochemistry and has thus received considerable interest in the past
decades [ 1,2). We now know that heavy metal cations such as Cd bind to
mineral surfaces such as the iroo(oxyhydr)oxides by the formation of innersphere complexes through hydroxyl groups on the mineral surface [3-5) .
Oxyanions such as selenite (SeOl-> also form innersphere complexes by
binding to hydroxyls at the surface in a similar maooer [6-8). However, the
mechanism of cation sorption in the presence of a ligand such a selenite is
not well understood. Workers in the field of mineral interface geochemistry
have suggested three possibilities: Shift of sorption isotherm to lower pH by
electrostatic interaction; formation of ternary cation-anion-surface complex;
and formation of a surface precipitate [2,9]. In this study we report the results
of extended X-ray absorption fine structure (EXAFS) spectroscopy for coadsorption of Cd and selenite to goethite and hydrous ferric iron. We will
demonstrate that the pH shift of the sorption isotherm is electrostatic and that
no ternary surface complexes are formed.
Methods: Goethite (CLFeOOH) was prepared from commercially available material (Bayer). Hydrous ferric oxide (HFO) was synthesized by hy·
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drolyzing a ferric nitrate salt. The dens ity of protonable surface sites as
measured by potentiometric titrations was found to be I . I x 10-'2 site per Pe
;~tom for goeUJite (1.2 site o.m- 1), and 1.15 x 10- 1 site per Pe atom for HFO.
0.3 M NaCI04 was used as a backgrou nd electrolyte. TI1e solids were reacted
with solutions containing first disso lved Cd, then Se or vice ve rsa. TI1e
solutions were monitored for pH and dissolved ions. The solids were sepa·
rated from the solutions by centrifugation and dry solids were presented to
the EXAFS beam. EXAFS measurements were undertaken at the Dnresbury
Laboratory, UK, for Cd and LURE, Orsay, for Se. Data reduction followed
a classical procedure. Selenium-irou and Cd-Pe c.rysta11ograpbic distance.-;
were determined with theoretical phase sbiit functions.
Results: Preliminary data analysis indicates that the sorption rnedmnism
for Cd to both goethite and H.FO is independent of selenite presence. Fitting
of the EXAFS spectra give -6 0 at ll distaucc of 2.3 A from tl1e Cd central
atom, -1 Fe at a distance of 3.2-3.3 A and -I Fe at 3.5 A, indicating edge
sharing and comer sharing binding mechanisms, respectively, for Cd as for
Cd sorption in the ab~ence of Se [4, 10]. TI1ese s ite.~ correlate with the socalled high-affinity sites (edge sh11ring: termi nation of chai ns) and lowaffinity (comer sharing) sites [4,1 1]. NoSe is observed in t.he coordination
sphere of Cd.
For selenite, which has the coordination of a pyramid, sorbed onto goethite or HFO 3 0 arc found at 1.7 A, -0.5 Fe at -2.9 A and -2.0 Fe at
3.3 A corresponding to edge and double comer sharing respectively. Similar
sorption mechanism is observed for selenate [7]. arsenate [8, 12], and chromate [ 12]. No Cd is observed in the coordination sphere of Se.
Discussion: The data presented here indicate that selenite and Cd have
a similar binding mechanism for goethite and HFO surfaces. No ternary
complexing is observed iu any of the spectr.J, whether Cd is adsorbed first
and then selenite, or vice versa. This i~ in agreement with results for coadsorption of Cd with phosphate and sulfate on goethite [13]. The absence
of ternary complexes on these mineral surfaces will simplify future thermodynamic modeling of cations to iron(oxyhydr)ox ides.
References: [I] Davis J. A. and Kent D. B. (1990) in Minl'ral-wuter
lntl'rfac:e Geochemistry (Hochclla M . F. and Whi te A. F., eds.), pp. 177-260,
Rev. Mineral. 23, Min. Soc. Amer. [2] Stumm W. ( 1993) Chemistry of the
Solid-water Interface. Wiley. [3) Hiemstra et al. (1989) J. Colloid lnter:l
Sci., 133, 91 - 99. [4 ) Spadini et al. ( 1994) J. Colloid lnterf Sri., 168, 8386. [5] Brown G. E. Jr. (1990) in Mirrual-water fnlf!ljace Geochemistry
(Hocllclla M. F. and White A. F.. cds.J, pp. 309-364, Rev. Mineral. 23, Min,
Soc. Amer. [6) Hayes et al. (1987) Science, 238. 783-786. [71 Manceau A.
and Charlet L. ( 1994) J . Colloid lnterf. Sci., 168. 87-93. (8] Manceau A.
(1995) GCA, 59, 3647- 3653. [9 j Schindler P. ( 1990) in Mineral-water Interface Geochemistry (Hochella M. F. and White A. F ., eds.). pp. 281-308.
Rev. Mineral. 23, Min. Soc. Amer. [ 10] Randall et al. (1999) GCA, in press.
[I I] Dzombak D. A. and Morel F. M. M. ( 1990) S~rjace Complexation
Modelh•!t: Hydrous Ferric Oxide, Wiley. [ 12] Pcndorf ct al. ( 1997) Environ.
Sci. Tecl111ol., 3 f. 315-320. [ 13] Coltj ns ct al. (1999) GCA, in press.
CHARACTERIZATION AND ORIGIN OF AN ULTRAPOTASSIC
ALUMINOUS A-TYPE GRANITOm FROM SOUTHWESTERN
INDIA. H. M. Rajesh, Department of Geosciences, Faculty of Science,
Osaka City University, Sugimoto 3-3-138, Sumiyoshi-ku, Osaka 558-8585,
Japao (rajesh@sci.osak.a-cu.ac.jp).
Introduction: The Proterozoic granulite facies terrain of the southwestem part of the Jndian Perunsula is intruded by a suite of alkali granite and
syenite plutons preserving evidence for a prominent pa n-Africnn felsic
magmatic event [1.2]. These intrusives arc considered to represent anorogeruc
or postorogcnic A-type magmas gcnerJtcd in rift-related environments of high
heat flow and abundant volatile activity, correlative with an extensional
tectonic regime and probably including melts generated from both upper
mantle and lower cruslal sources. The. Pan-African (-550 Ma) Peralimala
(PM) alkali granite pluton (within northern Kerala) forms the largest gra nitic
pluton in this suite and forms the focus of this study.
Field Setting, Petrography, and Conditions of Crystallization: TI1e
PM pluton is spatially associated with tl1e Bavali lineament. The pluton was
al igned nearly parallel to the northwest-sout11east to east-west fault in the
basement. consistent with magma ascent along preexisting deep-fau lt linea-

ment io an extensional tectonic regime. The PM pluton shows compos itional
variation from quartz syeni te to leucogranite to less dominant marginal
syenite, but it is difficult to delint!ate the different facies within the pluton.
Granitic dikes, having similar ntine.ralogy with the PM granite. occur withi n
the pluton as well as in the surTound ing gneissic rock, and are probably
offshoots of the main plutonic body. The grani tic body exhibit sharp contacts (wherever exposures are available) with surrouoding gneissic rock
(hornblende gneiss, hornblende-biotite gneiss, and biotite hornblende gneiss)
and opx (cpx ± hbl :t: bt)-beitring quartzo-feldspathic chamockite. TI1e plutoo is characterized by the presence of Fe-rich hydrous malic min era Is, Perich clinopyroxene, primary magu.tite,J02 above. the Ni-N iO buffer and high
initial emplacement temperatures ncar 95o•c. Significantly magoetite coe~sts with titanjte and shows very low mole fmction of the ulvo~pine l component aud Ti coutent.
Ml\jor-, Trace·, Rare--Ear1l1-Elcment., and Strontium-i~otopic Chemi~try: The PM grarute is a high-K (K20 -12 wt%) granite, belonging to the
transitional group IV ullralXllassic rO<:k classification of [3]. The rock ~:om
position significantly varies from slightly pcralkaline to mostly meta luminous
to slightly peralwninous. Features like high total alkalis, high total Fe. low
CaO, and MgO, low mg-number, medium to high TiOfMgO, high concentration of HFSE and REE are typica l of A-type gran itoids. Alp1 cootcot
ranges from -14 to 19 wt%. designating the PM granite as aluminous. The
REE abundances generally increase with increasing Si02 from syenitic to
quartz syenitic to granitic facies wilhin the pluton. ln the various tectonic discrimination djagrams, the PM granite samples straddle between volcanic-arc
granite and within-plate granite field5. while they belong to the Al subtype
of [4]. The low initial B7Srf86Sr ratio (0.7032) is in the range expected for
rocks derived from lower crustal or upper rruotle protoliths.
A Plausible Petrogenetic Model: Many of the petrogenetic problems
posed by ultrapotassic rocks, like explanation of extreme incompatible clement enrichments. etc., arc similar to those of other alkaline rock types.
Hypotheses previously suggeste-d for the petrogenesis of ultrnpotassic rocks
(sec [5 J and [3] for a detailed review of petrogenetic models) seem not to
explain the trends of the PM gran ite samples. The major-, trace-. and REE
patterns imply Umt the PM pluton is not related to fractional crystallization
process. Major clement models t11at use observed phases are consistent with
an origin by partial melting from a chamockiric parent. TI1c overall chardcteristics ol' the trace and REE pattcms of PM granite are similar to those of
igneous cbamockites (C-type) from northern Kerala. Trdce-element and REE
modeling give reliable tits when the igneous charnockitic source is used, but
fails for other source rock.s from northern Kerala. A petrogenetic model
involvin g partial melting of a charnockitic mafic-iJitermediatc lower crust is
proposed for dJe PM granite. Fluid inclusion studies in the PM granite-quartz
samples prompt for the notion of infiltrating COrricb tlwds enhancing the
melting. The late crystallization of hydrous mafic minerals together with the
presence of granitic dikes in the b>r.lrtite suggests an increase in fif,o toward
·
the fina l stages of crystallization.
R~ferenccs: [ I ] Santosh M. and Drury S. A. ( 1988) J . Geol., 96, 275284. [2) Rajesh H. M. et al. (1996) J . Solllheast A.vi. Earth. Sci., 14. 275291. [3) Foley S. F. ct al. (1987) Eartli ScL Rev.. 24, 81-134. [4] Eby G. N.
(1992) Geology, 20. 641-644. (S] Gupta A. K. and Yagi K. (1980) Sprio.gerVerlag.
FATTY ACIDS lN PARTICULATES FROM CONCEPTION BAY,
NEWFOUNDLAND: MOLECULAR AND CARBON-ISOTOPIC
VARIATIONS ACROSS THE 19% SPRING BLOOM. C. S. Ramos 1•2 ,
C. Parrish3, T. Quibuyenl, and T. Abraj ano2, IJnstitute of Che.mistry,
University of the Philippines, Diliman, Quezon City, Philippines 3008
(ramose@rpi.edu), 2 Department of Earth and Environmental Sciences,
Rensselaer Polytechnic Institute. Troy NY 12180-3590, USA (abrajt @
rpi.edu), lQcean Science Centre, Memorial Un iversity of Newfoundland, St.
John's, NF A J B 3X5. Caoada.
Molecular variations in the types of fatty acids incorporated by algae into
lipids across the spring hloom wi ll have a direct impact on subsequent uti lization of this C and energy source for the pelagic and benthic food webs.
Previous work bas also shown that 813C of primary phOt.osymhntes is sensitive to the timing of biogenic production because of isotope effects asso-
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c.:iatcd with changes in temper~ture , DIC concentration, SllCDIC and algal
growth rate. In this work, we examined the molecular (tipid classes and fatty
acid molecular disuibutio n) and compound-specific snc (individual fatty
acids) variations across the spring bloom (tow nets and sediment traps) in
Conception Bay. Newfoundland. to elucidate the transfer of primary phntosynthate to benthic and hyperhenthic environments in the Bay.
Flu)(~S for total lipids and selcctl'd lipid classes were recorded separately
for poisoned and noopoisoned SL-ilimcnt traps. Titc higher ··nux" of material
tO the poisoned traps (total lipids: >I 00 mglmlfd at peak of the bloom)
compared to the nonpoisoned traps (total lipids: < 80 mglml/d at peak of
the bloom) suggests a significant contribution of material by zooplankton
(swimmers) in poisoned traps. There is likewisl' a discrepancy between the
tlll)(es at the 80 m (total lipids: 60- 80 mglm2fd at peak of the bloom) aod
220 m (total lipids: <40 mglm21d at peale of the bloom) sediment traps signifying loss of organic material with increasing depth.
Temporal changes in molecular composition of fatty acids in particulates
provides useful information on the sources aod fate of settling organic material
(1] . For example, w-3 PUFAs are believed lobe synthesized de novo only
in phytoplankton (2] . PUFAs are major components ofneutrJI and phospho·
lipid photosynthetic cells but oc.:ur in very low levels in phospholipids of
:snimals compared to the neutral lipid fraction (3]. In Conception Bay. the
variation in 1:16;0/.I:lll:O and J6:4WI mimicked t11e temporal variation of total
lipids noted above, indicating that the C 16 fatty acids are primarily diatomsourced
Compound specific one values measured on fatty acids revealed overall
isotopic patterns coosrstenl with expt.cted variations across the phytoplnnkton bloom. Among the saturated fatty acids, for eltample. 14:0 is mostly
present in neutral lipid as metabol.ic energy reserve bur is absent in phospholipid and this makes 14:0 a useful marker in the food web. Measured l)I3C 14,0
values during the bloom arc consistently 5- 6'foo enriched in 13C when com·
pared to o 13Ct 4:a values measured after the bloom. This shift could indicare
cith.e r growth :rate effects or DTC substrate limitations at the peak of the bloom
[4). Intermolecular o•JC variation observed in phytoplankton tow oers range
from l-3%o. but larger variations were observed in sediment traps. Intermolecular oJJC fatty acid variation of up to 8%o was apparem in sediment traps,
which npproximates intermolecuhtr variations also observed for benthic or·
gaoisms [5). In contrast to observations made on bulk organic liUC, compound-specific
variations cannot be explained by changing "terrestrial
input." although very depleted values for terrestrially-derived fatty acids were
noted in the present work. Given the limited intermolecular one variations
already noted for primary production, we suggest that the larger variations
observed for sinking particulates rruy be related to heterotrophic utilization,
a suggestion consistent with lipid loss recorded in our molecular dntn.
References: [I] Parrish C. C. (1998) Organic Geochrm., 29, ISJI1545. (l) Fraser A. J. and Sargent J. R. (1989) Murine Chem., 2'7, 1-18.
[3) Sargent J. R. and Wh.inlc K. J. (1981) in A11alysi.< of Marine Eco$)•Stems
(Longhurst. ed.), pp. 491-533. A. R Academic Press. Loudon. [4) Biego:r T.
ct al. ( 1997) Organic Gtochem.. 26. 207-218. [S I Abrajano et al ( 1994)
Organic Gl!ocltem., 21 , 611-617 .
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THE FATE OF SORBED ARSENIC AND COROMTUM DURING
EARLY DIAGENETIC TRANFORMATIONS OF IRON OXIDES:
INSIGJITS FROM EXTENDED X-RAY A.BSORPTION FINE STRUCTURE SPECTROSCOPY. S. R . Randall, D. M. Sherman. and K. V.
Ragnarsdonir. Department of Eanh Sciences. University of Bristol, Bnstol
BS8 lRJ. UK (dave.sherman@bris.ac.uk).
Arsenic and Cr are significant contaminantS in many soil and sediment
systems around the world. targely as a consequence of anthropogenic activities. Fortunately, natura l at1cnuation by sorption on sediment aod soil com·
ponents currenUy limits mobility and bioavailability of As and Cr. However.
early diagenetic processes have the potential to liberate sorbed melllls and
tum many contaminated areas into persistent sources of pollution. This
problem can only be mitigated by an understanding of the processes that will
control the long-term mobility of As and Cr.
Chromium and Arsenic During Transformnt inn ot Ferribydrite:
Naturally occurring, poorly ery~talline iron oxyhydroxides such as ferrihydrite
are known to be very effective sorbents of As(V) [ 1-3] and Cr(lll) [4].
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Fcrrihydrite is metastable and over time it ages into more crystalline phases
such as goethite (a-FeOOH) aodtor hematite (a-Fez01) [5]. We observe that
nei ther As nor Pe are re leased to solution during the aging of As(V)-contaminated ferrihydrile . Increasing levels of As(V) favoured the formation of
hematite over goethite and slowed the reaction to a poiot where it was ar·
rested completely at Asi(As + Pe) =0.032. Extended X-ray absorption finestructure spectroscopy (EXAFS) analysis showed that while As(V) remained
as surface complexes throughout the aging process (i.e .. it did not coprecipitate with and/or fonn a solid solution with Fe). the local coordination environment was different to that of As(V) adsorbed on pure goethite or hematite.
Introducing As to the system prior to ferrihydrite nucleation did not alter the
ultimate As coordination environment.
In contrast to the As(V)-fcrrihydrite aging experiments. aging of Cr(lll)contaminated ferrihydrite resulted in a persisten t release to solution of Cr(IIl),
although there was no release of Fe. Increasing levels of Cr(lll) did s low the
aging process. but goethite was always lhe sole aging product. EXAFS
analysis showed that Cr(lll) persisted in a y-MeOOH-type environment
throughout. There was only limited evidence for Cr(lll) in an a -MeOOH
environment that would have indicated substitution for Fe(lll) in a-FeOOH .
Oxidatiun of Green Rust. Green rust (fe4 (11)F~(IH)(0H) 12S0 1 3HP>
is a likely intermediate phase in the formation of iron (oxyhydr)oxides such
as goethite, lepidocrocite, artd magnetite. and current thinlcing is that it occurs in many soi l and sediment systems. Green rust is of potentially great
importance to trace-metal mobility because of irs mi}(ed valence. However,
our EXAFS analysis has shown that As(Y) is not reduced to the more mobile
and toxic As(lll) fonn following equilibrium with green rust for 24 h. It
rematns adsorbed in surface complexes throughout, even during the o~ida
tion of gre-en rust to lepidocroc ite. The same result is obtained whether As(V)
is added prior to or after green rust nucleation. In contrast. Cr(VJ) undergoes
instantaneous reduction to Cr(lll) following interaction with green nrst.
SuJfidization of Iron Oxides; Whereas iron oxyhydro}(ides generally
limit the mobillty of AstV) 110der oxic coodjlions. As mobility is limited by
equilibrium with authigenic Fe and/or As sulfides under reducing, S-rich
environments [8]. We observe that sulfidization of As(Y)-cootaminated
goethite results in the formation of poorly crystalline macbnawite (FeS 1_,),
aod thttl As(V) is r.1pidly reduced to As(lll). In association with macboawite.
ilissolved As conceotr.llions rt!main low. and EXAFS analysis shows thntthe
first coordination shell around As( !II) is identical to that in poorly crystalline
orpirnent (A$;!S3(am)) [9). We find no evidence of arsenopyrite formation over
the time scale of our eJtperirnents.
References! [l) Fuller C. C. and J. A. Davis (1989) Nature, 340, 5254. [2) Waychunas G . A. et al. (1993) OCA, 57, 2251-2269. [3) Mllllceau
A. (1995) GCA. 59, 3647-3653. [4] Chnrlct L. and Manceau A. A . (1992)
J. Coli. Int. Sci., 148, 443-458. [5] Schwertmann U. and E. Murad ( 1983)
Clays Clay Minual., 3/, 277-284. [6] Hansen et al. ( 1994) GCA, 58, 25992608. [7] Myneni S. C. B . et al . (1997) Science, 278. I 106-1109. [81 Moore
eLal. (1988) Environ. Sci. Tec/tnol.. 22. 432-437. (9] Ht:lz G. R. et al. ( 1995)
GCA. 59, 4591-4604.

CUARACTERIZATION OF COLLOIDS OF ENVIJWNMENTAL
AND GEOCIIEMJCAL INTEREST USING FIELD-FLOW FRAC·
TIONA TION INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY . J. F . Ranville 1 , R. Beckett2, and D. J . Chittleboroughl,
'Department of Chemistry and Geochemistry. Colorndo School of Mines,
Golden CO 80401. USA (jranvill@mines.edu), 2Watcr Studies Centre.
Monash University. Clayton. VIC. Australia 3168. and 3Department of Soil
Sclen~e. Waite Agric:ultura l Research Institute. University of Adehride, G len
Osmond. SA. Australia 5064.
Introduction: Colloidal particles, which are generally described as be·
ing from 0.001 -1.0 fim in size. are important components of aquatic, soil ,
and groundwater systems [ 1). Tht! important:e of colloids arises from both
their high spe~ific surface areas. which facilitates reactions at the water-solid
interface, and from their mobility in surface aod ground waters [2,3]. Our
currcot ll!lderstaodiog of the role of natural colloids is somewhat limited by
the lack of methods capable of unambiguously determining their physical and
chemical chamcteristics. Colloid size is one important physical characteristic. Si~e in-part establishes specific surface area, influences mineralogy aod
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of a soil are shown below. Through use of element ratio distributions, the
role of soil mineralogy on colloid transport was investigated.
References: [I) Ranville J. F. and Scbmiermund R. L. (1999) in Re·
views in Economic Geology, Vol. 6 (G. Plumblee, ed.), in press. (2) Ryan
J. N. and Elimelech M. (1996) Colloids and Surf A. 107, l- 56. [3] Buffle
J. and Leppard G. G. ( 1995) Environ. Sci Techno/., 29, 2169-2184.
[4) Harvey R. W. et. al. (I 989) Environ. Sci. Techno/., 23, 51-56. [5) Beckett
R. and Hart B. T., in Environmental Particles (J. Buffle and H. P. V.
Leeuwen, eds.), pp. 165- 205. [6] Ranville J. F. et. al. (1999) Anal. Chim.
Acta, 381, 315- 329.
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NEW INSIGHTS INTO THE SEISMOTECTONICS OF DEEP·
SEATED INTRUSIONS. A. S. P. Rao, 12-13-483110, Nagarjunanagar,
Taroaka, Hyderabad-5000 17, India (idcoucea@hdl.vsnl.net.in)
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Fig. I. (a) A2/B I mobile colloids; (b) A2 soil matrix colloids.

chemical composition. and affects the transport of colloids [4]. Field·flow
fractionation (FFF) is a relatively new, chromatography-like method that can
be used to obtain high-resolution size distributions. and also to provide sizebased separations of natural colloids, [5]. The separating ability of FFF allows collection of fractions, of narrow size range, wb.ich can then be further
characterized. Coupling of FFF to inductively coupled plasma-mass spectrometry (lCP-MS), or to another atomic spectroscopic method [i.e., inductively
coupled plasma atomic emission spectrometry (ICP-AES), and atomic absorption spectrometry (AAS)], provides a particularly powerful means of investigating the influence of colloid size on elemental composition [6]. Field-flow
fractionation fractions are also commonly characterized by electron microscopy and X-ray diffraction (XRD).
Fleld·F1ow Fractionation Methods: An FFF analysis is performed by
injecting a small volume of particle suspension into the FFF channel. Particles are transported down the channel by a earrier liquid. Laminar flow establishes a parabolic distribution of flow velocities within the channel. The
application of a force perpendicular to the flow direction causes the particles
to migrate to one wall of the channel. In the case of submicron particles, !he
applied force is opposed by diffusion of the particles, which increases with
decreasing particle size. As a result, smaller particles are able to interact with
higher velocity flow lines, resulting in an earlier elution time than that for
larger particles. Colloids are detected as the elute from the FFF channel by
a UV detector. The resulting plot of detector response vs. time is termed a
fractogram. Fractograms can be readily converted to particle size distributions
using fundamental equations [5].
Field-Flow Fractionation Applications: Field-flow fractionationinductively coupled plasma has been applied to a number of geochemical
studies. One specific example, to be presented in the talk, includes the investigation of transport of mobile soil colloids through soil macropores.
Comparison of the particle size distributions of mass (UV response), AI, and
Fe for a mobile soil colloids vs. !he soil matrix colloids in the A2 horizon

The author presents a new model for the origin of tectonic earthquakes
that occur by the reactivation of variety of preexisting zones of weakness in
response to the new stress field generated by the upward movement of the
deep-seated plutons into the overlying lithospheric crust. According to this
model, deep-seated (a few tens of kilometers) intrusions emplaced into the
orogenic or nonorogenic regions are confined to enormous lithostatic pressures (-20-10 kbar) and are in a state of dynamic equilibrium with the thick
crust overlying them. The author [I] presented evidences for the forceful and
upward movement of deep-seated anorthositic plutons in solid state, subsequent to magmatic emplacement into the overlying crust. Spatial association
between mafic (and ultramafic) plutons (hidden plutons inferred from local
gravity highs) and local seismicity has been suggested [5]. Therefore it is
reasonable to believe that tectonic earthquakes are caused by the upward
movement of plutons into the lithospheric crust overlying them. Data from
detailed observations of earthquakes suggest that direction of transmission
of sttess is from hypocenter locations to epicentral areas. The periodic (responsible for return period of earthquake) upward movement of an intrusion
(depending on its size, shape, and depth) subjects the overlying lilhospheric
crust to enormous stresses and strains, produces foreshocks, changes in electrical resistivity. gravity anomalies. Earth's magnetic field, Vp!Vs ratios, water
table level and sand boils, reduction of strength of rocks and friction between
moving parts of rocks, lilt, subtle uplift of ground and creep besides geochemical and geothermal changes in soils and water and unusual behavior of
animals, and ultimately leading to bending, breaking (when stresses exceed
the strength of the rock) and causing displacement and/or extension of preexisting fault (reactivation of old faults on tbe surface) or generating faults
at depth (blind faults) leading to stress relief. There is evidence that seismicity is relatively high along belts where alkaline igneons rocks were emplaced,
although these are not always clearly related to the distribution of earthquakes
[2). For different types of earthquakes the precursory phenomena are different and are controlled by local geology, structural discontinuities, water table
conditions, and their effect on the mechanical properties of crust and soils
[3) above the pluton besides the size shape, depth, and composition of the
pluton. Upward movements of deep-seated plutons in ductile (few hundred
kilometers deep in the Circum Pacific belt, i.e., plutons in very deep sub·
duclion roues and in orogenic Mediterranean belts) cause earthquakes and
are usually wealcly felt wb.ile shallow plutons in brittle zones (few tens of kilometers, i.e, plutons in highly eroded Alpine-Himalayan belt and Andes
young fold belts and plutons underlying thin continental crust riddled with
faults, as in the state of California) can cause damaging earthquakes. The
ancient shield areas (Peninsular India, etc.) are zones of mild seismic activity because plutons intruded into them had since already reached static
equilibrium. However, ancient shield areas that had experienced locally, geologically young extrusive and intrusive activity (60-Ma Deccan Traps
volcanic activity in Peninsular India) are zones of potential earthquakes (e.g.,
Lathur 1993 and Jabalpur 1997 earthquakes) and the New Madrid earthquake
in USA was due to reactivation by alkali pluton of the rift A rising pluton
will activate another pluton to cause earthquake. (The Kobe 1995 earthquake
Japan was activated by two earthquakes that occurred in 1944 and 1946.)
The Chamoli 1999 earthquake (India) activated another pluton (50 km away)
that caused tbe earthquake between Rudranath and Gopeshwar. Seismic gaps
represent potential zones underlain by plutons for future earthquakes while
asperites represent areas where destressing has commenced on the hidden
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plutons. Plutonic complexes arc the sill'S of frequent eanhquakcs.
Prediction of eanhquakc involves exact location by a suitable geolog•cal
and geophysical technique (seismic tomography [4J) of an active pluton
hidden beneath continental crust. or in deeply eroded young fold belt or in
(rift its size. shape. and depth) and also from the precursory phenomena
(microscismic activity). Foreshocks can be used in tracking its upward move·
mcnt and assessing the resulting impact on the crust and soil ahove the pluton.
Plutons intruded into crust at shallow depth (-10 Jan) are not very danger·
ous. But beware of plutons beneath thin continental crustal plates (wet) riddled
with suuctUJ'lll discontinuities (stare of California), continental rifts filled with
sediments (New Madrid area). and plutons in young orogenic belts experi·
eocing rapid erosion (Himalayas. Andes. etc.) and failed rifts hosting plutons
and also reservoirs built on areas underlain by dorman• plutOns.
References: [I] Rao A. S. P~ this volume. (2] Sykes L. R. ( 1978) Rev.
Geophys. a11d Space Phys., 16.621-688. [3] Rao A. S. P. (1989) 28th I.G.C.
[4] Diftctor's essay (1996) C/W Yearbook, 55-61. {S] McKeown F. A. (1978)
J. Res. USGS, 6, 41-50.
NEW INSIGHTS INTO THE TECTONICS OF PROTEROZOIC
ANORTHOSITES. A. S. P. Rao, 11-13-483/10, Nagarjunanagar, Tamak.a,
Hyderabad-5000 17. India (idcoucea@hdl.vsnl.ncl.io).
The aulllors presented a new tectonic nod petrologic model for !.he origin
of the Proterozoic anorthosites [ J]. The autbor DOW presents field, tcCIODiC
geochemical, experimental nnd geochronological evidences that show that
deep-seated anorthositic plutons. subsequent tn magmatic inuusion into !he
crust in the Grenville Province and in the Rogaland complex. had dynami·
cally forced their way upward, lubricated by noritic liquids (can't be residual
liquids expelled from the diapir due to filter pressing) generated by frictional
heat in p.T gradient as tectonic iouusions into !.he overlying crust and show
signs of deformation at the margins while the aoorthositic plutons emplaced
at shallow depths of -I 0 km (leuconorites and leucotroctolltcs) in the Labrador remained more or less static willl signs of little or no deformation at their
margins. The plutons in the Labrador could not rise upward tectonically into
t.hc overlying crust due to insufficient stress relief produced by the erosion
of the thin crust (-10 km) overlying them. Therefore. the pristine. under·
formed and layered in .riru plutons in the Labrador have anorthositic dikes
in the surrounding country rocks, show ctlilled margins, high-temperature
contact metamorphic effects and remobilized gneiss [2], and according to expectation they show (e.g .. Kiglapait intrusion) concordant Sm·Nd (1416::!: SO
Ma) and Rb·Sr ( 1413 ± 54 Ma) internal ages [3]. In contrast, !.he deep-sen red
anorthosite plutons that were under enormous ronfining lithostatic pressure
illld were under dyruunic equilibrium with !he thick crust overlying them, now
found in deeply eroded mid to late Proterozoic Grenville orogenic belt and
in Sveconorwegiao orogenic province. dynamically responded to descressiog
conditions (caused by easy erosion of defonned rocks of few reus of kilo·
meters thick over a period of 200-500 m.y.) and moved upward. These plutons show variable degrees of deformation (severe protocuJstic suucture shown
by Egersund-Ogna massif in Rogaland, Norway) ;1ttheir m•rgins due to vanable upward movement, contamination effects at the margins of Marcy massif
(Adirondacks) whcre, the marginal sample have high Rb content (up to 38
ppm) and I, (up to 0.705) comparc!d to interior samples Ibm typically have
5 ppm Rb and I.,= 0.704 [4), illld show osumilite at short distmces from
the contacts, but do not show high-temperature contact metamorphic effect~.
chilled margins and anorthostic dikes in the country rock as these feature were
left behind at depth due to upliftment of the plutons. Titese evidences are
vonsistent with the view that the massif illlortbosites found in the Grenville
Province and in the Sveconorwegiao Province are not in situ massifs and
indeed had moved upward into the overlying crust subsequent ro their magmatic emplacement from very deep level. This view is furt.hcr suppor1cd by
the presence of anorlhositic dikes within the diapiric pluton type I [5]. ll1s
evident from the presence of anorthositi~: cJike within the diapiric ma.ssif that
during the uplift of the massif effective detachment and separation of the dike
from the massif had taken place. Giant pyroxene megacrysts (highly alumi·
oous) with exsoJved plagioclase lamellae from the Marcy massif. Adirondacks
and relatively primitive MgfMg + Fe up to 0.8 that are thought to have been
products of crysrnllization at high pressures [6.7] show the highest Nd initial
ratio (£Nd 5) were not affected by crustal contamination [4), implying tl1at

=

the pluton moved upward to a higher level into the crust as a solid surrounded
by thin layer of silicate liquid at the margin. Tht megacrysrs of plagioclase
and orthopyroxene from the center pan of the EgeJSuod-Ogna body an<l also
rocks that retained their priDJary texture as well as mineralogy From the Marcy
mass1f (4] plot along an "oder'' isochrons (1500 ± 300 Ma) and (1288 ±. 36
Ma) respectively while the recrystallized rocks formed from the remelting of
marginal rocks of the massif show lower "ages" (i.e~ 919 ±. 12 M3 for the
Marcy sample and 1200-1000 Ma for the leuconorite from the EgcrsundOgna body). Therefore geochronological evidence suppons the view that
massifs moved upward as solids without pcrterbing isotopic ratios. Some
anorthosites and related Elsonian plutons were uplifted and eroded in a
relatively shon time following their emplacement [8). Tectonic emplacement
mechanism for the massif-type anonhosite. consistent with abundant mylonite
at and near the anonhosite country rocks contact, was proposed [9). There
is evidence for isotopic exchange between illlortbosites illld circulating, hot
meteoric wa1ers flO], implying that isotopic exchange took place be tween
anonbosite and crrculaung. hot meteoric water after the massif was tectonically transported 111 shallow depth ( -10 k.m) .
Refer~c4!S; [1] Rao A. S. P. owd Sriwvas K. (1<197) LPI C"ntrib, U2/,
169-170. [2] Wiebe R. A. (1980) Nature, 286, 564-567. (3] De~Jaolo D. 1.
(1981) GSA, 13, 437. [4] Ashwal L. D. and Woodeo J. L. (1983) Nature,
306, 679-680. (5] Wiebe R. A. ( 1992) in Proterozoic Cnmnl Evolutit>n
(K. C. Contli~. ed.), pp. 215-261, Elsevier, Amsterdam. [6] Em.~lie R. F.
(1975) Candinn Mineral., 13. 138-145. [7) Longhi J. et al. (1993) Am.
Mineml., 71/, 1016-1030. [8) Emslie R. F. (1978) Can. J. £.Sri., 15, 431453. [9] Ashwal L. D. et al. (19<)8) C. M. P., 133, 389-401. (10] Valley J. W.
and O'Neil J R. (1982) Nature, 300, 497-500.
MICROBIAL AND CHEMICAL REDOX REACTIONS OF IRON IN
DEPTH PROFILES OF PADDY SOIL. S. Ratering and S. Schnell,
Max-Planck-Institute for Terrestrial Microbiology, K;ul-von-Fris~h-Str:isse.
D-35043 Marburg. Germany (rntering@mailcr.uni-marburg.de; schoell@
mailer.uni-marburg.de).
Rice snil is subjected to periudic changes of o~tic and anoxic conditions.
After floocJing of the fields a major part of tile soil becomes ilDOxic. Before
tile rice is harvested the fields arc drained, illld 0 is available for oxidation
of reduced compounds like ammonium, Fe(ll), and sulfide. Beside the seasonal reoxidation event a steady reoxidation of reduced copounds occurs
during flooding. On the soil surface. dissolved 0 from the flooding water is
consumed by ch.emicnl illld microbial oxidation of reduced ingunic compounds aod aerobic degradation of organic matter. Oxygen is also avai lable
for oxidation processes in the close proximity of rice roots due to the dif·
fusive traospon via tht acrenchym. In the present study, Fc-reduciog and Feoxidiziog activities were localized in rice soi l by profile measurements of solid
phase Fe(ll) and Fe(lll) determined after e~traction with 0.5 M hydrochloric
acid (1]. Dissolved Fc(lf) was measured directly in the pore water.
The development of the Fe(JI) and Fe(nl} profiles at the surface of flooded
rice soil was obsrrvcd in microscale over a time period of II weeks (Fig. 1).
After that time the profiles were stable and showed lowest concentrations of
solid phase Fc(ll) on the soil surface with increasing concentrations to a soil
depth of JO mm (100 J.UilOVcml). Porewaler Fe(ll) concentrations were 3
orders of magnitude lower than extructed Fe(ll) that incJicated that most of
the Pe{ll) was precipitated as siderite or vivianite or immobilized by adsorp·
lion to solid phases. Profiles of Fe(lll) showed maximwn concentrations ar
a depth of 2-4 rom ( 100-200 ~mollcml). In contraSt to the Fe( II I) profiles
highest concentrations of the electron acceptors 0, nitrate, aod sulfate were
determined at the soil surface. Dissolved 0 showed supersaturation at the soil
surface due to phototrophic production and a depletion of 0 below 3 mm
dept.h. Sulfate and nitrate concentrations in the porewater were highest directly in the upper 100 fl1Tl soil layer (40 jJM sulfate 3IId 10 jJM nitrate) and
decreased with soil depths. Methane production rales measured from soil
layers incubated separately in closed vessels were zero at the soil surfuce 3Ild
increased with soil depth.
Iron profiles of paddy soil planted wit.h rice were determined from soil
cores that were cut out between the nee plants growmg in a distance of 60 mm
to each other. The Fe(lll) proftlc showed a narrow peak beneath the soil
surface in a deptb of 0.5 mm to 2.5 m.m with Fe concentrations up ll1
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eoce of the cessation of sludge release on sediments from Boston Harbor. In
lht: second study we examine the influence of s ludge re lease on the 0>-isotopic composition of sediments from a deep water dump site located ol'f the
coast of the eastt:ro Un ited States, far removed from other sources of contaminant input.
Boston Harbor Sediments : For several decades , the primary source o f
both suspended solids and metals to Boston Harbor was the discharge o r
sewage s ludge und waste waters from mumcipal treatment facilities. All sludge
release lo the harbor stopped in December 1991. S urface sediments recovered from Boston Harbor in t978, 1993, and 1996 show a clear trend toward
lower Os concentration and higher l870sf 1880s in more recent samp les. A
surface sediment s:unple from 1978 is highly enriched in Os (852 ppt) relative to avernge crustal material (-50 ppt), and has a 187Qsf iBHQs 0.279,
stighUy higher than measured in Boston sewage sludge (0.15 - 0 .171 [2)). The
very uoradiogeoic cbamclcr of t978 surface sed iment indi\.-ates that in excess of 80% of the Os in this sample is derived from anthropogenic sources.
By l9%, the Os concentrJtion of Boston Harbor surface sediment decreased
more than six-fold relative to the 1978 surface sample. Osmium-187/osmiu m188 of 1996 surface sediment increased to 0.842. indicating -25% of the Os
in this sample is derived from anthropogenic sources. 1993 surface sediment
is intermediate between the 1978 and 1996 samples in both 18?Qsf188Qs and
Os concentration. A down-core profile from a 1993 core records a simi lar
shift toward greater anthropogenic influence with depth io the core, suggesting that down-core records of Os-isotopic variations may renect the history
of sludge release. l11e cooccntratiollS of Pb and Ag have decreased in Boston
Harbor sediments over the same time interval [4); however, r.he magni tude
of the concentration decreases (<50%) is not as l arge as the shift in Osisotopic composition.
Deep Ocean Dump Site 106: Between 1986 and 1992, - 36 million
metric tons of wet sewage. was dumped at a 270 Jt.m2 site 196 km southeast
of New York City in a water depth of roughly 2500 m. We have investigated
the Os concen tro~tion and Os- isotopic composition of a 30 em sediment core
recovered using DSRV Alvin. The concentrations of Ag. Linear alkylbenzenes (LABs), and coprostanol in this core have already been reported [5],
and atlow a comparison of Os isotopes to other tracers of sewage io the marine
environment. In gencro~l , down-core Os-isotopic variations mimic the ot11er
tracers of sewage input. with the strongest anUuopogenic signature at the core
top (l87Qsf188Qs 0.605), and decreasing to background val ues at depth. Os
concen1ration enrichments in the 0-1-cm sample are 2-3x above background
values, similar to Ag enrichments. In detail the distributi on of the different
contaminant tracers differs, with the Os-isotopic data suggesting the influence of sewage penetrates to 10 em below U1e sediment-water interface. In
contrdSt discernible Ag enrichmems are confined to the upper 6 em of the
core. LABs and coprostanol persist to depth greater than 6 em but only in
trace amounts. The differing distribution of these sewage trJcers in this core.
requires either differing source terms for the different tracers over the dumping period, or differential trallSport during sedimentation and diagenesis, or
both . Thus wh ile a ll trace rs yie ld similar qualitative results, quantitative
e.o;timates of tlu~ magn itude of sewage influence differ.; among the di fferent
tracers. In the least impacted samples, these differences are most pronounced.
Summary: rn both the Boston Harbor and Deep Water Dump Site studies Os isotopes were shown to be sensitive 1racers of sewage impact on marine
sediments. The Boston Harbor study indicates that Os isotopes have responded rapidly to the eh;~nges in sewage discharge patterns, reflecting dim ini shed in put of anthropogenic Os. The Deep Water Dump Site study
dcmonslratcs that the sensitivity of Os isotopes is similar to that of other
sewage tracers.
References: [ I) Esser a nd Turekian (1993) ES&T. 27. 2719- 2724
[2] Ravizza and Bothner (1996) GCA, 60, 2753- 2763. [3] Wil linl1l5 et nl.
( 1997) EPSL, 148, 34 1- 347. [4) Bothner et al. (1998) M. Environ. Res.. 45,
127-155. [5] Bothner et al. (1994) M. Environ. ~es. , 38, 43- 59.
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Fig. 1. Depth profile of solid ph:!se Fe(II) (0) and Fe(lll) (II) concenlrations
of unplanted rice soil cores incubated under flooding conditi ons for II weeks
in t11e greenhouse.

390 j.Ul)OVcmJ. Below 2.5 mm soil depth, the Fe( III) concentrations decreased

to values of 15 t.JlliOI/cml. The Fe(ll) profile was sim ilar to profiles of
unplanted soil.
From all the profi les, various zones of different reactions of Fe were
identified in flooded rice paddies. Di rectly at the soil surface solid-ph:Jse Fe(Jl)
concentration.s were low due to d iffusi ve loss of porewater Fe(U) into the
flooding water. High concentrations of organic acids in this soi l layer
complcKcd Fe( ill) and enhanced diffusion thus preventing accumulation. The
soil layer between 2 and 4 rnm is characterized by Pe(lU) accumu lation
resulting from difiusive transport of porewater Fe(U) from deeper soil layers
and Fe(II) ox idation by 0 and nitrate . Iron-reducing activity wa~ localized
in a depth of H nun. Be low this depth meth:Jnogenesis was the predominan t process due to the lack of alternative electron act'l!ptors . In planted rice
paddies the 0 release of root~ stimulated both Fc(ll ) oxidation and Fe(lll)
reduction.
References: [ I ) Schnell S. et al. (1998) Environ. Sci. Tu/Jnol .. 32.
1530- 1537.

OSMrUM ISOTOPES AS TRACERS OF SEWAGE DISJ•ERSAL IN
THE MARI NE ENVIRONMENT. G. Ravizza 1, C. B. Tuit 1. and M. H.
Bothncrl. 1Woods Hole Oceanogrdphic Institution, Woods Hole MA 02543.
USA (gr:Jvi:a.a@whoi.edu), 1U.S. Geological Survey, Woods Hole MA 02543 ,
USA.
lnlroduction: The Os concenlration of sewage is enriched 10- to 100fold re la tive to average crustal material. and the 1870sf188Qs of sewage is
distinctly lower than the l87Qsf1 88Qs in typical marine sediments. Tbis elemental enrichment and isotopic contrast a llows Os-isotopic variations in
lll3Jine sediments to be used as a tracer of anthropogenic metals in the marine
environment r 1- 3). Low I87Qsfl88Qs (0.15- 0.33) in municipal sewage rctlects
the ultramafic affioilies of the Pt group metal deposits from wbich Os is mined
for industria l and medical uses. High 11!1Qsf18SQs in typical marine sediments
(J .0-1.3) reflects r.he isotopic composition of Os in common continental rocks
and seawater. The pathways by which anthropogenic Os is released to r.hc
marine environment aTe not fully un derstood; bowever, it is believed r.ha1
disposal of Os-beariog soluti ons that are used as stains in medical electron
microscopy labora tories is U1e primary reason muoicipal sewage is enriched
in Os.
Here we report the results of two complementary studies designed to
further assess the utility of Os isotopes as tracers of the dispersal sewage
particles in the marine environment. In tho ftrst study we examine t11c influ-
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CARBON-ISOTOPIC CHARACTERISTICS OF PYROGENIC POLY·
CYCLIC AROMATIC HYDROCARBONS AND BL ACK CARBON IN
AQUA TIC SEDIMENTS: DEVELOPMENT OF METHODS. C. M.
Rendy and T. I. Eglinton. Woods Hole Oceanographic Insti tution, Woods Hole
MA 02543. USA.
Introduction: Some sedimentary records of polycyclic aromatic hydrocarbons (PA Hs) and black carbon (BC) show that these cb.emical.s arc well-
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TABLE I.

Concentration and o"C of BC in sediments.

Sample ID

SC (mg g·')

SL 0-2 em (n = 2)
SL 6-8 em (n = 2)
SL 10-12 em (n = 2)
SL 28-30 em (n = I)

1.90 ± 0.12
2.50 ± 0.03
2.79 ± 0.28
2.13

-23.35 ± 0.04
-23.44 ± 0.10
-23.62 ± 0.01
- 24.1 I

correlated and suggest similar sources [I ,2]. As part of a project utilizing C
isotopic compositions of PAHs to determine historical variations in the
deposition of combustion·derived contaminants, we are developing a parallel method to measure the IJC and l"C content of BC. These results will aid
in examining the extent to which these combustion products are coupled.
Sample Location: Sediment cores from Siskiwit Lake, Isle Royale, Ml
were collected. This site was chosen because the input of PAHs is mostly
via atmospherically-transported particles and the fluxes and chronologies of
PAHs inputs have been previously determined [3). Four sediment horiwns
(0-2, 6-8, 10- 12, and 28-30 em) were initially analyzed that should represent contemporary inputs. post-bomb testing and high concentrations of
PAHs (-1965), pre-bomb testing (-1945) and moderate concentrations of
PAHs. and pre-industrial activity (-1800) and trace levels of PAHs respectively.
Method: We used a modified version of the Gustafsson et al. [I) method
for measuring BC. This thermal method operationally defines BC in sediments
as the fraction of C remaining after thermal oxidation at 375°C for 24 h (to
remove labile organic C) and acidification (to remove inorganic carbonates).
Briefly, -200 mg of sediment was placed into a precombusted 12-mm
(J.D.) x 20-cm (length) quartz tube. The sediment was placed horizontally
in a muffle oven and heated at 375•c for 24 h. The tubes were then removed,
allowed to cool, and treated with HCI to remove carbonates. The aqueous
phase was removed, and the tubes were then dried overnight at 1o•c. Copper oxi.de and elemental Ag were added to each tube containing the treated
sediment. Each tube was attached to a vacuum line, evacuated, flame sealed,
and combusted at 8so•c. After cooling, each tube was attached onto a
vacuum line, and the C01 was purified and measured manometrically. The
1)13C of the C~ was measured by isotope ratio mass spectrometry. Splits of
the C01 were reserved for '"C analysis by accelerator mass spectrometry.
To compare the SC results, we will compare them to the 1"C and 1)13C
of individual PAHs in similar sediments. Briefly, sediments are extracted with
organic solvents, and the extracts are fractionated with silica-gel and highpressure liquid chromatography. Individual PAH are then separated and
collected by repeated injections on a preparative capillary gas chromatograph until 25- 250 mg of each individual PAH are obtained [4). Each PAH
is then converted to graphite for I"C analysis. The l)llC of each PAH is
measured on an isotope-ratio-monitoring gas chromatograph mass spectrom·
eter (irrnGCIMS).
Results: The initial results of the BC method are shown below in
Table I. The precision on duplicate analysis was good for both the concentration and the 013C of SC. The concentrations of SC are similar to values
measured by Gustafsson et al. [ 1,5) for lacustrine, estuarine, and coastal
sediments. The largest concentration of SC was in the 10- 12 em and may
be due to a local forest fire in 1936. There was a clear trend in the I)LJC values
from -24.11%o at 28-30 em and increased to -23.35 em at 0-2 em. which
may be due to a slight but consistent change in the source of BC. Other
published values for the I)BC of sedimentary BC or elemental C range from
-25%.. to -15.8%o [6,7].
Summary: These initial results from this method are promising. Refinements are presently underway and are targeted at streamlining the procedure.
We believe that the I"C of the BC and the co-eval PAHs will prove particularly useful in distinguishing sources and processes. We also intend to compare this SC method to other methods, especially chemical [6,7).
References: [I) Gustafsson 0. et al. (1997) ES&.T, 31. 203-209.
[2) Broman D. et al. (1990) Chemospilere, 21, 69-77. [3) McVeety B. and
Hites R. (1988) Armos. Environ., 22, 511-536. [4) Currie L. A. et al. (1997)
Nucl. lnsrr. and Merh., 123, 475-486. [5) Gustafsson 0. and Gschwend P.
(1998) GCA, 62, 465-472. [6) Masiello C. A. and Druffel E. (1998) Science,
280, 1911-1913. [7) Bird M. I. and Cali J. A. (1998) Nature, 394, 767-769.
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CHLORINE-ISOTOPIC RATIOS OF SEMIVOLATILE CHLORINATED ORGANIC COMPOUNDS. C. M. Reddy 1• L. J. Heraty2, B. D.
HoJt2, N.C. Sturchiol, T. I. Eglinton'. K. A. Maruyal, and J. L. Lake', I Woods
Hole Oceanographic Institution, Falmouth MA 02543. USA, lArgonne
National Laboratory, Argonne IL 60439, USA, lSkidaway Institute of
Oceanography, Savannah GA 31411, USA, and 'U.S. Environmental
Protection Agency, Narragansett Rl 02882. USA.
Introduction: To investigate the biogeochemistry of semi-volatile organic compounds in the environment, we have begun to investigate their
stable Cl-isotopic ratios. There are two naturally occurring stable isotopes of
Cl, JSCl, and l7CJ. The relative abundance of each isotope is 76% and 24%
respectively. This ratio of Cl is typically expressed as 1)37Cl (%..) = HR,..,p.!
R.W>danll- l) x 1000, where R.ample is the l 7CI Jl'CJ of the sample and R,..,dard
is the 37Clfl'CI of standard mean ocean chloride (SMOC). Due to kinetic and
thermodynamic effects, there can be small, but measurable, differences in the
ratio of these isotopes, which may be useful in apportioning sources and
identifying and understanding processes that influence their fate. Here, we
have measured the l)l1CJ in several mixtures of polychlorinated biphenyls
(PCBs), chlordane, ppDDT, toxaphene, and PCBs that have been isolated
from contaminated sediments.
Methods: Technical mixtures of chlorinated semi volatile organic compounds were purchased from several different suppliers and analyzed. They
included Aroclors 1016, 1242, 1254, 1260, and 1268. (Aroclors are mixtures
of PCBs. The last two digits are the mass percentage of Cl in these mixtures,
except for 1016, which is 41% Cl.) Technical mixtures of chlordane, ppDDT,
and toxaphene were also analyzed. Sediment samples were collected from the
Turtle River estuary (GA) and New Bedford Harbor (MAJ. The Turtle River
estuary is contaminated primarily with Aroclor 1268 and there is little evidence of any environmental weathering of these PCBs [I). New Bedford
Harbor is contaminated with mostly Aroclors 1242 and 1254 and perhaps
some Aroclor 1016 from two nearby electrical capacitor plants. Some of these
sediments show significant effects of PCB weathering, especially from reductive dehalogenation [2).
Polychlorinated biphenyls were extracted from the sediments and then isolated after treatment with sulfuric acid and silica gel chromatography. The
1)37Cl values of the commercial mixtures and the PCBs extracted from the
sediments were determined by the method of Holt et al. [3). Briefly, samples
were added to pyrex tubes with CuO and evacuated on a vacuum line. The
tubes are combusted to form copper chloride that is reacted with methyl iodide
to form methyl chloride. The &3 7CI is determined on the methyl chloride by
isotope ratio mass spectrometry at a precision of -0.12%•.
Results: The 1)37CJ values of the chlorinated mixtures were from
-5.10%. to +1.22%. (Table I) and within the ranges of values published for
other chlorinated compounds, -6.8%.. to +4.4%. [3-S]. For the Aroclors, there
was no trend between the percent Cl and l)l7CJ. and there was some bias
amongst the suppliers. Aroclors purchased from Chern Service were the most
depleted and the ones purchased from Accustandard were the most enriched

TABLE l.
Mixture
Toxaphene
Toxaphene
ppDDT
Aroclor 1016
Aroclor 1016
Aroclor 1242
Aroclor 1242
Aroclor 1242
Aroclor 1254
Aroclor 1254
Aroclor 1254
Aroclor 1260
Aroc lor 1268
Aroclor 1268
Aroclor 1268
Chlordane

The

Cl (%)
69
69
50
41
41
42
42
42
54
54
54
60
68
68
68
69

1)37CI

of chlorinated mixtures.
Supplier
Ultra Scientific
Supelco
Ultra Scientific
ChemService
AccuStandard
ChemService
Ultra Scientific
AccuStandard
ChemService
Ultra Scientific
AccuStandard
Ultra Scientific
ChemService
Ultra Scientific
AccuStaodard
Ultra Scientific

l)l'Cl (%o)
-5.10
- 4.21
-3.49
-3.07
-2.60
-2.89
-2.20
-2.11
-3.38
-2.93
-2.68
-2.96
-3.22
-2.83
-2.44
1.22
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in J7CI. The 1)~7CJ val ues of the total PCBs extracted from the Turtle River
Estuary sediments ranged from -2.84%o to -2.25o/<>t• and were similar or
slightly enriched when compared to the 8HC1 from the three different suppliers of Aroc lor I 268. For the New Bedford Harbor sediment,, the 1)37CJ
values of the total PCBs ra nged from -4.54o/oo to -2.53%u and some were
clearly dep leted in J7CJ relative to tho Aroclor 1242, 1254. and 1016 mixtures that were analyzed. The sed iments that were most deha logenated and
concentrated were also the most enriched in 37CJ, and we arc currently inves tigating possible explanations for these results.
References: II] Kannan K. ct al. (1997) ES&T. 3/, 1483-1488.
[2] Lake J. L. et al. tl992) Mari11e £11 v. Res., 33, 31-47. [3] Holl B. D.
et al. (1997) Anal. Chem., 69, 2727-2733. [4) Tanaka N. and Rye D. M.
(1991) Nature, 353. 707. [Sj van Wanne.rdarn S . K. et al. (1995} Appl.
Gcac:hcm., /0, 547-551.
CARBON BLACK FROM AUTOMOBll..E TIRES. C. M. Reddyl, H.
Takada2. aud H. Kumatal, 1 Woods Hole Oceanographic Institution, Woods
Hole MA 02543, USA, 2Tokyo University of AgricuJture and Teclmo logy,
Fuchu , Tokyo 183. Japan, 3Tokyo University of Pharmacy and Life Sciences.
Hachioji, Tokyo 192-0392, Japan.
Introduction: Tile major source of highly condensed carbonaceous residues, often referred as black carbon (BC), elemental C (EC). or soot carbon
(SC). to the environmen t is the incomplete combustion of organic matter [lj.
This is mainly from vegetation or biomass burning and the anthropogenic
combustion of fossil fuels. Another source of carbonaceous residues is carboo black (CB). This industrial chemical is synthesized by the incomplete
combustion of petroleum products and is used as a reinforcing agent in
automobi le tires. resistors in electrical circuiL~. and as a pigment for inks.
paints and carbon paper 121. Most of this highly produced chemical is used
in automobile tires, where it comprises -25% of the tire by mass [3).
Automobile tires physically degrade and produce small panicles, which
then emer the environment [4). This amount is not accurdtely known but has
been estimated to be 1.3 Tglyr in the United States [S J. Hence, tirlls may
release -0.3 Tg of CB in lbe Uni ted States per year. While this amount is
small compared to global vegetation burning of 50- 270 Tg of BC per year
[6), CB in tire particles may be an important reservoir beca use (I) it is
encapsulated within a rubber matrix lbat may affect its transport and preservation, especially when compnrcd to other inputs of BC. EC. or SC: (2)
the majority of it is made from the incomplete combustion of petroleum (2],
hence it should have little or no rndiocaJbon and possibly n wide mnge of
stable C-isotopic mtios lbnt may <Jffcct isotopic-based source apportionment
techniques; :JDd (3) it contains a high concentration of polycyclic aromatic
hydrocarbons (PAHs). For examp le, CB can be us much as 0.2% PAHs by
weight [7]. However, it is unclear how the CB within the rubber matrix of
the tire affects the hioavailability of these PAHs. This point is important when
considering the work of Gustafasson et al. [8], who has shown that SC is a
strong sorbent of PAHs in aquatic sediments. To gauge the impact of tirederived CB in the environment. we develop~:d a method to estimate it io
sediments and urban dust. Here, we briefly describe the method and results.
Background and Methods: Over the past decade, benzothiazoles bave
been used as moleculaJ markers of lire particles [5,9-11 ]. These compounds
arc from lbe vulcanization accelerators and antioxidants added to rublxr
during manufacturing. By measuring the concentration of these compounds
in environmenta l samp les, the concentrations of lire particles in the sampll!s
has heen estimated. Por example in one study, Reddy and Quinn [SJ estimated
that tire particles composed 0-3.4% of urban runoff particles. 0.2-2.8% of
urban aerosols, 0.03-0.1% of road dust, and 0.03-0.04% in sediments. Th is
approach assumes that tire particles arc the only source of benzothiazoles to
sediments, the com,entratiou of the benzothiazoles is the same for all automobile tires and, furthennorc. that the concentration of benzothiazolcs remains
constant throughout the tire's lil'ctime. While the lirs t ass umption may be
valid [5], the Iauer two assumptions aJe unlikely. Nevertheless. we used this
approach to provide some estimate of tire-derived CB in sediments and urban
dust. by a lso assuming that all tire panicles are -25% CB.
Results: Over 45 sediment samples were considered. They were collected at depths from 0 to SO em in seveml csruarics aod ponds. The estimated amount of tire-derived CB ranged from 0.003 to 8 mg g- 1 (c;orre-

sponding to 0.001-3 % tire particllls by mass respectively}, except for one
sediment that was 31! mg g-1. Most of the samples were less than 2 mg g- 1
and tended to be highest ncar area~ with high automobile lnflic. These values
are similar to SC values measured in estuarine and coastal sediments [8j. For
two samples of urban dust prepared by the Nationa l Institute of Standards
and Technology (NJS'n, SRM 1648 and 1649, the values were I and 2 g g-1,
respecti vely.
Summary; We have presented ao approach for estimating tire-derived
CB in environmental samples, which is not ideal and makes many assumptions. Nevertheless. it appt·ars that in urban areas, where automobile activity
is higla, tire particles may suhstantially contribute to the inventory of carbonaceous residues and additional research is warranted.
References; [lj Goldberg E. (1985) Blat·k Carbon in the Environment,
Wiley, NY. (2] flawley·.~ Condensed Chemical Dictionary (1993} Van
Norslr.!Od, NY. [3] Encyclopedia ofCJremical Technology ( 1985) Wiley. NY.
(4] Dannis M. U974} Rubber Cltem. and Teda, 47, !011-1037. [5) Reddy
C. and Quinn J. (1997) ES&7; 31. 2847-2853. [61 Kuhlbuseb T . and Crutzcn
P. (1995} Global Diogeoclremic:al Cycles, 9. 491-501. [7] Lee M. and Hites
R. (l!i76)Anol. Chem .. 48, 1890-l 893. (81 Gustafsson 0 . eta!. (1997) ES&T,
31, 203-209. [9) Spies R. et al. (1987) Na1ure, 327, 697-699. [10] Rogge
W. et al. (1993) ES&.T, 27. 1892-1904. [l l] Kumata H. et al. ( 1996)
Anal.Chem., 68, 1976-198 1.
X-RAY ABSORPTION FINE STRUCTURE STUDY OF TRE IN CORPORATION MODES OF URANYL SPECIES INTO CALCITE
AND ARAGONITE. R. J. Reeder'. M. Nugentl.and G. M. LambJel.
!Department of Geosciences. State University of New York-Stony Brook.
Stony Brook NY 11794-2100. USA (ljreedcr@sunysb.edu), aEarlh Sciences
Division, Lawrence Berkeley National Laboratory. Berkeley CA 94720. USA.
X-ray absorption t'ine structure (XAFS) spectroscopy of U(VI)-contain ing calcite and aragonite was undertaken to resolve fundamental geochemical and envirorunental questions about the Stnlctural state of U in caJbooate
minerals. Calcite and aragonite were grown from room-temperature. supersaturated aqueous solutions doped with uranyl ion (UOl''). Aqueous speciation ca lculations indicate the dominant uranyl species were bis- and triscarbonate monomers. Uranium concentrations were 700 and 1890 ppm in two
calcites and 985 ppm in an aragonite. Absorption spectra were collected for
the U Lredgc at NSLS beamline X- t I A using a 13-elemcot Ge detector.
Observed edge positions coincide exactly wilb lbat for U(V 1) standnrds.
The XAPS spectrum for the aragonite sample is qualitatively similar to
that for tbe aqueous uranyl triscarbonate monomer: differences nre evident
for lhe calcite spectna. Fitting using theoretical phases and amplinades (and
confirmed by comparison with re ference compounds) shows a distinct difference in U coordination between the calcite and aragonite. Fourier transfonns for both carbonates are dominated by a main peak attributed to the
axial oxygcns, characteristic of the linear ur.wy l moiety (0 = U 0), and
a slightly smaller peak due primarily to 0 coordination in the equatorial plane.
for both calcite and aragonite, two axial oxygeos occur at a distance of
1.80{ l) A. The difference in coordination between calcite and aragonite is
found in lbc equatoria l plane. Fits for aragonite sbow 6.4 ± I oxygens at
2.44(1) 'A. wilb 2.3 ± I C atoms at 2.87( l) A. These distances and coordination numbers are consistent with u bidentatc coordi nntion of tnree C03 .
groups in the equutorin I plane of the 0 ~ U 0 moiety , which is very si mi Jar
to the coordination of the aqueous uranyl triscarbonate monomer species. In
wntra~t. the equatorial coordination of the 0 = U = 0 moiety in calcite is
3 .9 ± 1 oxygeus at 2.33(1) A and 3.5 ± I C atoms at 2.90(2) A. The significantly shorter U-0.,1 distance and smaller coordination number in the first
equatorial shell indicate that C03 groups aro not in bidco~IIC coordination
but probably mooodcntatc. F'or both calcite and aragonite, there are weaker
contributions. induding ooe multiple-scancring contribution, at greater distances. We could not identify unambiguous evidence for backscatteri og by
Ca. and we cannot rule out the possibility that either sample may have a minor
contribution from more than one uranyl species.
Uecause growlh solutions for asagonite and calcite di.ffered only by the
presence of Mg2· in the aragonite system. the striking difference in equatorial coordination indicates that differences between the aragonite and calcite
structure. or their growth surfaces. influence the Jocal coordinttlion of U1c

=

=
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~oprecipHatcd uranyl species. The similarity of the uranyl coonhnatJOn in
arJgonitc with the triscarbonate rnonomc1 spn:ics suggests that the- equatorial l·oordination remains largely mta~t durmg incorporation. In calcite.
however. the equatorial coordination of the C0 3 groups apparently changes
from bidtmtate to monodentate dunng mcorpuratiun. Because we ca nnot
positively identify a Ca shell, the exact positious of the uranyl spcctcs within
the different carbonate stru.:rures remam unclear. Nevenhelcss. the observed
local conliguro~ltons around the U(VI) atoms must give rise to significant local
disrupt t<•n of the sLructure. Ttus conLTasts with other recent XAFS work [ lj
showing tbat U(IV) substitutes in tho:: C'a site of calcite with only rrunor
structurdl disruption Consequently. calcite (and aragonite) containing li{VI)
may be sigruficantly less stable than ~amples with comparable levels of other
trace elements that cause less structural disruption. Because coprecipitation
is an important mechanism of cuntaminam and trace metal uptake by carbonates. any enhanced solubility CtJUld make uranyl ion more su~ceptible to
remobilization by dis~olution
Refer ences: [I) Stun:hi•' N ~ C. et al. (19911) Srieiii'C, 281, 971-973

IN SITU URANTUM-LEAD AGES OF ZIRCONS FROM TifE BISHOP
TUFF: NO EVIDENCE F'OR LONG CUYSTAL RESIDENCE TIMES.
M R. Rc•d' and C D Coath. 'Dep~nmcnt of Earth and Space Sctcnces.
tlnncrstty of Cahfomia, Los Angeles. 595 Charles Young Dnve East, L~
Angeles CA 90095-t5{•7. USA treitl@ess.uc!J edul.
Introduction: Cataclysmic c:ruption of >500 kJn.l of rhyolite ga~c ns~
to the Bishop Tuff in the Long Valley an.~a of California -0.8 Ma. An
emcrging hut controversial time-line fflr the dif'fcrcntJation, ac.umulation. and
storage of the Bisl111p Tuff rhyulite suggests that appreciat'tlc pontons of thr
magmatic system were multiply saturated hy at least I Ma and potentially
as early as 2 Ma. In particular, melt mclusion bcanng quartz. crystals in some
of the lir.;t-erupted ponions of the Bishop Tuff yield radiogenic AI- agt1s [I]
and Sr mode l ages [21 of 2.0-2.3 Ma and I 3-2.5 Ma respectively. Sr mineral
and whole-rock isuchrons for the pre-caldera Gl~s Mountain rhyolites seem
10 indit:att a similar age for the onset of difft<rcntiation of the Bishop Tuff
magmatic system [3).
Zircon crystallization and separation prohahly accompanied differentiation of much of U1c Bishop Tuff rhyolite. For the early lavas. temperature~
mferred for lir~on saturauon are 735 -ns•c. constslent with genthermnmetry oht:uned on the Fe-Ti ox1dcs w1th whil'h tlte 1ircons wuist These
cunditions pmhahly prevailed m the evolved upper poruoo of the magma
chamber. Zircons present tn these early lavas must therefore have crystallizel.l
at least in pan from the time that such temperatures wer~ atlained. If, in
addition. !he dfkacy of zircon sepJraLJun from the magma was stochastic,
a zircon population which more hroadly reOI!c~ the down-1cmpcrature 1mtory of the evolv111g system would he C\pected: m thts l'ase. c.:rystalliLahon
ages would yield a maximum age for attainment of rnugmatit" T <7!10"(..
Results: Spot analyses were performed on - 150-~-tm p~11t~hed zircon
grains separated frnm the airfall pumice and 1l1WCr cooling llnit of the Bishup
Tuff c~o.poscd m the lower Owens Gurge. Uut of a total of 16 grain~ analyted
two (nne ench from the airfall and ashOow depostts) ~nve ages for which tht>
wc i ght~d mc:tn of 4 spot analyses is 211 :1: 2 Ma Comparable ages (-210
Ma) have l!i:cn obtained on e~posurcs of S1erra Nevada granitotds. nllUtbly
they are only found in that portion of the hathulith that is associated with
Long Valley caldera. Ev tdently these zircons arc ~enocrysts of Triasstc arc
basement which c>.penenced littl~ or no i5otopic recqui libration after they
were incorporated into the Hishup Tuff magmatic system
Most of the 7ireons separated rrom the llishop Tuff yield 1°6Pb'"f!31U 0f
0.6-1 4 x I0-4. Initial Z06PbfZ38U ratiOS "ere extremely low in these zircons
such that >llO% of the Zll6Pt> ~~ radi(lgenic 111 approximately half of the spots
analy1ed. II fractionation between the daughter ntH.: Iides of the It-series deca~
chain i> neglected, the 10oph•f23•U 'aluc~ ohltllllt!tl correspond to age> of
0 41-0 93 Ma Considered together ~~oith zo7pb~-mu, the dat<t define a relati\ely narrov. bantl wllh re:;pect to concmJia that sugge~ts that the apparent
dJstribtliJOn of 206Pb•-nnu ages is more likely the result nf ~tatistJcal um:ertumttcs tn the background and cnmmnn Ph corrections th~n of vanahtlity m
the true ages of the zircon~- When regressed through cnnt:nrdi~. the data arrays
yidd Wt:ightetl mean age> of 0 74 ~ 0 01 M.1 (MSWD = .2.4) f0r the airfall
ancl of 0. 75 ~ 0.02 Ma (MSWD:: I Sl for the .t~hllow t\tff. l11ese apparent

243

ages are compardblc lO or Stltlle\,hat younger than recent estimates for the
eruption age of the llishop Tuff (0.76- 0 71) Ma).
Because they assume no fracllonalton llf the intermediate daughters tn the
decay chatn. the tntcrcept ages must represent mtnJmum ages for ?ircon
growth Uf the mu-scrics decay daughters other than mu. 231Tfh tS the most
abundant ~nd. re lative to II, is preferentially excluded during zircon crystallitalion. tlsing the observed magnitude of zircon urrh fractionation to correel for tnitiall34 U-2Jtl'Tb disequilibna in ztrcon. more realistic U-Pb ages of
0.83-0Jl4 Ma probably pertain 10 these zirC(In;. While arguably older than
th~ age of eruption of the Bishop Tuff. they arc nonetheless younger than
many other estimates for differenttation and crystallization of the magm~
rest:rvoir.
Discussion: The striking results of our study are the young and remarkably narrow range of ages delirruted by zircon; from both the air-fall and ashnow deposits. Accordingly. cithl'r zircon gro" th occurred within <100 ka of
eruption of the Bishop Tuff or zircons that precipitated earlier continuetl 10
panially equilibrate wiU1 the magma. l11e second possibility i~ difticull to
rigorously evaluate because quantitattvr constramts on the diffusion of relevant chem1cal species at magmatic conri ittuns are lacking: note. however,
that lughly open-system ochaviur would necessarily be required in order for
1ircon crystallizauon to have occurred on Ltmescales consistent wiUJ those
tnfcrrcd from melt inclus•on bearing quartZ. We oclteve that then: is Other
IXlmpelling evidence that such extensive equilibration octwecn t,.ircon and melt
did not occur It s~ems likdy that the di>aggrcgatioo of ~~nulithic ma1crial
that v.as r~spoll!>iblc for incorporation of Triassic ltrcons must hnvc preceded
cxtcns1w crystal growth. yet these z1rcnns appear to have exchanged ltl\le
with the rhyolttic magma. Funhcr. the wcun U-PIJ ages are comparablt: to
c~tun:Hes ofO.!IZ-0.!15 Ma lor Lhr average age nf feldspar gro"th tn the early
and intermediate Btshop Tuff The latter ages are unlikely to have been
modttied signtficantly by concurrent d1ffusinnal n:equilibralton with lhO.:
magma. Considered together with th~ Iimit~d distribution of zircon ages. it
appears that el\tensivc crysllll growth did Mt occur prior to -O.i\5 Ma. It b
possihle, therefore, that most of the crystallitalion of the Bishop Tuff occurred
<100 ka before eruption. By analogy to recent results obl<lined for the
llandclicr tuff [4]. it seems likely that U1e qtmrtz crystals are not representative nf the major evolullon nf the Bisl111p Tuff rhyolite. The rdore. the
implication of ages obtnineJ on these crystals for n'Llgmatic differcnu.llton
and storage rcm:uns uncertain.
References: [I) van den Bogaard P and Sdum1d, (. (1995) ut.'olngy
:?3, 759-7<>2 [2] Chrtstenseo J. N. and llaiiJday A N~ (1996) Ef'Sl., 1-/4,
547-563. ()] Dav1es G R. et al (1994) £1'SL. /15, 17-37 ~ [41 Wolff et ~1.
( t91l9 J Gt•olog\', in pres~
PROGRESS REI'ORT ON 11lGH-RI~SOLU'I'ION COI\U'ARISON OF
ARGON/ARC70N AND URANIUM/LEAD SYSTEMS. P. R~ Rcnne 1·l
R. MundiJI. K Mtn!. and K. R. Lud"tgl, 'Berkeley Geochronology C.:nter.
~455 Ridge Road, Berkeley CA 94709, liSA. 2Dcpartment of Gt1olugy a11tl
Gtuphy~ics, Untvcrstty of Califom1a, llerkelcy CA 9.1720, LISA.
Tht Ar/ Ar and IJ-Pb mt•thods are uncqmvocully the most tmponanttuncscale chronometers for most of geologic t•mt. Both S)Stems haw strength~
and weaknesses. hut the U-Ph system presently has much higher potential
aecurdcy due 10 the tugh precbion of the U dc..:ay constant determinations.
In contr.1st, uncert.lintics in both electron capture anu 13 dec.:ay constants for
K, and in isntopic dat;t for swndards, prcscnlly ltmtt lhe acturacy of Ar/Ar
daung to -2~. whereas the precision of tillS method is commonly better than
OJ%
The K decay constants used b) ge(lfogists stncl" 1977 arc based l)n sum
maries ,,f Cl and y counting data by llcd.in>alc and Gale [I]. updatt<d hy
Steiger and Jliger [2) to includt new <Ialli (Gamer ct .11. I975) for U1e i~o
tup•" composition of K. Bcckinsale ond Gak [I j also tnduded a h)potheti·
cal gammn-lcss electron capwre decay that acl'ounts for -0 2% of the total
K decay nmstant value they rt•portcd. hut wluch has never been 1enlicd
Suhsequ~nt cmnptlations of av:u lahle data [c g .. 31 product: total decay
constant value~ that differ from th•1se nf [.?J hy up to 2%. The summari"s
of Endr and Van der Leun (31 and >Ubsequent cumpilauon~ in the nuclear
physics litenuure use a more appropnate st:tlt~m:al :tpproach. >ielding -50'~·
larger uncenainti,s.
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Potassium-argon data for Ar/Ar standards are also large sources of systcrnatic error in Ar/Ar ages. Although reported inlralaboratory precision bener
than 1% for K and Ar concentration measurements, the interlaboratory range
in K-Ar, exemplified by data from the Fish Canyon Tuff, is nearly 4 %.
An ongoing comparison at BGC of Ar/Ar and U-Pb data for pre-Cenozoic volcanic rocks that should be free of differen ti al c losure histories due
to slow cooling. and in which z ircon residence time effects should be negligible, shows that a consistent bias exists between ages from the two systems when the decay constants recommended by [2], and the age of 28.02 Ma
for Fish Canyon sanidine (for Ar/ Ar ages), arc used. Four silicic tuffs with
Ar/Ar plateau ages of 130, 250, 449, and 1088 Ma. detem1ined on alkali
fe ldspars and biotite. yield U-Pb data from multiple single-grain zircon
analyses that arc consisumtly -I% older.
The magnin1de of this -1% bias is within the scope of the relatively large
systematic errors affecting Ar/Ar ages. With more pairs of Ar/Ar and U-Pb,
it will be possible to constrain that source of systematic error (i.e., which of
the two K decay constants. or the age of the stJndard) is most important as
a contributor to the bias. It is particularly important for th.is purpose to resolve
any variation in bias as a function of age, since younger ages are more
sensitive to the electron capture than the beta decay constant forK Ultimate ly ,
witb sufficient data of high quality and freedom from non-analytical errors,
it may be possible to recalculate all of these valocs relevant to the Ar/Ar
system through normalization to the U-Pb syste m.
One of the most challenging difficulties in lbis approach is to :tvoid the
relatively large effects of U decay constant uncertainties on W7pbf206Pb ages
by gcncr.1ting an overlapping clust.cr of concordant analyses, whose "Concordia age" or 106Pb12J8U age is then regarded as tho closest approximation
of the crystallization age. To avoid the accuracy limitations of Pb/Pb or UPb concordia-i ntercept ages, it is essential to generate suites of statistically
coherent analyses of single zircons unaffected by J>b loss or inheritance.
However, as discnssed in a companion abstract, producing U-Pb datasets of
such quality is not always easy.
Difficulties with the U-Pb system, ironically, underscore t.he desirability
of placing the Ar/Ar system on more solid footing in terms of accuracy: as
a broad ly utile , h.igh-precisioo geochronomcter, Ar/Ar is unsurpassed. However. if one wants to know the "absolute age'" of~ geologic eveot, Uus system
presently gives a very fuzzy (i.e .. worse than ±2%) answer.
References: [I J Beckinsale R. D. and GaleN. H. (1969) EPSL, 6, 289294. [2] Steiger R. H. and Jag~r E. (1977) EPSL, 36, 359-362. [3] Endt P.M.
and Vander Leun C. (1973) Nucl. Phys., A214, 1- 625.

CHRONOSTRATIGRAPHY OF Tlffi SAGANTOLE FORMATION,
AFAR, ETIIIOPIA, AND THE AGE OF ARDIPITHECUS RAMIDUS.
P. R. Renoe1, G. WoldeGabriel, W. K. Hart. G. Heiken, and T . D. White.
!Berkeley Geochronology Center, 2455 Ridge Road, Berkeley CA 94709.
USA (prcn ne@ bgc.org).
TI1e Sagantole Formation comprises over 200 m of lacustrine, nuvial.
alluvial, and volcaniclastic sediments, plus compositionally bimodal tcphras
and basa ltic lavas, exl)Osed in a domelike horst named the Central Awash
Complex in the south\vcstem Afar Rift of Ethiopia. The Sagan tole Formation is widely known for abundant vertebrate faunas, including U1e primitive
hominjd Ardipithecus ramidus. The Sagaotole Formation has been recently
s ubdi vided into the Kuseralee, Gawto, Ha radaso, Ar:1mis, Beidareem,
Adgnntole, and Belohdelie members , in ascendi ng order. The members arc
defined ou the basis of lithologic differences and laterally contin uous bounding tephras. A. ramidus is known from widely distributed locations at the hase
of the Aramis member.
Argon-40/argon-39 dating of 1 1 intercalated volcanic uniL~ firmly establishes tl1e age of the Sagantolc Formation to he 3.9-5.6 Ma, sign ificantly older
than previous proposa ls based oo erroneous correlations. Most of lhc new
dates arc determined by laser-fusion analyses 23-107 individual grains per
samp le of plagioclase (5 sannplcs) and sanidine (2 samples) phenocrysts from
variably reworked tephras. Single grain analyses are critical for dating these
units, as pervasive contamination by 23-24-Ma saoidioe occurs in many
tcphras throughout the section. Saoidine phenocrysts from tr.~chytc cobbles
in intercalated conglomerates also yie ld 23-24 Ma ages, indicating that the
cootarnioaut popu lation was ubiqu itous io the fluvial eoviJonrnents of the
Sagantole Formation. TI1e provenance of the 23-24-Ma vokanics is uucer·

rain, but they may be exposed by the Afar-bounding escarpment some 20 km
to the west
Additional dates were obtaio~d by laser step-heating of basaltic glass
lapilli that yield undisturbed spectra and reasonab le plateau ages. Though
shown in some cases elsewhere to be prone to open-system behav ior. our data
indicate that this is not always the case and in fact basaltic glass may be
unduly stigmatized as a material for 40Art39Af dating. All known ocurrences
of A. ramidus arc between a silicic tuff dated at 4.378 ± 0.008 Ma (sanidine)
and an overlying basaltic tuff dated at4.388 ± .053 Ma (glass), based on Fish
Canyon sanidint: at 27.84 Ma for comparison with previous work.
Magnetostratigrdphic data reveal eight paleomagnetic polarity zones UIJlt
can be correlated unambiguonsly witb the Thvera, Sidutjall, Nunivak, and
Cocltiti subchrons of tbe Gilbert chrou. The density of dated tcphras permits
reasonably precise ages to be calculated for the reversals, and the results are
generally consistent with the astronomical timescale. By reference to the
Cande and Kent ( 1995) geomagnetic polarity timescale, seven addilional chronological datums can be p laced in the Sagantole Formation. With a l.otal of
18 such datum horizons, the age resol ution anywbere in the Sagautole Formation is better tban ± I 00 l<..y., making lhis the best dated M io·Piiocene
succession in Africa.

NEODYMTUM AND LEAD ISOTOPES IN ATLANTIC IRONMANGANESE CRUSTS: PANAMA GATEWAY AND INTENSIFl·
CATION OF NORTHERN HEMLSPUERE GLACIATION. B. C.
Reynolds, M. Frank, and R. K. O'Nions, Depanment of Earth Sciences,
University of Oxford, Parks Road, Oxon OXI 3PR. UK (benr@earth.ox.
ac.uk).
Introduction: Hydrogenous ferromanganese crusts from the western
north Atlantic have recorded re~T~J~rkable Nd- and Pb-isotopic variations over
the last 5 Ma [I ,2] , A decrease of t::Nd values in crusts BM 1969.05 aud
ALV539 from --11 to -13 over this period appear to correspond to s hifts
in Pb isotopes: 20ilpbfllldPb increases from 18.9 to 19.2. while 207pbfl06pb
decreases from 0.825 to 0.8!5. The precise timing aud cause of these shifts
have been the subject oJ debate and have been considered to relate to oceanographic changes cansed by the closure of tbe Pananna Gateway in the early
Pliocene. The closure of this Gateway has been suggested by some as the
cause of northem hemisphere glaciation (NHG).
ln order to address this debate, three crusts from the oonhwest Atlantic
(BM I969.05, BM1963.897, and D-14) have been sampled for Nd isotopes
and at high spatial resolution for Pb-isotopic anlllysis by multiple coll ector
inductively coupled plasma mass spectrometry (MC-ICP-MS). These crusts
have been dated using IOBefJBe ratios.
Result!;: 1l1e Pb-isotopic variations in eacn crust over the last 6 Ma arc
virtually indistinguishable in their 206Pb/204Pb, 207pbf206Pb, and WMpbf20ilPb
rJtios , ind icating a common provenance for Pb. Isotopic shi fLs evident over
the last 3 m.y. are most pronounced over the. last 1.8 m.y .. when 206pt)/W-1Pb,
i.07PbfZ06pb, and l08p!JP06pb ratios have changed from 18.97, 0.825, and
2.053 to 19.24, 0.8 15. and 2 .047 respectively.
Shifts in Nd- and Pb- isotopic composition in crust BM 1963.897 from the
Blake Plateau (-850-m depth) occur before 5 Ma, and have not been observed
in other Atlantic crusts. These shifts indicate the presence of a different water
mass OD tbe Blake P lateau, which wos most dominant at -8 Mn when the
emst recorded relatively h.igh £N,1 values of - 7.5. ln this crust the ti mi ng of
Ph-isotopic variations, measured by MC-ICP-MS, roughly correspond to that
Of ENd·

Discussion: The sh ift toward lower ENd values and more radiogenic Pb~
isotopic ratios in each of the northwest Atlantic crusts indicates increased
contribution of Nd and Ph derived from older conti nental cmst. This may
have arisen through a relative increase in the input of older terrigenous
material into the Atlantic or alternatively a change of Atlantic circulation that
altered the provenance of water masses in the northwest Atlantic. The low
eNd value of present day North Allanlic Deep Water originates from continental material introduced from the Canadian Sbield. This material also enters
the Arctic Ocean so that changes in the input from this area should be
observed in both the Arctic and northwest Atlantic Oceans. NeodymitlOI and
Pb isotopes in Fc-Mo micronodulcs recovered from Arctic Ocean scdi menL
cores have recorded a progress ive increase in the supp ly of mnterial derived
from older continental source~ over the last 1.7 Ma [3] (Fig. 1). This coincide.s with an increase in drops tone occurrences in the sed iment cores rene{:!-

LPI Contribution No. 971

ing increased ice rafted detritus [3). The correlation of isotopic records the
northwest Atlantic and Arctic Oceans over the last -1.8 Ma thus reflects an
increased input of Pb and Nd from the Canadian Shield rather than any major
paleoceanographic changes.
The relatively high eNd values (-7.5) observed in BMI%3.897 at 8 Ma
are much higher than any other measurements from Atlantic samples , or
present-day particulate material from the Mississippi and Hudson rivers
(eNd -II [4)). Together with the expecled short advectivc length scale of Pb,
this suggests that it was Pacific water, rather than Southern Ocean Water.
which was the dominant influence at the location of BMI%3.897 at -8 Ma.
The rapid decline in this component between 8 and 5 Ma most probably
reflects a decrease in advection of water through the closing Panama Gateway, which is somewhat earlier than the time of a surface water salinity
increase at 4.2 Ma in the Caribbean [5). This salinity increase occurred as
a consequence of a reduction of the flow of Atlantic surface water westward
through the Gateway and may indicate that the recorded eastward currents
from the Pacific were slowly cut off some I m.y. before the shallower
westward-flowing surface currents.
Conclusions: Although the Northern Hemisphere glaciation became
more intense between 3.1 and 2.5 Ma, it did apparently not affect the amount
of Nd and Pb input into the northwest Atlantic and Arctic Oceans until
-1.8 Ma, when increased ice rafting occurred.
The inferred timing of closure of the Panama Gateway before 4 Ma is
significantly earlier than the intensification of NHG and indicates that the
closure of the Panama Gateway may only have been a precondition for the
onset of major NHG rather than a direct cause.
References: [I) Burton K. W. et al. (1997) Nature, 386, 382-385.
[2] O'Nions R. K. et al. (1998) EPSL, 155, 15-28. [3] Winter B. et. al. (1996)
GCA, 60, 4957-4963. [4] Goldstein S. L. et. a!. (1984) EPSL, 70, 221-236.
[5] Keller G. et al. (1989) J. S. Am. Earth Sci., 2, 73-108.
THORJUM-230 AND CARBON-14 DATING OF SPELEOTHEMS
FROM THE BAHAMAS: IMPLICATIONS FOR THE CALIDRATION
OF THE RADIOCARBON TIMESCALE. D. A. Richards', J. W. BecJc2,
D. J. Donahuel, P. L. Smart'. and R. L. Edwards3, 'School of Geographical
Sciences, University of Bristol, Bristol, UK (david.richards@bristol.ac.ulc),
ZNational Science Foundation American Meteorological Society Facility,
Department of Physics, University of Arizona, Tucson AZ, USA, 3Mionesota
Isotope Laboratory, Department of Geology and Geophysics. University of
Minnesota, Minneapolis MN, USA.
Introduction: It is well known that there have been shifts in the offset
between 14C ages and true calendar ages for the last 50 ka as a result of
substantial variation in 1'C production rate and changes in the global C cycle.
Calibration of the radiocarbon timescale prior to 11 ka is based on a relatively small number of coupled DO'Jb and I'C ages of corals and 1'C ages
of annually laminated sediments. Here, we present thermal ionization mass
spectrometry (TIMS) 230'Jb.234U.238U, 231pa.mu and accelerator mass spectrometry (AMS) 1'C ages for speleothems from submerged caves of Grand
Bahama that offer considerable potential for an accurate and continuous
calibration curve from II to 45 ka and provide valuable information about
C cycling and geomagnetic intensity.
Sampling Strategy: Low-U concentrations in speleothems from the
Bahamas (typically <500 ppb) demand that 1'C and U-series isotopic analyses are performed on subsamples of different mass (I 0- 20 and 500- 1000 mg
respectively) and sampling interval (1 - 2 mm and 5- 20 mm respectively) from
the principal growth axis of the stalagmites (up to 620 mm). Growth rates
(>10 mm Jca· l) were nonuniform and drip loci often moved during periods
of continuous growth, causing variable stalagmite morphology. The sampling
strategy is therefore critical. and implications for the "230'Jb-age growth
model" and estimates of the true calendar age will be discussed.
Initial Condition.~: Accurate calibration of the radiocarbon timescale
is dependent on a reasonable knowledge of the initial "dead C fraction" and
230'Jb. Comparison of the offset between 230'Jb and ''C ages for Bahamas
speleothems and coraVIaminated-sediment records for the period 11-20 ka
indicates that there is a relatively constant "dead C" effect from dissolution
of ancient carbonates of 16% (see Fig. 1). Thorium-232 concentrations are
generally low (<0.6 ppb); however, in a few subsamples, where 231YJ'b!l32Tb
atomic ratios were <I x I 0-3, correction for initial Th conditions had a significant effect. Using isochron techniques, we have discovered a high initial
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23211tJ23ZTh activity of 16.5. We find no evidence for postdepositional
mobility of the isotopes of interest, and are therefore confident that past
activities of atmospheric 1'C can be estimated accurately.
Results and Discussion: Using the derived calendar-age model for stalagmite growth and initial-corrected AMS t'C ages, close correspondence is
found between existing records and the speleothem results for the period 1116 ka. Substantial variation in past atmospheric I'C is observed during the
period 28-50 ka, with peaks of .61'C >800%o (Fig. 2). Estimates of 6 1'C near
the limit of I'C dating are subject to large errors and we have paid careful
consideration to the effects of variable growth rate, initial 2lll'Jb, and deadC contribution on their precisions. Similar, large and abrupt peaks have been
observed in numerous independent records of cosmogenic nuclide production (e.g., lOBe and 36CJ in the polar ice cores) and inferred from records of
geomagnetic intensity in volcanic and sedimentary rocks, yet there is no
consensus on their timing, magnitude, or cause. The continuous and radiometrically dated record of ''C activity presented here should help to resolve
this.
OLD ZIRCON MEGACRYSTS FROM YOUNG NORTHWEST
TERRITORIES KIMBERLITES. S. H. Richardson', R. E. Zartman'. and
J. A. Carlsonz, 'Department of Geological Sciences, University of Cape Town,
Rondebosch 7701, South Africa, 2BHP Diamonds Inc., #8 1699 Powick Road,
Kelowna, British Columbia, Canada.
Uranium-thorium-lead ages have been obtained for two generations of
megacrystic zircon with U contents of 14- 40 ppm recovered from bulk
samples of four diamondiferous kimberlites comprising the Ekati cluster [I),
Slave craton, NWT, Canada. The first generation is late Archean in age and
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characterized by !ugh Th/U (0.38-1.60) while the second is early Tertiary
and characterized by lower Th!U (0.21). The Iauer va lue lies within the published range of Th/U (0.17-0.35) for young kimberlitic zirco n from the
Kaapvaal craton [2,3].
One young zircon from the Panda kimberlite gives a well-constrained
mu.2o6pb age of 59.0 ± 0.4 Ma. which is marginally older than a macrocrysi
phlogopite Rb-Sr age of 53.2 ± 3.8 Ma [1]. However. both these values lie
within the previously reported range of phlogopite Rb-Sr and perovskite UPb ages (47 to 84 Ma respectively) for central Slave craton kimbcrl.ites [I].
Six out of seven old and variably discordant zircon from the Koala. Fox.
and Sable kimberlites give a concordia uppe.r intercept age of 2549 ± IS Ma
(n = 8 including duplicates). although th.e seventh (from Fox) has n significantly younger 207pbf106Pb age of 2250 Ma. A better defined upper intercept
age of 2549 ± 7 Ma can be obtained using only six of the analyses that could
be identifying a discrete crystallization event at - 2550 Ma. The corresponding lower in tercept ag.: of 128 ± 99 Mn is within error of the time of
kimberlite emplacement and also is barely distinguishable from the present.
The proportionality between U and Th eoocentrntion and degree of discordance is consistent with Pb loss being relared to !he amount of accumulated
radiation damage. Given the young lower intercept age. Pb loss appears to
have tnken place at or after the time of zircon entrainment in the host
kimberlite rd!her lban continuously during continental mantle/crustal storage.
The nge nod ThiU distribution of the two generations of mantle zircon
is reminiscent of that for the 240-Ma Jwaneng kimberlite [2.4], Kaapvaal
Craton, Bol~wana. El\isting data are thus consistent with a decreasing Th/
U in the depleted upper mantle source of megacryst magmas on a billionyear timescale. Such a trend is predicted by crust-mantle evolution models
(t:.g., plumbott:ctonics [5]) whereby crustal U is preferentially recycled back
into the upper mantle relative to Til.
Referenct)S: [J] Carlson J. A. ei al. (1998) 7rh lnrL Kimb. Con./ Proc.,
in press. [2] Kiony P. D. et al. (1989) 4th lnrl. Kimb. Corif. Proc., 14. 833842. [3) Zartnmn R. E. et al. (1998) 7rh Inti. Kimb. Conf Ext. Absrr., 989991. [41 Valley J. W. et al. (1998) CMP, 133, 1- l I. [5] Zartman R. E. ;md
Haines S. M. (1988) GCA, 52, 1327- 1339.

A PYRlTE GRAND UNIFffiD THEORY. D. Riclmrd, Department of
.Earth Sciences, Cardiff University, Park Place. Otrdiff CF1 3YE, Wales. UK
(rickard @cardiff.ac.uk).
Introduction: As with many simple inorganic compounds, pyrite
(FeS 2). can he synthesized by several recipes in the labor,uory rrom aqueous
solutions at temperatures below 1oo•c I t]. The abundance of pyrite in natural
sysrcms and its key role in several global biogeochemical cycles bas led to
some debate over which of these routes is followed in nature. This paper
presents a grand unified theory (GUT) for pyrite formation that proposes a
consistent explanation for lbe different synthetic processes in terms of a
limited u11mber of controlling factors.
Pyrite-forming Reactions: All present pyrite forming reactions involve
precursor Fe(U) monosulfides [2). Several authors have recently demonstrated
that U1e~e are not necessarily solid phases (e.g., precipitated, amorphous PeS
or maclcinawite) but aqueous PeS species with similar K values to the solid
phases [3-S]. Pyrite forms through the oxidation of the S iu precursor FeS
from S(- 11} to S(-1), whereas Fe(ll) is oat oxidized. This contrasts with (a)
greigite, F~S4, formation from FcS where Fe(ll) is Ol\idizt:d to Fe( IIT) nod
S(-0} is not oxidized. This reaction is a solid-state reaction [6). In contrast.
all kinetic and discriminatory observational ev idence suggests that pyrite
formation involves a dissolved stage [7]. This suggests that the Pe(ll) ->
Fc(nl) reaction (S(-Jl) constant) is a solid-state reaction aod that S(-11) ->
S( -I) reaction (Pe(l[) constant) is a solution reaction.
Nucleation Kinetics: Jt is clear thai U1e reluctnnce of pyrite to nucleate
has been a major barrier to reproducible experimental studies [8 ). The nucleation energy barrier for pyrite may be overcome. in the presence of surfaces
wilh large numbers of active. sites. Sever.tl such surfaces have been identified. The most obvious of lhese is amorphous, prccipilllted FeS or mackinawite, which is already in most experimental systems, because of the exceptionally high react;mt concentrations used. Other surraccs where pyrite has
nucleated incl ude biological surfaces [9j, S [10], and greigite (I I]. It is
possible that surfaces may be activated by reactions wilh other agents. such

as 0 [12] and carbonyl groups [13). It is probable. that lbe catalysis of pyrite
formation ibrougb the trace compounds such as lhese will prove to be a fruitful
area of future investigation.
Oxidizing Agents: Several oxidizing agents have been implicated in tile
pyrite-forming reaction, inc luding H2S, so. S.l-, and 0 2 [I ,7). These oxidi zing agents are divided into two group!r. (I) direct reactants (e.g .. H2S), and
(2) indirect reactants (e.g.. so.
and 0 2). Experimentally, the presence
of so. S0 2-, and 0 2 enhance the formation of pyrite. However, their involvement in the process is complex and variable, involving reaction intermediaries (S.2-) and nucleation catalysis (SO and 0 2) . The. common factor in all
the experimentation involving these compounds has beeo the presence of H 2S.
The contribution of the H 2S reaction has not been deconvoluted from these
mixed experimental systems.
The re luctance of pyrite to nucleate suggests that very high supersatumtions are required for pyrite to form. This is consistent with observations on
many sparingly soluble salts and is related to the size of tile critical nucleus.
The relative degree of supersaturation,
is related to the equ ilibri um sol ubility of pyrite. Q is a complex function of pe·pH-pS space. and increases
sharply toward the S(-ll)/S04 boundary. The role of S0 • s"z-. and 0 2 is to
move the system closer towards tllis boundary, thereby increasing Q and enhanci ng pyrite formation.
Conclusions: Pyrite forms io aqueous environments through the reaction of aqueous FeS with 111S. Pyrite nucleation is catalyzed by the presence
of active surfaces, such as amorphous. precip i~ted FeS. rnackinawite. greigite,
S, and biological mat~rials. These may be activated by in absmria 0.2 or carboxyl groups. Sulfur, polysulfides, and 0 2 have the added role of moving the
system closer to increased pyrite supersaturation
References: (t] Rickard 0 . et nl. (1995) ACS Symp. Series, 612, 168193. [2] Morse J. W. et at. (1987) Eanh Sci Rev. , 24, l - 42. [3]luther
G. W. Ill and Ferdelman T. G. (1993) Environ Sci. Techno/., 27, 1154-1162.
14) Davison W. et al. (1998) Anal. Chim Acta, 377, 193-203 [S] Rickard
D. eta]. ( 1999) Estuaries, in press. [6] P6sfai M. et at. (1998} Science, 280,
880-883 [7] Rickard D . and Luther G. W. Ill (1997) GCA, 61, 135-147.
[8] Schoonen M.A. A. and Barnes H. L. ( 199 1) GCA, 55, 1495-1504.
[9) Rickard 0 . et al. (1999), in press. [10] Grdham U. M. and Ohmoto H.
(1994) GCA, 58, 2187-2202. [IJ] Sweeney R. E. and Kaplan I. R. ( 1973)
Econ. Ceo/., 68, 618-634. [12) Wilkin R. T. and Barnes H. L. (1996) GCA,
60, 4167-4179. [13] Rickard D. ct al. , in preparation.
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EXPERIMENTAL CONSTRAINTS ON THE IJEHAVIOR OF RRE·
NruM AND OSMIUM DURING MANTLE MELTING AND MAGMATIC DIFFERENTlATION. K Righter, Lunar and Plane tary
Laboratory, University of Arizona, Tucson AZ 85721, USA (righter@lpl.
arizooa.edu).
Introduction: In order to better understand the Re-Os-isotopic system.
and higWy siderophile elemeot (HSE) partitioning in general. experimental
studi~ of tlfystal-mell partitioning have been undertaken. Previous el\perimental work has established that Re is compati ble in garnet, but incompatible in o rthopyroxene [1]. New results indicate that clinopyroxene-melt
partitioning of Re is dependent upon 10:,. Re is mildly incompatible io phlogopite and amphibole, and Re. Os. and o ther HSE Ol\ides dissolve io
magnesioferrite, a component of terrcsl:(ial cubic oxides.
Experimental: Two compositions were used to study clinopyroxenemelt equilibria: a composition in the CaO-Mg0-Al 20rSi0z-Ti0 2 (CMAST)
system and an augite minette. Tite CMAST glass was welded into Pt tubing.
together with a mixture ofNiO, aod NiRe met;1 l alloy, and held in the hotspot
of a vertical 1-atm furnace. The metal-oxide mixture acted as 1m fo, sensor.
and also buffered the 1tmount of Re02 dissolved in lbe glass. Ol\ygen fugacities in lhese el\pcriments ranged from air to the. nickel-nickel oxide (NNO)
buffer. The augite minette, togeU1er with a Co-(CoO,MgO) fo. sensor, l 020 ~of disti lled water and 1 wt% Re0 2, was contained in a graphite-lined
Pt capsule, and heated to 1120°-l i50°C at 10 kbar in a piston cylinder
apparatus. Most of the Re in the latter experi ments stabilized as Re metal,
hut a small amount dissolved in U1e silicate melt. 0Kygen fugacities were -23 log./0, unit~ below the NNO buffe.r. Finally, mixtures of HSEs (Re02 • Os,
Pt, lr02: Ru02 , and Rh 20 3) and rnagnesioferrite (MgFe20 4 ) were welded intO
Pt tubin g and allowed to equilibrate in a 1-atm furnace, for as long as I week.
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Analytical: For the more oxidiled runs. Re could be analy7ed using an
dcctron microprobe because Re is present at concentration levels greater than
-100 ppm. Operating conditions were IS kV accelerating voltage. 200-nA
sample current, and 60-360-s counting times on the ReM~ peak. for more
reduced runs. Rc was present at concentrations < 100 ppm; glasses and 'rystals from these runs were analyzed using 3ll ioo microprobe , with analyt1cal
t.:onditions similar to those used by 111.
Results and Discussion; Rhenium is incompatible in clinopyroxene in
tile most oxidized runs, with a O(cpxlmell} -0.03. in agreement with pre·
vious work [.2). At more reduced conditions, Re becomes less incompatible.
and at the most reduced conditions (NNO-J} it is compatible, with a O(cpxl
melt}= -5. In these experiments, phlogopite 3lld amphibole (kaersuti te) were
also stable; O(Re} amphibole-melt and phlogopite·melt are both <1).1. Mantle
metasomatic processes involving these phases are nor lik.ely to produce significant radiogenic Os over time as a result of this incompatibility. HSE
oxides and magnesiofcrritc react u.nder oxidized conditions (I atm} ro produce HSE-rich ferrites. HSEs readily dissolve into magnesioferrite at moderate wmperatures (II00"-1200°C). In particular, as much as 16 wt% Re and
9 Y.t% Os can dissolve into magoesioferrite under these conditions. In addition, 13, 22. 9, and 13.5 wt% Pt. Rh, Ru. and Jr. respet.:tively, can dissolve
in magoesioferritc. Because there will be a small maguesioferritc component
in terrestnal cubic oxides. these results show that a cubic oxide such as
chromite or titanomagnetitc can be importam. not only in the distribution of
Re and Os but also many other HSEs. during melting and fractionation.
Compatibility of lr. Os. and Ru in basic magmatic suites [t:.g.. 3] may be
due to chromitc as well as olivine. consistent wilb recent ~nalyscs of olivine
and spinel separates from picrites [4]. C'nmpatihility of Rc and Os in cubic
oxides suggests a 3+ valence; such a high valencc is also 'onsistent with
results of solubility studies for Os [5].
Acknowledgml'nts: This research is supported by NSF grant EAR9706024.
RefcJ·tmces: [I] Righter K. and HauriE. (1998) Sl'ience. 280. 17371741. [2] Watson E. B. etal. (1987) Chem. Ceo!., 62, 191-208. [3] Briigmaun
G. ct nl. (1987) GCA, 51. 2159-2169. [4] Walker R. J. et al. (1999} GCA.
in press. 151 Borisov A. and Walker R. J. ( 1998) in Origirt <'f the Earth a11d
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CORE FORMA TTON AND WET TERRESTRIAL ACCRETION. K.
Righter and M. J. Drake. Lunar and Planetary Labmatory. Un iversity of
Arizona. Tucson AZ 85721, USA (righter@lpl.arizona.edu).
Introduction: There are several views oo the origin of EartJ1's volatiles.
The main astronomical paradigm is that the Earth accreted as an anhydrous
hody aod volati le> were subsequently added through late cometary impact
[e.g.. I]. Another view is that the terrestrial planets accreted in the presence
of H gas of the solar nebula, and thus water was present in the earliest phase
of accretion [e.g., 2). The latter scenario is an environment that increasingly
seems ro accommodate our understanding of the early Earth. The critical
evidence that allows discrimination between these viewpoints has been the
relatively recent determinations of the D/H ratios of comets [3]. The D/H
r.Jtios in Comets P-Halley. P-Hyakutake. and P-Halc-Bopp fall with1n th.e
range -3.2 x Jo-". The bulk Earth's 0/H ratio is -1.5 x lo-~. If these three
comets are broadly representative of all cometS. a plausible but unproved
assumption, then the post-accretion influx of W3tcr to the Earth from cometS
is limited to less than -20%. Therefore, the E!arth must have accreted at least
in part from hydrated materials.
Such a s~·cnario ra1scs some questions about core formation th3t have not
previously been addressed: What is the effect of water on reactions of the
type M + H 20 = MO + H 2 (where M = Fe. Ni. Co. etc.)'? Most previous
studies of metal-silicate partitioning of these sideropbile eleruents were done
u.nder dry conditions (with the ellception of [4,5)}. lo order to betrl!r understnnd the impact of water on metal-silicate equilibria in the early Earth, we
have undertaken a series of experiments designed 10 isolale the effect of
dissolved water on the partitioning of siderophile elements betweeo metal and
silicate liquid.
Summary or ErTect of Water on D(MeUsil}: All experiments were
performed in a 112" non-end-loaded piston cylinder Jpparatus at the University or Arizona [6), at 1300°C and 10 kbar with solid metal compositions

uf pure Fe or FeNiCo alloy Sil icate .:ompositions used were a synthetic
~uc.:ute basalt (doped with W) and a naturJI ha'Waiite (doped with P). both
with distilled water added. Metal-silicate panition coefficients arc affected
by changes in melt compoSition (Xr.ol andfo, caused by addition of water.
but dissolved water has no special effect on the value of partition coefficienL~
for Ni, Co, Mo. and W (in agreement with [5]) Jnd only a minimal effe.:t
on those for P.
Discussion: Predictive expressions for metal-silicate partitioning of siderophile elements from our earlier studies have been revi~ed and augmented
w1tl1 new mctlll·silicale parlltion cooffic:i~nt data. Thl' new form of the pre·
dJt·tive eApression is

=

lnD(metlsil} alnf0 • + bff + cPn' + I:diXi +
eln(l - X5 } flo(l - Xcl + g

+

when: X,. X5• and Xc are the mole fractions of an oxide component (l) in
the silicate melt. S and C io the metallic liquid respectively. Earlier conclusions that terrestrial upper mantle abundances <;~f Ni. Co, Mo, W, and P are
consistent with metal-silicate equilihrium at the base of a deep hydrous
magrna ocean [61 remain robust wi01 the uddillon of these new data. The
terrestrial primitive upper maotle Ni. Co. Mo. W, and P depletions [7], can
be best matched using partition mcfficu~nts calculated for conditions of
240kbar, 2250 K (1977°C). f!;fW =- 0.40, Xs = 0.15, and Xc = 0.08 for a
hydrous fertile peridotite with 3 wt% water (Xu.o 0.08).
Implications: Because tbe panitioning of irace sideropbile elements
between metal and silicate melt is oot affected by small amounts of dissolved
water (but Fe is). accretion models in which rncr:allic iron is Ollidiz.ed by water
may be enter1aincd. Second. volatiles dissolved in an early magma ocean may
be the source of Earth's current atmosphere and hydrosphere. and thus would
obvJate the need for a late chundriti~ veneer for Earth's volatile budget.
References: [ IJ Oelsem.me A. tJ9Q7) in Comets and the Oris in and
£1•olutitm of Life (P. J. Thomas ct at.. eds.). Springl'r-Verlag, New York.
296 pp. [2] Hayashi C. et al. ( 1979} EPSL, 4.1. 22-28. 13) Meier R. et al.
( 1998} Science, 279. 1707. [4] Jana D. and Walker 0. ( 1999} GCA, in press
[5] Righter K. and Drake M. J. (1999) EPSL. submiued. [6] Righter K. et al.
(1997} PEP/. 100. 115-129. [7] Newsom ()995) in Global earth PhySICS. A
1/undbnok of Physical Con~-rants (T. I Ahrens, ed.), pp. 159-189, American
Geophysical Union, Washington.
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i\tiCROMETI:R SCALE VARIATIONS OF li 1KO IN CORALS. C.
Rollion-Bard. M. Chaussidout. C. France-Lanordl, and E. Bardl. tCeotre de
Recherche Petrographiques et Geochimiques-Centre National de Ia Recherche
Scieotifique. 15 rue Notre Dame des Pauvres. BP 20. 54 501 VandocuvreJes-Naocy Ctdc:x, France (rollioo@crpg.cnrs-nancy.fr). lCenrre Europeen de
Recherche et d'Enseignement de Geosciences de l'EnvironmenL Europolc de
I' Arbois. BP 80. 13 545 Aix-eo-Provence Cedex 4, France.
lntroduction: Millimeter scale variations m trace-element ratios (Mg/Ca
and Sr/Ca) aod io isotopic ratios (,StiB, ,sue. and 5t8Q) in reef corals have
been intensively used as indicators of changes in environmental variables like
tempemture pH. and composition of the seawater. Th~ isotopic measuremeo!S
are classically carried out by mass spectrometry after phosphoric acid digestion. In tlus study we report the drvelopment of combine-d analysis in marine
biogenic carbonates of B-. C-. and 0-isotopic compositions and Mg/Ca and
Sr/Ca ratios using a large radius ims 1270 ioo microprobe. Tilis technique
offers the advantage of a small spatial resolution on the order of 20 llffi and
e nables the measurement of the different proxies (trace-element and isotopic
mtios) in a single spot. The technique has been first developed on a st~mple
of modem coral spl'ctes Porites from New Caledonia.
too Probe Analysis: The Mg/Ca and Sr/Ca ratios and B-isotopic measurements are made using an o- primary beam by counting lbe secondary
positive lOB, liB, UMg, '0Ca. and 88Sr ions. Tht: C- and 0-isotopic measurements are made with a Cs+ primary beam, by analyzing secondary negative
ions ( nc. 13C, 16(), and ISO) at a mass resolution of 5000 (e.g .• 1579 is needed
to separat.e 18Q and H 2 10() and 2916 to separate nc and •~CH). For SIEQ.
5econdary ions are counted on a faraday cup for 100 ( 1.3 x I ()ll cps) during
4 s and on an electron multiplier for tao (2.6 x I os cps) during 5 s in
monocollection, and during 3 s for the bot11 ions in multicollection with
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Fig. 1. Histogram displaying the B-isotopic variations of the Himalayan clay
and river samples.
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Fig. 1. Scanning electron microscopy picture of the fraction of the coral
studied and graph of 0 -isotopic measurements vs. distance in micrometers.
The blue and red curves correspond to two adjacent septa. The most 18Qdepleted values are observed on the syoapticula linking the two septa. The
gray section indicates the value obtained by conventional method.

-I 06 cps for ISQ. At present the mea~urement precision is on the order of
±0.4%o in monocollection.
Results: Oxygen-isotopic measurements made by conventional method
show variations of -I %o. These variations correspond to 4°C variations of
the temperature between 22• and 26°C using the equation of McConnaughey
[1]. The flrst results in 0 with the ion probe show greater variations up to
10%o over 100 llffi (Fig. 1). These variations cannot be explained by variations in temperature (they correspond to an amplitude of 40•q. The data are
depleted by 12.5%o to 2 .8%o relative to inorganic aragonite io equilibrium with
seawater at 24•c. Variations are linked to the structure with the more depleted values on the synapticula. So the bulk vital effect that is reported as
3.5%o at 24°C for this species results from a highly heterogeneous distribution of I)ISQ in the coral.
References: [I ) McConnaughey T. (1989) GCA, 53, 151-162.
BORON-ISOTOPIC ANALYSIS IN SEDIMENTS BY ION MICROPROBE: IMPLICATIONS FOR WEATilERING AND TilE OCEANIC
BORON BUDGET. E. F. Rose* , M. Chaussidon, and C. France-Lanord,
Centre de Recherches Petrographiques et Geochimiques-Centre National del
Ia Recherche Scientifique, BP20, Vandoeuvre Cedex, France, (*present
address: Mail Stop 23, Woods Hole Oceanographic Institution. Woods Hole
MA 02543, USA; erose@whoi.edu).
Introduction: The B-isotopic system has been proposed to be a unique
tracer of the paleo-pH of seawater because B speciation in water is very
sensitive to pH variation (!]. One of the major B input to the ocean is by
rivers. This study focuses on the different part of one of Earth most important erosion system: the Himalayan Range. The investigation of B-isotopic
fractionation during continental weathering processes will provide new in-

sights on B behavior during water/rock interactions and constraints the riverine B flux to the ocean. This is a major step in the understanding of what
controls the geological record of !)liB of the ocean [2].
Metbod: Boron-11/boron-10 ratios were measured on river sediments
(corresponding river samples were elsewhere [3]), and soil samples (clay
fractions <0.1 Jllil and <2 I!ID) with the CRPG-CNRS irns3f ion microprobe
that offers a high sensitivity forB analysis. A precision of ±Jo/.,, on the llBflOB
ratio is demonstrated by repeated analyses of the B NBS951 standard and
of seawater.
Results: !)liB of Himalayan rivers range between -10%. and +30%o
whereas !)liB of weathering products (clays) range between - 27%o and +25o/oo
(Fig. 1). All samples are highly fractionated compared to the continental
source rocks and most samples are shifted toward heavier !)liB.
The atmospheric B contribution to the rivers is negligible ([BJ...,.go =
0.15 IJ.OIOVL) as well as the "carbonate B" contribution (2 orders of magnitude less B in the river than what is predicted from carbonate dissolution).
Therefore, after correction of the "evaporitic B," the dissolved B in rivers
seems to be controlled by silicates alteration. A systematic enrichment in B
concentration is noticed in silicate weathering products as compared to the
source rock.
Discussion: The large variation of 3118 in silicates can only be explained
by changing conditions during the formation of the secondary minerals in
soils. The B-isotopic system allows to discriminate between the conditions
under which the clays forrn. either with variable water/rock ratios and/or
variable pH. The lower 11 B = - rl%o corresponding to the highest water/rock
ratio of 50 (or to the lowest pH 6.5). and the highest 3liB = +24.3%. corresponding to a water/rock= 4.5 (or to a pH= 7.7). Such variations are certainly favored by the particularly contrasted climate of the Nepalese region.
Nevertheless a flrst observation of this B budget suffers from an obvious
isotopic mass-balance problem that might be explained by what remains in
soils during/after continental weathering processes.
The discharge of rivers to the ocean produces two antagonist effects on
the !)liB value of the ocean. It increases due to B adsorption on river particles [5] (particulate B) and decreases due to low !)liB riverine input (dissolved B, Fig. I). Because of their high particle load it seems that Himalayan
rivers are the only rivers where these two processes balance. Taking into
account a global average river discharge to the ocean [6]. the effect of the
dissolved B input overtakes the effect of particulate B input and the 3liB
value of the ocean is predicted to decrease over time to its modem value of
40o/oo. Therefore, we reach a situation where it needs to be understood what
maintains the !)liB of the ocean constant through geological time (2,4).
References: [ I) Sanyal A. et al. (1996) Paleoceanography, 11, 513517. [2) Palmer M. R. et al. (1998) Science, 282. 1468-1471. [3) Rose
B. F. eta!. (1999) GCA, in press. [4) Spivack A. J. et al. (1987) GCA, 51,
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1939-1949. [5] Schwarcz H. P. et al. (1969) EPSL, 6, l-5. [6) Lemarcband
D. et al. (1999) EUG X ConfAbs., 579.

elevated levels of SCPs showing a correlation with higher concentrations of
acid ions in deposition, such as sulfate and nitrate.

DEPOSITION AND STORAGE OF SPHEROIDAL CARBONACEOUS
PARTICLES IN EUROPEAN MOUNTAIN LAKJi;S AND THEIR
CATCHMENTS. N. L. Rosel, E. Shillandl, H. Yangl, P G . Appleby2,
T. Bergl, L. Carnarercf, M. Gabathulers, K. Hanselmann6, R. Harriman7, K.
Koinig&, L. Lien9, U. NicJcuslO, B. Steiner Tradll, E. Stuchhlcl2, H. Thies7,
and M. Ventura•. 'Environmental Change Research Centre, University
College London, 26 Bedford Way, London WCIH OAP, UK, 2Department
of Mathematical Sciences, University of Liverpool, P.O. Box 147, Liverpool
L69 3BX, UK, 3Norwegian Institute for Air Research, P.O. Box 100,
Instituttveieo 18, N-2007 Kjeller, Norway, 4 Departameot d'Ecologia, Fac.
Biologia, Universitat de Barcelona, Diagonal 645, Barcelona 08028, Spain,
sAtmosphl!renphysilc, HPP L 3.2, Eidgentissische Tecbnische Hochschule
HC>nggerberg, CH-8093 ZUrich , Switzerland, 61nstitute of Plant Biology/
Microbiology, University of ZUrich, Zollilcerstrasse 107, CH-8008 Zurich,
Switzerland, 1freshwater Fisheries Laboratory, SOAFD, Faslcally, Pitlochry,
Perthshire, Scotland, UK, Blnstitut fllr Zoologic and Limoologie, Leopold
Fraozeos Uoiversititt lnnsbruclc, Technilcerstrassc 25, A-6020 Ionsbruclc,
Austria, 9Norwegian Institute for Water Research, P.O. Box 173, KjelsAs,
0411 Oslo, Norway, IOiostitute of Meteorology and Geophysics, University
of Jnnsbruck, lnorain 52, A-6020 loosbruck, Austria, llDepartment of
Chemistry, University of Bern, Freiestrasse 3, CH-3012 Bern, Switzerland,
l2Departmeot of Hydrobiology, Charles University, Vinicoa 7, CZ 128 44
Prague 2, Czech Republic.

CONTINENTAL CRUST AS A CONSEQUENCE OF COLLISION
GEODYNAMICS: SOME PRECAMBRIAN AND PHANEROZOIC
EXAMPLES. 0. M. Rosen' and V. S. Fedorovsky2, I Institute of the Lithosphere, Staromonemy per., 22, Moscow 109180, Russia (roseno@ilsao.
rnsk.ru), ZGeological Institute, Pyzhevslcy per., 7, Moscow 109017, Russia
(west45@glasoet.ru)

Remote mountain lalces bave no catchment influences and are among the
most undisturbed and sensitive ecosytems in Europe. Consequently, they are
especially useful as indicators of impacts from atmospheric deposition of
pollutants. Spheroidal carbonaceous fly-ash particles (SCPs) are produced
only from high-temperature combustion of fossil fuels . In mountain lake
systems, they therefore provide an unambiguous indicator of atmospheric
deposition and their temporal and spatial distributions are lcnown to be well
correlated to other atmospherically transported and deposited pollutants such
as S, heavy metals (especially Hg and Pb) and polycyclic aromatic hydrocarbons (PAHs).
In order to compare depositional fluxes of SCPs between mountain areas
experiencing a variety of depositional regimes, intensive sampling over a
fifteen month period was undertaken at !alee sites representing six mountainous regions across Europe as part of the EU funded research program
"MOLAR." The selected sites were 0vre NeAdalsvatn (mid-Norway).
Gosseokollesee (Austrian Alps), Estaoy Redo (Spanish Pyrenees), Lochoagar
(Caimgorms, Scotland), Starolesnienske Pleso (Slovakian Tatras), and Jorisee
(Swiss Alps).
Bulk atmospheric deposition collectors were sampled regularly (weekly
or fortnightly) in order tbat an annual estimate of SCP deposition per unit
area could be calculated and an estimate of depositional episodicity could be
made. In addition. at Redo. a comparison of SCP in wet. dry, and bulk
deposition was made. Wet and dry deposition appeared to contribute similar
numbers of SCP to this site over the sampling period. Atmospheric fluxes
were compared with depositional fluxes to the sediments using deepwater
sediment traps and radiometrically dated sediment cores. These, combined
with soil core data, allowed estimates of sediment focusing to be determined
at each of the sites as well as the relative amounts of storage within !alee
sediments and catchment soils. SCP inventories in the !alee sediments were
found to show a good correlation with inventories of Hg and Pb.
Atmospheric fluxes, sediment core and soil core SCP data all showed
similar patterns, i.e., that the sites of highest contamination were Lochoagar,
Starolesnieoske Pleso, and Estany Redo with Gossenlcollesee and Jorisee
intermediate and 0vre NeAdalsvato the site of lowest contamination. A high
proportion of the total accumulated SCPs were found to be stored in the
catchment soils suggesting tbat significant soil erosion. possibly as a result
of future climate change, could lead to the input of large quantities of SCPs
and associated pollutants such as Hg, Pb, and PAHs to the !alee ecosystem.
The maio source of SCPs to the !alee is undoubtedly direct deposition to the
lake surface, while movement of SCPs from the littoral to the deepwater areas
is also established. Deposition at the sites was found to be episodic with

Any initial crust-forming process such as island arc, active continental
margin formation, etc., sbould finish with continental collision to form a
recurrent supercontinent. The maio petrologic marie of that collision is a
granite melt generation. Three depth levels of granite process in collisional
crust are demonstrated below.
The Siberian Craton appears to be a result of the amalgamation of Archean
granulite-gneiss and granite-greenstone terranes (Fig. I) joined together
through collisional shear zones. Tbat zones demonstrate two metamorphic
events and granite generation at 1.9 and 1.8 Ga. The both are accompanied
with the areal granulite grade metamorphic events in the terranes occurring
nearby. That lower crust level of a collisional mountain building was cropped
out at 1.65 Ga after erosion of the upper crust probably composed of granites come from the collisional shear zones above.
The upper crust granite layer, thiclcness of 10 km, crops out in the
Caledonian collision system of the western Bailcal region. It was formed under
collisional thrusting of the Paleozoic island arc volcanic terranes. Granite
subliquids substance together with granite veins formed cupolas under
intralayer convection. The process ended in shear deformation and oblique
thrusting onto the Siberian craton [ 1).
In the recent collisional thickened crust the granite melt layer of -10-km
thickness is situated at 10- 15-km depth (Himalayas, Caucasus). The Caucasus collision is a result of underthrusting northwards of the Trans-Caucasian plate below the Scythian plate. The Tymauz granite, intruded into the
the uppermost folded complex 10 km above the granite layer, came from the
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Fig. 1. Samarium-neodymium-isotopic evolution diagram for the northeastern Siberian Craton. DT, MT, BT = the Archean terranes, A = anorthosites,
D = dolerite dike, and DM = depleted mantle. Numbers in quadrangles are
averages of 147Smfl44Nd ratio. Blaclc ovals age determined by Sm-Nd
whole-roclc isochrone; black quadrangles = by another methods. "Metamorphic events" mark the collisional epochs.
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TABLE I. Chondrite normalized REE ratios of the
Tymaus granite melt out modeling.

Source: Andes. crust [2]

0.2

Ce!Yb

Tb/Yb

Eu/Eu*

4.1

1.2

0.88

Calculated melts out (%)
5%
15%
30%

12.6
10.8
8.9

1.4
1.4
1.4

0.36
0.40
0.46

Tymauz granite melt

10.4

1.4

0.35

Calculated restites (%)
95%
85%
70%

4 .1
3.6
2.9

1.2
1.2
1.2

0.92
1.00
1.14

Restite: Lower crust [2]
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SALT SEEPAGE INTO LAKE KINNERET, ISRAEL: CAN ~37CJ
HELP? J. M. Rosenbaum• , A. Nishri2, M. Stiller3, and M. Gophen2,
•University of Reading, Postgraduate Research Institute for Sedimentology,
Whitelcnights, Reading RG6 6AB, UK (j.rosenbaum@rdg.ac.uk), 2Israel
Oceanograpb.ic and Limnological Research Ltd., P.O. BoK 345, Ttberias
14102, Israel, 3Weitzmann Institute of Science, Environmental Sciences and
Energy Researcb., P.O. BoK 26, Rehovot, Israel.
Introduction: The threat of saltwater infiltration into fresb.water aquifers is a problem of worldwide concern. We are developing a simple, quantitative approach to assess the mechanism and rate of brine infiltration into
freshwater systems using a combination of cb.emical and stable isotope data.
Our goal is to gain better knowledge of the mechanisms and rate of salt
contamination of freshwater systems, a necessity before coherent remediation
strategies can be chosen. We have chosen Lake Kinneret (Sea of Galilee) in
northeastern Israel for our field test.
Background: Lake Kinneret provides 25% of the freshwater consumed
annually in Israel. The lake overturns annually, and is surrounded by hot and
cold springs with Cl concentrations up to 3300 ppm. The springs were diverted from the Lake in 1964, resulting in a continuous drop in salinity and
CVBr ratio in the lake waters [1,2]. Previous studies have established that
there is still at least one source of salt currently infiltrating the lake from below
because lake salinity remains higher than that of its freshwater sources
[2- 6]. Data from sediment cores suggest that pore water/sediment reactions
are negligible and show that strong gradients in CI/Br ratios exist with depth
in certain regions of the lake and are absent in others [I].
Methodology: We have undertaken a detailed chemical and Cl-0-H
stable isotopic study of porewaters from two new -3-m sediment cores from
two different regions of the lake, b.istoricallakc waters dating back to 1968,
porewaters from cores taken in 1979, and the surface springs in the region
surrounding the lake. This work builds on tb.e recent studies of Stiller (1,4,5],
Nisb.ri [2), Nativ [3,6], and coworkers, using the same samples previously
analyzed wherever possible.
Preliminary Results: Our porewater analyses show measurable gradients in the major ions in solution. The two sediment cores display very
different chemical trends with depth reflecting the difference in the waters
underlying the sediments, e.g., Na/CI increases in one core and decreases in
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15% partial melting of the Mesozoic island arc volcanics of the Trans-Caucasian plate probably of average andesitic composition. Separation of that
granite is assumed to result to depletion of the source in the lower crust
(Table 1).
Acknowledgments: This study is supported by RBRF grants 97-0564463 and 99-05-68642.
References: (I) Fedorovsky V. S. (1997) Geotectonics, 31, 483-493.
[2] TaylorS. R. and McLennan S.M. (1985) Blackwell, Cambridge, Mass .•
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Fig. 1- For Kiooeret lake waters (upper) and porewaters (lower) as a
functions of time and depth. The lower panel is a composite profile of data
from three cores.

the other. While some of the cb.emical trends can be attributed to a combination of advection and diffusion, porewater ~D data is very complex and
does not follow a regular pattern with depth suggesting water/sediment reactions are occurring. The pattern of tbe data for the historic lake samples
suggests a major cb.ange in tb.e source of Cl or mechanism of Cl introduction
into the lake occurred between 1980 and 1982 (Fig. 1). The Cl-isotopic gradient~ in the porewaters show that brine input increases tb.e isotope composition of the lake water (Fig. l ). The increase in the 1)37CI value of the lake
water over time suggests an increase in tbe relative importance of internal
sources of salinity to the lake.
Acknowledgments: This research is supported by the National Environmental Research Council grant GR9/03633 and the Israeli Water Commission.
References: [ I) Stiller M. and Nissenbaum A. (1996) Israel. J. Earth
Sci., 45, 153- 160. (2) Nisb.ri A. et al. (1999) Chern. Geol., in press.
[3) Bergelson G. et al. (1998) Ground Water, 36, 409-417. [4) Stiller M.
et al. (1975) EPSL, 25, 297-304. (5) Stiller M. (1994) Israel. J. Earth Sci.,
43, 179-185. (6] Bergelson G. et al. (1999) Appl. Geochem., 14, 91-118.
THE RESPONSE OF MARINE SEDIMENT BACTERIA TO ORGANIC CARBON INPUT. R. Rosseli6-Mora 1, B. Thamdrup2, H. Schlifer3,
and R. Amao.o 1, •Ma!!.-Planck-lnstitute for Marine Microbiology, Bremen,
Germany, 2Jnstitute of Biology, Odense University, Odense M, Denmark,
3Ne.tb.erlands Institute for Sea Research, Den Burg, The Netherlands.
Cyanobacterial biomass was added to anaerobic sediment of the Black
Sea to simulate tb.e natural input of complex organic substrate tb.at occurs
8•, aod J5•c
in nature after algae blooms. Sediments were incubated at
for 13 d. Metabolic cb.anges were followed by the analysis of total C mineralization. sulfate reduction, and ammonium production rates. Microbial
community dynamics were measured by several tecb.niques of molecular
biology applied to microbial ecology analyses (i.e., fluorescence in situ
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hybridization, FISH; denaturing gradient gel electrophoresis, DGGE; and
sequencing of 16S rONA PCR products). The addition of organic material
resulted in significant changes in the composition of the microbial community at all temperatures tested. Sulfate reduction was the main mineralization
process detected. However, fermentative organisms of the Cytophaga-Flavobacterium phylogenetic cluster showed to be the dominant fraction of active
organisms. In the present communication we will show how the combination
of both biogeochemical process measurements, and molecular microbial
ecology analyses can improve our understanding of the function of the
microbial communities io ecosystems like marine sediments. The main
purpose of our presentation is to encourage the combined use of all these type
of analyses, which may give a much accurate picture of what is really happening in natural environments.

QUANTIFYING ELEMENTAL SULFUR (SO), BISULFIDE (HS-), AND
POLYSULFIDES (Sx2-) USING A CYCLIC VOLTAMMETRY

METIIOD. T. F. Rozao, S.M. Theberge, and G. W. Luther Ill, College of
Marine Studies, University of Delaware, 700 Pilottown Road, Lewes DE
19958, USA (ttozao@udel.edu; theberge@udel.edu; luther@udel.edu).

Introduction: Sulfur cycling is critical to our understanding of tracemetal cycling in marine and freshwater sediments. However, distinguishing
the different S species is a complex and arduous undertaking [I]. Recent
advancements using voltammetric methods have made possible the reliable
and sensitive analysis of bisulfides (HS-) and elemental S (SO) [2]. Unfortunately, these methods are unable to differentiate between HS- and so and
the intermediate poly sulfide species (S,2-). Since polysulfides are involved
with the formation of pyrite [3] and form strong complexes with class B
metals [4,5], knowing the abundance of these species is an important step
in our understanding in Fe and trace metal cycling.
The goal of this study was to develop a simple voltammetric method that
could identify the different S species through the use of extremely high scan
rates (>200 mV/s).
Methods: The voltammetric measurements were performed using an
Analytical Instruments Systems Inc. Model DLK-100 voltammetric analyzer
in conjunction with an EG&G Model 303A static Hg electrode in the hanging drop Hg electrode (HOME) mode. All solutions used an initial deposition step at -0.1 V for 5 s. After an additional 5-s quiet time, potentials were
scanned between ±0.1 V with a vertex potential at -1.5 V.
To avoid any impurities, pure Na2S4 was prepared by the method of Rosen
and Tegrnan except that premixing of the elemental S and sodium sulfide was
found to improve the integrity of the product. The purity of the product was
confirmed by X-Ray diffrac.tion (XRD) and differential scanning colorimetry
(DSC) analysis, and the products are typically >99% pure. Standard solutions
of Sl-- were made using A.C.S. reagent grade Na2S 9H2 0 (Aldrich). Solutions of so were prepared by dissolving 99.998% pure elemental S (Aldrich)
in HPLC grade methanol. All laboratory prepared solutions were made with
Milli-Q water that had been purged with N2 for I h. The N2 was ftrSt passed
through a pyrocatechol trap, which lower 0 2 concentrations <0.21!M.
Porcwaters were measured in situ using microelectrodes [6]. The in situ
method prevented any separation of HS- and so. which is generally achieved
upon acidification.
Results: Using scan rates >200 mV/s, in conjunction with an acid titration, HS-, so, and s.2- were individually identified in both laboratory
prepared solutions and natural porewaters from estuarine sediments.
Laboratory solutions were used to test the validity of high scan rates. In
both single and multispecies solution different polysulfides were differentiated from HS- and so. At high scan rates, the polysulfides gave two current
peaks at cliffereot potentials. The reduction of the polysulfide from the Hg
drop appears to be a two-step process: (I) breaking the Hg-S bond (reaction 1), and (2) reducing the S42- to HS- (reaction 2), resulting in the two
current peaks
Hg-S-S-S-S + 2e-

--t

Hg + S42-

(l)

(2)

Iron and NH4 • both can shift the second more negative current peak to
more positive potentials eliminating peak separation. The NH 4+ appears to
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provide a source of protons allowing the formation of HS- to proceed more
rapidly, while iron polysulfides appear to be less stable. At NH/ >500 I!M.
no peak separation was observed. Iron polysulfides were observed to have
peak separation of -70 mV, which allowed species identification.
Porewaters collected from estuarine sediments were observed to follow
a similar pattern. lo the suboxic zone, only S0 and iron polysulfides were
observed. However, directly above the H 2S zone, porewaters were observed
to have free polysulfides, iron polysulfides, and HS-JSO. This transition from
the so and iron polysulfides to H2S occurred over a 1-cm interval.
References: [I) Luther G. W. In et al. (1985) Umnol. Oceanogr., 30,
727- 736. [2) Wang F. et al. (1998) Limnol. Oceanogr., 43, 1353- 1361.
[3] Willcin R. T. and Barnes H. L. (1996) GCA, 60, 4167- 4179. [4) Thompson R. A. and He1z G. R. (1994) GCA, 58, 2971-2983. [5] Chadwell S.
et al. (1999) Aquatic Geochem., in press. [6] Luther G. W. 111 et al. (1998)
Limnol. Oceanogr., 43, 325-333.

TRACE-ELEMENT CHARACTERIZATION OF METAMORPHIC

ZIRCONS. D. Rubano•. I. S. Williams, and D. GUnther2, 'Research School
of Earth Sciences, Australian National University , Canberra ACT 0200,
Australia (daniela.rubatto@anu.edu.au) , 2Institut flit Aoorgansiche Chemic,
Eidgenbssische Technische Hochschule ZUrich, Universillitsstrasse 6, CH8092 ZUrich, Switzerland.
Zircon is a mineral occurring in many magmatic and metamorphic rocks,
that can be dated precisely by U-Pb. However, the correct interpretation of
zircon U-Pb ages from metamorphic rocks is limited by the difficulty in
relating zircon growth to metamorphic events. Zircon can record metamorphism by (J) overgrowth on detrital or inherited cores during high-temperature metamorphism and anatexis; (2) crystallization from a metamorphic fluid;
or (3) recrystallization of a preexisting magmatic or detrital crystal during lowtemperature, high-pressure metamorphism.
Zircon formed in these different metamorphic setting has been analyzed
for trace elements (U, Th, and REE) using laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) and ion microprobe (SHRIMP).
Zircons from granulite grade metasediments of the Reynolds Range gmup
(central Australia) have metamorphic rims that have overgrown detrital cores
of magmatic origin. Metamorphic zircon rims have crystallized in both the
leucosome and the metapelites. They have steep REE patterns with strong
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enrichment in HREE, moderate negative Eu anomaly and strong positive Ce
anomaly (Fig. Ia). The cores have more variable REE patterns, relatively flat
in the HREE, with strong negative Eu anomaly and positive Ce anomaly. The
metamorphic rims differ from the detrital cores also in having systematically
lower ThiU ratios (<0.1 ). Similar REE conceo.trations and patterns of the
zircon rims from the leucosomes and the metapelites suggest that both reached
equilibrium with the melt. The negative Eu anomaly reflects the present of
feldspar during zircon formation, whereas the strong enrichment in HREE
documents the absence of garnet in the assemblage. Therefore, the zircon rims
crystallized after the breakdown of white mica to form K·feldspar + sillimanite+ melt.
An eclogite facies metasediment of the Sesia-Lanzo Zone (Western Alps)
contains zircon with detrital magmatic cores snrrounded by metamorphic rims
with low Th/U ratios (<0.1). The detrital cores have higher U, Th, and REE
contents than the rims and steeper REE patterns with strong negative Eu
anomaly (Fig. lb). On the other hand, the metamorphic zircon rims are
characterized by extremely low contents in U, Th, and REE. Their REE
patterns show only moderate enrichment in HREE, and no Eu anomaly. Flat
REE patterns reflect the presence of garnet. The absence of Eu anomaly
indicates zircon rim recrystallization after the high-pressure breakdown of
plagioclase. These data demonstrate that the zircon rim formed during eclogite
facies metamorphism.
Hydrothermal zircons from a metamorphic vein foWid within the eclogitic
micaschist of the Sesia-Lanzo Zone are rich in U and REE and poor in Th
(Th/U <0.1). Their REE patterns (Fig. lb) indicate that they grew in equilibrium with feldspar and in the absence of garnet. This implies that the
zircons crystallized prior to the formation of the present eclogite-facies assemblage, during prograde greenschist facies. This conclusion is supported
by the U-Pb age of the zircons in the vein being 10 m.y. older than that of
the zircon rims in the eclogitic micaschist [1].
In conclusion, low Th/U ratios characterize metamorphic zircon and
distinctive REE patterns make it possible to link zircon formation with
metamorphic stages. This correlation is the key to the precise dating of
metamorphic events.
References: [1) Rubano D. et al. (1999) EPSL, 167, 141- 158. [2) Sun
S. S. and McDonough W. F. (1989) Geol. Surv Spec. Pub/., 42, 313-345.
EVIDENCE FOR A MAFIC, RUTILE-BEARING RESERVOIR IN
TilE EARTII. R. L. Rudnick, M. Barth, W. F. McDonough, and I. Hom,
Department of Earth and Planetary Sciences, Harvard University, 20 Oxford
Street, Cambridge MA 02138, USA (rudnick@eps.harvard.edu).
Introduction: From a geochemical point of view, continental crust is
generally assumed to be complementary to depleted mantle (DM or MORB
source): elements depleted in the DM are enriched in the continental crust
and visa versa. However, this does not hold for Nb and Ta, two refrdctory,
lithophile, high-field strength elements, predicted to be in chondritic proportions to one another as well as to other refractory lithophile elements (e.g.,
REE) in the bulk silicate Earth. The Nb/La ratios in both the DM and the
continental crust are subchondritic [1). as are their Nbfl'a ratios [2]. In
addition, mass-balance calculations indicate that if the mass of DM represents 0.4 of the mass of the silicate Earth or greater (as the crustal abundances
of many incompatible elements suggest), then there is a deficit of AI and Ca
in tbe silicate portion of the Earth that is not accounted for by continental
crust (Fig 1).
Nature of the Mafic Reservoir: These observations suggest that an
additional reservoir exists in the silicate Earth, containing appreciable Ca and
AI and high Nb/La and Nb/fa. This reservoir must be intimately linked to
formation of the continents and DM. Subducted oceanic crust fits these
criteria. The mass of the mafic reservoir is best estimated from AI and Ca
mass-balance arguments, which place it at anywhere between I o/o and 7% of
the mass of the bull< silicate Earth, depending upon the degree of depletion
of the DM. This is on the order of the mass of oceanic crust that is likely
to have been recycled through Earth history, assuming the present-day thickness, area, and recycling rates of oceanic crust extend through 3.5 Ga of Earth
history.
Eclogite Compositions: In order to test this hypothesis, we have undertaken geochemical srudies of samples that may derive from this reservoir.
Although most subducted oceanic crust passes well beyond the reach of direct
sampling by geologists, there is mounting evidence (primarily from stable
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isotopes) that eclogite xenoliths carried in kimberlites may be fragments of
ocean floor that stranded (via collisional tectonics?) in the lithosphere of
Archean cratons.
We have measured the Nb, Ta, and other lithophile and siderophile element contents of rutiles, ilmenites, garnets, and omphacites from eclogitic
xenoliths from west Africa and Siberia by laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). The oxide phases contain the
majority of Nb and Ta in the whole rock, giving rise to high Nb/La in many
of the reconstructed whole-rock compositions [3]. Most importantly, the Nbl
Ta of the majority of eclogitic rutiles is super-chondritic; NbfTa ranges from
4 to 340, with a median of -30 - approximately 2x the chondritic ratio.
This contrasts with rutiles from continental crustal rocks, which have Nbfl'a
between 6 and 39, with a median of 16 (i .e., chondritic). In addition, the
eclogitic rutiles have significant W, Mo. and So abundances (median values
of 8, 8, and 18 ppm respectively) . Given a modal abundance of -1 o/o, rutile
in eclogite, the mafic reservoir could hold 2-20% of the bulk silicate Earth
budget of these elements.
Summary: The observations presented here suggest that a mafic,
eclogitic reservoir, 1- 7% by mass of the bulk silicate Earth, resides at deep
levels within the Earth. The mass of this reservoir is on par with that of the
continental lithospheric mantle, from which our xenolithic eclogites derive.
The overall scarcity of eclgoites within the lithospheric mantle requires that
the vast majority of recycled oceanic crust was transported to the convecting
mantle. Our observations suggest that little of this mafic component has been
remixed into the depleted mantle and therefore must reside as a distinct
component in the deep Earth, perhaps at the core-mantle boundary.
References: [I] McDonough W. F. (1992) Phil. Trans. R. Soc. London, 335, 407-418. [2] Jochum eta!. (1997) Eos Trans. AGU, 78, F805.
[3] Barth M. et al., this volume.
ASSESSING REACTIVE SURFACE AREA DURING MICA DISSOLUTION WITH X-RAY PHOTOELECTRON SPECTROSCOPY
AND REAL-TIME, IN SITU ATOMIC FORCE MICROSCOPY
OBSERVATIONS. E. Rufe and M. F. Hochella Jr., Department of
Geological Sciences, Virginia Polytechnic Institute and State University,
Blacksburg VA 24061, USA (erufe@vt.edu; hochella@vt.edu).
Introduction: Models describing the kinetics of water-rock interactions
depend fundamentally on the measurement of surface area and its reaction
variability. Yet this so-called "reactive surface area·• remains an elusive
parameter. This srudy combines atomic force microscopy (AFM) and X-ray
photoelectron spectroscopy (XPS) to examine the relative reactivity of different mica surfaces during dissolution in acidic to circumneutral solutions.
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Mica mincr<~ls are ideally suited for thjs study bec~use surfaces with gr..:atly
varying rea..:tivity can easily be ideottfied. Dissolution of phyllosilicates is
thought to be domionted by an eJge attack mecharusm, where cations are
selectively removed from exposed (hkO) edges. while the (00 I) surfaces
remain inert.
Materials and Methods: Samples of muscovite and phJogopitc: were
cut to - I cmz and cleaved to reveallttomically smooth (001) surfaces. These
samples were pre-ctcbcd by el(posure to HF solution, Cre:Jting shnllow, ~TYS·
tallographicaUy controlled etch pits. Phlogopite etch pits are triangular and
bounded by (010) aod (110) faces. Muscovite etch pits are irregularly shaped.
Subsequent XPS and low-energy electmo dtffractioo (LEED) ;malysis iodi·
cates lhatoo signific;mt compositional or stntctural alteration is induced by
Ibis pretreatment. Samples were ima ged using a Digital Instruments
Nanoscope lila atomic force microscope (AFM). In .ntu imaging was performed in solutJon in !Jipping mode AFM (TM-AFM) using oxide sharpened
Si 3 N• tips . E.x situ imaging was performed in air in con!Jict mode using oxide
sharpened lips, and in tapping mode using etched Si probes. X-ray photoelectron spectroscopy (XPS) spectra were collected using a Perkin-Elmer 5400
(PHI) X-ray photoelectron spectroscopy system, using non-monochromatic AI
Ka radiati11n (hv = 1486.7 eV). Static cha rge referencing was performed
relative to the adventitious C Is pbotoline (BE = 284.6 cV) or the Au 4f7n
photoline (BE 84.0 eV) of Au deposited on tbe sample sunace.
Results and Discussion! In .tiru and ex situ AFM observations reveal
that dissolution of pi\Jogopi te and muscovite proceed by removal of material
from (hkO) edges that form etch pit walls. New etch pits arc not observed
forming on truca (001) surfaces. anestiog the incn nature of these surfaces.
During pblogopite dissolution, step retreat of all (bkO) faces occurs at Lh.e same
rate, suggesting these (010) and (110) faces have the same reactivities in this
case. However, different muscovite (hkO) surfaces retreat at different rates,
indicating the different muscovite edges have different reactivity in !he range
of conditions examined.
X-ray pbotodectroo spe<."'troscopy analyses were penomred on phlogopile
samples reacted in pH 2 HCI solution and pH -5.7 dd-H 20 for periods ranging
from 4 to 132 h. Dissolution is ch:!raclcrizcd by a rapid reduction in the Mg/
Si. AUSi, and K/Si atomic mtios. These values re.ach maximum depletion in
24 h. then remain fairly consiJ!Dt with mcreased reaction time. Angle-resolved
X-my photoelectron spectroscopy (AR-XPS) measured surface compositions
show the top -20 Aof the (001) surface 3n! enriched in Si and 0, and severely
depleted with respect to AI, Mg, and K Long-t.erm in siw AFM observations
of pWogopite dissolution at pH 2 show the top sheet thiclmess increases from
10 A to 18 A. between 39 hand 63 b, and then collapses to 12 A between
87 h and 127 h. Analysis of photopeak shape und binding energy mdic-dtes
the near surface of the sample undergoes structurdl altcro~tion simultaoeou;;ly
with selective leaching of ioterlayer and octahcdr.!l cations. Silicon lp and
0 Is binding energies and full-width half·ma.Jtimum (FWHM) show a ])TO·
gressive increase with increased reaction time. Additionally. Si 2p and 0 Is
binding em:rgies increase from values typical of phyllosilicates to values
typical of qunrtz nod nrnorphous silica. These fiodings arc consisteot with
the general model for leached layer dl'veluprnent and suggest that the (00 I)
surfaces of micas participate in the dJssolution process during a~:id dissolution under these conditions.
Conclusions: The results of this study illustrate the heterogeneous na ture of the reactivity of different mica surt'aces during dissolution. Such variability probably applie.~ to other silicate minerals as well. This suggests that
microscopic characterization of silicates is necessary to determine !he relative reactivity of different crystallographic faces with respect to overall dissolution nux.
Acknowledgments: Suppon for this research was provided by Pt:troleu.m Research Fund grants PRF-31598-AC2 and PRF-34326-AC2. The
mineral samples were obtained from the Miocralog.ical Museum at Virgirua
Tech (phlogopite: HB-1246) and T. N Solberg (muscovite).
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OSMruM CONCENTRATIONS AND ISOTOI'fC COMPOSITION Of
TlJE LOWER CRUST lN MEXICO. J. Ruizt, J . T Clleslcy, and
K. Righter 2, Department of Geosciences, University of Arizona, 1\icson AZ
85721. USA (jruiz@geo.arizona.edu), 2Lunar and Planetary Laboratory,
University of Arizona. Tucson AZ 85721, USA.
Introduction: Mexico represents Em ideal area to srudy the composi·
tion of the lower crust since Proterozoic and Phanerozoic lower crust samples

can be acquired through lower crustal ltenolitlls brought to the surfac.: by Mi·
occn~ or younger alkalic basalt. and exposed lower sections of Mesowic
a~cr.:tcd rcrranes ..
Geology or Mexico; Mexico consists of a many terranes that were
accreted at different in the Phanerozoic. The final assembly of the country
occurred during the: breakup of Pangea with the accretion of the Guerrero
termne, which is one of the largest juvenile terranes of the north American
Cordillera. The other half of Mexico, approx.imatcly, is underlain by Proterowic rocks of Grenville age. Exposures of these rocks are found in Oaxaca,
southern Mexico and Tamaulipas, northern Mexico. These exposures consist
of granulite-facies p:ua· and ortbogneisses with peak metamorphic pressures
of -B kbar and tempemtures of
Lower crustal xenoliths in central
Mexico include two-pyroxene, pyroxene-plagioclase, aod pelitic granulites.
The metapelites consist of garnet, quartz, feldspar. and pyroxene. The lower
(;ru$1Jll xenoliths in geoer<~l yield slightly higher pressures and teroperJtures
than the exposed granulite massifs . 11te model Nd ages for the exposed
granulites mages between I .3 and 1.6 Ga. Lower crus!JII xenoliths also yield
predominantly 1.5-Ga model ages, but some samples rcpon younger model
ages.
lo the accreted terranes of western MeJCico, the lower crust consists of
basalt with mid-ocean ridge chemical characlt:ristics overlain by metamorphosed, recycled Proterozoic sediments. Above the metasedimentary rocks lies
a thick sequence of calc-alkalic andesitcss. The model Nd ages for the
metasediments is also -1.5 Ga. All other lithologies have juverule Nd-isoLOpic values.
Osmium Isotopes: The present day 18iOstt811Qs ratios of the measured
lower crustal metasedimentary and granulite lithologies from both accreted
terranes and in nuclear Mexico range between 0.5 and 1.0. The metabasalt
of the accreted terranes have t870stt88()s values between I and 2. The Os
concentration of all lower crustal lithologies ranges between 10-70 ppL Upper
crustal grarutoids have tS?OsJ 18EQs between 0.8 and I .2 with Os concentrations between 1-3 ppt. The data presented here indicate that the lower crust
has higher Os concentrations thao previously thought and that it can be
relatively unradiogenic. These data also indicate that the lower crust is a more
likcly contaminant in the evolution of mantle-derived magmas than previously
believed.

-1so•c.

MODERN FORMATION PROCESSES FOR FOSSIL BRlNES IN THE
GREAT AUSTRALIAN BIGHT. J L. Russell and the ODP Leg 182
Shipboard Science Party, Scripps Institution of Oceanography, 9500 Gilman
Drive, La Jolla CA 92093-0208, USA.
Through an accident of geography and meteorology. the physical oceanography of the Sooth Australian Shelf contributes to the formation of very
dense. high-salinity water. The longshore wiod panem on the continental shelf
also produces a series of convergences and divergences of mass which are
quasi-permanent features. The resulting gcostrophic onsbelf and offsbelf
transports extend mto the deep oce;m as coastal waves. These mass exchanges
with !he open ocean include an impor!Jint contribution from the high-salinity
outflow water produced through excess evaporation near !he Eyre Peninsula.
This shelf circulation pattern may explain the formation and transport of
brines 10 the carbonate banks of the South Australian Shelf. We will present
hydrographic d:tta and analyses of porewater from sediment cores obtained
during ODP Leg 182.
MAJOR· AND TRACE-ELEMENT ABUNDANCE DATA JN THE
CIRCA 2.2-Ga HEK.POORT PALEOSOL. R. Rye, Mail Code 170-25,
Geological and Planetary Sciences Division, California Institute of Tech·
nology. Pasadena CA 91125, USA (rye@gps.caltecb.edu).
The Hekpoort paleosol has long been interpreted to be a regional
paleoweatheriog profile developed on -2.2-Ga basaltic andesite lavas at !he
top of !he lfekpoort Formation of the Pretoria group, Transvaal supergroup,
South Africa (I]. In five separate profiles, from outcrops along road cuts ncar
Waterval Onder and tbe. Daspoon 1\inoel nod io three drill cores from the
Bank Break area (BB3, BB8, and BB 14). the top of the paleosol is a sericiterich zone. The sericite zone grades downward into a cWorite-rich zone. In
core BB8 and in the road cut at the Daspoort Tunnel we sampled the underlying or pare01 basaltic andesit-e into which the chlorite zone grades. We
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did not obtain samples of the parent material at Waterval Onder and in cores
13B3 and BB 14. but chemical analyses indicate that the chlorite and sericite
zones in these profiles derive from underlying lavas similar to the ones we
sampled in core Bl:l8 and at the Daspoon Tunnel. The presence of rip-up
clasts of the paleosol in the overly ing ironstones of the S1rubenkop FomJa·
tion in ll1e cores from Bank l:lrcak rule out the notion that most of the: alteration was a result of interactions with hydrothermal 11uids. Desiccation
cracks at the top of the paleosol that wcro filled with sand during the dcpo·
sition of the overlying sediments at Waterval Onder point to a subaerial
weathering origin.
Aluminum, Ti, Zr, Cr, and V were apparently immobile during weathering and all subsequent alter.Jtion. We have calculated retention factors for
these elements in each profile, a.sswniug that AI was perfectly intmobik In
core BB8, which is the most complete proiile we have. our calculations
indicate llmt between 95 and 100% of the Ti. Zr. Cr, and V were retained
in the soil profile. Thus. there was no significant loss of any of these ele·
ments from the soil as a whole. The coefficienL~ of variation of Ti/Al. Zr/
AI, Cr/AI , and V/Al are all very low with each soil profile, indicating that
llle elements were not s ignificantly redistributed within the soiJ. Aluminum,
Ti. Zr. and Cr are typically immobil e during weathering. Vanad ium is some·
what mobile during aerobic weathering and it~ retention indicates that atmospheric 0 levels were low when the Hek.poor1 paleosol formed.
TI1e vertical distribution of Fe. Mg, Mo. Ni. and Co indicates that these
elements were largely removed from the top of the soil during weathering.
The values of the ratios Fe/AI, Mg/A I, Mo lAl, Ni/AI. and Co/Al in some
samples at or oear the top of the soil faiJ below 10% of the val ue of these
ratios in the parent material. However, the retention factors for Fe (0.3-1.0).
Mg (0.1-0.5). Mn (0.3-0.9). Co (0.2- 1.0). and Ni (0.8-1.3) indicate that a
significant fraction of the complement of these clements was lost from the
top subsequently rcprccipitatcd in ll1e lower portions of the soil.
Previous work indicated that the distribution of Fe and Mg in chlorites
in the Hekpoort paleosol were consistent willl the fom1at:ion of pedogenic
Fc1•.fich smectite rather than pedogenic FeCO} in the lower portions of this
soil [2). Divalent cations such as Mol>, Ni2··, and Co2+ would readJiy substitute into such a smectite.
The dislribution of Fe2+ should be l>l:st preserved in core samples. which
l1avc not been subjected to modern, 0-rich weathering. The molar ratio Ni2•'/
Fe'l~ is typically highest near the top of the BaW.. Break core profiles. This
ratio decreases with increasing depth until ilS value is simi lar to that found
in the parent material. Co2+fFe2• is generally fa irly coostaoL Mo2+/Fe2•
generally increases toward the bottom of the profiles as does the ratio Mg2•/
fel+. The variations io these molar ratios are inconsistent with the wholesale
introductio11 o f these elements by a hydrothermal solution s ince tl1e compositi on of sucb a fluid was probably uniform over the length scale of each of
these profiles. Experimental dnta on the distribution of divnlent ca tions
between solution and a trioctahedral smectite [3] indicate thllt the present
distribution of these divalent cntions is best interpreted a.s res ulting from U1cir
release during weathering and subsequent repre<:ipitation as constituents of
pedogenic smectite.
The precipitation of pedogenic smectite ra ther than sideri te indicates that
atmospheric pC02 wa.s Jess ll1an 2 x I 0'"2 a lin when the Hekpoort paleosol
formed. At this COz level, the loss of Fe from llle top of the profile during
weathering indicates that weathering occurred wi th. atmospheric p02 <8 x

to-•.

References: [I] Button A. and Tyler N. (1981) Econ. Geo/. 75rh A11niv.
VoL . 686-709. [2] Rye ct al . (1995) Norure, 378. 603- 605. 131 D~earrcau
A. (1985) GCA, 49, I537- 1544.
AMMONIUM PARTITIONING i\ND NITROGEN-ISOTOPIC FRACTJONATION DURING HIGll-TEMPERATURE METAMORPIUC
FLUID-ROCK INTERACTIONS. S. 1. Sadofsky and G. E. Bebout.
Department of Earth and Env iroomeotal Sciences. Lehigh Uoiversity, 31
Williams Drive, Bethlehem PA 18015. USA (sjs8@lehigh.cdu).
Introduction: Despite recent advances in N-isotopic geochemistry, our
understanding of the behavior ol' this clement in the solid earth rema ins
limited by a lack of fundamental information regarding the partitioning of
ammonium and isotopic fractionation of N among coexisting mineral phases

and fluids. Study of N behavior in n:g:ionally metamorphosed rocks p!O\•ides
the opportUllity to assess in rermineral NH4.. partitioniog and N-isolopic fractionation among coexisting micas during medium-Pff mt:tamorphism and also
allows the use of N as a tiacer of fluid-rock interactions. Two studies of N
behavior in metamorphic environments eva luate the utility of the N-isotopic
system in understanding metamorphic processes. The outcrop at Townshend
Dam, Vcmmnt, provides a continuous section or amphibolite facies metamorphic rocks of varied protoliths [i.e., I ,2]. allowing exa mination of both
intermineral N-behavior and preservation vs. homogenization of N content
and l)ISN across-stiik.e on a relatively sma ll scale. Metamorphic rocks from
western Maine allow examination of the effect of varying peak metamorphic
condi tions [i.e. , 3] on intermincral N partitioning and isotopic fractionation
in pelitic rocks .
Techniques: Nitrogen was prepared for isotopic analysis by a sealed
quartz tube technique (modified from [4.5]). The temperature required for
full and rapid extraction of N from biotite and white mica minera l separates
is -1200°C. Samples were then analyzed by standard stable isotope methods
in a viscous flow dua l inlet mass spectrometer. Blanks for this technique are
#0.025 ~ol N2 , and to (for u : 2-6) is <0.l5%o for replicates of N-rich
mica separates.
Resulls: Mica samples from Townshend Dam show significant variability in s•sN.,, (3.3-Jl.9%o) and N content (9-1270 ppm) across ll1c strike of
ll1e dominant foliation. Snroples with coexisting biotite and white mica have
similar. but somewhat variable, S15N values (21 biotite-white mica pairs, mean
difference = 0.4%•. moge -0.9%o to +2.7%o). In rocks with two micas, white
mica on average contains 0.47x as much N as biotite: consistent with the
result~ of other studies of iutermincro~l NH/ partitioning in schists, gneisses.
and granites [6-81. Biotite in biotite-ankerite-quartz veins contains signifi·
cant N (302- 1270 ppm) with l)tSN values simiLar 10 adjacent rocks. Organic C
content and l)IJC were analyzed for a subset of samples from Townshend Dam
to attempt to explain the large range in ll 15N within a single formation . An
inverse correlation of SllC and (i 1SN suggests that if C02 and N2 wt:re the
dominant C- and N-beari.ng fluid species, then varying extents of de volatilization may explain atlea.st some of Ibis wiUuo-formation range in ()ISN [cf., 9]
Samples from western Maine ranging in grade from garnet to K. feldspar +
sillimanite contain 264-1820 ppm N in biotite and 170-773 ppm in mus·
covite. l)ISN.;, ranges from 4.1 %o to 8.9%o and is very s imilar in coexisting
micas (7 pairs). Muscovite contains -0.45x a.s much N as biotite on average.
Discussion: There appears to be no N-isotoplc f'ractionatioo among
micas that have reached amphibolite grade or higher temperatures and
ammonium partitions systematically between biotite and white mica. However, there is s ignifican t scatter in 1:1 15Nb;othe·whito nuc. at Townshend Darn and
in ammon ium partitioning in rocks from both localities. Several possible
reasons for the variation in N behavior in coexisting minerals nave been
investigated, including varying while mica mineralogy (muscovite vs.
pnragonite) and tllljt cell dimens ion, and differential c losure relationsh ips
du.ring cooling. The samples from Townshend Darn most unlike the mean in
both 6 1SN and ammon ium partitioning contain more ch lorite (chVchl + btt
>0.4); thus retrograde replac.:cment of biotite by chlorite may have been
accompanied by some fluid-minera l N exchange. The variability of intermineral ammonium partitioning (N,. 111 ,. •nico/Nbiolltd appears to be a compound
effect of several factors: tbe ch lorite content of the rock tikely plays a role
(as above); and samples with paragonite, or N-rieh muscovite, are more
variable in partitioning at Townshend Dam. Rocks from western Maine show
less variability in ammonium partitioning than rocks from Townshend Dam,
with some of the outly ing datu corresponding to greater chlorite content.
Overall, the variatious iu 015N of these two suites differ sign ificant ly. At
Towns bend Dam the rocks experienced un iform metamorphic P-T conditions.
but there is extreme vttriabitity in S 15N (probably related to protoljll1 heterogeneity). Despite the abundance of N in metamorphic flu ids (evidenced by
nbuodant N in vein biotite), these rocks have not been homogcnit.ed with
re~peclto S•SN or N content. In west.em Maine, all rocks contain abundant
N: a general trend of higher o1SN and lowe.r N content with higher grade is
ccmsistc.nt with the expected effects of devolatiliz.ation.
References: [1 ] Chamberlain C. P. and Conrad M. (1993) GCA. 57.
26 13-2629. [21 Koho M. and Vall ey J. ( 1994) GCA . 58. 5551- 5566
[3 1 Guidotti C. V. and Holdaway M. J. (1993) GSA Guidebnok. 2, L1-L26
[4] Bebout G. E. and Fogel M. L. ( 1992) GCA. 56, 2839-2849. [5] Bebout
G. E. (1997) EPSL. 151, 77- 95. [6] Honma H. and ltlhara Y. (1981) GCA.
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45, 983-988. [7] Duit W. et a!. (1986) Am J. Sci., 286, 702-732. [8] Boyd
S. R. and Philippot P. (1998) Chern. Geol.• 137, 57-66. (9] Bebout G. E.
et al. (1999) Am. Mineral., in press.

QUANTUM CHEMICAL MODEL FOR APATITE BIOMINERLIZA·
TION ON SILICA BIOCERAMICS. N. Sahai and J. A. Tossell,
Department of Chemistry and Biochemistry, University of Maryland, College
Park, MD 20742, USA (nsahai@glue.umd.edu).
Introduction: Silicon is considered to be an essential trace element for
normal bone development [1,2]. Bioactive silica ceramics are used as prosthetic bone and dental implants because they promote ilz vivo biomineralization of apatite [Ca5(PO.)]OH]. as well as in vitro mineralization when
inunersed in simulated body fluid of composition similar to human blood
plasma. Apatite formation occurs in stages but earlier studies disagree on the
reaction sequence, summarized here as:
Scheme I [3]
Stage I
Stage II
Stage III
vs.
Scheme 2 [4]
Stage I
Stage 2
Stage 3
where [>Si0- 1]0 is a symbolic representation of a surface-bound, deprotonated
silanol group, and m = 1,2.
Method: We used ab initio Hartree Fock theory to distinguish between
these two proposed reaction sequences. We examined apatite biomineralization via the interactions of alkaline-earth metal ions (M•2 = Ca•2, Mg+2 ),
HmP04m- 3, and H 20 at model bioceramic surfaces. The silica surface was
represented at different protonation levels by fully protonated [(Si 30Ji 6)],
partially protonated [(Si 30 6H5)-1] and fully deprotonated [(Si30 6H3) -l] rings.
Solvation and cluster-size effects were considered. Energies were calculated
using effective core potentials and 29Si, lip nuclear magnetic resonance
(NMR) shieldings were obtained at the 3-21-0' level.
Results and Conclusions: Comparison of theoretical reaction energies
and NMR shielding trends with experimental NMR !rends suggests the formation of ((SiO-•)"- M+2- OP03 H-2] clusters consistent with scheme 2. Direct
Si-0-P bonds (scheme I) are unlikely. Energetic preference ofMg+2 over Ca•2
at each stage explains the observed inhibition of apatite precipitation by Mg+2.
At high pH, the monode-n tate attachment of HP0,- 2 to the sorbed cation at
the fully deprotonated silica surface is favored whereas bidentate attachment
of HP042 or H2P04I is favored at low pHs. The bidentate geometry of the
surface cluster is similar to the local geometry of brushite (CaHPO, 2H20).
The results of this study indicate that quantum chemical molecular orbital
calculations provide a previously under-exploited method for exploring reaction mechanisms and energetics of biomineralization.
References: [I] Carlisle E. M. (1986) in Silicon Bioclzemisrry, Wiley,
Chichester. [2] Birchall J. D. and Espie A. W. (1986) in Silicon Biochemistry, Wiley, Chichester. (3] Hench L. L. (1990) Bioceramics, 3, 43-45.
[4] Hayakawa S. et al. (1996) Phys. Chern. Glasses, 37, 188- 192.
GREENSTONE-GRANITE BELTS OF THE HEARNE DOMAIN,
NUNA VUT, CANADA: EVOLUTION OF JUVENILE NEOARCHEAN
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OCEANIC CRUST. H. A. Sandeman•, B . Cousens2, W. J. Davis• , S.
Hanmer•, T. Peterson•, J. Ryan 1, and S. Tella•. 1Geological Survey of Canada,
601 Booth Slreet, Ottawa ON, KIA OE8, Canada (hsandema@nrcan.gc.ca),
20ttawa-Carleton Geoscience Center, Carleton University, 1125 Colonel By
Drive, Ottawa ON, KJS 586, Canada.
The western Churchill Province of the northwest Canadian Shield contains some of the least studied yet areally extensive greenstone belts in North
America. In the Hearne domain, these belts encompass over 68,000 km2 and
contain a number of significant Au deposits and base metal prospects. Previous bedrock mapping. together with more recent geochronological and
geochemical investigations, has significantly enhanced the knowledge base
for this region. Broadly temporally equivalent (2680- 271 0 Ma), generally
northeast-lrendiog greenstone belts in different areas have distinct geochemical lraits but, on the basis of Sm-Nd-isotopic analyses (n = 66), are interpreted as being predominantly juvenile in character. The central and northeast
belts record three distinct types of basaltic to andesitic volcanism. In volumetric order these are as follows: type I basalts having flat, extended incompatible element ( -6H primitive mantle) patterns lacking negative HFSE
anomalies; type 2, Th, and LREE-enriched basalts to andesites with negative
HFSE anomalies and; type 3 basalts to basaltic andesites with convex-upward
patterns culminating in La, Ce, and Nb. In the north and northwest belts
type 3 rocks are absent. The northwest belt contains rocks of types 1 and 2,
whereas the northern belt bas rocks of type I and basalts that are incompatible element depleted with variably developed negative HFSE anomalies. The
central and northeast belts also contain widespread intermediate to felsic tuff
horizons intercalated with the predominant mafic volcanic rocks. Along the
western margin of the Hearne domain, abundant type I basalts are intercalated with tholeiitic intermediate to silicic volcanic rocks having Th and
LREE-enriched extended incompatible element patterns with negative HFSE
anomalies. Overall, the rocks exhibit £Ndt values (ranging from +4.0 to - 1.0)
that show a slrong negative covariation with Si01, implying contamination
from significantly older. MesoArchean crust.
Slightly younger (-2691- 2679 Ma), 1-type, arc-related plutonic rocks
inlrllded the supracrustal packages throughout the Hearne domain. These
granitoids have TTG geochemical characteristics. negatively-sloped extended
trace element patterns with prominent negative Nb and Ta anomalies, depleted
HREE abundances and mantle-like t:.Ndt values (2.3: n = 20). The TTG rocks
were accompanied by locally abundant dacitic to rhyolitic volcanic and
volcaniclastic rocks including proximal flow-banded and autobrecciated
rhyolites, crystal and lapilli tuffs. agglomerate and volcanic conglomerate.
These volcanic rocks include a variety of geochemical types, the majority of
which have whole-rock and Nd-isotopic compositions comparable to the
volumetrically dominant TTG plutons.
A preponderance of mantlelike £Ndt values and the absence of inherited
zircons in all geochronological specimens (except from the southwest belt)
indicates that the majority of the Hearne domain represents a block of juvenile, Neoarchean oceanic crust. Many recent investigations of Archean
greenstone belts have ascribed an oceanic plateau model for their development, predominantly on the basis of geochemical arguments. Picritic and
komatiitic rocks , common constituents of oceanic plateaux, are quite rare in
the Hearne domain. Felsic to intermediate tuffs and pelitic and chemical
sedimentary rocks (BIF) are widespread and are interbedded with the all of
the observed types of mafic to intermediate lavas. These field observations
imply that these belts record critical features that are incompatible with an
oceanic plateau setting. The geological, geochronological, and geochemical
data support development of the greenstone belts in intraoceanic island arc
and back arc settings rather than as an oceanic plateau. The observed crustal
contamination of supracrustal rocks in the southwestern belt implies that the
western margin of the Hearne domain probably developed near older continental crust.
RHENIUM AND OSMIUM SYSTEM IN OPHIOLITIC COM·
PLEXES: IMPLICATIONS FOR CHROMITITE FORMATION AND
OPHIOLITE PARAGENESIS. R. A. Santos 1, K. SuzuJd2, B. Takano•.
Y. Tatsumi2, Y. Miyatal, andY. Nozakil, !Department of Systems Sciences,
Graduate School of Arts and Sciences, University of Tokyo, 3-8-1 Komaba,
Meguro-ku, Tokyo 153, Japan (crsantos@komaba.ecc.u-tokyo.ac.jp), 2Jnsti-
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tute for Geothermal Sciences, Graduate School of Science, Kyoto University,
Noguchibaru. Beppu, Oita 874-0903, Japan. lOceao Research Institute.
University of Tokyo, Japan.
Abstract: Ultramafic rocks and some chromitites from two Philippine
Ophiolite complexes, the Palawan and Dioagat ophiolite complexes, have been
analyzed for Re- and Os-isotopic composition. Both complexes host chromitite pods and layers of economic quantities and are hosted by depleted mantle
rocks (harzhurgite) with dunite selvage. Lenses of dunite in harzburgite are
discernible in both complexes and apparently in(.Teases in frequency as major
zones of chromititc deposits are approached.
Prior to the use of the Carius tube digestion technique in the isotope
dilution methodology, two other digestion steps were taken into consideration: the microwave digestion and the fire-assay techniques. The former has
!he advantages of optimum homogenization of spikes in !he sample and of
faster digestion time, whereas the latter is efficient in the recovery of Os (and
the platinum group elements) but poor in Re recovery. The Carius tube technique with single-bead separation procedure is found to have the lowest blank
contribution. Duplicate analysis of SARM7 standard rock is at the level of
98%.
The U70sf188()s ratios of chromitite samples yield present-day values that
are supra-chondritic (0.1304- 0.1570) whereas harzburgite at some distance
from the chromitite zone have ratios mainly of subchondritic to chondritic
(0.1197-0.1 273) level. Regressing these ratios based on the chromitite isochron resulted in values suggestive of extensive melt depletion of the peridotite hosts. The chromitite Os ratios are suggestive of radiogenic Os
introduction into the chromitite-producing system. An apparent "chromatographic effect" on t870sJIB8()s ratios was delineated on samples proltimal to
chromitite and pyroxenite zones. These samples yield values (0.1325- 0.1730)
that are suggestive of radiogenic Os enrichment.
The chromitites in both complexes are generally Cr-rich (Cr# >68) though
minor layers of chromitites are at the level of 55-60 (Cr#). Inclusion mineralogy and geochemistry show the dominance of pargasite and diopside with
relative enrichment in Na, K, and Ti in comparison with those in the peridotite matrix. Whole-rock REEs of the chromitites revealed relative enrichment compared to the peridotite host.
The Os and Re systematics in combination with the peridotite and
chromitite mineralogy and chemistry suggest for the possible formation of
the Palawan and Oinagat ophiolite complexes in a supra-subdm.:tion setting.
Chromitite formation might have resulted from the interaction of fluid-enriched melt derived from the dehydration of a subducting slab with depleted
upper-mantle rocks.
References : (l) Shirey S. and Walker R. ( 1998) Annu. Rev. Earth
Planet. Sci., 26, 423-500. [2) Brandon A. et al. (1996) Science, 272, 861864.
SEAWATER pH CONTROL ON THE BORON-ISOTOPIC COMPOSI·
TION OF CALCITE: INORGANIC COPRECIPITATION EXPERIMENTS- A. Sanya11,2, M. Nugent3, R. J. Reeder3, and J. Bijimal, I Alfred
Wegener Institute for Polar and Marine Research, Bremerhaven, Germany,
2Lamont Doherty Earth Observatory, Columbia University, Palisades NY,
USA, 30epartment of Geosciences, State University of New York-Stony
Brook, Stony Brook NY 11794-2 100, USA.
The pH control on B-isotopic systematics in seawater has raised interest
in using the foraminiferal record from marine sediments as a proxy for paleopH determination ofscawater. Previous experiments (I] based on laboratorycultured foraminifera suggested that some species exert a biogenic (vital)
effect on B-isotopic fractionation with seawater. To provide a basis for comparison of the pH dependence of D-isotopic fractionation in biogenic systems,
we have determined the isotopic composition of B coprecipitated with calcite grown inorganically using the pH-stat method. Growth was canied out
in synthetic, Mg-free seawater solutions at room temperature, in which pH
was adjusted to the desired value (7 .9, 8.3, and 8.6); B-free calcite was used
as seed material. The 11 Bf 10B ratios were determined by negative thermal
ionization mass spectrometry (NTIMS).
The results show a systematic increase in 11 B values of the calcite with
increasing pH of the solution, from - -19.1%. at pH 7.9 to - 13.7%. at pH
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8.6. The curve through these values (Fig. I) closely parallels the calculated
isotopic composition of the aqueous B(OH) 4- species in seawater [2), but is
offset below it by 2- 3%•. The similarity of these trends supports earlier
conclusions (3) that B(OH)4- is the dominant species incorporated into the
calcite, although the cause of the offset remains unclear.
The o11 B vs. pH curve for our inorganic calcites lies - I%o above the
corresponding curve previously determined for cultured 0. universa [I). This
suggests a slight biogenic (vital) effect on the B-isotopic fractionation between seawater and 0. universa. Despite such a biogenic influence, the results
indicate a comparable variation in 1)11B with pH for inorganic and foraminiferal calcite. This finding supports the use of this isotopic system in foraminifera as a reliable proxy for paleo-pH of seawater.
References: (I] Sanyal et al. (1996) Paleoceanography, 11, 513- 517.
(2] Kakihana et al. (1977) Bull. Chem. Soc. Japan, 50, 158-163. [3) Hemming N. G. and Hanson G. N. (1992) GCA.
COMPOUND-SPECIFIC HYDROGEN-ISOTOPIC MEASUREMENTS
OF LACUSTRINE ORGANIC MATTER: A NOVEL TOOL FOR
PALEOCLIMATOLOGY. P. E. Sauer1, J. M. Hayes •. T. I. Eglinton2, A.
L. Sessions3, and A, Schimmelmann3, 1Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole MA 02543,
USA (psauer@whoi.edu), 2Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, Woods Hole MA 02543 ,
USA, lDepartment of Geological Sciences, Indiana University, Bloomington
IN 47405, USA .
Introduction: We are investigating stable isotopic ratios of H (DIH) in
sedimentary organic material as a new tool for paleoclimatic research. Stable
isotopic ratios in precipitation (DIH and 180116()) are established paleoclimate
indicators in many parts of the world, correlating with climatic variables such
as mean annual temperature or precipitation amounts [! ). Although paleoclimate records have been generated by isotopic analyses of ice cores, treerings, or carbonate in lake sediments and cave deposits, there remain many
regions that lack material appropriate for these methods. In lake sediments,
certain biomarker lipids are particularly good candidates as sourcewater 0/H
proxies because they are produced by a restricted range of organisms and
therefore represent a distinct source signature. Compound-specific 0/H
analysis is a promising new approach for paleoclimatology because it allows
the measurement of particular components of organic material which can be
ascribed to a known source.
In addition to the analytical difficulties presented by molecular-level DIH
measurements (2]. there are a number of uncertainties embedded in sedimentary lipid D/H ratios that complicate their use as a paleoclimate proxy. It is
important to separate aquatic and terrestrial organic matter due to evaporation from leaf surfaces or the use of different water sources [3). Within single
organisms, large D/H differences have been observed in different lipid
moieties, and have been attributed to different synthetic pathways [4).
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F ig. I. oD of an algal sterol (24-methylcholest-5·enol) from surficial
lacustrine sediments from a transect of Jakes. Sites are located in eastern
Massachusetts and eastern Canada.
To test the feasibility of using aquatic biomarkers in Jake sediments, we
analyzed a variety of lipids extracted from surface sediments from several
lakes in eastern Massachusetts. These sites were chosen because dinoflagel·
lates have been observed in the water column and dinosterol (4,23,24trimethylcholsterol) is preserved in the surface sediments. Dinoflagellates are
the only known source of dinosterol, making it an ideal aquatic biomarker.
Using preparative capillary gas chromatography [5), we isolated individual
stenol/stanol pairs for conventional DIH analyses, using off-line combustion
with subsequent reduction of H20 to H 2 • We have also measured these
samples using a new gas-chromatography/isotope-ratio monitoring system [2].
The results are identical within experimental error (presently I0-15%o). I SO·
prenoid lipids are depleted by 160- 220%. relative to source water, whereas
n-alkyl lipids are depleted by 120- 180%o.
However, single compounds exrubit a more restricted range of DIH fractionation. For example, in a transect of lakes with water DIH spanning -140%.
to -25%o, the DIH of free 24·methylcholest-5·enol is related to source water
by a constant fractionation factor (e) of - 194%o (Fig. 1). At these sites. 24methyl-cholest-5-enol was not observed in terrestrial leave litter or soils, and
is therefore interpreted as purely algal in origin. The higher plant sterol 24ethylcholest·S-enol was enriched by -30%o relative to 24-methykholest·S-enol
at each site, suggesting it represents D-enriched terrestrial input.
References: [I) Dansgaard W. (1964) Tellus, 16, 436-468. [2) Burgoyne T. and Hayes J. (1998) Anal. Chern., 70, 5136- 5141. [3) White
J. W. C. et al. (1985) GCA, 49, 237-246. [4] Estep M. F. and Hoering T. C.
(1980) GCA, 44, 1197-1209. [5] Eglinton T. I. eta!. (1996) Anal. Chern.,
68, 904-912.
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lines. Surfac.e areas were determined by single point BET N adsorption.
Analcite was reacted with pH buffer solutions in both batch and fluidized
bed equipment at 25° , so·. 70°, and 90°C.
Results: Analcite dissolution was highly nonstoich.iometric, with Na
being released in preference to AI and Si at pH 9-10, and AI being released
in preference to both Na and Si at pH 13. The dissolution rate of analcite
increased with increasing temperature and with increasing pH at each tern·
perature (Fig. 1). The exception to th.is was that rates at 90•c were almost
identical to those measured at 7o•c. Absolute rates of dissolution ranged from
I0- 14 mol cm-zs-t at pH 9.5 and at 2s•c . to 10-11 mol cm-zs- t at pH 12
at 70" and 90"C. The rate of dissolution at any temperature was pH-depen·
dent, such that the rate could be described by k(aH. )", where k is the rate
constant and n is -0.3 at 2s•c, -0.4 at so•c , - 0.6 at 7o•c, and - 0.7 at 90"C.
These data are in good agreement with that measured at zs•c I I) and those
estimated from theoretical considerations of increasing surface charge on
aluminosilicate minerals with increasing temperature [2,3].
ln experiments involving K·based pH buffers, Na was apparently removed
from the analcite structure by ion exchange for K, without involving dissolution and re-precipitation of the aluminosilicate framework. Scanning electron microscopy (SEM) of some reacted analcite grains showed pronounced
surface cracking, which was parallel to the original analcite cleavage (Fig. 2).
Analysis of the surfaces of the grains showed them to be rich in K relative
to Na. These cracks appear to be a result of volume decrease due to substitution of K for Na ions and water molecules in the analcite structure to fonn
leucite, KAISi20 6 . This occurred after only a few days at temperatures below
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DISSOLUTION OF ANALCITE UNDER CONDITI ONS OF ALKA·
LINE p H. D. Savage!, C. RocheJ1e2, M. Miharal, Y. MooreZ, A.
Milodowskil, K. BatemanZ, and D. Baileyz, lQuintessa Ltd. (davidsavage@
quintessa.ltd.uk), ZBritish Geological Survey (c.rochelle@bgs.ac.uk), 3Japan
Nuclear Cycle Development Institute, 4-49, Muramatsu, Tokai-mura, Nakagun, lbaraki 319-1194, Japan (mihara@tokai.jnc.go.jp).
I ntroduction: Many concepts for the deep disposal of radioactive
wastes involve large quantities of cement and concrete. Groundwater will
equilibrate with these materials and migrate under the local hydrogeological
regime, and produce hyperalkalinc pore fluids. Analcite is a framework aluminosilicate {NaAISip6 H20) that bas been identified from modeling and
laboratory experimental studies to be an important solid product of the interaction of cement pore fluids with aluminosilicate minerals in the engineered
barriers and host rock. This abstract summarizes a study to determine kinetic
and thermodynamic data for analcite with a view to conduct more accurate
mass-transfer modeling.
Experimental Procedure: A well-crystalline sample of analcite was
obtained from Oregon, USA. This was carefully crushed and wet sieved, to
produce grains lying in the 125-250-JU!l size range that were free of surface

Fig. 2. Scanning electron microscope image of analcite grain reacted at
so•c and pH 13. Surface alteration to leucite shows extensive shrinkage and
fine-grained AI oxyhydroxide precipitate.
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References: [1] Murphy W. M. eta!. ( 1996).Am. J. Sc~. 296. 128-186.
[2] Brady P. V. and Walther J. V. (1989) GCA, 53. 2823-2830. [3 ] Wa lther
J. V. ( 1996) Am. J. Sci.. 296, 693-728.
COMPARISION OF EVOLUTION OF SAMARJUM-NEODYMIUM
AND RUBIDfUM-STRON'flUM SYSTEMS IN METAMORPffiC
COUNTRY ROCKS IN CONTACT ZONES OF lNTRUSION :
ELDORA STOCK, COLORADO (USA) AND OZERNAJA VARAKA,
KOLA PENINSULA (RUSSIA). V. M. Savatenko v and L K. Lcvsky,
Institute of Precambrian Geology and Geochronology, Makarova emb., 2,
Saint-Petersburg, 199034, Russia ( lev@ad.iggp.ras.spb.ru).
The main objects of our investigations were contact zones o f lhe gran itic
inJrusion Eldora Srock (Colorado) and alkaline-ultrabasic intrusion Ozcrnnja
Varaka (Kola Peninsu la). The country rocks from boU1 zones e>~perienced
several episodes of regional metamorphism [1-3]. The fluid regime of con·
tact metamorphism affecting these rocks is different in both cases and is
defined by intrusion com position. New Sm-Nd and Rb-Sr whole-rock and
m.ioernl isotopic dalll on lhc considered objects briefly prese nted below.
Intrusions: Eldora Stock (E.S.) - quartz-monzooi re intrusion (high
Hz01C02) t = 0.055 Ga, eNd -20.
Ozemaja Varaka (O.V.)- alkaline-ultrabasic inttusion (low H~O/C02)
I = 0.375 Ga, ENd
6.
Protolitb's Age of tbe Country Rock.~ (Gncisst.'S and 1\ropb.ibol.ites):
(E.S.) - Idaho Springs Formation: Sm-Nd (whole rock) t = 2.1 Ga. ENd=
5.8; Rb-Sr (whole rock) was disturbed.
(O.V.) - Belomoriao comp lex: Sm-Nd (whole rock) L =2.8 Ga. Er-td =
2.6; Rb-Sr (whole rocl() was disturbed.
Timing of Regional Metmnorpbism (Miner.d lsocbrones): (E.S.)Sm-Nd (P;-;. PI, Amph, Ap, Sph) 1.50- 1.45 Ga; Rb-Sr (PI, Amph) 1.45 Ga.
(O.V.)- Sm-Nd (P I, Amph, Ep. Ap, Sph) 1.95-1.75 Ga; Rb-Sr (PI,
Amph) 1.75 Ga; Rb-Sr (K.Fsp, PI) 1.69-1.60 Ga; Rb-Sr (Bt) 1.55 Ga.
Contact Metamorphism (Mineral Apparent Agt:s): (E.S.) - Five
meters from conJact: Sm-Nd (PI, Amph, Ap, Bt) l.O G-J ; Rb-Sr system was
opened: there is infl ux o f Rb in whole rock from the intrusion.
(0.V.) -Fifty meters f.rom contnct: Sm-Nd (Sph) 1.8 Ga; Sm-Nd (Ap)
J .6 Ga; Rb-Sr (Sph) 1.8 Ga: Rb-Sr (B t) 0.65 Ga.; 200m from contlct: SmNd and possibly Rh-Sr systems were opened. There was essential Sr and Nd
influx from the intmsion.
TI1e Sm-Nd-isotopic characteristics indicated in both cases on depleted
mantle sourse of coWitry rocks s urvived the reprinted regional metamorphic
io!lucnccs. The Rb-Sr whole-rcx.'k isotopic system in hoth cases was essentiall y d isturbed and tbe Sm-Nd and Rb-Sr mineral isotopic sysrerns were
reequilibrat<:d during of regio11al metamorphism (I .4-1 .5 Ga (E.S.), 1.6- 1.9
Ga (O.V.)J.
Comparison of isotope data for the studied country rocks affected by
cootlct metamorphism demonstrates obv ious dependence of behavior of SmNd-isotopic system from fl uid regime of contact melllmorphism. Essentially
carbonatic lluid of a lka line-u ltrabasic intr us ion (0. V .) causes more Nd
mobi lity rarhcr aqueous fluid of graniti c intrusion (E.S.}.
References: [ 11 Han S. R. ( 1964) J. Geol. , 75, 493- 525. [2] DePaolo
D. J. (1981) Natllre, 291, 193-196. [ J] Savatcnkov V. M. e t al . (1996)
Geochcm. inti., 33, 28-38.
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SCAVENGING OF CODAL T AND NICKEL BY IRON IIYDROXIDE
IN SUBMARINE HYDROTHERMAL PLUMES: EXPERIMENTAL
MODELING. A. V. Savenko, Department of Geography. Moscow State
Univers ity, Vorobyo vy Gory. Moscow I 19899, Russia.
It is koowu that lhc main volcanogenic component of particulate matter
io submarine bydrothcnnal plumes is Fe(IJI) bydroltide. When hydroth ermal
solutions discharge into the seawater, Fe(lll} hydrox ide is fom1ed by ox idation of dissolved Pe(ll). Many chemical elemunts arc believed to be scavenged

by iron hydrox ide from hydrorhermal plumes. However, the particulate matter
of hydroUJcrmal plumes also contains volcanogenic. biogenic, and tenigcnic
.materials. Therefore it is difficult to use the data of fie ld observations done
for U1e esti mation of the relative role of coprccipita tion processes. The aim
of this study was the experimental modeling o f two important heavy metals,
Co and Ni, coprecipi taLing w ith iron hydroxide in laboratory conditions.
Tile experiments were earned out with arti ficial 35%o seawater having
0.25-20 J.1M Co and 0.6-20 ~ Nl. The pH va lue w3S equal to 7.7- 8,2. The
addition of different quantities of 0.01 M FeS04 so lution io the nasks with
200 mL of seawater containing Co and Ni caused iron hydroxide formation
and removal of Co and Ni from sol ution. The $Uspensions were mi xed during
four d.ays and after that dissolved Co and Ni were determined in filtrate by
specttophotometry.
The experiments demonstrated that lhe value of element (i)/Fe ratio in
preci pitated Fe(nn hydroxide is a hyperbole function of i/Fc ratio in initi al
solution

y = kx/(1 + bx)
where y is the i/Fe ratio in iron hydroxide, x is the i!Fe ratio in initial solution, i is Co or Ni, and k and b are the conslant coeffi cients. The value
of blt «1 in submarine hydrothermal plumes. Therefore, it is enough to know
only the k coefficient. The values of llte k coefficient for Co and N i were
determined to be 0.5 and 0.4, respecti vely.
The resu lts of calculati ons based on the field measurements of hydrothermal solution composition (1-4] and experimentll da lll give the i/Fe rati os
in hydroU1erma l iron hydroxide of 1.7 x JQ-.S 1.0 2.7 x I0-4 and 6.6 x J0-5
to l.l x I 0-3 for Co and Ni respectively. It is c lose to that oblained from
analysis of hydrothermal pl ume particulate matier i n the TAG region: Col
Pe = 2.5 x 10 4 , Ni/ Fe = 2.7 Y. lQ-4 [5.6]. Thus it may be concluded that
the coprecipimtion of Co and Ni with iron hydroxide is the main process
conrrolli ng their scavenging in particulate matter of hydroU1ermal plume.
In contrast to the hydrothermal plumes, increased concentrations of Co
and Ni in metalliferrous deposits onJy partially occurs lb.rougb. coprecipit:ltion
with hydrothcmml iron hydroxide. Accumulation of a significant portion of
Co and Ni in roetaJl.ifcrrous deposits apparently is caused by additional scavenging on Mn0 2 from seawater. Formation of Mn0 2 at these conditions
occurs due to activity of bacteria, which are widespread in regions of underwaler hydrothermal activity [7].
References: [I] German C. R. et al. (1991) EPSL, 107, 101 - 114.
[2] Gurvich E. G. ( 1998) Metalliferm us Sediments of the World Ocean, Scien tific Wurld. [3] Tambiev S. B.cl al. ( 1992) Gt!ochemi.rtry, N2, 20 1-213.
[41 Trefry J. H. et al. ( 1994) JGR. 99, 4925-4935. l5J Trocine R. P. and
Trefry J. H. (1988) EPSL. 88, 1-15. [6] Von Damm K. L. et a l. (1985) GCA,
49, 2197-2220. [7) Von Damm K. L. et al. (1985) GCA. 49, 2221-2237.

ANALYSIS OF MICROBiAL DIVERSITY IN SEDIMENTS FROM
THE BENGUELA UPWELUNG SYSTEM SHOWING ANAEROBJC

METHANE OXIDATION. H. Schafer•, H. Fossing2 , T. G . Ferdelrmml,
and G. Muyz.er 1, 1NeUterlands Institute for Sea Research, P.O. Box 59, NL1790 AB Den Burg, The Netherlands , lNational Environmental Research
lnstiturc , DK-8600 Silkeborg, Denmark . lMax-Planclc-tnslitute for Mari ne
Microbiology, D-28359 Orcmeo, Germany.

The Benguela upwel ling system belongs ro lhe mosL productive mariue
regions. Pan of rbe organic C is exponed from the photic zone to the underlyi ng sedimentS. Investigations of sedi.menL cores retrieved from the coolinen tal margin have shown U1at near the sediment surface sulfate reduction
is a dominant pathway of orga nic nmuer decomposition despite the lack of
sulfate gradients in the same zone [ I]. Fur1bermorc, pore water profi les of
sulfate, sulfide and methane, s howed a d istinct sulfate-methane rrans ition
(SMT} zone at depths of severa l meters. Near 1:1 stoichiometry of upward
methane and downward sulfate fluxes in tbe SMT [2,3] suggest that anaerobic methane oxidation could be coupled to lhe reduction of sulfate, ;1 process
that might l>e biologically mediated by consortia of meth anogens and sulfatereduci ng bacreria [4] or by new ly discowred Archaea related to the Metlumosarcirwle.r [5].
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The aim of our study was to characterize the microbial communities of
sediments from the Benguela upwelling area by molecular biological methods. Analyses concentrated on sediment samples taken from a 9-m-long
gravity core at station GeoB 3703 obtained from 1300 m water depth on the
continental slope off Namibia. Sediments at this station are characterized by
high-organic C (5-7 .5%) and high-surface sulfate reduction rates (20 nmol
cm-3 d-1). PCR products obtained from nucleic acid extracts of sediment
samples from various depths were analyzed by genetic fingerprinting techniques. Mixed PCR products of bacterial populations were analyzed by
denaturing gradient gel electrophoresis (DGGE) [6]. Comparison of DGGE
banding patterns obtained from samples of different depths suggested a lower
bacterial diversity at the SMT (with only two t6S rRNA sequence types) as
compared to samples lying above or below the SMT. Thus far, some members of the bacterial assemblage could be identified by sequencing of excised
bands or by hybridization analysis of DGGE profiles with probes targeting
certain subgroups of the sulfate-reducing bacteria. At present archaeal populations are being analyzed by terminal restriction fragment length polymorphism (T-RFLP) [7). Data obtained by the molecular approach should give
further insight into the microbial diversity of these sediments, and might
identify key players in deep-sea biogeochemical processes such as sulfate
reduction and anaerobic transformation of methane.
References: [I) Ferdelman T. G. et al. (1999) Umnol. Oceanogr., in
press. [2) Niewtlhner C. et al. (1998) GCA, 62, 455-464. [3) Fossing H.
etal. (1999) GCA, submitted. [4] Hoehler et at. (1994). [5) Hinrichs et al.
(1999) Nature, 398, 802-805. [6] Muyzer G. and Srnalla K. (1998) Antonie
van Leeuwenhoek, 73, 127-141. [7] Liu W. T. et al. (1997) Appl. Environ.
Microbiol. , 63, 4516-4522.
INFLUENCE OF TEMPERATURE ON NICKEL SORPTION ON
CLAY MINERAL AND OXIDE SURFACES. K. G. Scheckel and D. L.
Sparks, University of Delaware, 147 Townsend Hall, Newark DE 197171303, USA
Introduction: Many kinetic studies have shown that sorption of metals on natural materials results in the formation of metal precipitates. However, the influence of temperature on the kinetic formation of these metal
precipitates has not been studied. The effect of temperature on reaction rates
is well known and important in understanding reaction mechanisms. For most
reactions, the increase in rate with increasing temperature is nonlinear and
reaction-rate data obeyed the Arrhenius equation:
k = Ae -EaiRT

Energies of activation below 42 kJ mol-l generally indicate diffusioncontrolled processes and higher values represent chemical reaction processes
[I]. For example, E1 values for gibbsite dissolution in various acid solutions
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TABLE I. Summary of reaction parameters dervied from
Arrhenius and Eyring equations for Ni sorption on
clay mineral and oxide surfaces.

E.
(kJ/mol)

Surface
Pyrophyllite
Talc
Silica
Gibbsite
Gibbsite/silica

93.05
95.35
111.47
123.71
95.09

(kJ/mol)

6S1
(J/mol)

90.60
92.90
10902
121.26
92.64

-38.70
-37.91
-27.51
- 30.90
-29.96

M{1

A (s-1)
1.59E +
1.75E +
6.10E +
4.05E +
4.54E +

11
11

II

II
11

6G1
(kJ/mol)
at 25°C
102.23
104.20
117.22
130.47

101.57

ranged from 59 to 67 kJ mol-l [2), while pesticide sorption on humic acid
had an E. value of 6.7 kJ mol-l (3].
Additionally, one can determine the enthalpy, entropy, and free energy
of formation by applying the Eyring equation
k

= (~T/h) e-t~GVRT = (~T/h) e-i>SVR e-iiHVRT

Materials and Methods: Pyrophyllite and talc were employed in this
research because they show very little deviation from the chemical formula
of an ideal 2: I clay. The structural difference between talc and pyrophyllite
is that talc possesses three Mg2+ in its octahedral position while pyrophyllite
has two All+ in the octahedral position. By using talc, AP• will not be present
in the solution that is believed to be the driving mechanism behind the formation of mixed metal-A! surface precipitates. In addition, amorphous silica
(Si~ (Zeofree® 5112), gibbsite [Al(OHhl. and a stoichiometric combination of amorphous silica and gibbsite in similar molar ratios to pyrophyllite
were employed. Silica (tetrahedral) and gibbsite (octahedral) make up the
basic building blocks of phyllosilicate minerals.
For kinetic sorption studies, an initial Ni solution concentration of 3 mM
(I 0. I M (NaN03), T 9°, 25°, and 35"C], which was undersaturated with
respect to the thermodynamic solubility product of P-Ni(OHn [4], was reacted with a 10 giL suspension of each of the minerals employing a pH-stat
(pH 7.5) batch technique. The systems were purged with N2 to eliminate C02 .
Results: First-order kinetic plots of the sorption data yielded rate constants (k) used in determining temperature related parameters. Arrhenius and
Eyring plots (Fig. I) of the rate constants resulted in good linear fits with
E. and Mlf extrapolated from the slopes of the curves and A and 6St calculated from the intercepts. From the free-energy relationship, 6Gt was determined.
These data (Table I) suggest a surface-controlled or associative mechanism for sorption based on the large E. and negative 6St values. Additionally, the large E. values are within the range of mineral formation which
supports previous findings of Ni precipitation on these mineral and oxide
surfaces.
Conclusions: Sorption of Ni on the mineral phases results in the formation of mixed Ni-AI precipitates on pyrophyllite, gibbsite, and gibbsite/
silica mixture and ~Ni(OHn-like products on talc and silica. By conducting
temperature studies. we have shown that Ni sorption on these surfaces is
surface-controlled as demonstrated by the large E. and negative 6St values.
References: (1] Sparks D. L. (1985) Adv. Agron., 38, 231-266.
(2] Bloom P.R. and Erich M.S. (1987) Soil Sci Soc. Am. J., 51, I 131-1136.
[3] KhanS. U. (1973) Can. J. Soil Sci., 53, 429- 479. (4) Scheidegger A.M .
and Sparks D. L. (1996) Chern. Geol., 132, 157-164.
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UPTAKE MECHANISMS OF RADIONUCLIDES ON CLAY SURFACES AS DETERMINED BY X-RAY ABSORPTION SPECTROSCOPY. A. M. Scheidegger, R. Dtihn, B. Baeyens and M. H. Bradbury,
Waste Management Laboratory, Paul Scherrer Institute, Switzerland (andre.
scheidegger@psi.ch).
The aim of the research activities in our laboratory is to develop and test
models, and to acquire selected data in support of performance assessments
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of Swiss nuclear waste repositories. The work concentrates on the understanding of mechanisms and processes that govern the release of safety-relevant
radionuclides from waste matrixes. and their transport through engineered
barrier systems and the surro11nding geosphere.
The work in the experimental program focuses on the determination of
distribution coefficients of radionuclides on repository components and rock
materials in order to compile specific and consistent sorption data bases to
be used in safety assessment. For this reason, various sorption studies of
radionuclides (Ni, Zn, Am, Sr, Cs, Th, and Eu) in clay systems have been
performed. An extremely detailed study has been conducted on Ni sorption
on montmorillonite. Montmorillonite is a 2: 1 clay material with substantial
isomorphic substitution. The clay material is a major component in the
bentonite backftll for a high-level radioactive waste repository and an important mineral responsible for the retention of metals in the geosphere. The study
examined the Ni sorption behavior over a wide range of reaction conditions
(pH, ionic strength, initial metal concentration, and reaction time) . Based on
the sorption data and the macroscopic surface properties of the clay, a nearmechanistic surface complexation and cation exchage model was developed
to predict the uptake of radionuclides and other environmental relevant metal
ions (1-2). However, to definitively prove the proposed surface complexation
model, the macroscopic studies conducted need to be coupled with spectroscopic and microscopic investigations. Thus, X-ray absorption spectroscopy
(XAS) and transmission electron microscopy (fEM) have become important
analytical tools in our laboratory to gain an atomic/molecular level understanding of metal speciation and sorption processes occurring in natural mineral
systems.
Recent XAS studies have shown that sorption of Ni on clay minerals can
result not only in the binding of Ni to specific surface sites but also in the
nucleation and growth of aNi pb.ase on the clay particles (3-5] . W ith
montmorillonite, however. XAS measurements were limited to high-Ni concentrations due to the relatively high-Fe content iu montmorillonite (up to
5% by weight) and the lack of a suitable fluorescence detector (4]. In the
present paper we will show that nucleation of a new Ni phase on the clay
surface can also occur at significantly lower Ni concentrations and illustrate
how the sorption system is controlled by slow .kinetic processes. Furthermore,
we will demonstrate that the release of Ni from the Ni phase is strongly
hindered in comparison with surface-sorbed Ni.
References: [1] Baeyens B. and Bradbury M. H . (1997) J. Contam.
Hydro/., 27, 199-222. (2] Bradbury M. H. and Baeyens B. (1997) J. Contam.
Hydro/., 27, 223-248. [3] Scheidegger A. M. et al. (1997). J. Colloid Interface Sci., 186, 118-128. [3] Scheidegger A.M. ct al. (1998) GCA, 62, 22332245. (5] TowleS. N. et al. (1997) J. Colloid lntetface Sci.. 187, 62-82.
CALCWM-RICH SILICA-UNDERSATURATED MELTS IN ISLAND
ARCS. P. Schianol.2, J. M. Eilerl, and E. M. Stolper!, !Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena
CA, USA (schiano@gps.caltech.edu), 2Laboratoire Geochimie-Cosmochimie,
lPG Paris, 4 place jussieu, 75252, Paris Cedex 05, France.
Island-arc basalts are generally thought to form by melting of the mantle
wedge above subducted oceanic lithosphere, and their chemistry and melting
environment is believed to reflect enrichment of the mantle wedge in water
and other e lements carried by aqueous fluids or silicate melts released from
subducting oceanic crust. The mantle sources subjected to this metasomatic
process are believed to be similar to the sources of MORBs (or perhaps more
refractory peridotites). Here, we draw attention to primitive, nepheline-normative island-arc magmas that are characterized by remarkably high CaO
contents (up to 19.0 wt%) and that cannot be simply reconciled with the
standard model of arc petrogenesis,
Compilation of Silica-Undersaturated Calcic Melt Compositions:
We compiled from the literature (and from our own analyses) the compositions of arc-related melts having CaO contents > 13 wt%. Whole rocks and
glass inclusions in Mg-rich oUvine phenocrysts (FOs4..g4) with such high CaO
contents are present in the Sunda, Luzon, Aeolian, New Guinea, Central
America, Lesser Antilles, and Vanuatu arcs. Inclusions and lavas are indistinguishable in major-element variation diagrams and collectively define a
compositionally distinct group when compared to other arc lavas (e.g, these
inclusions and lavas are characterized by lower FeO concentrations at a given
Si0 2 content than most arc lavas).
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All of the higb-CaO inclusions (after homogenization by bigh-T experiments) and lavas are nepheline normative (0.5- 16.2%) and normative
nepheline is positively correlated with CaO content (Fig. I); CaO-rich whole
rocks are cbaracteri7..ed by high MgO (>6.5 wt%) and low silica (44-48 wt%)
contents, and they are generally cUnopyroxene-phyric (diopside-augite). The
elevated CaO contents and silica-undersaturation are not due to accumulation of pyroxene in the case of the melt inclusions (i.e., they contain no
pyroxene), but neither can these characteristies of the whole-rock lavas reflect clinopyroxene accumulation alone because the clinopyroxenes in these
rocks are not nepheline normative. Excepting two inclusions from Aeolian
Islands, all homogenized inclusions are characterized by high MgO (>7 wt%)
contents.
Evolution of the Calcic Melts: Melt inclusions in olivine phenocrysts
in a calc-alkaline basalt from Batao Island show a decrease of the CaO and
MgO contents from 18.5 to 5 .0 wt% and from 9.5 to 1.3 wt%, respectively,
as Si0 2 increases from 44.3 to a 63.7 wt%, and a concomitant variation in
the host olivine composition from Fe>.xJ to Fo,5 . These variations cannot be
reconciled with olivine and clinopyroxene (the main phenocrysts of the host
lava) crystallization alone, because of the nepheline-normative to quartznormative evolution recorded by the melt inclusion compositions. The study
of the major- and trace-element variations in the inclusions shows that the
calcic, Si-undersaturated melts trapped in olivine have mixed with melts,
which vary in their composition due to fractional crystallization of olivine,
clinopyroxene and amphibole.
Origin of Silicon-undersaturated Calcic Melts: The CaO contents of
experimental partial melts of fertile or depleted peridotites under dry conditions range up to 13-14 wt%; i.e., they are below the CaO contents of the
calcic inclusions and lavas identified in this study. We also consider it
unlikely that melting of peridotite iu the presence of C0 2 is responsible for
producing Si0 2-poor, CaO-melts melts, based on strong contrast between the
incompatible-element geochemistry of melilititeslnephelinites (widely considered to be melts of carbonated peridotite) and the CaO-rich, Si-undersaturated arc magmas identified here.
The model compositions of partial melts of pyroxenite (based on thermodynamic calculations using MELTS) are comparable to those of the calcic,
undersaturated melt considered here, suggesting that they could be evidence
of a widespread contribution to arc magmas of partial melts of mafic material in the mantle wedge or arc lithosphere. The most likely source of the
calcic melts is lower crustal pyroxenites common to the lithosphere of arc
environment rather than mantle pyroxenite veins, because the former have
higher CaO contents and may melt at lower temperatures due to the presence
of minor amphibole.
QUANTIFICATION OF ORGANIC PARTICLES FROM FOSSILFUEL COMBUSTION IN SOILS. M. W. l. Schmidt1·*. H. Knicker 1,
P. G. Hatcher2, and I. Kogel-Knabnerl, ILehrstuhl fiir Bodenkunde,
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Technische Universitlit Miinchen, 85350 Freising-Weihenstephan, Germany,
1Departrnent of Chemistry, Ohio State University, 100 West 18th Avenue,
Columbus OH 43210, USA, (*present address: Max-PlancK-lnstitut fur
Biogeochemie, P.O. Box 100 164, 07745 Jena, Germany: mschmidt@bgcjena.mpg.de).
Introduction: Long-term dispersed atmospheric input of organic particles from fossil-fuel combustion (soot, char, and coke), and industrial processing of coal (coal dust) presumably accumulate in soils of industrialized
areas. Such compounds are likely to have a drastic influence on quantity and
chemical properties of soil organic matter. The objective of this study was
to quantify the atmospheric input of organic particles in agricultural and forest
soils neighboring industrialized areas. However, contamination was not visible macroscopically in all investigated soils.
Soils and Methods: Studied soils were situated 1- 30 lcm downwind of
possible sources of pollution in the Halle and Ruhr area, Germany. Bulk
material and particle size fractions of A and B horizons were studied. Samples
were investigated by elemental analysis (C, N), spectroscopy (CP MAS
13NMR, Py-GC-MS), 14C dating, microscopy, and magnetic measurements.
Results: Airborne organic particles increased C and N contents by factors of up to I 0 and also magnetic susceptibility relative to natural reference
soils. Pyrolysis products could be related to coal structures, while in natural
reference soils lignin derived structures were more abundant Organic particles are microscopically identified as coal dust, char, and coke particles (20200 f.UD diameter}, which increased C and N contents of these size fractions.
Structures of organic matter in these soils were characterized by high
amounts of aliphatic or aromatic C, typical for coal and combusted particles.
As examples, the 13C CP MAS NMR spectra of two Phaeozem soils are
presented in Fig. I. The plowed A horizons of a noncontaminated (Ap) and
a contaminated Phaeozem (Apl) were compared to spectra of organic particles tentatively deposited in the Apt horizon, i.e., brown coal and combustion residues like soot [I). The spectrum from the noncontaminated soil
(Ap) revealed a typical pattern of organic matter commonly found in these
soils, i.e., high intensities in the chemical shift regions assigned to carbohydrates (45-110 ppm), alkyl C (0-45 ppm), and carboxylic C (160220 ppm). Aromatic compounds produced broad overlapping signals between
160 and 100 ppm. The spectrum of the contaminated Apl horizon showed
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Fig. 1. Solid-state 13C NMR spectra of the (a) noncontaminated and (b)
contaminated horizon compared to (c) brown coal and (d) soot (spectrum d
from [2]).
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a different pattern. It is dominated by signals in the alkyl C and aromatic C
region. The spectrum of brown coal was similar, except for more distinct
peaks for alkyl C and aromatic C. The spectrum of the soot sample reveals
a distinct peak around 130 ppm. exemplifying the highly aromatic structure
of soot. The striking similarities between spectra of the contaminated Apl
horizon , brown coal and soot indicated that major proportions of organic
particles from fossil fuel combustion have been accumulating in this soil.
To quantify the organic particles from fossil fuel we used 14C dating.
Considering the elevated age of coals, compared to soils, in case of contamination a much higher 14(: age in the contaminated than in the natural soil
should be expected, as a consequence of contamination by older material. Coal
dust and combustion products are beyond the time covered by 14C determination. The 14C age of a natural reference soil was 1630 yr before present.
which is an expected value. In contrast, the Api horizon of the contaminated
Phaeozem shows an unusually high 14 C age of 15,750 yr before present.
Obviously brown coal dust and combusted particles contributed greatly to the
measured 14C age. Assuming both Ap horizons originally had the same 14(:
age, we calculated the degree of contamination as 82% of the total organic
C. Thus, the input of organic particles from fossil-fuel combustion into the
Apl horizon was -35 kg m-2.
Conclusion: For the fust time, the combination of a suite of complementary methods allowed to quantify the input of organic particles from fossil
fuel combustion in soils. Disperse emissions of organic particles from fossil
fuel combustion have accumulated for decades in soils of industrialized areas,
altering quality and quantity of the organic matter. Presumably these particles
also accumu.lated in other soils neighboring industrialized areas. but remain
undetected due to .low levels of contamination.
References: [I] Schmidt M. W. I. et al. (1996) Ors. Geochem., 25, 2939. [2) Sergides C. A. et al. (1987) App/. Spectr., 41, 482- 492.
CHAR FROM VEGETATION FIRES IN SOILS? M. W. I. Schmidt1·*,
J . 0 . Skjemstad2, and I. Ktlgel -Knabner1, 1Lehrstuhl filr Bodenkunde,
Tecbnische Universitlit Miinchen, 85350 Freising-Weihenstepban, Germany,
2Commonwealth Scientific and Industrial Research Organisation, Land and
Water, Glen Osmond, SA 5064, Australia, (*present address: Max-Planclclnstitut fUr Biogeochemie, PO 100 164, 07745 Jena, Germany; mschmidt@
bgc-jena.mpg.de).
Introduction: Vegetation fires produce large amounts of char, which
may increase the amount of aromatic C and contribute a relatively inert type
of C to the SOM pool. Char may also affect soil organic matter composition,
turnover, formation, and soil color. A color sequence of four German chernozcmic soils was sampled to investigate the potential contribution of charred
organic C (char) to these soils and a possible relationship between soil color
and the chemical structure of soil organic matter.
Soils and Methods: The studied soils developed from almost identical
parent material (loess), display similar chemical and physical properties, and
are all under agricultural management with similar crop rotations. The striking difference was a gradual color change from black to gray. Soil samples
represented a color-sequence changing from a black (soil I) to gray (soil 4)
color that developed on loess in the region south of Hannover. Germany [1].
The lignin content was detected by alkaline oxidation and char in soils
was determined by a combination of high-energy ultraviolet photo-oxidation,
scanning electron microscopy and solid-state nc NMR spectroscopy. Carbon-13 CP MAS NMR spectra were obtained before and after UV photo-oxidation. Previous studies showed that a number of materials found in soils,
including wood, lignin, and humic acids, could all be destroyed by the highenergy photo-oxidation process, provided they were exposed to ultraviolet
radiation in the presence of excess 0. Charred organic matter, however, was
not destroyed by this treatment [2,3].
Results: The spectra of soil I are shown as an example (Fig. 1). The
spectrum before photo-oxidation shows several signals indicating the presence of a number of structures typically present in soil organic matter. We
focus on the signals centered around 130 ppm with few additional peaks in
the 0-aryl C region, which is typical for the presence of char.
The presence of lignin units would have been indicated by signals around
130 ppm in combination with additional signals for 0-aryl C structures (165
to 145 ppm) and aryl C (116 and 131 ppm), which are of minor importance
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AN EMPIRICAL ASSESSMENT OF ''ULTRA" HIGH-PRECISION
URANIUM-LEAD ZIRCON GEOCHRONOLOGY: ZIRCON AND
SPHENE SYSTEMATICS OF TIIE FISII CANYON TUFF. M . D.

after

Schmitz and S. A. Bowring, Department of Earth, Atmospheric, and Planetary
Sciences, Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge MA 02139, USA (mschmitz@mit.edu).
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Fig. 1. Carbon-13 CP MAS NMR spectra of soil I obtained before and after
UV photo-oxidation.
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Fig. 2. Content of char C and lignin (normalized to organic C content)
detected in the Axp and Axh horizons of soils I to 4 displayed as a colorsequence. Reflection is given as Y -CIE value that is an equivalent to the
Munsell value.

here. After photo-oxidation the spectrum was dominated by an aryl C peak
at 130 ppm, with spinning side bands (230, 30 ppm) and few other minor
signals, indicating the presence of char. Together with data for mass balance
and C content we then calculated the char content.
To visualize a potential interdependence between char and lignin content
and soil color. data was displayed as a color sequence from black to gray
colored soils in Fig. 2. As a trend, progressing from dark to light colored soils
in the color-sequence (1) organic matter became less resistant to photooxidation, (2) contributions of char to the bulle soil C decreased, whereas
(3) contributions of lignin to the bulk soil C increased. Contributions from
char were always highest in the subsoils compared to the surface horizons,
both normalized to organic C content and normalized to btllk soil mass.
Conclusion: The photo-oxidation method allows the identification of
char C in German Chemozems. Char contributes up to 45% to the bulle soil
organic C, which is equivalent to -8 glkg of the bulk soil. The color sequence
of soils showed a strong relationship between color and the content of char,
suggesting that the presence of char dominates color in these soils . In the
Chemozems studied here, char is a major contributor to total organic C, but
the origin of this fue-induced form of organic C remained unclear. Due to
its recalcitrant nature, char can be preserved in the pedosphere for long periods
of time. This has major implications for the processes of pedogenesis in
Chemozemic soils and for the sequestration of C in these soils.
References: [I] Schmidt M. W. I. et al. (1999) Eur. J. Soil Sci., 50,
in press. [2] Skjemstad J. 0. et al. (1993) J. Soil Sci., 44, 485-499.
[3] Slcjemstad J. 0. (1996) Aust J Soil Res., 34, 251- 271

Uranium-lead zircon ages provide the the most precise and accurate
absolute chronometers for the stody of geological and evolutionary proce.~ses.
The dating of volcanic ash beds by this method has been used to constrain
the absolute timing and relative tempo of evolutionary change [1 ,2] and mass
extinctions (3] with unprecedented resolution. These applications of "ultra"
high-precision U-Pb zircon geochronology to young rocks push the limits of
current analytical capability and challenge the traditional means of assessing
analytical and geological uncertainty in U -Pb zircon age determinations. One
means of assessing the limitations of U-Pb zircon geochronology is purely
empirical and involves the collection of a very large dataset of single and
muJtigrain zircon analyses from a well-characterized young volcanic tnff. We
have obtained such a dataset using zircons from the Oligocene Fish Canyon
Tuff, a well known 41)Arf39 Ar geochronological standard.
Lead-206/uranium-238 dates (uncorrected for initial daughter disequilib·
ria) of 23 of 24 single grains range from 28.24 to 28.55 Ma, with a weighted
mean date of 28.42 ± 0.03 Ma (2CJ uncertainty; MSWD 0.96). Lead-207/
ura.nium-235 dates ranged from 2S.33 to 28.70, with a weighted mean of
28.52 ± 0.05 Ma, slightly older than ~Pbi238U dates, resulting in analyses
displaced slightly below and to the right of concordia (open ellipses in Fig. I).
A single grain yielded an anomalously old ~Pii238U date of 29.34 Ma. The
selection of zircon with inherited components was mostly avoided, indicating that inheritance of older zircon is negligible in this sample of Fish Canyon
Tuff, and/or that inherited grains are easily avoided during the selection of
grains for analysis. Errors on individual analyses directly correlate with the
radiogenic to common Pb ratio of the analysis. In order to increase this ratio
and thereby reduce the statistical uncertainty of each analysis, eight multi grain fractions of zircon (3- 14 grains) were picked, abraded, and dissolved
for analysis. Seven of these eight multigrain fractions (filled ellipses in Fig. I)
gave 206f>b1238U dates from 28.34 to 28.43 Ma, with a weighted mean date
of 28.38 :!: 0.02 Ma (MSWD 0.36). Only one analysis yielded an anomalously
old 206pbJZ38U date of 36.85 Ma. The 207pbf2lSU dates of the seven coherent
fractions ranged from 28.45 to 28.60 Ma, with a weighted mean of 28.52 ±
0.05 Ma (MSWD 0.65), again demonstrating the same consistent discordance
exhibited by the single grain analyses.
These results are in close agreement with a previous single-grain zircon
date of 28.41 ± 0.05 Ma for the Fish Canyon tnff [4), but is older than most
published 41)ArJ39Ar sanidine dates, which range from 27.8 to 28.1 Ma [5].
Notably, the weighted mean dates of single and multi-grain analyses, done
in different experiments at different times, arc within analytical uncertainty.
Using this dataset, we will explore the sensitivity of individual and pooled
zircon dates to the sources of analytical and geological uncertainty in zircon
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age determination, including familiar factors like Pb loss and inheritance, as
well as commonly assumed or discounted factors including accurate common
Pb corrections. spil<e calibrations. instrumental fractionation, and intermediate daughter product disequilibria . An additional dataset of single-grain
sphene analyses which may aid in interpretation of the zircon data will also
be presented.
References: [I] Bowring S. A. et al. (1993) Science, 26/, 1293- 1298.
[2) Mundi! R. et al. (1996) EPSL. 141, 137- 151. [3) Bowring S. A. et al.
(1998) Science, 280, 1039-1 045. [4) Oberli F. (1990) !COG, 7, 74. [5) Renne
P. R . et al. (1994) Geology, 22, 783-786.
THE EVOLUTION OF CRATONIC GEOTHERMS: URANIUMLEAD THERMOCHRONOMETRIC CONSTRAINTS FROM LOWER
CRUSTAL XENOLITHS, LESOTHO, SOUTHERN AFRICA. M. D.
Schmitz and S. A. Bowring, Department of Earth, Atmospheric, and Planetary
Sciences, Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Carnbrige MA 02139. USA (rnschmitz@mit.edu).
Crustal xenoliths entrained in the Cretaceous kimberlites of Lesotho
provide a unique case study for examining the thermal evolution of Archean
lower crust during later orogenesis. These kimberlites erupted through crust
that is presumed to be underlain by Arcbean gneisses of the Kaapvaal Cra·
ton [I), and contain mantle xenoliths with Archean Re-depletion ages [2) and
tberrnobarometry consistent with "cratonic" mantle geotherrns [3]. Yet the
lower crustal granulite and eclogite xenoliths from these kimberlites preserve
"frozen" mineral equilibria consistent with formation under high-T orogenic
crustal geotherms and have Proterozoic Nd· and Plrisotopic systematics [1,3).
It seems apparent from this evidence that the Archean lower crust of the craton
margin underwent an episode of thickening and healing during Proterozoic
orogenesis culminating in granulite-facies metamorphic conditions, and
subsequent decay of this perturbation - all the while underlain by a keel
of Archean lithospheric mantle. However, prior to this study, modem high·
precision geochronometric analysis has not been applied to these xenoliths
to test this model.
We have applied high-precision ID-TIMS U-Pb tberrnochronometry to a
suite of mafic and felsic granulite xenoliths from the Letseng, Matsoku,
Mothae, and Liquobong kimberlites. Xenoliths contain a variety of accessory
mineralthermochronometers, including zircon, monazite, titanite, rutile, and
apatite, that can be used to constrain the P-T-t paths of these granulites. Zircon
and monazite have nominal closure temperarures at or above the peak meta·
morphic conditions of these xenoliths [4.5), and commonly crystallize below
their closure temperarure, thus requiring careful interpretation in terms of their
panicipation in various metamorphic reactions. The U·Pb systematics of
titanite, rutile, and apatite are interpreted in light of their closure tempera·
tures for Pb diffusion [6-8], as well as their metamorphic stability. Careful
accessory mineral petrography, geochemical data, and zoning studies all aid
in this intepretation.
Preliminary results from these xenoliths confirm the geochronologic
framework of the model presented above. Zircons from the Lesotho granu·
lites contain Archean (2.6-Ga) and Middle Proterozoic (1.7-Ga) cores docu·
menting the age of their protoliths. These zircons also preserve multiple
generations of metamorphic growth from I 050 to 1000 Ma, which, to fiTSt
order, dates the episode of granulite facies metamorphism. Monazites from
these same xenoliths also contain multiple generations of growth between
I 005 and I 020 Ma. High-grade metamorphism of the lower crust of the craton
margin is thus a Proterozoic phenomena related to Namaqua-Natal orogenesis. A more detailed interpretation of the zircon and monazite dates in the
context of a temperarure-time path for the lower crust will be presented based
on tying crystallization of these phases to well-constrained T·dependedent
metamorphic reactions.
Ongoing studies of titanite, rutile, and apatite from these xenoliths will
constrain the lower tcmperarure portion of the cooling path of the granulites.
Ultimately, we hope to reconstruct the time-temperature path that these lower
crustal granulites trace during the decay of a transient elevated orogenic
geotherm to the cold cratonic geotherrn of today.
References: [I) Rogers N. R . and Hawkesworth C. J. (1982) Nature,
299, 409-413. [2) Pearson D. G. et al. ( 1995) EPSL, 134, 341-357.
[3) Griffen W. L. et a!. ( 1977) Proc. 2nd Inti. Kimberlites Conf., 2, 59-86.
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[4) Cherniak D. J. and Watson E. B. (1998) GSA Abstr. with Prog., 30, A213.
[5) Parrish R. R. (1990) Can. J. Earth Sci., 32, 1618- 1642. [6] Chcmiak
D. J. (1993) Chern. Geol., //0, 177-194. [7) Chemiak D. J. (1998) Eos Trans.
AGU, 79, 370. [8) Chemiak D. J. et al. (1991) GCA, 55, 1663-1673.
METHANE-BASED BIOSYNTHESIS IN FLORIDA ESCARPMENT
ABYSSAL BRINE SEEPS. M. Schoell1, R. J. Hwang• . C. K. PauU2, and
C. S. Martens2, •CheVTon Research and Technology Company, Richmond CA,
USA, 2University of North Carolina at Chapel Hill. Chapel Hill NC 27599,
USA.
Introduction: Methane-rich seeps at the base of the Florida Escarpment
nourish rich communities of heterotrophic organisms that are supported by
chemosynthetic primacy production [1 - 3). The seeps form patches of black
sulfide-rich sediments that are also rich in organic C. Methane, as one food
source of symbiotic autotrophs, has a o13C of -80%.. and the o•3C of tissues
from heterotrophs range from -40%o to - 75%o, attesting to the C flow from
methylotrops to heterotrophs. We conducted C-isotopic analyses on individual
compounds analyzed in sediment extracts to identify compounds that can be
directly linked to methylotrophs.
Sample description. We investigated the three different samples from
within a seep patch (seep), from a transiton zone (mix), and several meters
away from the seep (background).
Analytical methods for compound identification using a GC-MSD and
compound specific isotope analysis with a IR·GC-MS are described elsewhere
[4,5].
Results: All extracts contain n·alkanes between n·C16 and n·C35, with
a terrestrial origin of the n-Cz, to n-C35 alkanes (pronounced OEP: snc of

TABLE I.

Bulk analyses of samples.

Sample

Alvin No.

c~. (%)

li"C (%o)

Background
Mix
Seep

176l·C5
1762·2B
1763·1B

0.85
1.68
5.90

-32.8
- 48.1

-64.3
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Fig. 1. Carbon-isotopic composition of individual compounds extracted
from Florida Escarpment sediments in and around methane-rich brine seeps.
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-27%o to -32%.). Pristane is in all samples isotopically simi lar to the n-alkanes but phytane is 13C-depleted in the Mix and Seep sample. There are conspicuous compounds in the GC trace that have been identified by mass
spectra: i-C25 Pentamethyleicosane (PME); ~ 7 Cholestene; C 27 hopanc
( 17~(H) -22.29 ,30 trisnorbopane): and C 2? hopaoe ( 1 7B(H)-17~(H)
norhopane). The significant 13C-depletion of these compounds (Fig. I ) links
them directly or indirectly to the methylotropycally produced biomass.
Discussion: The isotopic data of pristane and the n-alkanes in the seep
sediment are identical to those in the pelagic sediment and are all of terrestrial origin. The seep-related compounds that are different from those of the
pe lagic sediment are the isoprenoids phytane and PME isoprenoids, hopanes
and surprisingly a unsaturated C 27 sterene. What are their origins? The
hopanes and the isoprenoids are known as direct biosynthesis products of
methylotrophs [6]. Phytane t3C-concentrations decrease from the pelagic to
the seep sample, suggesting a mixture of terrestrial phytane with nco-formed
bacterial phytane. Similar shifts in tbe hopanes indicate also a dual origin
of these compounds in the pelagic sediment. However, stcrenes are clearly
of nonbacterial origin. An origin of these sterenes from mylilids is likely, as
1)13C of the bulk tissues of these animals is -74%o [2].
One of the interesting observations in this study is that seep-related
compounds are found in sediments that otherwise have characteristics of
normal pelagic sediments. In this regard, these compounds can be used as
pathfinders to seep environments. It is conceivable that moving animals spread
these compounds around the seep area. Becau.~e of this unique labeling of
these compounds, one may use isotopic analyses of individual compounds
around the seeps for studies of the migration habits of seep-related animals.
References: [ I ) Paull C. K. et al. (1984) Science, 226, 965- 967.
[2) Paull C. K. et al. (1985) Nature, 317, 709-7 11. [3] Paull C. K. et al.
(1989) Nature, 342, 166-168. [4] Schoell M. et al. (1992) GCA, 1391-1399
[5] Schoell M. et al. (1994) Org. Geochem., 21, 673-683, [6] Rohmer M.
et al. (1989) J. Gen. Microbiol., 130, I 137-1150.
THE EFFECT OF VISIBLE LIGHT AND PHOSPHATE ON THE
KINETICS OF PYRITE OXIDATION BY DISSOLVED MOLECULAR
OXYGEN. M. SchoonenJ and D. Strongin2 , 'Department of Geosciences,
State University of New York-Stony Brook, Stony Brook NY 11794-2100,
USA (mschoonen@notes.cc.sunysb.edu), 2Department of Chemistry, Temple
University, Philadelphia PA 19122, USA (dstrongi@nimbus.ocis.temple.edu).
Introduction: Pyrite oxidation by dissolved 0 2 is an important reaction in the global cycles of Sand Fe. Mining of sulfide ore and coal has greatly
enhanced the global importance of this reaction and has created extremely
acid and metal-rich environments. A large number of researchers, including
Bames and McKibben [I ], have conducted experimental studies to determine
the rate and mechanism of this process so that effective abatement strategies
may be developed. Here the effect of illumination and addition of phosphate
on the rate of pyrite oxidation is reported. Acid-cleaned, crushed pyrite was
used. Experiments were conducted in a 1-L, water-jacketed, Pyrex, airtight
vessel mounted on an optical bench. After preequilibrating the pyri te for 612 h in 0 2-free water, pure 0 2 gas was admitted. (The preequilibralion is
necessary to obtain reproducible results. we thjnk that during this period
intrinsic defects react with water; this notion is based on earlier UHV work
[2]). The pH was kept constant using a pH-stat and the amount of NaOH
added was used as a progress variable. Sulfate, Fe'"'' and P04 were periodically measured on aliquots. After establishing the reaction rate with the vessel
covered with a black plastic sheet, the vessel was uncovered and illuminated
with a 1000-W Xe lamp. The beam was cooled by passing it through a water
filter. After establishing the rate under illumination, the vessel was covered
again and the rate in the dark was remeasured. Experiments were carried out
at pH 3, 4, 5, and 6. The temperature was closely monitored and all experiments were conducted at a temperature between 24° and 28°C. To evaluate
the effect of P04 addition, two experiments were conducted at pH 4 and 6
in which the oxidation rate in the dark was measured as a function of P04
concentration.
Results and Discussion: Illumination accelerates the reaction rate by
a factor of five at pH 3, 2.5 at pH 4 (see Fig. 1), 1.13 at pH 5, and 1.4 at
pH 6. However, the rate of acid generation at pH 5 and 6 is nearly a factor
of 10 higher than at pH 3 and 4. In all experiments, except the one at pH
5, a period of no acid generation was observed after the lamp was turned off.
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After this induction period, which tasted for 16 h at pH 3, the rate of acid
production returned to approximately the same value as before the illumination. Illumination of tbe pyrite slurry raises the temperature in the vessel
almost instantaneously a few degrees Celsius due to the fact that pyrite can
absorb part of the radiation. This increase in heat cannot be efficiently dissipated even though the vessel is cooled by a constant temperature water bath.
Given the high activation energy for pyrite oxidation, the rise in T can explain
the slight acceleration at pH 5 and 6, but it cannot account for the acceleration observed at pH 3 and 4. In these most acid experiments, the relative rates
of proton production and sulfate production al~o change when illuminated,
suggesting a change in reaction mechanism. Experiments using XPS on single
crystals may provide further insight.
A radiation-induced acceleration of pyrite oxidation could lead to a diurnal effect in natural environments and it may explain some of the scatter
in reported reaction rates. In general, illumination should be considered as
a potentially important variable in any experimenta l study that involves
semiconducting minerals.
Addition of phosphate decreases the oxidation rate significantly. The
retardation effect on the oxidation rate appears to follow a Langmuir adsorp·
tion model. Earlier work in our group has shown that little phosphate sorbs
on clean pyrite surfaces [3). On oxidized pyrite surfaces P04 can also sorb
onto Fe-(hydr)oxide patches. These patches are thought to facilitate electron
transfer between the oxidant and the pyrite [2,4). We postulate that sorption
of P04 on these patches interferes with the electron transfer and that this is
the cause for the retardation.
Acknowledgments: This work has been supported by OOE-BES.
References: [I] McKibben M.A . and Barnes H. L. ( 1986) GCA,
50, 1509-1520. [2) Guevremoot J. M. et al. (1998) ES&T, 32, 3743- 3748.
[3] Bebie J. and Schoonen M.A . A. (1999) EPSL, in press. [4] Eggleston
et al. (1996) Am. Mineral., 81, 1036-1056.
STRONTWM ISOTOPES lN NEOPROTEROZOIC CAP CARBONATES FROM NAMJBIA: EVIDENCE FOR INTENSE CHEMICAL
WEATHERING IN THE AFfERMA TH OF A SNOWBALL EARTH.
D. P. Schrag1, P. F. Hoffman 1, G. P. Halverson', S. A. Bowring2, and K.
Abbasi2, 'Department of Earth and Planetary Sciences, Harvard University,
Cambridge MA 02138, USA (schrag@eps.harvard.edu), 2Department of
Earth, Atmospheric and Planetary Sciences, Massachuseus Institute of
Technology, Cambridge MA 02139, USA
The snowball Earth hypothesis proposes that Neoproterozoic glacial
deposits and associated "cap" carbonates represent a series of globa l glaciations followed by extreme greenhouse conditions [ 1). To study the cap carbonates in the context of the Snowball Earth hypothesis, we measured the
Sr-isotopic composition (87Sr;86Sr) of carbonate rocks in Namibia from which
we earlier obtained 1)13C data [ 1]. The data come from four sections located
several hundred kilometers apart, and from different parts of the carbonate
platform including the intra-shelf basin, the shelf rim, and the fore-shelf slope.
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Regional variation in accumulanoo rate is inferred from the thickness of the
basal dolomite member and from the height of the C-isotopic excutSion. aod
varies systc:matically with inferred water depth. The 87Srf86Sr values in lhe
carbonate rocks (500 m thick) underlying lhe glacial horiz.on dimb range from
0.7072 to 0.7085. Above lhe glacial horizon, the data from all four sections
show a similar pallem of variability. Initial postglacial values arc between
0.708 and 0.710 beforl' climbing steeply to >0.714. Peak values show substantial variations between sections from 0.714 to 0.724. Higher in the section. values drop more gradually and then stabilize to -0.708. The strati·
graphic extent of the positive anomaly varies with the inferred sedimentation
rate, greatest in the shelf rim ( 150 m) and least in lhc fore-shelf slope (-10 m).
There arc two possible frameworks for interpreting lhe Sr-isotopic data.
First. it is possible that the entire patr.em of isotopic variability was created
by postdepositional diagenetic alteration. and lhat the extreme radiogenic
values represent interaction wilh fhrids from the granitic basemenL However,
lhcre arc several arguments against a diagenetic origin for these isotopic profiles. lo all cases, the radiogenic anomaly occurs in the same statigraphic
position above the glacial deposit (whicb. is itself predominantly carbonate
and not a source of radiogenic Sr). Moreover, the distance from basement,
and the local structure, which could determine the direction of fluid now,
varies between these four sections. In addition. the isotopic excursion exists
in sections where the dominant mineralogy is dolomite as well as calcite. Additional evidence against alteration includes the lack of strong correlation
between 87Srf86Sr and l)ll!() values.
An alternative in!Crpret:ation is that the Sr-isotopic data reflect primary
vn.lucs witb. some ~dditional diagenetic overprint. If so, then the pattern
requires an extraordinary explanation ;Ls it is impossible for the a7SrJ86Sr ratio
of the whole ocean to change over th~ estimated dumtion for cap carlxmate
deposition (<10,000 yr!). The snowball Earth hypothesis asserts lhat a global
glaciation occurred once the t:quatorward extent of sea icc crossed a criti cal
threshold. As the tropical oceans froze rapidly, mean surface temperatures
dropped by -40"C. fn lhe absence of a strong hydrologic cycle, the rate of
chemical weathering of silicaiC minera ls would be severely reduced, allowing accumulation levels of col in the atmosphere from volcanic outgassing
over -10 rn.y. to eventually overcome the high planetary albedo. Melting sea
ice near lhe equator would drive a runawny ice-albedo feedback in reverse,
shifting tbe planetary climate to extreme greenhouse conditions in <100 yr
with -5o•c surface temperatures at the equator. In the afiermath of the
snowball Eanh. the high surface temperatures and large surface area of fine
grained silicate minerals. eroded by millions of years of glaciation and frost·
sb.anering. would intensify silicaiC weathering, delivering alkalinity to seawater and driving rapid precipitation of cap carbonntc in warm surface waters.
In this context, it is possible that the S7Srf86Sr excursion in the cap carbonate
sequence reflects the response of the surface ocean to intense riverine input
of radiogenic Sr derived from continental weathering. In the modem ocean,
lhe delivery of Sr to lhe oceans by rivers is slow relative to the mixing rate
between the surface and deep ocean. and hence U1e Sr-isotopic composition
of lhe surface ocean is identical lO the deep ocean. However. in the el'treme
conditions immediately fol lowing a global glaciation, if lhe riverine nux of
Sr were high relative to the rate of mixing across the thermocline, the isotopic composition of lhe surface ocean would drift toward the composition
of the input and away from the deep ocean. This effect would be amplilied
by stratification of the ocean caused by intense radiative heating by the
greenhouse atmosphere and lowered salin:ity of the surface ocean from melting
sea ice (-400 m thick upon termination). The S7SrJli6Sr ratio of the surface
oce-Jn would return to lhc whole ocean va lue once riverine inputs decreased
and/or stratification of the surface ocean was reduced, yielding the stable 87Sr/
86Sr values at the top of the sequence. A simple box model suggests that this
mechanism can produce values of -0.7 J4 if an intense pulse of chemical
weathering occurred over hundreds to thousands of years. However, this
cannot e~tplnin the higb.er S7Srfi6Sr values in excess of 0.714 that are anticorrelated with carbonate content and are likely due to addition of clays with
radiogenic Sr from decay of Rb.
References: Hoffman P. F. et al. (1998) Sriena, '281, 1342-1346.
URANfUM -SERIES DATING OF LAKE CARBONATES: THE
LESSON FROM LAKE LISAN (PALEO-DEAD SEA). A. Schramm 1 •
M. Stein2, and S. L. Goldsteinl 1Max-Pianck-lostitut filr Chcmie, D-55010
Mainz, Germany, 2Jnstitute of Earth Sclences, The Hebrew lloiversity.
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Jerusalem. Israel, 3Lamont-Doherty Earth Observatory and Department of
Earth and Environmental Sciences. Columbia Universtly, Palisades NY
10964. USA.
Lake Lisan, the last Glacial (- 17-70 ka) precursor of the Dead Sea
evolved through r~pid changes in its water level. The lake history fluctuated
between wetter and drier climatic.: conditions in lhe regiou. High-lake stand
conditions (we t periods} were accompanied by development of a layered
configuration and precipitation of aragonite from the upper layer. This layer
also acted as a so.z- accumulator during the lake's rise periods. The sulfate
was removed, resulting in formation of prominent gypsum beds. upon
climatic-induced (drier periods) mixing or even compleiC overturn of lhe lake.
During low-lake stands, thick clastic layers were accumulated in the shallow
shoulders of th~: lake basin.
Precise 23<1fh-ZJ'U ages were obtained by th~'fllllll ionization mass spectrometry (TIMS) on authigenic aragonite, which was deposited from the
surface layer of lhe lake. ll was discovered that the LI-Th-isotopic system in
Lisan aragonite is affected by lhe presence of ioltial aqueous Th as well as
detrital U and Th. The composition of the authigenic and nooauthigenic
components wtts determined by analyzing U- and Th-isotopic compositions
anti trace-element concentrations (e.g., Zr. Nb, Al, U. Th) in detrital and
carbonate material !Tom the Lisan section and in modem amgonite from the
Dead Sea shore. The laner shows negligible detrital affecl~ but contains initial
Th. which corresponds 10 an apparent age of -2.5 ka.
Thorium-230-uranium-234 ages were calculated by lhc isochron mcU1od
and by correctlng out detritus and initial aqueous lJO'fh from individual
samples. The two methods show exceUcnt consistency and agree with lhe
stratigraphic order of the samples. The ages range between 67 ka approxi·
ma1ely 2 m above the base of Lisao Formation to l9 ka approximately 2 m
beneatlr the top of the sCGtion at Pemzirn Valley. This age interval corresponds
to stage 3 and pans of stage.s 2 and 4 in the marine isotopic record. The three
members of the Lisan Formation at Pcrazim Valley are characterized by
sedimentation rates of -0.25. 1.76, and 0.80 mrnlyr (bonum to top) respectively. Initial (2l'Ufll8U) activity ratios are 1.47 in the lower and upper
members and 1.53 in t.be middle members.
The sedimentation rates and the U-isotopic compositions reflect the lirnoological history of the lake, which fluctWI.ted between low and high lake
stands due to the changing climatic conditions in the region. These cbaoges
are directly a~sociated with the global history of the last glacial period. The
low-stand clastic successions and gypsum layers arc well correlated with the
warming events in the global record wltile the high-stand aragonitic successions are correlated with the major cooling events. Finer structures in lhe mode
of sedimentation appear throughout the section and can be correla1ed with
shor1CT climatic cycles such as Dansgaard-Ocschger Events. It is concluded
that the climate in the studied region is linked in finer details to the gloh;tl
climatic record.

FLUID EVOLtrnON IN SHEAR-ZONE HOSTED MESOTHERMAL
GOLD DEPOSITS: EXAMPLES FROM THE YILGARN CRATON
AND LACHLAN FOLD BELT, AUSTRALIA. P. K. Seccombe, S. C.
Dick, and Z. Jiang, Department of Geology, The University of Newcastle.
Callagb.an. New South Wales 2308, Australia (pscc@geology.ncwcaslle.
edu.au).

Structurally controlled mesotlrennal vein deposits represent major Au :r
Cu resources in Archean and Paleozoic metamorphic terrains of Australia.
Similarities in ore-t1uid compositions and controls on Au deposition arc evident. despite regional variations in host rock composition and meramorphic
grades.
Gold mineralization nt the Revenge mine in the Arcbenn Yilgam Craton
of Western Austmlia is linked lO dilation zones developed along second- and
third-order. oorth-nortll\vest-trcnding reverse faults propagating from the
terrain-bounding Boulder-Lefroy Fault. Visible Au is confined to quartz
br~ccia vein systems established wlthin gabbroic host rocks. which are varinbly altered to assemblages dominated either by albite (proximal to veins),
or biotite + albite or chlorite + biotite + calcite {distal alteration}.
Ore-fomning fluids at Revenge arc typically multipb.ase H20 -C02 mixtures of variable densi ty and salinity. Flu.id-inclusion microthennometry con-
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strains depositional conditions for Au mineralization to the range P = 1675
to 2075 bars and T = 425•-525•c.
Interpreted fluctuations in fluid pressure at the time of trapping are
consistent with a fault-valve model of fluid flow through the confining structures. Unmixing of C02-H20-NaCI fluids, due to episodic pressure decrease
accompanying shear failure, was the dominant mechanism influencing Au
deposition in quartz veins. Gold deposition was also influenced by sulfidation
reactions in the gabbroic host rock.
Gold-copper± (Zn-Pb-Ag) veins at the Peale mine, Cobar, in the Paleozoic Lachlan Fold Belt of eastern Australia, are confined to shear zones
developed within a package of multiply deformed slates and metagraywackes
of early Devonian age and along sheared contacts between metasediments and
felsic metavolcanics (flow-banded and brecciated rhyolite).
Fluid-inclusion microtherroometry at Peale indicates that both T and salinity increase during the paragenesis, corresponding to the introduction of
Au-Cu followed by Pb-Zn ores. Fluids involved with the major Au-Cu event
(stage 2 of the paragenesis) are hotter (ranging from 283° to 364°C) and more
saline (6.0-8.6 wt% NaCI equivalent) than earlier, barren fluids. Temperatures of nearly 400•c are reached during deposition of the major Pb·Zn sulfide
veins during stage 4 of the paragenesis.
Bulk analysis of inclusion fluids indicate a dramatic rise in the concentration of C02 during the initial Cu-Au event and the later Pb·Zn event at
Peale. F- and Cl- levels are elevated in the fluids associated with the Pb-Zn
event. By contrast, high CH4 contents (and low COfCH4 ratios) characterize
intervening and later stages of barren quartz deposition. Gas-phase compositions are confumed by microtherrnometric data and laser Raman spectroscopy on individual fluid inclusions.
Fluid mixing is implicated as a control on ore deposition at Peak. Thermal and salinity cycles are likely to be linked to reactivation on the major
thrusts and transient supply of fluid from basin and basement lithologies. An
explanation for the additional base metals present in the Peak ores may
involve differences in the host rocks among tbe two districts. rather than
physicochemical factors during ore deposition.
HIGHLY RADIOGENIC UPPER CRUSTAL ROCKS OF CENfRAL
IDAHO AND ITS BEARING ON ORE GENESJS. K. P. Selvam'. A. W.
Macfarlane', G. Sen 1, and V. J. Salters2 , 'Department of Geology, Florida
International University, Miami FL 33199, USA, 2National High Magnetic
Field Laboratory. Florida State University. Tallahassee FL 32306. USA.
Many studies have posited deep, unexposed Paleozoic and Precambrian
rocks as the sources of metals in hydrothermal ore deposits hosted by younger
rocks in different parts of the world. The polymetallic ores of central Idaho
are typical in this regard. The absence of Mesozoic sedimentary cover, as well
as evidence for the existence of fossil hydrothermal systems coeval with the
Cretaceous and Tertiary igneous activity and the mineralized nature of the
Paleozoic sedimentary rocks exposed on the surface and in mine workings
malce central Idaho an ideal place for a careful evaluation of the role of host
rocks in supplying the metals and other hydrothermal components.
While some previous studies of this region placed the source of metals
mainly in the Paleozoic metasedimentary rocks, others favored deep unexposed sources below the metasediments. A major goal of our ongoing project
is to determine the sources of Pb-Zn-Ag ores in central Idaho using Ph-isotopic ratios. In this report we present Ph-isotopic data on three principal
groups of crustal rocks exposed in the area, including the Paleozoic metasedimentary rocks (e.g., Milligcn and Dollarhide Formations) that host the
ores. The two other crustal rocks include Proterozoic metasediments of the
Yellowjacket Formation and Precambrian crystalline basement rocks of Shoup
and Pioneer Mountain areas. Lead-isotopic compositions of these crustal rocks
along with the ores are shown in Fig. l.
Lead-isotopic compositions of ores and their host metasedimentary rocks
overlap, which implies that most of the ore Pb was derived from the host
rocks. Additionally, the data suggest that the Precambrian basement rocks
could be the source of some radiogenic Pb found in the ores of central Idaho.
The Paleozoic metasedimentary rocks of the Thompson Creek mine area with
high Ph-isotopic ratios present a case for a radiogenic Pb source within the
Paleozoic sedimentary sequence, and suggest that there may be similar units
occurring in this region.
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The Yellowjacket Formation, an equivalent of the Belt supergroup, hosts
the Co-Cu mineralization in the Blackbird mine near Salmon. Both the ores
and metasedimentary host rocks of the Blackbird mine have very high presentday Ph-isotopic ratios. Most of the ores hosted by the middle Proterozoic Belt
supergroup of rocks in northern Idaho, western Montana, and southern British
Columbia have less radiogenic Pb, but the Ph-isotopic composition of Belt
rocks is not known. The results of this study do not support the generally
held notion that the Proterozoic rocks of this region are less radiogenic in
their Ph-isotopic composition. lf this were the case, then the rocks and ores
of Yellowjacket Formation must be unique among the Proterozoic metasedimentary rocks in having highly radiogenic Pb.
Metasediments of Yellowjackct Formation form a linear array on 2:06Pb/
2:0-4Pb-2:07 Pbf204 Pb diagram and define an isochron age of 1.25 Ga . Most of
the high-grade metamorphic rocks of the Shoup and Pioneer Mountains area
also plot close to the lower end of this isochron, suggesting that the Yellowjacket Formation could have derived its sediments from Precambrian basement rocks similar to the ones exposed in this area.
HYDROGEN ISOTOPE RATIO MONITORING GAS CHROMATOGRAPH MASS SPECTROMETER. A. L. Sessions'. T. W. Burgoyne2,
A. Schimroelmann2, and J. M. Hayes', 'Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole MA 02543,
USA (asessions@whoi.edu; jhayes@whoi.edu), 2Departments of Chemistry
aod Geological Sciences, Indiana University, Bloomington IN 47405, USA
(burgoyn@indiana.edu; aschimme@indiana.edu).
We have developed ao analytical system capable of measuring 2Hf1H
(D/H) ratios in a wide range of individual organic compounds at the natural
abundance leveL Compounds are separated by a gas chromatograph (GC)
using He carrier gas. The GC effluent is pyrolyzed to produce H2 quantitatively and a portion is transmitted to an isotope-ratio mass spectrometer. An
electrostatic filter suppresses transmission of scattered, low-energy 4He+ to
the mass-3 collector. Mass-2 and ·3 ion currents are measured continuously
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and pointwise corrections are applied for contributions to !he mass-3 beam
from formation ofH3•. Results are referred to !he VSMOW scale by analysis
of co-injected standards for which values of liD are known.
Production of Hz: At temperatures above 1450°C, pyrolysis of C-, 0-,
and H-bearing compounds yields Hz, CO, and graphite quantitatively [ l ]. The
conversion requires a minimum residence time of -300 ms within !he heated
zone. Production of methane is significant at lower temperatures and longer
residence times and can lead to inaccurate results. Our system uses a SiCresistive heating element to heat a 30 x 0.5 mm (i.d.) alumina tube, through
which !he sample stream flows. Tailing of peaks within the pyrolysis reactor
is reduced by coating !he inside with graphite.
Following pyrolysis, an open split transmits -200 J.!Limin of He/H2 to the
mass spectrometer. Pyrolysis reduces HP background signals to <I pA, lower
than can be obtained with Nafion-based water removal systems. Therefore,
no further water removal is employed.
Measurement of Ion Currents: The input of carrier gas produces a
very large 4He• ion beam, a portion of which is scattered by inelastic collisions. 4 He• ions that lose 25% of their energy have momentum equivalent
to HD+. To prevent these from reaching the mass-3 collector, an electrostatic
lens was installed -15 mm in front of the detector. The lens is held at -80%
of the 6.6-kV accelerating potential. With 200 J.1L He/min reaching the ion
source, the m/z-3 ion current is >14 pA without the Ieos and <0.075 pA with
the lens operating. The He flow rates accommodated are greater than those
reported for a system using a wide-clispersion mass spectrometer [2,3].
The frequency response of the signal-processing pathways can limit the
accuracy of DIH measurements. Accurate comparison of the ion beams requires close matching of the time constants of the amplifiers. Adclitionally,
to allow accurate calculation of tbe extent of H3• formation, the mass-2
amplifier must be fast enough to accurately reproduce changes in PH2 - Calculations suggest that matched time constants <200 ms, not yet achieved in
our system, will be required for optimal perforrnance.
Correction for H 3+: Collisions in the ion source produce H3+ by !he
reaction H2 + H2• 4 H3• +H. Unlike scattered 4He•, the resulting H 3• has
full kinetic energy and cannot be prevented from reaching the collector. As
in conventional H -isotopic-ratio mass spectroscopy, a correction is applied
for its contributions to the mass-3 signal. The formation of H 3• is proportional to [H2][HtJ. ln turn, the mass-2 ion current (i 2) is proportional to PH2 •
Accorclingly, iH3 = K[iz]l, where iH 3 is the Hl+ ion current and K is the "Hr
factor." Two approaches have been proposed: a "pointwise" method in which
each measurement of i3 (typically 125 rns) is corrected based on the corresponcliog value of i2 [4], and a "peakwise" method in which the heights of
sample peaks are used as the basis for correcting the ratios of integrated peak
areas [3,5,6]. Peakwise correction requires that all peaks have the same shape
and underlying background. Pointwise correction is therefore required for GC
analyses.
We examined two methods for determination of K: (I) the DIH ratio of
a single sample of H2 is measured at cliffcrent values of PH 2• and (2) K is
chosen to minimize errors in liD in a series of GC peaks with widely varying
height. Both methods gave similar values forK. The former method is more
precise but the latter is more appropriate for continuous-flow cooclitions.
Performance: The performance of the system was evaluated using a
homologous series of 15 n-alkanes for which values of liD had been determined conventionall y. Two of the alkanes were used as isotopic reference
compounds. For the remaining 13 the average standard deviation for measured values of liD was 3.6%o (n
10 injections). The root-mean-square
deviation from the accurate value was 5.0%. (n = 128 measurements), with
no systematic errors due to peak size or retention time. Precision is currently
limited by noise associated with the energy-filtering Ieos system.
References: (I] Burgoyne T. W. and Hayes J . M. (1998) Anal. Chern.,
70, 5136-5141. [2] Prosser S. J. and Scrimgeour C. M. (1995) Anal. Chern.,
67, 1992-1997. [3] Scrimgeour C. M. eta!. (1999) Rapid Comrn. Mass Spec.,
13, 271 - 274. [4] Tobias H. J. et al. {1995) Anal. Chern., 67, 2486-2492.
[5] Tobias H. J. and Brenna J. T. (1996) Anal. Chem., 68, 2281-2286.
[6] Tobias H. J . and Brenna J. T. (1996) Anal. Chern., 68, 3002-3007.
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USA, lPacific Marine Environmental Laboratory, National Oceanic and
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Introduction: We present the first Os concentration and isotopic composition data for hydrothermal solutions from the Juan de Fuca Ridge in the
Pacific Ocean. Conventional wisdom suggests that hydrothermal systems
along mid-ocean ridges supply a large but unknown amount of Os to the
oceans, derived from the alteration of mid-ocean-ridge basalts (MORB, t870sf
tSB()s -0.125) [ 1]. That seawater reacts with hot oceanic crust to mobili:ze
Os is borne out by Os-isotopic stuclies of metalliferous deposits precipitated
from hydrothermal fluids in the TAG hydrothermal vent field in the Atlantic
Ocean [2-3]. The data show sulfides/Fe-Mn crusts with 1370sft88Qs ratios
intermediate between !hat of seawater and MORB. We determined the Os
concentration (Co.) and isotopic composition of high-temperature ridge-crest
fluids and the low-temperature fluids flowing out at the ridge-flanks. The
results are intriguing as they have unexpectedly provided evidence of an
ancient depleted domain within the upper mantle under the Juan de Fuca
Ridge.
Samples: The Juan de Fuca Ridge, located -500 km off the northwestem coast of the United States between the Blanco and Sovanco fracture zones,
is a fast-spreacling, sediment-free ridge. Extensive hydrothermal activity has
been observed in three sections of the ridge: (I) Endeavour, (2) Axial
Volcano, and (3) Cleft segment. Unfiltered fluid samples witb low Mg cootents, reflecting pure hydrothermal end members, were selected from these
vent fields. These samples display a range of exit temperatures (265°-376°C)
and Cl contents (148-1237 mmol kg-1). Adclitionally. a sample of low-tern·
perature off-axis fluid (50°C) was analyzed. This sample was collected from
an ODP hole (leg 168, site 1026B) drilled on 3.5-Ma oceanic crust on !he
eastern flank of Juan de Fuca Ridge and possibly represents the warm reaction zone fluid supplying tbe springs {26°C) cliscovered recently in this area
[4]. All samples were collected over the last 10 years with the submersible
DSV Alvin.
Analysis: We utilize a procedure that converts Os existing in cliffereot
oxidation states to Os04 in a closed system and results in a complete isotopic equilibrium between the sample and tracer [5]. The sample (30-50 mL)
is taken in a large glass ampoule and frozen. Enriched 190Qs tracer and Cr03H2S04 solution is then added to the ampoule. The ampoule is sealed and
placed in an oven at 180°C for 40 h. The ampoule is then scoured open and
Os04 clistilled into chilled, concentrated HBr. The total liB()s blank of !his
procedure is 0.013 :t 0.006 femtomol with 1870sf'SS0s 0.27 :t 0.14. The
total Os yield of !his procedure is 90%. The Os isotopes were measured by
negative thermal ionization mass spectrometry (NTIMS) using procedures
given in [I].
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Rc.-sults: The Ca. of the high -temper;Jture hydrotherma l Ouids range
from I 5 to 202 femtornol kg- 1 and the 187Qsf 188Qs vary from 0.1 29 to 0.388.
The Ca. of the low-temperature fluid is 518 femtomol kg- 1• Most remarkably, this sample has a l5 7Qsf 1B8Qs ratio = O.UO ± 0.001. much less than
MORB or the upper mamle (- 0.125) {61. Such a low ratio has been measured in 2.7-Ga osrniriruum samples from Witwatersrand [7]. Figure I plots
the inverse of Co. nnd ul•QsJ ISSQs rotios of the fluids. AU dalJI (except Pipe
Organ, which is comaminated by -22% seawa ter) plot along two mixing
lines: (I) between n component wiU1 IS70sJ ISSOs ratio= 0.11 and seawater,
and (2) betwce.n two components with 1&70sJISBOs ratios of 0.11 and 0.20.3. The resuJts point to a nearly complete overprinting of the seawater Os
signal by a component with a IB70sJIBHOs ratio of 0.11. The model age of
this component is 2. 7 Gn. TI1is observation is intriguing as It indicates the
existence of an ancient depleted mantle component of unknown dimensions
tmdcr the Juan de Fuca Ridge that has not m.ix.ed with the convecting MORB
mantle.
Acknowledgments: California Institute of Technology Contribution
8642 ( 1033). DOE DE FG03-88ER-13851.
Rercren~:cs:
f 11 Sharma M. et al. ( 1997) GCA. 6/, 3287-3299.
l2) Ravizza G. E. et al. {1996) EPSL, 138, 105-119. [3] Bmegmaoo G. E.
e.t al. ( 1998) Proc. ODP, 158, 91-100. [4] Mottl M. J. et al. ( 1998) Gl'alogy.
26, 51-54. [5] Sharma M. et aL ( 1999) GCA. submiued [6] Sh.irey S _ B.
and Walker R. J . ( 1998) Amw. Rev. Earth Pla11el. Sd., 26. 423-500.
171 Allegre C. J. and Luck J. M. (1980) EPSL. 48, 148-154.

Tim CARBON DIOXIDEIHELIDM-3 SYSTEMATICS OF PLUME-,
MID-OCEAN-RIDGE BASALT, AND ARC-TYPE LAVAS FROM TilE
MANUS BAC.K-ARC BASlN. A. M. Shawl, D. R. Hilton', C. G.

Macpherson'·*, and J. M. Sintonl, 'Geosciences Research Division. Scripps
lnslitulc of Oceanography, La Jolla CA 92093-0244, USA (amshaw@
ucsd.ecl n; drhilton@ucsd.edn), 2Deparlment of C.eoloe,y noel C.eophysics,
University of Hawai'i. Honolulu HI, USA (sioton@soest.hnwaii.edu),
(*present address: Southeast Asia Research Group, Department of Geology,
Royal Holloway University London, Egbam, Surrey, UK; c.macpherson@gl.
rhhnc.ac.uk).
Introduction: The CO:i3He ratio in magmatic volatile,~ has been used
to provide constraint~ on the flux of C0 2 between noantlt: ami exospheric reservoirs [e.g.. J) . The validity of any flux calculations is limited. however. by
assumptions that COflHe ratios measured in various media (basa lt glasses.
geothermal tluids. etc.) arc rcpresen!ativc of the underlying mantle source
region. A recent study of Loibl Seamount (2] has shown that the COpHc
ratio can vary over 2 orders of magnitude, with magma composition coupled
with degree and mode of degassing exciting the controlling in11uence on the
measured CO-/lHe values. To assess fllrther these potealtially fractionating
effectS. we have ana lyzed a diverse suite of lavas from the Manus back-arc
basin (Bismark Sea). l11cse lavas span a broad compositional range and have
plume-, MORB- and arc-type geochemical affinities [sec 3]. Taken together.
the Mnous Basin lavas should allow a realistic assessment of tbe factors
controlling the CO/JHe r..1tio as well ••s chamcterizatioo of the r.mges in this
parameter for the various peltogcnctic types.
Setting and Samples; The Manus back-arc basin is located in the e'dStem Bismark Sea. Fresh volcanic glass was obtllined from the Central Manus
Spreading Center, the cast-striking Extensional Transform Zone, and two rift
z:ones: the Southern Rifts and the East Manus Rift. All glasses are tholeiitic
and have been analyzed previously for major- and minor-element chemistry
and radiogenic and He isotopes [sec 3] . Based upon these analyses, the lavas
are distinguished as MORB type- I . MORB type-2, back-arc-basin basalt
(BABB), and arc-type. Plumclike lHef4 Hc ratios (>12R") characterize all
types except for Arc lavas.
Analytical Approach: We analyzed for He, AI, and C02 coocentrations
using stepped-beating protocols that permit resolution into vesicle and dissolved components. For C02• this rustinction can be made on the basis of
both the amount of gus released as a function of temperature nod on snc
values (work in progress). For He and Ar. we used t11e gas yields at soo•c
and I2oo•c release steps, respectively, to re.present these components. Crushing in vacuo establ ished sample 3Het•He r.1tios [3).
Carbon Oioxide/Helium-3 Results: MORB-I glasses (n -= 5) have
bulk-rock COz!3He ratios tightly consttained between 1-2 x )()? witll a con-

sisteiJt pattern of lower values (3-7 x 103) in the vesicle phase. In contrast.
MORB-2 Sa.tllples (n = 3) have bigbcr total C0 2f3Hc values (2 x 109 to l x
1010): again their vesicle ratios arc consistently lower. BABBs (n =4) show
a similar range to MORB-2s. whereas arc-type lavas (n =2) have significantly
higher C01JlHe ratios in bot11 the bulk-rock and vesic le phases.
Degassing and Source Effects: The observation of lower C0 2f3He
ratios in vesicles relative to U1e dissolved phase can be <~rttibured to either
(I) an equilibrium degassing case where the a factor [= SH.!Sco, = (COzl
lHe••porl/(C02f3Hc,,.lt)] <I: however, this is not consistent with degassing
behavior anticipated for a tholeiitic magma [see 2]: or (2) a situation where
vesicles gas is not in equilibrium with the dissolved gas. i.e.. one or botJ1
phases may contain exsolvedlresidual gas from ruffereot volumes of magma.
It is noteworthy, however, that vesicles have substnJltially higher 4 He/~oAr"
ratios than coexisting glass -an observation opposire to that expected for
equilibrium degassing.
In spite of indications of nonequilibrium degassing, can source COz!3He
ratios still be identified? Higher H20 contents in the sequence MORB- I,
MORB-2. BABB. nod arc lavas should lead to enhanced exsolu.tion ot
CO~- consistent witb the observation of higher 4 He/~0Ar* ratios in the more
evolved magroa types- and more extreme (lower for a tholeiitic roelt !21)
va lues of COtJHe. This is not the case, and this suggests tbat the relative
solubility characteristics of He and C02 cannot be the sole controlling in11uence on resultant COllHe ratios. Therefore, a higher "initi;JI C02J3He
rario" of all noo-MORB-1 lavas (as anticipatec.l for a subducted slab or an;
cmsr input) and/or variations in magma chemistry (to decrease the a factor:
[2]) are possible explanations. In an attempt to resolve this issue, ongoing
studies will conceotrnte on (l) modeling the solubility behavior of C02 and
He over the range of lava compositions cocouotcred in the Manus Basin, and
(2) utili7Jng the ,SI.IC-isotopic composition of vesicle and russolved C01 to
Identify crustal and/or slab additions to the C0 2 inven tory.
References: [ I] Marty and Tolstili.bio ( 1998) Chern. Geol., /45, 23324R. [2) Hilton et al. (l'l9R) Nnrrm. 39n. 1.S'l-162. [1] Macph,-,rsnn el al.
(1998) Geology. 26, 1007-1010.
ELEMENTAL FRACTIONATION AND EQUlLJBRlUM PROCESSES. D. M . Shaw, School of Geography and Geology. McMaster
University, Hamilton ON, LSS 4M l , Canada (shawden@mcmaster.ca).
Gold~chmidtian geochemistry delineated the behavior IJf individual elementS. particularly the r:trer ones, leac.ling to the view that truce-element studies could be used to illuminate (some would say "to solve") geological
problems, because of ideal behavior in low-concentration solutions. both liquid and solid.
After World War 11, the theoretical groundwork laid by H. Neumann and
by H. D. Holland and J. L. Kulp, based on Lord Rayleigh's 1902 theory ,
provided a base for trace-clement studies in igneous and me!amorpbic petrology. while a seminal treatment of oxidation and reduction mechanisms
by B. Mason did the same for aqueous media and sediments.
Improved analytical methods, Emgmcntcd by resolution of contamination
problems by continually decreasing the effective sample size. have Jed to
better quantitative results for elemeotal studies, although not yet as good as
for isotopic systems.
Element disliibutions in Earth materials are e:tplained using heterogeneous
phase equilibrium theory. One of the most useful concepts in that th.eory is
that of the equilibriulll partition coe_[Jicient K(i) of an element i between two
phases, which has been extensively applied to fmcrionatioos in both melting
nod crystallizution processes. But cnrly hopes that Henry's Law, implying
consram K(i), would govern trace-element distributions have been dashed,
aod partition coefficient studies now support many caJeers.
Nevertheless and paradoxically, the concept of the consrant partition
cocfficient has been very useful in elaboration both of C(lllfinrwr.s (dynamic)
ma11tle melting and of crr.stal reaction nrelti ng.
A quite differen t approach is used for nonequilibrium melting. Because
of the great difference in diff1lSion kinetics for soli d and liquid phases. U1is
view contends tha t, at least over short periods, melting overrides partitioning
and consequently both major nod trace elements behave alil:e.
Unfortunately, however, few trace-elcroent data arrays are sufficiently
precise, or well-enough controlled geologically, to prove or disprove any of
the models.
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A HIGH-PRECISION BENTHIC FORAMINIFERAL STRONTIUM/
CALCIUM RECORD OVER THE PAST 35,000 YEARS. C.-C. Shen1.2,
S. R. Emerson!, D. W. Hastings3, T. Lee2, C.-H. Chiu 2 , and G . T. Shen 1,
!School of Oceanography, WB-10, University of Washington, Seattle WA
98195, USA, Zlnstitute of Earth Sciences, Academia Sinica, P.O. Box 1-55.
Nankang, Taipei, Taiwan, China, 3Department of Earth and Ocean Sciences,
University of British Columbia, Vancouver BC, V6T IZ4, Canada.
How constant was the Sr/Ca concentration ratio for seawater in the past
thousands to millions of years? The answer is crucial for the reconstruction
of past sea surface temperature (SST) using the temperature-sensitive parti·
tion of these two elements between coral skeleton and water. As the f~rst step
toward answering this difficult question, we have carefully developed, after
elttensive experimentation using modem core-top samples from Ontong-Java
and Caribbean. a procedure to clean and measure Sr/Ca of benthic foraminifer Cibicidoides wuellerstorfi. Data for individual modem samples from the
eastern equatorial Pacific appear to be normally distributed with a standard
deviation (s .d.(l)) of 1.75%, far higher than the analytical uncertainty of
0.03%. Since both temperature and Sr/Ca of seawater should be nearly
constant in deep ocean, the Sr/Ca of individual samples of this benthic species
apparently cannot be used as a proxy for seawater Sr/Ca. On the other hand,
the Sr/Ca for bulk samples consisting of large number of modem specimens
(N = 8-25) were found to converge, and their standard deviation seemed to
decrease according to s.d.(N) s.d.(l)JNO.s. Applying this to a core from the
eastern equatorial Atlantic Ocean, we found that the bulk ratios (with estimated standard deviation from 0.12% to 0.39%) varied by as much as 3.5%
over the past 35 k.y. If the Sr/Ca ratios of bulk samples of C. wuellerstorfi
indeed reflect seawater Sr/Ca, then we have to suspect that seawater Sr/Ca
was variable in the past. Such putative variation of seawater Sr/Ca would have
significant implications on many fundamental issues in past global changes.
For instance, it may reduce the coral-based estimate of tropical SST drop
during the last glacial maximum (LGM) from s•-G•c to 2•-3•c . But it would
also raise the Sr/Ca-based SST estimates for the early Holocene to an almost
unattainable level. Our results put the earlier speculation of such variations
derived from less precise data on firmer grounds. It also accentuates the
importance of eltploriog possible mechanisms to change seawater Sr/Ca on
t!mescales shorter than the long residence time of these two elements in the
ocean.

=

NEW INSIGHTS OF SULFIDE ORE GENESIS FROM AN OSMIUM·
STRONTIUM-ISOTOPIC STUDY OF CHINKUASHI GOLD-COPPER
DEPOSIT IN TAIWAN. 1. J. Shenl, L. P. Tanl, C. H. Chen!, C . Y. Lanl,
and C. H. Chen1, 1lnstitute of Earth Sciences, Academia Sinica, P.O. Box
1-55, Nankang, Taipei, Taiwan, 2Department of Geology, National Taiwan
University, Taipei, Taiwan.
Differences between the geochemistry of Sr and Os mean that Os isotopes
can yield insights into certain aspects of mantle and magma hydrothermal
processes, where Sr-isotopic studies cannot. In particular, the distribution of
Os and Sr in the continental crust differ significantly due to the differences
in the partitioning of these elements between si licate partial melts and solid
residue. Osmium behaves compatibly, thus partitioning strongly into the residue, while Sr behaves incompatibly. As a result, Os is concentrated in the
mantle and deeper portions of the crust, whereas Sr is concentrated in the
upper crust. COnsequently, the Os concentration and isotopic composition of
hydrothermal fluids may be sensitive to the depth of hydrothermal circulation, with deeply penetrating fluids carrying higher concentrations of less
radiogenic Os than fluids associated with more superficial hydrothermal
systems. Similarly, the fact that Os elthibits an active redox chemistry while
Sr does not indicates that the behavior of Os along the flow path within a
hydrothermal system will likely be influenced by evolving redox conditions.
The Miocene sediments of Chinkuashih in northeastern Taiwan contain
abundant hydrothermal sulfide deposits rich in Au and Cu. The Au-Cu mineralization is associated with several small, late Pliocene-Pleistocene daciteandesite intrusions. In two of the intrusions (Chiufen and Wutanshan), the
ore is composed of pyrite, galena, sphalerite, marcasite, and native Au. In the
Penshan intrusion enargite, luzonite and alunite are common. Seven sulfide
samples (including pyrite, marcasite, sphalerite, enargite, and Juzonite) have
been analyzed for Re-Os recently. The preliminary data are shown in Fig. 1.

269

1.31

CootlnentaJ Crust (45,1)

1.31
l .ll

.P"'

1.16

:;_o""

l.ll

• 0.71407

:.-.. 0.24

0.714U

0.11

o.u

0.11411

1.14

•

• •.?l3tJ

Yount Mt1m1 (MORB, JAB)

0.14

o.n

I

1

l

3

'

~:!l:ttYtUpprr~halle

5

'

7

8

'

II It 12 13

t•

15 U

1/0s (ppb- 1)

Fig. 1.

All sulfides show a narrow range of isotopic ratio for 1870si188Qs (from 0.139
to 0.249) but a large variation for I37Refl38()s (from 3.7 to 34.6). All Os data

(Fig. I) could be fitted by a two endmember mixing model in which the
primitive upper mantle was contaminated by the continental crust. It is interesting that Chinguashih sulfides are dominated by mantle source on the
Re-Os-isotopic system although there is no definitive evidence indicating
mantle activity taking place in northern Taiwan.
The Sr-isotopic data for four sulfide samples from Chinkuashih area have
also a very narrow rdngc of isotopic ratio for &7Srf86Sr (from 0.7130- 0.7147)
(Fig. I). These ratios are well within the range spanned by those for typical
Taiwan sediments. The Sr-Os data clearly showed that Sr was dominated by
crustal sources while 0s mainly came from the mantle.
The easiest way to interpret the mixing during Chinkuashih ore formation is that the Os in sulfides was transported by the hydrothermal fluid, which
was originally meteoric water but penetrated along very deep faults to extract Os from the upper mantle. On the other hand, Sr mainly came from the
shallow level when the hydrothermal fluid passed through the continental
crust. Alternatively, Chinkuashih deposits were initially magmatic sulfide
proto-ore formed by earlier magmatic activity. Then a relatively shallow
hydrothermal circulation system brought the proto-sulfide-ore to the surface.
ION SOLVATION AND MOLECULAR DYNAMICS AT THE
GOETHITE/WATER INTERFACE. D. M. Sherman, Department of
Earth Sciences, University of Bristol, Bristol BSB lRJ, UK (dave.sherman@
bris.ac .uk).
Introduction: Understanding the dielctric properties of water near mineral surfaces is essential before we can understand the behavior of water along
grain boundaries and during mineral solution equilibria. The sorption of
cations as either innersphere or outersphere complexes onto the surface of
goethite is of fundamental importance in environmental chemistry. In the work
reported here, I investigated the structure of water near the goethite (110)
surface under both saturated and unsaturated conditions using molecular
dynamical simulations. Subsequently, I investigated the solvation of NaCI by
surface-sorbed water.
Molecular Dynamics Calculations: The calculations were based on the
SPCIE model for water developed by Berendsen et al. [1]. The Na-0, Cl-0,
and CI-Cl short-range potentials of Smith and Dang [2] were used; these
potentials were shown by Brodholdt [3] to give a very accurate description
of the density of NaCI-water mixtures. The goethite (110) surface was
modeled as a rigid framework with SPCIE charges on the 0 and H atoms
and a charge of 1.27 for the Fe atoms. A 10.97 x 12.oJ-A unit cell of geothite
(110) was solvated by 16, 32, 60, and 144 water molecules. Calculations were
run for 100 ps, with the first 10 ps used for thermal equilibration.
Dynamics of Water on Goethite (110): The first several monolayers
of water are strongly oriented by the goethite surface and develop a structure
different from that of buJk water. The self-diffusion constant of water decreases from 2.5 x JO-S cm2fs (bulk water) to I x l0-6 cm2fs (four mono-
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Conclusions: The chemical behavior of water near mineral surfaces is
different from that in bulk solution. Ionic dissociation will be enhanced near
the mineral-solution interface and in aqueous films found in unsaturated
conditions. These effects must be quantified before we can understand fluidrock interactions.
References: [I] Bercndsen H. J. C. et at. (1987) J. Phys. Chern., 91,
6269- 6271. [2] Smith D. E. and Dang L. X. (1994) J. Chern. Phys., 100,
3757-3766 [3] Brodholdt J.P. (1998) Chern. Geol., 151, 11-19.
THERMODYNAMICS OF STRONTIUM, BARIUM, AND LEAD
SOLID SOLUTION IN CaS04 : RESULTS FROM ATOMISTIC
SIMULATIONS. D. M. Sherman, Department of Earth Sciences. University of Bristol, Bristol BS8 I RJ, UK (dave.sherman@bris.ac.uk.).
The divalent cations Ba••, Pb2•, Cd2•, and Sr2• are significant toxic heavy
metals and radionucliides in the environment. The aqueous concentrations
of these ions in soil solution and groundwater may be limited by the formation of insoluble sulfate minerals. However, if these cations are incorporated
via solid solution with Ca in anhydrite (CaSO,J and gypsum, then the aqueous concentrations may be kept even below that determined by saturation of
the pure sulfate end member. Before we can predict the effect of solid solution with CaS04 on metal ion solubilities, we need to have activity composition relations along the CaS04 -MS04 (M = Ba, Sr, Pb, and Cd) binaries.
Atomistic Simulations: Allen et at. [I) have derived a set of interatomic
potentials for S-0, Ba-O(S04), Ca-O(SO,J, and Sr-O(S04) that give an accurate prediction of the structures and elastic constants of SrS04 , BaS04 , and
CaS04 • We can derive a potential for Pb2•-0 by fitting to the slructure of
anglesite, PbS04 .
Calculated Mixing Pantmeters: The static-free energy of mixing can
be estimated by averaging over the possible ionic configurations of a given
composition using a 2 X 2 X 2 supercell of the Amam CaSQ4 SlruCture. The
resulting excess energies for Sr, Ba, and Pb in CaS04 are shown in Pig. I.
A regular solution model, such that llG••cess = AX(X - I), gives an excellent
fit to the calculated energies of mixing. The calculated interaction parameters,
I, are found to be 82.4, 29.7, and 24.1 kJ/mol for Ba, Pb. and Sr in anhydrite. The activity coefficients for the MS04 components in solid solution
with CaS04 are YA exp(/..(1 - XM)ZIRT).
Calculated activity-composition relations for BaS04 , PbS04 , and SrS04
in anhydrite (CaS04) are shown in Fig. 2.
Aqueous Solubility of Barium, Lead, and Strontium in the Presence
of CaS04 : We can calculate the solubiljty of Ba. Sr. and Pb in the pres-
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Fig. 2. Sodium chloride radial distribution functions showing decreased
NaCI ion pairing in water sorbed onto the goethite surface.

layers on the goethite surface). Both the density and the degree of H bonding
are enhanced in the surface water compared to that in bulk water. This effect
is shown in the 0-0 radial distribution functions (Pig. I) of bulk and surface
water. The main peak at 2.9 A corresponds to 0-0 pairs held together by
H bonds. This effect is strongest, however, for surface films formed in
unsaturated conditions.
Ion Association at the Goethite Surface: In concentrated NaCI solutions, a significant degree of ion pairing occurs. Near the goethite surface,
however, the dielectric constant of water is increased due to the enhanced
H bonding; this enhances the dissociation of NaCI ion pairs (Pig. 2). The
effect on the goethite surface is comparable to that in bulk water at 5 kbar
pressure.
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ence of anhydrite (ahy) given the interaction parameters and the solubility
products of the endmember sulfate minerals. Consider the reaction
Ba2•(aq) + CaS04(s)

= BaS04 (s,

ahy) + Ca2•(aq)

The equilibrium constant can be expressed

In the limit where X8 • «1, we can write

For reactive-transpon modeling, we need a J<.i to describe the partitioning
of Ba between aqueous solution and solid anhydrite

The aqueous activity coefficients can be calculated using standard methods
such as the Davies equation.
References: [I] Allen eta!. (1993) Faraday Discussions, 95, 273-280.

RARE-EARTH-ELEMENT FRACTIONATION AND NEODYMIUMISOTOPIC VARIATION IN PACIFIC HYDROTIIERMAL PLUMES
AND METALLIFEROUS SEDIMENTS. R . M. Sherrell'. G. Ravizzal,
M. P. Field 1, and J. Blusztajn2, 'Institute of Marine and Coastal Sciences,
Rutgers University, 71 Dudley Road, New Brunswick NJ 08901-8521, USA
(sherrell@imcs.rutgers.edu), 2Department of Marine Geology and Geo·
physics, Woods Hole Oceanographic Institution, Woods Hole MA 02543·
1541 , USA (gravizza@mail.whoi.edu).
We present results demonstrating that hydrothermal plume particles in
Atlantic and Pacific plumes faithfully record ambient deepwater rare-eanhelement (REE) composition with a constant light/heavy fractionation [I].
Armed with this finding, we explore the paleoceanographic utility of paired
Nd-isotopic and precise REE pattern determinations in hydrothermal metal-
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liferous sediments from the flanks of the southern East Pacific Rise (EPR).
Previously, Nd-isotopic records (but not REE patterns) have been available
chiefly from Fc-Mn crusts [2], which accrete at -0.002 m!Ma and therefore
have relatively poor temporal resolution.
Results and Discussion: Previous studies of REE systematics in an
Atlantic hydrothermal plume showed increasing REE/Fe ratio with decreasing Fe as the plume dispersed, interpreted as continuous uptake of REE over
time within the plume [3]. On the basis of new Pacific plume data (9°45'N
on the EPR [1,4]); and a reinterpretation of the Atlllntic (TAG; [3]) data, we
now argue that REE systematics in plumes are not dictated by uptake kinet·
ics, but by mixing of well-defined hydrothermal endrnember particles with
ambient background material. This behavior allows extrapolation to the
composition of unmixed hydrothermal particles, which show light REE
enrichment relative to seawater (factor of 1.8 in Nd/Er).
Previous studies have suggested that this signature would not be preserved
in sediments, and that REE/Fe in southern EPR flank sediments increases with
distance from the ridge crest due to continued long-term uptake. However,
this enrichment likely reflects increasing fractions of other components (ter·
rigenous particles and authigenic apatites) as the hydrothermal input decreases
off-axis. By limiting our investigation to rapidly accumulating sediments
proximal to the ridge axis, above the paleo-lysocline, we have avoided much
of this complexity. Our results show no systematic change in REFJFe with
paleo-distanee; REE/Fe and REE pattern shape closely match that of plume
particles. Therefore, we interpret downcore variations in Nd/Er as changes
in the REE composition of Pacific deepwater. Because negligible Nd is
associated with nonhydrothermal sediment components, we also interpret
downcore eNd as a reflection of changing deepwater composition.
The downcore record from the SEPR shows variation in ENd and Nd/Er
exceeding the geographical/depth range in modern Pacific waters. The ENd(O)
record is S-shaped in time; decreasing from -4.5 to -6.1 from 28 to 19 Ma,
then increasing to a maximum of -3.0 at 8 Ma, then decreasing again to -4.5
at 1.5 Ma. The corresponding record of REE fractionation (as Nd/Er), shows
inverse correlation to ENd over 19-8 Ma, consistent with a shift of -40% in
Nd/Er to more continental (nonradiogenic and LREE depleted) signature.
However, in the intervals 28-19 Ma and 8-1.5 Ma, eNd decreases with time,
while Nd/Er is little changed (:51 0%). The range of Nd/Er values is less than
or equal to the modem values recorded in plume particles, suggesting that
deep Pacific water was LREE-depleted, relative to modern, through most of
the last 28 m. y.
Prior records of ENd in Fe-Mn crusts have generally been interpreted as
reflecting variations in water mass mixing [2]. Our data suggest this inference is problematic, because Nd/Er changes are far too large to be consistent
with ENd changes driven by mixing modem Atlantic and Pacific deepwater.
Rather it seems more likely that changes in REE sources within the Pacific
basin may have altered quasi-independently of the £Nd and REE patterns of
deepwater. Identification of such sources is difficult; indeed, the sources of
radiogenic Nd to the modern Pacific remain unconstrained [5,6].
One intriguing hypothesis is that the net input of hydrothermal fluid REEs
has varied over these timescales. The slow Fe(ll) oxidation rate in the mod·
em Pacific [7] may allow a large fraction of hydrothermal-source REE sig·
nature to escape the plume reaction zone and mix into the deep reservior,
imprinting a more radiogenic Nd-isotopic signature to Pacific deep waters.
We strees that this possibility is consistent with net removal of oceanic REEs
by hydrothermal systems. Assuming relatively constant hydrothermal flux,
varying influence of vent fluids on the deepwater REE signature could be
driven by changes in pH and 0 2 , which set Fe(II) oxidation kinetics. Thus
deepwater REE composition as recorded in these sediments may change as
a result of variable "leakage" of hydrothermal REE signature from mid-ocean
ridge systems.
Rererena!S: [I) Sherrell R. M. et al. (1999) GCA, in press. [2] O'Nions
R. K. eta!. (1998) EPSL. 155, 15-28. [3] German C. R. eta!. (1990) Nature.
345, 516-518. [4) Field M.P. and Sherrell R. M. (1998) Anal. Chem., 70,
4480-4486. [5] Bertram C. J. and Elderfield H. (1993) GCA, 57, 1957-1986.
[6] Jeandel C. et al. ( 1995) GCA, 59, 535-547. [7) Field M.P. and Sherrell
R. M. (1999) GCA, submitted.
BROWN COAL AS A DETOXICANT OF SOILS POLLUTED WITH
HEAVY METALS. A. V. Shestopalov, 0. S. Bezuglova, and I. V.
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Moro:c.ov. Department of Soil Science. Rostov State University, B. Sadovaya,
105, Rosto,•-on-Don 344006. Russia (bes uglov@ic.ru).
lntr!Kiuction: Brown ~:oal (BC) has usually been used as fossil fuel. but
there is the possibili ty thtlt it may be used in other ways. The problem of purification of soils poUuted wiU1 heavy metals (HM) can be so lved thnugb BC
applir.ation.
Materials 11nd Methods: Brown coal is a natt1ral miueraJ-orgauic matter
that h11s a large potential to bind the pollu tants lJ j . In our resc<1rch the waste
l3C WilS used. This BC composition is almost similar to that nf native BC.
It contains humic acids (46%) , which nrc of great importance for soil fertility. Humic acids can tr.wsform HM ions to ligands. BC can bind HM ions
by physical absorption ilS welL BC cap;1city to ubsorb HM nnd to keep tln!m
inside was studied in model experiments. The upper horizon of ordinary calcareous chemozem (zonal soil) was mixed lirst with different forms of HM.
After a month of incubation in vessels. it was mixed with difrcrent rntes of
BC. Upper layers ( 15 em) of polluted urbanm:ems of Rostov-on-Dun were
mixed with different rates of BC. T hese soils were put into the glass vessels
for the purpose of a lon g-term incubation at oprimum tempcrnturc and humidity. TI1c soil samples were t.'lkcn out after a week, one month. and six
mouths later accordingly. The amounts of HM mobile forms dissolved in
acetate-ammonium extract with pH 4.8 were measured with the help of atomic
absorption spectrometry.
Results and Discussion: Tbc HM amounts were significantly decreased
by BC application. In the chernozem the degree of detoxication depends on
ion forms of HM; e.g., AcCu bns maximum absorption by BC and minimum
absorption was noted for CuO. BC absorbs AcCu and AcPb better than AcZn.
The urbauozem l (-20 m from the highway) contained Pb 100 and Zn 45
mg kg- 1. Other HM were not detected. After six-month incubation wilb BC
dose of 10 t ba- 1 (here and below the soil layer (25 em)) there was maximum
absorption of HM. The Pb and Zn amounts were decreased to 31 and 37 mg
kg- 1 correspondingly. In our view, tl1e BC dose of 10 1 ha-1 was not sufficient for the final remediation of urbanozcm 1. The urbanozem 2 (soi l profile was laid in August 1998; tl1e site not far from the chemical plant and
2 m from the ltighway) cootaincd Zn 800, Mn 30.2, Cu 4.2, Cr 3.2, Co 3.2,
Cd 2.2, and Ni 1.6 mg kg-1. Lead was not de tecrcd. BC rates were I, 5. 25,
and 50 t ha-l_ In this experiment the soil samples were being taken out on ly
after one week. With BC dose of I t ha- l. there was maximum absorption
ofZn. TheZo amount was decreased to 630 mgkg-1. With 13C rate ofS tha- 1
there was maximum absorption of Cu. Copper amount was decreased to
2.9 mg kg- 1. In our invescigation BC did not absorb small concentrJtions of
HM. wh.ich is interesting as regards soil microelemcnt condition. BC is ch.1racrerized by lingering coupling with soil. therefore maximal absorptiou of HM
would come after 3-5 months. The same urbano1.em 2 (soil profi le was laid
io April 1999) contained Zn I I 33 and Pb 109 mg kg-'. The increase of Zn
amount in this soil in 1999 in comparison with the previous year may be
accounted for in two ways: the activity of chemical plant or the HM transformation from immobile to mobile forms. The formula be low calculates the
.BC dose ( 191 tha-1) applied to this urbanozem. After three weeks incubation
in vessels, the :1mounts of Zo atld Pb were decTeased to 565 aod 59.5 mg kg-1
correspondingly. After five weeks incubation the amount of Zn was dec.: rea sed
to 371 mg kg-1 and the Pb amount was observed on previous level. It is pos·
sible that the BC dose for the remediation of soils contaminated with l-IM
can be cou nted according to the following fomm la:

D = OJ)OOI S H d 0 l: Ci Ki
j; l

where D = dose of BC (t), S = polluted area (square meters), H =depth of
po lluted layer (centimeters). d = soil bulk density (gm cm-J), C = concentration of HM mobile forms dissolved in acetate-ammonium emact witll pH
4.8 (mg kg- 1) measured with the help of atomic absorption spectrometry, K =
empiric coefficient. It is found that for Pb 11nd C u, K 0.0044, and for Zn
K 0.0052. Possibly K·coefficicnt depends on electroncgativity quantity (EN)
of HM ions: EN >1.75, K; 0.0044; EN <1.75. K 0.0052. If we usc BC
with other properties such as <:ontent of humic ac.ids . ash percentage, etc.,
K-mcfficient will change: however, the exemplary dose of BC can~ coulllcd
according to the above-mentioned formula.

=

=

=

Conclusion: Brown coal can be used as a detoxicant of soi ls polluted
with l'b, Cu, and Zu. It is worth noting that BC is a meliorant or humus
condition a~ well.
References: [ I I Bezuglova 0. S. ct al. (1996) Erumian Soil Sci., 29,
1L03-ll06.
CARBON DIOXIDE FLUX DUE '1'0 HYDROTHERMAL VENTING
FROM BACK-ARC BASIN AND L'SLAND ARC AND ITS INFLUENCE
ON THE GLOBAL CARBON DIOXIDE CYCLE. N. Shikazono and
H. Kasbiwagi. Depanment of Applied Chemistry, Keio University , 3- 14-l,
Hiyoshi. Koboku-ku. Yokohama 223 -0061, Japan (sikazooo@applc.keio.
ac.jp).
Sever.ll previous studies demonstrated that the C0 2 nux hy hydrothermal
solutions and volcanic gases from mid-ocean ridges plays an important role
in the global C02 cycle ;md affects the level of atmospheric C02 [I). Submarine volcan ism and hydrothermal activity occur not on ly at mid -ocean
ridges but also at back arcs and is land arcs . The intense volcanic and hydrothermal activities at such tectonic settings suggest that the hydrothermal
and volcanic C02 flux from such environments affects global C0 2 cycle.
However, no such study has been carried out This paper summarizes C02
conccnttation of hydrothermal solution venting from back-arc basins and
island arcs, estimates C02 nux, and evaluates the influence of the C02 fl~
on the global geochemical cycle.
The summaries of the C01 concentrations sbow that the C0 2 conccntr.ltions in hydrothermal solutions from back-arc basins and mid-ocean ridges
range from 30 to 200 romollkgH 20 aod from 5 to 30 mollkgH 20, respectively, indicating tbnt tl1e C02 concentration of hydrothermal solution at back
arc basins is higher than that at mid-ocean ridges.
Using these data on the CO'l concentrntions, seanoor production rates by
Ka iho and Saito [2], and seawater/rock ratios by several metl1ods , the hydrotherrnal C0 2 flux into the ocean from back-arc basins and mid-ocean ridges
is estimated to be 0.2-6 x 1019 mol/m.y. and 0.4- 9 x 1()19 mol/m.y., rcspective.Jy . It cou ld be said from this estimate that the hydrothermal nux from
back-arc 1\asins has to be taken into account in considering the global C02
cycle.
At the convergent plate boundaries, C0 2 degasses not only from backarc bas ins but also from island arcs by volcanic gases and hydrothemul solutions. The C02 flux from this setting is .:stimated to be 0.5-3 x 1018 moll
l<g H20 [e.g .. 3], which seems to be comparable or less than that from backarc basins and mid-ocean ridges.
Using the C02 fluxes from back-arc basins, island arcs. and mid-ocean
ridges , the compullltions on the global C02 cyc le were carried out. The
calculations suggest tha t the hydrothermal C02 fluxes from subd uctionrelated environmnets (back-arc basins and island nrcs) arc important for con·
trolling tbe global C0 2 cycle and climate change.
References: (J] Javoy M . (1988) Chern. Geol .. 70. (2] Kaiho K. nod
Saito S. (1994) Term Novu, 6. 376-384. (3] Seward T. M. and Kerrkh D. M .
( 1996) EPSL, 139, 105-113.

GEOCHEMICAL CONSEQUENCES OF PARTIAL MELTING AT
THE CORE-MANTL.E BOUNDARY. N. Shimizu' , K. Hirosez, andY.
Feil, •Department of Geology and Geophysics, Woods Hole Oceanographic
Institution, Woods Hole MA 02543, USA (nshimizu@wboi.cdu), !Tokyo
lnsti tutc of Technology, Tokyo. Japan, JGeophysical Laboratory, Carnegie
Institution of Washington, Wnshiogton DC, USA .
introduction: One of the important connections between deep-mantle
seismic tomogrnphy and geochemical signatures observed in plume-derived
ocean island basalts is the distribution of trace elements among lower -mantle
mineral phases und lbcir behavior during partial melting nt the core-mnnUe
boundary. For maldog a step toward the goal, the pllrlitioning of 15 tmce
elemeots was dctermioed among Ca-perovskite, Mg-pcrovskite, majorite. CaAI phase and melt oo a natural basalt (MORB from MAR), and peridotite
(KLB- 1) compositions at 25 and 27 GPa. Expcriment.s were conducted using
a multi-anvil press at the Geophysical Laboratory, Carnegie Institution. and
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aoalytical work was !Dllde at Woods Hole using a Cameca IMS 3f-iou microprobe.
Results and Discussion: It was found thnt Ca-pcrovskite (Capv) is u
very predominant carrier of all trace elements annlyzcd: Capv-mch partition
coefficients vary from 1.2 for Ba, 2.9 for Sr, und 8.4 for C'e to more than
11 .0 for other REE for the MORB composition at 27 GPn. 2450°-25oo•c:
for the KLB-1 composition at 25 GPa, 24SO•c. they rJoge from 10 forCe
to 19-25 for other REE. Mg-perovskite was found to be much less important
as a repository of crace elements, with Capv/Mgpv runging from 2 forTi. Zr
to more thao 100 for Nd and Sm for the KLB-1 composition. The "bulk"
solid-melt partition coefficients are greater than unity for most elements.
without significaDI elemental fractionation for both peridotite and basalt compositions.
The results suggest that (I) if a rising plume "picks up" the solid phase
assemblage hccause it is less dense than me.lt [e.g .. I]. a trace-elementenriched plume mantle is easily created wi thout changing elemental abundance patterns; and (2) if a Capv-be:lring solid phase assemblage was involved
in crystallization of a magma ocean. it would produce a trace -elementenriched mantle whose trace-element pattern would look very much like the
chondri tic precursor. It is implied that the integrity of geochemical signatures
of shallow processes (e.g., hydrothermal alteration) could be maintained even
if a subducted lithosphere undergoes partial melting at the core-maolle bound·
ary.
References: (I] Hirose K. et al. (1999) Nottlfl', 397, 53-56.

LARGE LEAD-ISOTOPIC VARIATIONS JN OLIVINE-HOSTED
MELT IJ'ICLUSJONS IN A BASALT FROM THE MID-ATLANTIC
RIDGE, N. Shimizu!, A. V. Sobolev1, G. D. Layne•, and 0. P. Tsamerian2,
toepartment of Geology and Geophysics, Woods Hole Oceaoographlc Institution. Woods Hole MA 02543. USA (nsbimizu@whoi.edu), 2Vernadsky Institute of Geochemistry, Russian Academy of Sciences, Moscow. Russia .

Introduction: Studies of high-Mg olivine-hosted melt inclusions have
revealed that large chemical variations (in both major and trace elements) exist
in single-lava melt inclusion suites and reflect variations in style aod depths
of melting and melt-rock reaction processes during mdt migration [e.g .. 13]. Analytical techniques developed at Woods Hole Oceanographic Institution [4j using a Cameca IMS 1270 ion microprobe enables i11 situ analysis
of melt inclusions for Ph-isotopic compositions and have been applied to
suites of HlMU-type ocean island basalts with the discovery of large isotopic
variations in melt inclusions from individual lavas [5 ]. The same technology
was used bere to investigate whether primitive mid-ocean-ridge basalt
(MORB) inclusions display isotopic variations that could be connected to
source chemical chardcteristics. Of particular interest is a possible conntttion between trace-element garnet signatures and H IMU-type isotopic signatures . indicating involvement of garnet pyroxcoites derived from recycled
oceanic crust [e.g., 6,7]. We report here results on a melt-inclusion suite from
a single lava (3012) dredged from 14"N, MAR.
Analytical: A primary O- ion beam with a current of -40 nA was
focused to a spot -40 11m in diameter. With MRP = 3500, interferences of
HREE. Hf-double oxides (e.g., 176Lu01) and MREE-tripleoxides (e.g.,
160Dy01) are adequately resolved from Pb isotopt:s. Replicate analyses of
basalt-glass standards ( 158-4 from Loihi [8] and DR4-2 from Tahiti [9])
demonstrate that :!07pbf206pb and zospbf206Pb ratios cao be determined with
an in-run precision (a) -0.2% and 206pbf21>lPtJ with 0.4% in an analysis time
of -60 min . Results also demonstrate that mass fnlctionation is <0. 15%/:unu .
Por melt inclusions of this study. a precision for 207 P!YW6Pb aod 208pbf206Pb
ratios rdnged from 0.25 to 0 .5%.
Results and Discussion: lbirteen melt inclusions. ooe sulfide inclusion.
and malrix glass were analyzed. Lead-207/lead-206 ratios vary from 0.8104
10 0.8535 (5%) and 21>Kpbf206Pb ratios vary from 1.991 to 2.075 (4%). These
variations are greater than the entire range of variations observed for glasses
from I2°24'N to 15°0l 'N across the geochemically anomalous segment of
MAR [10-12]. In the 208Pbf206Pb vs . 207Pbf206Pb space. the observed variations form a quasilinear array ranging from "pure" DMM (0.857, 2.072)
toward HIMU (0.725, 1.863). The results clearly demonstrate that melts
derived from isotopically distinct sources "coexist" on small spatial and
temporal scales: particularly significant is the occurrence of melts dcri ved
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from the •·pure·• DMM source from this locality ( l4°N), hccausc previous
glass-based studies found that geochemical unom;lli~s occur in dosr connection with bathymetry and implied an incipient mantle plume [11,12]. The
pre~ent results suggest that recycled component~ occur on small spatial scales
within peridotitic substrates and exert different magnitude of isotopic effects.
depending on tlteir abundance in individual melting systems in much the same
way that "ubiquitous heterogeneities" were envisioned [ 13 ]. It is clear that
isotopic analysis of high-Mg olivine-hosted melt inclusions will add a new
dimension tn geochemical studies of MORB.
References: [I] Sobolev A. V. and Shimilu N. ( 1993) Nature, 363,
151 - 154.[2) Sobolev A. V. and Shimizu N. ( 1994) Mineral. Mag., 58A, 862863. [3) Shimizu N. (1998) Phys. Ear/It Planer. lntu. , 107, 183-201.
[4] Layne G. D. and Shimizu N. (1997) Proc. SIMS XI, 63-65. [5] Saal A. E.
et al. (1998) Sr·ie11re, 282, 1481- 1484. [6) Prinzhofcr A. et al. (1989) EPSI-.
92, 189-206. [7] Hirschmann M. M . aod Stolper E. M . (1996) Contrib.
Mineral. Petrol., 124, 185-208. 181 Garcia M. 0 . et al. (1995) J. Petrol..
36, 1647-1674. [9] Devey C. W. et al. (1990) JGR. 95. 5049-5066.
110) Bougault H. eta!. (1988) EPSL, 88. 27-36. fll I Dosso Let a!. (199 1)
EPSL, 106, 29-43. [12) Dosso L. cr al. (1993) EPSL. 120, 443-462.
[13] Sleep N. H. ( 1984) JGR. 89, 10029~ 10041.

CARBON CYCLES STUDIED WJTH FA'ITY-ACl.D BIOMARKERS

AND A MIXED LAYER MODEL. K. H. Shint.1, S. NorikiZ. N. 'T'anakal,
and M. lkcdaZ, 'lotcmational Arctic Research Center, University of Alaska,
Pairba.n.ks AK 99775-7320, USA, 2Graduate School of EnviroDJilental Earth
Sciences. Kokkaido University, Sapporo. 060-0810. Japan .
The coocentrntion and production rate of the each particulate fatty acid
is integrated in an euphotic layer. The mean values of these are determined
in the periods of the summer (regenemted production period) and spring (new
production period) in the subarctic ocean. Total fatty-acid production rates
(mg CJmlfd) were 46 in summer and 130 in spring.
The export rates of total fatty acid~, which arc the downward fluxes at
220 m depth. were 4.5 and 18 mg Cfml/d. and t11e e-rarios of total fatty acids
(export rates/production rates) were 0.098 and 0.14 in the sununer and spring
respectively. The e-ratio of each fatty acid varied slrik.ingly. ranging from
0.006 to 0.91 . The c-ratios of saturated and monounsaturated fatty acids
showed generally high values. with the increasing C number in both seasons.
However, the e-ratios of polyunsaturated fatty acids were much higher in the
spring new-production period than those in the summer regenerated period.
Conversely. the e-ratios of bacterial and zooplanloonic origin sucb a~ 17:0,
17·1. br.wched acids (I], aod 18:1 (n-9) [2] were higher in summer than those
in spring. The export r<~ti<> or each fatty acid shows significant variability due
to the difference in the origin and lability of each fany acids, and it is remark:lbly different between the new production period (bloom) and the regenerated production period (postbloom) in the subarctic ocean. This suggests
that a change of ecosystem structure affects the composition aod traospon
of fatty acid in the ocean.
In order to understand the settling processes. the turnover rate (production rate/integrated concentration) of each ratty acid was compared with the
export rate nom1alized by integrated concentration of each fatty acid in the
euphotic layer. The turnover rates or fany acids varied considerably, but export
rates normalized by integrated conccntrnrions of fatty acids do not indicate
any change among the fatty acids. 1t suggests no definite relation between
turnover rates of fatty acids through photosynl11esis and the fonnatioo processes or settling particles from the particulate matter in the euphotic layer.
In the present study, C balance in the subarctic ocean was studied by a physical mixed layer model as well as biological processes.
References: [I] Volkmao et al. (1980). [2] Wakeham (1984).

RHENIUM-OSMIUM AND OXYGEN-ISOTOPIC SYSTEMATICS OF
DIAMONDIFEROUS AND NON-DlAMONDIFEROUS ECLOGITES
FROM THE ROBERTS VICTOR KIMBERLITE. SOUTH AFRICA.
S. B. Shirey!. U. Wit:chert2, R.W. Carlson 1, J. J. GuroeyJ. and L. Van

Hcerdenl. •Dcpanmcot of Temeslrial Magnetism, Carnegie lostitution of
Washiugton. 5241 Broad Braoch Road NW. Washington DC 20015. USA
(shirey@dtm.ciw.edu). l Gcophysical Laboratory , Carnegie Institution of
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Washington. 5251 Broad Branch Road NW, Washington DC 20015. USA.
3DeparUTlcnt of Geological Sciences, University of Cape Town, Ronth:bosch
7700, South Africa.
lotroduclion: Eclogites make up a small fraction of the subcontinental
lithopheric mantle (SCLM} [I [, but they carry unique information about
cratonic evolution. Eclogites are important diamond hosts. they can he
Archean t2-4], and they can carry old surficial geochemical signanucs. This
Rc-Os, 0, and rnajor·element study of Roberts Victor eclogites has been
undertaken to refine their age, constrain the Lime of diamond foml3tion and
bct1cr understand prolith differences between thr different eclogite types.
Roberts Victor: The Roberts Victor kimberlite. a 1.28 ± 15-Ma [5[
group II kimberlite [6] situated in the Boshoff district cast-northeast of
Kimberley, is known for its abundant and texturally diverse eclogite suite
r7.81. Group 1, group 11, and diamondiferous eclogite types [8- 10] are lound
hen: in addition to other unusual eclogite types. Group I eclogites llavc large,
subhedral or rounded garnets in a matrix of clinopyroxene, higher Na20
(>0.09 wt%) in their garnet, higber K10 (>0.08 wt%} in their pyroxene, and
ltigher ()lBO compared to the group rr eclogites. Group II eclogites have
irregul:u anhedral garnet and clinopyroxene in an interlocking fabric. Dinmondifi:rous eclogites belong to group I using the Napgt and Kpcpx scheme
[10].
Earlier isotopic studies [2,3,111 demonstrated n 2.5-1.7-Ga age for Robens Victor eclogites that perhaps could be extendt:d back to 3.2 Ga [II] , with
garnet and pyroxene in equilibrium up to the tjme of IUmberlite eruption
[2,12}.
Analytical Methods: Rhenium-osmium-isotopic analyses used 2-3-g
aliquots of sample, aqua regia in Carius tubes llJJ, solvent extraction into
CC14 [1 4), microdistillationll5l, anion exchange [16]. and negative thermal
ionization mass spectrometry (N-TIMS). Oxygen was released for isotopic
analysis from clean garnet separates (1.5-2.0 mg) by evaporating witl1 a C02
laser in a BrF5 atmosphere {17, 18].
Results: Rhenium contents of group I eclogites (0.78-3.4 ppb) are distinctly higher than group lJ eclogites (0.023-0.38 ppb), whereas Os contents
oo both groups arc high (0.16-0.92 ppb) and overlap completely. Rbo:niurn187/osmium-188 ratios are controlled largely by Re abundance variations.
()Ill() correlates strikingly with eclogite group llDd 187Ref1880s: group I and
diamondiferous eclogites have IH7Rc!•ssos ranging From 3 to 20 and ()Ill()
ranging from 5.45%o to 6.95%o, whereas group U eclogites have values of 0.72.50 and 3.65-5.20%. respectively. Osmium- 187/osmiuro-188 isotopic compositions at the IUmberlite eruption age are strongly radiogenic (0.14121. 159), in common witb other eclogitt: suites. On a Re-Os isochron diagwm,
group II eclogites show poor age systematics and mucb less mdiogeuic IH70sl
1880s due to their low 187ReJlKBOs. Group I eclogi tes faiJ on an arrdy with
a 2.7-Ga slope in concert witlt previous Sm-Nd results [2]. Tite three diamondifcrous samples fall on a 3.5-Ga Rc-Os array similar to 15 diamondifcrous eclogites from the Newlands kimberlite [19]. Two sampl es display
severe recent Re gain (3.4 ppb} or loss (0.02 ppb}.
Discussion: The Os concentration and MgO (11-17 wt'lh} content of
Roberts Vict.or eclogites are signifincanUy higher than basalt aod previously
studied Udachnaya eclogites [4), suggesting a picritic affinity. The large {)Ill()
range :md heavy group l vs. light group [l distinction agrees with earlier r.:sults
[9] and is like the general S1XO variations seen in oceanic crustal sections
[.20]. 11te correlation of () 1KQ and lR7Ref 1SSOs and the Re control on Re/Os
suggests that Re/Os fractionation in this eclogite suite occ urred on the
Arche.an seafloor and resulted from seawater-induced Re mobility. The high
1870s!lH80s of the group I and diamoniferous eclogites results fmm tlteir high
t87f{ef188Qs. and 2.7-3,5-Ga residence in t11e SCLM - not incorporation of
radiogenic seawater Os. l11esc data support a model whereby Rober1s Victor
eclogites formed by recycling of picrilic oceanic crust shortly after -3-3.4-Ga
SCLM stabilization.
References: [11 Schulze D. J. (1989) JGR, 94, 4205-4211.. (2] Jacob
D. and Jagoutz E. ( 1994) Prol', 5th Kimberlite Conf., 304-J 17. PI Krarncrs
(1979} EPSL, 42, 58-70. [4) Pearson ct al. (1995} Nature, 374. 711 - 713.
[51 Smith C. 13. et al. ( 1985) J. Genl Soc. S. Ajr., 88, 249-266. [6] Smith
C. B. et al. (1985) J. Gent. SCtc. S. Afr., 88. 267-280. [7) Halton C. J. and
Gurney J. J. (1987) in Mantle Xenoliths (P. H. Nixon, cd.), pp. 453-464.
[8) MacGregor J. D. and Carter J. L. ( 1970) PEP/, 3. 391-397. !91 MacGregor
I. D. auc! Manton W. 1. (1986) JGR. 91, 14063- 14079. [10] McCandless T. E.

and Gurney J, J. (1989) Proc. 4tlr Kimbcrlires Con}:, 827-S32. [II] Manton
W. r. and Tatsumoto M. (1971 ) £PSt. 10, 217-226. [12) McCulloch M. T.
(]989) Proc. 4t/r Kimberlires Co•1l. 864-876. [13) Shirey S. 0. and Walker
R. J. (1995} Anal. C/u•m.. 67, 2136-2141. [14] Carlson R. W. et ~J (1999)
Proc. 7rh Kimberlites Co11f,. In press. [15j Birck J.-L. ct al (1997} Geostaudards News/en., 20, 19-27. [ 161 Morgan J. W. and Wa lker R. J. (19!!9} !Ina/.
Clter/1. Acta, 222, 291 -300. [171 Sharp (1990) GCA. 54, 1353- 1357
[181 Feibig J. ct al. (IIJ99) GCA, io press. [19] Menzies A. H. ct al. (1999)
Proc 7th Kimberli/f!S C<>rrf, in press. {20) Muehlcnbachs K. ( 1986) Rev. MineraL. 16, 425-444.
TRACE ELEMENTS AND CARBON-ISOTOPIC COMI'OSITION OF
INCLUSION-FREE DIAMONDS. A, A. Shiryaev. N. N. Dogadk:in, aod
E. M. Galimov, Vernadsky Institute of Geochemistry and Analytical
Chemistry, Russian Academy of Sciences, Kosygin Street 19, Moscow B-334,
Russia (shiryaev@gmii.museum.ru; a_shiryaev@rnail.ru).
Introduction: Conclusions about growth medium of diamonds are usually based on electron microprobe (EMP) analyses of silicate inclusions (size
>5- 10 ~un) found in some crystals. Despite significant achievements, a
number of importont facts cannot be explained if one considers diamond
growth from the silicate melts. One of the most serious questions is if siucate inclusions are representative samples of the diamond-growth environment.
Samplt>s and Methods: Instrumental neutron activation analysis
(INA A) was used to study bulk chemistry of diamonds. We investigated -100
diamonds from differcot pipes and localities. Diamonds were characterized
mineralogically and by fourier transform infrared (PTIR). Inclusions wcro:
extracted by crushing or burning, and ioclnsion-frce chips (2-20 mg) were
irradiated. Diamonds were cleaned in boiling AR + HC10 4 (or HF). Our
Rutherford back.scattering (RDS) studies show that this procedure effectively
removes contaminants. Integral tlux was 8 x 10 17 neutrons/cml. y-specua were
recorded with a Pb-shielded HpGe detector in three periods; duration of
measurements was up to 8000 s. Specua were processed with software; small
peaks were hand-treated. BllC of diamonds was also studied.
Results: Level of impurities in the majority of the studied diamonds was
very low (<1 ppm). lo some samples much higher ligures were found; this
is related to mineral ioclusions that were not detected optically. According
to our data and literature [1.21, two elements, Na and Co, were present almost
in every diamond. RBS results and the absence of correlation between sample
DlllSS and amount of these elements serve as a confltlllation that they reside
in the bul.k of crystals and are nol contaminants. Only a limited number of
elements could be incorpomled into diamond lattice. Cobalt-related photoluminescence was absent in our and in all natural diamonds studied to date.
Therefore, we suggest that Co and Cu found in INAA studie.~ reside in sulfide
inclusions. Sulfidc:s arc th~ must common macroscopic inclusions in natural
diamonds. INAA studies indicate tlaat an absolute majority of natuml diamonds contain submicroscopic sulfide inclusions.
Host for Na is not clear at present. There are at least two explanations
for itS omnipresence: ( 1} Na incorporation into djamond lattice, and (2} presence of Na-rich inclusions such as pyroxenes and/or Na-rich carbonates.
Nothing conclusive can be said now about the tirst possibility. Presence of
Na carbonates is doubtful since Cn is found rarely. Pyroxeoes arc common
in eclogitic diamonds hut are rdrc among inclusions in peridotitic. Following
an ea rly INAA work by Pesq et nl. [2), we suggest that pyro~enes might be
presen t in many diamonds as submicroinclusions.
No suaightforward correlations were found between INAA data and Fl'IR
or 1i13C result~ .
Discussion; Model of diamonds formation should CJtplain overabundance of sulfides in diamonds in comparison to mantle petrology. Several
mechanisms could he suggested:
I. Immiscible sullidC! liquid segregates from silicate m()lts at the crystallization front r3J. Melting could be induced by C-bcaring (metasomatic) fluid.
The precipitation of C may result from the reaction of sollide with C02 or
CH4 [4]. Trnpping of a significant amount of microscopic pyroxenes might
be ex:plained by fract ional crystalli zation of silicate melts where olivine
crystals could grow to larger sizes by the momenLum of the eo!Tapment by
growing diamond.
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2. If diamonds grew in carbonate melts, then trapping of droplets of
immiscible sulfide may occur while carbonate component will escape due to
its extremely low viscosity.
3. Sulfide liquid could be in equilibrium with silicate melt. The position
of dissolved C in silicates is unknown. A significant fraction of C likely resides in defects of silicate lattices. In principle, S may decrease C solubility
in silicates, e.g., by replacement of C in defects. Diamond concentration in
diamondiferous xenoliths reaches tens ppm. This is smaller but still in the
same order of magnitude as C content of ordinary xenoliths [5). This could
be explained by "substitution" mechanism since no external C-bearing fluid
is necessary for diamond formation. However, this scenario needs to be
verified.
All three models could explain observed enrichment of diamonds in Ct2.
Models I and 2 may incorporate Rayleigh fractionation [6]. The "isotopic"
part of the model 3 is based on the possible fractionation of C isotopes depending on the strength of its bonding in silicates. Depending on the degree
of the S -4 C substitution, C with different isotopic composition will be released.
References: [I) Damarupurshad et al. (1997) J. Radioanal. Nucl.
Chern., 219, 33-39. [2] Fesq et al. (1975) Phys. Chern. Earth, 9, 817-836.
(3) Sbarkov ( 1983) Geokhimiya, 10, 1399-1412. (4) Marx (1972) Mineral.
Mag., 38, 636-638. [5] Deines (1992) in Early Organic Evolution. [6] Galimov ( 1991) GCA, 55, 1697- 1708.
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X-RAY INVESTIGATION OF PRINCIPAL NITROGEN-RELATED
DEFECTS IN DIAMONDS AND THEIR MODELS. A. A. Shiryaevt,
Yu. A. Klyuev2, A. M. Naletov2, and A. T. Dembol, •vemadsky Institute of
Geochemistry and Analytical Chemistry, Kosygin Street 19, Moscow B-334,
Russia (shiryaev@gmii.museum.ru; a_shiryaev@mail.ru), 2VNII Almaz,
Gilyarovslcii Street 65 , Moscow, Russia, lJnstitute of Crystallography. Leninsky Prospekt 59. Moscow, Russia (dembo@saxslab.incr.msk.su).
Introduction: Nitrogen is the main elemental impurity in diamonds. It
substitutes C atoms and forms TR-active defects. High-temperature-highpressure treatment lead to aggregation [I] of single substitutional N atoms
to more complicated structures: A and B defects (C -4 A -4 B). Usually it
is assumed that A-center is the pair of substitutional N atoms [2] while Bdefect is 4- 8 N atoms in tetrahedral coordination around a vacancy. However, these models ("point defects") are not rigorously proved.
Based on correlation of IR absorption and intensity of X-ray diffuse
scattering, Nalctov et al. [3] and Klyuev et al. [4] suggest that B defects are
spheroid (isometric) regions of diamond lattice with high concentration ( -25
at%) of N atoms and diameter of 80-90 A, while A center has diameter 40 A
and 6- 18 at% of N. Recent work [5] conftrms the existence of scattering
centers of similar sizes.
In order to check validity of the cluster model of A and B centers, we
have performed small-angle X-ray scattering (SAXS) investigations of natural type laB and lA and synthetic lA diamonds. High-quality IlA diamond
(N-Iess) was used as the reference.
Results: Figure I shows experimental SAXS curves. Scattering in type
IIA diamond is negligible. It was subtracted together with background from
curves of the other crystals. Diamonds with B defects scatter significantly.
Assuming a monodisperse system, we calculated the size distribution of defects. Hard-sphere approximation gives the best results. Figure 2 shows the
volume fraction of defects with corresponding radii. It is clearly seen that the
principal scattering centers in diamonds with B defects are spheres with radius
around 40- 50 A. Based on the present data and results of X-ray diffusive
scattering, we support the model of B defects as spherelike regions in diamond lattice with diameter 80-100 Aenriched inN. Inside these regions N
may form 4N + V complexes. Slight scattering in the size of these domains
could be explained by different temperature of annealing in nature and/or
different degree of aggregation. Diamonds with higher tR-absorption by B
defects have larger X-ray scattering centers.
Investigation of lA diamonds (Fig. 3) gave unexpected results: SAXS
intensity is very small and comparable with that of IIA diamond. This may
indicate that the model of A center as a point of defects could be correct,
although it contradicts studies of diffuse scatteriag. In natural lA diamonds
we do observe weak scattering from defects with R -200 A, which is not
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found in artificial stones. Therefore, we suggest that although optical manifestation of A center is similar in natural and synthetic stones, the structure
could be somewhat different due to longer annealing in nature.
The impurity-diffusion rate and activation energy are strongly dependent
on number of dislocations. vacancies. etc. From the cluster model of A and
B defects we propose that after N incorporation as a single atom, stressed
regions of the diamond lattice may serve as a sink for migrating N atoms.
They began to form pairs that are optically active. Long annealing (some natural diamonds) leads to the formation of clusters of N pairs that is observable
in SAXS. Nitrogen concentration in these regions is 6- 18 at%. (A defect).
Further annealing produces large defects (B centers) that could be regarded
as nuclei of the new phase. Kinetics of N aggregation should be described
by the Avraami equation.
References: [I] Evans T. ( 1992) in Properties of Diamond. [2] Sobolev
E. V. et al. (1968) Sov. Phys. Do/d., 12, 665-668. [3] Naletov A. M. et al.
(1971) Fiz. Tverdogo Tel., 19, 1529-1531. [4) Klyuev et al. (1971) Sov. Phys.
Solid Stau, 19, 7-10. [5) Ramanan et al. (1998) Acta Cryst., A54, 163-171.
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THE ESTUARINE CUEMISTRY OF RARE EARTH ELEMENTS:
COMPARISON OF 11IE AMA.ZON, FLY, SEPTK, AND GULF OF
PAPUA SYSTEMS. E. Sholkovitz 1 and R. Sz:ymczak'Z, ' Department of
Marine Chemistry and Gcochcrnistry, Woods Hole Oceanographic Institution,
Woods Hole MA 02543, USA, 'ZRadi ochcmical Oceanography Group .
Austral ian Nuclear S~iencc and Technology Orga nization, PMB I, Menai
NSW 2234, Austral ia.
By comparing and contrasting the estuaries of the Amazon, Fly, and Sepi k
Rivers (Papua, New Guinea). and the Gulf of Papua, we will c.xplore degrees
to which the estuarine chemiso·y of the rare e<1rth elemems (REE} is shaped
by hydrographic. morphologic, and sedimentological differences. The chemical properties of the REE make this series of trace clements into unique probes
of important geochemical processes operatiug in the boundary betwee n rivers and the ocean.
There are two disti nct processes opcmting on dissolved REE in estuaries.
There is removal in the low (0-8) salinity region and re lease to the mid- to
high-salini ty region. Fractionati on of the dissolved REB dUI'ing these two
processes operate in different directions. The order of removal follows LREE
> MR.EE > HREE and the orde.r of release follows HREE > MREE > LREE
where L, M, and H refer to light (La. Ce , and Nd), middle (Sm, Eu, Gd, Tb,
and Dy), and heavy (Er, Yb. a.od Lu} REE respectively. La rge-scale removal
and fractionation io the low salinity regions of all four estuaries is the result
of salt-water induced coagulation of river borne colloids.
The increase of dissolved REE in the mid- to high-salinity regions of tlle
Amazon , Fly, and Gulf of Papua estuaries implies that there Is a source of
dissolved REE to the outer regions. Resuspended sediment ;md/or bottom
sediment are the mostly likely sources. TI1e lack of REB increases in the Sepik
River estuary helps to strengthen this explanation as the mixjng zone of the
Sepik River estuary is located over a deep she lf where li ttle contact between
bottom sediment and estuarine water occurs. In marked contrast, the other
three estuaries are dominated by the continuous rcsuspcnsion and deposition
of bottom sediments where activo chemical diagenesis is occurring. Release
and its accompanying fractionation. we specu late. resuiL~ from the comp lex ation of REE with carhonate ions duri ng the reaction of seawater with susponded part icles and/or bottom sediment.
Hence. estuarine reactions not only markedly reduce river REE fluxes to
the oceans but also modify the relative abundallcc of dissolved REE reaching U1e oceans. Removal and release during estuarine mixing leDd to an
"effective" river R.EE composition (that reachiog the ocean after modi.tication in estuaries) that is evolved toward the REE composition of seawater,
which bas a heavy REB-enriched composi tion when oormalized against the
REE composition of the Earth's continental crust. Last, the processes o f
removal and release must be considered when estimating the residence time
of REE io the oceans and when explaining the regional variations in the Ndisotopic composition of seawater in the ocean basins.
ANOMALOUS LEAD ISOTOPES AND SOURCES OF LEADS IN THE
UPPER MJSSlSSIPPI VALLEY ZINC-LEAD DISTRICT, USA. A. A.
Sicree 1 and H. L. Banu:.s2, 'Earth and Minera l Sciences Museum, Pennsylvania State University, 122 Steidle Building, University Park PA 16802, USA
(sicree@geosc.psu.edu), 1 Department of Geosciences, Pennsylvania State
University, 122 Steidle Building, University Park PA 16802, USA (barnes@
geosc.psu.edu).
Introduction: The Upper Mississippi Vttlley (UMV) Zn-Pb district is
one of the most radiogenic Pb deposits in the world. The UMV's J-type leads
are more anomalous than those of aU other Mississippi Valley-type districts.
Models for the deposition of Pb in the UMV m ust account for both the
regional and lbe paragcnetic variations observed in the district's Pb isotopes.
Souraos or Rlldiogcnic and Normal Lead: Regional zoning of 206Pb!
204Pb, 7.07pbf204Pb, and zo~pbf204Pb ratios in galenas from the UMV region
indicates that UMV leads are most radiogenic to the northeast and le.ast
radiogen ic south of the district [I]. This zonation requires two sources of
Pb: one more radiogenic than the regional maximum. and the other less radiogenic than the regional minimum. However. such zoning docs not require
two ore-forming fluids.
Lead-isotopic values correlate not with thicknesses of underlying possible
source stram of the UMV region but with depth to the Precambrian basement,

imp lying that the Precambrian basement was a major source of the radiogen ic
Pb. Calculations sh.ow that all of the district's more-radiogenic Pb could be
extracted from the top 0.2G-32 m of the underlying granites and rhyolites
of the Precambrian Eastern Granite-Rhyolite Province.
Upper Cambrian arkosic sandstones are the probable source for the nonnal
or less-radiogenic Pb having sufficient Pb with compatible isotopic ratios.
Such Pb probably contributed somewhat more than 30% of the district's total
Pb. C1lc ulations show that only 20-62 m o r the Mt. Si mon Sandstone over
the area beneath the UMV district arc rcquirc.d to produce the mass of required norma l Pb. Ca uses of zoning can be due to differences in relative
geochemical mobi lity of the radioactive precursors of 206Pb, 207Pb, and 208Pb,
particularly U1e soluble or volatile Ra aod Ro intenuediate. daughter radioisotopes. Radium is highly soluble in reduced solutions and the comparative
enrichment in Z06J>b over 2Al1Pb in the UMV correlates with the longer halflife of 126Ra over 22lRa.
Paragenetic Zoning of Lead Isotopes; A core-to-rim ion microprobe
traverse of a galena crysw l from the South Hayden orebody, in Lafayette
County, Wisconsi n. shows parage netic zoning of both 11>7pbf206Pb and 208J>b/
206pb vs. cumulative deposited mass profiles in which the core (accounting
for -30% of the tow l mass of Pb) has the most radiogen ic Pb. Later. Phisotopic ratios drop ro a steady-state value that persists (-41% of !llliSS) until
near the outer rim of !he crysta l wb.ere there is an abrupt, but minor ( -3%
of mass} return to more radiogenic Pb. In general, the history of Pb-isotopic
deposition in the UMV is one of decreasing overall radiogenic character of
the Pb, accompanied by a relative increase in thorogcnic Pb followed by an
abrupt, terminal increase in radiogenic character. All of the salient characteristics of lead isotopes in the UMV district and vicinity may be caused by
a single, deep basinal brine as the ore-forming fluid.
Conclusions: Lead-isotopic zoning in the Upper Mississippi Va!Jey PbZn district fits an ore formation model in wh ich a single ore fluid originated
south of the district in the Illinois Basin and migrated northeastward through
th.c district. Initially. the ore nuid carried less-radiogenic Pb but in the vicinity of the UMV district it extracted more-radiogenic Pb from the basal
Cambrian sandstones and the underlying Precambrian basement granitic rocks
and their erosion producL~. and thus became progressively more radiogen ic
across the distric1.
References: [IJ Millen T. M. ct al. (1995) U. S. Geol. Su1v. BulL, 2094B. 1-13.
THERMODYNAMIC MODELING OF BROMINE PARTITION
BETWEEN SEAWATER AND JTS SOLIDS. M. G . Siemann and M.
Schramm, Techoische Universitat Clausthal. Fachgebiet Mineralogic. Oeochemie, Salzlagcrsliitten, A.-Roemer-St:rasse 2A, 38678 Clausthal-Zellerfeld.
Gennany (siemann@immr.tu-clausthal.de; schramm@iromr.lu-clausthal.de).
Introduction: The abundance and partitioning of Br between chloride
minera ls and hypersaJine brines is of prime importance in the system of
marine evaporites. The distribution of Br be.tweeu soLid and solution depends
mainly on the composition of the aqueous solution. This parameter varies over
a large range when seawater is evaporate.d. Hence, a very large set of experimenmlly determined 0 8 , values for each step of seawater evaporation would
be necessary, which is not transferable to oU1er systems. Therefore, we have
developed a new generalized mode for lbe calculation of Br partitionio.g wbere
the incorporation of a trace element into a crystal is described as an extreme
fonn of a solid solution formation.
Experiments: All cvapomtion experiments were done in a thermo·
constant incubator box at 25° ± l 0 C. To avoid the incorporation of fluid
inclusions, a new crystallization method was developed. Nearly saturated
brines with different contents of Br were evaporated using Erlenmeyer flasks.
Experimenra/ results. Our experimental results differ significantly in
several points from lbose given by other authors, e .g., the distribution coefficient for halite significantly increases for .Br concentrations between 100
and I 000 flg/g. For higher concentrations 0 8 , reaches a rather constant value
with a me.an of 0.172 ± 0.004 (s), which is 12% higher than previous data.
During nearly the whole precipitation of halite from seawater the concentrations of Br are in a rdllge where U1c distribution coefficient is not constant.
The concentration gaps of previous papers are closed and the distribution
coefficient for low BT concentratioos is documented by a larger set of ell.pcrimental data now.
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Fig. I. Bromine/chlorine ratios in the evaporating seawater and the precipitated halite crystals.

Thermodynamic Developments: To use the experimentally developed
data of trace-element concentrations in the brines for the thermodynamic
modeling of a solid solution system or its extreme ends, a link between
concentrations and activities had to be found. For very small values of X.,.,.
the activity coefficient of the trace component A" can be given as a function
of the partition coefficient D8,

(x_..

M.,_ + X...jor Mu..jor +

1:( 1)~

lltoc Mt ..))

where a is the activity of the aqueous components, v the stoichiometric factor,
m the molality. X the mole fraction, and M the molecular mass; i always refers
to the aqueous and L to the solid component.
Due to the fact that all previously known solid solution models fit the
experimental data unsatisfactory, a new generalized solid solution model was
developed that is able to describe the behavior of trace-element partitioning
in crystals growing from brines. The basis of the new model is the assumption that the activity coefficient of the trace component in a solid solution
system can be fitted satisfactory by the function

where p 1 to p3 are model parameters. The formalism was implemented into

the source code of EQ3/6.

Results: The influence of alkali and Earth alkali cations in aqueous
solutions on the distribution coefficient was modeled. At a concentration of
-1% in the aqueous solution, the distribution coefficient of Br in halite is
reduced -10% by K, 9.9% by Ca. 7% by Li, 4.5% by Rb, 3.5% by Sr. and
2.5% by Mg. For brines with lower Br contents the distribution coefficient
is far away from the region of constancy.
Model validation. The model was validated by a comparison of thermodynamically modeled values for the Br concentration in halite precipitated
from evaporating seawater and field observations of different authors. The
thermodynamicaUy calculated data are in good agreement with the experimental data as well as with the data from salt works (Fig. I).
INFERENCES FROM URANIUM-SERIES DISEQUILIBRA ON
MAGMA ORIGIN AND MIGRATION BENEATH THE IZU ARC.
0 . Sigmarsson'·2, J . B. Gi1J2, P. Holden2, and C. C Lundstrom2, •centre
National de Ia Recherche Scicntifiquc, Universite Blaise Pascal, 63038
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Clermont-Pd., France, 2Earth Sciences Department, University of California,
Santa Cruz CA 95064, USA.
Studies of U-series nuclides in arc lavas often reveal linear correlations
on the (230'Jb!2321b)-(238Uf2321b) isochron diagram. Such a correlation from
historical lavas in the SVZ of south Chile was interpreted as an isochron
reflecting the time elapsed between aU addition by fluids to the mantle source
and magma eruption, being =20 k.y. These lavas have a uniform 81SrfHliSr
implying a relatively homogeneous magma source. Elsewhere, samples forming such correlation have variable Sr-. Nd-, and Pb-isotopic ratios, which may
indicate that the linear variations are rather mixing lines than isochrons.
Moreover, young arc lavas such as those from the SVZ have 226Ra-excess
over 230'fh that may result from the most recent fluid addition recorded by
the lava compositions.
The amount of fluids from dehydration of a subducting oceanic lithosphere is likely to be related to the age of the slab that may determine both
its thermal structure and degree of hydration. This is supported by a fair correlation between the maximum observed (238Uf230'fh) for a given arc and the
age of the subducting oceanic crust. In contrast, the minimum (238Uf230'J'h)
for each setting is relatively constant regardless of the ocean crust maturity.
Melts of subducted sediments with rutile and garnet in the residue should
have (230'Jb!238U), (Z26Raf230'fh). and (2l1Paf23SU) higher than I, which upon
mixing with a fluid enriched mantle melt (with U and Ra enriched relative
to Th and Pa) would generate a mixing line on the isochron diagram. Excess
Z26Ra are indeed observed in lavas with (2lO'Jb!238U) lower, equal or higher
than unity. The maximum transfer time for primary arc magmas would then
be <8 k.y.
The ideas above are being tested against new results on U-series nuclides
in Recent basalts to basaltic andesites from tbe Izu-arc (south of Japan). The
Th abundances in these lavas range from 0.169 to 0.412 ppm, whereas (230'fhl
Zl21b), (238Uf2lO'J'h), and (23tpaf23SU) vary between 0.96 - 1.80, L37-L56, and
1.09-1.33 respectively. Large variability is observed for (226RaJ230'J'h), corrected for posteruptional decay, which ranges from 1.56 to 3.60.
The (23tpaf23SU) of the Izu-arc samples fall on the lower end of the global
island arc correlations between (Zl 1Paf235U) and Th abundances, and (lliPaJ
23SU) and (ZlO'Thi238U), from Pickett and Murrell (1997). In addition to large
mu excess, the relatively low (mpaf23SU) suggest important proportions of
U-rich fluid that is consistent with the high age of the subducting Pacific plate.
The lzu-arc lavas form a linear array on the (230'Jb!2l21b)-(ll8Uf232'fb) isochron diagram with a steeper slope than the equiline, excluding this correlation to represent an isochron. Moreover, a correlation ofTh- and Nd-isotopic
ratios, which are unlikely affected by a slab derived fluid component, sug·
gests a binary mixing relationship. A covariation is also observed between
(2l8Uf2»rh) and (226Raf230'fh)o in these samples, indicating a simultaneous
and very recent addition of U and Ra to the magma source by fluids.
Current knowledge of the stability of hydrous phases in a peridotite and
the solidus of water-saturated pelagic sediments suggests that concurrent
dehydration and sediment melting may occur at an approximate depth of
120 km. An addition of a hydrous-rich sediment melt to the mantle wedge
could provoke partial melting and fuUy account for the U-series observed in
the lzu-arc lavas, if the time elapsed between melting and eruption is less
than a few thousand years. Such a short timescale for magma transfer be·
neath an island arc is realistic for a predominant channel flow mechanism
and magma velocity of <5 x J0"1m!s.
MODELING CRUSTAL GROWI11 USING A SAMARHJM-NEODYMruM DATABASE OF SHALES. F. Simien1, E. Lewin1, C. J. All~gre 1 ,and
A. N. Dia2, •Laboratoire de Geochimie et Cosmochimie, lnstitut de Physique
du Globe de Paris, URA Centre National de Ia Recherche Scientifique, NRS
1758-UFR Sciences de Ia Terre. Universite Paris VH Denis Diderot, 4 Place
Jussieu, 75252 Paris Cedex 05, France, 2Geosciences Rennes Campus de
Beaulieu, 263 Avenue du General Leclerc, 35042 Rennes Cedex, France.
Introduction: Crustal growth is a fundamental problem of understanding Earth evolution. Antagonistic models bave tried to better understand
whether the present mass of continents was formed early in the Earth's history
[I ) or if the crust has been continuously extracted from the mantle [2,3].
Recent discussions about the existence of an early depleted mantle reservoir put on the light evidences of primitive crust in several areas. On the
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other hand, crustal recycling lnto Lbe mantle has been more and more accepted in the last 20 years. Thu~ the debate of CTUS13.l growth must be reexamined.
Studying shales with the Sm-Nd-isotopic system may bring important
chronological infomution about crustal growth as shales integrate the diver·
sity of mecanically eroded rocks and as this isotopic system is left undisturbed
by surface processes. The Nd-isotopic composition of shales reflects a balance between juvenile inputs from the mantle by volcanism and reworked
inputs from the continental crust. liowever, this sigual is a biased mean of
the different sources. For example, -preexisting sediments aJld youn g mountains are more readily eroded. This bias pa rameter can be estimated and
therefore corrected.
In order to have a view of the present day outcropping crust. we made
a compi lation of - 1000 Sm-Nd analysis of shales. We excluded samples
containing a volcanogenic component in order to bave a good represeotativity.
This database docs not reflect e~tactly the whole continental crust, but it
represents a record of the U{lpcr continent.al crust at large scale since 4 Ga.
Nethertheless, it must be noted that some areas like E urope and North
America are o~ersarople.d..
Statistics from tbe Database~ llus database confirms that the 147Smf
t44 Nd ratio is constant during the earth's history [4]. The episodicity of
orogenies comparatc-d to the geologic evolution is also d iscussed. In the same
way, we discuss the evo lution of the heterogeneity of the sha le's reservoir.
Assuming that the Nd-isotopic system in shales rcnecL~ the whole contiuent:tl crust. it appears, at a first order, that this reservoir evolved approxim.atively
in a closed system with au apparent 1• 7Sm!1«Nd ratio of -0.1809. nus ratio
is completely different from the present-day va lue directly measured in shales
(O.l 157). Therefore. tht: manll~.: and crust reservoirs evol ~ed like an open
system. Applying a model [4), we give an estilll:lte for U1e net growth of the
continenul crust during lht: geologic times.
Rcfereotes: [I] Amstrong (1968) Rev. Geophy.,. Space Phys.. 6. 175179. [2] Hurley et al. (1962) JGR. 67, 53 15-5334. [3) Allegre (1982)
Tecronophys., 81, 109-132.[4] Al legre and Rousseau ( 1984) EPSL. 67, 19-

34.

VA.RlA TION IN THE SOURCES AND FLUXES OF ATMOSPHERIC
POLLUTANTS PROXIMAL TO MONTREAL lQUEBEC), CANADA,
AS INFERRED FROM A YEAR'S LEAD· AND STRONTIUMJSOTOPIC RECORD FOR PRECJPITATIONS. A. Simonetti' , C.
Gariepy '. L. Poissant2, and J. Carignan:!, I Centre de Recherche en G~ochimie
Isotopique et en Gcochronologie, Univcrsite du Quebec a Montreal. CP 8888
succ. Centreville, Montreal HJC 3P8. Canada (c3204@cr.uqam.ca), 2Envirooment Canada, 100 Alcxis-Nihon Boulevard. St. Laurent H4M 2M8, Canada,
JCentre de Recherches P6trograpbiques e t Geocb..imiques-Ce ntre Nation.a l de
Ia Recherche Scicntitique, 15 rue Notre-Dame des Pauvrcs, BP 20. 54501
Vandoeuvre-les-Nancy Ccdex. Frauce.
Precipitation samples (snow, freezing rain, and/or rain) representing ei ther single. individual events retrieved primari ly during lhe I 998 winter
season or integrated over -2-wcek intervals, were co!Jecled during the period
December 1997 to January 1999 at the meteorological stations of St. Anicet
and L' Assomption. 1l1e sution at St. Anicet is located within a rura l selling
at - 100 km southwest of Montrc.al. whereas L'Assomption is situated in a
semi-urban setting at --40 km northeast of Montreal. The samples at boti1
stations were retrieved using fully automated 8200 (CAPMoN type) precipitation samplers equipped with Environment Canada "low-blank·· polyethylene bags. This automated sampling system virtually eliminates the collection
of aerosols during "dry"' deposition since samples may only be taken upon
detection of a precipitation evenL
Abundances for a variety uf trace elements, including heavy metals. and
Pb- and Sr-isotopic r::ltios have been determined for precipitation samples (o =
50) from the two meteorological stations. Tbe aims of this study are to
examine tbc seasonal variat ion (if prescut) in the sources of atmospheric
pollution using Pb- and Sr-isotopic data for the precipitations. In addition,
long-term wind trajectory analyses indicate thatlhe predominant wind directions in this region of North America para lle l the orientation or the St.
Lawrence river valley. i.e., tl1cy originate from the west, southwest, and south
Le.g., 1). The station of L' Assomptioo is situated in a downwind position wiU1

respect to the urban activity associated with Montreal, whereas St. Anicet is
located in un upwind position with respect to the latter. Therefore, a comparison of the chemical and isotope data for samples for the identical prec ipitation event or integrated period of time from both stations may help
establish t.be possible influence of the Montreal " pollution plume" on s urrounding areas.
Mediun enrichment factors. re lative to upper crustal abundances, for Cd.
Cu. Mo. Pb. aod Zn for most precipitati on samples at boU1 stations are similar.
They range from -30 (Mn) to -14,000 (Cd), wruch are indicative of no
anthropogenic origin. Moreover, their respective levels remain relat ively
constant throughout the year. However, winter precipitations collected at St.
Aolcet are characterized by slightly more eleva ted enrichment factors for Z n
and Cd compared to those from L' Assomption for t.be same events.
Lead-206/lead-207 values exhibit a large seasonal variation at both stations, in particular at St. An icet, with the most radiogenic values recorded
during the win ter monUJS ( 1.170-1.190) and the lowest during the summer
season («1.150). Stront:ium-87/stronti.um-86 values also demonstrate a seasonal variation at both stations with the least radiogenic values recorded
during the winter months (<0.7085). whereas for the remaining months the
values are either relatively constant (0.7085-0.7088) at L' Assomption or
variable (0.7085- 0.710) at St. An icet. The relatively "WJ.fadiogenic'' nature
of the S7S rta6Sr ratios ( <0.70BS) recorded for winter precipitations at both
stations are possibly related to atmospheric emissions f.-om coa l-fired power
plants located in the western and midwestern regions of the United States.
However, the nearly consistent nature of the 81Srf86Sr values for nonwinter
precipitations collected at L' Assomption possibly reflect Sr anthropogenic
emissions from Montreal. such as those associated witi1 cement-producing
industries.
Comparison of Pb- isotopic data for the same. individual precipitation
events (n = 7) from bolh stations do not systematically yield similar values.
This indicates that air mass/scavenging processes may not be homogeneous
at a scale of 100 km. With tbe exception of the 1998 summer samples from
St. Anicct. which are defined by the least radiogenic Z06PbfZ07Pb va lues
(«1.150). the Pb-isotopie systematics for the remaining precipitation samples
from both stations may be exp lained by n mixture of anthropogenic emissions from US (=1.20) and Canad ian (= 1.1 5) sources. The relat ively
unradiogcn.ic Ph-isotopic ratios for the summer precipitation samples from
St. Anicet may be attributed to atmospheric emissions from the adjacent westem regions {predominant upwind direction), possibly related to smelting
activities at Sudbury O ntario.
A comparison between the chemical aod Pb- l!ld Sr-isotopic data obtained
here to those for core samples of snowpack retrieved from adjacent regions
in northeastern North Americ.a collected during the 1997 and 1998 winter
seasons reveal some intriguing features. Of importance, the chemical and
isotopic compositions from the larter represent a "naturally"- weighted sample
of the wet aod dry atmospheric aerosols deposited over 3- 5 months. With
lhe exception of the 1998 summer samples from SL Anicet, the entire variation in Pb- and Sr-isotopic ratios defined for the remaining samples analyzed
in tllis study overlap with those measured in snowpack. The snme is tnu: for
the enrichment factors for the various heavy mct:.1ls, with the exce ptioo of
those for Zn, which are systematica lly higher io the samples of snowpack;
this possibly indicates an important contribution of Zn in periods of dry
deposition.
References: ll j Matthieu ct al. (1995) Em•iron. Canada Rpt.
GEOCHEMlSTRY OF F'LOOD PLAIN SEDIMENTS OF THE
KA VERI RJVER, SOUTHERN INDIA. P. S ingh and V. Rajamani,
School of Environmental Sciences. Jawaharlnl Nehru University . New De lhi11 0067, India (pramods@yahoo.com: vrm@jouniv.emct.in).
The geochemistry of sedimentary rocks has considerable importance to
our understunding of the evo lutionary history of .Enrtb. Within their composition, sediments preserve a record of their source nod consequently allow us
to examine t.be relationsb.ip between the compos ition of upper cmstal sources
and the nature of sediments derived therefrom. Among ancient sed iments,
shales have been considered to be good proKy to the nature of exposed
cont:i nenul crust· at lhe time of their fom1atioo. The main factors controlling
their chenustry. however. are not well understood because of the difficu lty
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in studying the petrography of shales. In modem sediments, geochemistry of
channel sediments and their different size fractions have been used to evaluate their local source composition. But the difficulty with channel sediments
is their limited application because they preserve the source characteristics
only for a short distance of transport. Here we report that the flood plain
sediments better preserve the source characteristics than other sediment load
of a river, at least in areas where the r~ks of the catchment region have been
subjected to uplifts.
The flood plain sediments of Kaveri river in southern India arc characterized by couplets of sandy and silty beds with mean size varying between
1.40 and 3.90 and between 40 and 4.70 units respectively. Silty beds show
remarkable compositional uniformity within a vertical profile as well as for
a distance of -250 1un downstream. This is so even in their REE geochemistry, botb in abundance and patterns. Sandy beds, however, show more
variability; tbey have lower REE abundance but very similar patterns all
relative to silty beds. The geochemical variations seen in the two groups of
sediments seem more likely due to the diluting effect of quartz than to the
fractionation of any secondary minerals. Even the silty beds have low CIA
values (average 55) suggesting not much chemical weathering of their source
rocks. There is a slight decrease in Si02 concentration of silty beds downstream that may be due to sorting effect, retaining more quartz in the channel beds. 1bis results in a slight increase of Fe, Mg. Cr, and Ni over the source
rocks, although the average composition of the silty bed is found to be similar to charnockitic source rocks occurring as massive hllls. Interestingly, the
mean composition of the silty beds is also similar to P AAS (even in the - ve
Eu anomaly) although tbeir source rocks are predominantly Archean.
The REE in Kaveri flood plain sediments are found to be mainly hosted
in silt and clay fractions; tbe sand fraction, however, is found to have lower
abundance and +ve Eu anomaly. Heavy minerals, particularly zircon, appear
to control the REE abundance in silt Occasionally, concentration of heavy
minerals in the fine silt fraction has led to higher abundance of REE in the
silt relative to the clay fraction. Amorphous Fe oxy-hydroxides likely host
the REE in the clay fraction. Thus if these two groups are separated out, i.e.,
clay and silt together in suspension and sand in the bed load. then they could
have distinct chemistries that would be different from their common sources.
However, in flood-plain sediments with a mean size of silt, clay + silt with
higher abundance of REE are mixed with some amount of sand that dilutes
it, resulting in lowering the concentration and making it almost similar to the
source, especially the LREE; HREE may show slight enrichment due to heavy
mineral concentration. It is known that during flooding hydrodynamically
similar minerals are picked together and deposited as flood-plain sediments.
Due to higher energy conditions during floods even particles up to fine sand
are easily picked up in suspension and deposited. 1bis process results in
simultaneous deposition of both felsic and mafic minerals, causing a mineralogical remixing in the flood-plain sediments resulting in its compositional
similarity to the source. We suggest the geochemistry of flood-plain sediments
has the potential of unraveling the tectonic and climatic history of source
regions and their exposed rocks.

central Montana and Cement Creek, outside of Silvenon in the San Juan
Mountains of Colorado.
The age of the ferricrete samples from Paymaster Creek was established
using 1"C-dating of codcposited wood fragments that are commonly found
within ferricrete deposits. The ferricretes range in age from 7.5 ka to present.
Organic material suitable for dating has yet to be found at Cement Creek;
relative stratigraphic ages were established by sample position above current
stream base-level and maximum age of ferricrete deposits is assumed to be
postglacial.
Rocky Mountain Climate: Modem climate. Modem seasonal precipitation in the Rocky Mountain region originates from one of two sources.
Winter precipitation has its origin over the Pacific while summer precipitation is dominated by monsoonal moisture originating from the Gulfs of
Mexico and California. The relative abundance of seasonal precipitation
generally relies on geographic location and the position and intensity of the
eastern Pacific subtropical high-pressure system. This system is in a northerly position in the summer , which causes summer drought in the northern
Rockies and allows monsoonal moisture to move north into the southern
Rockies. The southerly position of this high-pressure system in the winter
results in relatively wet winters in the northern Rockies and dry conditions
in the southern Rockies.
Holocene paleoclimate. In the early Holocene, 8% greater summer insolation caused the intensification of the east Pacific high-pressure system
[2] . This resulted in drier summers in the northern Rockies and wetter summers in the southern Rockies with little change in winter precipitation
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Introduction: A recent study has suggested the 0 -isotopic composition
of goethite [a-FeO(OH)] from Holocene ferricrete deposits can be used as
a climate proxy [1]. As a continuation of this previous study, we sampled
ferricrete deposits from two localities with distinct Holocene climate records
in order to investigate the effects of regional climate change on the isotopic
signature of ferricrctc goethite.
Ferricrete Deposits: Iron oxyhydroxide cemented sediments (ferricretes) are commonly formed in drainages with naturally elevated metals concentrations and low pH as a result of the weathering of iron sulfide minerals.
Rapid stream incision results in ancient ferricrete terrace deposits situated up
to several tens of meters above current stream levels. The ferricrete deposits
sampled for this study are exposed at Paymaster Creek, near Lincoln, west-
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~·so vs. age of ferricretes from Paymaster Creek, Montana.

REGIONAL ROCKY MOUNTAIN CLIMATE CHANGE RECORDED
BY OXYGEN ISOTOPES OF HOLOCENE FERRICRETES. D. J.
Sjostrom•, M.A. Poagel, C. P. Chamberlain1, and G. Furnissl, •Department
of Earth Sciences, Dartmouth College, Hanover NH 03755, USA (sjostrom@
dartrnouth.edu), 2Department of Geology, University of Montana, Missoula
MT 59812, USA.
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Fig. 2. ~180 vs. stratigraphic position of ferricretes from Cement Creek,
Colorado.
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amou nts relative to tooay. ln gencrnl, relative :1mounts of seasonnl precipitation have decreased throughout the Rocky Mountain region from the early
Holocene to the present as summer insolation decreased to present intensity.
Results: 1)1110 of fcrricTetcs from Paymaster Creek, Montana, incre:1sed
-3%o from the early Holocene to present (Fig. 1). At Cement Creek. Colorado, o1KO of ferricrete snmples decreases -3%., (Fig. 2). Due: to the small
temperature dependen~e of 0-isotopic frnctionntioo in t.hc goclhitc-wntcr
system [3], we infer lhe SlliO changes in our samples arc the result of a change
in isotopic composition of steam water. Spccificnlly. we believe this data
suggest an increase in the relative amount of summer precipitation in the
northern Rockies and a relative increase in winter precipitation in the south·
em Rockies since the early Holocene. ntis interpretation is consistent 1vith
previous Holocene paleoclimate studies of the Roclcy Mountain region [4 ,5]
Conclusions: The 0-isotopic signature of fcrricretc goeUlilc nppcars to
record regional climate signals. This method is potentially applicable to many
sites throughout lhc Rocky Mountains, where few other climate proxies exist.
References: [IJ Poage M. A. ct al. ( 1997) Mineralog. Mag.. 62A, 11881189. [2) Thompson ct nl. (1993) in Globfll Climates Since the Lasr Glacial
Maximum (H. E. Wright ct at.). pp. 468- 513. 13] Yapp C. J. (1990) Chern.
Geol., 85.329-335. [4 ] Whitlock C. (1993) Eco. Monograplr.v. 63, 113-198.
(5] Friedman l. { 1988) Qunt. Reas.:nrr.lt, 30. 350-353.
THE DETERMINATION OF CHARCOAL lN SOn.S. J. 0. Skjcmstad.
L. J. Janik, and J. A. McGowan. Commonwealth Scientific and Industrial
Research Organisation, Land and Water. PMB 1 , Glen Osmond 5064, South
Australia (jan.st--jemstad@adl.clw.csiro.au).

We have developed a technique for the estirn:llion and isolation of charcoal C in soils based on selective oxidation usiog hlgh energy ultravio let
photo-oxidntion [1]. Soil samples arc Na saturated and given a m.ild ulrrason ir. trr.ntmr.nr to rr.clncr. the si7.P. nf nnmrnl aggregates to <'i} pm. Thl'.
<53-fUll frnction is then exposed to high-energy photo-oxidation in the presence of excess air for 2 h. Charcoal is highly resistant to thls treatment. apparently through its chemical nature, and is concent:ratcd in the fraction
remaining while olher soil organic substances arc large ly destroyed. Small
amounts of physically protected C that arc shielded from the ultraviolet light
often survive the photo-oxidation treatment and are included in lhe residue.
We have found Jjttle evidence for the presence of charconl in the >53-~
fraction . Solid-state IJC nuclear magnetic resonance {NMR) with cross-polarization and magic angle spinning (CPIMAS) can theo be used to identify lhe
nature of the organ.ic materials remaining. Charcoal consists of extensively
condensed or cross-linked aromatic ring structures that appe.ar largely as an
aromatic band at 130 ppm in NMR spectra. Quantification of char using CP/
MAS IJC NMR has proved unreliable due to the large proportion of C nuclei
within t.hc charcoal structure spatiaUy isolated from protons. Bloch decay {BD)
experiments show that on average ooly -30% of the C nuclei prrscut arc
observed by the CP/MAS technique, indicating the highly condensed nature
of ihis material. In o ur work, we have assumed that the arom.atic fractiou
represents the char unless there is evidence in the NMR spectra of lignin
structures. lf lignin structures are present, a correction to the aryl region based
on tbe contribution of the 0-aryl re.gion is mnde. In our experience. these
struct ures are rarely observed in samples following photo-oxidation.
In samples where the residue consists entirely of aromati c and carbonyl
C. all orga nic structures must originate from char and perhaps also other tarlike products derived fl'om the charring process. If other C nuclei are present
U1cn a correclion for the cross-polari7.ation inefficiency must be made through
an equation rclatiog aryl C in CP spectra to that in BD spectra (2]. This
technique has the advantage of allowi ng charcoal measurements to be made
as well as isolating the charcoal material in a relative ly "pure" state for further
studies on chemical composition and rnorptlology.
The described technique for charcoal analysis is time-consuming and
expensive, requiriog specialized equipment. More rapid techniques are required where a large oumber of estimates are requi red. In our laboratory, we
have demonstrated that. using the described procedure as a "standard,'.
charcoal C can be predicted in soi ls using a mid- infrared spectroscopic
technique coupled with partial least squntes (PLS) multivariate software [3].
Correlation with measured soils is good (R2 = 0 .88) and provides a rapid
means of assessing charcoal contents for mooeljng aod survey purposes. As
part of U1c analysis. estimates of particulate organic C (POC. R2 = 0.82) and

total organic C (TOC. R2 = 0.94) ttre also obtained at a rate of -200 samples
per day.
References: fI] Skjernstad, J. 0 . ct al. (1996) Aujr. J. Soil RPs.. 34,
251-271. !2) Skjcrnstnd J. 0. ct al. ( 1999) Conunu11. Soil Sci. Pl. Anal.. in
press. [3) Janik L. J. et al. ( 1998) Aust, J. Erp. Ag., 38, 681-696.
TilE NATURE, DLSTRIBUTION, AND lMPACT OF CHARCOAL lN
SOILS. J. 0. Skjernstad, L. J. Janik, and L. R. Spouncer, Commonwealth
Scientific Industrial Research Organisatioo, Land and Water. PMB 2. Glen
Osmond 5064. South Australia (jan.skjernstad@adl.clw.csiro.au).

We have developed two techniques for the isolatiou and estimation of soil
charcoal. The first technique, which relies on high energy photo-oxidation
[ 1]. can be used for botl1 isolation and estimation but is slow and e,>rpensive.
The second method utilizes infrared spectroscopy and can be used for the
rapid quantification of charcoal carbon in soils [2}.
Scanning electron microscopy shows that the highly aryl charcoal residues from photo-ox.idation have a plantlikc morphology. These charcoal
pttrticles can vary considerably in size and morphology and range from plantlike fr;1gments in the 5- 40-fJ.lll particle range to submicrometcr p<trticles that
:~re often platey in nature and can be difficult to distinguish morphologically
from clay. Vi rtually all of this finely divided charcoal appears to result from
the bumiog of grasses and understorcy vegetation in savannas and open
woodlands. In Australia, burning or grasslands has been widespread for
millennia and regular burning is an essential component for the functioning
of some ecosystems.
SoiIs from all States in AustraJia and covering a wide range of environments have been separated and analyzed for their charcoal content through
photo-oxidation and NMR analysis. All soils have a significant proportion
of C remaining after photo-oxidation ao.d in most cases, charcoal makes a
mlljor r.ontribntiol! lo this fraction, often ex.cceding 80%. Allbaugh ueady all
soils studied contain measurable amounts of charcoal. certain soil types ahvays
contain significant amounts. For example. soils that are dark in color bu t
contain low amounts of organic C (<3%) invariably contain a ltigh proportion of charcoal. It would appear that finely-divided charcoal is significant
in determining soil color, at least in soils that have a low or moderate Fe
coo Lent. Soils formed from alluvium with moderate or hlgh clay contents also
often contain significant <tmounts of charcoal. It is postulated that finely
divided charcoal materials are mobile, behaving in a manner similar to clay
and silt nod hence accumulate in Ute same locations where clay and silt
materials accumulate. Charcoal is therefore often found in hlgh concentmtions and to some depth in soils such as Vertisols. soils formed on riverine
plai ns and deltas and in marine coastal sediments. The distribution of charcoal both laterally and vertically in soils is highly variabl6 and appears to
reflect the amount of above-ground biomass susceptible to fire and burning
frequency, clay content as well as erosional and illuvial processes as described
above.
The charcoal material in soils forms the basis of the inert or highly passive
pools and has a sign ificant influence on the dynamics of soil organ ic C. Under
exploitivc cultivation, soils high to charcoal appear to resist organic C decline. while those that arc low decline more rapidly [3]. Exploitive cultivntioo therefore often results in an incrensing trend in the aromnticity of the
organic matter as more labile soi l C pools decompose leaving the hlgh ly
aromatic cltarcoal largely intact. As a result, effective soil organic C moocli ng can only be achieved if tl1e charcoal content of U1e soil can be estimated
reliably.
lttferences: IIJ Skjcmstad J. 0. ct a!. (1996) Arts/. J. Soil Res.• 34. 25 1271. [2) Janik L. J. ct al. ( 1998) Aust. J. Exp. Ag.. 38, 681-696 [3J Skjcmstad
J. 0. et al. { 1998) Ausl. J. Exp. Ag .. 38, 667- 680.
DISSOLUTION MECBANlSMS OF HYDROGEN lN ~-Mg~Si04
(WADSLEYITE} USING HYDROGEN-I MAGIC-ANGLE SPINNING
NUCLEAR MAGNETIC .RESONANCE. A. Ei. Slesinger, B. J. Wood.
and S. C. Kohn. Department of Earth Scieoces. Wills Memorial J3uilding,
University of Bristol, Queens Ro3d. Bri stOl BSB IRJ. UK.
It bas been estnblished that f3-MgzSiO¢ (wadslcyite) can dissolve up to
3.3 wt% water in iL~ crysta l structure [ l-6]. A ltl1ough Smytb [ l] found that
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protonation of 0 I is the principal dissolution mechanism of H, Downs [2]
calculated that 02 might also be involved. In this study 'H magic-angle spinning (MAS) NMR was used to provide information on the site(s) of protonation.
Hydrous wadsleyite was synthesized at 16 GPa and 1300•c in a IOOQton multianvil press. Starting materials were mixtures of MgO, Mg(OHh, and
Si02 that were welded into Pt capsules. These mixtures contained the equivalent of 0.3-3.3 wt% H20 . The recovered samples were crushed and characterized using powder X-ray diffraction. 'H MAS NMR spectra of a sample
with 0.3 wt% H 20 show that only two local environments for H are present,
whereas samples containing 1.6-3.3 wt% H2 0 have at least four local environments for H . The results are consistent with 0 I being the only 0 site
that is protonated. At low H20 concentrations, H appears to lie along both
the 01-03 and 01-01 vectors (i.e., along the x and y directions only); at
high Hp concentrations H is also present along the two types of 01 - 04
vectors (i.e., with a component parallel to the z.-direction). This interpretation is consistent with XRD data [6) that show most Mg vacancies on M3.
References: [I) Smyth J. R. (1987) Am. Mineral., 72, 1051-1055.
[2) Downs J. W. (1989)Am Mineral., 74, 1124- 1129. [3) Young T E.
eta!. (1993) Phys. Chern. Mineral., 19, 419-422. [4) Inoue T. et at (1995)
GRL, 22, I 17-120. [5) Kohlstedt D. L. eta!. (1996) Contrib. Mineral. Petrol.,
123, 345- 357. [6] Kudoh Y. eta!. (1996) Phys. Chern. Mineral., 23, 361469.

TilE NATURE AND REACTIVITY OF COMBUSTION SOOTS. D. M.
Smith and A. R. Chughtai, Department of Chemistry and Biochemistry,
University of Denver, Denver CO 80208, USA.
An overview of results from two decades of research on black carbon particles in these laboratories is presented. Physical and chemical characteristics such as morphology, elemental composition, surface properties, spectra,
PAH content, reactivity, and adsorption behavior are summarized.
The incomplete combustion of fossil fuels produces aggregated spheroidal particles with average ultimate particle diameter <100 nm, surface areas
ranging from 60- 90 m2fg, significant pore structure, and surfaces with
characteristic C-0 functionalities. They react rapidly with oxidants such as
ozone and oxides of N to produce surface groups that alter their subsequent
reactivity. The kinetics of these reactions is summarized and the effects of
simulated solar radiation on some of the reactions reported. Hydration of the
black carbon particles as a function of relative humidity has been studied,
largely through microgravimetry, and conclusions about the hydration process reached from the application of an isotherm to the data. The extent of
hydration is a function of fuel type, combustion conditions, and such parameters as metaVmineral content and surface oxidation.
Studies of adsorption and adsorbate interaction (molecular 0 , oxides of
N, 0 2S, water vapor, and ammonia) have been carried out by a combination
of electron paramagnetic resonance (EPR) spectroscopy and microgravimetry.
The results show interaction between certain coabsorhates but not others.
These results are informing current work on the kinetics of reaction of
black carbon (soot) particles in multicomponent systems.

GEOAVAILABILITY OF METALS IN A MINE-WASTE MATERIAL.
K. S. Smithl, G. P. Meeker 1, R. W. Leinzl, S. J. Sutley!, H. L 0 . Huyck2,
and G. A. Desborough 1, 1Mail Stop 973, U.S. Geological S urvey, Federal
Center, Denver CO 80225 -0046, USA (ksmith@usgs.gov), 2P.O. Box 28161 16, Lakewood CO 80228, USA.
The concept of the availability of metals from natural materia ls, referred
to as the geoavailability, is defined as that portion of a chemical element's
or a compound's total content in Earth material that can be liberated to the
surficial or near-surface environment (or biosphere) through mechanical,
chemical. or biological processes. The geoavailability of a chemical element
or a compound is related to the susceptibility and availability of its resident
mineral phase(s) to alteration and weathering reactions [1]. Figure I illustrates the pathways from total metal content in an Earth material to toxicity.
Geoavailability is an important step along these pathways. We present examples of geoavailability using mine-waste material. Detailed examination
of the residence phase(s) of metals in the mine-waste material is necessary
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Fig. 1. Diagram illustrating the relationship between total metal content and
bioavailability with geoavailability.

to understand the geoavailability of metals in mine-waste dumps. We use a
combination of X-ray microanalysis and chemical-extraction techniques to
determine metal residence phase(s) in the mine-waste materials. This information, combined with bulk chemical analysis and X-ray diffraction, can shed
light on metal geoavailability and subsequent mobility from mine-waste
material.
References: [I) Smith K. S. and Huyck H. L. 0. (1999) Rev. Econ.
Geol., 6A, 29-70.
RARE-EARTH-ELEMENT AND TRACE-ELEMENT TRENDS IN
THE EVERGLADES AS TRACERS FOR SEDIMENTARY PROCESSES. J. E. Sonke andY. J. M. Salters, Geochemistry Division, National
High Magnetic Field Laboratory, TaUahassee FL 32306, USA (sonke@
rnagnet.fsu.edu; salters@magnet.fsu.edu).
Ecological changes in the Everglades resulting from eutrophication can
be directly related to the application of fertilizers in the Everglades Agricultural Area (EAA). We measured REE and trace elements in surface waters,
plants, peat sediments, fertilizers, and bedrock from EAA, Environmental
Nutrient Removal area (ENR) and Water Conservation Area (WCA), covering a range of human-influenced to pristine wetland ecosystems.
Results show decreasing P concentrations in sediments and waters toward
pristine Everglades (Fig. I; Fl towards U3), and decreasing P concentrations
with depth. Fertilizers applied in the EAA show distinct light-rare-earthelement (LREE) depleted patterns relative to North American shale. This is
reflected in low Pr/Yb ratios of 0.78. Carbonate bedrock and clay minerals
are LREE·enriched with Pr/Yb ratios of 2.7 and 2.8 respectively. Sediments,
on average consisting of 86 wt% organic matter, 2 wt% clay. and 12 wt%
carbonate, have Pr/Yb ratios of3.8 , suggesting the O.M. source to be enriched
in LREE to an even larger extent. This is indeed reflected in living plants
having Pr/Yb ratios of 7 .8. The ability of plants to fractionate REE (higher
LREE uptake relative to HREE) has been observed by other workers and must
result in a LREE depletion of its uptake source. Praseodymium/ytterbium
ratios of water average 0.36 and allow us to postulate an open ecosystem
model in which plants fractionate LREE from waters, thereby enriching peat
sediments and depleting the water source in LREE. Mass-balance calculations indicate 50- 90% O .M. recycling in the upper 5 em, assuming full
retention of REE in O.M. upon decomposition. Increasing P and U concentrations toward surface peat layers correlate with decreasing Pr/Yb trends, in·
dicating biological recycling as well as anthropogenic enrichment [1,2]. Using
fertilizer trace-element characteristics we should be able to distinguish between these processes. Depth profiles in the sediments also show an increase
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This yields dissolution fluxes and especially the differences between the
CaC03 fluxes at different depths. These values were applied to the equations
describing calcite dissolution [4-6]. which were solved numerically.
For example the difference between the sedimenting CaC03 -fluxes at two
depths during a dissolution event can be described by Ac(deep) - A0 (shallow)
where Ac =K., ((C03 2-),.1(Z)- ([C031-Jew - RC.,8 - D)) 4·5; t. = D 8 w + De.,,;
~ = CaC03 -dissolution rate (j.i.Mol cm-2 a- 1]; K., =rate coefficient: 1.2 j.i.Mol
cm-2 a· 1 per !!Mol kg- 1 COl--undersaturation (7]; [C032-],.1 = saturation
concentration of calcite at z; [COll-Jpw =C03l- porewater concentration; z =
water depth, for the cores above or below the lysocline; t. =additional C0 32reduction during the dissolution event; ll.8 w = C032- reduction due to changes
of the bottom-water chemistry during the dissolution event; .6a,rg = additional
C0 32- reduction due to changes of the rate of organic matter sedimentation
during the dissolution event; and RC..8 = COl- reduction due to organic
matter oxidation.
We estimate an increase of 30% for the
-induced CaCO} dissolution.
This is well below the 100% increase for equatorial regions required to explain
the observed atmospheric C02 , as estimated by Sigman et al. [7]. We conclude that the scenario proposed by Archer and Maier·Reimer [1] is improbable for equatorial regions in the Pacific and Atlantic Oceans.
Reference5: [1) Archer D. and Maier-Reimer E. (1994) Nature, 367,
260-263. (2] Jouzel J. eta!. (1993) Nature, 364, 407- 411. [3] Fischer
H. eta!. (1999) Science, 283, 1712-1714. [4) Keir R. (1980) GCA, 44,
241 - 252. [5) Emerson S. and Bender M. (1981) JMR, 39, 139-162.
[6] UNESCO (1987) Unesco Techn. Pap. Mar. Sci., 51. [7] Sigman D. et al.
(1998) Global Biogeochem. Cycl., 12, 409-427.
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Ftg. 1. Concentration profiles for WCA 2A sediments from different loca-

tions along the transect. The decrease in phosphorous and U with depth for
all sites except U3 indicates the mobility and consumption of these elements
as the sediments decompose. The P and U concentration in plants is expected
to be constant (by flfSt approximation) over the last two decades. Therefore,
the decrease observed in the profile has to be associated with conservation
in the upper layers through biological recycling.

in REE concentrations and in other relatively insoluble elements like Ti with
depth (Fig. I).
References: [I] Craft C. B. and Richardson C. J. (1993) Biogeochemistry, 22, 133-156. (2) Reddy K. R. et al. (1993) Soil Sci. Soc. Am. J, 57,
1147- 1155.
CaC03 DISSOLUTION IN EQUATORIAL DEEP-SEA SEDIMENTS
DURING INTERGLACIAL-GLACIAL TRANSITIONS. J. Specht and
A. Mangini, Heidelberger Akademie der Wissenschaften, INF 229 D-69120
Heidelberg, Germany (sp@upbys l .upbys.uni-heidelberg.de; mg@uphysl.
uphys.uni-heidelberg.de).
Introdudion: Archer and Maier-Reimer [I) had proposed an increased
sediment organic C to CaC03 ratio to explain the observed lower atmospheric
COz during glacial times. In this scenario CaC03-dissolution events occur
at interglacial-glacial transitions.
To examine those dissolution events we have studied 18 cores from the
equatorial Atlantic and Pacific, where CaC03-fluxes were normalized against
230'fh.•.
Results: At most cores the interglacial-glacial transitions show CaC03dissolution events. We define here the intensity of an event [%] as the relative drop in the CaC03-rain rate compared to the rain rates before and after
the section with less CaC03. The intensity of the events is proportional to
the drop of atmospheric C02 rccorded in ice cores [2.3).
One may evaluate that on average the excess CaC03·dissolution during
these events would deliver enough C031- to seawater to explain the atmospheric C02 drop.
In the scenario proposed by Archer and Maier-Reimer [1] , oxidation of
organic matter should explain most of the observed calcite dissolution. As
to the cause of dissolution events, we examined CaC03 -rain rates from cores
taken from above and below the recent calcite lysocline at three different
locations.

ISOTOPIC MODELING OF THE SIGNIFICANCE OF SULFATE
REDUCTION FOR PHENOL ATTENUATION IN A POLLUTED
AQUIFER. M. Spence1, S. Bottrell', S.Thornton2, and D. Lerner2, 'School
of Earth Sciences, University of Leeds LS2 9JT, UK, 2Groundwater Protection
and Restoration Group, Department of Civil and Structural Engineering,
University of Sheffield, Sheffield Sl 3JD, UK.
Introduction: An unconfined Triassic Sandstone aquifer in the W.
Midlands, UK (1), has been polluted with phenolic hydrocarbons from a coal
tar distillation plant. High (l·m) resolution groundwater sampling has identified a near-sterile plume core where the pollutant phenol concentration
exceeds 6g!L, and a diluted upper margin where good evidence for bacterial
sulfate reduction has been obtained. The pollution plume extends for a distance of -500 m and reflects 50 yr of contaminant migration at a mean
velocity of 10 m/yr. Nonaqueous phase contaminants persist in the subsurface below the site of the source term and these continue to leach phenolic
compounds into the groundwater. The major pollutants, in order of decreasing concentration, are phenol, o/m/p- cresols, and xylenols. Data obtained
from l)l 4S-S04 and ot8().S04 stable isotopic analysis of plume groundwater
have been used to inverse model the process of sulfate reduction and gen erate a mass balance for pollutant mineralization.
Groundwater Sampling and Isotopic Analysis: Conventional bore·
holes at the site source term were sampled with an inertial pump. Two highresolution boreholes with a sampling interval of I m were also sampled using
peristaltic pumps. Trace hydrogen sulfide was recovered from the high-resolution wells using a large sample volume N sparging apparatus [2). Samples
of groundwater were processed to remove the dissolved organic component
prior to the precipitation of insoluble barium sulfate. Barium sulfate precipitates were converted to S02 and C02 prior to 034S-S04 and o 1BQ-S04 determination by standard methods [3,4].
Results and Discussion: Isotopic analysis has revealed the presence of
two sulfate reservoirs with distinct isotopic ratios. Natural groundwater sulfate (olll() = 3-4%o, 034 S = O%o) has mixed with a uniform pollutant sulfate
reservoir (oi80 = 10- 12%o, ()34S = 5%o). Sulfate 0 isotopes show simple linear
mixing between these end members at the plume margin, butS isotopes have
a superimposed shift toward heavier l)l 4S-S04 values (e.g., 26.6%o). This is
a result of sulfate reduction modifying the S-isotopic composition of the
plume sulfate. Sulfate in the plume core is isotopically similar to that recovered from the plume source term (oiBO = 11.5%., ()34S =5o/oo) indicating that
no sulfate reduction has occurred in the center of the plume during migration.
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Profiles of 0 -isotopic variation in the dissolved sulfate do not show evi ·
deuce for sulfide reoxidation. This confirms the presence of a stable reservoir for reduced S. Reduced S could be stored as FeS or FeS 2 by reaction
with sedimentary Fe oxides [5], although analysis of rock core shows no
sulfide phases to be present. Dissolved HS- with a &l4S of 16.8%o has been
detected in association with isotopically heavy sulfate (26.6%o). This implies
a fractionation factor of - 9.8%o for the sulfate reduction process. Prereduction
sulfate concentration profiles have been calculated by inverse modeling the
Rayleigh fractionation process. From these a mass balance for organic C
degradation bas been derived. This shows that 0.05% of the organic contaminant mass has been degraded by sulfate reduction. Above a total aromatic
loading of 2400 mg/L sulfate reduction does not occur. Calculations suggest
that sufficient sulfate is present to degrade a maximum of 2% of the organic
pollutant loading.
Conclusion: The presence of an active colony of sulfate reducers within
a contaminated aquifer has been inferred from enrichment in 34SO4 charac·
teristic of sulfate reduction [6) and a mass balance for pollutant degradation
bas been derived. The in situ degradation capacity is limited, however, due
to the high contaminant load. If the plume continues to migrate in its present
form, then llliJI.ing with uncontaminated groundwater will be negligible and
the plume will migrate as a concentrated plug further into the aquifer. Results indicate that dilution would stimulate sulfate reduction by lowering the
plume's toxicity, although additional sulfate would be required to make a
significant impact on organic contaminant concentrations.
References: [I ]Jackson D. and Lloyd J. W. (1983) Quart J. Eng. Geo/.,
16, 135- 142. [2] Moncaster S. J. and Bottrell S. H. (1991) Chern. Geol, 94,
79- 82. [3) Halas et at. (1982) /sotopenpraxis, 18, 11-13. [4] McCarthy
et at. (1998) Fuel, 77, 677- 682. [5] Canfield eta!. (1992) Am. J. Sci., 292,
659-683. [6] Chambers L.A. and Trudinger P. A. (1979) Geomicrobio/ogy,
1, 249-293.
STRONTIUM-ISOTOPIC RATIOS TRACE NATURAL ALKALINE
ADDITION TO COAL MINE DRAINAGE. S. L. Stafford I, R. C. Capot,
B. W. StewartI, A. Reynolds I, and R. S. Hedin2, I Department of Geology and
Planetary Science, University of Pittsburgh, 321 EH. Pittsburgh PA 15260,
USA, 2 Hedin Environmental, 195 Castle Shannon Road, Pittsburgh PA
15228, USA.
Abandoned mine drainage (AMD) from coal production has degraded
water quality in I 2.000 km of streams in the United States by reducing 0
levels, coating stream substrates, increasing turbidity levels, and increasing
toxic metals [1]. It is the most significant water-quality problem in the
Appalachian region. AMD contains significant amounts of Fe, S04 , and Mn
and may contain many trace metals such as AI. While AMD is often highly
acidic (pH <3), it has recently been noted tbat some AMD is net alkaline or
bas geochemically evolved from acidic to net alkaline during the last 30 yr.
An understanding of the geochemistry of naturally occurring alkaline mine
waters will help optimize the usc of passive wetland designs and to accurately
predict the character of mine drainage in differing lithologies.
Alkaline mine drainage has been attributed to alkaline addition from
calcareous overburden [2], weathering of silicate minerals [3], and cation
exchange in clays [3,4]. We used elemental analysis and 87Sr/86Sr composition to constrain the contribution from these possible sources of alkaline
addition to deep mines and to better understand the interaction of waters with
the rocks in the mines. Mine waters were sampled at seven discharges from
the abandoned coal mines of the Pittsburgh Coal in the Irw in syncline of
southwestern Pennsylvania. Major and trace elements were analyzed by
inductively coupled plasma atomic emission spectrometry (ICP-AES) and ion
chromatography. The northern discharges were acidic with pH <3.5 and high
concentrations of AI (1-13 ppm). The southern discharges were net alkaline
with high amounts of Fe (13-78 ppm) and sulfate (296-1331 ppm). A
positive correlation exists between Na and alkalinity at all sites. Strontium
concentrations range between 0.7 and 2.6 ppm and exhibit a general increase
from north to south in the syncline.
Freshwater limestone units overlying the coal are the most likely source
of alkalinity in the AMD waters. In addition, the AMD may bave interacted
with calcareous shales and clay above the coal and within the coal. The 87Sr/
86Sr composition of the freshwater limestone ranges from 0.7106 to 0.7111.
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Fig. 1. Variations in [Mn] and [Si] with B7Srf86Sr in alkaline mine drainage
waters.

Calcareous sbales range from 0.7173 to 0.7269, and clay parting within the
Pittsburgh Coal ranges from 0.7181 to 0.7298.
Abandoned mine drainage B7Srf86Sr ratios range from 0.7121 to 0.7126.
The isotopic composition of the mine waters suggests interaction of the waters
both with the limestones and with the shales and clays within and directly
above the coal seam. As noted in a previous study [4], the Na bicarbonate
waters in these discharges could be produced by cation exchange reactions,
as Cain the water is replaced by Na in the overburden clay. These exchange
reactions would increase the dissolution of calcium carbonate, allowing the
accumulation of bicarbonate. Mass-balance calculations suggest that up to
25% of the Sr could be derived from interaction with clay minerals. A positive
correlation of Fe, Mn, and Si concentrations with B7Srta6Sr ratios in the net
alkaline discharges is additional evidence of a silicate weathering component
to the alkalinity of these mine waters (Fig. I).
References: [I] Earle J. and Callaghan T. (1998) Coal Mine DraiTUJge
Prediction and Pollution Prevention in Pennsylvania, 4, 1- 10. [2] Brady
K. B. C. eta!. (1988) U.S. Bureau of Mines lnfo17TUJ1ion Circular 9183, 3343. [3] Brady K. B. C. et al. (1998) Coal Mine Drainage Prediction and
Pollution Prevention in Pennsylvania, 8, 1-92. [4) WeaverT. J. (1998) Geol.

Soc. of Arner. Prog. Abstr., 30.

MAJOR TRENDS IN THE M I NERALOGY OF CARBONATE
SKELETONS REFLECT OSCILLATIONS IN MID-OCEAN-RIDGE
SPREADING RATES AND SEAWATER CHEMISTRY. S. M. Stanley
and L. A. Hardie. Department of Earth and Planetary Sciences. Johns Hopkins
University, Baltimore MD 21218, USA (stanley@jhu.edu; hardie@gibbs.eps.
jhu.edu).
The mineralogy of skeletal carbonates, like that of nonskeletal carbonates,
has been profoundly influenced by changes in the chemical composition of
seawater during the past half billion years. From study of oolites and early
marine cements. Sandberg [ I] showed that the Phanerozoic Eon has been
characteried by three intervals of "aragonite seas" separated by two intervals
of "calcite seas." Both aragonite and high-Mg calcite (>4 mol% Mg) precipitate in aragonite seas, including that of the present.
Changes in atmospheric pC~ have been invoked to explain transitions
between aragonite and calcite seas. but the computer program PHRQPITZ
predicts that calcite would precipitate from modern seawater at 25°C only
within a narrow range of pC02 levels that are an order of magnitude higher
than the present level. Furthermore, experiments show tbat high-Mg calcite,
rather than low-Mg calcite, would precipitate at such high pC0 2 levels.
It has long been recognized that changes in the Mg/Ca ratio of seawater
have the potential to cause shifts between aragonite and calcite seas. Experiments of Fiichtbauer and Hardie [2] showed that for NaCI solutions the ionic
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strength of modem seawater at 28°C the shift from calcite to aragonite + high·
Mg calcite occurs ala Mg/Ca ratio of -2. Spencer and H;udie [3) showed
U1nt sma ll changes in tl1e flux of Mg" to, and
from, mid-ocean ridges
can produce significant changes In the Mg/Ca ratio of seawater. Hardie [4]
further showed that changes in total spreading rates along mid-ocean ridges,
estima ted from first-order sea- level curves, yie ld estimates for changes in the
Mg/Ca ratio of scawmer that correspond to Sandberg's transitions between
aragonite and calcite seas.
Rccogni1Jog that certain groups of marine organisms have flourished
throughout most of Phanerozoic time without major changes in skeletal
mineralogy, we adopted a two-part strategy to search for temporal patterns
of skeletal mineralogy corresponding tO ll1ose of nonskeletal carbonates.
First, we examined lal(a that have eJLhibited hypercalcificmioll: taxa that
have secreted unusually massive skeletons compared to those of closely rcJatcd
raxa or th<U have included populations engaging in rampant carbonate productivity . Such raxa may have required tt favorable Mg/Ca ratio in seawater
to !lou rish.
Second. we examined biologically simple trum: ones that appear to en gage in unsophisticated biomineralization and might therefore be strongly
influenced by seawater chemistry; an extreme e,,nmple would be an alga tbat
simply induces calcification by extr.tcting C0 2 from adjacent seawater for
pllotosynthesis.
Reef-building taxa meet both critt,ria for a likely strong innuence of the
Mg/Ca mtio. They arc hypercalcificrs and also tend to be si mple organisms
because competition for space on reefs is severe. and simple organisms, such
as ca lcareous algae, sponges, and corals. are able to occupy space rapidly
through vegetative or colonia l growth.
Our search strategies revea l importallt links between seawater chemistry
and ske letal mineralogy. conn ecting many previously puzzliog phenomena
with a single explanation. The dominant reef builders of calcitic seas, for
example, have general ly been ca lcitic and those of aragonitic seas have
generally been aragonitic. The only conspicuous exception here Is U1e success of the aragonitic scleractinian corals in Late Jurassic and Early Cretaceous time. but the Mg!Ca ratio of seawntcr at this time was near the boundary
separating calcite and aragonite seas. Also, the high absolute cooccntrntion
of ca~ in calcite seas favors al l sccre!ors of CaC03 • Furthermore, sclcracrinian corals assumed a s ubordinate role in reef building during the La te
C retaceous, when Hardie's calcu la tions indicate that the Mg!Ca ratio of
seawater descended to its lowest Phanerozoic level: despite the great warmth
of Eocene seas, these corals failed to build large reefs agnin until the Oli·
gocene Epoch wbeo the Mg/Ca ratio had risen markedly.
Productivity of calcareous algae also reflects changes in the Mg/Cn ratio
of seawater. Halimeda, which is aragonitic, produces 25 - 30% of recognizable carbonate grains of reefal lagoons in modem aragonite seas. Similarly,
aragonitic dasycladacean algae flourished io the late Puleozoic·e;~rly Meso·
zoic amgonite seas; they have been regarded as the Hnlimeda of the Triassic.
Mnssive c.alcitic chalk accumulated during tbe intervening Late Cretaceous
interval of extreme calcite seas; calcareous nannoplank ton were high ly diverse
before this lime but failed to form chalk. Productivity of ca lcareous nannoplankton declined markedly during the Cenozoic, as the Mg/Ca ratio rose
dramatically, and many taxa evolved smaller or less-robust coccoliths. Biological ly simple animal taxa also exhi bit evolutionary 11ends that retlect
changes in th.e Mg/Ca ratio of seawater. For e~arnple, throughout their ex·
istence sponges and chcilostornc l)ryozoans appear to have secreted skeletons
with mineralogies corresponding to those of nonskeletal carbonates.
References: [I] Sandberg ( 1983, 1985). [2 ) FUcbtbauer and Hardie
( 1976. 1980). [3 ) Spencer and Hard ie (1990). [4) Hard ie (1996}.
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THE PAN-AFRICAN PLUME EVENT AND THE GROWTH OF
GONDWANA. M. Stein, Institute of Earth Sciences. The Hebrew Uoi·
versity, G ivat Ram, Jcmsalem, Israel (motis@vms.huji.ac.il).
Plumes and Continental Growth: Continental crust growth was conventionally viewed as subduction related process occurring a long convergent
plate boundaries. Yet the episodic nature of major orogenic events and the
high rate of crust formation during these events that exceeds the present·day
arc activity suggest Umt other processes such as plume magmatism are in·
volved in continental crust formation [cf. 1). Stei n and Ho fmann [2] proposed

that tbe Earth history allcmates between two modes o f convect ion and dynamic evolution, one approximating a two-layer conveclive style. when plate
tectonics opem tes in a "Wilsonian" manner. and contin eotal crust forma-tion
rates are low. The other mode. "MOMO,'' involves sign ificant exchange of
material between lower and upper maoUe (Mantle Overturn) as well as high
rate of continental crust formati on (Major Orogenies). The lower mantle
ma terial is rising us large plume heads, whlch produce oceanic plateaus that
arc later accreted to lhe continents. Stein and Goldstein [3] argued that in
many respects the differences between lhe "nrc'' ;md "plume hend" growth
models are a mutter of emphasis because the transformation of tbe plume
related-manUe material into continental crust and l.ithospherc is furnished by
the subduction processes. Here, I discuss lhe growth of new Lithospheric
man tl e and crust during the late Proterozoic Pan-African orogeny. I estimate
the size of the juvenile lithospheric mantle and use it to estimate the size of
its parental "plume mantle.''
Alkali Magmas - Probes of tbe Lithospheric Mantle: Phanerozoic
alkali -basalt erupted io different pans of lhe African-Ambian continent, a long
the ERst African ri ft, in North Africa, along the Trans·Antractic mountains ,
in Patagonia, east Brazil und a long the Cameroon line. Many of these basalts
show similar isotopic and geochemical characteristics (e.g., HIMU affinities).
and are underlain by late Proterozoic crust.
Stein and Goldstein [3 ) suggested that the sources of the Phanerozoic
alkal i basalt~ from the ANS arc distinct from the asthenospheric (MORB type) mantle, both isotopically and chemically, but have beeo physically
liukl)d with the ANS since the late Proterozoic. They identified the sources
as the lithospheric mantle located above the aslheoospheric mantle and isolated from convective mi:xiog. A si milar linkage between lithospheric sources
that were formed during the pan-African orogeny and the basalts can be cs·
tablished.
The Size of the Pan-African Plume Mantle: A rough estimate of the
area covered by Phanerozoic basaltic fields suggests that the magmatic ac·
tivity affected areas. which are at least 3-4x the size of the ANS. lo turn,
the "plume mantle" that was responsible for the growth of the Pan-African
juveni.Je lithosphere occupied on ly the uppermost 150-200 km of the mantle.
This result is compatible with Sr-isotopic constraints, which impli es limited
mass transfer between the lower and upper mantle during the plume episode.
Similar processes of plume upwelling and transformat ion of plume
material into the continental liU1ospherc via subduction occurred throughout
Earth's history and they appear to be the primary mean of continental growth.
References: I I) Rcymer and Schubert ( 1984; I 986). [2] Stein and
Hofmann ( 1994). [3 j Stein and Goldstein ( 1996).

IN SITU ZIRCON TRACE-ELEMENT ANALYSIS BY HIGH-MASS·

RESOLUTION SECONDARY ION MASS SPECTROMETRY. R. A.
Stern, J. C. Roddick lon Microprobe Laboratory, Geological Survey of
Canada. 601 Booth Stre.et, Oltlrwa ON Kl A OE8, Canada ( rstem@nrcan.
gc.ca).

lntroduction: The determination of li·Pb ages of so::ctioned zi rcon
grains i11 sint is a technique carried out in a handful of laboratOries with large
radius ion microprobcs. Although obtaining zircon U-Pb ages by secondary
ion mass spectrometry (S IMS) is routine, the interpretation of ages from
structurally complex zircons is not always clear in relation to crystallization
of the proLOJjth, met'.unorpbic ovcrpri.nlS, leucosome form11tion, or hydrothermal activity. Cathodolumi nescence or back-scattered elect..rOn images ~re essential fnr identify ing overa ll structures, and can be valuable in interpretin g
petrogenesis, but quantitative chemical dma other than fo[ Th, U. and Pb that
could be used for fingerpriotiog and modeling the origin of spccilic zi rcon
components are typically lacking. Our laboratory is developing ion microprobe methods to measure trace (REE, Y, and Ba) and Hf abundances in zir·
cons tO allow addit ional constraints to be placed on the origin of zircons.
Approach: Trace-element analysis of zircon has previously been car·
ried out using both sma ll and large radi us ion microprobes [e.g.. 1,2). uti·
lizing energy fi ltering to reduce or elirninate isobaric ioterfcrences. Energy
filteri ng is also necessary to reduce the differences io secondary ionization
efficiency between the zircons and the synthetic sijjcate glass standards. The
approach taken i n this s tudy utilizing the large radius SHRIMP II ion mi·
croprobe differs firstly in that high mass resolution rather than energy filter-

LPI Contribution No. 971

ing is employed, permitting tht h•ghest possible secondary ion s ignal
strengths, and secondly, that a natural z ircon standard is hemg used for
determining the relative secondary ion yields.
Zircon Standard: A 1-g cut gem ~ircon was obtained from A. Kennedy
(Curtin University. Perth) and is belirwd to originate in Sri Lanka. The
sectioned megacryst revealed no delectable variation in cathodnlum10csceocc
intensity, suggesting relatively good homogeneity in REE (especially Dy) contents. The sectioned megacryst was subsequently broken into several large
pieces. and a subsample reduc..-:d to <350 jJill. Fwth..-:r CL imaging of the small
fragments revealed no variability, confirming the twmogeneity of the sample.
Jon .Probe Analysis: Sputte.ring employs a mass-filtered o- primary ion
beam. Positive secondary ions are focussed onto a 90-jJill source slit and
resolved with a 75-JUn-wide collector slit. The mass resolution (I% definition) under these conditions is 7000, and the flat-lops on th..-: peaks are
O.QIO amu wide at mass 208. This working mass resolution el iminates aU
known isobaric interferences for the particular isotope species analyzed; 89Y,
ll7Ba, I39La. '<IOCe, •••Pr, 14lNd, 147Sm, l51Eu, 1~5Gd, 16lDy, 165Ho, 166Er,
mTbO, 175Lu, 185Tm0, 189Yb0, 19Cizr20, L06Hf0, 7A8TIJO, and 254U0.
The ion microprobe trace-element analyses of the fragments of the zircon
slandnrd reveal a very high degree of homogeneity. Most of the ioler-elemeot
rdtios have one standard deviations of 2-5%. The exceptions are for ro~tios
involving La and Ba. which arc highly depleted and have relatively high
analytical errors. The ratios of the isotopes when normalized to 196Zr p show
a similar dispersion. These data indicate that the s tandard is e)(tremely
homogeneous io the abundances of all t11e elementS analyzed. Taldng into
nccouot t11e contribution of counting errors to the data scancr, it is probable
that the samp le is homogeneous in trace elements to ±2%. Such homogeneity in a zircon standard has not beeu reported previously.
The absolute abundances of the major. minor, and trace elements in the
zircon standard are being detennined using the electron microprobe , isotope
dilution, solution ICP-MS, and laser ablation JCP-MS. Once lll.is information
is available, the absolute abundances in unknown zi rcon samples can be
calculated from the measured ratios. h is anticipated that the analytical
uncertainties for most elements will be ±5% or bett.er on typical spots 1520 J.I.IT1 wide and I lim deep.
Applications: Application of the technique in the ncar future is focused
upon (I) elucidating the mechanisms of oscillatory zoning in zircon, (2) determining the trace-element characteristics of altered zircon, and (3) determining the trace-element char.1cteristics of 4.0-Ga terrestrial zircons and modeling
the composition of tlu: parent magmas.
References: Ill Hinton R. W. and Upton B. G. J. (199)) GCA, 55,
3287-3302. (2] Ireland T. R. and Wlotz.ka F. (1992) EPSL. /09, 1-10.
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microbial mat areas. Interestingly. there were a few occasions in w hi~h the
concentrarion of methyl mercaptan over the mats increased dramatically.
These increases occurred simultaneously with decreases in methane concl'ntralion. There were no discernible trends that wore atttibut:Jble to light-dark
periods. Titc results obt;~ ined in this study are rather thought provoking and
raise a cumber of questions that merit further investigation. Nevertheless, this
study demonstrated the use of a nondestructive optical-sensing technique for
monitoring net flu)( of volatile organic compounds out of an ecosystem
MAPPING AND CATALOGING MICROBIAL BIODIVERSITY
WITHIN ITS GEOCHEMICAL ENVIRONMENT. D. L. Stoner. M. C.
Miller, L. J. White, J. A. Brizzee, R. L. Lee, and R. C. Rope, Idaho National
Engineering and Environmental Laboratory, P.O. Box 1625, Idaho Falls ID
83415, USA (dstoner@incl.gov) .
Research in recent years has indicated that there is microbiological diversity that has the potential for remarl<able scientific and economic impact
In spite of the recent research activities, microbial diversity remllins lnrgcly
unknown and undiscovered. Furthermore, the information that has been
obtained is scattered among a variety of published and unpublished documents. We report the development of a prototype Internet-accessible database
aod Geographic Information System (hnp://remus.inel.gov/ynp) that maps
microorganisms and microbial activity in the context of their geochemical
and geological environment and geographic position. The prototype system
was consuucted using microbiological and geochemical data and map layers
for Yellowstone National Park. When fully implemented, scientists will be
able to conduct database searches. construct maps that contain the information of interest. download fi les, and enter data over the Internet. The intended
users of the databa~e include microbiologists and geochemists; federal, state,
and IOCJI natural resource managers; and science policy advisors planning the
strategic direction of research. We arc encouraging all potential users of the
database to become involved with the development of the fully functional
system. Users ca.o get involved by (I) informing us of their scientific and
infonnation needs; (2) organizing, notifying us, and entering their data into
the system; (3) sharing their expertise; and (4) writiog complementary research
proposals. Scientific investigators may also help by collecting Geographic
Position System (GPS) coordinates and additional field data at their sampling
locations. The fully developed system will enhance basic and applied research
as well as resource management by promoting a comprehensive understanding of microorganisms within their geochemical environment

ANALYSIS OF VOLATILE ORGANIC COMPOUNDS OVER
OCTOPUS SPRING, YELLOWSTONE NATIONAL PARK, USING
OPEN-PATH FOURIER TRANSFORM INFRARED SPECTROSCOPY. D. L. Stoner, J. G. Jolley. K. S. Miller, D. J. Fife, and W. P. Bauer,
Chemical and Biological Sciences Department, Idaho National Engineering
and Environmental Laboratory, P.O. Box 1625, Idaho Falls fD 83415-2203,
USA (dstoner@inel.gov).

THE ROLE OF GARNET-PYROXENITE IN THE SOURCE OF
HAWAl'IAN BASALTS: HAFNIUM-NEODYMIUM-THORIUM-ISOTOPIC EVIDENCE. A. Stracke', V. J. M. Salters'. K. W. W. Sims2, nod
1. Blichert-Toft3, 1GeochemiSify Divis ion, National Higll Magnetic Field
laboratory. Ta ll ahassee FL 32306. USA. 1Department of Geology and
Geophysics, Woods Hole Oceanographic Institution, Woods Hole MA 02543,
USA. lLaboratoire des Sciences de fa Tern:, Ecole Normale ct Superieure de
Lyon, 69364 Lyon Cede:<;, France.

We report the use of open-path fourier transform infrared spectroscopy
(OP-FT'fR) to monitor volatile and semivolatile organic compounds emanating from the geothermal environment of Octopus Spring. Yellowstone National Park, Wyoming. OP-FTIR is a remote, nondestructive. optical-sensing
technique th;lt continuously collects infrared spectral data along a linear path
in the open air The system was deployed in the Octopus Spring area
October 7-9. 1997. Infrared spectra were cOII!!ctcd for one day over the microbia l mal~ in the effluent channel area and for one day over the source pool.
A weather station collected temperature, ambient light intensity, wind speed,
wind direction, and barometric pressure datu . The OP-fT!R datu indicated
that there were higher concentrations of some volatile and semivolatile organic compounds such as methyl acetate, acetate and metbanol in the atmosphere over the mats than over the open spring. Dimethyl su lfide concentrations were slightly higher over the sou rce pool than over the areas with
microbial mats. The higher concentrations of organic acids and alcohols that
were observed were indicative of a net nux of volati le organic acids ou t of
the mats. Methane was at ambient conccntrntion over the pool and the

Introduction: Although a pyroxenitic component has often been suggested as the source of chemically and isotopically enriched isotopic signatures in oceanic basaltS [1-4), itS role in causing these variations remains
controversial. Here, we report new Hf-isotopic and trace-element data for zeroage Hawai'ian basalts. We show that the combined Hf-Nd-Th-isotopic and
trace-element data can distinguish between melts derived from peridotitic and
pyro~enitic sources and e~clude the existence of gamet-pyro)(enite in the
source of Hawai 'ian basalts.
Hafoium-Neodymium-Tborium-isotopic Systematics: Hafnium, Nd,
and Th isotopes correlate well with trace-element inde)(es of source enrichment and melting in the presence of garnet such as 'Th/U and (SrniYb)•
respectively [5]. All samples have (2JO'I1Jf2381J) >I (parentheses denote activities) with Th excesses up to 30%. 1\sm/Nd! and Oo.ullil) pnrameters were defined by Snlters and Hart [6). l)(luiHJ) is strongly affected by the amount of
residual garnet. a ad ll(S"'INd) is is an indicator of the degree of melting. B(SnYNd)
and l)(Lu!HI) correlate well with Hf, Nd. and Th isotopes. The most enriched
melts (low 176Hf/I71Hf) represent the highest degree of melting (low <\smiNdl)
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ami have the smallest garnet signature (low o <L•IIIifl). Amounts of (ZllTTh/ll&U)
are highest in low-degree melts with thl! largest garnet ~ignature (high O!Sm/Ndl
anti high olLUII-U)) • The roost enriched melts (low.;st J76J-If/I77H r) have the
smnllest (230'fh!2lSU) .
Discussion: With partition coefficients most appropriate for melting of
gnrnet-pyroxenite [7,8) and gamet-peridotite [9), mell.s from gurnet-peridotite
bavc smaller li(Lu!Hf) itml sigoillcanlly larger Th excesses than melts from a
gamet-pyroxenite for sirnilur degrees of melting. ~\smJNd) shows !urge variations with tlle degree of melting. but the vt1riatioo is !urger in garnetperidotite melts than iu garnet-pyroxenite melts. In addition, go.lTiet-peridotitc
melts are expected to hnve a more depleted isotopic signature tbno garnetpyroxenite melts. Based on these chamctcristics. garnet-pyroxenite melts an:
cleurly distinguishable from garnet-peridotite melts in terms of 8<t~!Afl•
Otsrn!Nd)• (23GTI!JllRU), J76Hf!JnHf. and 143Nd/ 144 Nd. Due to its lower solidus
teropcrdture, gamet-pyrox.cLlile begins to melt e:trlier tban garnet-peridotite
and is melted to a higher degree than the ambient peridotite nt any depth of
the melting regime [4) . The role of garnet-pyrox.enitc-derived melts in
Hawai' ian basalts neetls to be investigated in terms of mixing low-degree
peridotite me l t~ and high-degree pymx~nite melts. The lowest-degree melts
should have the highest proportion of garnet-pyroxenite-derived melts in order
to be consistent with melting of a garnet-pyroxenite-bearing source. If garnetpyroxenite were pres.:nt in the source of Hawai ·ian basalts, we: would thus
expect the following: In low degree melts (nigh 81sm!Ndl)• garnet-pyroxenite
derived melts are most abundant, leading to high o(l..uJHf)• and low l76Hffl77Hf,
t43Ndi!44Nd. aod (23c>'fhi23BU) values. With increasi ng degree of melting, the
abundance of gamet-pyroxeoite derived melts in the mixture decreases. Thus,
S (S•nl!lldJ and oil.Wilfl decrease, and 176Hf1177Hf. 14JNd/I«Nd, nod (230Thf2l8U)
increase with increasing degree of melting. This leads to trends opposite to
what is observed for the Hawai'ian basnlts. Jn tlawai.'ino basalts, low-degree
melts (high O(sril/Ndl) arc isotopical.ly depleted, have large Th excesses and have
U1e smallest proportion of gamet-pyroxe11ite-derived melt. The Th systematics in Hawai'ian basalls have beeo explained by variations io melting parameters (porosity , melting and upwelling rate) during melting of a garnetperidotite source [ 10}. In the context of melting a mixed garnet.periodtite
garnet-pyroxenite source, high (231Tfhf23BU) mells of the Hawai'iuo basalts
(which arc the smallest-degree molts) can only tolerate negligible amounts
of garnet-pyroxenite melt to maintain their large Th excesses anti depleted
isotopic signatures, eveo with the most extreme values for melting parameters. We conclude that the trace-element aud isotopic composition of the
Hawai'i~n basalts is inconsistent wiU1 melting of a garnc.t-pyroxetlite-beariog
source. This is consistent with previous studies on pyrmcenitcs from peridotite massifs. suggesting that pyroxe.nitc is not an appropriate source for oceanic basaltS [e.g.. ll-13].
References: [I ) Zlodler A. et al. (1979) EPSL, 45, 245-262. [21 Zindler
A. et al. (1984) EPSL. 70. 175-195. (3] Allegre C. J. and Turcotte D. L.
(1986) Nmure, 323. 123-127. [4) Hirschmann M. M. and Stolper E. M.
(1996) CMP. 124, 185-208. [5) Sims K. W .W. et al. (1995) Science, 267.
508- 512. [6] Salters V. J .M. nod HartS. R. (1989) Nature, 342. 420-422.
[7] Hauri E. et at. (1994) Chem. Geol., 117, 149-166. (8) LnTourette et nl.
(1993) Sdence, 261, 739-742. [9) Salters V. J. M. and Longhi J. (1999)
EPSL, 166, 15-30. [10] Sims K. W. W. et al. (1999) GCA, submitted.
[II] Blichen-Toft c.t al. (1999) Science, 283, 1303-1306. 11 21 Pearson et al.
(1991) EPSL, 102. 189-301 . rnJ Reisbcrg et al. (1991) EPSL, 105, 196213
TllE SULFUR-ISOTOPIC COMPOSITION OF PRECAMBRlAN

SF.nJMRNTS: SRAWATRR C:HRMISTRV ANO 1UOLOGJCAI.

EVOLUTION. H. Strauss. Gcologisch-Paliiontologiscbcs lnstitut. Westf;i)ischc Wilhelms-UDiversitat MUnster, Corrensstrasse 24, 48 149 MUnster.
Germany (hstrauss@uoi-mucnster.de).

The sedi_mentary S cycle represents an importa.nt pnrt of the cxogenic cycle
as it is directly Linked to thl! C cycle and tht: evolution of 0 in U1e atmospherehydrosphere system. Reconstructing temporal varinlions through Earth's early
history tmtlitiooally includes the use of stable isotopic ratio measurements
of sulfate and sulfide. Result~ from modem marine settings as well as lahomtory experiments nrc considered as reference for intcrpret.atio11 [I]. Prime
questions address the temporal variation in the isotopic composition of seawater sulfate and the antiqui ty and operational mode of bacterial sulfate

reduction, which represents the key process of anaerobic minerali?.ation of
org:mjc matter in modem and Phanerozoic sedimentary systems.
More than 400 unpublished S-isotopic data, largely for sedimentary pyrite but also for marine evaporites, in addition to a substantial number of published data, arc us~d to constrain the temporal variation of the sedimentary
S cycle through the Precambrian. Thereby. different patterns exist for the

Archean. U1c Archcan·Protcrozoic transition. the Proterozoic. and the Neo·

proterozoic and its transit-ion into the Phanerozoic, suggesting a distinct
tempor.U rrend that is ultimately linked to the geologic:al and biological evolu·
lion of the Eanb and its lithosphere. hydrosphere, atmosphere. and biosphere.
Tbe S-isotopic composition of Archean sedimentary pyrite displays a
rather narrow range around O%u. wh ich resembles mantle S composition. In
the absence of any substantial isotope fractionation. lhJs record can be most
readi ly interpreted as indicative of n hydrothermal source for sulfide S.
However. an alternative biogenic origin has been proposed u.nder spccif1c
environmental conditions (2].
Substantially !urger variations, yet around no average value close to O%o,
characterize lute Archean sediments, whereas early Palaeoproterozoic units
display ~ubstaotial variations including faiJ·ly strongly negative 5J•S values.
'TI1is record is interpretetl as being diagnostic of mod~rn-style bacterial sulfate reduction, including a significant displacement of the isotopic composition in the resulting hydrogen sulfide.
Protcrrnwic sediments display a pattern in 53 4S that is indicative of bac·
terial sulfate reduction.
Quite variable S-isotopic values for pyrite have been recorded for NeoprOierozoic sediments, with individual stmtigrapbic units displaying variations of more than 70%o.'TiliS pattern is interpreted to reflect sulfate limitation
in the pore waters and a resul ting unidirectional evolution of the S-isotopic
budget ns a consequence of rapid turnover of organic matter. Additional
biologically mediated paU1ways have been suggested [3].
Due to the extremely fragmentary nature of the Precambrian evaporite
record, our knowledge of the S-isotopic composition of seawater is largely
confined to the Neoproterozoic with a few spotty data for earlier times [4]
The termina l Neoproterozoic, however, records a most substar1tial variation
from values -18%o prior to lbe Varanger glaciation to avemge vnlucs oea.r
30%o after the lerminitl Neoproterozoic gh1cials and into the Cambrian [5).
Studying the S-isotopic composition of sedimentary S enables the reconstruction of geologically and biologically driven processes and their temporal variation throughout Eurth history. Isotopic patterns observed in modem
settings including laboratory culture experimeniS serve as a guideline for interprotatjon. Sometimes, this may limit the interpretation.
References: [IJ Strauss H. ( 1997) Paloeogt'ogr., Palaeoclirnatol.,
Palaeoecol.. 132, 97- 118. [2] Ohrooto H. et aL (1993) Science, 262, 555557. [3] Canfield D. E. and Teske A. (1996) Nature, 382, 1.27- 132.
[4] Strauss H. (1993) Precambrian Res.. 63, 225-246. [5] Shields G. et a!.
( 1999) J. GenL Soc. Lcmdon, in press; Strauss H. el al. ( 1999) Cltem. Geol.,
in review~

RARE-EARTH-ELEMENT GEOCHEMISTRY OF FERROMANGANESE CONCRETIONS FROM THE BARENTS SEA AND THE
WHITE SEA. S. V. Strekopytov, B. L. Viuogratlova. and A. V. Dubinin,
Shirshov fnstil'ute of Oceanology. Russ iau Academy of Sciences, Nalch.imovsky Prospekt, 36 Moscow I 17851, Russia (gt:ochcm@geo.sio.rssi.ru).
Several types of Fe-Mn eocrustations are known in the Arctic seas:
ferromanganese concretions. ferrugi.oous concretions, and crusts. Five samples

nf ferruginous Oat r.oucretions, onP sample of cntst from lh" Rnr,nts Se~ ~nrl

discoidal ferromanganese concretion from the White Sea (the Gorlo district)
as weU as two horizons (surface and subsurface) of associated sediments. were
studied. ContentS of J 4 rare earth elements (REB) were determined by inductively coupled plasma mass spccrTCmetry (ICP-MS) with VG Plnsma Quad
PQII STE {I]. In addition to bulk samples, la bile fraction of concretions and
sediments ( IM NH 20H x HCI + 25% CH 3COOH lcucbales) was analyzed.
The presence of boU1 fc2+ and FcJ+ nod low content of Mn (<0.07%) in
U1e surface sediments of the Barents Sea was observed, which reflects U1e
suboxic conditions. The surface horizon of th.e Wbite Se<~ sediments is full y
oxidizetl. This diFference in redox conditions results in the formation of
different types of encrustations. Concretions from the central part of the
Barents Sea are fom1ed due to the upward Fe tlux from the reducing zone
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Fig. 1. Shale-normalized REE patterns of ferromanganese concretion from
the White Sea (!), samples from the central part of the Barents Sea:

feiTilginous crust (2), reactive parts of concretion (3) and associated sediments
[hor. 0-1 em (4), and hor. 1-3 em (5)).

of sediments and contain trace amounts of Mn (<0.15%), whereas discoidal
concretions from the White Sea are enriched in this element (up to 8.8%).
Negative correlation found between Fe and AI contents in concretions is
a result of the high portion of lithogenic material in their composition. Strong
positive correlation between Fe and P contents (average molar P/Fe ratio is
0.15) is observed, which indicates the high role of phosphate-bound Fe and
possible presence of iron hydroxophosphates.
Shale-normalized REE patterns of the Barents Sea sediments are characterized by a slight decrease in heavy REEs that is probably inherited from
the source provenance rock composition. REE contents and patterns of the
bulk samples of the Barents Sea concretions and sediments are similar,
reflecting the origin of feiTilginous concretions as the result of sediment grain
cementation by iron oxyhydroxides. The REE pattern of the White Sea concretion (Fig. I) is characterized by a distinct negative Ce anomaly and high
contents of REE in comparison with the associated sands, which are poor
in Fe and Mn.
The reactive part of sediments is characterized by a relative enrichment
of middle REEs in the normalized pattern (Fig. I). Possible carriers of REE
in such sediments are iron oxyhydroxides and clay minerals.
The subsurface layer of sediments is usually enriched in REE relative to
the surface-oxidized layer. so iron oxyhydroxides cannot dominate among
REE carriers. A weak negative cerium anomaly is observed in the REE
patterns of the reactive part of feiTilginous concretions. FeiTUginous crust from
the Barents Sea has a REE pattern with a distinct negative Ce anomaly that
is close to the pattern of the White Sea concretion.
A negative Ce anomaly is a characteristic feature of deep seawater.
Though the data for the Barents Sea water are very limited [2], we assume
that its REE pattern is close enough to the patterns of Atlantic and Arctic
deep waters [3,4]. Near-bottom seawater can be an important source of labile REE of feiTilginous and ferromanganese concretions.
References: [I) Dubinin A. V. (1993) Geochem. Inti., 31, 81-95.
[2) Hti!gdahl 0. T. (1967) NATO Res. Grant 203, Semiann. Progr. Rpt.
No. 5. [3] Elderfield H. and Greaves M. J. (1982) Nature, 296, 214-219.
[4] Westerlund S. and Ohman P. (1992) Deep-Sea Res., 39, 1613-1626.

STABLE ISOTOPIC INVESTIGATIONS OF THE CHLORINATED
ALIPHATIC HYDROCARBONS. N.C. Sturchio1, L. J. Heraty 1, B. D.
Holtl , L. Huangi.2. and T. Abrajano1.3, !Argonne National Laboratory, ER203. 9700 S . Cass Avenue. Argonne IL 60439-4843, USA. lpresent address:

Introduction: Contamination of the terrestrial environment by anthropogenic chlorinated aliphatic hydrocarbons (CAHs, including chloroethenes,
chloroethanes, and chloromethanes) is nearly ubiquitous. The application of
stable isotopic ratio measurements (of H. C, and Cl) to understand the en·
vironmental behavior and fate of these compounds is a relatively new approach. We have developed new methods for the sampling and isotopic
analysis of CAHs in air and water [I), and have applied these to measurements of isotopic fractionation of C and Cl during vapor-liquid partitioning
[2] and microbial degradation in liquid cultures [3]. We have also performed
several field studies of C and Cl isotopes in contaminated aquifers in which
either natural or engineered degradation of CAHs has occurred [4].
Results and Discussion: Vaporiwtion studies. A series of evaporation
experiments was completed in which pure-phase CAH liquids were allowed
to evaporate at room temperature, in a fume hood, as the mass and isotopic
ratios of the residual liquid were periodically monitored [2). These and additional new results are shown in Fig. I.
Measured vapor-liquid fractionation factors, a, for llC/I:ZC and l7CIPSC1
range from 1.00031 to 1.00160 and from 0.99819 to 0.99916, respectively.
The inverse isotope fractionation effect for llC/12C is observed in all cases,
and there is an apparent systematic change in a values as the number of Cl
atoms decreases in the chloromethane series, tetrachloromethane (CI) ~
trichloro-methane (TCM) ~ dichloromethane (DCM), and in the chloroethene
series, tetrachloroethene (PCE) ~ trichloroethene (TCE). From these limited
data generated to date, there also appears to be a general decrease of a values
from chloromethanes ~ chloroethanes ~ chloroetbenes. These systematic
variations in a could be useful in interpreting volatilizatioo effects for CAHs
in the environment and distinguishing them from microbial degradation
effects. The a values shown in Fig. l are near equilibrium but involve a
significant kinetic isotope effect. Further measurements are in progress to
establish equilibrium a values for vapor-liquid partitioning for pure-phase
CAHs and for CAHs dissolved in water.
Microbial degradation studies. A series of microbial degradation experiments in liquid culture was completed. We investigated the kinetic isotope
effects associated with aerobic degradation of DCM by MC8b, a gramnegative methylotrophic organism closely related to the genera Methylo·
bacterium or Ochrobactrum [3). The measured kinetic a values are 0.9576 ±
0.0015 for I3C/12C and 0.9962:!: 0.0003 for HCI!llCJ. This isotope effect for
C is extreme, twice that resulting from microbial oxidation of CH•.
The large differences in characteristic a values for different processes
(e.g., vaporization and microbial degradation have slopes with opposite signs
on a 1)I3C vs. 1)37CI diagram) can be exploited for identifying and quantifying abiotic and biotic processes that affect the concentrations and isotopic
characteristics of CAHs in soils, vadose zones, surface waters, and ground·
waters.
Field studies. A number of field investigations of stable isotopic ratios
of CAHs have been completed, and others are in progress. Our initial field
study was of TCE contamination at the Paducah Gaseous Diffusion Plant in
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westem Kentucky [4]. Stable isotopic data for Cl in TCE and dissolved inorganic chloride Indicate that narural a~tcnuati on of TCE has occurred in the
clays and sills overlying the regional aerobic gravel aquifer at the site, hut
no further attenuation is ev ident within tbe gravel aquife r [5).
Acknowledgments: This work was s upported by tile Environmental
Management Science Program of tbe U. S. Deparunent of Eoergy under
contract W-31-109-Eng-38 to Argonne Nationnl Laboratory.
References: [I] Holt B. D. et al. (1997} Anal. C/leJtL . 69, 2727-2733.
[2] Huang L. et al. (1999) Org. Geochem., 25, in rrcss. [J]Ileraty L. J. et al.
(1999) Org. Geoc/re11L, 25. in press. [4) Sturchio N. C. et al. (1998) £nvirort
St:i. Tec/r .. 32, 3037-3042. (51 Sturchio N. C. et al. (1997).

MARINE SEDIMENTS: A BLACK CARBON RESERVOIR AND

RECORD OF COMBUSTION. D. Suman. Rosenstiel School of Marine
aod Aunospberic Scicnce/MAF. University of M iami, 4600 Rickcnbacker
Causeway, Mlami FL 33149- 1098, USA (dsuman@rsmas.miami.edu)

Introduction: B lack carbon (BC) deposited in ocean sediments provides
regional and globa l ioforroation regarding vcgetatioo and fossil-fuel-bunting
and tr:msport mechaoisms. BC's inert character permits its use as a trdcer
of past fire activity. Moreover, this stahility suggests that BC may represent
an important sink in the global C cycle.
Fluxes to Ocean Sediments: Black carbon fluxes to marine sediments
may be functions of !he magnitude of vegetation burning and fossil-fuel combust.ion, !he distance from the burning source, and riverine and eolian transport mechanisms. Determinations of BC fllllCeS to surface sediments. largely
rrom the Pacific Ocean. range betweeo 0.002 and 3.6 J.lg BC cm-2 yrl for
deep-sea sediments and 26 and 354 J.l& BC cm-2 yr' for sediments from !he
continental margins [1).
Global Black Carbon Cycle: The global BC cycle begins wi th the
burning sources and involves a number of boxes in soils~ lal<e, river. and ocean
sediments~ glaciers and ice sheets: and !he atmosphere. Fluvial and eoliantransport mechanisms arc both important in mobi lizing BC between boiCcs.
Globltl BC formation by vcgetntion fires may range between 50 and 270 Tg
BC yr- 1 with perlmps >80% of the BC remaining as soil residues (2J. Perhaps 6-28 Tg BC yr- 1 is emitted ioto the atmosphere from vegetation burn·
ing. Emissions fTom all combustion sources may average 25 Tg BC yr-I
About one third of the BC emitted tu the atmosphere from continental sources
is transported and deposited on the ocean surface. Global BC deposition to
marine sediments in the deep ocean and continental margins is calculated
using BC sediment flux data. About 10 Tg BC yr-1 is deposited in ocean
sediments, largely in the coastal ocean. 1l1is may represent between 4 and
20% of !he total BC produced by vegetation burn ing. BC deposition to !he
ocean surface is estimated from atmospheric BC conccntrJtion fields and is
much more homogeneous across the globa l ocean than the BC fluxes to
marine sedime,nts. BC deposition to the oct:an surface accounts for 7 Tg
BC yr- t. Rivers may transport 12 Tg BC yr-1 to U1e ocean, :ind this particulate matter is largely deposited in the coa.~tal ocean sediments.
Temporal Records uf Combustion: Several analyses of BC in ncarshure sediment cores provide records of burning activities duriog the past
100-500 yr. BC fluxes to the Santa Barbara Basio (California) range from
9 to 38 J-Ig BC cm-2 yr-1. whi le BC fluxes to Sall1lich In let sediments (British Columbia) range from 43 to 122 1-1g BC cm-2 yr- 1 [3). BC fluxes to !Joth
sites may have remained constaot or increased slightly during the past century. BC fluxes to Gulf of Panama sediments range fJom 94 to 165 J.lg
BC cm-2 yr- 1 with oo obvious trends in lhe past two ceumries 14]. BC fluxes
to sediments of the Nicaraguan continental margin vary from 44 to 135 J.Lg
BC cm-2 y r1 with a decrease toward the present. suggesting a decrease in
burning activities on the adjacent land [5].
Black carbon recordS in deep sea sedimelll cores extend to the early Cenozoic (65 Ma) [6]. BC fluxes were generally low (0.001-0.0 1 J.Lg BC cm-1 yr-1 )
in !he Palaeogene period (26-65 Ma) and increased significantly with the
beginning of the Neogene. By tile end of !he late Neogene, BC fluxes were
two or three orders of magnitude greater !han those of the Palaeogene (0.110 J-Ig BC em-2 yr 1) . Low fluxes in lhe early Tertiary may be attributed to
abundant tropical vegetation resulting from the wnrm. humid climate and low
zonal wind strengths. With climate deterioration in the Cenozoic aod the

emergence of drier temperate forests and grasslands, more vegetntion fuel roay
have hecn avai lable for combustion.
References: [ I] So man D. 0 . et aJ. ( 1997) in Sediment Records of
Biomass- Burning and Gl(•bal Clumge (J . S. Clark et al., eelS.), pp. 27 1-293.
[2] Kuhlbusch T. A. J . and Crut7..en P, J. (1995) Globol BiogeocheiiL Cycles,
9. 491-501 [3) Griffin J. J. aQd Goldberg E. D. (1975) Limno/. Oceanogr.,
20. 456-463. [4] Suman D. 0 . (1986) Environ. Cor1serv., 13, 51-60.
[5] Suman D. 0. (1991) in Global Biomass Buming (J , S. Levine, ed.),
pp. 512-518. [6] Herring J. R. ( 1985) in The Carbo11 Cycle and Almllspheric
COz {E. T. Sundqui st aod W. S. Broeckt:r, cds.}. pp. 419-442.

Z..METHYLHOPANOIDS: BIOMARKERS FOR CYANOBACTERIA
AND FOR O}.."YGENIC PJTOTOSYNTIIESIS. "R . E. Sumrnons 1• L. L.
Jaboke2, J. M. Hope 1, and G. A. Logan•. 'Australian Geological Survey

Organisation, P.O. Box 378 Canberra, ACT 2601 , Australia, 2Exobiology
Branch, NASA Ames Research Center, Moffeu Field CA 94035, USA

Summary: This paper reports new biomarker and C-isotopic data for
cultured cy;mobacteria, cyanobactcriaUy dominated ecosystems, nod ancient
sedimeots and petroleum. We fouod that cyanobacteria are the predominant
source of a distinctive membrane lipid biomarker, namely 2-methylbacteriohopanepolyol (2-Me-BHP). We U1en sought evidence for a geochemical record
of the fossil hydroc-.1rbnn anulngs of these compounds (2-mcthy lhopanes) ;md
found a trend toward their increased relat.ive abundance in marine sedirnenL~
going back through geological time to 2500 Ma. We conclude tllat
cyanobacteria were the dominant form of phytoplankton and source of
molecular 0 in the Proterozoic oceJn. Extending the geological record of
cyanobacteria further to !he Archean is now a matter of finding a suirably
preserved rock record.
Results and Discussion: Samples of cultured cyanobacteria and naturally occurring cyanobacterial mats were analyzed using an established protocol [ I] illustrated in F ig. I. Approximately 43% of lhe cul!orcd samples
contain 2-Me ana logs (6 and 8). Four of five mats from the Ye llowstone
National Park hydrothermal environment had sigoilicant contents of 2-MeBHP, although none of U1c ftve samp les from hypersnllne environments of
Shark Bay did. While Oil! present sample sel represents a limited number of
modem environments. !he cuJtUicd organisms were a taxonomically diverse
suite.
Wheu hopaooids rrom bacterin enter the sediments, they undergo dinge.
netic and catagenetic conversion to !he ~,-<; 5 geobopanc series (3 in Fig. I).
The burial fate of 2-Me-BHP is virtually identical to BHP except !hut the 2Bmethyl configuration of the origioal biochemicals (2 in Fig. I) is progressively
converted to more thermodynamically stahle 2a.-Me configuration (4 io Fig. J)
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Fig. 1. SIJ1Jctures of bacteriohopancpolyols ( 1.2) typical of those found in
cyanobacteria and their geobopanc analogs recognized in sediments and
petroleum (3,4). The studies of biological samples were conducted using a
procedure fust developed by Rohmer et at. ( 1). Periodic acid oxidation cleaves
tl1e hydrophilic portion of the molecule at the fust gem-dial to yield tract;1ble
and volatile hopanol acelates of the type 5- 8 and that are amenable to routine
gas chromatography (GC) and gas chromatography mass spectrometry (GCMS) analysis. BHP lacking a gem-diol function evades detection.
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in r.he 2-Me geohopane series. Our s1udy of the relative abundances of 2·
methylhopanes in sediments. bitumen. and oil reveals pauems connected to
source-rock lithology, maturity. and pnkoenviroomeotal setting. Higher rela·
tive abundances of 2-methylhopanes. expressed as a 2-metbylhopane index.
are a distinctive feacure of oils and birumens derived from carbona1e rocks.
Moreover. there are higher relative abundances of 2-melhylhopanes in Pro·
wozoic sediments of all litholog~es compared ro their Phanerozoic counterparts.
Environmental Studies: Analyses of various microhial mats from
Yellowstone National Park reveal relatively simple panerns of lipid
biomarkers Umt are appropriare for isotopic analyses at !be molecular leve L
These data can be used to understand which compounds are produced by
cyanobacteria. by Chlotojlexus, and by other groups. They also allow some
delineation of bow environmental parameters such as pC0 2 and growth
1emperature influence the biosynthesis of certain types of lipid. The history
1.1f 0 and the history of cyanbacteria are intimately linked. Th.is is the only
group of prokaryotes .:apable of o1.ygcnic photosynthesis, i.e., using the energy of sunlight to release the reducing power of water for fixarioo of col
and 0 2 production. Although debate still e.,ists as to the tinting and SCC.JUCilCe
of evolutionary events that led lo oxygenic photosynthesis. and consequent
o1.ygeoation of the atmosphere and oceans, il is ch:ar !hat tbc appearance of
the cyano-bacteria is a c.:rucial event that could be followed using tbeir dis·
rioctive hydrocarbon biomarkers [2).
References: [I) Rohmer M. ct al. (1984) J. C11n. Microbiol., 130. I I 371150. {2] Summons R. E. et al. (1999) Nature. in press.
MOLECULAR MODELING OF CESIUM-SMECTITE HYDRATES.
R. A. Sutton and G. Sposito, Earth Sciences Divis ion. Lawrence Berkeley
National Laboratory, Berkeley CA 94720-3110. USA.
Rect:nl evidence of groundwater contamination linked to colloidal trans·
port of mes• from a nuclear test site fuels a search for understanding the
basic molecular mech;misms governing Cs+ adsorption to day minerol surfaces. Monte Carlo (MC} and molecular dynamics (MD) modeling techniques
were applied to Cs-smectite systems (Cs-hectorite, -mononorillonite. and
-beidellite) in order to interpret a variety of experimental datn, as well as to
evaluate the quality of the interaction potentials used in the simulations.
Spectroscopic methods and surface chemistry techniques r.hat attempl lo
d.iffer<!otiare inrerlayer warer from water residing in micropores have provrded
data suggesting that, in stable 12-A Cs-smectitc hydrares, tbe interlamellar
water content is less than a monolayer. Convergence profiles in MC (No'f)
simulations were examined to estimate reason<~blc interlayer water contents
of J/3 and 2/3 water monolayer for these hydrates, witb 113 monolayer as
the most likely stable water con ten!. Molecular dynamics (NVT) simulations
(800 ps) of the MC-srabJe Cs-smectite systems revealed interlaycr Cs• to be
stJongly bound to surface charge sites whi le exhibiting jump diffusion. es·
pecially in the 213 monolayer systems. The strongly adsorbed Cs~ can be
associated witb a species identified in mcs NMR studies of hydrnred
smecti tes. Published bulk diffus ion coefficients are ;1lso consistent with stroog
adsorption of Cs•. Our simulations thus demonstrate C~·smectite system
stability with interlamellar water contents of less than a monolayer, as sug·
gested by experiments, and can be used to interpret NMR and other spectroscopic data concerning Cs• species adsorbed to 2: I clay mineral surfaces.
THE INFLUENCE O F SULFIDES ON SO LUBLE IRON(IJJ) IN
ANOXIC SEDIMENT I'OREWATERS. M. Tai llefert', S.M. Theberge'.
V. Hover2, and G. W. Lutber 111 1, 'College of Marine Studies. University of
Delaware. Newark DE 19958, USA, 2Department of Geo logical Sciences,
Rutgers University. Piscar.aw::.y NJ 08901, USA.
Solid or c:olloidal Fe: oxides are commonly iovolved in the mineralization
of natural organ ic mat1cr in sedirDl'niS. How~vcr, more readily available
soluble fe(lll) could accelerate the mineralization rate of natural organic
matrer. Experiments with synthetic solutions showed that soluble Fe( Ill) (i.e.,
<50 nm diameter) reacts at a Hg voltammelric electrode at circumneutral pH
if it is complexed by an organic ligand. Aggregation proceeds upon aging
of Fe(Jll). and its molecular weight increases. Simultaneously, th~ reduction

289

potential of this species shifts negatively. The reactivity of soluble Fe( Ill) wir.h
sutrides is dramatically increased compared to its solid eq uiva lent (e.g ..
amorphous hydrous Fe oxides or goethite). Here we report dal!l from a natural
system that confmn the existence of soluble fe(lll) in sediments and its interaction with sulfides.
Sediment porewarcrs from two different creeks of tbc Hackensack Meadowlands District (N.:w Jersey) were analyzed at the millimeter scale with solid·
Stale Hg/Au [0~. l:H2S. Fe(II). and Fe(lll)) and pH microclectrodcs. The
chemical profiles in these two anox:ic sediments show the interaction bcrween
lhe Fe and S systems during early diagenesis. Soluble Fc(lll) and fe(ll) arc
dominant in a creek where su lfide is negligible. This dominance suggests that
the reductive dissolution of Fe(IU) goes through Ute dissolution of solid Fe( Ill)
and then reduction to Fe(ll). lo contrast, in a creek sediment where sulfide
occurs in significant concentration, the reductive dissolution of Fe(lll) is
followed by formation of colloidal FeS. wbich further prccipirates. In botb
cases. soluble Fe(lll), probably complc.J.cd by an organic ligand, may play a
significant role io the mineralization of natural organic matter. Soluble Fe( Ill)
rc;lctiviry is probably enhanced in the sediment, accelerating mineralization
processes. and its mobility may result in lhe shifting of local reactions at
depths where other electron acceptors ure used.
OXYGEN-ISOTOPIC AND RARE-EARTH-ELEMENT COMPOSITIONS OF QUARTZ VEINS WITU1N XINGZI GROUP OF LUSIIAN,
SOUTHEAST CHINA : IMPLI CATIONS FOR THE ORTGIN OF
METAMORPillC FLUIDS. H. F. Tang and C. Q Liu, 1nstitute of
Geoch~mistry , Ch inese Acndemy of Sci~nces, Guiyung, 550002, Chinn
(hftang@ms.gyig.ac.co).
Abundant quartz veins occurring in many metamorphic rocks, especially
metasedimentary ones, provide ideal samples for studytng the origin of
metamorphic fluids. because most sucb veins are the direct products of the
fluids. Previous srudies on meramorphic quartz veins have focused mainly
on their mineral. major-element, aod 0 -isompic composition [I - 4), and two
different hypotheses have been advanced to accoum for 1heir genesis [4).
Therefore, vein-forming metamorphic fluids may also have two different
origins. However, the origin of metamorphic fluids remains controversial. In
this paper. we inquire into the origin of metamorphic fluids forming the quartz
veins with.in !he Xingzi group of Lushan, southeast China. by using 0 -isotopic
and rare-earth-element (REE) melbods.
Xingzi Group of Lushan, which crops out within r.hc central part of late
Proterozoic orogen along tbe sourheastern margin of Yangtze block, collSists
chiefly of metamorphosed pelitic and sandy rocks. Its memmorphic grade is
ampblbolire facies, and peale temperatures and pressures range from approximately 420° to S7o•c ;md 5.3 to 5.7 GPa respectively [5). Within this group,
!here are many quartz veins with different width (0.1 m to< I m) and length
(I m to several meters). The metamorphic quartz voins distribute a.long the
schistosity of their host rocks, and their mineral assemblages are quartz
(>98%) and a few other minerals.
O~ygcn-isotopic compositions of quartz separates from both veins and
matrix nf host rocks are determined us ing tl1e conventional BrF5 m.:thod and
analyzed in a MAT-252 mass spectrometer. All values of oJSO are reported
as per mil (%o) relative to SMOW and accurale to :l:0.2%o. IllS() values range
from 12.3%o to 13.S%o for vein quartzes and ll.lmo to 12.9'.ilw for quam sepa·
rates from tbe matrix of bost rocks, and the average o•so value of vein
quartzcs is 12.8 ± 0 .5%<- (n
I 0). These show that quam veillS are isotopit:ally similar to their hosr meramorphic rocks. and suggest that the vein
quartzes are redistributed fTOm the wall rocks on a relatively local scale [3].
REE compositions of quartz veins and their host rocks are determined
by solution inductively coupled plasma mass spectrometry (LCP-MS). The
resultS show that quartz veins and their host rocks have much similar REE
patterns with enrichment of LREE relative 10 HREE and an obviously nega·
live .Eu anomaly. Additionally, the average REE composition and partern of
the hosr rocks (n = 15) are almost the same us those of PAAS. Average vei n
REE composition {n = 10) is much lower than that of the hosr rocks, and
average vein LaN and Yb111 arc 3.50 and 0.62, respectively. Because no REEs
can substitute for Si of quartz, REEs of quartz veins are surely included in
fluid inclusions and/or other minor minerals trapped in quarttcs when tbey
precipitJJted from the metamorphic fluids . Consequently. the REE composi-
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Lion of quartz veins reflects that of metamorphic fluids. The similar REE
pauems between the fluids and host rocks suggest that the metamorphic fluid
within the Xingzi Group was directly donvcd from illi wall rocks.
Combining the results described above, we can certainly con~ider that the
mctllmorphic lluid studied was formed hy devolatiliz.ation during the regional
metamorphism of the Xingz.i group. Oxygen-isotopic and REEs of mctamor·
phit: quartz veins were transported from their host rocks hy the fluid. In
addition, the metamorphic fluid must have been moved over distances on the
order of meters or longer because no Si-depleted selvage can be recognized
in the immediate wall rocks of individual quartz veins. However, it is now
not sure whether the transport mechanism of the tluid was hy diffusion or
advection. In this study, REB mobility to some extent during regional metamorphism also is shown.
Admowledgments: This work was supported by the National Science
Foundation of China for Outstanding Young Scientists (Gr.ull No. 49625304).
References: [II Yardley B. W. D. (1975) Geol. Mag .. JJZ, 183-190.
121 Ague J. J. ( 1994) Am. J. Sci., 294, 1061-1134. [J I Yardley B. W. D. and
Bottrell S. H. ( 1992) J. Metamorphic Geol., 10, 453-464. 141 Van llaren
J. L. M. et al. (IC196) GCA, 60, 3487-3504. [5] Ye Y. et al. (1996) J. Zhejiang
Univ. (Natural Sci.), 30. 600-609 (in Chinese).

MAKJNG- CONTINENTAL CRUST BY CRUSTAL DELAMINATION
IN SUBDUCTION ZONt:S, AND COMPLEMENTARY ACCUMULA·
TION OF THE EMl COMPONENT rN THE DEEP MANTLE. Y.
Tatsumi, Institute for Geothermal Sciences. Kyoto University, Beepu 8740903. Japan (tatsumi@bep.vgs.kyoto-u.ac.jp).
The continental crust possesses an andesitic composition [1.2 1, although
basaltic magmas dominate the magmatisu on modern Earth. This may be tl1e
greatest dilemma facing those interested in ti1c origin of the continental crust.
It has been proposed that magmas with such andesitic compositions can form
In subduction zones by processes including ( l} differentiation of high-Mg
andesite magmas that can be generated by melliog of hydrous mantle [31:
(2) partial melting of the subducting oceanic crust [4,5]; (3) reaction of
mantle/slab-derived melts with mantle pt:ridotites [6): and (4) basaltic
uod.:rplating, remelting of such basaltic crusts, and subsequcm delamination
of mafic lower-crustal mnterials [7]. The fU'St two mechanisms may not have
been of considernble importance, because (I) such HMA-derived andesites
or their plutonic equivalents may be volumetrically small in Archean cratons,
and (2) a slnl.rderived silicic melt may not reach the surface withour modification of its composition by re.nt:tioo with mantle peridotites. Thus the last
two explanations remain as plausible processes [6,8] and demand further
examination.
An interesting assessment for the origin of cootint:utal crust may be It)
aim a comprehensive understanding of formation of continental crust and
evolution of the mantle, because the continental crust is believed to be derived
in principal by partial melting of the upper mantle. formiug a complcmcnlary geochemical reservoir to the Earth's mantle [9]. It bas been well estal.r
lish~d [I 0] that at least four geochemical reservoirs, in addi tion to the
primitive mantle. may be required for eAplaining isotopic variations observed
for ocean island and mid-oceanic ridge basalts, i.e., EMf. EMil, HIMU, 1Uld
DMM. Among these, the origin of enriched components may be essential in
uuderst:mding dynamics and evolution of the deep mnnUe, because such components typify magmas rising from deep-seated hotspots. lt bns been repeated ly emphasized that accumulation of sinking L11.12] and oceanic crusts
LI2-J4], both experiencing compositional modification during subdut:tion
processes, may contribute to fonning BMIJ and HIMU reservoirs respectively.
These suggestions have been oxperim~ntally t:onfiitned [ 15-17]. In contrast,
tile origin of BMI is still controversial. Some workers favor involvc1ncnt of
pelagic sediments L12, 18]. whcrca~ others crnphasizo the recycling of the
continental lower crust or the metasomatized subcontinental upper mamle
[10,19].

Geochemical modeling suggests that partial melting of the subducting
oceanic crust and subst:quent mt:ll-Inantle reactions cannot yield andesitic
magmas with r:race-elemcut compositions identical to the andesitic continental crust The most striking difference between such andesite compositions
is the lack of Pb spike in slab-derived melts. Instead. anatexis of the initial
basaltic crust, which wus created by underplating of basaltic magmas pro·

duced by overprinting of hydrous subduction componen t via slab dehydral.i.on, can reasonably account for the bulk continenllll crust composition. llithcr
le:~ving pyroxenitic or cclogitic restilc. Separation of such mafic restites from
the initial crust via delamination process must have taken place for building
the present continental crust. Examination of isotopic evolution of delami nated components demonstrates that the pyroxenite component, which formed
at 3.0-3.5 Ga and probably was stripped off shortly after its !'ormation,
possesses Sr-Nd-Pb isotopic compositions identical to the EM I component,
one of the enriched geochemical reservoirs located in the deep mantle.
Formation of the continental crust and complementary accumulation of the
EMI reservoir in the deep mantle took plat:e simul taneously in the Archean
subduction factory.
References: [I J Rubnick R. L. and Fountain D. M. (J 995) Rev.
Geophys., 33, .267-309. [2] TaylorS. R. and McLennan S. M. (1995) Rev.
Geophys .. 33, .241-265. [3] Shirey S. B. and Hanson G. N. (1984) Nature.
310, 222-224. [4] Martin H. (l9K6) Geology, 14, 753-756. [5] Drummond
M. S. and Defant M. J. (1990) JGR, 95, 21503-21521. [61 Kelemen P. B.
(1995} Contrib. Mineral. Petrnl.. 120, 1-19. [7] Turcotte D. L. (1989)
AGU Geoplrys. Monogr. Sa. 5 1. 321-329. [8] R udnick R. L (1995} Nature. 378, 57 f-578. [9] Hofmann A. W. ( 1988) Plan. Sci. Lett., 90, 297-314.
[10] Zindlcr A. and HartS. (1986) Amru. Rev. Enrlh Pian. Sci., 14. 493571. Ill] Devey C. W. et al. (1990) JGR. 95. 5049-5066. [1 2] Weaver B. L.
(1991) EPSL, 104, 381-397. (13] Chauvel C. et al. (1992) EPSL, J/0, 99119.(14] HauriE. H. and HartS. R. (1993) EPSL. 114, 353-371.(15) .Brennn
J. M. et al. (1995) Nature, 378, 54-56. [16] Kogiso T. et al. (1997) EPSL.
148, 193-206. [17] Aizawa Y. et al. (1999) The Island Arc, 8, 38-46.
[IS] Woodhead J.D. el al. {1993\ Naturl!, 362, 809-813. [19]l'dl~umoto M.
and Nakamura Y. ( 1991) GCA. 55, 3697-3708.
FORMA'riON OF SOIL FROM WEATHERED GRANITE: INSIGHTS
INTO INORGANIC AND BIOGEOCHEMICAL PROCESSES FROM
MINERALOGICAL, MICROBIOLOGICAL, AND BULK CIIEMICA L
ANALYSES. A. E. Taunton, S. A Welch, aod J. F Banfield, Department
of Geology and Geophysics, University of Wisconsin-Mad.ison, 1215 W.
Dayron Street, Madison WI 53706, USA (razrback@g.:ology.wisc.edu).
Introduction: Geochemical data from the newly exposed lower portion
of a granite weathering profile provided mineralogical and geochemical
infonnation about the cnrly stages of weathering of granite under predominantly inorganic cond.itions [1,2]. In tlus study, we analyzed weathering
reactions occurring in thr. upper profile (close to the soil zone) and within
the soil zone in order to understand the inorganic and biochemical weathering processes leading to soil formation.
Methods: Samples collected in 1983 were obtained from the lowest
portion of a granite weathering profile (-6 m below the soil zone) exposed
by a newly created road cut in ti1e Bemhoka granodiorite, southcastem New
South Wales, Australia. In contrast, samples collected in 1998 and 1999 came
from within 2 m of the soil zone or were collected from the soil zone {the
soil zone is distinguished by loss of granite texture and higher abundance of
organic debris). Samples were characterized by field-emission scanning clec·
tron microscopy (FESEM). energy-dispersive X-rny spectrometry (EDS).
electron microprobe (BMP) analysis, epifluoresccnce optical microscopy, and
X-ray fluorescence analysis (XRF).
Results: The nbundaoce of P~03 proved to he an effective measure or
the degret: of weathering, as gauged by sample appear,wce and l'Onccntration s of re:1dily solubilized clcrncnts. Consequently, we have analyzed bulk
chemical data by plotting elemental abundances against the abundance of
Pe2 0 3 (the isovolumelric approx imation used for analysis or the lower profile is inappropriate for very highly wcat11ered rock and soils). In the lower
profile. the rclati ve Si loss mte is slightly slower than tile average rnte of loss
of mass. In contrast, samples weatl1crcd to an equivalent degree in the upper
profile show a relative Si loss rate that is much faster than average. Mn, wnich
is immobile in the lower region (demonstrated by isovolurot:tric analysis), is
strongly leached from the upper profile and soil zone. The rates of K and Mg
loss are slightly enhanced in the upper. compared to tbe lower, profile. and
clements such as Zr and Ti (normally considered immobile), exhibit n variable degree of loss in the upper profile and overlying soil woe. Finally, in
contrast to the lower profile, samples from the upper profile show loss of aU
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lanlhanides except Ce. Together. these dam indicate rh.at the geochemistry
of weathering of the lower and upper profiles is quite different Cerium a bun·
dances are either consistent with this clement being e~~entially immoblle (up
to -I.Sx the original weight-based abundance) in the lower and upper wealll·
ercd profile or highly concentrated (up to 12x abundances of fresh granite
in th~ soil zone). Cerium is concentra1ed in a subset of sec•1ndary phosphates
(common in the upper profile), but almost undetectable in tllbers (especially
in the lower proftle). Abundant bacteria and fungi are associated wtth sec·
ondary lanthamde phosphates 10 the upper weathered profile. In the sotl zone,
EDX analyses show that Ce-oxides are concentrated in pits formerly occupied by apatile and secondary phosphates.
Discussion: Geochemical data indicate that the profile can be subdivided into three distinctive weathering zones: (I) the lower profile, where
weathering is essentially inorganic (chemical) and isovolumetric: (2) tbc upper
rock profile, consisting of a zone 1-2 m tbi..:k. where weathering is still
essentially isovolumctric but penetration by roots and abundant microorganisms is evident in more highly weathered regmns. We ;;uggcst that biologi~al
prCX.:C$SCS are responsible for the enhanced loss of Si, K. Mn. and Mg (possibly due to plant uptake), as well as enhanced solubiliz.alion of Ti and Zr,
and (3) the soil zone, where evidence of biological impact is abundant. grain
size is significantly ~maHer, and granitic teJtture is lost
In prior work [3], we auribured lanthanide concentrations at the bottom
of the profile to biologically mediated secondary phosphate solubilizauon
driven by phosphate limitation io the upper profile. Results of U1e current
study suggest that the Ce content of secondary phosphates is an indicator of
their genesis conditions. Phosphates that fonn early from lanlhanidcs transponed from adjacent allanite weathering sites under relauvely reduced conditions b.ave typical granitic LREE abundance pattems (i.e, are Ce-rich).
Cerium-poor phosphates form 1n the lower profile from lanthanides released
by biological dissolution of secondary phosphates in the upper profile. Cerium
is oxidized in the upper profile and precipitates as insoluble Cc""-oxidcs.
Thus, Ce is fractmoatc:d from the: rest of lhc lanthanides. The up-to-l2x Cc
enrichment in the soil zone can most logically be attrihuted to loss of >90~
of the mass present in an original granite volume (and asSOCiated compaction). This value places some constiaiut on the relative r.t.tcs of we<!thering
and erosion in this profile.
References: [1] Banfield 1. F. (1985) M.S. thesis, Australian National
University. Canberra Australia, 229 pp. [2] Banfield J. F_ and Eggleton R. A.
(1989) Clllys Clay Mint!rafs, 37, 113-127. [3] Taunton A. E. et nl. ( 1999)
J. Alloys Cof/., in pre~s.
THE DEPENDENCE OF PLAGIOCLASE DISSOLUTION AND
STRONTIUM RELEASE R.A TES ON SOLUTION SATURATION
STATE. A. S. Taylo1 1• J. D. Blwu2. aml A. C. Lasaga'. 1Depnrunt:ut of
Geology. Yale University, P.O. Box 208109, New Haven Cf 06520, USA
(aaron.taylor@yalc.edu), 2Depnrtment of Earth Sciences, Danmouth College,
6105 Fairchild Hall. Hanover NH 03755. USA.

Whether as a p!O}(y for silicale weathering through geologic time or as
a tracer of nutrient fluxes in ecosystems, Sr isotopes nrc frequently used as
indicators of chemical weathering. ln spite of this widc~prend usc, there nre
few dam relating the kinetics of Sr rele:lSe to the l;netics of mineral dissolution [ 1,2]. Est:lblishing a more quantit:ltive link between silicate weathering and Sr release will allow Sr isotopes to be used as a more eff~tive proxy
and should significantly improve our understanding of the relationship between the marine Sr-isotopic record, global weathering rates. and a!nlospheric
col concentrations.
As tbe most common Ca-Mg silicate and an important source of Sr to
continental runoff. plagioclase weathering plays a central role in both the Sr
and C cycles. Brantley ct al. [IJ made the first measurements of Sr rell.'<!se
rates during plagioclase we<~thering and found that the initial Sr flux during
bytownite weathering is both noostoichiomeuic and has an 87Srf~6Sr ratio that
is higher than the overall mineral. We have expanded on this work by
measuring plagioclase (Ao3 gAb6 weathering rates under a wide variety of
weathering solution saturation states. The saturation smte of a weathering
solution has been shown to significantly reduce albite dissoluuoo rates r3J.
lo addition 10 decreasing the overall dissolution rate. changes in the solution
saturation state could affect the relative weathering rates of minerals. In this
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case. the Sr-isotopic ratio of a weathering solution in contact with a rock could
be affected by changes in the saturation state of the solution We have
performed plagioclase dissolution e'periments in column reactors 10 determine the functional rclauonstup between lhe dissolution and Sr-release rates
of plagioclase and tbc saturation state of the weathering solution.
The dissolution r:~te for a given set of reaction conditions t25°C'. pH -3.
Ao 38Ab62 ) can be described with the equation
R:ue"'"' : -k /C6G,)
where k is lbe reaction rate constant (moVm!fs) for the specific reaction
conditions anu.f(6G,) is a function relating the Gibbs free energy of reaction
(6G,) to the overall dissolution rate. Under far-from-equilibrium conditions,
weathering solution compositions an: such thatf(6G,)'" I and the dissolution rate is independent of solution chemistry. As species' concentrations
mcrease 1n solution, j(6G,) and Utercforc the dissolution rate det.-rcasc until
equilibrium is rea~hed and Rat.:,u.. becomes zero.
Under conditions that were far from equilibrium we observed stoichiometric Sr release during plagioclase dissolution after the initial sttges of the
experiment (500 h). We did not, however. find any sigJtificant variation io
the 87Sr/~6Sr raoo during the initial phases of our experiments. and the ratios
of both the initial aml later output solutions were the same as the reacting
mineral. !11 addition. the 17Sn'86Sr ratio of the mineral did not change dunng
the experimcnr These results differ somewhat from those of Brantley et al. [l ).
For 60, between 0.0 and -6.0 kcaVmol, the overall dissolution and Srrclcase ra1es ~come dependent on the solution composition. To spite of the
decreased dissolution rate. the Sr release remains essentially stoichiometric.
Furthermore. the R7Srf~6Sr of the output solutions is not affecttd by thr
increased saturation slate of the solution. The ~ 7 Sr/B6Sr ratio of Sr released
during plagioclase weathering is equivalent to the mineral and independent
of time or weathering conditions.
Elevated saturation states in wcat.IJcring solutions lead to decreased plagioclase dissolution rates and Sr-release rates but do not affect the 87Sr186Sr
rallo of the output solutions. In a natural weathering environment, mineral
weathering rates. C02 consumption, and Sr flwces could all decrease as the
weathering solution evolves chemically and plagioclase dissolution becomes
suppressed.
References: lll Brantley S. L. et at. ( 1991!) GCA. 62. 1493-1500.
[2) Taylor A. S. (1999) GCA. submined [3] Burch T. E. et al., O.mc Gl!fJI ..
105, 137-162

DIAMONU; ,JUST ANOTIIER METAMORPIUC. MINERAL? L.A.
Taylut. 0 . A. Suyllcr. aud A. Camachu. Plnrtcwy Geosciences Institute, University of Tennessee. Knoxville TN 37996, USA (lataylor@utk.edu)

The ooce-held concept thnt diamonds nrc minerals crystallized from silicate melts within the upper mantle has been steadily changing. 'fltere is
mounting evidence that many diamonds are products of metamorphism. more
specifically metasomatism. This is particularly true for many eclogitic diamonds collcnrd from kimberlitic xenoliths. ln this paper. we will present
much of !be evidence and thought along these lines Due to Jack of space,
we will omit some references, for which we apologize.
Diamondiferous eclogites are now generally considered to be mainly the
products of subduction and memmorphism of ocearuc crust [e.g., 1-4J. The
evidence supporting this theory is (I) Gt and Cpx ,SUI() values outside of
mantle (5.5 ~ 0.4%6), indicating a crustal component, (2) +Eu aoonulics in
Gt and Cpx, both within eclogites and as inclusions in diamond, cerufying
the involvement of plagioclase: (3) one values of +5'ih to -34%o in eclogitic
diamonds. possibly of biogenic origm; (4) .SHS values of +15%o to -14%. 10
sulfide inclusions in diamonds; (5) elevated i7Srf86Sr. hest expla10ed by
interactions with seawater. (6) ENd values up to 250. attrihuted to effects of
partial melting upon subduction: (7) bulk compositions of many diamondiferous eclogites representative of restites rather than magmas; and (8) the
Arch~an 1TG suite as a logical product of crystallization of the partial melt
rxtmcted from edngiws upon suhduruon [5]. However, since the1r t:ranspun
to diamond P-T conditions by subduction of crustal protoliths. it is probable
that most diamondiferous eclogites. collected from lcimberlites (particularly

292

Ninth Annual V. M. Go/dschmidl Conference

Group B/C of Sherva.is et al. [6)), bave never e;(peri enced a major melt stage..
How then could the diamonds in these eclogites be magmatic?
Mineral inclusions in diamonds, the "time capsules" of Bulanova [7]. are
thought to provide us with pristine mincrd! chemistry relating to the P-T-x
conditions during the time of the diamond formation. A check of this assumption is that many diamond inclusions (Dis) are similar to those same minerals in the host eclogites [8]. In contrast, there is an increasing body of data
indicating notllble differences among mu ltiple Dis from tbe same di:tmond
[e.g., 5.7 ,9-14]. In fact , compositions of multiple Dis can differ so murkedly
that they may indicate mi.~cd inclusion parngcncsis (peridotite + ec logite)
wiU1in a single diamond [15-16]. It appears tim Dl chemistry and diamond
stratigraphy represent changes to the chemical environment as crystallization
of the diamond progressed. These changes resulted in the observed discontinuous growth and chemical variations of the diamonds nnd their inclusions
(but without presence of silicate magma). The evolution of compositioos of
the Cpx Dis from core to rim is contrary to that expected from igneous
crystallizat ion ( 14). Indeed, it is probable that later growth of the ou ter
portions of the diamond formed long after the prcseot xenolith crystalli<:ltion and involved C. and N-bearing fluids, such as those suggested by Deines
and Harris [17], Stachel and Harris [18] , and Taylor et al. [14].
ln a quest to further understand diamonds and their host eclogites, our
research group [19-21] has recently performed three-d imensional, X-ray
tornogn1phy and continues a detailed "pull-apart" of a diamondiferous eclogite
from Yakutia , found to contain 30 macrodiamonds. The diamonds are asso,.
ciated with zones of Cpx alteration, indicating possible paths of fluid flow.
TI1e Cpx and Gt inclusions of each diamond arc different in maJor- and trace element compositions and are not the same as those of the host eclogite. Even
multiple diamond inclusions in the same diamond are differeot. Cathodoluminescence of pol ished surfaces of the diamonds reveals complex growth
paucrns representing alternating episodes of crystallization and resorption,
accompanied by extreme O.uctations in N aggregation states, possibly indicating grossly different residence times in the mantle for cores vs. rims of
the diamonds .
1t wou ld appear that each diamond represents a different environment
during its formation. There. is not eveo evidence that the diamonds grew in
the presence o f the present host minerals. This eclogite is but the last residence place of the diamonds . This is the first such detailed dissection of
diarnondiferous eclogite, will1 greatly uncxpccte.d results. Is tlli s xenolith the
exloeption or the rule among eclogites'?
References: [I] MacGregor and Manton (1986) JGR, 91. [2) Taylor and
Neal (1989) J. Geol., 97. [3) Beard ct al. (1996) Co11trib. Mi11eral. Petrol,,
125. f4J Snyder et al. (1997) J. Petrol.. 38. [5)lreland et al. ( 1994} EPSL,
128. [6] Shervais et al, (1988) GSA Bull., 100. [7) Bulanova (1995) J.
Geochem. Explor., 53. [8 ] Taylor et al. (1996) EPSL, 142. [9) Bulanova
eta!. (1986) in P. P, and M uf Nat. D. [ 10] Bulanova CL al. ( 1996) Com rib.
Mineral. Petrol. , 124. [11] Griffin et al. (1993) Uthos., 29. [12] Sobolcv et al.
( 1996) Eos Trans. AGU, S-287. [13) Sobo lev et al. ( 1998) /nrl. Geol. Rev.,
40. [14 ] Tay lor ctal. ( 1998) /tul. Geol. Rev., 40. (15] Prinz eta!. (1995) Phys.
Chem. Eanh. 9. [16] Wang (1998) EPSL, 160. [17) Deine~ and Harris (1994)
GS Conf., Edinburgh. [18) Stachel and Harri s ( 1997) Com rib. Mineral.
Perro/., 129. [19] Keller et al. (1998) 7th Inti. Kimberlites Corif. [20] Keller
et al. ( 1999) Proc. 7th lntl. Kimberlites Con.f [21] Keller er al. ( 1999)
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ON THE DIFFI CULTIES OF MAKING EARTH-LIKE PLANETS.
S. R. Taylor, Department of Geology, Australian National Un iversity.
Canberra 0200, Australia.
Although we have only one habitable planet in our solar system, the dis·
covcry of e~ttra-solar system planets has raised popular hopes of finding Earth·
like planets clscwheic. In order to investigate sucb scenarios, l examine tbe
course of events in our solar system that resulted in the formation of our own
planet to sec bow it arrived at its present useful site for Homo sapie11s.
The question turns on whether this planet formed as an inevitah le and
natuml conse.quencc of planetary-hu ilding processes, or whether its formation and history were domi nated by chance events . If the first scenario is true,
then duplicate copies of our planet. although lacking in our system, can be
expected to be common elsewhere. If the formation aud evol ution of our
planet has been domi nated by random processes. then our present simntion

may be unique . Among the many event~ that led to the formation and evolution of our planet are the initi al size and angular momentum of the fragment that separated from a molecular cloud. These are crucia l in determining
whether a planetary system or a double star develops from the res ulting
uebu)a. Then there must be an adccjuatc concentration of heavy elements to
provide the 2% "rock" and "ice'' components of the original nebula. An essential step in forming rocky planet~ in the inner nebula is loss of gas and
depletioo of volatile elemeots due to early solar activity, which is linked to
the mass of the centra l star.
The lifetime of the gaseous nebula controls the forT!Uition of gas giants.
Jn our system. Jupiter had to form in a few million years before the gas in
the nebula was depleted. Although Uranus and Neptune eventually formed
cores large e.uough to c;1pture gas, they missed out and ended as ice giants.
The early formation of Jupiter is responsible for the ex istence of the asteroid
belt (and our supply of meteorites) and the small size of Mars, while. the gas
giant now acts as a gravitational shield for the terrestrial planets.
1'he Earth and the other inner planets accreted long after the giant planets in a gas-free inner nebula from volatile-depleted planetes imals that were
probably already dilferentiatcd into metallic cores and s ilicate mantles. The
accumulation of U1e Earth from such planetesimals was essentially a stochas·
tic process, accounting for the differences among the fou.r rocky inner plaoelS. including the great contrast between those two apparent twins, Earth and
Venus. Toe origin of our unique Moon by a single massive impact with the
Earth by a body larger than Mars accounts for the obliquity (and its stability)
and spin of the Earth in additioo to explaining the angular momentum, orbital
characteristics, and twique composition of the Moon.
Plate tectonics, unique among the terrestrial planets, led to the develop·
meot of the conti nental crust on the Earth, an essential platform for the
evolution of Homo sapiens. Random major impacts have punctuated the
geological record, accentuating the directionless course of evolution. This
sequence of events that resulted in the formation and evolution of our planet
was titus unique within our system. The individual nature of the eight planets is repeated among the 60-odd satellites: no two seem identical.
This survey of our solar system raises the question whether the random
sequence of cvcots that led to the forTnlltion of the Earth are likely to be
repeated in detai l elsewher.:. The discovery of other planetary systems has
removed the previous belief tbat they would consist of a central star SUJ·
rounded by an inner zone of rocky planets and an outer zone of giant planetS
beyond a few astronomical units. Jupiter-sized bodies io close orbits around
other stars probably formed in a manner similar to our giant planets at several All from their parent star and subsequently migrated inward, becoming
stranded iu close-but-stable orbi ts as "hot Jupiters," when !11e nebula gas was
depleted. Such events would prevent the formation of terrestrial -type planets
in such systems.
MEASUREMENT OF FLUXES AND CONCENTRATIONS OF
HEAVY METALS IN SEDIMENT POREWATERS USING DIFFUSIVE
GRADIENTS IN THIN FILMS. P. R. Teasdale, W. Davison, and J .
Hamilton-Taylor, Environmental Science, Lancaster University, Lancaster
LAI 4YQ, UK.

The Principle of Operation of Diffusive Gradients in Thin Films
(DGT): DGT is a recently developed technique in which analyte species
are fractionated nod concentrated witb an assembly deployed i11 situ io natur.tl
waters. Analytical measurements arc made after retrieval using sens iti ve
laboratory instrumentation. TI1e DGT assembly comprises a bind ing agent,
such as a resin selective to the analyte ions in solution, immobilized in a thin
lnyer of hydrogel (tbe binding gel). This is separated from solution by an ionpermeable hydrogel (diffusive gel) and a membrane fi lter (0.45 -j..lm pore size).
with a known total th.icl:.oess, .6.g. 'J11e di (fusion coeffi cients of the analytc
ions in the diffusi ve gel are a known fraction (usually >0.8) of their diffu.
sion coefficient in water. D.
Within a few minutes of deployment', a steady-state linear concentration
gradient is established between tite bulk solution (analyte concentration, C)
and the binding gel, where the concentration of the analyte species in solu·
lion is effective ly zero. By exploiting tllis steady-state condition, DGT cao
be used to measure fluJCes (J) in situ. The flux. of an ion through the gel is
described by Fick's first low of diffusioo, and equates to J = M/At, where
M is the mass of aoalytc species measured in the binding gel , A is the surface
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X-ray standing waves fluorescence-yield data provide a complementary
probe for examining the partitioning of Pb between the biofilm and the
mineral surface. X-ray standing waves mcasW'CmenlS have been used to map
Ute vertical distribution of Pb within biofilms grown on single-crystal a -AI20 3
(1-102) and (0001). Preliminary ex situ XSW data show strong evidence for
variations in the vertical distribution of Pb on the a-AI20 3 ( 1-102) surface
as a function of Pb concentration. At low [Pbh. Pb is located predominantly
at the mineml surface. In conttast, at higher [Pb)y, the majority of Pb is distributed within the biofilm. However, the XSW fluorescence-yield profi les
for Pb sorbed to biofilms formed on a-Al20 3 (0001) show a much smaller
dependence on the [Pb)y, aud Pb is strongly partitio11Cd into the biofi lm even
al low [Pbh. Titus. the strong affinity fur Pb shown by the (1 -1 02) surface
re lative to the (0001) surface in biofilm-frce systems f l] remains important
even in tho presence of a biofilm, which again suggests that the structure and
rcacti vity of the underlying mineral substrate exerts a strong influence on U1e
initial partitioning of Pb between the biol'llm and the mineral surface.
We will show that both bulk and spatially resolved syncluotroo-based
spectroscopic tecbniques are sensitive to the redistribution of Pb at the
biol'ilm-mineral interface under varying sol utions conditions. Preliminary
modeling of the XSW dislribut:ion profiles will be presented, and quantitative information on the partitioning of Pb between biofilms and a-Al2 0 3 or
a-PeOOH surfaces will be shown. These results will provide unique insights
about the competition between biofilms and mineral surfaces during Pb
uptake.
References: [1] Bargar J. R. et al. ( 1996) GCA, 60, 3541-3547.

THE FUNDAMENTALS OF CALCITE MINERALIZATION : SUR·
FACE PROCESSES OF SPIRAL GROWTH. H. H. Teng 1·*. P. M.
Dove 1. and J. J. DeYoreo2, 1School of Eanh and Atmospheric Sciences,
Georgia Institute of Technology. ALianta GA 30332. USA ("'preseul address:
Argonne National Laboratory. ER-203, 9700 Cass Avevue, Argonne IL
60439, USA), 2Department of Chemistry and Materials Science, Lawrence
Livermore National Laboratory. Livermore CA 94550, USA.

The mineralization of CaC03 is currently the focus of intense research
due to its importnnce in both geological and biological environments. In
particular, the possibility of using biorganic molecules as control agents has
led to great interest in understanding the mechan isms that underlie
biomineraljzation. One of the critical issues in controlling growth rates and
morphologies is ao understand ing of how to solve the roles o f kinetics ;md
thermoclyuamics. Using in Jitu fluid-cell atomic force microscopy (AFM}, we
investigate{! the surface processes of calcite crystallization and char..tct.erized
the fundamenta l kinetic and thermodynamic parameters that govcm calcite
growth in both inorganic and aspartic acid (ASP)-bearing solutions using
direct measurements of microscopic properties of growth spirals.
Growth experiments were conducted on {1014} faces of calcite in solutions with well-cbaracteri~ed cberoistry and saturation stale (cr =
ln[(aCaZ•)(aCQ 3'Z-)/I<,p]}. Results were obtained for a cr range of 0.04-1 .42.
Using single-sourced, single spirals, we measured the dependence of step
speed, v,, on step length, L. as we ll us the dependence of critical step lengUt,
Lc (see Fig. I), o n cr for any system. As predicted by the Gibbs-Thomson
relstionship, Lc exhibits a linear dependeoce on 1/o to give values for the
step-edge energies. ('J., of 4.41 x J0- 5 and 3.44 x I0- 5 erg/em for the twostep directions, <441> ±. A detailed analysis of the contributions to a from
different step segments shows Ulat comer sites have much nigher free ener·
gies Ulan slt3 ight ponions of the steps. The large energy penalty of creating
comer sites explains why calcite step edges are straight during growth. The
value of Lc went to zero at approximate ly cr = 5, which indicates the supersaturation where growth undergoes a k.ioelic roughening with a free-energy
barrier ro l-D nucleation at step edge of 2 x 10-6 erg. Ooce the magniwde
of L reached Lc, v, increased to its final value at a length that was short compored to that predicted by the BCF model, leading to anomalously small
terrace widths. The addition of nspartic acid dramatically affects growth
morphology by expressing n new cryslaUographic direction with reduced step·
edge free ene rgy. This s uggests that the primary effect of Asp on calcite
crystallization is to alter the th ennodynamics of the growth surface.
Examining the dependence of v, upon the deviation o f equi librium
activity, (a-aJ shows that. at higher values of (a-a.). v, Is faster along

Fig. J.
positive directions. Under this cond ition, the spir.li hillocks assumes a nor·
mal geometry. As (a-a0 ) decreases to -3 x J0-5, v, of the two directions
becomes equal and a pseudo-isotropic hillock is formed. A novel inversion
in hillock geometry is seen when (a-a.) <3 x Jo-.1. as the positive directions
assJ>me the slower step speed. The complex step kinetic behavior exhibits a
form agreeing with models for impurity effect and is supported by observations of step pinning at low cr. Taking these effeclS into account, we derived
values for the kinetic coefficients of step advancement of 0.54 and 0.30 emf
s for the two directions. In the presence of Asp. v, shows a similar dependence upon (a-aJ for both directions, indicating that Asp may imeract with
steps by a simi lar mechanism irrespective of step orientations. However. o
comparison of the kinetic data in Asp-free and Asp-bearing solutions suggests that, unlike other impurities Teported in the literature. Asp is not a
growth inhibitor for calcite crystallization. This resuJt further supports the conclusion thnt the controls of Asp on calcite mineralization occur through interactions with the surface to change the energetics of growth.

KINETICS OF CALCITE GROWTH: ANALYSIS 011 SURFACE
PROCESSES AND RELATIONSHIPS TO MACROSCOPIC RATE
LAWS. H. H. Teng1·*. P. M. Dove'. and J. J. DeYoreol, tSchool of Earth

and Atmospheric Sciences, Georgia Institute of Technology, At lanta GA
30332, USA (*present address: Argonne National Labor.llory, ER-203, 9700
Cass Avenue. Argonne IL 60439, USA), 2Department of Chemistry and
Materials Science, Lawrence Livermore National Laboratory, Livermore CA
94550, USA.

Calcite is the most abundant carbonate minerru and occurs in a wide
variety of natural inorgank and biological systems. Although there is an
enormous body of litemture reporting investigations of carbonate crystallization, a review of the current knowledge suggests that two uncertainties may
hinder further advances in controlling or directing the growth of carbonate
minerals: (I) the microscopic surface processes that control the macroscopic
manifestations of overall growth rate of crystal faces. and (2) the dependence
of growth mechanism upon supersaturation. This study exp lores these uncerta inties by comparing experimental evidence with the fundamental theoretical growth models to show where popular macroscopic growth expressions
that are based upon chemical aft'inities (t.G) of precipitation reactions hold
or break down. Answers to tl1ese questions esta blish the knowledge base for
constructing general models that quantify growth in complex mixtures of
organic and inorganic constituentS. They also establisb relationships between
microscopic processes and macroscopic growU1 rates determined by what is
known as " bulk" methods throughout tlJc scientific literature.
Us ing in situ atomic force microscopy (AF'M), we conducted growth
experiments to ( I) determine the supersaturd!ion (cr = lo[(aCa2+)(aCOi·)/

LPI Contribution No. 971

Fig. 1.

K,pl) range where growth occurs only by spiral formation; (2) determine the
critical supersaturation that marks the activation of growth by a surface
nucleation mechanism; (3) measure step-flow rates, v,, and the corresponding slopes of growth hillocks, p; (4) calculate the overall or normal growth
rates of single spirals using the measurements of v, and p; and (5) analyze
the dependence of overall growth rate, R,.,. upon the dislocation source structure. We found that, at lower values of o from 0 to 0.8, growth is initiated
solely by surface imperfections including screw dislocations. Thus, crystal
defect-originated growth, in particular spiral growth, is the only manifested
mechanism. When o >0.8, two-dimensional nucleation becomes increasingly
important with increasing o. The magnitude of R,., for {1014} faces grown
by single spirals was estimated from the product of v, and p measured at each
o. The results indicated a superlinear dependence of R,., upon 60.
Atomic force microscopy observations demonstrate that calcite growth by
hillocks initiated at complex dislocation sources (see Fig. I) is the dominant
growth mode. 1bis means that rate expressions that describe spiral growth
must account for the effects of different types of dislocation source structures.
General surface process-based rate expressions were derived by analyzing the
dependence of p upon dislocation source structures using the BCF theories
of crystal growth. These expressions have a complex dependence upon 6G
and can only be approximated by the second-order affinity-based rate laws
under the special conditions that (I) growth proceeds only by the develOpment of single-sourced, single spirals; and (2) growth occurs at the very-nearequilibrium conditions where spiral formation is the only operative mechanism. 1bis suggests that experiments that measure temporal changes in solution chemistry yield an average growth rate by different types of hillocks.
Hence, chemical affinity-based rate laws do not generally give meaningful
interpretations of spiral-growth kinetics and, therefore, it is not appropriate
to deduce growth mechanisms from macroscOpic kinetic measurements. By
combining direct observations with macroscopic methods that monitor temporal changes in solution chemistry during crystal growth, improved rate laws
with greater predictive capabilities may be possible.
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paleoproductivity have not been as successfully inferred from N isotopes in
lake sediments. This is because P, and not N , commonly limits primary
productivity in lakes. Under conditions of unlimited supply of nitrate, phytoplankton can continue to preferentially uptake 14N.
In addition, factors other than primary productivity can influence the Nisotopic composition of lacustrine organic matter. For example, the N-isotopic
composition of dissolved inorganic N (DIN) in lakes can significantly increase
through time by external nitrate loading (i.e., anthropogenic eutrophication) and/or by water column denitrification in low-0 environments. Nitrate derived from human and animal waster is enriched in 15N (151SN = I 020%o [2]).
Changes in the source of organic matter, due to either shifts in species
composition of phytoplankton or addition of organic matter from beterotrophs, can also overwhelm any SI5N-productivity signal.
In this study, we present N-isotopic data from individually sampled light
and dark annual laminae from a century-long (1885-1993) sediment record
recovered from Baldeggersee, a small lake in central Switzerland. Due to
dramatic and well-monitored changes in anthropogenic nitrate loading aod
environmental conditions during this century, Baldeggersee provides an ideal
system to quantitatively document and evaluate the N-isotopic response of
nutrient loading, nitrate utilization, and N limitation.
Results: Nitrogen-isotopic ratios in Baldeggersee organic matter are significantly higher than other reports of N isotopes in lake sediment (e.g.,
reported average values of 1-5%c [3)). SISN values increase generally from
the beginning of the record (S1SN -6-7%o) to the top of the core (1i 1SN -1011%.; Fig. 1). Several abrupt positive N-isotopic excursions are superimposed
on the increasing trend. A 6%o positive 81SN shift occurred between 1972
and 1976, coincident with the time of maximum P-loading, meromixis in the
water column, strongest N-limitatioo of phytoplankton, and maximum extent
of the anoxia hypolimnion [4). Another abrupt N-isotopic increase (4%c) occurred in the most recent few years, when a•sN values in the light layers again
reached values >I 3%c.
Disrussion: Nitrogen isotopes measured in the uppermost core samples
were compared with surface water [N03-] for the period of 1976-1 993. The
abrupt positive S 1SN shifts occurred when large seasonal phytoplankton
blooms significantly decreased surface water [N03- ], thus providing conclusive evidence that N isotopes in organic matter can record N0 3- utilization
by phytoplankton.
The first-order increase in 151SN values (-6%o over the period 1885-1993)
cannot be explained exclusively by nitrate utilization in response to increased
primary productivity. Rather, the increasing trend dominantly reflects pro-
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A CENTURY-WNG RECORD OF ANTHROPOGENIC NUTRIENT
WADING PROVIDED BY 81SN VALUES IN SEDIMENT FROM A
EUTROPHIC LAKE. J. L. Teranesl and S.M. Bemasconi2, !Department

of Geological Sciences, University of Michigan, 2534 C. C. Little Building,
Ann Arbor MI 48104, USA (jteranes@umich.edu), 2Geologjcal Institute,
Swiss Federal Technological University-Eidgenossische Technische
Hochschule, CH-8092, Zurich, Switzerland (stefano@erdw.ethz.ch).
Introduction: The N-isotopic composition of organic matter bas become a valuable tool for reconstructing past productivity and changes in the
nutrient availability in ocean surface waters [I). Yet nutrient utilization and

Fig. 1. Stratigraphic plot of ljiSN from the Baldeggersee laminated sequence.
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gressive t5N-enrichrnent of the BaJdeggcrsec DIN pool due to external Nloading from ani mal manure in the watcrslmd andlor incrc;Jsc of denilrili cation processes in the anmcia hypoli mnion over the last I 00 yr.
References: [I] Altabe t M. A. and Francois R. ( 1994) Global Biogt•ochem. Cycles, 8, 103-116. [2 ] Kendall C. (1998) Isotope Tracers in Corchm em llydrology, 519-576. [3] Meyers P. A. (1997) O rg. Geochem. , 27,
2 13-250 [4] Wetlrli B. et al. (1997) Aqua/. Sci., 59, 285-295.
DISTRIBUTION AND MOBILITY OF LEAD IN ROADSIDE
SOILS. N. Tcutsch 1, Y. Erelt, and L. Haticz2, 11nstitute of .Earth Sciences,
T he Hebrew University of Jerusnlem, 91904 Jerusalem, lsmel, 2Geological
Survey of Israel, 30 Malkhei Yisrael Street, 95501 Jerusnlem, Israel
The emission of aothropogcnic Pb in the last few decades ha.-; ioLToduccd
large amounts of this toll ic metal into the environment. A main source of the
contaminatioo in lsntel aod other countries is petrol-Pb. The cooventiooal
wisdom is that anthropogenic Pb emitted to the atmosphere is lmpped in the
upper part of the soil, and will reside there for cemuri es to come. However,
in the last few years there has been a growing body of ev idence wh ich
suggests that Pb mobility in soils is in fac t more signi ficant than previously
estimated.
Soil samples were collected from soil profiles adjacent to the JerusalemTel-Aviv highway and from soil profiles 500 m away. The concentrations and
isotopic composition of Pb in the soils arc used to determine the contribution of petrol-Ph relative to the soil. to quantify the distribution of rockderived vs. anthropogenic Pb in different soil fractions. and to determine the
rates of anthropogenic Pb infiltration into the soil. 'This pr 0ject is one of the
first to utilize Pb isotopes to di stinguish betwee n the detailed behavior and
the mobil ity of roc k-derived vs. anthropogenic Pb in soils, and is the ftrst
study to do so in semi-arid soils in general aud in Jsraeli soils in particu lar.
Based ou a comparison between samples collected in 1982 aod 19961997 and changes in the isotopic composition within the soil profile, it is
estimated that the migration velocity of anthropogenic Pb in the soil is 0.30.5 em/yr. which is a much faster rate than previously estimated. lo the most
contaminated soil profiles there is a lower concentrJtion of Pb in the top l em
compared with deeper horizons, which might reflect the gradua l trJnsi tion
to unleaded petrol in IsraeL
In Litis study. a selective sequential dissolution procedure [ I] was adjusted
to t11e clean laboratory in order 10 distinguish between rock-derived vs. petroiPb in different soil fractions (carbonates, Fe oxides, organic matter. and aluminosilicates). The distribution of petroi-Pb within the soil is unlike that of
natural Pb. Tn uoeonla.rni nated soils. only 1% of the Pb is associated with the
carbonate fraction. while the poniou ofPb in carbonates in contaminated soils
is much l~Tecr (up to 110%}- A nthropogr.n i~ Pb is mos1ly ~SSQ<~iared ,vi rh
carbonates and Fe-ox.ides (50- 80%), while natural Pb is primarily associated
with aluminosilica tes ( - 70%}. The anthropogenic Pb penetrating the soil
eventually replaces all the natural Pb including Pb associated with aluminosilicates.
Refer ences: [lj Han F. X. and Bani n A. (1995) Commun. Soil Sri.
Plmu Anal., 26, 553- 576.
IDENTIFYING METAL SULFIDE COMPLEXES lN FRESHW ATERS
USlNG LASER D ESORPTJON MASS SPECTROSCOPY. S. M .
Theberge, T. P. Rozan. and G. W. Lu ther Ill, College of Marine Studies,
Un iversity of Delaware, 700 Pilollown Road , Lewes DE 19958, USA
(thcbcrge @udel.edu; trozan@udel.cdu; luthcr@udcl. cdu).
lntroduction: Metal sulfide complellcs have been shown to exist and
play nn important role in trace metal lransport in oatuml waters £1-41.
However. U1ese results h;lVe come from indirect measurements of sulfide concentrations using square wave vollammetry (SWV) [5). ln this study. solutions cootaini ng different metals and sulfide (CuS, .PeS, PbS. nod ZnS) as
we ll as the sulfide minerals chalcocite. covcllite, PeS•m• gu lena, spbaelcrite,
and pyrilc were ana lyzed using laser desorption mass spectroscopy. Thj s
technique allowe.d for the detcm1in ation or the stoichiometry of each di ffcren t metal sulfide complex from the isotopic distributions. These resu lts were
then compared to botll similar analyses of conventionally fillcred (<0.45 J.IIU)
and ull:rnfillered (< 1000 MWJ river water to di rectly determine if aoy metal
sulfides complexes ell\sted in the oxic wotcr.

Metl10ds: AU analyses were conducted on a Finnegan FTMS 2000 laser
desorption mass spectrometer run in a negative ion mode. The laser source
is a CQ.,z laser with a l 0.6-Jlffi output. The ionization delay was set at either
I or 5 s.
Metal stock solutions were prepared daily in Nz purged water (Nanopure)
with reagent grade metal salts and sulfide solutions that were mad e with
wnshed crystals of NnzS 9H 20. All mixture concentrations were in tbe rnicromolar range, exceeding all individual solubility productS, Add.itionalJy,
some Cu and Zn sulfide solutions were passed though a spbedax column to
remove spectator ions.
Metal sulfide minerals were crushed to powder aod rinsed with distilled
water (Nanopurc) prior to analysis.
River water samples were conventionally filtered using a 0.2-t.tm Nucleopore polycorbooale ftlter. Several srunples were further ultrafiltered liSing a
Filtron ultrncassette with a 1000-MW cut-off. All filtered water was then
cooceotr.tted by freeze -drying to dryness.
Electrocb.ernical metb.ods were conducted following the procedure given
in [ L]. to summnry, sulfide was voltommetrically determined using caUJodic
stripping square-wave voltammetry (CSSWV) during an acid titration. Individual S species were ideotitied depending on the pH and increases in sulfide concentrations.
Results; TI1e resulting spectrum provided collaborJting resu lts to those
observed by voltammetry. Copper. Fe, Pb, and Zn sulfide complellcs were
all observed to have 1: I stoichiomelries. Additiona lly, Cu and Zn were observed to fom1 a second complex Willi a stoichiometry of .2:3. Copper formed
sulfide complexes with a wide variety of metal:suJ!ide ratios.
River water samples were found to contain Cu sulfides with 2:3 stoichiometries. Samples collected at high river discharges (and high suspended
particulate matter loads) had spectra similar to covellite. Samples collected
at lower discharges were found to resemble to laboratory solutions of Cu
sulfides with a 2:3 stoichiometry. A similar spectrum was observed for the
low flow uJtrafiltered samples. indjcating that these complexes were truly
dissolved.
Surprisingly. in the low-flow samples, Fe sulfides with a I:2 stoichiometry similar to pyrite were observed. However, these complexes were observed
in both the conventional filtrate and ultroftltrate. No PeS was observed, even
though trace amoullls were measured using CSSWV.
References: l lJ Rozan T . F. e.t aL (1999) Environ. Sci. Trch11ol., submitted. [2) Rozan T. F. and Benoit G. (1999) GCA, in press. [ 3) Luther
G. W. Ill aod Tsamak.is E. J. ( L989) Mar. Cilem .. 27. 165-177. l4J lllcberge
S. M. et aL (I 997) Deep-Sea Re.wwrdt/1, 44, 1381-1390. [5) Luther G. W. Ill
et al. (1996) Ertvirorr. Sci. Tecllllo/.. 30. 671-679.
OXYGEN-ISOTOPIC SYSTEMATICS OF IU:YKJANES RIDGE MIDOCEAN-RIDGE BASALT: CONSTRA1NfS ON TilE ORIGIN AND
COMPOSITION OF ICELANDIC PLUME MANTLE. M. F Thirlwall 1,
R N. Taylor2, D. P. Mattey•. C. G. Macpherson•. M. A. M. Gee•. and B. J.
MurtonZ, tDepartment of Geology, Royal Holloway University of London,
Egham, Surrey TW20 OEX, UK. 2 Southampton Oceanography Centre,
Bmpress Dock, Southampton S014 3ZH, UK (mal1hewt@gl.rbbnc.ac.uk}.
The Iceland plume is one of the most productive current mantle plumes.
responsible for the island of Iceland and the anomalously shallow ocean floor
in Ihe viciuity. Recent seismic tomographic work [ I] has indicated that tilt:.
plum<: originates at the core-rnant.le boundary and hence icelandic magmas
have the potential ro record some of the chemical properties of thls region.
e.g., elevated IB6Qs [2]. Many modem Icelandic tholeiites possess low l) t8{)
re lative to upper mant le values (e.g.. 3- 4.2%. for olivine [3). compared to
5. 15%o in xenoli th olivine [4)), wh.ich bas frequently been interpreted as the
result of crustal contamination of the plume meltS by low-l)tBQ basaltic crust
This interpretation is supported by AFC-type relationsh.ips and decreased
2lCYfh disequilibrium, but it is difficult to define 1)111() of the mantle component. This bas led to suggestions that /)t8() as low as 3%. may be present in
the plume man tle. Alternatively, if the plume man tle 1)180 value is indeed
simi lar to upper mantle values. the large bulk-mass assimilation inferred
would effectively eliminate the use of lct:landic lavas as indicators of coremantle boundary chemistry.
Assuming a contamination model. the uniquely low I)IBQ of Ice landic
lavas cOmpared 'vit11 other ocean island basalts is regarded as a consequence
of tht: alteration of lccl!llldic crust by very Jow·o18Q high·latirudc meteoric

LPI Comriburion No. 971

water in hydrothermal systems. Such a mechanism is clearly restricted to areas
that have been exposed to meteoric fluid circulation, and is prl'cluded from
operating on the mid-ocean ridges adjoining Jccland below Pleistocene
minimum sea level. The Reykjanes Ridge from 6o•-6J•N shows clear highprecision Pb-isoropic evidence [5) of bioary mixing between enriched Icelandic plume mantle and a MORB-Iike source not seen in Jceland. We have
determined li'SO by laser fluorination on olivine. glass. and plagioclase from
.20 Reykjanes Ridge lavas to define the 6180 value of enriched Icelandic
plume man1le. South of 62.4• , /il80 for olivine is ideutical to the average
upper-manr.Je value. apart from two samples at ss• that have anomalously high
lHe and Icelandic Sr-Nd-Pb isotopes. from 62.4"-63.0°, olivine ()18() reduces
to 4.5%o and shows a strongly curved hyperbolic correlation with J43Ndf1""Nd.
Such a relationship is very unlikely to be explained by crustal contamination. for although the oceanic crustal thickness increases toward Iceland.
correlation with crustal thickness is much weaker tlmn correlation wiUJ indices of plume mantle mixing, such as Nb/Zr and 14 3Ndf144Nd. Further. since
low-l\ 120 meteoric water cannot penetrale to the >200 m below sea-level
depths of these samples. there is no reason why other ocean-ridge sectors.
or ocean islands. should not show similarly low 6 1!0. F10111ly, where crusllll
cootamjoation bas been invoked as the cause of low 011!Q in Jceland. there
is no correlation observed or expe~:ted with 143Nt1J144Nc.J.
The hyperbola requires substantially higher Nd/0 ratios, and hence Nd
content, in the Icelandic plume component. Lead-strontium-neodymium-isotopic relationships dictate Lllat 143Ndf 144Nd in the plume component is significantly lower than the norlhemmost Reykjanes Ridge samples analyzed,
defining olivine I)IEO in the plume component to be 3-4%o. Use of tbt:
observed Nd contents of Reykjanes Ridge and enriched Icelandic primitive
lavas (N<VNdRR = 3.5) to model the hyperbola docs not yield sufficient curvature, implying that mixing along tl1e Reykjanes Ridge involves mixing
between mantle reservoirs, not melts. Source Nd1/NdRR of -14 is required to
generate the curvature, indicating that Icelandic lavas represent -4x greater
mean meil fractions than southern Reykjanes Ridge lavas, consistent wilh a
northward increase in crustal thickness from -7- 28 kro .
Low 1)18() in some Hawai' ian magmas has been attributed (6] to incorporation of recycled lower ocean crust. the only known major tow-6180
reservoir, in1o the plume mnntlc source. However, minimum ()180 values
observed for this are close to tbe estimnted li 16Q of enriched Icelandic plume
manlle, requiring an unacceptably large contribution from Ibis in view of
observed Os-isotopic ratios. Further, ()180-radiogcni c isotopic relationships
arc opposite to those seen in Hawai'i; it is not plausible that recycled lower
oceanic crust would generate relatively enriched radiogenic isotopic ratios.
An alternative mechanism for generating low l\ 18() rrlllY be found at the coremanUe boundary. Theoretical calculations based on iron-silicate: 0 fractionation. and observed S18Q-3He relationships. suggest that ()180 at the coremantle boundary may be some J%o lower than in the upper mantle [7). If so,
the bulk l\180 and Os isotopes of plumes originating here could be dominated
by the core-mantle interaction, while their Sr-Nd-Pb-isotopic compositions
were dominated by rcycled components.
References: [I] Bihwaard H. and Spakman W. (1999) EPSL, 166, 121126. [2] Brandon A. D. et al. (1998) Science, 280. 1570-1573. [3) Gee
M.A. M. et a l. (1998) J. Petrology. 39. 819-839. [4] Mnttey D. P. et al.
(1994) EPSL, 128, 231-241. [5] Tbirlwall M. F. ct al. (1998) Mineral. Mog.,
62A, 1507-1508. [6) Lassiter J. C. and HauriE. H. (1998) EPSL, /64, 483496. [7] Macpherson C. G. et al. ( I 999) in pn:paratioo.
PROTACTINIUM-231/URANIUM-235- THORIUM-230/URANIUM-238
SYSTEMATICS OF YOUNG VOLCANIC ROCKS FROM CENTRAL
AMERICA : CONTRASTING BEHAVIOR RELATED TO SUBDUCTION FLUXES? R. B. Thomas 1, M. M. Hirschmannt. H. Cheng'. R. L.
Edwards 1, and M. K. Reagan~. 'Department of Geology and Geophysics. University of Minnesota, Minneapolis MN 55455, USA (rebecca.b.tbomas- t @
umn.edu). 2Department of GeoJ(Jgy, University of Iowa. Iowa City lA 52242,
USA.
Recent work has shown that
is strongly fractionated from mu io
arc lavas [1,2]. indicating that lllp!l)2l5U may be a useful tmcer for (Dass
transfer processes in the source regions of arcs. Important manUe transfer
processes in arcs include melting and fluid mobilization from the subducting
slab. To belter understand the interplay between these variables. we arc
investigating 231p;J2lstJ.l30'Jnf2JSU systematics in Central America, where Llle
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slah input varies geographically. Subduction fluid influence on Costa Rican
(CR) lavas is inferred to be much less than on Central Nicaraguan (CN) lavas,
and lavas from southern Nicaragua have slab influence intermediate between
those from CN and those from CR [3]
We have combined new thermal ionization mass spectrometry (TIMS)
WPa measurements with HClThfl38U measured by alphn counting spectrost:opy [4] for eight young volcanjc rocks from CR and Nicaragua (Fig. I). All
arc from historical eruptions or from eruptions with known young nges. Data
for CR volcanos and the two southernmost Nicaraguan samples cluster in the
upper right quadra1.11. where both 230'Th and 231Pa are in excess relative to
their parent U nuclides. Samples from CN shown different trend, with simiJar 1231paf2l5U) to those observed in CR. but llOTh activities that are less that
Uteir l38U activities. Previous workel'.i have attributed 23tpa el\cesses in arcs
to the effects of partial melting. Tborium-230 excesses are generally believed
to result from partial melting in the presence of garnet. In contrast, (2l0Tbf
l38tJ) <I in arcs is believed to be a result of preferential migration of U from
the slab. Thus. the Paffh/U data from CR are likely to be primarily the result
of strong fractionation in the presence of garnet during melting, with little
or no influence of an U-rich slab fluid. This is consistent with evidence from
stable trace elements and long-lived isotopic systems that geoeraUy suggest
that subducted sediments and associated fluids play a minor role in CR [4,5).
The strong l3 1Pa excesses are difficult to explain by simple melting processes
unless melt fractions are restricted to below -0.1 %, indicating n likely role
for some form of ingrowth. percolative flow. or both.
lbe CN data are more dif11cult to explain than those from CR. Although
the observed 231t'f'b deficits are consistent with substantial addition of U from
slab-derived fluid, as previously inferred for CN (2-4], ll1paf235U excesses
should be similarly affected (i.e.. addition of U from the slab should reduce
both 2l!rfbl2l8U and 231paf235U). However, the (2l1paf23SU) excesses in CN
are ne-.trly as large as those in CR. 1bis is particularly puzzling because of
the positive correlation between mpa{!l~U and 2JCl"('br-38U observed from a
worldwide survey of arc lavas [1 ].
Several possible factors singly or io combination may explain the differences between CN and CR PafT'h/U systematics:
I. The 21 1Pa excesses in CN were affected by a U-rich slab fluid. and
so would otherwise have been larger than tbose from CR. 'Th.is explanation
is more attractive if some time passed between tluid addjtion from the slab
and melting (i.e .. there is some mpa ingrowth in the solid prior 10 melting)
und can be made consistent with simple quantitative models of fluid addition and melting, but requires tbat rnelt fractionation of 2Hpaf235U is little
reduced or even enhanced by fluid addition.
2. Protactini um is mobilized in Ute fluid. This is appealing because it is
Llle simplest model that explains how 23!rJb!Z38U decreases while U1paf235U
n..>rnains high. But it is djfficult to reconcile this model with the global positive
correlation between 2Jtpaf23SU 2l0Thf238U in arcs[!], which has generally
been attributed to reduction of 2JJ Paf2l~U by fluid addition.
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3. There is little or no garnet in the source region of CN lavas. In this
case, low 230'J'hi238U is generated in part by the greater compatibility of Th
relative to U in cpx. which may or may not be true for cpx's in arc source
regions. Regardless, this model requires an explanation for why the fluid-rich
CN source would lack garnet, whereas the fluid-poor CR source clearly has
garnet This may possibly be attributable to prior removal of garnet from the
CN source due to melting from extensive fluid fluxing.
References: [I] Pickett and Murrell (1997) EPSL, 148, 259-271.
[2) Thomas et al. (1998) Eos Trans. AGU, 79, 1003. (3) Herrstrom et al.
(1995) Geology, 23, 617-620. [4] Reagan eta!. (1994) GCA, 58, 4199-4212;
Reagan, unpublished data. [5] Carr et al. (1990) CMP, 369- 380.
A MULTIMETHOD APPROACH TO CORRELATING BENTON·
ITES FROM THE SILURIAN OF THE WELSH BASIN. J. Thorogoodl,
N.J. G. Pearce'. C. A. Bendall', D. K. LoydelJ2, R. Cave', and J. A. Evansl,
'Institute of Geography and Earth Sciences, University of Wales Aberystwyth,
Ceredigion. Wales SY23 3DB. UK, 2University of Portsmouth, Burnaby
Building, Burnaby Road, Portsmouth POl 3QL, UK, lfsotope Geosciences
Laboratory, National Environmental Research Council, Keyworth, Nottingham NG12 5GG, UK.
Bentonites are common in the Silurian of Wales and the Welsh Borderlands and can be used to correlate diverse facies (deep-water graptolitic and
shallow-water shelly) that occur in the Welsh Basin. Bentonites occur in both
facies, and are essentially isochronous as they were deposited in a matter of
days or weeks [1]. Their correlation rnay also identify the potential diachroneity of graptolite biorones across the basin [2]. Volcanic arc sources
have been postulated for these deposits, although no direct proximal or distal
source has been identified [3]. Isotope and geochemical analysis have been
used here to provide a signature for bentonites from the Llandovery and
Wenlock to enable correlations across the Welsh Basin (and possibly beyond)
and place constraints on their source(s).
The discrimination diagram of [4) indicates the <2-)lm clay fraction
derived from a silicic, mostly subalkaline source(s) ranging from andesite to
rhyolite (Fig. I). Results suggest changing/evolving source(s) from volcanic
arc in the early Silurian to within plate in the Wenlock [5]. The clay fraction
shows light REE enrichment and negative Eu anomalies.
Apatites were separated from the bentonites and analyzed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). Applying
the discrimination diagram of [6] to the single-grain data revealed several
magma sources in operation at any time. mostly from intermediate to alkaline sources. Comparing trace- and rare-earth-element data obtained from
single apatite grains has provided a series of tentative correlations (e.g.,
Fig. 2). Continuing factor analysis on both clay and grain analyses is being
applied to further substantiate these correlations.
References: [I ] Bergstrom S.M. etal. (I998) Temas Geoloigo-Mineros
ITGE, 23, 54-56. [2] Loydell D. K. (1993) in fligh Resolution Stratigraphy
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(E. A. Hailwood and R. B. Kidd, eds.), pp. 323-340, The Geological Society. [3] Fortey N. J. et al. (1996) Trans. Royal Soc. Edinburgh: Earth
Sciences, 86, 167-180. [4) Winchester J. A. and Floyd P. A. (1977) Chem.
Geol., 20, 325-343. [5) Pearce J. A. et al. (1984) J. Petrology, 25, 956-983.
[6] Fleischer M. and Altschuler Z. S. (1986) Neues Jahbruch Mineralogische
Monatshafte, 10, 467-480.
STRONTIUM AND NEODYMIUM ISOTOPES IN APATITES: THEIR
APPLICATION TO THE STUDY OF BENTONITES FROM THE
WELSH BASIN. J. Thorogood 1, N. J. G. Pearce 1, J. A. Evans2 , D. K.
Loydclll, and R. Cave!, 1Institute of Geography and Earth Sciences, University of Wales Aberystwyth, Ceredigion, Wales SY23 308. UK. 2Isotope
Geosciences Laboratory, National Environmental Research Council, Keyworth, Nottingham NG12 5GG, UK, lUniversity of Portsmouth, Burnaby
Building, Burnaby Road, Portsmouth POI 3QL, UK.
Bentonites have a bimodal grain size distribution, comprising clays
(mostly mixed layer illite/smectite) and detrital and pyroclastic grains. In the
Welsh Basin bentonites. the pyroclastic grains include euhedral heavy minerals such as zircon, apatite, and sphene, apparently unaltered by the local
low-grade metamorphism during the closure of the Tornquist Sea and Iapetus
Ocean [1,2].
Strontium-87/strontium-86 and 141Ndll«Nd have been measured for apatites from Silurian bentonites from Wales and the Welsh Borderland. Strontium and Nd concentrations determined by thermal ionization mass spectrometry (TIMS) are in good agreement with results from the laser ablation
inductively coupled plasma rnass spectrometry (LA-ICP-MS) study of single
grains. However, despite the fact the Sr isotopes show a range of values that
could be construed as magmatic, they show inconsistent behavior and spread
toward radiogenic Sr enrichment. Strontium disturbance is supported by a
Rb-Sr biotite age of 386.4 ± 5.4 Ma (Devonian). indicative of Sr disturbance
during the Acadian Orogeny as widely recorded by igneous rocks from Wales
[3].
Figure I shows Es, against ENd values. Most samples fall within the ENd
range of Welsh, Belgian, and Nova Scotian volcanic provinces (-3 to +4 )
[3-5]. There is no clear relationship between stratigraphic position and the
isotopic ratios, rather, it suggests numerous magma sources operating through
time. Single-grain apatite analysis by LA-ICP-MS also identifies the same
groups using an apatite discrimination plot (Fig. 2. La + Pr + Ce atomic%
vs. La/Nd atomic after [6]). Apatites from alkaline sources have higher LREE
concentrations than those from a more siliceous source.
The ranges of ENd values and magma types indicated are influenced by
several factors: actual amount of contamination. relative concentrations of
Nd in melt and contaminant, and isotopic composition of melt and contaminant [3].
References: (I) Samson S.D. eta!. (1988) Geology, 16, 444- 447.
[2) Samson S.D. et al. (1995) GCA, 59, 2527- 2536. [3 ] Evans J. A. (1989)
Unpublished Ph.D. thesis, London University. [6] Fleischer M. and Altschuler
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the Congo Basin and Brazil are about tbe same age (113-119 Ma.) [2) and
were formed during early rifting and separation of South America and Africa [3]. They both lack MgSO• salts and contain the very rare CaClrbearing mineral tachyhydrite [3]. A huge Late Cretaceous evaporite, the Maha
Sarakham Formation. carrying bedded sylvite. carnallite. and tachyhydrie
underlies an area of 60,000 km2 on tbe Khorat Plateau, northeastern Thailand and Central Laos [4).
Results from the ESEM-EDS analyses of nuid inclusions were obtained
for Mg, K, and Ca; Na and Cl were computed for halite saturation using the
Harvie-Moller-Weare (H-M-W) computer program [5). S04 was always below
detection. The major question to be addressed is whether the fluid inclusions
analyzed contained evaporated seawater. This is particularly important for the
Cretaceous halites from Brazil and Congo because they accumulated during
tbe early rifting phase of the south Atlantic Ocean and therefore might have
received ioflow waters other than seawater. One way to evaluate a seawater
parentage is to plot fluid-inclusion chemistries from several geographically
separated basins of about the same age. If each basin contains halite with
fluid inclusion compositions that fall along a distinctive evaporation path, and
if the paths for the various basins of the same age overlap one another, then
the implication is tbat the parent water had a uniform "global" seawater
chemistry. Additionally, the effects of nonmarine ioflow and syndepositional
recycling were not strong enough to greatly modify the overlapping evaporation paths.
The results from our ESEM-EDS analyses plotted on molality diagrams
sbow: (l) a well-defined evaporation path for tbe major elements for each
deposit that confirms that fluid inclusions analyzed are primary and formed
from evaporating surface waters; and (2) that overlapping evaporation pathways of the major elements from all three deposits suggests a common parent
water, seawater. and minimal influence of nonmarine inflow and recycling.
Cretaceous seawater chemistry was determined using the H-M-W computer program and assuming mc1 Cretaceous m 0 modern seawater. The
major-element concentrations in Cretaceous seawater were calculated to best
fit the evaporation path defined by tbe Cretaceous fluid inclusions. The
calculated Cretaceous seawater chemistry shows that K was -40% greater and
Mg was 30-40% lower than modern seawater. Calcium was enriched in Cretaceous seawater, and Ca was greater than so•. but the amounts of each
cannot be determined from chemical analyses of fluid inclusions in halite.
Precipitation of gypsum during evaporative concentration of seawater removes·
Ca and
in equal molar amounts. The amount of gypsum precipitated is
unknown and therefore the initial concentrations of Ca and S04 in seawater
before evaporation and precipitation of gypsum is unknown. If we assume
modern seawater S04 concentrations, Cretaceous Ca was -300% of that in
modern seawater. If Cretaceous S04 was half the modern concentration.
Cretaceous Ca was -200% above modern seawater Ca.
Recently, Hardie [I) predicted changes in the chemical composition of
Phanerozoic seawater conttolled by relative changes in the amount of river
influx and mid-ocean-ridge hydrothermal water flux. The H-M-W computer
program was used to "evaporate" Hardie's predicted Cretaceous seawater [l]
(enriched inCa and K and depleted in Mg, Na. and SO• relative to modem
seawater), and this calculated evaporation path closely matches the majorelement chemical composition of fluid inclusions in Cretaceous halite (except K). These results strongly support the hypothesis that seawater has
undergone significant changes in major-element composition in the past.
References: [I] Hardie L. A. (1996) Geology, 24, 279-283. [2) Palmer
A. R. (1983) Geology, JJ, 503-504. [3] Wardlaw N. C. (1972) Econ. Geol.,
67, 156- 168. (4] Hite R. J. and Japakasetr T. (1979) Econ. Geol, 74, 448458. [5] Harvie C. E. et al. (1984) GCA, 48, 723- 751.
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Fig. 2. Apatite discrimination diagram based on single-grain laser ablation
ICP-MS analysis.

Z. S. (1986) Neues Jahbruch Mineralogische Monatshajie, 10, 467-480.
(4] NobleS. R et al. (1993) Geol. Mag., 130, 835-846. [5] Keppie J. D.
et al. (1997) Geol. Mag., 134, 425-447.
CHEMICAL COMPOSITION OF CRETACEOUS SEAWATER:
RESULTS FROM ENVIRONMENTAL SCANNING ELECTRON
MICROSCOPE-ENERGY DISPERSIVE X-RAY SPECTROMETRY
ANALYSES OF FLUID INCLUSIONS IN MARINE HALITES. M. N.
Timofeeffl. T. K. Lowenstein 1, and L.A. Hardie2, !Department of Geological
Sciences and Environmental Studies, State University of New York at
Binghamton, Binghamton NY 13902, USA (bf21297@binghamton.edu;
lowenst@binghamton.edu), 2Department of Earth and Planetary Sciences,
Johns Hopkins University, Baltimore MD 21218, USA (bardie@gibbs.eps.
jhu.edu).
Auid inclusions in halites from three Cretaceous evaporites were analyzed
via environmental scanning electron microscopy-energy dispersive X-ray
spectrometry (ESEM-EDS) to test the hypothesis that seawater chemistry has
fluctuated in the past, in rhythm with rates of ocean crust production and midocean ridge hydrothermal activity [I). The results indicate Cretaceous seawater differed significantly from modern seawater, enriched in Ca and K,
depleted in S04 , Mg, and Na, with Ca>S04. This is not unexpected because
the Cretaceous was the time of maximum mid-ocean crust production during
tbe Phanerozoic Eon.
Sixteen fluid inclusions from Cretaceous halite, Congo Basin, seven fluid
inclusions from the Sergipe Basin, coastal Brazil, and 22 nuid inclusions in
halite from the Khorat Plateau region of Thailand and Laos were analyzed
using the ESEM-EDS technique. Lower Cretaceous (Aptian) evaporites from

so.

CHEMICAL COMPOSITION OF PERMIAN SEAWATER: RESULTS
FROM ENVIRONMENTAL SCANNING ELECTRON MICROSCOPE-ENERGY-DISPERSIVE X-RAY SPECTROMETRY ANALYSES OF FLUID INCLUSIONS IN MARINE HALITES. M. N.
Timofeeffl, T. K. LowensteinI, and L.A. Hardiez, I Department of Geological
Sciences and Environmental Studies, State University of New York at Binghamton, Binghamton NY 13902, USA (bf21297@binghamton.edu; lowenst@
binghamton.edu), 2 Departmeot of Earth and Planetary Sciences, Johns
Hopkins University, Baltimore MD 21218, USA (hardie@gibbs.eps.jhu.edu).
Fluid inclusions io marine halites from the Permian Salado Fonnation,
New Mexico, and the San Andres Formation, Texas, analyzed using environ-
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menta l scanning electron micrscopy- cnergy-dispersive X-ray spectrometry
(ESEM- BDS) show that Permian seawater was different in major element
chemical composition than modem seawater, enriched in K and depleted io
Mg and S04 . The ESBM -EDS technique involves chemical analysis of individual primary fluid inclusions :>30 f.lm in size. Thirteen fluid inclusions
from the Salado Formation and 52 incl usions from the San Andres Forma·
tiou ;umlyzed via ESEM-BDS were compared wi th 49 fl uid inclusion analyses from the Salado hal ites [ I] and 20 ana lyses from the Zechstein evaporites
of Poland [2).
The latest Permian Salado evaporites (Ochoan Series) d isp lay m-scalc
shallowing upward cycles and contain halite with the MgS04 salts po lyhal ite
and k.ieserite [3). The evapori tes of the San Andres Formation, Palo Durn
busin in the Texas panhand le, are from the late Permian Guadalupian series
[4]. They are cyclical carbonate/anhydrite/halite deposits that lack potash salts
and formed in a marginal marine setting [4,5]. Halites from the low~~~ (ZI)
of four large-scale stratigraphic cycles of the Polish Zechstein evaporites [2)
are - 25 1-258 Ma, close in age to the Salado and San Andres evaporites.
Results from the ESBM-EDS analyses of fluid inclusions were obtained
for Mg, K. and S0 4 ; Na and Cl were computed for halite saturation using
the Harvie-Moll er-Wcare (H-M-W) computer program [6 ]. Calciu m was
always be low detection. Several questions mus t be addressed before interpreting the analytical results. Assuming fl uid inclusions contain trapped surface
waters. then proving these waters are related to evnpor.ued seawater is difficult because hal ite can form in n variety of nonmarine settings. One way
to evaluate a seawater parentage is to plot fluid incl usion chemistries from
several basins of about the same nge. If each basin contains h;~lite witb. flu id
inclusion compositions tbiit fall along u distinctive evapor.1tion path, and if
the paths for the various basins of the same age overlap one another, then
the implication is that the parent water had a uniform "global" seawater
chemislry. Additionally, the effects of nonmarine inflow and syndcpositional
recycl ing were not strong enough to greatly modify the overlappi ng evaporation patbs.
TI1e resu Its from our ESEM-BDS analyses and tlte data of [I ,2] plotted
on molality diagrdms show (I) a well -defined evaporation path for the major
elements for each deposit, which confirms that llu id incl usions analyzed are
primary and formed from evaporating surface waters: and (2) that overlapping evaporation pathways of the major elements from all three deposits
suggest a common parent water. seawater, and minimal inlluem:e of nonmarine in flow and recycling.
Permian se.awatcr chemistry was determined using tltc H-M-W computer
program and assuming me1 Permian = me1 modern seawater. The majorelement conccntrJtions in Pe.rm.iao seawater were calcu lated to best fit the
evaporation path defined by the Permian 11uid inclusions. The c alculated
Permian seawater chemistry shows that K was -50% greater and Mg was 1520% lower tban modem seawar.er. Calcium was less than S04 in Permian
seawater but th.e amounts of each callJlol be determined from c hem ical
analyses of fluid inclusions in halite. Precipitation of gypsum during evaporative concentration of seawater removes Ca and S04 in equal molar amounts.
The amount of gypsum precipitated is unknown and therefore the initial
concentrations of Ca and S04 io seawater before evapor.1tion and precipitation of gypsum are unknown. If we ass ume modem Sl!llwater Ca concentrations, Permian S04 was about half that in modem seawarer. If Permi an Ca
was twice t!IC modern concentration, Permia n sulfate was -I 5% below
modem seawater sulfate.
Recently. Hardie [7] predicted cha nges in the chemical composition of
Phanerowic seawater controlle.d by relative changes iu the amoun t of river
influx and mid-ocean ridge hydrothermal water fl ux. The H-M·W computer
program was used lo "evaporate" Hardie's pred icted Permian seawater [71
(enriched in Ca and K and depleted in Mg and S04 relative to modem
seawater), and this calc ulated evaporation palh closely matches the majore lemeu t chemical composition of fluid incl usions in Permian halite. These
res ults strongly support the hypothesis that seawater has undergone significan t changes in major-element composition in the past.
References: [II Horita J. et al. (1991) GCA, 55. 417-432. [21 Peryt
T. M. and Kovn lcv ich V. M. (1996) Geol. Polaontol. Teil., 337-356.
13] Lowenstein T. K. ( 1988) GSA Bull.. 100, 592-608. [4] Hovorka S. (1987)
Sedimentology, 34, l029-1054. [5) Fracasso M. A. and Hovorka S. D. (1986)
Bur. of E('(m. Geol. Rep. of Jnvesrignrirm ., , No. 156, Texas Bur. of Econ.

GeoL , 48 pp. [6] Harvie C. E. et al. (1984) GCA. 48, 723-751. [7) Hardie
L. A. ( 1996) Geology, 24. 279-283.
STRATIGRAPHIC RECORDS OF BLACK CARBON FROM LAKE
SEDIMENTS AS ARCHIVES OF CONTINENTAL ENVIRONMENTAL CHANGE. W. Tinncr and F. S. Hu, Department of Plant
Biology. 265 Morrill Hall, Un iversity of Illinois. Urbana IL 61801, USA
(fshu@life.uiue.edu).
Introduction: The abundance and size distribution of charcoal in lake
sedime.nts arc commonly used by pa leoecologis ts to inferfire history in relation to natural (e.g., vege tation and climate) and anthropogen ic ch;111ges.
For this purpose, various techniques have been developed to quantify charcoal in lake sediments in the past two decades. This presentation will provide an overview of charcoal in lake sediments as a paleoenvironmental
indicator, followed by a discussion on the strengths and limitations of major
existing techniques for charcoal analysis. Two case studies from North
America and Europe will then be eJCamined to illustrate intetactions among
frre.. vegetation, climate. and human disturbance during the late Glacial and
Holocene. These case studies represent t:wo different biome types where fires
play an essential role in vegetation structure, ecosystem function. and biogeochemical cycling, but the relative importance of climatic vs. anthropogenic
fnctors differs greatly in controlling ftre occurrence between the two systems.
ResuJts and Discussion: Wien Lake (64°20'N, 152°!6'W) is located in
the modem closed boreal forests of centra l Alaska. where f!Ie occurre nce
during the late Quatemary was pri marily driven by climate and vegetation
variations. Microscopic charcoal analys is of a lake-sediment core from tl1is
lake shows increasing charcoal abundance from 12.200 to 11,000 yr <~go,
suggesting that Betula shmh tundm in the region be.came increasingly fireprone in response to biomass increases and dry climatic conditions. A marked
dccrca~e in charcoal influJC 9800-10,800 yr ago suggests a reduction of shrubtundra fires, which was probably caused by a climatic cooling during the
Younger Dryas. Following an early-Holocene increase. charcoal influx rates
decrease substantially 7200-8500 yr ago, like ly reflecting a transitory decrease of boreal forest fires during an episode of climatic cooling. Charcoal
influx mtes incre.ase with the establishment of modem closed bon-.a l forests
dominated by Picea mariana - 6500 yr ago. This charcoal record provides
strong evidence that c limate change exerted a detcmtinistic control over fire
occurrence.
Lago di Origlio (46•0J'N, s•s7'E) is a lake in the southern Swiss Alps
surrounded by temperate chesl'llut-oak forests and small patches of cultivated
land. Microscopic charcoal analysis of the sediments revea ls that charcoal
abundance 9300-14.500 yr ago is similar to that of the same period at Wien
Lake. A marked decrease of charcoal influx also occurs 9800- 10 .800 yr ago
at Lago di Ori glio, suggesting that the Younger Dryas cooling diminished
forest fire incidence. Charcoal ioOux increases during the early Holocene but
then decreased to reach a minimum -7500 yr ago. Subsequently human
activities gruduully replaced climatic factors as the dominant control over the
regional fire regime. During the Neolithic (3900-6500 yr ago) natural forests were greatly altered by anthropogenic fires, and certain natural vegetation species (e.g., Abies alba) disappeared partia ll y or completely in favor
of lire-tolerant species that expanded to form new fire-adapted vegetation
types. The charcoa l record from Lago d i Origlio documents t11e cent:ral role
of forest fires as a human too l for land usc.
ln add ition to paleoecological appl ications. charcoal analysis of lake
sediments offefS information on the biogeochemical significance of black
carbon in terrestrial systems. For example, charcoal influx rates at Wien Lake
are broadly consistent with those from other borenl sites in North America
and Europe, with a mage of 0.1-2.8 mm2 em-• yr-1 . By making various
assumptions, we have estimated the abundance of black carbon in boreal lake
sediments and soils. Our results suggest that the mean mass influx rttte of
blnck carbon is -42,000 g km-2 yr-1, with a wide range of 3500-98,000 g
km-2 yr- t in Alaska, Quebec, and Finland. If the modem boreal forests of
tbc world became established -7000 yr ago on ;1verage. this influ.~ r.1te is
equivalent to an accumulation of 3.528 x 1012 g b lack carbon in boreal
sediments and soi ls duri ng this period. This black-carbon pool represents only
a small fraction of organ ic C in the boreal system. Given tbc high frequen-
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cies of forest fues in boreal regions, the fraction of biomass and soil organic
matter converted to COz during fire events, and the associated release of
nutrients likely play a greater role in biogeochemical cycling than does the
pool of largely recalcitrant black carbon.
LITHIUM-ISOTOPIC GEOCHEMISTRY OF MONO LAKE, CALIFORNIA. P. B. Tomascak, N. G. Hemming, and S. R. Hemming, LamontDoherty Earth Observatory, Columbia University, Route 9W, Palisades NY
10964. USA (tomascak@ldeo.columbia.edu: hemming @ldeo.columbia.edu;
sidney@ldeo.columbia.edu).
Introduction: Mono Lake is the modern vestige of Pleistocene Lake
Russell and is one of the major long-lived closed-basin lakes of the Great
Basin of the western United States. It is extremely alkaline and saline. Lake
level over the last -13 ka has fluctuated by -180m [ 1). Many previous lake
high stands are marked by deposits of carbonate (tufa), much of which has
been dated [1,2). Although -85% of its water budget derives from Sierran
streams [3), our data indicate that springs current.ly provide the bulk of the
Li to the Jake. This report is part of a larger project with the goal of using
modem isotope and elemental distribution between lake water and carbonate
precipitates to trace the geochemistry of the lake back through the Holocene
and perhaps the Quaternary. Hence, an understanding of the modem Liisotopic budget of Mono Lake is essential.
The Li concentration of Mono Lake is very high, and the isotopic composition is considerably heavier than those of any of the representative
measured inputs. The Li-isotopic composition of lake water does not vary with
depth nor does it show temporal or seasonal variability over the -2.5-yr period
of our sampling (o7Li -20). Thermal and groundwater springs sampled in
1996 supply water with IPLi of 7.8, although the two have appreciably
different Li concentrations. The -12%. offset between the Li-isotopic compositions of Jake and spring waters is broadly similar to the present isotopic
offset between oceanic and ambient riverine Li (4]. Water samples from the
dominant Sierran stream to the lake, Rush Creek. are also lighter isotopically
than Jake water, and demonstrate little temporal variability (0 7Li = 12.2 for
Fall 1996 sample, I 1.0 for Spring 1999).
Lake bottom sediments are dominated by silt- and clay-size detrital silicates of granitic and felsic-intermediate volcanic provenance, and clay minerals are rare [5]. Carbonate makes up 6-15% of lake bottom sediments. The
spectacular tufa towers at Mono Lake are known to result from the interaction of alkaline lake water and cation-rich spring water. Interestingly, although
the tufa examined is Li rich, its formation appears unimportant in terms of
the Li-isotopic budget of the lake. It bas 1)1Li slightly heavier than lake water
(22.5). This tufa crystallized withln months if not days of sampling, so it is
unlikely that its isotopic composition has been corrupted by postcrystallization processes. Thus, it is anticipated that tufa will record Li-isotopic com-

positions of past lake water and that these measurements can be linked to
hydrologic and/or climatic changes within the paleolake system.
Given the -I ()lx concentration difference, it is not remarkable that mixed
Jake-spring water I .5 m from the spring orifice is dominated by lake Li and
that its IFLi is within uncertainty of lake water (21.3), similar to tufa that
crystallized in this zone. Whereas tufa is not enriched in 6Li, the light Li sink
remains to be discovered. Clay minerals have exchange properties that make
them attractive candidates for producing the observed mass fractionation.
However, in as much as Jake sediments contain only minor proportions of
clay minerals, the predominant agent of fractionation is likely not to be clays.
This condition is analogous to that of the contrast in composition between
the world's oceans relative to river and hydrothermal inputs. Due to the small
size of Mono Lake (-I 80 km2), we are optimistic that the fractionation
mechanisms here can be discovered, and that the same process may be
important on a global scale.
References: (1) Benson L. V. ct al. (1998) Quat. Res., 49, 1-10.
[2) StineS. W. (1987) Ph.D. thesis, Univ. California, Berkeley, 614 pp.
[3] Neumann K. and Dreiss S. J. (1995) Water Resources Res., 31, 31833193. (4) Hub Y. et al. (1998) GCA, 62, 2039-2051. [5) Newton M.S. (1994)
SEPM Spec. Pub., 50, 143- 157. [6) Tomascak P. B. et al . (1999) Chern.
Geol., 158, 145-154.
GOLD ADSORPTION ON GOETHITE AND HUMIC ACID-COATED
GOETHITE. T. Tosiani, Institute de Ciencias de Ia Tierra, Universidad
Central de Venezuela, Aptdo. 47509, Los Cbaguaramos 1041-A, Caracas,
Venezuela (ttosiani @strix.ciens.ucv. ve).
Natural organic matter (NOM) in surficial or groundwater exists as a
variety of molecular sizes and complex mixture of polyfunctional organic
compounds. Adsorption of these organic compounds onto inorganic colloids
can alter the physicochemical properties of the solid. Although many clas·
sical adsorption models have been developed, little consideration bas been
given to desorption modeling, so that in environmental systems it may be
inappropriate to consider a completely reversible or irreversible reaction (I).
Increasing evidence attests that various physical and chemical processes
can mobilize and redistribute Au on surface environments. Dissolution of
elemental Au with the aid of many inorganic and organic ligands, and subsequent transport and deposition in response to changes in various physicochemical parameters has been extensively studied. Adsorption of Au is
probably an important process in determining the extent of gold mobilization and secondary dispersion in natural environment. Previous studies re·
lated with the adsorption of Au complexes on many mineral surfaces have
been carried out; some more recent are related to the adsorption of Au on
goethite (2). However in the nature the presence of humic acids in soils and
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TABLE I.
Sample
(year-number)
mono 96-2
mono 99-2
mono 96-9
mono 96-13
mono 96-10
mono 96-10
mono 99-10
replicate
mono 99-15B
mono 99-15D

30 I

2,5
Sample Type

Li (ppm)

li'Li

Rush Creek
Rush Creek
thermal spring
groundwater spring
Jake water (8 m)
lake water (24 m)
lake surface water

n.d.
0.002
0.30
0.032
I 1.5
12.7
10.3

Jake-spring mix
fresh tufa

0.76
14.1

12.2
110
7.8
7.8
20.1
19.3
19.8
20.3
21.3
22.5

Isotope measurements by MC-ICP-MS at LDEO and at the Carnegie Institution of Washington (reproducibility ±l.l%o, 2o population [5)). Lithium
concentrations determined by flame atomic absorption spectrometry (AAS)
(estimated uncertainty ±1.5%, 2s). n.d. =not determined.
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Fig. 1. Humic acid adsorption and desorption on goethite (20 gfm2) at pH =
4 - 5 and NaCI = O.oJ N.
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Fig. 2. Gold adsorption on goethite and goethite coated with NOM, at pH =
4 .0-4.5 and NaN03 =O.ot N.

natural waters, play an important role on change the surface characteristics
of these iron oxihydroxides. The objective of this preliminary study was to
verify and extend the previous studies by investigating the adsorption of
Au(fil)-chloride by goethite and NOM-coated goethite.
The humic acids used in these experiments come from the Paragua River
(Venezuela), extracted using successive freezing and later liophilization [3].
The goethite was synthesized starting from ferric nitrate and potassium hydroxide at 60•C during 8 d, resulting in a well-crystallized goethite with a
surface area of 20 m2/g. The experiments of adsorption of humic acids on
the goethite indicate a maximum adsorption of 2.5 mg Clm2 at pH 4-5 with
a very high histeretic behavior, where the desorption is very small, with a
final concentration of 2.2 mg Cfm2 (Fig. 1). The goethite color is ocher, and
after the adsorption of the humic acids, it takes a brown coloration in spite
of the successive washing with water. The adsorption of humic acids is more
efficient at pH= 2, while at pH = 10-12 the adsorption is almost null.
The adsorption of gold (AuCI 4- ) was measured in suspensions of pure
goethite and coated goethite. both to a concentration of 0.5 g/L, at pH = 4.04.5 with an ionic strength of NaN0 3 = O.QI N. The results indicate a enhanced
capacity of Au adsorption from 4 to 6x when the goethite is coated with
humic acids (Fig. 2)
In conclusion, the high adsorption and the histeretic behavior of NOM
on the goethite at pH = 4-5, especially in tropical regions, could be the
common surface characteristic of these oxihydroxides, and this property may
contribute to enhance the secondary dispersion of Au near ore mineral deposits.
References: [I] Boaohua G. et aL (1995) GCA, 59. 219-229.
[2] Machesky L. et al. (1991) GCA, 55, 769-776. [3] Martinez. E. and L6pez
E. C. (1995) Proceeding of llllnt. Cong. Of Ener!JY, Envir. and Tech Innovation, 293-298.
THEORETICAL EVIDENCE FOR COPPER THIOARSENITE
COMPLEXING. J. A. TosseU, Department of Chemistry and Biochemistry.
University of Maryland, College Park MD 20742, USA (tossell@chem.
umd.edu).
Introduction: To obtain an atomistic understanding of the structure and
stability of the copper thioarsenitc complex characterized experimentally by
Clarke and Helz (UMCP) we have carried out quantum mechanical calculations on several isomers of that complex, a number of related complexes
and the corresponding uncomplexed ligands. Using an ab initio molecular
orbital approach which includes electron correlation (second order MollerPiesset perturbation theory using a polarized double zeta valence orbital basis
and effective core potentials) we calculate the lowest energy isomer to be
CuS(SH)As(OH) (with bonds from Cu to S , SH and As) which has a calculated enthalpy of formation [from Cu•(aq) and AsS(SH)(OH)·(aq)] of about
-110 kJ/mol. If entropic effects are ignored, this gives a log K value at room
T of about 19.1 for the formation constant, (fortuitously) close to the value

of 19.8 determined experimentally. More significantly, our method reproduces
the experimental trend in log K values for the formation of the simpler
complexes CuCI2-, Cu(SH)2- and Cu(CN) 2- and allows us to understand why
the CuS(SH)As(OH) complex is so stable. We find that the complexes of Cu•
with AsS(SHh-. AsS(SH)(NH2 )- and AsS(SH)(CH3)- are also very stable (log
K from 15.3-19.3), while the complexes with related As(V), P(lll) and P(V)
S-containing ligands are considerably less stable (log K from 4.6 to 9.3). For
the complex formed from the purely oxidic ligand AsO(OH)2- , the calculated
log K value is -9.2. The determining chemical characteristic of the strongly
complexing ligands is the presence of two coordinating S atoms (one-s and
one - SH) and an electron-rich As center. When the OH group on As is
replaced by the strongly electron withdrawing F, the Cu-As bond is broken
and the stability of the complex is greatly reduced. We have also calculated
deprotonation enthalpies and estimated acid-dissociation constants for
As(OH)3, As(SH)(OH)2 , As(SHh(OH) and As0(0H)3 . In agreement with
expectation, we calculate As0(0H)3 • As(SH)(Oflh and As(SHMOH) to be
much more acidic than As(OH)3 • Thus, As(SHh(OH) is strongly deprotonated
ncar neutral pH and its anion complexes very strongly with Cu•(aq), while
As(OHn exists mainly as the neutral molecule, and neither it nor its anion
complexes significantly with Cu•. Preliminary studies indicate similar strong
complexation with thioarsenites for other "soft" cations, such as Ag•.
ARGON IN MII).()CEAN-RIDGE BASALTS AND Wmi GLASSES
AND IMPLICATIONS FOR TIIE EVOLUTION OF TIIE EARTII'S
MANTLE. M. Trieloffl. M. Falter1, and E. K. Jessberger2, 1Max-Piancklnstitut fur Kemphysik, Saupfercheckweg I, D-69117 Heidelberg, Gennany
(trieloff@pluto.mpi-hd.mpg.de), 2Institut fur Planetologie, Wilhelm-KJemmStrasse 10, D-48149 MUnster, Germany.
Noble-gas geochemistry is a tool of growing importance to obtain information on the early history and composition of the Earth that otherwise is
inaccessible. As contamination of mantle-derived rocks by atmospheric-type
noble gases is the most severe problem in elucidating the isotopic state of
the mantle, we pursued a three-fold strategy to unravel the isotopic composition of Ar in MORB and Loihi glasses. (I) We separated mantle and atmospheric components by high-resolution step-beating and step-crushing, e.g.,
by gas extraction in 15-22 beating steps instead of typically three. (2) We
selected mantle samples that were already demonstrated to be most pristine.
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Fig. I. Argon-40/argon-36 ratios vs . extraction temperature determined in
selected MORB and Loilti glass samples. Maxima represent the current best
values for the isotopic state of the mantle source.
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We analyzed submarine basalt glasses with the ltighcst 20Ncf22Ne and 40AJ/
l6Ar ratios previously detcnnined, including the prominent "popping rock"
2nD43 [1-3) and glasses dredged in 3- 5 km depth nt the southern rift zone
of Loilti seamount [4]. (3) We monitored the componeots thut are dissolved
in the glass by a novel approach, step-beating after neutron irradiation.
Neutron induced 39AJ, 37Ar, and 3KAJ !lie derived from K, Cn, and C•, respectively. Their release pattern characterize Ar components that ure homogeneous within the glass. Heterogeneously distributed Ar then is identified
by different degassing characteristics.
Our results clearly demonstrate that mantle Ar is partitioned between
vesicles and basalt glass depending on vesicu larity. In high-vesicul;IT glasses,
manUe AI prefeTli to reside io vesicles, whereas in low-vesicular g lasses 3 large
fraction is homogenously dissolved in the glassy matrix. Atmospheric Ar
generally is heterogeneous ly distributed and most probably introduced at
eruption. The high-resolution step-heating and step-cruslting analyses improved the definition of the isotopic st.ate of the Earth's upper mantle (wn)
and the Hawai'ian plume reservoir (pi) to ~Arf36Ar = 30,000 and = 6,000
(Fig. 1), respectively.
In addition, we find the remarlulble relationship: (4fiAJtJ 6 Ar)rm/(~Ar/
36AJ)P1= (4HetlHe)luJ/(4HeflHe)p1"' (21Ne'"flZNc)011/ (liNc·t22Ne)pJ where 21Ne"
is nucleogenic 21Ne. Such a relation between radiogenic (or nucleogenic) and
primordial nuclides implies that the Earth's mantle He-Ne-Ar and K-Tb·U
compositions were homogeneous early in Earth history. While He and Ne were
of solar type, Ar was dominated by a plane1ary or atmospheric component.
The latter is indicated by the l6Arf3BAr ratio [e.g., 5) as well as by the
!ONeJ36Ar ratio (3). Regarding evidence of atmospheric rather than planetary
or solar composition of nonradiogenic Xe and Kr isol.opes in MORB g lasses
[6.7], litis indicaLes selective admixing of heavy atmospheric noble gas isotopes into the mantle very early in Earth's history. Such a scenario can be
reconciled with (but doe.s not require) steady-stale models oflbe upper mantle.
References: (lj Staudacher T. eta!. (1989) EPSL. 96, 119. (2J Burnard
P. et al . (1997) Science, 276. 568. [3] Moreira M. et al. (1998) Science, 279,
ll78. [4] ValbrJcht P. 1. et al. (1997) EPSL, 150, 399. [5] Poreda R. and
Farley K. {1992) EPSL. I 13, 129. [6] Kunz J. et al. (1998) SriCnCI!, 280, 877.
[7) Kunz J. and Allegre C. J. (1999) J. Con]. Abstr., 4(1 ), 366.

HOW DOES QUARTZITE WEATHER? A GEOCHEMICAL STUDY
OF PROTEROZOLC QUARTZITE IN THE SEMIARID REGIONS
OF DELHI, INDIA. J. K. Tripathi and V. Rajamani, School of Environmental Sciences, Jawabarlal Nehru Univers ity, New Delhi ll0067, lndia.
Quaru is known to be the most resistant rock- forming mineral during
surface weathering. However, a quartzite. a rock containing more than 98%
quar12.. is shown to b.uve Ttlllny weathering features that resemble ll1ose in
limestones (I]. The nature of quartzite weathering and the mechanism for the
formation of geomorphic features in quartzite are not understood. In the area
around Delhi and Haryana, middle to late Proterozoic, metamorphosed quartzite occurs as a series of s ubparallel ridges. Hard, compact, and bouldery
quartzite OCCUTli on top of the ridges as lllrS and domes. On the flanks, the
rocks have undergone extensive weathering in and around fractures, oriented
subparallello the surface, through infi.Jtrntion of meteoric wuter. In extensively
weathered zones, the quartzite has become friable reddish sands which are
mined for construction works. Large boulders left over within the weathered
zones and on top of the ridges show the development of one-half 1.0 one meter
thick. color and texture zoned weathering rinds. Mineralogical and geochemical changes accompanying rind development within quartzite con raining more
than 98% quartz were studied to better understand the weathering mechanisms under semiarid conditions of Delhi region .
Unweathered quartzite includes a few grains of muscovite , biotite. feldspar. rourro;1line, calcite, and pyrite, together malcing up to 2%. Occasionally
large crystals of pyrite occur in visible conceniJ'ations, up to several percents.
ln the weathering rind, the fresh rock is followed by a wltite compact zone,
then a pink. Jess-compact zone, and finally by a red friable outer zone. The
main secondary mineral formed in the while zone is a few percentage~ of
kaolinite by the breakdown of all primary minera ls with the exclusion of
quartz. The progressive weathering resulted in the loss of Ca. Na. and K with
ac.companying increase in the Chemical index of Alteration (CIA); REE and
AI show an increase in the white zone beca11se of illuviation processes; the
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REE show no fractionation as a result of weathering (i.e., the REE patterns
remain invnriant excepting a slight fiattening because of lhe greater mobility
of HREE); and the outer f1iable zone has gained Fe. We suggest that all the
mineml and chemic:1l changes were effected by the dissolution of pyrite by
rainwater; sulfate-bearing acidic solution broke down the primary silicates
aod quantitlltively mobilized the REE toward the clay-fonning weathering
front; Fe1 • io solution reacted with quartz groin surfaces to form hydrous fer·
rous silicate layers; these layers broke down in near-surface oxidizing conditions to form goethite (red-coatings), and the silica was releas~d to the
solution [2]. Therefore. the outer part became friable and gained Fe as ferric
oxi-hydroxide coatings. Thus the presence of sulfides. albeit present in small
amounts, makes quartzite weatherable even under semi-arid conditions for
the terrain to acquire a rugged topography.
References; [I] Wray R. A. L. (1997) Eanh Sr.i. Rl'l'.. 42, 137-160.
[2) Morris R. C. and Fletcher A. B. (1987 ) Nature. 330, 558-561.

NON-CONSERVATIVE MOLYBDENUM BEHAVIOR IN SEAWATER. C. B. Tuitl and G. E. Ravizza2, 'Mail Stop 8, Woods Hole
Oceanographic Institution, Massachusetts institute of Technology/Woods Hole
Oceunograpltic Institution Joint Program, Woods Hole MA 02543, USA
(ctuit@wboi.edu), 2Mnil Stop 22, Department of Geology and Geophysics,
Woods Hole Oceanographic Institution. Woods Hole MA 02543. USA.
Introduction; The current li terature holds tb.at Mo is conservative in
seawater, despile itS role as a critical micronutrient [1,1]. Molybdenum is
uti lizcd in both nitrogenase, the enzyme responsible for N fiXation, and nitrate
reductase, the enzyme required for denitrification. Cells that are actively fixing N require 125x more Mo than cells with access to a N source [3]. This
implies that regions of active N-fixation may l'..\rubit Mo depletions. Nitr.lte
re.duct.ase requires 30-fold ll'ss Mo than nitrogeoase, but it is an extremely
common enzyme, required by all organisms that use nitrate as a N source
[4]. In suboxic regions, Where nitrate becomes the tenninal electron acceptor, the niiJ'atc reductase activity may became large enough 10 drawdown
dissolved Mo from tbe water column. Previous measurements of Mo profiles
in the North Pacific, a region where \Vatcr-column denitrification is common,
runt at subtle variations in the upper 300 m, though Collier determined the
profile was conservative within sample precision (I]. This study reexamines
Mo water-column profiles in regions of active N-!ixation and denitrification
using a high-precision method in an attempt to reveal water-column variations not resolvable by previous techniques.
Metbods; Molybdenum seawater samples were preconcentrated using
an ion exchange method and concentrations were detennincd by isotopic dilution. Isotopic ratios were measured via inductively couple.d plasma mass
spectrometry ( ICP-MS). Five- to 15-rnL seawater samples were spiked with
a known mnss of 9lMo, 100 JJL of H20 2 and gently heated for I 2 h to ensure
isotopic equi libration. After spiking. Mo was concentrated and separatcd from
sea salts using a chelex ion exchange resin. Procedural column blanks are
<0.13% oflhe I.Otal analytc. Sample reproducibility is limited by uncertainty
in the measured ratio associated with instrumental mass bias (preferential
detection of the heavy ions) that ranges from 0.5 to 3.0%/amu. Spectra free
of isobaric interferences and ratio standard errors less than ±0.4% allow us
to correct for mass bias on a sample by sample basis. The mean difference
between duplicate and tripl icate analyses was ±0.5%.
Results: This method wns used to examine the Mo vertical profi le at
a stlluon in tbe S!IIgasso Sea (SS) and another in the Eastern Equatorial Pa·
cific (EEP).
Sargasso Sea. This site was chosen to look for Mo drawdown associated
with active N-fucation. Tilis profile was collected in March 1998, at 25"60'N
70°04'W. Based on the observance of Tricbodesrnium, an important N-fixing cyanobacterium, and nc!IIly complete depletion of nitrnte +nitrite in the
surface waters [5], this site is thought to support active N-fixation. The Mo
profile at this site, however, is conservative at the I% level. The salinity normalized mean Mo concentration (n = 17, excluding I outlier) is 107 oM :1:
0.5% (I s.d.). The lack of dissolved Mo depletion in tllese s urface waters
argues against the use of Mo as a sensitive tracer of N-lixation; however. a
conservntive profile may still allow us to set upper limits on the amount of
N-fiXation possible.
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Eastern Equatorial Pacific. High-precision Mo analyses of seawater
collected in November 1992 at 2°S, 95°W reveal Mo water-column varia·
tions on the order of 5 nM. l11ese variations are consistent in both size and
shape with those reported by Collier [1]. This station is in a high-nutrient,
low-chlorophyll region with ample nitrate io the surface waters, implying little
or no N-fixation. The water column has a broad 0-depleted zone. The Mo
maximum occurs within the 0-depleted zone, directly below the nitrite
maximum, which is consistent with Mo utilization by denitrifying bacteria
followed by rernineralization. This data, however, are qualitative aod cannot
preclude particle uptake by other processes, such as Mo cycling with Mo
oxides either in situ or in waters advected from the continental margin. The
· salinity normalized mean Mo concentration for samples below 200 m (n = 8)
was 108.5 nM ± 0.8% (I s.d.).
Conclusions: There is excellent agreement between these data and that
of Collier [mean concentration = 107 nM ± 2.3% (1 s.d.)], attesting to the
accuracy of these data. The lack of significant variation in the SS data, and
the strong resemblance between the EEP and Collier [I] profiles, argues
against explaining the EEP variability in terms of random errors. Based on
the relationship of the Mo and nitrite peaks, we argue that the Mo variations
arc the result of uptake due to dissimulatory nitrate reduction followed by
rapid regeneration.
The long-standing belief that Mo is conservative in seawater bas led to
the neglect of this important micronutrient. Molybdenum water-column variations may provide insigbt into enzyme systems important to the N cycle.
Molybdenum, like Fe, does not appear to fit the nutrient/scavenged/conservative paradigm so prevalent in marine chemistry. We suspect that Mo profiles
may not be modeled using a single Mo:C ratio (a pseudo-Redfield approach)
but will be influenced by specific enzymatic processes.
References: [1] Collier R. W. (1985) Umnol. Oceanogr., 30, 13511354. [2] Morris A. W. (1975) Deep Sea Res., 22, 49-54. [3] Sprent J. 1.
and Raven J. I. (1985) Proceed. Royal Soc. Edinburgh, 858, 215-237.
[4) Raven J. A. (1988) New Phyto., 109, 279-287. [5) Cavender·Barnes K. K.
(1999) Ph.D thesis, Massachusetts Institute of Technology.
EXPERIMENTAL STUDY OF THE ALTERATION PROCESS OF
BASALTIC GLASS UNDER HIGH PARTIAL PRESSURE OF
CARBON DIOXIDE. S. Utsunomiya and T. Murakami, Mineralogical
Institute, University of Tokyo, 7·3·1 Hongo, Bunkyo-ku, Tokyo 113·0033,
Japan (utu@min.s.u-tokyo.ac.jp).
Introduction: In the Archean, the interaction among rocks, water, and
atmosphere played an important role for long-term stabilization of the Earth
surface's environments. A large amount of C02 in the early Earth's atmo·
sphere was consumed by weathering of submarine basalt and continental
silicates containing Ca and Mg resulting in carbonate precipitation. There are
a few experimental studies about the interaction between basalt and water
under higb partial pressure of C02 . A 16-fold increase C02 content <Pco, of
I 0-2.3 atm) in solution raised a dissolution rate by a factor of 2. However,
the pH of the solution varied during the dissolution [1). We carried out an
experiment of basaltic glass dissolution under high Pco, (2 atm) at a con·
stan! pH using our newly developed apparatus for this· study, in order to
elucidate the dissolution rate and the process of basaltic glass alteration under
high Pco, compared to those under the present C02 level. The temperature
of the early Archean ocean ( -3.8 Ga) is estimated to be close to l00°C [2)
and the pH moderately acidic [3]. The conditions of the experiment of this
study were set to be similar to the Archean conditions.
Methods: Starting material for the basaltic glass was made of the natural
basaltic Java in Miyake Island, Japan. It was crushed into the powder, melted
at 1400°C, and then quenched. The product glass was crushed, sieved into
106 < diameter < 212 (llll, and then ultrasonically washed io acetone. The
average chemical composition (wt%) of the glass is Si02 58.95, Al20 3 15.64.
*FeO 8.74, CaO 8.76, MgO 3.62, Na20 2.12, K20 0.65, Ti02 1.10, MoO
0.35, *all Fe as FeO. The surface area of the specimen was measured to be
0.0910 m2/g by BET method. The hydrothermal experiment was done in a
teflon batch equipped with Pco, controlling aperture [4]. The partial pressure
of C0 2 was kept at 2.0 atm, which is equivalent to 1()3.8 PAL (present atmospheric level). Super pure water with a lithium acetate (0.03 moUL)-acctic acid was used as an initial solution and
was adjusted to 5.0 at room
temperature. The ratio of surface area to solution (cm2/mL) was adjusted to
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10. The temperature was l00°C and the duration was 1-32 d. Cation con·
centrations after reaction were analyzed by inductively coupled plasma atomic
emission spectrometry (ICP·AES), and by inductively coupled plasma mass
spectrometry (ICP-MS). Secondary minerals were observed by field emission
scanning electron microscopy (FE-SEM) with electron-dispersive X-ray spec·
trometry (EDX) and analyzed by powder X-ray diffraction (XRD).
Results and Discussion: Figures 1a and 1b shows cations concentra·
tion vs. duration under Pco, = l0-3-l and 2.0 atrn respectively. These figures
show that there is no difference in releasing major elements between two
partial pressures of C0 2. Each dissolution rate of basalt was calculated based
on the released Na during the period from 3 to 10 d. The rates were evaluated to be 1.57 and 1.94 (g/m2/d) at Pco, of ]Q-J.s and 2.0 atm, respectively.
These values do not have a significant difference if the errors during the
analysis are considered. XRD analyses did not provide any information about
secondary minerals. However, secondary minerals were observed by SEM to
be precipitated over the fresh basaltic glass from 1 d under both Pco,· Two
types of secondary minerals were observed; a large amount of ball-shaped
materials (a few tens of nanometers in diameter) directly on the fresh glass,
and aluminum (·oxy}-hydroxide (several micrometers). There wasn't any dif·
ference in the weathering processes between the two Pco, during 32 d . These
results suggest higb Pco, in the atmosphere does not affect on the dissolution
rate and the weathering process of basaltic glass. This indicates that the al·
teration process of a sea-floor basalt in the Archean was same as that in the
present time.
References: (1] Brady P. V. et al. (1997) GCA, 61, 965- 973. [2] Katiog
J. F. et al. (1986) Science, 234, 1383-1385. [3] Gretzinger J.P. et al. (1993)
J. Geol., 101, 235- 243. [4) Utsunomiya S. et al. (1999) Mineral. J. , 21, 1- 8.
CARBONATITES AT 200 KILOMETERS: QUENCHED MELT IN·
CLUSIONS IN MEGACRYSTALLINE LHERZOLITE XENOLITHS,
SLAVE CRATON, CANADA. E. van Achterbergh 1, W. L. Griffin 1, K.
IGvF, N. J. Pearson!, and S. Y. O'Reilly1, 1National Key Centre for the
Geochemical Evolution and Metallogeny of Continents, Department of Earth
and Planetary Science, Macquarie University, NSW 2109, Australia
(evachter@laurel.ocs.mq.edu.au), 2Kenoecon Canada Exploration Inc., 1300
Walsh Street, Thunder Bay ON P7E 4X4, Canada.
Introduction: Megacrystalline lherz.olitc xenoliths from the AI54
kimberlite (Slave Craton) were derived from the lower lithosphere (-1235°C
and 60 kbar) and contain abundant inclusions of quenched carbonatite melt.

LPI Contribution No. 971

This study presents the frrst major- and trace-element data for a deep-seated
carbonatite melt, which was shielded from interaction with mantle and crustal
wall-rock by the clinopyroxene (cpx) host as it traveled to the surface.
Sample Description: Globular carbonate-rich inclusions (0.8-5.8 mm
in diameter) occur within large (>2 em) crystals of Cr-diopside. Orthopyroxene (opx) exsolution parallels the cleavage planes of the host cpx and the
opx lamellae extend to the edges of the inclusions, indicating that the entrapment of the globules preceded the opx exsolution. The inclusions consist of
Ti-rich phlogopite (phi), Cr-spinel (sp}, radiating "spioifex" olivine (ol), and
rare perovskite set in a matrix of fresh calcite (Fig. I). Calcite occurs as two
microstructural types: elongate randomly-oriented euhedral crystals (ee-l) and
interstitial calcite (cc-2). The globular shape of the inclusions indicates that
they were molten when trapped in the cpx; this entrapment probably occurred
at > 1235°C, as suggested by the presence of opx exsolution in the cpx. The
quenched microstructures and the thermodynamic instability of calcite at the
calculated mantle pressures imply that the constituent phases crystallized
during transport in the kimberlite, calcite crystallizing last at low pressure.
Similar cpx megacrysts from the same locality also contain trapped globules of ultramafic silicate composition (lcimberlite?), and some of these show
unmixing of silicate and carbonate into concentric rings. In some cases,
globules of ultramafic silicate, sulfide, and carbonate composition occur
together in the same cpx grain.
Carbonatite Composition: Carbonatite melt compositions were calculated for each inclusion using electron microprobe analyses of the constituent phases and modal abundances derived from image analysis. This yields
a wide range of compositions along the join between calcium- and magnesium carbonatites. The variation may reflect initial heterogeneity of the
carbonatite melt and/or sampling of different volumes of the melt during
sectioning. The average melt composition (in wt%) is Si02 = 12.0, Ti02
0.22, Alp3 = 0.88, Cr20 3 = 0.29, FeO = 2.6, MoO= 0.17, MgO = 12.5,
CaO = 37 .I, Na20 = 0.03, Kp = 0.72, NiO = 0.05, Cl = 0.002, F = 0.02,
SrO = 1.2, BaO = 1.8, P20s = 0.15, and C0 2 = 30.5. The ca# varies from
40.7 to 87.2, reflecting the modal abundance of olivine. ln contrast, the mg#
is constrained between 88.4 and 90.2, consistent with equilibrium between
the carbonatite melt and mantle peridotite. The calcite does not contain any
Mg(C03 ); all Mg and Fe in the original melt is concentrated in the olivine
and phlogopite.
Strontium and Ba are concentrated in ee-l , depleting the late interstitial
cc-2 in these elements. Preliminary trace-element analyses indicate that the
carbonatite is depleted in Nb and rare earth elements compared with
carbooatites associated with alkaline igneous complexes. Olivine in the inclusions is depleted in Ni (average = 1160 ppm).
Discussion: This carbonatite is enriched in Si and depleted in Na compared with those produced experimentally by partial melting of carbonated
peridotite. Its association with globules of ultramafic silicate melts suggests
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that the carbonatite was derived from an asthenospheric silicate-carbonate
melt [e.g.. I) that unmi.xed near the base of the lithosphere. These unusual
samples offer new insights into the processes that produce both lcimberlites
and carbonatites, and on their metasomatic effects in the lithosphere.
Reference: 111 Wyllie P. J. (1980) JGR, 85, 6902-6910.

GLITTER: ONLINE INTERACTIVE DATA REDUCTION FOR THE
LASER ABLATION INDUCTIVELY COUPLED PLASMA MASS
SPECTROMETRY MICROPROBE. E. van Achterbergbl, C. G. Ryan2.t,
and W. L. Griffin 1·2, •National Key Centre for the Geochemical Evolution
and Metallogeny of Continents, Department of Earth and Planetary Science,
Macquarie University, NSW 2109, Australia (evachter@laurel.ocs.mq.
edu.au), 2Commonwealth Scientific and Industrial Research Organisation,
Exploration and Mining, 51 Delhi Road, North Ryde, NSW 2113, Australia.
Introduction: The laser-ablation ICP-MS microprobe (LAM-ICP-MS).
with its capability for rapid, sensitive, spatially resolved in situ trace-element
analysis, will have the same impact on the geosciences as the spread of the
electron microprobe (EMP) did in the 1970s. Until now, however, it has
lacked the online, real-time data reduction that was a major factor in the rapid
spread of EMP laboratories. To meet this need, GEMOC has developed
GLITI'ER, the GEMOC Laser ICP-MS Total Trace Element Reduction software package. It gives the analytical results within seconds of data acquisition. and lets the operator use that input to guide further analytical strategy.
GLITI'ER also features linked graphics and analysis tables, allowing rapid
assessment of data quality.
The Structure of GLITI'ER: GLITTER consists of five main interactive user interfaces (windows): (I) The "GLITI'ER" window, containing
the main menu options and the table of results; (2) the "Standards" window,
where the user enters the values of the internal standard(s); (3) the "Review"
window, where the time-resolved signals are viewed and integration intervals
arc selected; (4) the "Options" window, which selects customized calculation options (e.g., the type of yield interpolation across the standards or the
background-fitting procedures); and (5) the "Plot" window(s), where data are
visualized in various ways.
Theory: Trace-element concentrations are calculated using the following relationships
cone.; = (cps.;jabundancei}/(yield,;)

=

=

where cone.; concentration of element i in analysis n, cpsoii mean count
rate (background-subtracted) of isotope j of i in analysis n, abundancei =
abundance of isotope j, and yield,; = cps/ppm of i in analysis n, calculated
by
yield,; = yield,.. x tm(nl(yield;/yield,)"d

Fig. I. Backscattered electron image of 'a carbonatite melt inclusion within
a megacrystalline cpx grain; abbreviations as in the text.

where yield., = cps/ppm of the internal standard s in analysis n, Jn•C•)(yield;l
yield.)"d = the ratio of the yield of i to the yield of s in the standards, interpolated to analysis n. The results. as well as error estimates, minimum
detection limits, fractionation trends, chondrite normalized values, etc., are
displayed on demand in the table or plots and can be written to a text file.
The "Review" Window: Selection of background and signal intervals
from the time-resolved signal is the key to rapid and accurate online analysis: this is done in GLITTER's unique "Review" window (Fig. 1). Two
displays in "Review" show the time-resolved signals of the current analysis.
The upper display consists of rows of pixels, each row representing the
variation of the signal with time for a single isotope, with intensity shown
by color brightness (shades of gray in Fig.!). This gives an immediate and
highly visible indication of any spikes in the data, or heterogeneity in the
sample, for one or more isotopes. The lower display shows the time-resolved
signal for a single isotope, selected using the horizontal marker in the upper
display.
GLITTER initially calculates the results with default integration intervals,
using a simple algorithm to avoid obvious heterogeneity and large spikes.
Users can reselect the integration intervals for each analysis by simply dragging any of the four vertical markers in the "Review" window. As the markers
are moved, the data are dynamically recalculated and updated in the results
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Al-organic complexes can be formed. The relative abundances of the soil
components depend on the composition of the parent rock, weathering stage.
and hydrological conditions.
Sampling and Analysis: We collected 48 water samples, they were
analyzed by inductively coupled plasma atomic emission spectroscopy (ICPAES) for Ca, Mg, K, Na, Si, Fe, and AI, by ion-chromatography for Cl, S04
and N03• and by titration for alkalinity. Overall quality was checked by the
charge balance (<10% off). In some samples oD and 18() were analyzed by
mass spectrometry.
Results and Discussion: Waters with the lowest conductivities occur
in the central highlands. The relative contribution of marine aerosols to the
water compositions decreased from lower to higher altitudes, whereas the relative as well as the absolute contributions by water·rock interactions increased.
Despite efforts to avoid inclusion of waters affected by agriculture, quite a
few samples had N03 concentrations above background values. The AI and
Fe concentrations were practically all below the detection limits, indicating
their immobility in the weathering processes and in accordance with the
described soil mineralogy. The SD and !)l8() values decreased significantly
with increasing altitude (lower T's). The pC02 values, calculated on the basis
of alkalinity, field-pH, and ;, situ T, were above the atmospheric value.
Corrections for the marine contributions on the basis of the Cl concentrations
showed that there were only minor excesses in S0 4 concentrations.
Using a clustering program, introduced by [I], on the residual composition, 10 subgroups of water samples were identified. They are primarily
defined by differences in their alkalinities, but are also expressed in differences of molar ratios of the various components. The marked differences
between ratios of HC03- and H2Si030 are indicative of the degree of weathering of the parent rocks. Differences in Ca!Na are partly due to compositional variations in plagioclases. Rather high Mg concentrations and small
variations in Ca/Mg indicate that these waters are not in equilibrium with
smectite, one of the incipient products of weathering of olivine and plagioclase.
Conclusion: Apart from the marine contributions, the water chemistries
are mainly the result of weathering of olivine, pyroxene, and Ca-rich plagioclase and formation of soil components representative of severe weathering
as described above.
References: [l) Pacheco F. and van der Weijden C. H. (1996) Water
Resour. Res., 32, 3553-3570.
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(b) La 139
Background

Fig. I. GLITfER's "Review" window showing the time·resolved signals
(x-axis = time, y-axis =count rate) for an orthopyroxene grain where a REBrich inclusion was ablated ncar the start of the analysis. Note the high intensity
area in the top half of (a), where the signals for the rare earth e lements are
shown. The integration interval was selected to avoid this part of the signal.
The lower window (b) shows the signal for 139La.

table and in any open "Plot" window(s). The use of GLITfER has Jed to a
marked increase in the productivity of the LAM-lCP-MS by allowing assessment of results before selection of the next point and eliminating off-line
processing. More details are available at www.es.mq.au/GEMOC/.
HYDROGEOCHEMISTRY OF MADEIRA ISLAND. C. H. van der
Weijden•, J. P. G. Loch ' , and F. A. L. Pacheco2, 'Department of Geochemistry, Utrecht University, P.O. Box 80.021, 3508 TA Utrecht, The
Netherlands (chvdw@geo.uu.nl; jpgl@geo.uu.nl), 2Department of Geology,
Universidade de Tras-os-Montes e Alto Douro. 5000 Vila Real, Portugal
(fpacheco@utad.pt).
Introduction: In the summer of 1997, surface waters and gmundwaters
were sampled on Madeira. The objective was to explain the composition of
these waters.
Geography: Madeira, situated in the north Atlantic Ocean 900 km
southwest of Lisbon, is made up of Pliocene to Pleistocene lava flows and
pyroclastic deposits. The island rises steeply from the sea; the highest point
(1862 m) lies at a distance of only I 1 Jan from the southern shore and 7 Jan
from the northern shore. A great range of climatic conditions exists. The temperature gradient between sea level and the mountains is to•c. The annual
precipitation ranges from 500 (southern coast) and 1000 (northern coast) to
3000 mm in the highlands. At altitudes between 1200 and 1500 m, misty conditions prevail, but already from 500 m and up, it can be cloudy during daytime. The integrated annual precipitation is -750 Mml, the storage capacity
is estimated to be 200 Mml. This indicates short contact times between water
and rocks.
Petrology: In the areas of sample collection, alkali olivine basalts/
basanites and hawaiites are the dominant rocks, with intercalation of pyroclastic units. In some places, altered ash layers overlie the surface. Volcanic
ashes and tuffs are severely weathered, whereas the massive lava flows are
more weathering resistant. Phenocrysts consist predominantly of olivine and
pyroxene. In the gmundmass, plagioclase, augite, olivine, and dark minerals
prevail.
Soils: In our sampling area, the soils are mostly haplic and umbric
andosols, and chromic and dystric cambisols. Major inorganic components
are Al-allophane, silico-aluminous and ferruginous amorphous materials,
kaolinite-group minerals, gibbsite, vermiculite/chlorite and micas. At pH ::;5,

HIGH-RESOLUTION LEAD AND NEODYMIUM RECORDS OF
NORTHEAST INDIAN OCEAN SEDIMENTS OVER THE PAST
lSOka: FLUCTUATIONS IN THE MONSOON AND HIMALAYAN
WEATHERING ASSOCIATED WITH NORTHERN HEMISPHERE
GLACIATION. D. Vance• and K. W . Burton2, 'Department of Earth
Sciences, The Open University, Walton Hall, Milton Keynes, MK7 6AA, UK
(d.vance@open.ac.uk), 2Departement des Sciences de Ia Terre, UMR 6524
Centre National de Ia Recherche Scientifique, Universite Blaise-Pascal, 5 Rue
Kessler, 63038 Clerrnont-Ferrand, France.
Introduction: The radiogenic isotopes of Sr, Nd, and Pb have long been
used to investigate the provenance of marine sedimentary products. More
recently, it has been realized that the record of short residence-time elements,
such as Nd and Pb in ferromanganese crusts, preserve information on the
long-term variability of continental weathering and oceanic circulation.
Furthermore, we have recently shown that tbe high-resolution record of Nd
available from foraminifera records the short-term response of continental
weathering rates [ 1] and hydrographic regime [2) to recent climate fluctuations associated with glaciation. For example, foraminifera from the past
150 ka from ODP site 758A in the northeast Indian Ocean record changes
in the Nd-isotopic composition of surface water on the order of 2 e units.
These fluctuations are in phase with the global 0-isotopic record, with more
unradiogenic Nd obtained during interglacials and radiogenic values characterizing glacials. These variations have been attributed to changes in the rate
of runoff from the Himalaya in response to fluctuations in the strength of the
southwest monsoon. Here we present Nd and high-precision Ph-isotopic data,
the latter obtained by multiple collector inductively coupled plasma mass
spectrometry (MC-lCP-MS) [3], on the carbonate-rich bulk sediments from
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-9.0

associated with northern hemisphere glaciation on the supply of material from
the Himalaya to the northeast Indian ()c.ean. The nature of the source of the
material characterizing the glacial periods remains uncertain, but the Nd-and
Ph-isotopic compositions of these sediments during glacial times is very similar to those characteristic of deep water in the open Indian Ocean over the
past 5 m.y.
References: [1] Burton K. W. and Vance D. (1999) Science, submitted. [2] Vance D. and Burton K. W. (1999) Science, submitted. [3] Vance
D. and van Calsteren P., this volume .
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PRECISE LEAD-ISOTOPIC ANALYSIS BY MULTIPLE COLLECTOR INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY: LONG-TERM REPRODUCIBILITY AND COMPARISON
WITH DOUBLE-SPIKE MEASUREMENTS. D. Vance 1 and P. van
Calsteren1, 1Department of Earth Sciences, The Open University, Walton Hall,
Milton Keynes, MK7 6AA, UK (d.vance@open.ac.uk).
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Introduction: Lead-isotopic analysis by thermal ionization mass specttometry (TIMS) has traditionally been rendered difficult by the inability to
internally normalize to an invariant isotopic ratio. However, two developments
have ameliorated this situation. Firstly, the advent of double spikes has
allowed an internal normalization procedure to be developed for thermal
analyses [1,2]. Secondly, the advent of multiple collector inductively coupled
plasma mass spectrometry (MC-ICP-MS) instruments, for which mass discrimination is indepedent of the chemistry of the analyte, now permits a
normalization to be performed using an element with an overlapping mass
range such as Tl (3-5]. In this paper we report data for Ph-isotopic analyses
of SRM 981 and 982, as well as for geological samples, using a Nu Instruments MC-lCP-MS in order to assess long-term reproducibility of two different Ph-isotopic standards and to compare the data with recent
measurements using double spikes.
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Fig. 1. Neodymium- and Pb-isotopic composition of 758A bulk secliments
for the past 150 ka plotted against oiiiO in G. saccu/ifera from the same
horizons.

this site that further document rapid fluctuations in weathering due to eli·
mate change over the past 150 k:a.
Results: The Nd data for the bulk secliments (Fig. Ia) show an identical pattern of change to the foraminifera except that it is shifted to Ndisotopic compositions about 1- 2 E units lower. Glacial secliments are characterized by ENd of about -9.5 whereas interglacial values are around - ll .5.
The Pb data (Fig. 1b) also show similar patterns of change such that interglacial periods are characterized by Pb with high 20Bpty204pb, 207pbi204Pb
(Fig. I b), and 206pb/204Pb, and low 207pj)l206pb. It is important to note, however, that the total variation in the Ph-isotopic compositions is small. For
example, the range in 207Pbi204Pb is about the same as a typical error on a
thermal ionization mass spectrometry (TlMS) Pb analysis. However, the
resolution with the new plasma-source instruments is more than an order of
magnitude better so that these small differences can be resolved.
Discussion: The Himalaya are characterized by radiogenic Pb and
unradiogenic Nd similar to the values reported here for interglacial sediments.
Thus these data further document the influence of monsoonal fluctuations
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Fig. 1. (a) Lead-207/lead-206 ratios for SRM 981 normalized to a single
20STJ1203TJ. Solid line: mean of all the analyses . Dashed lines ±2 standard

deviations of all the data. (b) Measured 206Pbf204Pb for SRM 981 and 982,
normalized to the same Tl-isotopic compostion and plotted as deviations from
recent double-spike measurements [2].
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Analytical Procedure: Solutions of SRM 981 and SRM 982 were analyzed more than 150 occasions over an eight-month period on a Nu lnsrruments mass spectrometer equipped with an MCN 6000 oebuli:ter. Typical
sample use was 200-300 o.g Pb, which gave total Pb beams of 30-50 pA
for a 20-min analysis time. Raw data were corrected on line for Hg interference and mass fractionation using the measured Ul5TV203Tt ratio and an
exponential law. ln agreement with other studies [3-5}, we have found that
a 20Yflf20311-isotopic ratio higher than the generally accepted value is required
to adequately oonnalize the Pb data. The 205T1fl03Tl ratio to which all the
data in Ag. I is normalized is 2.38826- about 500 ppm hi gher than the
accepted value. This specific val ue for the Tl-i.sotopic composition was used
to obtain a l07Pbf206Pb ratio that agrees with the most recent double-spike
measurements of SRM 981 (2].
Results: TI1erc arc three principal observations from this study : (I) Tile
long-term reproducibility of Pb -isotopic measurements on MC-ICP-MS instruments is comparable with those achievable using double spikes. Figure Ia
shows that the reproducibility for ratios invo lving the major Pb isotopes, in
this case Ul7pbfl06Pb, is -30 ppm and comparable to t110se achieved where
an internal normalization is available (e.g., Sr. Nd) . Reproducibility of the
rati os involving 204Pb are not as good (100-200 ppm) but are also c.omparable with double-spike analyses. (2) The second principal obsi!J'vation is that
the Tl-isoropic composition required to normalize the 207pbf206Pb ratio [2]
is also adequate for the 207Pbf204pb aod 206Pbf204pb ratios for 981 (e.g.,
Fig. I b). lo addition, this Tl-isotopic composition adequate ly reproduces the
ratios for 982 (Fig. Ib) given by Tod t et al. f1). However. no Tl-isotopic composition can reproduce the Pb-isOLopie compositions of Todt er al. [ I) for both
981 and 982. (3) The el(ception to this are rati os involving UlSPb. For the Tl isotopic composition required to adequately normalize the isotop ic ratios
discussed above. U1e Ulspbf204 Pb and 20Hpbf206pb ratios of both SRM 981 nnd
SRM 982, measured by MC-ICP-MS, are consistently 200-400 ppm lower
than those obtained in recent studies using double spikes [2]. The reason for
tlus is unclear nt present, but we note that n similar observation has been made
by two other studies using two different MC-ICP-MS instruments [4,5].
References ; [1) Galer S. J. G. aod Aboucbami W. (1998) M ineral.
Mag. , 62A, 49 1- 492. f2) Todt W . et al. (1996) Geophy.t. Monogr., 95. 429437. [3) Himta T. (1996) Analyst, 121, 1407-1411. [4) Belshaw N. S. et al.
(1999) lm. J. Mass Spec. [on Processo, io press. [5] Rehkamper M. and
Halliday A. N. (1999) Int. J. Mass Spec:. Jon Processes, in press.
DlSTRIBUflON OF CARBON AMONG ORGANIC-MINERAL FRACTIONS OF VERTISOLS AND ZONAL SOU..S AS INFLUENCED BY
BIOGEOCHEMICAL CONDITIONS. A. Ya. Vanyushioat.2. L. S.
Travnikoval, and R. C. 0 . Gaiegot, 'Moscow State University, Soil Science
Faculty, Vorobicvy Gory, Moscow. Ru.ssia (a_vaoyusbina@yahoo.com),
2Dokuchaev Soil Institute. Pyzhevsky Per. 7, Moscow, Russia .
Introduction: The problem ofC transformation in soils is hardly solved
without studying its distribution over different orgaoo-mincral (OM) soi l
components. This is because tbe character of mineral-phase impacts on the
properties of these organi c moieties and the rate of their mineralization.
Aim: To reveal the ianuencc of bioclimatic and some geochemical soilforming factors on tlJe accumulation and quality of organic matter (OM) of
Vertisols and zonal soil~.
Objects: Vertisols and associated zonal soi ls from tlJTce climatic zones
were considered. They include (l) temperate zooe of (a) the pre-Caucasus,
Stavropol'e - Pellic Vertisols (Vp) under native steep vegetation ("gilga i"
complex), and arable Calcic Chernozem (Ck). (b) Moldova - arable Vp and
Ck.; (2) subtropical zone of the Trans-Caucasus. Georgia - arable Vp and
Chromic Cambiso l (Be): and (3) tropical zone of C uba - Vp under past:ure.
s ugar com, and forest and arable Rendzioa (E).
Methods: Particle size and dcnsimetric method of soi l fractionation [I )
is used for separation of OM of mineral soils into fractions. These fractions
differ considerably in their association with clay minerals, turnover times, and
hence their importance for C turnover. Two groups of products of OM.io
iotcmctioos, which include oearly whole totality of soi l OM and subdivided
into 3 fractions, have been separated fTom studying soils: light fraction (LFJ
group (LPI . densi ty < 1.8 g cm-3 and LF2. 1.8- 2.0 g cm-3), which is OM
chemically unbounded with c lay m inera ls, and clay group (CP) (particles
<1 m I0- 6), which includes orgaoo·claycy complexes. Carbon. content and humic-fulvic acid (HAIFA) composition were dclennioed for fractions. FTIR-

spectroscopy was applied for analysis of the main fractions- LFI aod clay.
Results nod Discussion: Accumulation and distributior1 of carbon of
organo-mineml f ractions. Carbon accumulation in LF of montrnori llonitic
Vp with equnl amount of clay decreases from temperate to subtropical and
tropical zones (from I .2 through 0.33 to 0. II g I 00 g-1 soiI), and C concentration in LF increases (38.0-46.3 to 32.4 and 31.4 g I 00 g- t fraction).
Car-boo concentration in CF is low and varies slightly in these soils (1.21.97 g 100 g- J fraction).
ln comparison with zonal soils, the Vp of the different bioclimatic zone
is characterized by several simi l:tr features: low level of C accumu lation
associated with LP as well as its quota in total C (0.33 g 100 g-1soil and
27 g 100 g-1 C, in Vp as compared to 0.74 and 37 in Be). This is related
to contrast hydrothermal regime and Na content in soil solutions.
Within each zone, arable and pasture Vp have lower levels of C accumulation associated with CF and LF and a low quota ofC LP (4-11 g 100 g- 1
C,) as compared to natural Vertisols 04 g 100 g- 1 C,) as wel l us zonal soils
(13.0 g 100 g· 1 C,). This is related to the differences in the intensity of
mineralization between agricultural and natural soi ls in general. and a more
intensive rate of LF mineralization in Vp as compared to zonal soi ls.
Peculiarity offracrion orga11o-mineral composition. For almost all soil
pairs, the HA content in OM o f LF of ronal soils exceeds that of Ve. On the
contrary, the HA content of both LF and CF of Ve is closer than in zonal
soils where the HA content of LF and CF differs dramatically (e.g., 80% and
83%: 41%. and 99% accordingly for LF and CF of Vp and E).
Fourier transform infrared (FriR) spectra of clay fractions are similar, but
the clay OM differs from LF OM with more homogenous composition. In
LP of Ck the greater pnn of organic COO- bounds with Me-ions or the bound
is stronger than in Vp (the shift of 1620-1610 cm-1 band in Vp to 1595 em~•
[2)). LF of Vp is dep leted with carbohydrates in comparison to Ck of tbc
same land use (the 1050 cm· l band).
Comparison of LP of .soils of differem land use. OM of soils under natural
vegetation is en riched with carbohydrates and phenol compounds (the
U70 ern~• and 1030- 1100 ern-! bands of gilgai Vp respectively) originating from plant residues.
LF of deep horizons. OM of the lowest parl~ of humic horizons seems
to be more aromatic thnn tb:1t of tbe upper ones. This follows from the greater
HAIFA ratio and tntensive ;uomatic -C C- stretching of samples from deep
horizons.
Conclusions: The clay-bounded OM is controlled mainly by clay mineralogy of parent material , whereas free OM of LF by bioclimatic conditions.
OM LF Ve is mineralized more intensively under agricultural use than those
of zonal soils .
References; Ill Shaymukhametov M. Sh. ctal. (1984) Podn·ovedeniye,
8, 131-141. [21 Celi L. eta!. (1997) Soil Sci., 162. 189-197.
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DrSSOLVED ORGANJCS JN FORMATION WATERS FROM THE
PANNONlAN BASJN, H UNGARY . I. Varsanyit, Z . Karpatil, J. M
Matray3. L. 0. Kovacs 4 , and A. KloppZ, !Department of Minera logy,
Geochemistry and Petrology, University of Szeged , Hungary (v:usanyi@
geo. u-szeged.hu), 2Nati ona l Institute of Hygiene, Budapest, Hungar y,
lDcpartmcot Stockagc, ANTEA, BRGM, Orleans, France, 4Huogarian
Geological Survey. Budapest, Hungary.

Introduction: Ojffereot organic compounds in major or trace amounts
arc dissolved in waters. In sha llow groundwater, the proportion of humic substa nces lO total dissolved organ ics is up 10 90%, mostly -40%. In oil field
waters, the dominant dissolved organic species up to 90% are. shon chain
monocarboJCyl.ic acids [1,2]. Phenolic compounds as minor components were
also identif1ed inn detailed srudy oo organic geochemistry of formatioo waters
[3]. Thermal waters in the Pannonian Basin contain humic and fu lvic acids.
aliphatic hydrocarbons C~rCz9) , alkylphenols, alkylbenzcns. alkylnaf1alens.
light polycyclic aromatic hydrocarbons (PAH). and fatty acids [4]. llle aim
of tlle present work is to identify organic compounds dissolved in formation
water and to establish their origin and history.
Gt:ology: The study region is the southeastern part of Hungary. wbicb
represents the central part of the Pannonian Basin. The Paooonian Basin is
filled with Neogene sediment~. The Paleozoic-Mesozoic basement is overlain
by IO<Xl-3000-m-thick lower to midd le Miocene layers formed in a marine
to brackish envi ronment, and by 1000-JOOO·m-thick Late Miocene (M 3Pa)
lacustrine sediments. Infilling of the basin was continued by lacustrine and
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deltaic sedimentation in the Pontian (M3 Po), and lacustrine and fluvial sedimentation in the Pliocene (PI). During the Pleistocene (Q), fluvial sedimentation took place over the study area. As a result of tectonic events, the total
thickness of sediments varies from 250 to 6000 m. In the M3 Po and PI
formations, oil and gas accumulations have been found [5].
Results: The water samples were collected in the depth interval of 752500 m with temperature ranging between 16° and 98°C. The study area was
devided into three parts: the Szeged and Koros sub-basins and a high between them. The samples from the Pa!Po boundary (the deepest studied
lithostratigraphic position) are considered as a separate group [6].
Both inorganic C and organic C (OC) contents contribute to the total
dissolved C (10C). In the Szeged sub-basin, the mean proportion of OC to
TDC is 3.7%; this is 4.6% above the high, 7.7% in the Koros sub-basin, and
27.4% at the Pa!Po boundary. Humic substances, acetate. and propionate are
present as major organics, alkylphenols and oil as minor organics, and PAH,
benzene, a.lkylbenzene, and phenol as trace organics. In the shallower samples,
the Q and PI, layers in the Szeged sub-basin, and above the high, where the
temperature is between 16° and 56°C, it is supposed that microbiological processes occur that form C02 , humic substances and methane. In the deeper
samples, between 65° and 135°C, monocarboxylic acids, phenol, alkylpbenols,
alkylbenzenes, and PAHs are formed, besides C02 , humic substances, and
methane, during thermal decomposition of the sediment organi c material.
PAHs, phenol, and oil are characteristic organic compounds in the Szeged
sub-basin, and humic substances and methane in the more confined Koros
sub-basin. At the Pa!Po boundary the dissolved organics are essentially represented by acetate+ propionate with minor concentrations of PAHs. phenols,
and methane.
Acknowledgments: This work was supported by the Hungarian Research Fund (OTKA T 026241).
References: [I] Willey L. M. et al. (1975) GCA, 39, 1707- 1711.
[2) Carothers W. W. and Kharaka Y. K. (1980) GCA, 44, 323-332. [3] Macleod G. eta!. (1993) in Geoj/uids (J. Parnell eta!., eds.), pp. 18-20, Geol.
Soc., London. (4] Karpati Z . eta!. (1996) Egeszsegtudomany, 40, 356-364.
[5) Hetenyi M. (1992)!. Petrol. Geol., 15, 87- 96. [6] Varsanyi I. eta!. (1999)
Chern. Geol., 156, 25-39.
INVESTIGATION OF THE ROLE OF NATURAL ORGANIC
MATTER IN THE SORPTION OF COPPER IN AN OXISOIL
PROFILE. F. Vasconcelos 1, B. D. Honeyman 1, D. Macalady2 , and J.
Ranville2, I Division of Environmental Science and Engineering, Colorado
School of Mines. Golden CO 80401, USA (fvasconc@mines.edu), 2 Department of Chemistry and Geochemistry, Colorado School of Mines, Golden CO
80401 , USA.
Introduction: Ox.isoils and sediments from lakes, rivers, and estuaries
are among the natural systems with substantial fractions of Fe and AI
(oxy)hydroxides. Laboratory studies of trace-metal sorption on to pure metal(oxy)hydroxides and the subsequent surface complexation modeling (SCM)
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of these has received considerable attention over the last two decades. In spite
of the vigorous overall activity in this area, there has been little application
of SCMs to metal sorption by natural mineral assemblages (2.3). Among the
many factors that make the broad application of SCMs difficult is the presence of natural organic matter (NOM) [4].
In this study, the influence of NOM on the sorption of Cu by soil assemblages was investigated for a profile of a well-drained Typic Acriustox soil
(i.e., Oxisoil) in a flat, undisturbed area in the Brasflia National Park in Brazil.
Soil samples were characterized at each horizon accQrding to their mineralogy, organic C content, and percentage of AI 20 3 • Fe20 3, Si02 • and Ti02 .
Three samples from three different horizons (Hr) (i.e., A 1 = 19 em, BW2 =
197 em, and ~ = 540 em) were chosen for detailed study. Samples were
treated with NaOCI to remove NOM.
Experiments: Figures I and 2 show fractional Cu sorption by untreated
oxisoil isolates and those with NOM removed, for two different soil horizons.
Copper sorption to unaltered Hr A 1 is greater than for Hr BW2. NOM removal
decreases Cu sorption to Hr A 1 (Fig. I) and enhances sorption to Hr. BW2
(Fig. 2) and has no effect for Hr ~ (data not shown). These results suggest
that the role of soil organic matter in metal-ion sorption to mineral assemblages is complex, and that it may be difficult to generalize the behavior
observed in more simpler systems [I) (i.e., monomioeralic/dissolved organic
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matter/metal-ion $ystcms). The <liffuse double-layer model (DDLM) was used
to simulate unaltered and altered experimental systems.
References: [J) Davis J. A. and Kent D. B. (1990) in Minerals a11d
Water Jmetface Ch. 5, Mineralogic-JJ Society of Americ-..1. [2) Davis J. A. et aL
(1998) Earth Sci. Tech.. 32, 2820-2828. [3] Weug X. ct ai. (1998) Earth
Sci. Tech .. 32, 870-875. [4] Tessier A. ct al. (1996) GCA, 60, 387-404.
lSOTOPIC GEOCHEMISTRY OF SHARK TEETH AS INDICATORS
OF ENVIRONMENTAL CONDITIONS. T. W. Venncmann'. E.
Hegner' . G. CUff2, and G. w. Benz3, 'Institute of Geochemistry. University
ofTUbingen, D-72076 Til bingen. Germany (torven@un.i-tuebingeo.de), l Natal
Sbarks Board, Private Bag 2. 4320 Umhlanga Rocks. South Africa,
.!Tennessee Aquarium, One Broad Street, Chattanooga TN 37401, USA.
The potential for using chemical and isotopic anaiyses of biogenic phosphates for paleoenvironmental reconstructions was recognized many years ago
[1- 3]. ln contrast to biogenic carbonates, relatively little is known about
species-specific fractionation effects for biogenic phosphate from fish, or
variations in the isotopic composition as a function of changes in habitat and
diet. These effects are important for fish. as they are nektic. In an attempt
to address such effects. we have examined the 0-, C- , Sr-, and Nd -isotopic
compositions of teeth from ten different species, belonging to live different
famili es and four different orde.;s of sharks. The sharks were rece-ntly caught
off the coast of Durban, South Africa. as well as from Prince William Sound
(PWS), Alaska. and Victor Bay. Canada. Among marine phosphates. shark
teeth n.re of particular intcrest because their record extends well back in to the
geologic past, they arc readily classified on a taxonomic leve l, many fossi l
species have modern counterparts, the enameloid and dentine of such teeth
are higWy crystalline, and the teeth are continually replaced and hence are
abundant in marine sediments.
The S180 values of tooth phosphate (o160p) range from 20.4%q to 22.8%o
(n =45 ) for sharks caught off Durban. For each species, though, l)t80p values
always agree to within 0.6o/oo, a variation that is just outside the analytical
error of ::t0.2%o. For samp les where the dentine and the tltiu outer layer of
enameloid were ;malyzed separately, no differences io the o'SOr values were
observed. The isotop ic data tend to reflect preferred habitat of the different
species and hence the therma l structure of the water column. There are
exceptions within one family, opening up the possibility of existence of
species-specific fractionation effects. Temperatures calculated from phosphate-water fractionations correspond to those recorded lor the lnd.ian Ocean
off Durban at depths between 10 and 300 m (24" to 16"C, annual variation
-2•e; salinity = 35%o).
ln contrast to the 0 -isotopic composition of the phosphate, the C- and
0 -isotopic compositions of the carbonate in the apatite vary considerably. The
otBOc vaiues are on average -8.9%o higher than the corresponding aiBOp
values, but they mny differ from Ulis value by more than 1%o (n = 30; I cr =
0. 9%o). The averJge fractionation of 8.9%o is in good agreement with expected
equil ibrium fn.tctionation between carbonate and coexisting phosphate [2].
Tbe o1S0c values vary subst.1ntially withi n indiv idual teeth, with values for
enamcloid and dentine varying non-systematically by up to l%u.
Differences in the isotopic composition of C within a tooth are systematic. witl1 cnameloid always being enriched in tJC compared to dentine. The
dlffcrence in I)DC va lues between carbonate in enam.eloid and dentine can
be as large as 8%u. oiJC values measured for enameloid ( l.6-4.8%o) approach
those that wouJd reflect equilibrium with dissolved inorganic C in seawater
(- 1.5%o). whi le those for the dentine arc substantially lower (between -6.4%o
and -2.3%o), the latter probably reflecting the diet of the particular shark
~pec ies. The difference in snc values between cnamcloid and dentine suggests derivation of C from different sources with a possible introduction or
exchange of C after first formation of the enameloid.
Tbe average 0 1 ~0p nod o1BOc values of teeth from Greenland sharks
(25.2%" and 35.1 %. respectively) and Paci fic Sleeper sharks (24.4%o and
31.9%o) are very homogenous and signifiCJ ntly higher than those of teeth from
sha rks caught off Durban, reflecting signi ficantly lower ambient water temperdtures. 1)13C values for carbonate vary between -9.0%o and -1 0.8%o.
The 87Srf86Sr rJtios of the teeth from Durban as well as PWS and Victor
Bay arc very homogenous and average 0.709165 with a 2cr standard deviation of 0.000012. Strontium contents vary from 1270 to 2100 ppm. aud are

very similar to those in well-preserved fossilized teeth [e.g., 4]. Seawater Sr
is thus clearly incorporated during formation of the teeth. Concentrations of
Sm and Nd were too low to obtain accurate isotopic r-.stios. This finding contrasts with much higher concentrations me.asured in fossilized teeth, supporting a postmortem incorporation of REEs in apatite of the teeth, presumably
during early diagenesis.
References: [I ] Longinelli A. (1965) Nature, 207, 716-719.
[2] Longinelli A and Nuti S. (1973) EPSL, 19. 373-376 [3) Kolodny Y.
et al (1983) EPSL, 64. 398-404. [4) Yennemann T. W. and Hegner E. (1998)
Polacogcogr., Palacoclimatol.. Polaeoecol.. 142, 107-121.

HAFNIUM -ISOTOPIC COMPOSITION OF THE CRUST AND
MANTLE DURING THE ARCHEAN: CONSTRAINTS ON CRUSTMANTLE EVOLUTION. J. D. Yervoort 1, P. J Patchett' . F. Albar~de2.
J. Bliebcrt-Toft2, M. E. BarJey3, T . S . .BiaJce3, C. W. BraulJ3J13. M. G. Green4 ,
nod R. J. Therinult5, 'Department of Geosciences, University of Arizona.
Tucson AZ 85721, USA (vervoort@geo.arizona.edu), 2Bcole Normale
Superieure de Lyon, 69364 Lyon Cedex 7, France, lUniversity of Western
Australia, Nedland~. WA 6907, Australia. 4 University of Sydney, Sydney,
NSW 2006. Australia, 5Geological Survey of Canada, 601 Booth Street.
Ottawa ON KIA OE8, Canada.
Importan t coosrraintS on crust-manlle evo lution have come from the Ndisotopic record. which shows d1nt the Earth differentiated into high SmiNd
(dep leted mantle) and low SmiNd (crust) reservoirs beginning early in its
history. The timing and extent of this differentiation and the evolution of the
diff~reot reservoirs, however. have been obscured by noise in the Nd record
resulting from U1e inclusion of samples, particularly ArcbC'J.n. with poor age
constraints and ltlso by samples whose isotopic systems have not remained
closed throughout their history. Estnblishing an accurate isotopic record of
the Earth is cmcial for refining models tor mantle depletion and crustal growth
through time.
Tbe ability of multiple collector ind uctively coupled plasma m;1ss spectrometry (MC-ICP-MS) to analyze Hf isotopes routinely in a wide ra nge of
samples now allows us to use a combined Srn/Nd-LuiHI'-isotopic approach
to resolve the complexities of this isotopic record. An integrated Hf- and Ndisotopic approach is a powerful method because Sm/Nd· and LuiHf-isotopic
systems behave coherently in nearly all crust and mantle environments. 'This
has produced, ove.r Earth's history, positively correlate-d arrays for boU1 mantle
and crustnl rocks that are identical to a first-order approximation [1]. A decoupUng of these two systems, when it occurs, is a strong indicator that there
has been a disturbance to either (or both) systems.
We have analy2ed a diverse collection of whole-rock samples from the
Canadian Shield and the Pilbara Craton of Western Australia in order to
eval uate the Archean record. The Canadian samples include low-grade basalts,
komntiites and evolved rocks from the Abitibi. Wawa, and Wabigoon
subprovinces of the Superior Province, and gneisses {rom Ll1e Cburchi Ll Province [2). These range in age from - 2.7 (Abitibi and Wawa) to -3.1 Ga.
(Churchill). All samples are dominated by positive f.m values (Abitibi and
Wawa: +3.3 to +5.3 at 2.7 Ga; Wabigoon: +2.4 to +4.7 aE 2.9 to 3.0 Ga).
The ages of the Churchill samples are not well constrained. but Em values
arc all positive aE 3. 12 Ga.
The samples frotn the Pilbara, in contrast. do not have a dominantly
depleted mantle character. A suite of 10 samples from the 3.24-Ga Panorama
Formation [3] has consistent slightly negative initi al ERI' values (8 samples
- 0.9 to -0.2; 2 samples at 1.8 and 2.4). Two suites of well-preserved, lowgrade -3.5-Ga basalts from the Pilgangoora belt [4] also have initial EHt values
close to zero. Basalts from the Coontcrunah Group (3515 Ma)[S) have dominantly positive EHr values (1.6 to 2.9; one sample at -2.3), whereas basalts
from the slightly younger Warrawoona Group (3462 Ma) [5] are dominantly
negative (-0.9 to -0.2; one sample at 2.4). A suite of samples fr-om the
Fortescue Group in the NuiJagine basin of the Pilbard [6] bas a wide range
of ini tial EHr values (- 4.5 to +2.0) ;at 2.77 to 2.71 Ga. indicative of older cmst
invol vement in the generation of tl1ese basalts.
TI1.: di fferences in the isotopic character of these two Archean cratons
seem to be easily explained by the presence of signiticant volumes of older
crust in the Pilbara and the paucity of older crust in the Superior Province,
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even though manlle differences cannot be discounted. It seems possible that
the mantle may be quite heterogeneous on a global scale throughout the
Archean. The majority of juvenile rocks of the Superior Province have been
derived from a mantle that is fairly homogenous (with initial ellf values of
3 to 5 at 3.0- 2.7 Ga.). The mantle sources for the Pilbara may be considerably less depleted and more heterogeneous. nus is consistent with the Pbisotopic compositions of galenas in Pilbara's volcanogenic massive sulfide
deposits that are more evolved and heterogeneous than their Superior Province counterparts [7].
Similar differences exist in the early Archean. Hafnium-isotopic data from
both whole rocks (8) and zircons [9) from the 3.7- 3.8-Ga Amitsoq gneisses
of West Greenland require a degree of mantle depletion (initial £Hf of 3-4)
higher than the time-integrated rate for the depleted mantle reservoir. In
contrast, Hf-isotopic compositions of detrital zircons from the Narryer Gneiss
Complex in Western Australia do not have a depleted mantle character but
seem to have been derived from a chondritic to evolved source [1 0).
References: (I] Vervoort J. D. eta!. (1999) EPSL, 168, 79-99.
[2) Theriault R. J. eta!. (1994) Geol. SuTll. Can. Curr. Res., 1994-F, 3742. (3] Brauhart C. W. eta!. (1998) Econ. Geol., 93, 292-302. [4) Barley
M. E. (1993) Precambrian Res., 60, 47-67. [5] Buick R. (1995) Nature, 375,
574-577. [6] Blake T. S. (1993) Precambrian Res., 60, 185-241. [7) Thorpe
R. I. (1992) Univ. W. Austr., Pub/. 22, 395-407. [8) Vervoort J. D. and
Blichert-Toft J. (1999) GCA, in press. [9] Vervoort J .D. eta!. (1996) Nature,
379, 624-627. [10] Amelio Y. et al. (1999) Nature, in press.
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Introduction: The Banda Arc represents an extreme case of source
contamination by subducted continental material (SCM), as evidenced by
isotopic and trace-element signatures [ 1,2). Correlations between Hf isotopes
and trace-element ratios suggest that the transfer to the mantle wedge largely
occurred by melts, and to a minor extent by fluids, both derived from SCM.
There is no evidence that (altered) oceanic crust plays a significant role.
We investigated 0-isotopic systematics of volcanics and sediments in front
of the arc to further constrain contributions from the mantle wedge, subducted
sediment, and the arc crust. Since the abundance of 0 is high in a fluid
(<88%) and lower in a melt (-50%), correlations between 0 isotopes, radiogenic isotopes, and incompatible trace-element ratios could help to identify
the mode of transfer between the subducted slab and the mantle wedge.
Results: Oxygen-isotopic ratios were obtained from phenocrysts (ol,
cpx, opx, hbl, and bi), using the laser fluorination technique at RHBNC [3).
The 1SO.,;. values have been converted to melt values applying theoretical
t..ua-melt values. The results are displayed in Fig. I and show only limited
spread of l)IS()mek (5.5- 6.4%o), close to accepted mantle values (5.2-6.8%o)
[4]. Only Serua shows relatively high 1)18() (6.1-7.5%o). These values cor·
relate with radiogenic isotopes, which could be interpreted as resulting from
assimilation of arc crust. AU other volcanos plot close to the bulk mixing line
between MORB and sediments in front of the arc (8 18()wr = 12.9- 24.2%o).
Discussion: Low 1)18()meh values appear to be an important character·
istic of the Banda-Arc volcanics. It should be noted that other sediment tracers
(Pb-Nd isotopes) indicate the involvement of 1-5% of SCM, the highest
percentage observed in active island arcs. Figure I demonstrates that fluid
derived from sediments is an unlikely end member in Nd-0 mixing models.
Sediment-derived melt is clearly a more appropriate end member. Some
volcanos plot even below the sediment melt-MORB mixing curve, which can
be attributed to AFC-type processes [5] in the mantle wedge (Fig. 1).
Conclusion: Given the important role of subducted continental material in the Banda Arc, our findings suggest that elevated 818() values in any
arc magma are difficult to explain without arc-crust assimilation.
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LOW 1)180 DESPITE INVOLVEMENT OF SUBDUCTED CONTINENTAL MATERIAL IN THE BANDA ARC. P. Z. Vroonl·'. D.
Lowryl, M. J. van Bergen2 , A. Boyce3, and D. Maneyl, IDepartment of
Geology, Royal Holloway University of London, Egham Hill, Egham, Surrey
TW20 OEX, UK, 2 Faculty of Earth Sciences, Utrecht University, P.O. Box
80.021, 3508 TA Utrecht, The Netherlands, 3Jsotope Community Support
Facility. Scottish Universities Research and Reactor Centre, East Kilbride,
Glasgow G75 OQU, UK, 'Faculty of Earth Sciences, Free University, De
Boelelaan 1085, 1081 HV, Amsterdam, The Netherlands.
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Fig.l. Mixing between MORB mantle and (I) fluid, and (2) melt derived
from sediment. End members: MORB: l)180
5.89%., 143NdJI44Nd
0.51310, Nd 0.73 ppm, 0 44.2%. Sediment: 1)18() 16.5%o, IONdJI"Nd
~ 0.51212. Fluid: Nd ~ 2.97ppm. 0 = 88.9%. Melt: Nd = 27ppm, 0 =
50.2%. AFC model (sediment melt assimilates MORB mantle) with r = 0.999
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[5).

References: (I] Vroon P. Z. et al. (1993) JGR, 98, 22349- 22366.
[2] Vroon P. Z. et al. (1995) GCA, 59, 2573-2598. [3] Maney D. P. and
Macpherson C. G. (1993) Chem. Geol., 105, 305-318. [4] Eiler J. M. et al.
(1997) GCA, 61, 2281 - 2293. [5) Kelemen P. B. et al. (1992) Nature, 358,
635 - 641.
GEOCHEMISTRY OF CARBON AND OXYGEN ISOTOPES OF
CARBONATITES FROM TilE WESTERN PART OF ALTAY-SAYAN
FOLDING SYSTEM. V. V. Vrublevsky 1, B. G. Pokrovsky 2, V. N.
Kuleshev2,!. F. Gertnerl, V. P. Pamachovl, and G. N. Anoshin3, ITomsk State
University, Lenin Avenue 36, 634050, Tomsk, Russia (petro@nggf.tsu.ru).
ZOeologicallnstitute, Pyzhevsky Lane, 7, 109017, Moscow, Russia, 3United
Institute of Geology, Geophysics and Mineralogy, Koptug Avenue, 3, 630090,
Novosibirsk, Russia.
Carbonatites in folding regions are of smaller scale and contain less
mineralization than in platforms, where a majority of carbonatite-bearing
magmatic rocks is formed. In contrast to platforms, carbonatites in folding
regions are formed episodically.
The composition and metallogeny of carbonatites is controlled mainly by
the degree of mantle matter participating in the rock-fomling process. The
mantle matter is dominated in the carbonatite of allcaline-ultrabasic complexes
of platforms. In contrast, crust matter has participated to a large exteat in the
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topes of 0. In this case such interaction seems to complicate the contami nation of the carbonatitc system with the C02 of a crustal origin.
References: [I) Bell K .. ed. (1989) Carbonatites: Genesis and Evolution, Unwin Hyman, London, 601 pp. [2) Javov M. et al. (1986) Chern Geol.,
57, 41 -62. [3) Chacko T. ct al. ( 1991) GCA, 55, 2867-2882. [4) Santos R. V.
and Clayton R. N. (1995) GCA, 59, 1339-1352.
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IMPROVEMENT OF LOW-LEVEL TRACE-ELEMENT ANALYSIS
WITH THE ELECTRON MICROPROBE FOR RECORDING
MANTLE PROCESSES. C. Wagoer 1 and M . Fialin2 , 1Laboratoire de
Petrologic, European Space Agency, 7058-Centre National de Ia Recherche
Scientifique, Universite Paris 6, 4 Place Jussieu, 75952 Paris Cedex 05,
France (cw@ccr.jussieu.fr), ZCentre de Microanalyse CAMPARIS, European
Space Agency, 7058-Centre National de Ia Recherche Scientifique, Universite
Paris 6, 4 Place Jussieu, 75952 Paris Cedex 05, France (fialin@ccr.jussieu.fr).
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development of carbonatites of folcling bellS due to peculiarities of the tectonic structure of the lithosphere in folding belts. Commonly, such interaction is revealed by a trend in change of isotopic composition of carbonatites
[1). We have attempted to estimate a scale of this process, analyzing isotopic
composition of C and 0 of 43 samples from endogenic carbonate rocks collected in some areas in the Altay-Sayany Folding Belt and in South Mon·
golia. These endogenic rocks were interpreted as carbonatites based on their
mineralogy and geochemistry. Mafic complexes Edelveis in Gorny Altay and
Mushuga.i-Huduk in Mongolia belong to K-alkaline differentiated series,
whereas Verhnepetropavlovsky (Kuznezky Alatau Range) and Harlinsky
(South Tuva) basic alkaline complexes reveal K-Na specifics of geochemistry.
Stable isotopic values of the analyzed carbonatites range between 1)13C
-8.4%o and -2.0%o (PDB) and 1)18() 11.5%o and 20.4%o (SMOW), which corresponds to an intermecliate area between the fields of the typical magmatic
carbonatites [2) and sea-deposited carbonate. There is an obvious correlation
trend between the stable isotopes. Inclividuallrends, which characterize local
specifics of carbonatitc development, cause variation of the l)llC and I)IB()
values (Fig. 1: I = Kuznezky Alatau, II = Mongolia, In Tuva, and IV
Gorny Altay). According to [3,4], such slope in trend is controlled by the
change in COjH2 0 ratio in a postmagmatic fluid and by the degree of
interaction between fluid (F) and rock (R) rather than by temperature regime
of the carbonatite system. Such interaction has been revealed for the
carbonatites of Gorny Altay. Observed correlation between the values of 1/Sr,
1)13C, and 18Q (Fig. 2) compared with the results of modeling allows us to
assume high concentration of H 20 in fluids accompanied by an increasing
FIR ratio due to an interaction with meteoric water enriched with light iso-
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Introduction: Information related to geochemical processes is recorded
at a microscale in minerals. Clinopyroxenes and amphiboles, for example, are
of particular interest for petrogenetic interpretation of mantle processes. In
peridotites, clinopyroxenes are the main trace-element carriers, and their
composition can be used to constrain the relative importance of partial
melting, metasomatism, or mixing in the upper mantle. Amphiboles, which
arc rarer phases in peridotites, testify for modal metasomatism and record the
metasomatic agent imprint.
In recent years, microbeam techniques have thus become essential tools
in distinguishing the signatures of complex processes. Among these techniques, the electron microprobe (EMP) may be used to provide reliable
information on the elemental distribution among or within minerals at concentration levels as low as a few tenths of parts per million, by using an improved analytical procedure.
Analytical Procedure: The measurements were carried out with a
CAMECA SX50 electron microprobe. The procedure is based on the "multi·
site" analytical mode [1,2), i.e., high excitation conditions (35 kV, 500 nA),
long total counting lime (4000 s) fractionated into subsets of 10-20 s count,
each acquired from clifferent sites to reduce possible damage due to prolonged
irradiation, and statistical processing of each set of counts. All elements were
analyzed with the La. lines, as measured with a LIF200 monochromator for
LREE and a PET monochromator for Sr, Zr, andY. The improvement deals
with the method of error calculation: stastistical and systematic errors are
distinguished and the latter is eliminated by a careful measurement of the
background curvature on a blank. The lack of knowledge of the background
curvature can induce error as large as 100% on the weight percent concentration. In the proposed protocol, the shape of the continuum is represented
by a parabola, the coefficients of which are determined experimentally on the
selected blank, i.e., an olivine [3].
Results: We present EMP analyses for LREE, Sr. Y. and Zr in clinopyroxenes and amphiboles in three peridotites (SD30, 43, 68) from the French
Massif Central. Those elements are useful tracers: for example, mantle enrichment is reflected in the clinopyroxene composition by an increase of the
LREE contents with common 20-50 ppm concentrations, a range of values
that can be measured by the EMP analysis.
The observed detection limits are as low as 11-13 ppm for LREE, 17 ppm
for Sr. 18 ppm for Zr. and 12 ppm for Y using the given operating conditions. Precision (±20) on the weight percent concentrations is then 25% at
20 ppm and 12% at 50 ppm. Data are in good agreement with secondary ion
mass spectrometry (SIMS) values.
The LREE and Sr contents reflect different degrees of enrichment; e.g.,
in clinopyroxenes, Let ranges from chondritic values in sample SD30 up to
20x the chondritic values in sample SD68. Similar or higher enrichment (1040x) has been previously reported in clinopyroxenes from a "composite"
lherzolite nodule crosscut by an horblendite selvage [4): the high abundances
close to the selvage decrease as a function of increasing distance from it,
recording the imprint of a metasomatic fluid emanating fom the dike. The
presented data suggest that the enrichment of the clinopyroxenes in the studied noncomposite nodules may be due to "cryptic effects" of a similar
metasomatizing melt.
C oncluding Remarks and Perspective: Electron microprobe is thus
useful in revealing the presence of some trace elements at a few tenths of
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parts-per-million level with a good spatial resolution and therefore may help
selecting samples for other techniques with lower detection limits but less
accessibility (e.g., SIMS, LA-ICP-MS, etc.) .
References: [I] Fialin M. et al. (1999) Am. Mineral., 84, 70- 77.
[2] Wagner C. and Fialin M. (1999) Proc. EMAS'99, 354. [3] Fialin M.
(1992) X-Ray Specrrom., 2/, 175. [4] Wagner C. et al. (1998) Mineral. Mag.,
62A, 1621- 1622.
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PLATINUM-RHENIUM-OSMIUM DISTRIBUTION AT 10 GPa IN
IRON-NICKEL-SULFUR-PHOSPHORUS. D. Walker, Lamont-Doheny
Earth Observatory, Columbia University, Palisades NY 10964, USA
(dwalker@ldeo.columbia.edu).
Fractionation of Pt, Re, and Os during growth of the solid inner core from
the liquid outer core can potentially affect !he long-tenn evolution of IS70sl
I88Qs and t86()stt880s in the outer core [1]. To set anticipated limits of the
effects on the Pt/Os and Re/Os ratios, D(solid/liquid metal) for Pt. Re, Os,
Fe, and Ni were determined at 10 GPa as a function of Fe-Ni-S-P liquid
composition. Liquid compositional changes were introduced by variations in
the bulk composition and temperature of the experiment. Multianvil methods were used to process samples in presintered MgO capsules at 1350°15000C at 10 GPa; electron microprobe methods were used to analyze phase
compositions of quenched samples. Traveling solvent zone refming was used
to digest refractory siderophile element staning materials into the liquid phase
from which equilibrium solid-metal crystals were reprecipitated. This approach eliminated the nugget problem previously encountered. As a byproduct
of this approach, rise-response profiles preserved in accumulating the solid
show that the order of diffusivities in the liquid state is Pt » Re > Os. Partitioning systematics of P-free and P-bearing experiments were both dependent on the S content of the liquid as at low pressure [2] but in slightly
different ways from each other and from low pressure. Do. and D~t. become
more siderophile with increasing S in the liquid, and to even higher D values
with P present. Platinum becomes, by contrast, distinctly less siderophile in
the presence of P. Phosphorus-free systematics were less noisy and roughly
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consistent with those inferred from the fractionation seen in meteorite suites
[3]. Atomic Do.IDJ:te -1.3 and Do./Dp, -4 for (P-free) atomic S from 18%
to 25%. The presence of -3 at% P reduces Do.~. to indistinguishable from
-I and raises Do.IDPo above 10-15 in this same range of at% S. These results
provide pennissive evidence (at low P contents) that substantial fractionations
of Pt, Re. and Os may have occurred during inner-core crystallization.
References: [I) Walker R. J. et al. (1995) Science, 269, 819-822.
[2] Jones J. H . and Malvin D. J. (1990) Merall. Trans. 2/8, 697- 706.
[3] Pernicka E. and Wasson J. W. (1987) GCA, 5/, 1717-1726.

THE tt,*K, =CONSTANT FORM FITS HOT COMPRESSION OF B2
KCI, RHOMBOHEDRAL KCI03, ORTHORHOMBIC KCI04, and 0 2
GAS TO 96 kbar CALWRATED AGAINST Bl NaCI. D. Walker 1, S.M.
Clark2, M. C. Johnson3, and R. L. Jones2, ILamont-Doheny Eanh Observatory, Columbia University, Palisades NY 10964, USA (dwalker@ldeo.
columbia.edu), 2Central Laboratory of the Research Council, Daresbury
Laboratory, Warrington WA4 4AD, UK, 3Geography and Geological Engineering, U.S. Military Academy, West Point NY 10996, USA.
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B2 KCI was cocompressed with NaCI and simultaneously heated in the
multianvil device on Station 16.4 Daresbury. The B2 KCI equation of state
was measured by in situ XRD measurements of both phases. B2 KCI, calibrated against Boehler and Kennedy's [I] NaCI hot compression data and
fit to an equation of state (e.o.s.) in the thermal Birch fonn (a, *K., constant
[2]), then served as an internal pressure standard for the compression and
decomposition of rhombohedral KCI03 and orthorhombic KCI04 • Thennodynamic manipulation allows the volume of 0 2 gas to be computed along
the decomposition curves of the chlorates that are encountered just below
600°C. All crystalline phases' hot compressions are well described by a
thermal Birch equation of state. Oxygen-2 gas can also be adequately described in this way over a more limited T range (22-96 kbar, 550°-600°C).
Features of note include the contrasting K0 values for high P forms B2
KCI and R KCI03. R KC103 has the highest I<, as expected for a high P fonn.
Intriguingly, B2 KCI has K0 marginally lower than even Bl KCI (sylvite)
instead of being substantially higher. This confirms by volume measurements

314

Ninth Annual V. M. Goldschmidt Conference

fluid, it is less compressible than the crystals that are populated by relatively
soft K and Cl ions.
References: (1) Boehler R. and Kennedy G. C. (1980) J. Phys. Chem.
Solids, 41, 517-523. [2] Birch P. (1986) JGR, 91, 4949-4954. (3) Hofmeister A. M. (1997) Phys. Rev. B 56, 5835- 5855.
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SURPRISINGLY SMALL OXYGEN-2 GAS VOLUMES FROM 22-
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48

96 kbar AT 600°C ARE CONFIRMED FROM DECOMPOSITION OF
ORTIIORHOMBIC KCI04. D. Walkeri, S. M. Clark2, M. C. Johnson3,
and R. L. Jonesz, 1Lamont-Doherty Earth Observatory, Columbia University,
Palisades NY 10964, USA (dwalker@ldeo.columbia.edu),lCentral Laboratory
of the Research Council, Daresbury Laboratory, Warrington WA4 4AD UK.
3Geography and Geological Engineering, U.S. Military Academy, West Point
NY 10996, USA.
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Recently we reported 0 2 gas volumes derived from decomposition of
rhombohedral KC103 to B2 KCl by in situ X-ray diffraction (XRD) multianvil
methods at Station 16.4 Daresbury [!]. Although the data appeared well
behaved, we were surprised by the resulting volumes, because they appeared
unreasonably low compared to mineralogical experience and also compared
to shockwave results in the same pressure range [2) that do conform to min-
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TABLE I.
Phase
82 KCI
R KCI03
0 KC104
0 2 gas

K. kbar

K.'

178
260
181
120

5.7
3.5
7.1
16

<X.,IK

alldata

V0 A3

1.6e-4
54.7• (Z = I)
1.6e-4
239* [Z = 3]
t.Se-4
363 [Z 4)
+-(at 600"C for 22-96kb)

=

~

aV(22-96 kb)N0
0.182
0 185
0. 176
0. 169

a310

300

* Metastable value from e.o.s. fit.

290
Boehler's prediction that this should be so, which was in turn supported by
Hofmeister's [3) infrared study of several 81 to 82 transformations. A new
high symmetry, noncubic form of KC104 was encountered at 20 kb above
6oo•c, but otherwise the low P form was observed over the P,T range investigated. Oxygen-2 gas compresses more easily at first (low K.) and stiffens more rapidly (high K.') than the crystalline phases reflecting its transition
to a condensed phase. Moreover, the total compression sustained by 0 2 gas
is resolvably smaller in this Prange than for crystals. This is a compositional
effect. When covalently bonded molecular 0 1 becomes a fully condensed
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eralogical expectations. We therefore refined our experimental techniques,
improved our calibrations and resolutions, reexamined the KCI03 equilibrium,
and explored the alternate related reaction of orthorhombic KCI04 to B2 KCI
and 0. Crystalline phase volumes were obtained by synchrotron XRD at
reaction P,T. Because the KC104 equilibrium, like the KCI03 decomposition,
varies by only -20°C over the 22-96 kbar of the experiments, 0 volume may
be computed directly from the difference between reactant and product crystal volumes. Any correction to the 0 volumes for nonzero dT/dP is limited
to <I% of the values even for unreasonably large estimated bounds on the
reaction aS (unknown because S for B2 KCI unknown). Because the KCI04
decompositions occur only -20"C above those for KCI03 , the two reactions
afford an excellent cross-check on each other. Thermodynamic analysis
indicates that KCJ03 decomposition is metastable with respect to KC104 , but
the metastable equilibrium still produces a valid 0 volume estimate. The
results of technique improvement and study of new equilibria change our
initial estimates by at most ±2%. Oxygen volumes vary by -18% over the
pressure range studied, so we confinn our previously reported low volumes
[ 1]. At 600"C, 0 2 volumes are II. I cc/mol at 22 kbar, 9.87 cc/mol at
53.5 kbar, and 9.21 cclmol at 96 kbar. These values are compatible, after
modest extrapolations in T from 200• to 60Q•C, with impulsively stimulated
scattering data on liquid 0 2 in diamond anvil cells.[3]. But our values are
30-50% below those derived from shock waves, a discrepancy that could be
resolved if Hugoniot temperatures (unconstrained by measurement) approach
10..4 K higher than thought. Low volumes for 0 2 may be a consequence
of the more compact electronic structure of the 0 2 molecule compared to the
o= anion of mineralogical experience.
References: [I] Johnson M. C. et al. (1997) Eos Trans. AGU, 78, S313.
[2) Nellis W. J. and Mitchell A. C. (1980) J. Chern. Phys., 73, 6137-6145.
[3) Abramson E. H. et al. (1999) J. Chem. Phys., in press.
OSMIUM-ISOTOPIC CONSTRAINTS ON TilE EARLY EVOLUTION
OF THE MANTLES OF THE EARTII, MOON, AND MARS. R. J.
Walker•, B. Asuquo•, H. M. Prichard2, and A. D. Brandon•, •Department of
Geology, University of Maryland, College Park MD 20742, USA
(rjwalker@geol.umd.edu) 2University of Wales, Cardiff, CFI 3YE, UK.
Introduction: The ti7Re-1870s-isotopic system provides important con·
straints on the origin of the highly siderophile elements (HSE) in the mantles
of the terrestrial planets. The determination of Os-isotopic compositions can
be used to monitor the time-integrated elemental Re/Os of materials derived
from mantle reservoirs. These ratios may then be used to assess the impact
of core segregation and late accretionary veneers on the HSE contained in
planetary mantles.
Terrestrial Mantle: The Os-isotopic composition of the Earth's coo·
vecting upper mantle can be constrained via examination of several types of
materials ultimately derived from it, including MORB, abyssal peridotites,
and the ultramafic portions of ophiolites. Although there are problems associated with extracting an accurate picture of the Os-isotopic composition of
the convecting upper mantle from each of these materials, several aspects of
the compositions may enable a well-constrained estimate of this upper-mantle
composition. Of note is the fact that the most radiogenic compositions of
abyssal peridotites, and the least radiogenic compositions of MORB overlap
at 1870stl81l()s of0.127-0.129 [1 -3]. For reasons that will be discussed, we
believe this is a good approximation of the 1870s composition of the convecting upper mantle. Indeed, ophiolites suggest a similar present-day composition for the convecting upper mantle. We have analyzed chromites (n >40)
from the mantle sections of 16 ophiolites ranging in age from 1.1 Ga to recent
(Fig. 1). On a time vs. Os-isotopic composition plot, the data regress to give
a modem 1870st••sos of 0.1289 ± 19 (2o), consistent with the overlapping
composition range of MORB and abyssal peridotites. It is also interesting to
note that this composition is essentially identical to the Os-isotopic composition (0. 1290 :1: 10) of a hypothetical undepicted or primitive upper mantle
(PUM), that was estimated via extrapolations from ancient melt-depleted
portions of the subcontinental lithospheric mantle (SCLM) [4]. The concurrence of data suggests that the convecting upper mantle is not measurably
depleted in Re relative to PUM. Consequently, Re removal into the crust must
largely be balanced via creation and isolation of Re-depleted SCLM. and the
recycling of most oceanic crust back into the convecting upper mantle.
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Fig. I. Plot of initial Os-isotopic compositions for cbromites (circles) from
15 ophiolites vs. time. Most data plot within ±2% of the evolution of the
proposed primitive upper-mantle composition of [I) (dashed line; with ±2%
uncertainty shown for square). Martian samples are shown as diamonds and
plot within the ophiolite data array.

As we have noted previously [5), if this estimate of the 187Qstl88Qs of
the upper mantle is accurate, then the time-integrated Re/Os of the upper
mantle falls well within the range of chondritic meteorites, and more specifically, within the range of ordinary and enstatite chondrites. This match
between the upper mantle and some types of chondrites argues most strongly
that the HSE in the terrestrial upper mantle were set by the late accretion of
chondritic materials subsequent to core segregation. High-pressure metal-silicate equilibrium, e.g., at the base of a magma ocean, can account for the Os
composition only if distribution coefficients for Re and Os are virtually
identical.
Mantles of Mars and the Moon: We previously reported Os data for
Apollo 16 green glass [5], finding that the lunar mantle reservoir from which
the green glass originated had evolved for nearly I b.y. with an essentially
chondritic Re/Os. The data, however, provide less precise constraints than
are available for the Earth and Mars because of the very low concentrations
{high uncertainly in Re}, and the fact the glasses are 3.6 b.y. old and, consequently, their mantle source evolved for much Jess time than the terrestrial
mantle.
Whole-rock Re-Os analyses of meteorites (ALH 77005. LEW 88516. and
EETA 79001A and B) of presumed martian origin have yielded results that
overlap with the ophiolite array (Fig. I). These meteorites generally have low
Re/Os and relatively high Os concentrations.
These results suggest that the lunar and martian mantles may have obtained their HSE compositions via a similar late accretionary period as the
Earth.
References: [I] Roy Barman M . et al. (1994) GCA, 58, 5043.
[2) Schiano P. et al. (1997) EPSL, 150, 363. [3] Snow J. and Reisberg L.
(1995) EPSL, 136, 723. [4) Meisel T. et at. (1996) Nature, 383, 517.
[5] Walker R. J. et al. (1998) LPSC XXIX, 1271.
OSMIUM-186-0SMIUM-187-ISOTOPIC SYSTEMATICS OF MANGANESE NODULES AND MARINE SEDIMENTS. R. J. Walker•. S. R.
Hemming2, H. Becker•, and M. Hodgson•, •Department of Geology, University of Maryland, College Park MD 20742, USA (Jjwalker@geol.umd.edu),
2Lamont-Doherty Earth Observatory, Palisades NY 10964, USA.
Introduction: Previous studies have teamed the 87Rb-87Sr-isotopic system with the 187Re-187Qs system in studies of the chemical evolution of the
oceans [1,2]. Both systems display large fractionations of parent from daughter between the mantle and continental crust. Consequently, with time, tbe
continental crust has evolved to much more radiogenic 187Qstli80s and
87Srtl•Sr compositions. The long residence times of Sr and Os in the oceans
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Fig. 1. Plot of 1860sJIBBOs vs. IB70st•ssos for Mn nodules (circles) and

marine sediments (squares). The vertical dashed line delineates the modem
tB6QsflBS()s of chondrites.

permit the assessment of globally integrated changes of input relative to local
events occurring within one particular oceanic basin. The evolution of
IB70s-isotopic variations in seawater with time, in tandem with 87Sr variations, has proved useful in constraining the contributions of continental crustal
materials to the oceans. For example, recent strong increases in 1870sfiBS()s
with 87Srf88Sr are consistent with increased chemical weathering of continental materials, perhaps as a result of the uplift of the Himalayan and Cordilleran chains. Nonetheless, differences between the 1870s and 87Sr records of
seawater during some time intervals are difficult to evaluate and require substantial changes in the types of materials that provide Os and Sr to oceans.
To exaruine these issues, we have begun work in applying the t9QPt.IB6()s
tracer system. This system, like the 187Re-'87Qs system, may provide important constraints on the origin of Os added to seawater. The Pt-Os system is
less sensitive to changes in parent/daughter ratios because I9QPt is a very
minor isotope of Pt and has a small decay constant. Nonetheless, with recent
advances in high-precision measurement techniques of IB6()s [3). the system
may have significant use in "fingerprinting" different terrestrial, especially
crustal reservoirs.
Because the budget of Pt relative to Os is poorly determined for continental crustal materials. the application of this system to understanding
oceanic inputs is still only loosely constrained. Several aspects of the system
are noted. First, a study of the initial t86Qs.isotopic compositions of ores from
the 1.85-Ga Sudbury Igneous Complex [4) indicates that at least some felsic
crust has nearly chondritic to moderately suprachondritic Pt/Os. Basalts, in
contrast, have very fractionated Pt/Os as a consequence of their mantlelil<e
Pt concentrations, but a factor of - I 00- 1000 depletion of Os. Consequently,
ancient basalts must have "60s-rich compositions relative to the mantle.
Thus, we predict a significant difference in 1B6QsflBBOs between ancient
basaltic crust and felsic crust of any age. Although some sediments greatly
concentrate Re, leading to huge fractionations in Re!Os, no large fractionations between Pt and Os have been observed [5). Consequently, ancient
sediments should not develop significantly suprachondritic J860sttssos.
Methods: Approximately 30- 50 ng of highly purified Os must be extracted from a rock in order to malce the highest-quality ll!6()sf1 88()s measurement [3). To achieve this , we utilize a Ni-sulfide fire-assay concentration
technique to extract Os from 50-100 g aliquots of powder [6). Where necessary, the final aliquots are combined to obtain sufficient Os for high-precision measurements.
Results: We have examined a variety of deep-sea Mo nodules and
marine sediments. Because of their stow rate of formation, Mn nodules are
less desirable than pelagic sediment~ for constraining the evolution of Os in
seawater. Nonetheless, they contain considerably more Os than sediments, and
have thus yielded the most precise data.
All but one of the Mn nodules and sediments have compositions consistent with a precursor that evolved with long-term chondritic Pt!Os (Fig. I),
although the less-precise data for the sediments also permit an interpretation
of more radiogenic compositions. Additional aliquots will be analyzed to
improve the quality of the data. An aliquot of Mn nodule V21 -05. however.
has a distinctly suprachondritic composition. The l870sf'88Qs of this sample

(0.850088) suggests an average formation age of - I 0 Ma, and may indicate
substantial addition of Os derived from ancient basaltic crust at that time.
References: [I) Ravizza G. (1993) EPSL, 118, 335. [2) PeuckerEhrenbrinlc B et al. (1995) EPSL, 130. 155. [3) Wall<er R. et al. (1997) GCA,
61, 4799. [4) Morgan J. W. et al. (1997) Eos Trans. AGU, 78, F782.
(5 ) Ravizza G. and Pyle D. (1997) Chem. Geol., 141, 251. [6) Brandon et al.
(1998) Science, 280, 1570.
IMPROVING THE ACCURACY OF POTASSIUM-ARGON DETERMINATIONS ON ORGANOCLAYS. J. M. Wampler'. W. C. Elliott2,
S. K. SearsJ, and S. Shata3, 1School of Earth and Atmospheric Sciences,
Georgia Institute of Technology, Atlanta GA 30332-0340, USA, 20epartrnent
of Geology, Georgia State University, Atlanta GA 30303. USA. lDepartment
of Earth and Planetary Sciences. McGill University, Montreal, H3A 2A7,
Quebec, Canada.
Introduction: Exchange of interlayer K ions by long-chain alkylammonium ions provides important opportunities for those who study K-Ar relationships in clays [1,2). The organoclays produced by such treatment also
provide several special challenges for those who determine the K and Ar
isotopes in such materials: (I) Gases, formed by decomposition of an unusually large amount of organic matter during fusion of the clay to release Ar,
may overwhelm getters - getters that have sufficient capacity for ordinary
clay samples. (2) Certain volatile organic compounds, if not completely
gettered, cause mass-spectrometric interference in the mass range of the Ar
isotopes, which increases the uncertainty in the correction for atmospheric
Ar. It could also lead to an overestimate of the amount of atmospheric Ar
and thus an underestimate of the amount of radiogenic AI. (3) The increase
in mass of clay attendant upon exchange of massive organic ions for lessmassive inorganic ions malces it difficult to interpret the effect of the treatment in terms of the amounts of K and radiogenic Ar released during
treatment (although it does not affect the calculated K-Ar ages). We have developed techniques to minimize these problems in determining the Ar isotopes and K in c lays that have been treated with long-chain allcyl-arnmonium
ions.
The Techniques: The techniques that are specifically important in KAr work with organoclays are described in the following. (Not att of these
are new techniques.)
Minimizing gas formation. Because of the small size of the particles, Ar
can be extracted completely from illite by heating at a temperature below that
at which the material fuses. Heating at I000°C for 15 min is sufficient to
release all the radiogenic Ar from most clay samples. Consequently, clay
samples may be heated sufficiently for Ar extraction in a fused-quartz tube
from which the heavier organic products of decomposition may be condensed
before they have much opportunity to decompose further by interaction with
hot surfaces.
Destruction of volatile organics. The more volatile organic compounds
created by decomposition of organoclay can mostly be eliminated by reaction with hot copper oxide. The main products of the reaction, water and C02 ,
are easily trapped.
Cold rrapping. Organic compounds having volatilities close to that of
C02 (propane and propylene) have a sufficient vapor pressure at 77 K such
that cold trapping with boiling liquid N is not sufficient to prevent interference by three-C organic ions in mass-spectrometric measurement of the Ar
isotopes. A trap cooled by melting solid N (63 K) towers the vapor pressures
of these compounds by about two orders of magnitude from their values at
77 K.
Determining loss on ignition. The mass of organic matter added by treatment with allcylammonium ions can be determined approximately by determining the difference in mass loss on ignition of treated and untreated clays.
Correction is required for the mass of the oxides of the inorganic cations that
were replaced by organic ions, since those oxides are not present in the
ignition residues of treated clays. If samples for Ar determination are enclosed
in appropriate metal capsules, loss on ignition can be determined from the
difference in mass of a capsule and its contents before and after Ar extmction at I 000°C.
Results: We have extracted Ar from two dozen clay-sized samples of
2: I layer silicates that had been treated to replace exchange cations aod some
of tbe intertayer K ions with octadecylammonium ions (nc = 18). These
samples were eocapsulated in copper foil for Ar extraction and for later
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determination of the mass loss on ignttion. For 12 of the samples. rhe corresponding untreated samples were prepared and analyzed in the same way.
The loss oo igoition determioed after AI extraction is some" hat unccnaio
because a little of l.he Cu vaporizes during heating at Iooo•c to extract Ar.
It also may be that the conditions for Ar exlraclion (1000°C. vac uum) arc
not optimum for determining loss on ignition. Nevertheless. the differences
in loss 0n ignition for treated aod untreated submicrometcr-sizcd fractions
of ill ite/smectite-rich clays indicate that the increase in mass allendant upon
treatment by octadecylammonium ions can t>e several tees of percent. (These
results oeed to be compared to resullS obtained by ignition in air of samp les
in Au-foil capsules.) A dozen of Lhe ignition residues were later fused in an
Ar extraction line 10 dc:moostra le that all of the radiogenic Ar had been
extracted at IOOO"C..
References: [I) Sears S. K. eta!. ( 1998) Canadian Mineral., 36. 15071524. [2) Chaudhuri S. et al. (1999) Clays Clay Minerals. 47. 96- 102.

SPECTROSCOPIC PROBES OF DEGRADATION REACTIONS
PROMOTED BY METAL OXIDE SURFACES. D . Wang 1 , W. E.
Dubbin 2. J. Y. Shin3, M. Zavarin 4 , M. A. CheneyJ, T. G. Spiro 1. and G.

Sposito$. 1Dcpartment of Chemistry, Princeton Uni versity, Princeton NJ
08544-l()()Q, USA. lOcpartment of Mineralogy, Natural History Museum.
London SW7 5BD. UK, 3Department of Environmental Science, Cook
College, Rutgers Univenity, New Brunswick NJ 0890 1·8551, USA, ~Mail
Stop L-219. Lawrence Livermore National Laboratory, Livermore CA 94551.
USA, jEcosystcm Sciences, Hilgard Hall #3110. Univcnity of CaJ ifomin.
Berkeley CA 94720-3110, USA.
lotroduction: Herbicide degradation by enzymatic catalysis in soil environments is well known, but little information exists as to the role of ox ide
minetrtl surfaces in !.his process. We have applietl spectroscopic techniques
to eluc idate Lhe degradation reactions of two herbicides of current environmental concern. Glyphosate, a broad-spectrum herb icide widely used in
agriculture and forestry, was reacted wil.h microcrystaJline gibbsite, an aluminum hydroxide ntioeml. and investigated with extended X-ray absorption
fine-structure (EXAFS) spectroscopy to discern the nature of the surface
complex formed. Atrazine, the agriculrural herbicide most frequently detected
in sbu llow groundwater bodies of the United States, was reacted with
vernadite, a manganese oxide, and investigated with ultraviolet resonance
Raman (UVRR) spectroscopy to follow the pal.hway of its abiotic deallcylation
on the mineral surface, a process discovered recently by Cheney et al.[ 1].
Experimental: Gibbsite and vemadite were synl.hesizcd and characterized in the laboratory following standard procedures.
Copper-glyphosatc-gibbsitc surface complexes were prepared by first
adjusting a g ibbsite suspension to pH 5.5 . then add ing s ufficient Cuglyphosate so lution to produce a surface coverage oenr l1.unlm1 . After a 24-h
reaction. the suspension was centrifuged, nnd Lhe resulting paste was mountcJ
onto a sample ho lder for study by EXAFS spectroscopy. Copper K-edge X·
ray abso~ption spectra were collected in fluorescence mode at the Stanford
Synchrotron Radiation Laboratory. Normalization and background subtraction to obtain EXAFS spectra were performed according to established procedures. Phase and amplitude functions needed for interpreting the spectra
were extracted from spectra of well-characteri zed model compounds in conjunction with calculations using the FEFF software package.
Reagent-grade atrazine dissolved in dietbyl ether was deposited onto
vcrnadite, followed by evaporation of Lhe solvent at o•c and incubation of
the sample at 30°C for up to 96 h [l ]. After various periods of reaction, Lhc
sample was ex trac ted with methanol and the extracts were examined by
UVRR spectroscopy (excitation at 229 om). Volatile products were quantified by gas chromatographic analysis of head-space gas above the incubated
samples. Incubations were performed under N gas as well as in air. A leastsquares method of deconvolution was used to quantify the reaction products
based on a calibration file generated with standard solutions of atrazine and
its three principal dealkyloted forms.
Results: Copper K-edge EXA.FS specu::1 of Cu-glypbosate complexes
in solution at pH 5.5 revealed 1:1 Cu complexation by the phosphonate group
of l.he herbicide. Formation of a ternary surface complex after introducing
gibbsite wa~ accompanied by Lhe loss of phosphonate from the coordination
sphere of Cu, thus indicating adsorption of this group to Lhc oKidc surface
by ligand exchange [2]. The EXAFS spectra of Cu in the ternary complex
matched closely the corresponding s pectra of Cu-glycine a nd Cu-
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mcthylglycinc complexes. suggesting Cu complexation in the teroary surface
complex by Lhc glyphosau~ carboxyl 0 and amine N, both of which remained
detached from the gibbs ite surface, extending into the aqueous solution phase.
The anunc N is therefore accessible to extracellular enzymes. allowing Lhe
rapid biodegradation of glyphosate in soil environments. as observed frequently. despite the well-known strong achorption of l.hc herbicide by O.\ide
minerals.
Synoptic UVRR spectra showed a rapid loss of atrazine over the fn'St 5 h
of incubation and a corresponding increase io mooodealk.ylated triazincs.
whicb reached maxima at 12 h, !.hen in the fully dealkylated product. In Lhc
presence of N gas, mass balance was achieved among these four compounds,
and olrlin producl~ were detected in Lhe sample hcadspace. In Lhe presence
of air. the four compounds accounted only for -70% of Lhe initial mass. with
col making up the rest along wil.h aldehyde and k.etoae oxidation producl~
of Lhe olefins produced. Thus atrazine was efficiently dealk.ylated by vemadite
irrespective of the presence of 0 .
Acknowledgments: W_ E. Dubbin expresses gratitu de to NSERC
(Canada) for a fellowship. Support by DOE cootraclS DE-AC03-76SF00098
and DE-FG02-97ER I4755 and NIH gmot GM22576 is appreciated.
ReferencLos: [I) Cheney M.A. eta!. (1998) Colloids Surfaces, AJ37.
267. {2) Laiti E. et al. (1995) 1. Colloid lmet:face Sci., 175, 230.

GEOCHEMISTRY AND METALLIZATION OF MYLONITEUOSTED GOLD DEPOSIT IN SOUTIIERN CHINA. H. N. Wang, J.
Chen, J. F. Ji, and C. Y. Suo, Naojiog University, China ( wanghn@990.net).
Introduction: Many large Au deposits have a close genetic relationship
to ductile shear zones. These Au deposits can be divided ioto three types: ( 1)
mynolite-hosted. (2) t.Tush belt-hosted, and (3) qunrtz vein. In recent years,
Lhe mynolite-Hostrd Au depos it has been found to be one of Lhe largest Au
deposits in South China.
Ore Depooit Geology: Gold deposit is contained within a ductile shear
zone. The ores occur as veins or as lenticular bodies within altered mylonite
and ultrdmylonite host rocks. Native Au is disseminated in silicified, pyritized,
and sericitized phyllonites. The auriferous shear zone has undergone two
stages of evolution. The early stage was characterized by ductile deformation, duing which auriferous mylonite containing n x 106 Au was formed.
The later stage was developed in brittle-ductile and brittle envirooments in
which magmatic hydrothermal mineralization was superimposed. resulting in
local Au enrichments or auriferous quartz vein.
1'he Features of Gold in Dislocation Wall: Based on the study of
1ransmission electron microscopy (TEMJ, dense dislocations can be seen
under bright field transmission. The Au-concentrated bright spots are regularly arranged in the dislocation wnll.
Gold deposits in ductile shear zone have an obvious cause of structural
formation. During ductile shearing. the !urge quantities of quartz th:tt exist
in a shear zone form Lhe dynamic dislocation walls that arc the important
structures for Au to migrate to the shear zoae and for increasing the total Au
conteor of Lhe shear zone.
Trace-Element and Isotopic Geochemistry: The auriferous silicified
mylonit.e is similar in geochemical characteristics of REE and trace elements
to the country rock, which may have provided ore-forming materials for the
first stage of minera lization. The chemical and isotopic characteristics of Lhe
fluid inclusions from the auriferous quartz veins indicate that the ore-forming fluid responsible for the second stage of mineralization came from
meteoric wat~r or a magmatic hydrothermal source. The S and Pb isotopes
of ores reflect Lhe fact !.hat the ore-forming materials originated mainly from
a wall-rock source.
Gold Enrichment by Ductile Shearing: The geological characteristics,
ore-body occurrences, and Au existence forms all indicate that ductile shearing leads to Au enrichment in mylonite belts. This conclusion is suppon ed
by the following observations: (I) The orebodies occur in Lhe mylonite belts
and are assocated with phyllonite and ultramylonite. The occurrence of ore
bodies correlates directly with the occurrence of the mylonite bells. The scale
of ore bodies is positively proportional to the scale of tl1e mylonite bells and
Lhc slrcngth of shearing strain, The dip and angle of ore bodies are basically
consistent with those of the sheur zone. (2) Native Au is disseminated in
alternated mylonite ores. In polished section, native Au groins are oriented
along phyllonite cleavages. (3) A large quurtz subgrain with some bright Auconeentrated area is regularly arranged in t11e dislocation wa ll. (4) regional
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geochemical sections sllow that the metamorphosed rocks and migmatite thnt
underwent ductile s hearing have a preliminary Au enrichment.
MOLECULAR MODELING OF THE INTERLA YER STRUCTURE
AND DYNAMICS 1N HYDROTALClTE J. Wang 1• A. G. Kali.nichev 1,
R. J. Kirkparrick 1, R. T. Cygao2 • and X. Hou 1, 1Departmeot of Geology,
University of Illinois at Urbana-Champaign, UTbana lL 61801, USA
(jwang7@uiuc.edu, kal ioich@uiuc.edu), 1Geocbemist:ry Department, Sandia
National Laboratories. A lbuque rque NM 87185-0750. USA (rtcygan@
sandia.gov).
Introduction: Sorption and exchange are fundamental processes in
many geological and cnvirorunental systems, and the molecular-scale dynamics of the ions and water molecu les involved is key lO thei r microscopic understanding. Forc.:fteld-based molecular-mechanics simulations, guided by
experimental data and based on accurate potential functions. provide significant insigbt into the structural and dynamical interpretations of :hese processes £1]. Phases of the hydrotalcite group are among the few rnincmls with
perroancot anion adsorption and exchange capacity, and stand in contract to
clay minerals, which have dominantly c<Jtion adsorption and exchange capacity. Their crystal structures are sim ilar to that of brucite, Mg(OHh. but
develop permanent positive charge from the isomorphic substitution of. e.g.,
All• for Mg2. The positive charge is balanced by interlaycr anions that have
associated water molecules. This paper focuses on the study of the structure
and dynamics of interlayer species in hydrotacite-like compounds.
Forcefield·based Simulation: Molecular dynamics simulations were
applied to hydrotalcite, [Mg2 AI(OH) 6]CI 1.5H70 and [Mg2 Al(OH)6 )zC03
3H 20 [2-4 ]. to model the structure and molecular dynamical behavior of
intcrlayer species (CI-, C032.-. and H 20). The simulation ce ll consists of 6 x
3 x I crystallographic unii cells of hydrota lc ite. A modification of the consistent valence force lield (CVFF) for ionic species was used for all ion-ion
and ion-water interactions and a fleKible version of simple poi.nt charge
potential was used for water [1.5]. In addition to the intcrlayer anions and
water molecu les. all alOrns of the hydroxide layer \vere also treated as completely movable. Isothermal-isobaric molecular dynamical simulations In the
NPT ensemble allowed us to leave the size and shape of the simulation cell
unconstrained as welL The resulting crystal lnttice parameters arc in good
agreement with measured data [21.
Interlayer Structure: Molecuhu-dynamics simu lations for [Mg2 AI
(0H)1JCI l.SHzO hydrotalcite reveal significnnt positional 11nd orieotational
disorder of the interlayer unions and water molecules. The inter layer spec ies
are located at three layers along the [001) direction. chlorides are at the middle
between two octahedr.tl layers, and about ha lf of the water molecules are
above tbe chloride layer and the other half below the chloride layer. The
positions of Cr are relatively fixed with respect to the Mgz. and AJl• in the
octahedr.JI Iayers. Chloride ions are coordinated by the H of water molecules
and OH groups of the octahedral layer. The water molecules undergo dynamical reorientation in the interl:iyer, and U1e rotation a~is tends to be perpeud.icular to the layer plane because o f the attraction between positively charged
octahedral layers and the water. This reorientation is consistent with the IH
nuclear magentic resonance (NMR) observations of hydrotalcite [6].
Molecular Dynumies: Power spectra of translational, librutional. and
vibrational motions of interlayer anions und HlO molecules were calculated
as Fourier transforms of the velocity autocorre latioo functions for each species. The Cl· power spectrum of hydrotalcite is more similar to th;lt of CJin bulk solu tion and on the surface of the hydrota lcitc than in the
hydrocalumite (Ca 2 Al(OH)6Cl 2H20) interlaycr [5). consistent with the disordered interlayer structure. Strong electrostatic attraction between interlayc.r
water molecules and octahedral Mg atoms make the M-0 bond direction the
preferable axis for H 20 librations (hindered rotations). However, due to the
interlayer disorder, mo lec ular librational spectrJ of HP in hydrotalcite resemble those of bulk liquid water [7] much more than that of the intcrlayer
water of hydrocalwnite.
References: (1 ) Molecular Simulations Inc, (1998) Cerius 2 User Guide.
[2} Bellono M . et aL (1996) J. Pltys. Chern., /00. 8527-8534. [3) Titulaer
M. K. et al (1996) Clay Minerals, 31. 263-277. [4J Costantino U. et al.
(1998) Eur. J. lnorg. Chem.. 1439-1446. [51 Kalinichev A. G. ct al (1999)
Am. MineraL, in preparation. [61 Pol A.V . D. eta!. (J 994) J. Plrys. Chem.,
98. 4050-4054. [7] Kalinichev A. G. and Heinzinger K . (1992) Adv. Phy.v.
Geoclurm., /0, 1- 59.

CARBONATE ROCK WEATIIERING AND PEDOGENESIS IN THE
SOUTH OF CliiNA. S. J. Wang, H. B. Ji, Z . Y. Ouyang, and D Q. Zhou .
The State Key Laboratory of Environmental Geochemistry, Inst itute of
Geochemistry, Chinese Academy of Sciences, Guiyang 550002, Ch io a
(hdh @public l.gy.gz.cn).
Based on a del.lliled fie ld investigation, tlu: five typical soil profiles
d.e velo ped on the bedroc k dolomitilc and limestone and morphologically
located in upland karst terrain in the central, west, and north areas of Ouizhou
and the west area of Hunan, China, were selected. Tllrough acid-dissolve<!
C)( traction experiment of bedrock carbonate rock and mineralogical and tracee lement geochemica l study, the five soil profiles were proved to be in .~iw
weathering and pcdogenetic products of carbonate rock. Carbonate rock
weathering and pedogenesis were suggested as the malo sources for soils
widely overlying on bedrock carbonate rocks in south China.
Except that pyrite became iron oxide and hydroxide, mineral compositions of HCl leacbatcs of bedrock carbonate rock were the same as those of
soils overlying on il in the five studied soil profiles. This implied that soi l
could be the weathering product of the underlying bedrock carbonate rock.
lt was important to note that volcnnic secondary minerals, glassy detrital
matter. and heavy miner-.tls usually ex isted in loess were not found in different sizes of samples. implying thar there existed no eolian matter in soil
profile.
Concentrations of REE for the bedrock, transition zone, and soil samples
were different; tlac latter was 10-1000>< higher than the fonner. But the distribution patterns of REE for samples were simiJar. showh'\g that the evol.utioo characteristics of REE in soil have an obvious heritage to the parent rock.
The four separate smooth curves (La-Ce-Pr -Nd. Pm-Sm-Eu-Gd. Gd-Tb-DyHo. and Er-Tm-Yb-Lu). i.e., "M type" tetrad effect, existed in the distribution patterns of REE for bedrock :utd transition-zone samples, corresponding
to tl1ose observed in mariue carbonate and its producl~ of water-rock. interaction [I J. All of those features demonstrated that the studied profiles were
iu situ weathering profile of carbonate rock.
ln Nb vs. Ti0 2 and Zr vs. Ti01 diagram, all samples of each profile had
good linear relation, correlatiou coefficient of 0.969-0.998. demonstrating
that the soil were derived from U1c underlying bedrock carbonate rock. In Ul
Pb vs. Th/Pb diugmm. the ratios of UIPb and Th/Pb of each soil profi le
evolved fiorn the lower to higher values. and those of the parent rock and
weathered rock were concentrdted in tl1e left lower parts. Samples from the
three studied soiJ profiles distribute-d along the line of ThiU = 3.8 defined
by UCC, and somples from the other two p rofiles along the simul:itcd line
of Thill= 1.76. These differences could reflect distinction of weathering iLltensity of the studied profile [2).
According to the above research, it was suggested that the process of carbonate rock weathering and pedogenesis be divided into two stages: dissolution residue of carbonate rock weathering accumulated to form soil in the
first stage and the second stage for chemical weathering of the residuum. The
latter is similar to the weathering process of the other kinds of roclcs.
Acknowledgements: The research is jointly supported by the Chinese
National Science Foundation Commi ttee (grant No. 4980003), Chinese national key busic research project (grant No. 95-pre-39), and Gui :chou Science
Foundation Committee.
References: [J) Liu C. Q. et at. ( 1993) Chem. Geol., 106, 359-374.
[2] Dupre B. et al. (1996) GCA, 60, 1301-1321.
GEOCHEMISTRY OF THE ORE FLUID JN THE JINJITAf CARBONATE ROCK-HOSTED GOLD DEPOSIT, SICHUAN, CHINA.
X. C. Wang and Z. R. Zhang, Institute of Geochemislry, Chinese Academy
of Sciences. 73 Gu.anshui Road. Guiyang , Guizhou 550002, China.
Different ore rypcs and their complex geochemical association reflect tbc
parental fluid, the composition of the host rocks, and the condition of ore
formation . The fea ture of ore fluids can give fundamental information to
elaborate a metallogenic model and provide important criteria for ore exploitation in each depos it. This contribution aims to determine the composition
of the ore fluid for the Jinjitai carbonate rock-hosted Au deposit in Sichuan
China. and to discuss its metallogenic mecbnnism aod e labomte some be used
io a more rational exploitati on of metals.
Geologic:ul Setting of the Depusil: The Jinjitai Au deposit is situated
20 km \"l'Sl of the towu of Sbillliau in Sich.uan Province. It was discovered
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in !he 1980s and has a proven total reserve of more than 3 t of Au. It is located
in !he Longmenshan-Jinpingsban Cenozoic intrncontinemal orogenic belt at
!he western margin of the Ynngtze Craton [I I. The ore grade ranges from 5
to 6 ppm. and the highest grade reached 25 ppm. The geological setting
consists of marble, dolostone and clastic rocks (Oevoni!ln , Permi!ln, and
Triassic ages). migmatilc (Arcbaeozoic). ;md dinbase dikes (Cenozoic). Gold
occurs disseminated or in shear fractures and is associated witb quartz,
sericite, dolomite. pyrite. tetrabedrite, ch;tlcopyritc, galena. sphalerite, and
arseno-pyrite within Middle D.:vonian dolostone and marble. lnterstratified
fractured zones controlled Au ore bodies strictly [2].
Element Geochemistry: Multi-element (major-, minor-, ond traceelemem) geocllemical ;tnnlyses in whole rock were carried out on selected
samples from tbe deposit. The allJilyses of the ore. paragenesis reveal the
following results: (I) Gold: Au (72.94- 98.42%), Ag (0.33-17.01%), with
ftneness 771-990, showing the e.xistence of native Au and electrum with
composition AtJo. 77 A&, 23 ; (2) Pyrite: Pe (46.30-46.29%). Cu (0.01-0.02%).
S(S 1. 11-51.45%), As t0.317%); (3) Te trahedrite: Cu (39.10-42.27%),
Pe( l .24-7.78%), Zn (0.39-7.06%). As(5.41-17.40%}, Sb(2.70-20.46%), Ag
(0.02-0.44%}, S(24.94-27.35%}, showing the complete isomorphous !Cplacement of fc-Zn and As-Sb.
GeociJemical da~a in whole rock to the ore show a positive correlation
between Au nnd As-Sb-Bi-Cu -Zn-Ag-Ba. REE geochemical data reveal that
Au ore, calcite, and Triassic slate, as well as Devonian dolostone, have similar REE patterns that are different from that of diabase.
Isotopic Geochemistry: The 1P4S values of pyrite, tctrahedrite and chalcopyrite range from approximately -2.44%. to +21.98%., averaging 10 84%Q.
The 1)tJC1,08 value of calcite ranges from approximately -2.7f17co to -0.66%o,
averaging -Ll 5%o. which is similar to those of DevoniJn dolostone
(-2.37- -0.09%o, averaging -1.23%o). 'Ole liD and 0 values for the ore fluids range from -90- -80%o, and from 0.75 -4.82%o respectively. which are
pi oiled io the geothermal range on the diagram ofD vs. I!!Q for various fluids.
The ratios of .l06pbflQ.IPb, 207pbflO~Pb, 10BpbflQ.1Pb for sulfide minerals (pyrite and tetrabedrite) are 18.051-24.527. 15.522-15.870. and 38.292-38.828
respectively; those for d iabase arc 18.262-18.480, 15.351-15.603, and
37.781-38.593 respectively; and those for regional Devonian and Triassic
rocks are 18.446-19.803. 15.600-15.818. and 38.580-38.932 respectively.
Fluid Inclusion Geochemistry: The inclusion study reveals that the Au
ore was formed at 80°-300"C (aver~ge 240"C) by alkalescent fluids fpH
7 .65-8.04} with salinity of 5.6-20.0 wt% NaCI, and density of 0 .8620 .965 gtcmJ under reductive environment (Eh -1.10........{).61 V}.
Discussion and Conclusion: The present study rcvcnls the deposit contains enough Cu and Ag tllat can be as a byproduct. In other words. there
is n potential for these two metals. The prcsen~e of the association Au -AsSb-Bi-Cu-Zn-Ag-Ba reflects the signature of the parental fluid and improves
a new constraint to the genetic model. This ge.ochemical association points
to an importanl contribution of geothermal fluids to the ore-forming flu ids
ro the ore-forming system, which is in accord with the H- and 0-isotopic data.
TI1~ REE and S·. C-, and Ph-isotopic data suggest thnt tile S and C iu
the ore flu id were derived chiefly from ore-hosted siTata.and the metallic materials were not only supplied by the Middle Devonian and Triassic Strata.
but also supplied by the Arclllleozoic migmatite. The deposit may be formed
during Cenozoic intracontinental orogeny [ 1,3).
Acknowledgments: A major program of Chinese Acndemy of Sciences
(research on gross low-temperature merallngcnic domains io southwestern
China} financially supports the study.
References; [I] Luo Y. N .. ed. (1995) ContributiOJLf to Geology and
Mineral Resources in Intracontinental Orogenic Belt, Sichuan Press of
Science aod Technology, Chengdu, 360 pp. (ln Chinese). [2] Wang X. C.
( 1993) Acta Geologica Sichuw1, 13, 296-303 (in Chinese). [3] Waog X. C.
(1994) io Geochemiscry of Ore Deposirs (R.
Hu, ed.), pp. 158-161.
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GEOCHEMISTRY OF THE TRIASSIC BASALT IN THE LUJIUOJ>AOFU REGION, SOUTHWESTERN CIDNA, AND ITS TECTONJC
SIGNIFICANCE. X. C. Wang and z. R. Zhang. Institute of Geochemistry.
Chinese Academy of Sciences. 73 Guaoshui Road, Guiyang, Guizhou 550002.
China.
Studies of volcanic rock g.:ochemisaybave made important contributions
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to imerpretntions of tectonic setting as well as estimates of nverage deep crust
composition and its evolution. The present abstrnct aims to document geochemical data for the Luhuo-Daofu Triassic basalt in western Sichuan, China.
and to compare them with those from known distinct tectonic settings tllsewhere, io an attempt to evaluat.: their type of tectonic setting.
Geological Setting: The Luhuo-Dnofu region is situated in central part
of Ute Bayaokala-Kekexili basin in which the Triassic strata are widespread.
II is chiefly different from the remaining parts of Bayank.ala-Kekexili basin
io its dev~:loprnent of basic ve>lcan ic rocks. calcareous brl!(;cias. and associated ophiolitic ultrabasic: intrusives. The ba:;ic vokanic rocks consist mainly
of basalt. basic ~volcanic breccias. aod tuffs. The basalts exhibit amygdaloi dal. pillow and pelletoidal structures. aod porphyritic. spherulitic textures.
They are associated with radiolaria-bea ring silicalite, syngenetic
tectosedimentary breccias and flysch clastic rocks.
Major-element Geochemistry: Basalts collected from the Luhuo-Daofu
regioo exhibit a large variation in their major compositions. They are plotted
in the tholeiite range oo the AFM diagram [I), io the ocean tholeiite range
on the Ti0z-K20-P2 0 5 diagram [.21, and in the MORB range on the Fe0*Mg0-A1203 and feO*fMg0-Ti02 diagrams [3]. Tht!y are high in Ti02, similaflo the basaltS col lected from the modern mid-ocean ridge [4], and arc also
high Jn FcO + Fe20~ and MgO. Especially their contents of FeO + Fe 20 3
increase rapidly with decreasing MgO content. It shows a typical MORB
evoluLion treod [5].
Trace-element Geochemistry: On the Ti/ 100-Zr-Y x 3, Zr/Y-Zr, and
Ti-Zr diagrams [6-8]. the Lubuo-Daofu basalts arc plotted in the MORB
range. REE analyses of basalts show that the samples have smooth cboodritenonnalized REE abundance panerns. and are slighlly rich in LREE. Their
average !:REE is 95.62 x I0-6. with (La!Yb)N of 4.35. positive Eu anomaly
(BEu = 1.19), and negative Ce anomaly (oCe = 0.29). Most of them possess
the characters of tholeiite, and their mantle source regions belongs to that of
the transitional-type mantle [9 ].
Lead-isotopic Geochemistry: The 206pbfl04Pb, W7PIJI204Pb, and lOBpbf
2Q.Ipb ratio for a sample of basalt are 18.76, 15.52, and 39.36 respectively.
In W7pbfl04Pb- .l06pbf204J>b plot for different types of mantle rocks [I], it is
located in the MORB range, showing the mixing feature of DMM and EMil.
Discussion and Conclusion: Rock-association types of the basalts in
the Lubuo-Daofu region are mainly pillow basalt, vesicle-arnygdaoidal basalt, and massive basalt They are dominated by tholeiite with respect to their
chemical composition. Major and trace clements nnd Pb isotopes indicate their
MORB cbamcter. The aulhors think that tbe initial ocean basin wbere the
Lubuo-Daofu basalts were formed is an immuture marginal occ:an basin
located in the Tethys island-sea pattern. Its formation mechanism is related
tO the activity of thermal mantle plumes in different parts in the opening
process of Tethys ocean. In Late Triassic tile immature marginal ocean basin
began subducting owiog to continuous northeastward mov"1Jlent of the Indian Plate. Tectonic emplacement of ophiolitic shell components occurred ;md
are kept on the secondary rifting belts as what we have seen at preseot.
Aclu:towlcdgmCIJts: A preselection program nf Chinese National Climb
Plan (fundamenta l research concerning the searching of super-large mineral
deposits} financially supports the study.
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Sci., 8, 523-548. [2] Pearce T. H. et al. ( 1975) EPSL, 24. 419-426 [:1) Pearce
T. H. et al. (1977) EPSL, 36, 121-132 [4) Dmitriev L. V. el a!. tl989)
Abstract.f of 28th International Geological Crmgres.t, 1, 399. [5 1 Condie
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19, 290- 300. [7] Pearce J. A. (1982) in Orogenic andesites (R. S. Thorps
and J. Chichester, ed.), pp. 525-548, Wiley, New York. [8] Pearce J. A. and
Norry M. J. (1979} Comrib. Mineral. Perro/., 69. 33-47.[9) Le Roex A. P.
(1983) J. Perro/., 24, 267-318. [LO] Zindler A. and HartS. R. (1986) Aww.
Rev. Earth Planet. Sri., 14, 493-571. [11] McDonough W F a.ud Sun S. S.
(1995) C!lem. Ceo/., 120, 223-253.

FIRST DATA ON RARE-EARTH-ELEMENT DlSTRffiUTIONS IN
THE CHANGJlANG ESTUARY: RELATIVELY LOW CONCENTRATIONS AND CONSERVATIVE BEHAVIOR AT LOW-SALINITY
REGIONS. Z.-L. Wang'. C.-Q. Uu '. and l. Zhang2,1State Key Laboratory
of Environmental Geochemistry, lostilute of Geochemistry. Chinese Academy
of Sciences, Guanshui Road 73. Guiyang 550002, China (zlwang@ms.
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gyig.ac.cn), 1Department of Environmental Biology and Chemistry. Faculty
of Science. Toyama Uni versity. Gofuku 3190, Toyama 930·8555, Japan.

bial activity , this rnicrubiological process also can affect solution chemistry
through increases in both alkalinity and pH:

Introduction: E.sl'llaries arc both chemica ll y and physically dynamic
systems that act as buffers hetween the land and the ocean. The net f lux of
riverine materials to the open ocean depends on their estuarine reactivity.
There have been many studies o r the geochemistry of the rare earth Glcmcnts
<REEs) in cstu;trit:s wi th the objecti ve both to elucidate. the physica l, chemical, and biologica l processes that detcnn ine the fate of the REEs and to
estimate the net riverine w ntribution to the REE budget of the world oceans.
Large-scale removal of REEs has been reported both in field research for many
estuaries of the world and laboratory experiments. 1t has been firmly estab·
lished the REE removal is a common feature of the mixing process in es·
htaries [l]. Changj iang is the third biggest river in the world; therefore. RBE
distributions in the Changj iang water and Changjiang csmary play an impor·
tanl role to interpret geochemistry of the REEs of the East China Sea and
the West Pac ific.
Sampling and Analysis : Water samples co llected in surface waters
across 80 k.m along the salinity gradient from <Y'Alo to 20'foo salinity of U1e
Changj iang Estuary at November 5, 1998. The samples used for "dissolved"
RBE dctcnninations were filtered through 0. l·J.Ull ho llow 1ibers (Millipore)
immediately after col lection and acidified Lo pH < 1.5 and s tored in ac idcleaned, 2-L high-density polyethylene bottles before analys is. Unfiltered water
samples for measurements of the "total" acid-soluble REE concentrations were
also collected, acidified by Q-HCI to pH <1.5 and filtered through 0.22-).llll
filters before analysis. Additional samples were also obtnined at each station
to measure salinity, pH. temperature, dissolved 0, major anions, and cations.
Major cations were determined by grupbjte furnace atomic absorption
spectroscopy (GFAAS) and anions by an ion chromatogr.Jphy. 1l1e analysis
of REE and Y was performed by the inductively coupled plasma ma5s spectrometry (ICP-MS) method described in Shabani et al. [2]. after pre~.:onccn
IJ'atcd and purified by solvent extrJction and back. extraction using HDEHP
and H 2MEHP in heptane . Indium was used as an internal standard to moni·
tor the <l uantitativeness of the chemical procedure, and Cd was used to
monitor the stabi lity of the ICP-MS determination. The blanks for the entire
procedure and reagents were measured in par.JIIcl with the samples; they were
4% for Ln. 5% forCe, nod 2-3% for other REEs and Y. The accuracy and
precision of REE measurements were beller than :!:3%. The e ntire procedure
accompl ished in Class-100 laboratory and Millipore·Q water and high-purity
reagent~ were used.
Results: The most striki ng aspect of the data is the "dissolved" REE
concentrations in Changjiang estuary gradually decreased sl ightly with increasing salinity at ilJe lower esi'Uary indicating that just slightly REE removal
oc.curs during estuarine mixing at low sa linity. This conservative behavior
is very rare compared with the large-scale removaJ of REEs in other estuaries. But the " tota l" REE concentrations show a strongly removal (>90%)
at same region, From 5%o sal inity lo salini ty 20. both the "dissolved" and
"total" REE distributions increased linearly exh ibll1og non-conservative
behavior. HREEs enrichment for "dissolved" REE and LREEs and MREEs
enrichmcm for " totaJ" REE observed throughout the estuary.
Another marked aspect of the REE distribution in Changjiang estuary is
that the very low absolute abundance of RBB than other estuaries. 1l1e same
low REE concentr;ttions obtained in U1e Changjiang mainstream waters in
1998 by Zhar1g et al . [3]. This al.s o agrees with the results of lower concentrations of the other trace meta ls in Changjiang mainstream and Changjiang
estuary waters. These low metal levels probably duo to the short residence
time of the water and/or abundant suspended solids in iL
References: [l] Elderfie ld H. et al. (1990) GCA. 54, 97 1-991.
[2] Shabani M. B. et at (1990) Anal. ClrenL . 62, 2709-2714. [3] Zhang J.
el al, (1998) Goldschmidt Cof'!(ererrce, Toulouse, Mineral. Mag., 62A, 16931694
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BACTERIALLY PROMOTED CALC1l1M CARBONATE PRECIPJTATION AND SOLID-PUASE CAPTURE OF STRONTIUM AND
U0 2• L.A. Warren, N. Pnrmnr, and F. G. Ferris, Department of Geology,
Earth Sciences Centre, Uni vcrsity of Torooto, 22 Russell Street. Torooto, ON
MSS 3B1, Canada (lwarren@ zir~.:on .geology .utoronto.ca).
Intr oduction: A wide variety of soil and aquatic bacteria can degrade
urea. deriving ammonia for metabolic requirements. Given s ufficient micro-

potentia lly promoti ng the precipitation of carbonates in the process
(2)

Ongoing work has demonstrJtcd that CaC03 precipitation ca11 be success·
fully coupled to ure.a degradation by the common groundwater, gram-positive
bacteria. Bacillus pasteurei:

Moreover, significant solid-phase capi'Ure of Sr and UOz can be ach ieved
U1rough this biologically mccliatcd process. providing a potentia l bioremediation strategy for contaminated aq uifers.
The objectives of the current study were to quantitatively examine the
CaC03 precipitation dynamics io conjunction with solid-phase capture of Sr
aod U0 2, over time, during 4-d balch experiments, and compare the results
to those from control B. pasteurei systems.
Metb,ods: To quantify CaC03 precipitation over time, batch experimental systems were set up under three treatments: bacterial control, Sr treatment,
and U0 2 treatment. All three experimental systems iocludc.d a 8 . pasteurei
cell density equivaleol to an OD600run 0.4; BHI media amended with 330
mmol urea (CO(NH2) 2); 25 mmolar HCO,~- (added as NaHC0 3) and Ca2•
(added as CaCI 2) . A total of 1 mM S r or U02 wa.~ adc:le.d to !he contaminant
systems. All solutions were made with ultrJ-steri lized H 20 (USW) and fi ller
steri lized before adding to the experimental systems, which were pH adjusted
to 6 and then transferred to an anaerobic chamber and monitored for 96 h.
Solution pH was monitored, filtered samples (0.2·J.lffi sterile acrodisc filters
with supor membrane) for NH.+, CaZ+, Sr, and U0 2, and nonfi ltered samples
for total c.ontaminaot concentr.Jtions, image and spectra l analyses scanning
electron microscopy (SEM) and eleccron diffraction spectroscopy (EDS), and
mineralogy X-Ray powder diffraction (XRD) were collected at half- hour
in tervals for lhe fi rst 6 h, then at 24 and 96 h. Cell viability of the three
experimenta l systems was monitored during the experiment by use of a
molecular probe (BacLight Viability Kit and Molecular Probes) and direct
l'Cll counts using cpifl uorescence microscopy.
Results and Discussion: 1l1e pH value,~ increased rapidly in a ll tllfee
systern~ reaching a value over 8 within minutes. and over 9 by 24 h. NH4
concentrations also increased rapidly in all tllfee systems indicating active
urea degradation (7-8 mrool hr 1) by B. pasteurei, such that approximately
85-90% of the urea had been degraded within 24 h in all three treao:nen!S.
No differences in system pH or NH4•· concentrations were observed between
control and conta.mi.oan t systems indicating no tox ic effectS of I mmol Sr
or U0 2 for B. pasteurei. 1l1is result was confirmed through direct cell counts
of stained samples for viability ana lyses using epifluorcscencc microscopy.
ln both control and contaminant systems, more Umn 90% of t.be cells were
still viable after 24 h .
CaZ+ c.onccntrd ti ons showed different time trends among the three systems. In the control (no contaminaoL~) system, 95% of the 25 mM Ca ini·
tin ily added was precipitated w ithin I h . ln contrJst, in the presence of Sr
or UO~, solution Ca concentrations decreased much more slowly, reaching
a 95% Ca precipitation rate only afler 6 h. TI1ese differing resu lts for Ca
incorporation may reflect coprecipitation of Sr and U0 2 in U1e carbonates,
Solid-phase capture of Sr and U02 also showed different pauem.s. Solid
associated Sr increased linearly over lime to -95% of the total Sr added by
24 h, ln COntraSt, SOlid U02 COIICCntratiOI\S initially increased rapidly theo
remained Sialic for about 6 b at -30% of lhe total U02 added, but decreased
to about 7% by 24 h.
Visual inspection by SEM of the precipitates being formed throughout
the e)(periment indicated that both authigenic predpital.ion was occurring
directly at bacterial cell surfaces a~ well as homogeneous ly in solution in all
three systems. Spectrul analyses by EDS indicated c lear Sr and U peaks
assoc iated with the carbonates indicating solid-phase capt ure. Fu rther, the
morphology of the CaC03 preci pitates differed both among the three treat·
mcnts as wd l as within each treatment system as time progressed. We arc
currently working on identifying the CaC0.1 as well as any Sr and U0 2
precipitates occurring over time in these systems by XRD.
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CJIROMJ1JM(l10 SORPTrON AND OXIDATION ON l\'IANGANITE
(y-MoOOHl AS OBSERVED WITU FLUID-CELL ATOMIC FORCE
MI CROSCOP\' AND X-RAY PHOTOELECTRON SPECTROSCOPY. R. W, Weaver and M. F. Hochella Jr., Department of Geological
Sciences, 4044 Derring Hall, Virginia Polytechnic Insti tute and State University, Blacksburg VA 24061, USA (rweaver@vt.edu: hoche lla@vt.edu).
Tills study presents new microscopic and spectroscopic obscTVations of
l.be interaction of Cr(IIJ) solutions wil.b manganitc (y-MoOOHl. Manganese
Ol(ide surfaces are koown to be active sorbeots nod oxidants of heavy mrtaJs
in natural environments. Funbermore, in the case of Cr, Mn-oxides are
believed to be the only naturally occurring oxidants capable of oxidizing
0(111) to Cr(VI). Although l.be macroscopic sorptive and oxidative behavior
of Mn oxides is well known from field and Jabomtory observations, l.be actual
mechanism{s) responsible for this behavior remnio unresolved. Past studies
have suggested that various surface and bulk features such as redox-active
Mo surface-sites, microtopography, ordered vacancies, and defects may aU
be sites where reactions occur with preference. However. many of these
suggestions are based on observations from bulk solution studies that are not
completely able to interpret the mechanism(s) of a microscopic surface reaction.
To provide a clearer picture of the role !hat surface featu res (e.g .. steps,
kiol<s t.erraces) play in promoting or inhibiting Cr(fll) sorption and oxidation
under specific solution conditions, this study utilizes microscale observations
obtained !Tom fluid-cell atomic force microscopy (AFM), scanning cleclron
microscopy (SEM). and X-ray pbotoeleclron spectrometry (XPS). The capa·
bility of the AFM to image a mi neral surface at the nanometer level while
it is reacting with a contacting solution is a particularly important advantage
in understanding surface reactions in that !he extent and spatial distribution
of the reaction can be directly observed.
In situ, fluid-cell APM observations of manganite surfaces reacted with
Cr(lll) solutions (0.1- 4000 ppm Cr(IJI). pH 3-8] reveal thai the reaction is
heterogeneous involving both local dissolution (ac idic and reducr ive) of
manganite nnd Cr adsorption and/or surf3ce microprccipitatioo. For example,
within seconds of exposure to a pH 4.5. 50 ppm Cr{JII) solution, Cr-beariog
microprecipitates measuring <7 om high by <20 oro wide and dissolution pits
measuring <1 run deep by <15 om wide form. Over reaction periods exceeding scvernJ hours dissolution pits up ro 3 J.1.ffi wide and ttigbJy eroded step
edges are visible in some areas of SEM images. Interestingly, other areas only
a few micrometers away show that little to no dissolution has occurred. This
suggests !hat tl1e solution conditions are locally more aggressive at certain
surface features.
X-ray photoelectron spectroscopy analysis of manganite surfaces exposed
to pH 3.3. 4000 ppm Cr(nt) solutions for 10 h reveal the microprccipitatcs
to be dominantly Cr-bcariog with n Cr2plll'lf2 spin-orbit splitting of 9.7 eV.
This spin-orbit spljtting is identical to that reported for several C'r(IJI) oxides
and oxyhydrox ides. On-going experiments are focused on the determination
of the oxidation state(s) of the microprrcipitatcs ;md their rate and extent of
accumulation over varied solution conditions.
RACEMIZATION ISOCHRONS FOR THE UNITED STATES
ATL ANTIC COASTAL PLAIN QUATERNARY: INDEPENDENT
CALIBRATION AND GEOCHEMICAL IMPLICATIONS OF RESULTS FROM MARGIN AL M ARINE UNI TS, CENTRAL
FLORIDA. J. F. Wehmiller 1, L. L. York 1, D. S. Jonesz, and R. W. PoneiJZ,
I Department of Geology, University of Delaware, Newark DE 19716, USA
(jwehro@ udel.edu), 2FJorida Museum of Natural History. University of
Florida. P.O. Box 117800, Gainesville FL 32611. USA.
Amino-acid racemization (AAR} is a widely employed method for esti·
mation of relative or numerical ages in Quaternary deposits. Aminostratigraphy and amioochrooology require adherence to two fundamental princi·
pies: (I) that OIL values increase with increasing sample age for samples with
similar temperature histories, and (2) that D/L values io samples of equal age
increase with increasing temperature or decreasing latitude. TI1cse principles
appear to be violated in some cases when AAR data from Pleistocene units
of the United States Atlantic margin are interpreted withi n a framework of
local, independent chronological calibration. Reconciliation of AAR dat.a with
these controls requi res rejection of some amino-ac1d results (because of unrecognized diagenetic effects), or that temperature histories for coastal plain
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si tes have not been uniformly consistent with present latitudinal gradients of
temperature, and/or that existing information for racemization rate constant
temperature sensitivity be rcvisecL These conclusions imply that the age resolution capabilities of AAR in Atlantic coastal plain deposits are not as precise as assumed in all prior AAR studie<S in this region. in spire of the fact
that excellent precisioo is usually obseTYed when multiple analyses are obtained from a single site.
Amino-acid racemization data and U-series thermal ionization mass spectrometry <TIMS) dates (coral) from sires in Virginia, South Carolina. and
Georgia [2,3], combined with AAR data from Leisey Pit. Ruskin, Florida [3J,
provide new in.~ights for regional amioostmtigrapbie models. AAR data for
Chione !Tom the superposed section at Leisey Pit conform to the local stratigraphic control provided by the section. The aminochrooologic age estimate
for the Fort Thompson unit at Leisey could be as young as marine isotopic
stllge 5 (MlS 5) if calibrated with Cllivne data from the Pncific coast of North
America [4]: this age estima te appears inwnsistent with the middle Pleistocene age estimate for this unit derived from Sr-isotopic and pah:ontological data from the unit [3], but it is in reasonable agreement with U-series
calibrated AAR data from South Carolina and Grorgia. Alternatively, a middle
Pleistocene age (perltaps MIS 9-J 1·13) for the Leisey Fort TI10mpson unit
appears consistent wil.b most Florida AAR data [5-7] and the Sr-isotopic age
estimate for the unit [3), btJt it is difficult to reconcile with AAR dat.a from
calibrated sites to the north unless temperature and/or geocbemical anomalies are invoked. The Leisey section is no important sequence to understand
in !he ongoing effort 10 develop a reliable aminostrJtigraphic framework for
the Uniteu States Atlantic coastal plain.
References; [I] Wchmiller J. P. ct al. (1997) GSA Abstr. Prog .. 29(0),
A·346. !21 Simmons K. R. et at. (1997} Eo< Trans. AGU. 78(46). F788.
131 Jones ct a!. ( 1995) BulL Fla. Mus. Nat. /Jist.. 37, 93-105. [4] Welunillec
J. F. and Emerson W. K. (1980) The Nautilus, 94, 31-36. 15] Mitterer R. M.
(1975) EPSL. 28, 275- 282. [6] Hollin J. T. and tlearty P. J. (1987) GSA
Abstr. Prog., /9(7). 705. [7) Karrow P. F. and Bell.:nap D. F. (1987\ GSA
Absrr. Prog., 19(7), 722.
EVIDENCE FOR A CONTINENTAL COMPONENT AT ELAN BANK
FROM LEG 183-SITE 1137 ON THE KERGUELEN PLATEAU.
0 Weisl, J. Barling2. D. Damasceno'. F. A. FreyJ, K. Nicolayscnl, and the
Leg 183 Shipboard Scientific Party, 1Earth and Environmental Sciences,
Univcrsitc Librc de Bruxellcs. CP 160/02. Av. F. D. RooseveiL SO. B-1050
Brussels, Belgium (dweis@ulb.ac.be), lEarth aod Environmental Sciences.
University of Rochester. Hutchison HaU 227. Rochester NY 14627, USA.
JDepartmeor of Eanh. Aunospheric and Planetary Sciences, Massachuscns
Institute of Techoology, Cambridge MA 02139, USA.
lntruductiuo; The Kerguelen Plateau-Broken Ridge (KP-BR) is, with
the Ontcmg-Jnva Plateau (OJP), one of !he largest large igneous provinces or
LIPs (>2 >e I()(> km2) formed during the Cretaceous period and probably
resulted !Tom the initial "impact" of a mantle plume at !he base of the tithosphcre. At -115 Ma, after continental breakup. the Kerguelen Plume initiated formation of the KP-BR LIP as a subaerial plateau in a young oceanic
basin. TI1is is a very different tectonic setting from that of !he Icelandic-North
Atlantic LIP or tllllt of OJP. The I 15-m.y. volcanic record of the Kerguelen
Plume is one of the best long-lived records of plume volcanism with most
of the KP-BR representative of the plume head, a 5()()()..km-long hotspot track
(the 82-38-Mn Ninetyeast Ridge) and 018 volcanism on the Kergue len
Archipelago and Heard Island from 40 to 0 Ma. The Kerguelen Plume has
a very distinct enriched geochemical signat1Jfe and carries the Dupal anomaly.
The recent ODP Leg I 83 drilled eight sites in the KP-BR to de!inc spatial
variations in age and geochemistry of the vo lcanic basement l ll
Setting: Site I I 37 lies at a water depth of I 0 16 m on Elan Bank, a large
western salient of the KP that is Oanked on three sides by presumed CrctaCC{)US oceanic crust of ihe Enderby Basin. The major basement objectives at
Sire 1137 were to char.rcterize the age, petrography and compositions of !he
lavas. The position of Ela n Bank. intermediate between !he -IJO-Ma south·
em KP aod the -85-95-Ma Central KP. is critical to the understanding of
temporal and geochemical variations of ibis giant LIP.
Samples: Teo units were defined in !he 151.7-m basement section at
sire 1137, ioc tudiog seven tholeiitic to tr.ms iticmal. sparsely to highly porphyritic, basaltic flow units (units 1-4, 7-8. 10) with interbedded volcaniclastic s~.o.dsrone (5). congl.omc:mte (6) and crysr.al-vitric tuff (9). The up{l<lr-
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most six basement units were emplaced subaerially. whereas the seventh unit
was emplaced in a wet sediment Basemenc uni ts 5 (sandstone/Siltstone) and
6 (conglomerate) are fluvial, The conglomerate has clasts (well-rounded gr:mules to small boulders) of a wide variety of rock types: ttachyte, flow-banded
rhyo lite. and various basalts. The most unexpected clasts in this oceanic
setting arc a garnet-biotite gneiss and granitoids. The altered crystal-villic tuff
is composed of -40% coarse crystnls of sani dinc and contains <5% litl1ic
clasts in a green matri x.
Geochemistry and Isotopes: Site 1137 basalts are only slightly to
moderately altered in the interiors of the units (LOI <1.6 wt%). They arc
slightly 4uartz- normative tholeiitic basalts wi th MgO contents between 4.4
and 7.4 wt%. Compared to the other Cretu:eous igneous basement, si te 1137
ba~alts arc more enriched in highly to moderately incompatible trace element~.
especially high Zr, Nb, Cc for comparJble Y con tents. Site 1137 basalt~ have
the highest Zr/Ti and Zr/Y. Downhole variations show an overall decrease
in NbJCe, NbJZr. and ZrfY. On a plot of Nb/Y vs. Zr/Y [2 !. site 11 37 basalts
plot outside the plume-related field. in a tte.nd pardllel to that of basalts fTom
site 738 at the southern tip of the KJ> [3 1. These trends point toward the
average composition of upper continental crust.
The most interesting variations of site 1137 basalis are the isotopic
composi tions that vary nearly regularly downhole from 0.7049 to 0.7060 for
87Sr/s~sr. 0.51259 to 0.51244 for 14JNdi' 44Nd, and 15.594 to 15 .654 for
207PIJI20"Pb for 206pbJ204Pb at - 18.0 ± OA. These isotopic variations correlate well with the downhole TE abundance ratio variations. Relative to U1c
basalts, the felsic volcanJc rocks preserved as clasts in the conglomerate (6}
and the volcanic li thic sandstone (5) have higher S7Srf86Sr (up to 0.7322),
h.igber 1o7pbJ2ll4pb (up to 15.820), and lower t43Ndi' 4<1Nd (down to 0.51222)
The felsic clast.~ have 87SrJ86Sr of 0.7 104 at 95 Ma, their inferred age from
a two-point whole-rock isochron. The garnet-bi otite gneiss clast has even
higher Sr. lower Nd, and more radiogenic Pb ratios. and it has the isotopic
characteristi cs of old upper continental crust.
ConclusiollS: (I) Petrographic. geochemical and isotopic characteristics
of clasts in a fluv ial conglomerate at site 1137 constitute the first unequivocal ev idence of the presence of upper continental crust in the Elan Oank, part
of the KP oceanic plate-au. (2) Felsic volcanic rocks were emplaced at the
same time as, or sligh tly earlie.r than. site 1137 basalts and result from an
AFC process. They may derive from the same mantle source that has produced the basalt. but wi th sttonger fractionation and contamination by the
crustal component (3) The continental crust component was also incorporated in the magmas that cryst;tllized to form the basaltic basement at site
I I 37, altough its importance decreases with decreasing eruption age of the
basults. (4) Site 1137 basalts formed by partial melting of the Kerguelen
Plume. The uppermost. least contaminated 1137 lavas have Sr and Nd ratios
that overlap with 85% of the Kerguelen Archipelago lavas. in the field representative of the Kergue len Plume (4).
Additional Information: The Leg 183 Shipboard Scientific Party includes M. Antrettcr. N. Arndt. F. Boehm, M. Borre, M. Coffin. H. Coxall.
J. Damuth, H. Delius. R. Dunc:m. H. lnokuchi. L. Keszthelyi. J. Mahoney.
L. Moore, R.D. MOller, C. Neal. M. Pringle, D. Reusch. P. Saccocia. D.
Teagle, V. Wahoert. P. Wallace, S. Wise, and X. Zhao.
References:(!] Frey eta!. (1999) Science, submitted. [2] Fitton et a!.
(1997) EPSL, 153, 197-208 [3) Mahoney et at. {1995) Chem. Geol.. 120.
3 15-345, [41 Weis D. el al. (1998) Mineral. Mag., 62A, 1643- 1644.
TRACING SOURCES 011 CHANNEL AND NORTH SEA POLLUTION AEROSOLS ABOVE THE STRAJTS OF DOVER US1NG
LEAD-lSOTOPIC GEOCHEMISTRY. D. Weis'. K. Dcboudt2. and P.
F1.ament2, 1Earth and Environmenlal Sciences, Univcrsite Libre de Bruxellcs.
CP 160/02, Av. F. D. Roosevelt, 50, 13-1050 Brussels. Belgi um (dweis@
ulb.ac.be), 2LJniversite du LittorJl-C6te d'Opnle, LISE-ELICO (UPRES-A
CNRS 8013), Station Marine, BP 59, F-62930 Wimcreux. France.
Introduction: Anthropogen ic Pb remains the most importnnt input of
Pb in the troposphere today. It is now important to take sources other than
automobile emissions (e.g .. Pb smelters. ferrous and nonferrous metal manufacturing plant~, fossi l fuel combustion. wastt> incinerators. etc.) into account
in evaluating the Pb content of atmospheric aerosols to discriminatc the
origins of pollution aerosols. The capability of Pb isotopes to study tl1e sources

and transport of pollu tion aerosols [1] is demonstrated here above the Straits
of Dover. We collected atmospheric aerosols above tl1e Eastern Channel and
the Southern Bight of the North Sea between March and November 1995.
During the same period, to define more local contributions, we characterized
the Ph-isotopic signatures of the main industria l sources on the Prench coast.
near the StrJits of Dover. Urban and automobile-derived aerosols were also
collected.
Background and Results; The urban isotopic composition (206Pb/
107Pb = 1.158 ± 0.003) has become more radiogenic in recent years [2]. This
composition is also highly variable because of seasonal variations in the emissions (coal and oil burning in the winter. summer holidays with. less industrial and automobile activities). Ou a regional scale. major ind ustrial emissions
that represent 67% of the industria l dust emissions in the Nord-Pas de Calais
area [3] have a well-defined isotopic composition (1.1 3 <106pbfZ07Pb < 1.22).
distinctly more rddiogenic than the petrol-Ph signature (1 .06 < 206pbJ207Pb
< l.l 2). These results, together witll those measured near U1c main coastnl
hi ghway (above the highway, on the lee and weather sides at 0 and 400 m),
show tlmt U1e automobile source has become a minor component of particulate Pb in air due to Lhe phasing out of Pb in gasol ine. On a local scale,
Dunkerque, the most urbanized and industrialized area along tbe Sttaits of
Dover, may ttansiently control elevated Pb concentrations.
111e isotopic compositions of Pb aerosols collected above the Sttaits of
Dover vary benveen L II <206Pbf207Pb < 1. 14 for the Southern Bight samples
and between 1.12 <106J>lJI207 Pb < 1.17 for the Eastern Chao.oel samples. These
latter values are more radiogenic and associated with higher Pb concentrations.
Discussion and Conclusions: On the French coast of the Straits of
Dover. automobile Pb appears today as a minor component of Ulis metal in
the air. This conclusion is supported by (1) the general reduction in atnlOspheric aerosol Pb contents above tlte Eastern Channel [4); (2) the isotopic
composi ti on of Pb collected near the rrurin coasta l highway ( Ll3 < 2°6Pbl
207Pb < 1.15), significantly different from gasoli ne values in Northern Prance
and surrounding counllies ( 1.06 <211b"J>bf207pb < 1.1 2): and (3) the urban signature { measurement~ ncar a maio arterial street in Lillc: 206Pbf207Pb =1.158 ± 0.003) distinct from the pettol -Pb signature.
The radiogenicity of the urban signal has increased since Pb bas been
banned from gasoline. Nevertheless, it is not possible yet to fingerprint a
French urban source. because all tl1c current lllajor urban conlli butors arc not
precisely known. In conttast, nmjor industrial signatures can be defined on
th e French coast of the Straits of Dover ( l.l 3 <206J>lJI207 Pb < 1.22). particularly for the larger Pb srnelrer in Europe, where the emi tted dust> contain
2 1 wt% Pb [21 ( 1.1 32 < 206pbf207Pb < 1.135). These industrial sources have
a median signature significantly different from lh.e French and British petl'oiPb values.
The extem to wh ich local and regional sources may explain Pb concentrations on the Straits of Dover can be assessed by sampling above the marine
zone. The occurrence of medium range pollution episodes. related to semiremote sources located in southeast England. can be shown. For air masses
cyclonically transported over the North Atlantic, the isotopic signature technique traces remote sources. but uncertaint ies iu calculations of air-mass
trajectories over the Atlantic Ocean due to the lack of wind data limit the
possibilities of source identification. For continental air masses, tbe isotopic
measurements display a signifrcant difference between high radiogenic Eastem Eu10pean aerosols (1.145 < 206Pbf207 Pb < 1.169) and low radiogenic PI>
aerosols originating from Western Europe {1.1 J I <2Q<;pbJ201Pb < 1.142}. Evidence for a loog-r3llge transpon of Eastern European Pb emissions rna y be
related to tbe common use of leaded gasolloe io Central and Eastern Europe
(the former "Eastern countries"). The significance of lltis impact must be
better documented and related to antipollution initiatives of Western European governments 10 limit the Pb emissions io the atmosphere.
References: [I ] Veron et al ( 1999) Atnws. Environ , in press. [2] Hopper eta!. ( 199 1) Tel/us, 438, 45-60. (3] DRIRE ( 1997) French Environ. and
Indusrrial Authorities Tech. Rpr.. 344 pp. [4] Flament P. ct al. (1 996) Sci.
Total Environ .. L92, 93-206.
ROLE OF MICROORGANISMS AND MICROBI:AL METABOLITES
IN APATITE AND BIOTITE DISSOLUTION KINETICS. S. A. Welch,
A. E. Taunton, and J. F. Baufield, Department of Geology and Geophysics,
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University of Wisconsin-Madison. 1215 W Dayton Strcer. Madison Wl
53706. USA {swelch@geology.wisc.cdu: razrback@geology.wisc.edu; jill@
geology.wisc.cdu).
lntroduction: Phospl1orus is essential for aU organisms aod is often a
limiting nulrirnt in mauy environments. lo soi Is aod weathered rock. tbe
primary source of inorganic phospharc is apatite. Organisms can acct:lerate
the rate of phosphate release from apatite by producing inorganic or organic
acids or possibly other compounds (e.g .. extracellular polymers or enzymes).
Mineral dissolution experiments were conducted in solmions of organic acids
and in microbial cultures to determine rhe effects of microhes and their
melllbolites on apatite and biotite dissolution.
Results: ln the organic-acid experiments, apatite was dissolved in batch
reac10rs in I mM solution of acellltc. oxalate, and NaCl over a range of pH
(initial pH 2-10). Dissolved phosphate was used ns no indicator of mineral
dissolution. Dissolution rates were calculated from the increase in phosphate
concentration over lime. lo all batch experiments, initial re.lease of phosphate
was rapid and then decreased with time due to tbe consumption of protons
and the approach to solution saturation. Apatite dissolution mtes in the in·
organic solutions decreased as pH increased from acidic to near neutral from
- JQ-I Z to 10-16rnol P04-3fcm1 s, and can be described by r = kaH+" where
o, the pH dependence of the dissolution rate, is ~0.8. At initial pH. 2, apatite
dissolution rate in the oxalate and aceLate solution is sligblly tower than in
the inorganic solution. However at higher pH, the organic acids increnscd
npatite dissolution. and the relative rates, rorg.ru./rinorganle.increase with increasing pH, renecting the formation of Ca-organit· complexes. The solution
ch!!mistry is not stochiometric in the oxalate experiments. This is attributed
to the precipillltion of secondary mineral phases. presumably Ca oxalates.
Scanning electron microscopy (SEM) imaging of mineral samples after re·
action showed submicromerer scale secondary minerals and extensive etch·
ing to form elongated spires parallel to s;.
In the biological experiments, biotite nod apatite were dissolved in SO·
lutions of microbial cultures. Experiments were designed so microorganisms
would be limited by soluble inorganic nutrients. There were three treat·
ments: biotite aod dissolved phosphate (bio). biotite plus apatite (b +a), and
apatite (ap). One of the microbial assemblages was grown from a mineral
sample collected from the bottom of the soil zone and contained bacteria and
eukaryotes. The other was from a weathered rock sample and contained pri·
marily bacteria. lo both experiments with biotite (bio and b +a), the microbes
produced tens to hundreds of micromoles of low molecular weight organic
acids, lowered solution pH ro 3-4, and increased biotite dissolution by a factor
of 2-1 Ox compared to abiotic controls. Biotite dissolution was greater io the
b + a experiments tbno in the biolite alone experiments. Phosphate release
from apatite was 2 orders of magnitude higher than io the abiotic controls.
In the apatite experiment (ap), phosphate release from apatite was again 2
orders of magnitude greater than for the abiotic control. However. solution
pH remained near neutral and mucb lower concentrations of low molecular
weight organics were detected in solution. SEM analysis of the mineral
samples showed secondary precipitntes and microbial colonization of the
mineral surfaces. Apatite etched to form roundedelongated fe-atures parallel
to £ that are morphologically distinct from the sharp spires formed in the
abiotic experimentS.
OXYGEN-ISOTOPIC COMPOSITION OF CONOOONT APATITE:
A POTENTIAL PROXY FOR PALEOZOIC MARINE WATER
TEMPERATURES AND SALINITfES. B. WenzeJI. W. Buggischl,
M. M JoachimslcJI. P. Konigshof2, and C. LCcuyerJ. llnstitut fUr Geologie
und Mineralogie. Universitllt Edangen. Schlossgarten 5, D-91054 Erlangeo.
Germany (bwenzel @gcol.uni-crlangcn.de). Zforschungsinstitut und Narur·
museum Senckenberg, Senckcnberganlage 25. D-60325 Frankfurt. Germany,
lLaboratoire de Sciences de Ia Terre, Centre Nationa l de Ia Rech.crchc
Scit:ntifique-UMR 5570. Ecole Nonnale SuperieW'e de Lyon. 46 All~c d'ltalie.
69364 Lyon Cedex 7, France.
llltroduction: Recently developed phosphate microsampling techniques
[l-3) enable 0-isotopic nnalyses on very smaU samples of Pnleozoic con·
odonts as potential new indicators for marine water tempemtures and suli11i·
ties. Due to the wide geographic distribution aod excellent stratigraphic
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resolution of conodontS. it sh.ould be possible to construct marine 1)180 records
with a much higher resolution than previously obtained w1th biogenic carbonates But unlike the fairly extensive investigated carbonate 0-isotopic sys·
tern [4). much less is known about the phosphate 0-isotopic paleother·
mometer.
Crucial for the use of conodonts as new proxies for Paleozoic palcoccano·
graphy is to evaluate (I) the potential influence of secondary diagenetic
aileration on fit80(ll1..,.ph•te• and (2) whether conodont animals precipitated
apatite in isotopic equilibrium with ambien! seawater.
Results: (I) lndividu~l populations of conodonts usually show very
homogenous fi18()pllo•pllA~ values with standard deviations close to the analytical precisioo (:!:0.2%.). Coeval upper Devonian palmatolepids from the
Rheinisches Schiefergebirge and Hart mountains (Germany) do not show a
correlation between otsopl'"'"""'e and maximum thermal alteration of the host
rock. Even specimens from contact metamorphosed areas (CAl 7) show
l)li!Ofll.,.pbwc values similar to that of modem tropical marine invertebrates that
suggests well preserved primary marine values.
Jn contr11st, hydrothermally altered conodonts may reveal scattered iso·
topi(; value.~ <md significant ly depleted 180 contents. Such conodonts are frequently characterized by significan tly altered apatite microstructures. Jt is
concluded that thennal alteration during burial diagenesis docs not necessar·
ily alter l)t80rl•osph>~< of conodonts. but conodont apatite can be altered in hydrothermal diagenetic environments. Most Silurian, Devonian, and
Carboni fcrous conodonts analyzed by us so far do nOt show evidence for hy·
drothermal alteration and reveal l)lll()pt."'pll"• similar to those of modern rropi·
cal biogenic upatites. It can therefore be assumed that they rct1cct wellpreserved primary isotopic signatures.
{2) Since conodont animals became extinct in the Tria~sic, it is difficult
to determine wether they precipitated apatite in isotopic equilibrium with
amhient seawater. As a test, we compared Devonian conodont~ and fish teeth
(Rheinisches Schiefergebirge) and Silurian conodonts and calcitic brachiopod shells (Gotland) from identic stratigraphic horizons. Fish teeth and
conodonts show very similar o18Qphosph•te values. Modem fish precipitate tooth
apatice close to isotopic equilibrium with seawater [SJ. Therefore. it can be
assumed that Devonian fish teeth and conodonts also reflect eq uilibrium
values.
Silurian conodonts and coeval bro~chiopods from Gotland al~o show significantly correlated o180 values. but reveal variable offsets between
l)lll()pltosplaoc and fi180coJci«:· Whereas most calcitic br.tchiopods from Gotland
sbow lower <)18() values than their modem counterparts !6]. conodonts reveal 6 18() values similar to modern and Mesozoic tropical biogenic apatites.
The dalll suggest that either brachiopod shell calcite was diagenetically altered or that Silu.rian brachiopods did not precipitate shell calcite io isotopic
equilibrium with seawater.
Conclusions: Our preliminary datn suggest that conodont apatite can
be used as an indicator for Paleozoic marine 1\18() variations. Although conodonts may be altered in hydrothermal diagenetic environments. secondary
thermal alteration during burial diagenesis does nor geoerally seem 10 affect
St60phospl1•.,. Comparison of Devonian conodonts and fish teeth suggests that
conodonts did precipitate apatite close to 0-isotopic equilibrium with sea·
water.
References: [I) Holmdcn C. et al. (1997) GCA, 61, 2253-2263.
[2) Wenzel B. et al,, lhis volume. [3] Atudorei V. and Sharp Z. D. ( 1997)
Terra Nova (Absrract Supplement), 7, 445. (4] Marshall J. D. (1992) Geol.
Mag. , 129, 1~3 -160 . [5] Kolodny Y. et al. (1983) EPSL, 64, 389-404.
[6) Wenzel B. and Joachimski M. M. (1996) Palaeogeogr., Palaeoclimarol.,
Palaeoecol., 122, 145-166.
PliOSPHATE-OXYGEN-lSOTOPIC MICROANALYSIS BY INFRARED LASER ISOTOPE RATIO MONlTORlNG GAS CHROMA·
TOGRAPHY I\1.ASS SPECTROMETRY. B. Wenzel. M. M. Joachirnslci,
J. Rauch., and W. Buggiscb. Lnsritut fiir Geologic und Minernlogie. Universitlit
Erlangen, Sch.lossgarten S. D-91054 Erlangen, Germany (bwcnzel@geof.unierlangen .de; joachi rnski@ gcol. uni-erlangen .de)
[nlroduction: The determination of tbc 0-isotopic composition of the
POrgroup in apatitic microfossils (small fish teeth, conodonts) or intra-tooth
ot8Q-variations of vertebrate tooth phosphate has previously been hampered
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by relatively large sample sizes required for conventional offline isotope
analyses(> 10 mg). We present an improved version of the laser isotope-ratio
monitoring gas chromatography with mass spectrometry (irm-GCMS) technique [I) such that the 0-isotopic composition of very small samples of natural and syntl:tetic phosphates (0.1 mg) can be precisely determined.
Method: A modified Finnigan Precon (pre-GC concentration device)
system, connected on line via a gaschromatograph (GC) and an open-split
interface to a Finnigan MAT 252 mass spectrometer was used for stable
isotope analysis. The extraction unit consists of a C0 2-laser and a sample
chamber made of Pyrex glass. Carbon dioxide is produced by laser heating
of silver phosphate (Ag3P04 )1graphite mixtures and is transferred on line to
the MS in a He stream.
Results: We observe that in situ laser heating of untreated natural apatites [I] frequently results in scattered l) IBO values and noosystematic offsets
of isotopic values compared to specified values. Experiments with conodonts,
natural tooth enamel and mixtures of synthetic phosphates with variable
amounts of carbonate suggest that adsorbed H2 0 as well as lattice-bound
COl·, OH-, H20 negatively influence o 1 8Qpbospi>a~e analyses. These problems
can be circumvented by purifying natural phosphates as Ag3P04 [2). Laser
heating of Ag3P04/graphite mixtures gives well-reproducible 180pho•ph"'e
values (lcr = 0.2%c), irrespective of phosphate/graphite ratios. Our phosphatepurification technique allows samples as small as -0.1 mg to be precisely
analyzed. Analysis of various reference materials and natural apatites shows
that laser generated 18Qphool'i>••• values are constantly offset by -2.5%o compared to conventional obtained data.
Conclusions: The combination of phosphate purification as Ag3P04
followed by laser irm-GCMS allows precise 1>180 analyses on small samples
of natural or synthetic phosphates without potential influences of other 0bearing compounds.
Compared to other phosphate microanalysis techniques [3], our method
has the advantages that it is rapid (about 20 samples can be analyzed per day),
relatively easy to use, and reasonably precise for paleoclimate investigations.
With the described method, small samples of conodonts (2-10 elements) can
be analyzed to obtain high-resolution Paleozoic marine
records.
References: (I) Sharp Z. D. and Cerling T. E. (1996) GCA, 60, 29092916. [2] O'Neil J. R et al. (1994) Tsrael. J. Earth Sci., 43. 203-212.
[3) Holmden C . et al. (1997) GCA, 61, 2253- 2263.
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MAGNETITE SURFACE PROTONATION TO 290•c FROM ACID/
BASE TITRATIONS WITH IN SITU pH MEASUREMENT. D. J.
Wesolowski•, M. L. Machesky2, D . A. Palmeri, and L. M. Anovitzl, 'Oak
Ridge National Laboratory, P.O. Box 2008, Oak Ridge TN 37831-6110,
USA (dqw@oml.gov), 2lllinois State Water Survey, 2204 Griffith Drive,
Champaign IL 61820-7495, USA (machesky@sws. uiuc.edu).
Introduction: The proton-induced charge on mineral surfaces affects
rdteS of dissolution/precipitation as well as the adsorption of trace elements
and contaminants. Hydrogen electrode concentration cells developed at Oak
Ridge National Laboratory enable highly accurate aod precise measurement
of the H+ concentration of an aqueous solution relative to that of a reference
solution of known stoichiometric H• molality at temperatures of o•-3oo•c.
We have recently applied this capability to studies of the protonation and point
of zero charge (pHpzc) of mineral surfaces, with rutile (Ti02) being the first
phase ever studied by direct pH titrations above 95•c [1,2]. Here we present
preliminary results on the surface protonation of magnetite (Fe30 4 ).
Results: H• sorption isotherms (micromoles H+fm2 vs. pH) were obtained by acid titration of basic 0.03 and 0.30 molal sodium trifluoromethanesul-fonate (NaT r) solutions that contain 1-2 g of powdered magnetite,
from so• to 29o•c. The micromoles of excess (or deficit) H• in solution at
each point in the titration, calculated from the solution compositions and
measured H• concentration, normalized to the mineral surface area (m2), can
be converted to net proton charge density ( crH) wi th the relation crH = -F
(micromole solution excess H•/m2 ), where F is the Faraday constant in
Coulombs/m equivalent.
Even in the "noncomplexing" NaTr electrolyte medium, the sorption
isotherms exhibit sharp downturns below pH values of about 5 (290•C) to
6.5 (50°C) due to dissolution of magnetite, which consumes H• and releases
Fe2+ into solution. At higher pH, dissolution does not affect the isotherms,
but they are significantly steeper than the equivalent isotherms for rutile

(relative to the respective pHI= values). which suggests much stronger Na+
binding on magnetite surfaces.
The isotherms in 0.03 and 0.30 molal NaTr exhibit a common intersection point (pH.;p) of 6.3, 5.8, 5.4, 4.8, 4.6, and 4.9 at 50°, too•, 150•, 200•.
250°, and 290•c respectively. Such pHcip are typically interpreted as approximating the pH""". However, strong cation binding can shift the pHcip well
below the pristine p~ [3]. Examination of the 0.03 molal isotherms indicates inflection points (pH1• 11) at about 6.5, 6.2, 5.7, 5.5, 5.3, and 5.5 at 50°,
too•. 150•, 2000, 250•, and 29o•c, respectively, which may be better estimates of the pristine pHpzc· The figure compares these estimates of the
magnetite pHt= with various literature estimates [4-8], as well as an independent calculation based on a temperature extrapolation of the MUSIC model
[9). The sorption isotherms can be adequately modeled using either a I pK
approach, with the proton binding constant (K8 ) equated to the pH; 0 n, or the
MUSIC model, together with a basic Stem EDL configuration involving
variable capacitance and cation binding constants.
References: [ !) Machesky M. L. eta!. (1994) GCA, 58, 5627-5632.
(2) Macbesky M. L. et al. (1998) J. Coil. Int. Sci., 200, 298- 309. [3) Lyklema
J. (1984) J. Coil. Int. Sci., 99, 109-117. [4) Blesa M.A. et al. (1984) J. Coli.
Int. Sci.• 101, 410-418. [5) Jayaweera P. et aL ( 1994) Coli. Surf. A85, 1927. [6) Scboonen M. (1994) GCA, 58, 2845- 285 1. [7) Sverjensky D A. and
Sabai N. ( 1996) GCA, 60, 3773- 3797. (8) Tewari P. H. and McLean A. W.
(1972) J. Colt. Int. Sci.• 40, 267-271. [9] Hiemstra T. et at. ( 1996) J. Coli.
Int. Sci., 184, 680- 692.
DEVELOPMENT OF QUATERNARY PEDOGENIC CALCITE AND
DOLOMITE ON THE ISLAND OF HAWAI'I. C. E. Whipkey 1, R. C.
Capo•, and 0. A. Chadwick2, 1DepartmentofGeology and Planetary Science,
University of Pittsburgh. Pittsburgh PA 15260, USA (rcapo+@pitt.edu).
2Department of Geography, University of California at Santa Barbara, Santa
Barbara CA. USA.
Most studies of calcrete development involve continental soils, where
cations derived from eolian dust can play a major role in secondary carbonate formation [1). We investigated the development of soil carbonates on the
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semi-arid northwestern part of the island of Hawai'i, which receives mini mal eolian dust input. These sites have been isolated from groundwater and
direct seawater iofluence throughout their history. The soils have developed
on volcanic flows with similar basaltic compositions that range in age from
-5 to -350 ka [2). The carbonates are found as powdery coatings, vesicle
fillings, laminated layers, and lining fractures that serve as pathways for infiltration of soil water. Horizons of indurated calcareous cement surrounding
volcanic clasts are found on older flows.
Secondary soil carbonate precipitates primarily from soil porewaters,
whose cation content is derived from weathering parent material and from
the atmosphere in the form of eolian dust. the dissolved fraction of precipitation and. near the coast, sea-spray aerosols. In Hawai' i, eolian dust (primarily Asian loess) is identifiable by the presence of quartz and mica grains,
and in these dry sites plays a minimal role in providing cations for pedogenic
carbonate accumulation. Soil water cations are therefore derived primarily
from precipitation, sea spray, and volcanic parent material. Because these
potential sources have distinct Sr-isotopic signatures (parent material 87Sr/
B6Sr =0 .7035-0.7039 and precipitation/sea spray B7SrfB6Sr = 0.7092), the proportion of cations derived from each source can be determined. Strontium87/strontium-86 ratios of the soil carbonates range from 0.70378 to 0.70483,
indicating that >80% of the Sr is derived from weathering of volcanics, even
on the oldest, most weathered flows. Mineralogically, the older flows generally contain increasingly magnesian carbonates: low-Mg calcite ( <4%
MgC03 ; LMC) and high-Mg calcite (HMC) are present on Mauna Loa flows
(5-10 ka), HMC on Mauna Kea (70-100 ka) and Kobala Hawi flows (170
Ka), and dolomite on Mauna Kea (-150 ka), Hawi (-170 Ka), and Kobala
Pololu ( -350 ka) flows. Dolomite is the only carbonate mineral identified in
the oldest (Pololu) samples, where its stoichiomelry increases with depth, from
-56% CaC03 at 100 em to 50% CaC03 at 350 em. SEM images reveal a
very fine grain size (<I IJ.III) in some of the Mauna Kea calcite. Hawi do·
lomite can be found as subspherical -50-1 00-IJ.III aggregates of -5-IJ.III blocky
grains. Pololu fracture-lining dolomite reveals a similar blocky morphology
consisting of 1-IO·IJ.III units comprising smaller individual crystals. No systematic age-related trends in carbonate grain size were noted. Trace-element
analysis by inductively coupled plasma-atomic emission spectroscopy (ICPAES) indicates up to 1900 jJg g-1 Na in the carbonates, which could be partly
due to sea-spray influence. Differences in concentrations of other trace elements (Sr, Ba, Mn, and Fe) appear to be reflective of variations in parent
material chemistry, rather than carbonate mineralogy or outside iofluence. For
example, Sr, Ba, and Mn concentrations decrease between the Hawi and
Pololu carbonates, while Fe increases. The same trends are seen in the parent
lavas .
Molar Mg/Ca ratios of the volcanic flows range from -0.8 to 1.5. Early
weathering of volcanic glass and Mg-rich minerals, such as olivine, could
have Jed to similar Mg/Ca ratios in soil porewaters, thus favoring magnesian
carbonate formation. Sea spray and/or precipitation, which supplied up to
20% of Sr to the carbonates, have a Mg/Ca ratio of 5.2 and thus could
significantly raise the Mg/Ca of soil porewaters. Although dolomite is thermodynamically more stable than calcite, rapid crystallization typical of semiarid soils favors magnesian calcite rather than dolomite formation [3), and
dolomite was not observed in the younger (<100-ka) flows. The dolomite
found on older flows could have formed by replacement of early-formed LMC
and HMC under continued infiltration of high Mg/Ca soil waters. This
dolomitization process culminated in the appearance of stoichiometric dolomite in soils on the oldest (350-ka) flow.
References: [I] Gile L. H. et a!. (1981) Soils and Geomorphology in

the Basin and Range Area of Southern New Mexico - Guidebook to the
Desert Project, Mem. 39. N.M. Bur. Mines and Min. Res., Socorro. [2) Wolfe
E. W. and Morris J. (1996) Geologic map of the island of Hawaii, USGS Map
1-2524-A. [3) Folk R. L. aod Land L. S. (1975) MPG Bull., 59, 60-68.
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Introduction: The Galapagos Islands are among the most volcanically
active regions of the world. Because Galapagos volcanism is spread over a
wide area rather than confined to a single island, as is the case in Hawai ·i
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and most other hotspots. it provides a unique opportunity to investigate spatial
compositional variation in the mantle below. White et al. [I) found that lavas
with "enriched," or plumelike, isotopic and trace-element compositions were
confined to a horseshoe-like region on the periphery of the Galapagos Platform with "depleted" compositions occurring within the horseshoe in the
center of the platform. White et a!. [I] concluded that these isotopic variations were due primarily to mixing of the plume with entrained asthenosphere
and secondarily to heterogeneity within the Galapagos mantle plume. This
heterogeneity is geographic, with the north limb of the plume being isotopically distinct from the south limb. Here we report new Hf-isotopic ratios
on 47 Galapagos lavas. These data, when combined with new and previously
published Sr-, Nd-, and Pb-isotopic analyses, provide new insights into the
nature of the Galapagos mantle plume.
Results: Hafnium-isotopic ratios were determined using the Plasma 54
multiple collector inductively coupled plasma mass spectrometer (MC-lCPMS) at ENS Lyon [2]. Additional Sr·, Nd·, and Pb-isotopic ratios were determined by thermal ionization mass spectrometry (TlMS) at Cornell. The data
are illustrated in Figs. I and 2. Though there are reasonable correlations
between Hf- and the other isotopic ratios, correlations are notably poorer than
in other oceanic islands. such as Hawai'i [3,4). The weakness of the corre-
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HAFNIUM-ISOTOPIC GEOCHEMISTRY OF THE GALAPAGOS.
W. M . White• and J. Blichert-Toft2 , 1Department of Geological Sciences,
Cornell University, Ithaca NY 14853, USA (white@geology.cornell.edu),
2Laboratoire des Sciences de Ia Terre, Ecole Norroale Superieure de Lyon,
46, Allee d'ltalie, 69364 Lyon Cedelt 7, France (jblicher@ens-lyon.fr).
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lations implies that if the isotopic variations are due to mixing, more than
two components must be involved
Discussion: Though isotopic ratio-isotopic ratio correlations are relatively
weak, when any three of tbe six isotopic ratios are plotted in three dimensions, a plane is readily apparent. The planar nature of the dataset is confirmed by factor analysis, wltich reveals that 93% of the variance in the
Galapagos isotope data is explained by just 2 factors . The first of these, which
we identify with proportion of entrained asthenosphere in the miKture, accounts for 82% of the variance. The second factor, which we associate with
north-south heterogeneity in the plume, accounts for I I o/o of the variance.
Hafnium-isotopic ratios provide strong confmnation that the Galapagos plume
is laterally heterogeneous .
The main component of the Galapagos mantle plume is compositional
similar to FOZO or "C," postulated to represent much of the lower mantle
[5). The southern component, however, appears to be unique and not been
identified in any other oceanic island.
References: [I) White W. M. etal. (1993) JGR, 93, 19533. [2) BlicbertToft et al . (1997) Contrib. Mineral. Petrol., 127, 935. [3] Stille P et al. (1986)
GCA, 50, 2303- 2320. [4) Blichert-Toft J. et al. (1999) Sciellce, submitted.
[5] HartS. R. eta!. (1992) Science, 256, 517. [6] Hanan B. B. and Graham
D. W. (1996) Science, 272. 991.

TilE COORDINATION CHEMISTRY OF SIDEROPHORES WITliiN

SOILS. C . F. Whitehead and A. T . Stone, Johns Hopkins University, 313
Ames Hall, Baltimore MD 21218, USA (astone@jhu.edu).

Siderophore-Facilitated Iron Uptake: Siderophores facilitate Fe uptake in three steps: (1) Dissolved feiD-siderophore complexes arc forrned by
either capturing FeiD from other FeiD-ligand complexes. or by adsorption of
siderophore molecules and subsequent dissolution of the underlying Fe111
(hydr)oKide; (2) FeiD-siderophore complexes are transported back to the organism via diffusion; (3) FeiD-siderophore complexes are recognized by receptor sites on cell membranes and assimilated.
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Fig. 1. One hundred micromole N-phenyliminodiacetic acid (top) and
110 J..!M 3-phenylglutaric acid (bottom) adsorption onto 1.1 giL FeOOH
(goethite) in 1.0 mM acetate.

Influence of Prevalent Geochemical Conditions: As far as step I is
concerned, siderophore molecules in solution are seldom "free," but are
instead coordinated to protons (H+), naturally occurring metal ions (e.g., MgD,
CaD), and contaminant metal ions (e.g., Ni!l) . As a consequence, Fe 111 siderophorc complex formation requires proton- and metal ion-exchange.
Adsorbed siderophore molecules may exist in different proton levels, in
ternary complexes involving other metal ions, and in differe.nt conformations.
Different topological features oo the surface may be more or less susceptible
toward dissolution. Hence, the relationship between adsorption and siderophore-assisted dissolution may be complex.
As far as step 2 is concerned. Feill-siderophore complexes may re-adsorb
onto (hydr)oxide surfaces or partition into particulate natural organic matter.
Both processes interfere with transport via diffusion.
Siderophore Functional Group Effects: The identity, number, and arrangement of ligand-donor groups determine which complex formation,
adsorption/desorption, dissolution, and partitioning reactions control
siderophore speciation. In a particular geochemical setting, one siderophorc
structure may be much more effective than another in facilitating Fe uptake.
In order to make predictions about siderophore speciation and efficacy, structure-activity relationships must be developed.
Illustrative Example: Surrogate ligands are used to explore functional
group effects on compleK formation and adsorption. In solution, N-pbenyliminodiacetic acid is much more effective at binding Felli than 3-phenylglutaric acid. N-phenylimino-diacetic acid possesses a central N atom can be
used to form two stable five-membered chelate rings with Felli. Without this
N, 3-phenylglutaric acid can only form one energetically unfavorable eightmembered chelate ring.
Under the conditions employed in our adsorption experiments (see below), the ranking of the two ligands is reversed. 3-Phenylglutaric acid adsorption reaches 90%, while N-phenyliminodiacetic acid adsorption only
reaches 60%.
In the case of N-phenyliminodiacetic acid, participation of the central N
atom in adsorption may be less than in analogous solution complexes. In the
case of 3·phenylglutaric acid, the distance between the two carboxylic acid
groups is a liability for forming solution complexes, but an asset in adsorption, since it facilitates bridging between neighboring surface sites.
N-phenyliminodiacetic acid adsorption is more sensitive to changes in
ionic strength and less sensitive to changes in pH than 3-phenylglutaric acid
adsorption. As the pH decreases, N-phenylacetic acid undergoes one shift
(dianion 4 monoanion), while 3-phenylglutaric acid undergoes two shifts
(dianion 4 monoanion 4 neutral species) in speciation. Long-range electrostatic interactions that are sensitive to changes in protonation level eKert
a significant effect on adsorption.
GEOCHEMISTRY OF ECLOGITES FROM ALP DE TRESCOLMEN,
ADULA NAPPE, CENTRAL ALPS, SWITZERLAND. R. A . Wieslil ,
L.A. Taylort, J. W. VaUey2, M. J. Spicuzza2, G. A. Snyder•, A. Camacho1,
and M. Kurasawa3, •Planetary Geosciences Institute, Department of
Geological Sciences, University of Tennessee, Knoxville TN 37919, USA,
2Departrnent of Geology and Geophysics, University of Wisconsin- Madison,
Madison WI 53706, USA, llnstitute of Geosciences, Tsukuba University,
Tsukuba, Japan.
In the central Swiss Alps, the former continental basement rocks from the
European margin underwent subduction during tbe early Eocene (!]. Metamorphism of these rocks is considered to have followed a clockwise P-T -t
path with burial to eclogite facies conditions followed by exhumation. ln the
Penninic Adula nappe complex, the eclogite facies overprint is of regional
character and shows an increase in metamorphic grade from the northern part
of the nappe (450°-55o•c, 10-13 kbar at Vals) to the southern part of the
nappe (7S0•-900•c, 18-35 kbar at Alpe Ararni) [2]. Minor metabasic rocks
occur throughout the nappe and may have been derived from a MORB source
[3).
It is of interest to obtain information about fluid-rock interaction during
the subduction process since it may help understand dehydration or metasomatic processes in the down-going slab. Gamet in the eclogite most likely
grew during burial, as well as during the early stages of exhumation. The
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dissertation, Univ. Lausanne. [4) Meyre C. (1997) JMG, 15, 687-700.
[5) Elsenheimer D. and Valley J. W. (1993) GCA, 57, 543-557
PARTITIONING OF TRACE METALS IN ANOXIC BLACK SEA
SEDIMENTS. R. T. Wilkin I and M. A. Arthur2, !National Risk Management Laboratory, U. S. Environmenta.l Protection Agency, Ada OK 74820,
USA (wilkin.rick@epa.gov), 2Department of Geosciences, Pennsylvania State
University, University Park PA 16802. USA (arthur@geosc.psu.edu).

Fig. 1. Calcium X-ray map of a garnet from Trescolmen. The lighter color
indicates higher Ca-content.

zonation in major elements in garnet may be of help to constrain the P-T path
as well as the nature of fluid-rock interaction.
At Alp de Trescolmen, located in the middle part of the Adula nappe,
mafic boudins with cores of eclogites are eltceptionally well eltposed. Most
of the eclogite boudins are found interspersed in the metapelitic host rocks.
The eclogites at Alp de Trescolmen experienced temperatures and pressures
in the range of 5so•-6so•c and 15- 22 kbar respectively [4).
A detailed investigation has been initiated to study the geochemistry of
the eclogites and the surrounding metapelites at Alp de Trescolmen and other
localities in the Adula nappe, including a mineralogic-petrologic study. electron microprobe (EMP) analyses of major elements, 0-isotopic analyses of
mineral separates from eclogites and metapelites, and inductively coupled
plasma mass spectrometry (lCP-MS) analyses of trace elements in the
eclogites to unravel the fluid-rock interaction during subduction and exhumation between the eclogites and the surrounding metapelites.
Compositional X-ray maps of garnets from Alp de Trescolmen show two
stages of growth. Garnets from the least retrogressed eclogites reveal com·
plex zonation patterns, as can be seen in Fig. I. The inner region of the garnet
has a composition of 67% almandine, 13.5% pyrope, 17.6% grossular, and
1.7% spessartine. The Ca-rich region, which surrounds a Iow-Ca region in
the center, has a composition of 48% almandine, 25.07% pyrope, 25.9% grossular. and I% spessartine. These different garnet domains reflect changing
P-T conditions of the crust during subduction followed by exhumation. The
inner portion, with higher almandine content, suggests growth during prograde metamorphism, whereas the Ca-rich region possibly grew under peak
metamorphic conditions.
In addition, laser ICP-MS analyses were carried out to determine if
variations in trace elements reflect those in the major elements. Garnets show
the typical LREE-depleted pattern, but the HREE show an unusually large
variation of up to I order of magnitude in a single garnet. Clinopyroxenes
exhibit a consistent trend of MREE enrichment.
Stable-isotopic compositions of mineral separates from eclogites and
metapelites were analyzed using the C~ laser probe system at the University of Wisconsin. Internal mineral zonation was investigated using a thin
saw blade technique that allowed a spatial resolution of -0.5 mm [5]. Garnets from fresh eclogites have 0 -isotopic values between 5.2%o and 5.9%o.
Garnets from smaller eclogite boudins, which are often retrogressed to amphibolite exhibit 1)180 values -6.5%o. Garnets from the surrounding
metapelites have values in the range of 7.2- 7.8%c. Quartz analyses reveal 0 isotopic values in the range of 9.5-10.5%c. The fluid that retrogressed the
eclogites was able to elevate the 0 values of the garnets. The variation in
a single zoned garnet from an eclogite can be up to 0.6o/co, as big as the variation in the entire boudin.
References: [I) Schmid S.M. et al. (1996) Tectonics, 15, 1036-1064.
[2) Heinrich C. A. (1986) J. Petrol., 27, 123-154. [3] Santini L. (1991) Ph.D.

Introduction: Black shales commonly contain trace metals in concentrations more than a hundred times their average crustal abundance. Metal
partitioning among sedimentary organic and mineral components as well as
the physicochemical mechanisms of trace metal enrichment both remain as
important research topics. The partitioning of transition metals into sedimentary iron sulfide minerals has been extensively studied because of the potential as environmental indicators and because sediments enriched in transition
metals may eventually become sources of contamination during oxidative
weathering, or during the processing of coals and oil shales. In this study we
present a sequential extraction strategy to evaluate the mode of occurrence
of trace metals in Black Sea sediments and to test hypotheses about the
temporal and chemical evolution of the Black Sea water column.
Methods: Numerous studies indicate that sediment bound trace metals
can be associated with several geochemical phases. The principal phases are
metal oxides and oxyhydroxides, clays, organics. carbonates, and sulfides. In
order to assess the partitioning of trace metals in Black Sea sediments, we
have carried out a sequential extraction experiment on core GC59 retrieved
from a depth of 600 m. The elttraction procedure includes three steps to
evaluate the amount of trace metals associated with sediment-reactive components (cold I N HCI, 24 h), iron sulfides (hot l M CrCI 2 + HCI), and
organics (H20 2, 24 h). Before and after each extraction step, sediment samples
were analyzed for major (Fe, AI) and trace elements (P. Mn, Mo. Ni, V, Ni,
U, and Th) after complete microwave digestion in concentrated HF, HN03,
and HCL Trace elements were determined after dilution by inductively
coupled plasma mass spectrometry (ICP-MS), and major elements were
determined by inductively coupled plasma-atomic emission spectrometry
(ICP-AES). Accuracy and precision of the analyses were between 5 and 10%.
Accuracy was evaluated by parallel digestion and analysis of NIST standard
reference materials 1646a. 2704, and !633b.
Results: The elements Ni. V, Cu, and Th are dominantly (-50%) contained in the residual, non-extractable fraction, suggesting a significant detrital
flUlt of these elements to the sediment-water interface. Molybdenum is unique
in that >90% of the total amount is accounted for by the sequential extraction procedure (Fig. I). In laminated unit I and unit II sediments, -20% of
the total Mo is present in the HCI extractable component; this fraction
abruptly increases in sediments below the unit II-unit III boundary although
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Fig. 1. Depth distribution of organic C, Mo, and Mo partitions in core GC59
(600 m).
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the abundance of Mo dramatically decreases (Fig. 1). Iron sulfides apparently
are the dominant sites of Mo incorporation in unit I and II, a result in agreement with the findings of Volkov and Fomina [1). This result, however, is
somewhat surprising considering the excellent correlation between Mo and
OC (r2 = 0.92) and the generally poor relationship between Mo and pyrite
(r2 0.16). The strong correlation but non-association between Mo and OC
suggests that the abundance of each component respond to the same forcing
factors. Because both Mo and OC concentrations increase toward the basin
center where sedimentation rates are the lowest, we propose that diffusion
to and adsorption processes on iron sulfides principally control sediment Mo
concentrations. In deep-basin sediments the pyrite burial flux primarily originates above the sediment water interface [2]. Depleted Mo values in sediment trap materials [3] suggest that Mo is fixed dominantly below the
sediment-water interface by diffusion of Mo from the overlying anoxic waters.
Note: This is an abstract of a proposed presentation and does not necessarily reflect EPA policy.
References: [1] Volkov I. 1. and Fomina L. S. (1972) Am. Assoc. Petrol.
Geol. Mem., 20, 456-477. [2] Wilkin R. T. et al. (1997) EPSL, 148, 517525. [3] Crusius J. et al. (1996) EPSL, 145, 65-78.
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Fig. 2. Backscattered electron image and elemental X-ray maps of the most
altered allanite grain found in this study. Note large portions of allanite grain
altered to fluorite (elevated Ca, F) and a REB-phosphate (elevated La, Ce,

Th, and P).
THE CHEMICAL AND MINERALOGICAL RESPONSE OJi' ALLANITE TO HYDROTHERMAL ALTERATION, CASTO GRANITE,
IDAHO. S . A. Wood• and A. Ricketts2, •Department of Geology and
Geological Engineering, University of Idaho, Moscow 10 83844-3022, USA
(swood@iron.mines.uidaho.edu), 2311 South Skyline Drive, Idaho Falls 10
83402, USA.
Introduction: The effect of hydrothermal alteration on the mineral
allanite, (Ca, Mn, Ln)z(Fe2•, fe:H-, Alh(Si04))0H, where Ln = rare earth
elements, has relevance to performance assessment of nuclear waste materials and to the use of REE and Nd isotopes as petrogenetic tracers. The
response of allanite to hydrothermal activity in the Eocene Casto Pluton
granite of central Idaho has been investigated using optical microscopy.
quantitative electron microprobe analysis, and scanning electron microscopy
(backscattered-electron imaging, X-ray elemental mapping, and qualitative
energy-dispersive analysis). Evidence of hydrothermal alteration of the
samples examined in this study includes sericitization of feldspar, chloritization of biotite, corrosion and replacement of allanite, and the presence of
fluorite veins.
Unaltered Allanite: Unaltered allanite from the Casto Pluton is characterized by a fairly narrow range of compositional variation (Fig. I), with
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Fig. 3. Energy-<fispersive spectroscopy spectrum of P-rich area from the
allanite grain shown in Fig. 2.

little or no zoning. A representative empirical formula, based on the com·
position of the least altered allanite grain, is
(LfiQ.s3Cat.o7Tho.04Mn2•o.06)(Ti4+o.ttMg2•o.04Fe2•0.99 Fel•o.• sA11.3s)
(Si3.ocP12)(01fo.9sFo.05)
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The small amount of compositional variation observed is consistent with
the following two coupled substitutions: Ca2• + Tb4+ H 2Ln3+ and Ln3+ +
fc2+ + Mg2• H Ca2• + Ail• + Fel• .
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Fig. I . Chondrite·normalized REE contents of selected allanite grains from
the Casto Pluton.

Altered Allanite: Slighlly altered allanite grains exhibit rims in which
Th is enriched, and La and Ce are depleted. Increasing degrees of alteration
lead to extensive corrosion and replacement of allanite by fluorite, a REE-,
Th- and P-rich phase, possibly monazite or rhabdophane, and a Th-rich phase,
probably thorianite (see Figs. 2 and 3).
Conclusions: In spite of strong alteration by a F-rich hydrothermal solution which destroyed large portions of allanite grains, the REE and Th were
not mobilized very far before they were fixed in secondary phases such as
monazite (or rhabdophane) and thorianite. A rough mass balance of the REE
in the original allanite and in the secondary phases, together with whole-rock
REE analyses. confirm that most of the REE remained in the rock after
alteration . The Jack of mobility of the REE in this environment may be due
to buffering ofF activity to low values by fluorite, and the ready availability
of PQ43- .
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TilE EFFECT OF FULVIC ACID ON TilE EXTENT AND RATE OF
DISSOLUTION OF OBSIDIAN. S. A. Wood 1• L. M. Anovitz2, J. M.
Elaml, D . R. CoJeZ, L. R. RiciputiZ, and P. Bene zeth2, •Department of
Geology and Geological Engineering, University of Idaho, Moscow lD 838443022, USA (swood@iron.mines.uidaho.edu), 2Chemical and Analytical
Sciences Division, Oak Ridge National Laboratory, Oak Ridge TN 378316110. USA. lDepartment of Anthropology, University of Tennessee, Knoxville TN, USA (anovitzlm@oml.gov).
Introduction: An indicator of the age of obsidian artifacts is the extent of swface hydration, as water diffuses deeper into the glass with time
(1.2]. Such dating is compromised if dissolution removes a significant portion of the swface layer. This effect is probably not significant in pure water
at room temperature. However, it bas been suggested that organic acids (e.g.,
fulvic acid) may complex Si and increase the solubility of silica [3,4). As
these acids are present in most soils, their effect may need to be taken into
account when using the extent of hydration to date obsidian artifacts. Thus,
we have conducted an experimental study of the effect of fulvic acid (FA)
on the dissolution of obsidian.
Methods: Experiments were conducted at 3o•c in 0.03 molal NaCI
solutions. Obsidian (Pachuca source, Sierra de las Navajas, Mexico) was
reacted for up to four months with solutions with various FA (Suwannee
River) concentrations and pH values . Twelve solutions with pH 5.0, 5.4, and
6.1, and FA concentrations of nominally 0, 50, 150, and 600 mg/kg, were
prepared. Two grams of powdered obsidian and 30-40 mL of solution were
placed in 50-mL polyethylene syringes mounted on a rotating rack in a
constant temperature bath. Samples were withdrawn at approximately onemonth intervals, forced through a 0.2-Jllll filter, and analyzed by inductively
coupled plasma-atomic emission spectrometry (ICP·AES) for Si, AI, Fe, Mg,
K, and Ca. The pH was measured using a combination glass electrode calibrated on the H• concentration scale.
Rmlits and Discussion: Concentrations of K, Mg. Ca, and AI in so·
lution were very close to those of blank solutions of FA, w·:: M ~!ear variation with FA concentration. The concentrations of Si increased with time at
all pH values and FA concentrations. At pH 5.4 (not shown) and 6.1 (Fig. I},
Si concentration is relatively constant with increasing FA concentration except
at the highest FA concentration, where it increases. At pH 5.0 (not shown),
the Si concentration is relatively high at the three lowest FA concentrations
and then decreases at the highest FA concentration. In no case does the Si
cooceotration exceed the solubility of amorphous silica at 30°C in pure water
(-61 mg/L). These results suggest that FA may affect the rate of dissolution
of obsidian, increasing the rate at pH >5, and decreasing it at pH = 5.
However, it appears that any complex formed by Si and FA is relatively weak
and does not affect solubility, in agreement with a recent study on amorphous
silica solubility [5).
Fulvic acid apparently has a strong influence on the concentration of Fe
leached from the obsidian, when FA is present in concentrations >100 mg/L.
This may be due to complexation and/or reduction of Fe by FA. Additional
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Fig. 1. Silicon concentration vs. FA concentration for obsidian dissolution
experiments at pH = 6.1.
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Fig. 2. Iron concentration vs. FA concentration for obsidian dissolution
experiments at pH = 6.1.
experiments are in progress using a peat FA to determine whether the effect
of FA depends on its composition. However, FA does not appear to increase
the solubility of obsidian significantly and should not enhance removal of
the hydrated layer assuming attainment of equilibrium.
References: [ I) Friedman I. and Smit R. (1960) Am. Anriquity, 25, 476522. [2) Anovitz L. M. et al. (1999) J. Arch. Sci., in press. [3] Bennett P. C.
( 1991) GCA, 55, 1781-1797. [4) Bennett P. C. and Sigel D. I. (1987) Nature,
326, 684-686 [5) Pokrovski G. S. and Schon J. (1998) GCA, 62, 3413-3428.

DETERMINATION OF THE SOLUBILITY OF CRYSTALLINE
NEODYMIUM (OH)J IN SODIUM TRIFLA TE SOLUTIONS FROM
30° TO 250°C WITH IN SITV pH MEASUREMENT. S. A. Wood•,
D. A. Palmer2, D. J. Wesolowski 2, and P. Benezeth2, !Department of Geology
and Geological Engineering, University of Idaho, Moscow ID 83844-3022,
USA (swood@iron.mines.uidaho.edu). 2Chemical and Analytical Sciences
Division, Oak Ridge National Laboratory, Oak Ridge TN 37831-6110, USA
(ddp@oml.gov; dqw@orolgov; 72b@oml.gov).
Introduction: An improved database for the solubility of rare-earthelement (REE) phases and the thermodynamics of REE complexation in hydrothermal solutions is crucial to (I) the use of REE patterns and Nd isotopes
as petrogenetic tracers in hydrothermally altered rocks, (2) a better understanding of the origin of hydrothermal REE deposits, and (3) performance
assessment of geologic repositories of nuclear waste. There is considerable
disagreement in the literature on the solubilities of solid REE hydroxides and
the thermodynamics of the hydrolysis of trivalent REE ions even at room temperature [1-5), and few data exist at elevated temperatures (I). A systematic
investigation of the solubility of Nd(0H) 3(s) as a function of temperature,
pH, and ionic strength is under way in our laboratories. and preliminary results are reported here. We have chosen Nd due to the importance of its isotopes as petrogenetic tracers and its similar chemical behavior to the actinide
americium.
Methods: Crystalline Nd(OHh(s) was synthesized by reacting pure
Ndz03(s) with deionized, degassed water at 2oo•c for several weeks. Care
was taken throughout to exclude C02 . The solid was characterized both before
and after the solubility experiments using X-ray diffraction (XRD). thermal
gravimetric analysis (TGA), fourier transform infrared (FTIR) spectroscopy,
and scanning electron microscopy (SEM).
Experiments were carried out in a H electrode concentration cell fitted
with a sampling line aod a magnetic stir bar. The noocomplexing salt, sodium trifluorometbanesulfooate (triflate), was employed to maintain constant
ionic strength. Two pumps permitted the addition of acid or base during
solubility runs. and solubility was reversed by approach from both under- and
oversaturation. Solution samples were separated from the solid via a Pt-frit
inside the reaction cell and a 0.2-Jllll membrane filter outside the cell. Analysis
of samples for Nd was accomplished using inductively coupled plasma atomic
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Fig. I.

emission spectrometry (lCP-AES), inductively coupled plasma mass spectrometry (lCP·MS), and ion chromatography, depending on the concentration.
Results and Discussion: The results obtained at 0.03 molal ionic
strength are shown in Fig. I. The majority of the data shown io this plot at
each temperature conform to lines with slopes of 3, implying that the dominant solubility controlling reaction is

Analytical Procedure: Initial trials with isotope dilution Ni-S fire assay
proved it inadequate for analysis of sub-part-per-billion PGE concentrations
typical of arc volcanics, particularly as both Re and Os were required (1].
Samples were thus prepared usiog a Carius tube digestion technique, coupled
with solvent extraction of Os and anion-chromatography preconcentration of
the other PGEs [2,3). Analysis is carried out using an Elan 6000 inductively
coupled plasma mass spectrometer (ICP-MS). In conjunction with the ICPMS, use of a CETAC Direct Injection Nebulizer (DIN) permits low-memory
Os analysis. A CETAC ARJDUS desolvating nebulizer is used to minimize
ZIO + HfO interferences on the PGEs. This low-blank technique allows analysis of low abundance samples, as blanks are typically <5 pg for Os, lr, and
Re, <10 pg for Ru and Pd, and <25 pg for Pt [2].
Platinum-Group-Element Signatures of Grenada Suite: PGE patterns have positive slopes (except for Re depletion) and become steeper as
fractionation proceeds, e.g., picrite Pd/lr = 25, andesite Pd/lr = 216. Osmium
and lr are <0.2 ppb (picrites) and <0.02 ppb (andesites). Platinum and Pd
are <4 ppb (picrites) and <2 ppb (Pt) and <I ppb (Pd), in andesites. Overall
abundance for all PGEs (excluding Re) decreases as fractionation proceeds.
The PGEs do not appear to behave as a coherent group during arc-lava
fractionation and are variably affected by fractionation of different mineral
phases. The M-C series of Grenada [4] have anomalously high Re, Os, and
Pd compared to other Grenada samples.
Platinum-Group-Element Signatures of Izu-Bonin Suite: Average
PGE concentrations in boninites are Os 0.04 ppb, Ir 0.087 ppb, Ru 0.19 ppb,
Pt 6.02 ppb, Pd 3.55 ppb, and Re 0.25 ppb. Average Pd/lr of boninites is
42. The andesite contains slightly lower Os (0.023 ppb), lr (0.025 ppb), and
Pt (3.31 ppb) but higher Ru (0.24 ppb) and Pd (7.22 ppb). This implies mildly
incompatible behavior for Ru, Pt, and Pd during initial fractionation, but
compatible behavior for Os and Ir. Fractionation of andesite to rhyolite results
io a significant decrease in all PGE concentrations (except Re), possibly due
to initiation of magnetite fractionation [5].
Comparison of lzu-Bonin Boninite and Grenada Picrite PlatinumGroup-Element Signatures: There is remarkable similarity between PGE
abundance and shape of the PGE patterns of the primitive rocks (boninites
and picritcs) from both regions . This is surprising considering the alkalic
nature of the Grenadian picrites and depleted nature of the boninites. The
picrites (M-series [4]), however, are slightly enriched in Os and significantly
depleted in Re, relative to the boninites.
Implications for Platinum-Group-Element Behavior in Subduction
Zones: Witbio the two suites studied, it appears that the PGEs are relatively
unaffected by variations in subduction-zone petrogenetic conditions, such as
degree of melting and differential fluid/sediment input to their mantle sources.
Higher Os concentrations in the more-hydrous Grenada magmas. compared
to the boninites, lend support to the theory that Os may be mobilized by Clrich aqueous fluids [6]. Recognition of variable Re depletion and enrichment
within Grenada picrites supports independent Os-isotopic evidence [7] that
ancient Re-depleted mantle may exist beneath Grenada.
References: ( I] WoodlandS. J . and Pearson D. G. (1999) Royal. Soc.
Chern. Spec. Pub., 234, 267- 276. [2) Pearson D. G. and Woodland S. J.

Nd(OHh(s)+ 3H+ H Ndl+ + 3H20(1)

(I)

The equilibrium quotients for reaction (I) can be fit to a simple van' t Hoff
relation: log Q.0 -5.712 + 7270.0rf(K). with an r2 = o.m9. A preliminary determination of log Q.0 at 30°C using glass electrodes results in values
identical to those predicted by this equation. Between 30• and 2oo•c there
is no evidence of hydrolysis over the range of pH investigated thus far, but
at 250°C there is evidence for the formation of Nd(OH)2• at pH >4.5 (Fig. 1).
Modeling of the data at 25o•c yields log (41 = -4.33 for the reaction: Ndl• +
H20 H Nd(OH)2+ + H+(2), which indicates approximately 2 orders of magnitude Jess tendency toward hydrolysis than indicated by theoretical predictions
[6,7). Measurements at more alkaline pH and over a wider range of ionic
strength are currently in progress. With these data, it will be possible to
determine stability constants for Ndl•-complexes with ligands such as chloride, acetate, sulfate, EDTA, etc.
References: (1) Deherdt S. et al. (1998) Chem. GeoL, 151, 349-372.
[2) Diakonov I. I. et al. (1998) Chem. Geol., 151, 327- 347. [3] Rao L. et al.
(1996) Radiochim. Acta, 72. 151-155. [4] Rizkalla E. N. and ChoppinG. R.
(1991) Handbook on the Physics and Chemistry of Rare Earths, 15, 393442. [5) Wood S. A. (1990) Chern. Geol., 82, 159- 186. [6) Haas J. R. et al.
(1995) GCA, 59, 4329-4350. [7) WoodS. A. (1990) Chern. Geol., 88, 99125.
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PLATINUM GROUP ELEMENTS IN SUBDUCTION ZONE MAGMAS: ANION EXCHANGE PRECONCENTRATION INDUCTIVELY
COUPLED PLASMA MASS SPECTROMETRY ANALYSES OF
LESSER ANTILLES AND IZU-BONIN MAGMAS. S. J. Woodland 1,
D. G. Pearson•, J. A. Pearce 1, and M. F. Thirlwa112, 1Departrnent of Geological
Sciences. University of Durham. South Road, Durham DHI 3LE, UK
(s.j.woodland@durham.ac.uk), 2 Department of Geology, Royal Holloway
University of London, Egham, Surrey TW20 OEX, UK.
Introduction: Platinum-group-element (PGE) data has been obtained
on a suite of lavas and associated cumulates from the island of Grenada,
Lesser Antilles. The analyzed suite ranged from highly magnesian picrites to
andesites in composition and represents the fi.rst complete evaluation of PGE
(Os, lr, Ru, Pt. Pd, andRe) abundances in an intra-oceanic arc. In addition,
boninitic samples from the Izu-Bonin fore-arc region (ODP Leg 125, Site
7S6B) have been investigated as a comparison of relative PGE abundances
in these two contrasting subduction environments.
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(1999) Chern. Geol., in press. [3) Pearson D . G. and WoodlandS. J. , this
volume. [4} Thirlwall M. F. et al. (1996) GCA, 60, 4785-4810. [S] Murton
et al. (1992) Proc. ODP, 125, 211-235. [6) Brandon A. D et a l. (1996)
Nature, 272, 861 - 864. [7) Parkjnson I. J. et al. (1998) AGU Abstract-V41Dll, Fl012.

AN EXPERIMENTAL STUDY OF COPPER(I) CHLORIDE SOLUBILITY IN WATER VAPOR AT TEMPERATURES FROM 360• TO
400°C AND WATER-VA POR SATURATED PRESSURE. Z. Xiao',
A. E. Williams-Jones'. and C. H. Gammons2. 1Department of Earth and
Planetary Sciences, McGill University , Montr6al, Quebec H3A 2A7, Canada
(zhifeng@eps.mcgill.ca), 2Department of Geological Engineering, Montana
Tech of the University of Montana, Bune MT 59701, USA.
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USING LINEAR FREE-ENERGY RELATIONSHIP TO PREDICT
STABILITY CONSTANTS OF AQUEOUS METAL COMPLEXES/
CHELATES. H. Xu' and Y. Wang2, I Department of Earth and Planetary
Sciences, University of New Mexico, Albuquerque NM 87131 , USA (hfxu@
UDIJLedu), 2Sandia National Laboratories. 115 North Maio Street, Carlsbad
NM 88220, USA (ywang@sandia.gov).
Metal complexation with various inorganic or organic ligands in aqueous
solutions directly controls the solubility, sorption, and toxicity of toxic metals,
including radionuclides, in natural environments. The quantitative calculations of metal complexation thus have been routinely used in predicting the
fate and impact of heavy metals in natural environments. The effectiveness
of these calculations depends heavily on the completeness and quality of the
thermodynamic databases on which the calculations are based. Unfortunately,
the thermodynamic data for many metal complexes, especially those with
radionuclides, are currently either unknown or poorly constrained. Therefore,
there is a need for (I) developing a method to predict the unknown thermodynamic data based on a limited number of the existing measurements, and
(2) using this method to check the internal consistency of the thermodynamic
databases that are used in the calculations.
We extend the Sveljensky-Molling relationship to predict the Gibbs free
energies of formation or stability constants for a family of metal complexes
and chelates with a given complexing ligand.
The linear free-energy relationship is a function of nonsolvation energy
and inonic radii of cations. The relationship can be applied to both inorganic
and organic metal complexs/chelates. The discrepancies between the predicted
and experimental data are generally less than I Jog unit. The use of this linear
free-energy correlation can significantly enhance our ability to predict the
speciation, mobility. and tolticity of heavy metals in natural environments.

The solubility of Cue~.) in vapor was measured in a vapor-saturated H20 NaCI-HCl (NaCUHCl; 9: I) system at temperatures ranging from 360° to
400°C and total chloride concentration from 0.01 to 5 mol. For experiments
at 360°C, CuCl<•> was dissolved directly into the liquid. At higher temperatures (38o•c and 40Q•C), Cue~•> was separated from the liquid by a quartzglass tube, but reacted with vapor. Foils of metallic eu were added as a redox
agent.
At 360°C, the experiments measure partitioning between liquid and vapor,
and the Cu concentration in vapor is controlled by its concentration in liquid. Data collected from these experiments show that the Cu solubility in
vapor is independent of the total chloride concentration in the liquid or the
vapor density. This indicates that Cu is dissolved as CuCI<•>in the vapor phase
and thus the partitioning can be described by the reaction CuC~aq) = Cuel<•>·
The equilibrium relationship for this reaction can be represented as Kc ~
J11a,c 1(v/l'llcuc1<"'1)• where l'llcucl(v) and l'llcucl(aq) are the concentrations of CuCl
in vapor and CuClO in liquid, respectively, and the log Kc at 360•e is about
- 2.65.
At 380° and 400•c, the experiments measure solubility in saturated vapor.
The Cu concentration correlates negatively with total chloride concentration.
As data from Bischoff [I) on the NaCI-H 20 system show that increasing the
NaCI concentration will decrease vapor density, it is believed that Cu solubility in the vapor is controlled mainly by vapor density through the following reaction:

NITROUS OXIDE EMISSIONS FROM AGRICULTURAL SOIL IN
GUIZHOU PROVINCE, SOUTHWESTERN CHINA. W. B. Xu' . Y. T.
Hong'. X. H. Chen2 , and C. S. Li>, 1State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang 550002, China (lmsei@public.gy.gz.cn). 2Soil and Fertilizer Institute, Guizhou Academy of Agricultural Sciences, Guiyang 550013, China,
3Jnstitute for the Study of Earth, Oceans, and Space, University of New
Hampshire, Durham NH, USA.

Following Armellini and Tester [2]. the equilibrium relationship for the
above reaction can be written as Kc : mc..c~v/d48,0(v)• where lllcuCU•> is the
molality of Cu in the vapor phase and d H,CX•l is the density of water vapor.
The Jog Kc values for these experiments at 380° and 400°C are 0.22 and 1.17
respectively.
The partition coefficients for Cu between vapor and liquid were calculated for the CuCI-NaCJ-HCI-H20 system at 400°C and water-vapor saturated
pressure at NaCI concentrations from 0.5 to 2.3 mol and a HCI concentration of 0.001 mol. The results indicate that the partition coefficients for Cu
are nearly identical to those of Na under the same conditions [cf. I}. This
suggests that NaCI partitioning data can be used to estimate Cu(I) chloride
partition coefficients at conditions for which no data for Cu are available.
The partition coefficients referred to above have been used to predict Cu
concentration in a simple system where T = 400°C, p = 500 bar, pH was fixed
by muscovite-K-feldspar-quartz, fs, and fo, were fixed by the assemblage
pyrite-magnetite-hematite, NaCVKCI = 4, and the total chloride concentration was up to 2.5 mol. With the help of a modified Eq3/6 computer program, we have estimated that -0.002 mol Cu will be transported by the vapor.
Partition coefficients decrease with increasing salinity , due to the increase
in the solubility of Cu in the liquid phase. However, Cu solubility in the vapor
changes linJe as the total chloride concentration increases from 0.5 to 2.5 mol.
This suggests that even in a system with very high salinity, such as a porphyry Cu, the concentration of Cu in vapor could be high enough for vapor
to transport appreciable Cu.
References: [I] Bischoff J. L. (1991) Am. J. Sci., 291, 309-338.
[2) Arrnellini F. J. and Tester J. W . (1993) Fluid Plulse Equilibria, 84, 123142.

Nitrous oxide (N20) is an important trace gas in the aunosphere and in
the cycling of N within the soil-atmosphere system. The purpose of this study
is to assess N20 emissions from cultivated agricultural soil in the Guizhou
Province, southwestern China, and to study the potential influences of variations in climate and farming practices on N20 emissions. This was done
through seasonal measuring of N20 fluxes from com-rape rotation fields, soybean-winter wheat rotation fields, and fallow plots at the Soil and Fertilizer
Institute, Guizhou Academy of Agricultural Sciences, and by comparing daily
NzO flux simulated by the Denitrification-Decomposition (DNDC) model [13] with field measurements.
Measurement results showed that diurnal regular variation of N20 flux
was similar at the above three fields, the time when daily N20 flux reached
the highest was 2 or 3 h later at com and soybean fields than at rape and
winter-wheat fields, and that temperature was the key factor influencing the
diurnal regular variation of N20 flux. N 20 fluxes from com-rape rotation,
soybean-wint.e r wheat rotation, and fallow land were in the range 9.8-433.1,
4.0-18.4, and 9.7-282.0 mg N m-2 h-1 respectively; N 20 emissions were
much higher than from cultivated agricultural soil in north China. Furthermore, the seasonal variation of N2 0 fluxes was homologous at the three fields.
N20 flux pulses were driven by rainfall events directly, the relativity between
N20 flux and precipitation and soil's moisture were positive remarkably, but
the relativity was not important between N20 flux and temperature.
The Denitrification-Decomposition (DNDC) model [I) is a process-oriented, biogeochemical model of the N and e cycles in soil to assess N20
emissions from agricultural soil using information on soil properties, agricul·
!Ural practices. and weather variables as inputs. The structure. equations, and
heritage of the DNDC model have been described in detail by [I]. Based on
the success of test aod validation exercises of measured and DNDC-modeled
N20 emission and several associated variables from the above study fields,
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which ell.hibited similar trends and magnitudes. we expanded the DNDC
model to estimate N 20 emissions from entire agricultural soil at the county
scale io Guizbou in 1995. Total N 20 emissions from agricultural lands in
Gu izhou counties ranged from 0.00349 x 1()6 kg N yr- 1 to 0.218 x 1()6 kg
N yr- 1. The total N 20 emission from all counties was 4.4 x J06 kg N yr- 1•
with -80% of N 20 emission from eight counties and 3 1.7% of NzO emission from cornl:mds. The DNDC model was run with and without manure
uddiLions, fertilizer additions, and tillage to estimate Lhe relative contribution
of individual agricultural pmctice on total Np emission. The additions of
manure, fertilizer, and tillage increased the total N20 emission in Guizhou
by 55%, 37%. a.nd 33% respectively.
The DNDC model was also used to systematically assess the potential
effect of changing climate and farming practices in future on N20 emissions
from Guizhou agricultural soil. The baseline conditions for the sensitivity
smdies were typical of climate condition, soil properties, and funning prac·
tices in Ute ttbove fields . The effect of each climate vuriable. or farming prJC·
lice on N 20 emissions was tested by varying the single factor and holding
all other parameters at baseline values. The 158 scemtrios tested iodi<.-dted
that njtrated pollution in rainfall, additions of rnnnure and fe.rtiljzer, nnd tillage
may be especially signjficant anthropogenic factors that have increased N20
emission from soil in the Guizhou Province, southwestern China.
From a policy perspecti ve. a program to mitigate N~O emissions from
Guizhou agriculture could focus on a relatively limited area of the province
and on cornlands and would involve a combination of measures including
reductions in additions of manure and fertilizer and in tillage times.
Referrences: [1] Li C. S. et al. (1992) JGR, 97, 9759-9776. [2] Li C. S.
et al (1994) Chemosp/rere. 28, 1401-1415 . [3] Li C. S. eta!. (1996) Global
Biogeochem. Cycle.r, 10. 297-306.
QUANTIFICATION OF QUENCH RATES IN WATER, AIR, AND
LIQUID NITROGEN. Z . Xu and Y. Zhang, Departmen t of Geological
Sciences, Un iversity of Michigan, Ann Arbor Ml 48109-1063, USA
(zhengjiu@ umicb.edu).
When red-hot lava enters water, what is the cooling rate of the lava from
Lhe surface to the interior? We investigated this problem based on the relation between cooling rate and lhe final mo lecular HzO and OH species con centrations obtained from this laboratory (1,2]. A large chunk (irregular shape
with eacb side ~8 mm) o f hydrous rhyoliti c glass aontniuiog 0 .8 wt% totul
H20 was heated to 748°C for 5 min and theu dropped into water. Cnlculnted
diffusive H 20 loss from the ex posed surface affects only a d istance of
-0.03 nun. A wafer is sectioned from the chunk of glass ncar the center and
doubly polished. The molecular H20 and hydroxyl bands at 5230 crn- 1 and
4520 cm-1 are dctennined by infrared spectroscopy as a function of distance
away from an original surface during quench in water. From the measure·
ment, the apparent equilibrium temperarurc for the species reaction can be
calculated. Within 0.4 nun of the surface, the apparent equilibrium tempera·
ture is close to 748°C. implying tha t within this dist.toce the queoch rate is
high enough (>400"C/s) LO preserve the species concentration at the experi mental temperature of 748°C. Further away. the apparent equilibrium temperature is less because of the slower quench rate. When the apparent
equ ilibrium temperature is <748•c by at least 20•c (preferentially by so•q,
Lt is possible to estimate the quench rate from quenched species concenlra·
lions (or infrared band intensities) us ing an ex perimentally dete.rmined relation between quench rate, species concentntions. and total H20 concentrations [1,2]. Tite quench rates estimated in tltis manner at distances of 0.72.0 mrn arc less than those calcu lated from the I·D semi-infinite heat con·
duction eq uati on by assuming the surface temperature instantaneous ly
becomes the room temperature (i.e .. assuming quench rate at the surface is
inflnity) and using a heat diffusivity of 0.7 mm2/s [3]. The experimentally
determine.() s lower rate is expected because the surface temperature cannot
instantaneously cool to room tempennure. A vapor layer would form near the
hot surface. which preventS the surface from ins!llntaneous cooling. At dis·
tances >2.0 rnm, th~ two ell.perimental and calculated quench rates are simi·
Jar. Th.e similarity is also ell.pected because the effec t of the boundary
condition on the imerior temperature decreases as distance away fTom Ute
boundary increases.
We nlso determined quench rate for a glass cooled in air and in liquid
N fTom 750°C using tbe same tecbnjque. For air quench. the apparent equi librium temperature at the surface and interior (to -4 mm) is nearly constant

implying that cooling at the outside surface is slow so that cooling in the interior can keep pace with the surface. 'The inferred cooling rate
is - lJ •CJs. Por cooling in liquid N. Lhe surface cooling rate is on ly -SO%
lti gher than that in <J ir, and at least 20x lower than that in water. This order
of quenching effic iency is consistent with the results of [4J.
To our know ledge, our study represents the first quantification of the
s urface and interior quench rates. Besides quantifying quenching rates of
magma and rocks. the determination of interior quench rate will help theoreticians mode l heat conduction for cooling in water and in air.
References: [I) Zhang et a.l. (1997) GCA. 61, 2167. L2J Zhang and
Xu . this volume. [3] Bagdassarov and Dingwe ll ( 1994) JVGR, 60, 179
[4] Dyar and Bimic (19&4) J. Norr-Crysr. Sol., 67. 397.
(~620°C).

GEOCUEMlCAL AND ISOTOPIC CONSTRAINTS FOR THE
EVOLUTION OF THE SLAVE PROVINCE. K. Yamashiut1·2 and R. A.
Crcuscr2, tDcpartrnent of Earth and Planetary Sciences, Harvard University.
20 Oxford Stre.:t, Cambridge MA 02138, USA (k.yamash@fas.harvard.edu),
2 Department of Earth and Atmospheric S..:iences, University of Alberta. 126
ESB. Edmonton AB T6G2E3, Canada (robert.creaser@ualbem.ca).
Introduction: Various models for the tectonic development of the Slave
province have been proposed over the past two decades. These include the
int.raconlinenal rift model [ I ,2). arc-continent collision models [3) , and combinations of these processes [4]. Over the past l1ve years, we have undertaken
a detailed isotopic and geochemical srudy of Lhe main lithotectonic units in
the Slave provi.oce in order to provide a firm basis for establishing a refined
tec ton ic model. We bave examined ( 1) sdectcd expos ures of pre-2.8-Ga
basement granitoids/gneisses, (2) -2.72-2.65-Ga Yellowknife supergroup
(YKSG) volcanic and sedimentary rocks, and (3) -2.6-Ga syo- to post·
deformation granitoids from the western Slave province.
Results: Our main results are summarized below.
I. The U-Pb zircon age of Lhe basement in tbc Hanikahimajuk Lake (HL)
area (Northern Slnve; 3378 Ma) is very simi lar to the age oflhe Kangguyak.
gneisses to tltc north, and that of a major metamorphic oveJl!rint in the Acasta
gneisses to the southwest [5 and references therein] .
2. Low ~<tr values of YKSG volcanic rocks in the HL. Winter Lake (WL;
Central SLwe) nnd Yellowknife (S. Slave) areas document contamination by
pre-2.8-Ga basement, indicating tbat the volcanic package was built on or
in the vic inity of tbe basement.
3. Yellowknife supergroup mafic-intermediate volcanic rocks in the HL
area can be classified into two associations based on trace-element characteristics: (I} depleted, tholeiitic type, and (2) ca lc-alkaline type. These two
groupings are also found in the Yellowknife and Indin Lake areas of the
southwest Slave province [2,6.13 ]. Given the geochemical evidence for basemetll contamination of (I), we do not envisage an origin in a typical mid·
oceanic ridge setting.
4 . The low EN.tr of some YKSG sediments from the HL and WL areas
show that part of the basement was exposed al the time of YKSG sediment
deposition.
5. Through carefu l investigation of geochemical and isotopic s ignature
of tlte Burwash Formution turbidilc.s (Yellowknife area), we conclude that Lhe
smtrce of these turbidites is a mi.xtme of (I) YKSG volcanic rocks variably
contaminated by pre-2.8·Ga basement, and (2) little-contaminated granitic
rocks. The westerly derivation of these turbidites implies the ell.istence of little·
contaminated, pre-2.66-Ga grJnitic rocks west of Yellowknife and, therefore.
provenance regions not underlain or weakly innuenccd by the basement.
6. Geochemistry of late-Archean granitoids indicates that -2.61-Ga syn·
and -2.59-Ga postdcforrnation granitoids are derived mainly through partial
melting of maftc crusta l protoliths wi th loca l mantle input and partial melting of metasedimentary rocks respectively.
7. The gcocltronological and isotopic signatures of the pre-2.8 -Ga base·
mcnt seem to appear s trongly in two areas: ( I ) the Acasta River area
(westernmost S lave) and (2) along the N-S trending volcanic belt encompass·
ing Atcadia Bay (northernmost Slave), HL. Point Lake. WL. Sleepy Dragoo
Complex, and Yellowknife [7,8).
ln addition to these conclusions, the following summarizes points made
by previous researchers that must also be taken into consideration: ( I) Known
prc-2.8-Ga basement is restricted to Lhe western Slave province (5 and ref·
ere.nces therein]: (2) vokanic belts in the west-central S lave province are
typically maftc dominated. whereas those in the cast-northeast Slave prov-
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tocc are felsic dominated [9); nnd (3) 2625-2640-Ma tgocous rocks huve not
yet been documented from the eMtero or western Slave province JIO].
Discussion: lntegroting these observations, we proprn.e a revised model
for the evolution of the Slave cmton, which is compatible with most field.
isotopic, and geochemical features. We argue that the mafic-intermediate
volcanic rocks of the western Slave province can be generated in n single
cnsialic bt1ck-arc system. ln modem-day analogs. such as lhe Japan arc,
depleted tholeiitic and calc-alkaline volcanic rocks (as well as felsic volcanic
rocks) are botb generated in the same back-an: system [ llj. It IS also not.eworthy that YKSG mafic volcanic rocks near Point Lake, overlying the
3.1 5-Ga Augustus gmnite, Me also interpreted to nave formed in u backarc setting [ 12). The basement blocks of the western Slave are interpreted
to be remnants of this rifted cont inenta l block. In this model, the two
mafic-dominated volcanic belts in the western Slave prov ince. i.e. , (I)
Grenville Lake-Indio Lake-Ghost/MacNaughton Lake, and (2) Arcadia Bay1-U.-Point Lakc-WL-Siccpy Dragon complex.- Yellowknift. may represent the
margin of a (nnw collapsed and shortened) ensialic back-arc.
References; (1) Henderson J. B. (1981) in Plali! Tectmdcs in tile Precambrian. pp. 21 J-235, Elsevier. Amsterdam. (2] MacLachlan K. and
Helmstaedt H. (1995) CJ£S. 32. 6!4. (3] Kusky T . M . (1989) Geology, 17.
63. [4) Bleeker W. et al. (1997) Lililoprobe Rpc., 56. 36. (S] Blecker W . and
Stem R. A . (1997) Lithoprobe Rpc., 56, 32. (6) lsacbseo C. E. and Bowriog
S. A. (t994) Geology, 22, 917. [7) Thorpe R. ct al. (1992) GSC Open file,
2484 , 179-184. (8] Davis W. J. and Hegner E. (1992) Conlrib. Mineral.
Pccml.• I J J, 493. [9) P'.1dgham W. A. (1985) Geol. As.mr. Can. Spet·. Paper
'18, 133. [10] Villeneuve M. E. et al. (1997) GSC, Current Res. 1997-F, 37.
(II] Miyake Y. (1994) Geochem. 1.. 28, 431. [12] Corcoran P. L. and Dostal
J (1997) Litltoprobe Rp/., 56, 205, [13] Pebrrson, personal communication.

POSSIDLE RELATIONS OF FELSIC MAGMAS TO ORE METALS
fN VOLCANOGENIC MASSIVE SULFIDE DEPOSITS : GEOCHEMICAL EVIDENCE FROM THE BATHURST MINING CAMP,
ffiERIAN PYRITE BELT, ABITWI BELT, AND THE HOKUROKU
DISTRICT. K. Yang and S. D. Scott, Scotiabank Marine Geology Research
Laboratory. Department of Geology. University of Toronto. 22 Russell Street.
TorontCI MSS 3B I, Canada (kaihw@quartz.geology.utoronto.ca; scottsd@
zircon.geology.utoronto.ca).
Volcanogenic massive sulfide (VMS) deposits hosted by felsic volcanic
rocks of bimodal suites sbow considerable variations in composition, e.g ..
Cu :1: Zn deposits in the Noranda camp; Cu-Zn :!: Pb deposits in the
Kamiskotia camp in Canada and the Hokuroku district in Japan; and Pb-Zn :!:
Cu deposits in the Bathurst mining camp in Canada and the Iberian Pyrite
Bell in Spain and Portugal. The formation of these types of deposits is
generally considered to be dominated by the foorwaU stratigraphy ( 1,2]. where
the hydrothcrma.J fluids leached ore metals, and by felsic magmatic systems.
in the form of subvolcanic intrusions, thai provided h.:at (temperature up to
900°C [3]). Such intrusions may have directly contributed volatiles and ore
metals into the hydrothennal systems by magmatic degassing [4). or these
factors. the felsic volcanic rocks are believed 10 be essential. but to what extent
the magmatic system bas an influence on the proportion of ore metals remaios
unknown. The answer to this issue is crucial not only for metallogenic models
but also for exploration for VMS d.:posits.
We have searched for a link between felsit: magmas and the ore metals
of VMS deposits by using trace-element g<'ochemistry. A detailed iuvestigation was carried out on the Ordovician felsic volcanic rocks associated with
the VMS deposits in the Bathurst mining camp, New Brunswick, which
comprise a bimodal suite thought to have formed in a continental back-arc
basin. The large volume of felsic volcnn.ic rocks is preponderantly subalkal ic
rhyolitic in composition. and these rocks are simi lar to those io the Jberilln
(Devonian), Abitibi (Archean). and Hokuroku (Miocene) regions.
Based on ~race-element geochemistry. the felsic volcanic rocks from all
the four regions can be categorized into low-Th. mid-Th. and high·Th rhyolites. which are correlative wilh the ore metals of the associated VMS deposits. The low-Th rhyolites host Noranda-cype (Cu-ricb.) VMS deposits. and
are prob;tb ly fractionated from tholeiites of a primitive volcanic arc or oceanic back-arc setttn g. a case similar to the Manus back-arc basin in the
western Pacific (5) . The mid-Th rhyolites are associated witb K uroko-typc
(Zn -Cu -Pb) VMS deposits, and are products of partial melting of mafic rock.~

in a mature island arc setting. The ltigh-Th rhyolites contain Bathurst-type
(Zn-Pb-Cu) VMS deposits, as typified by the Bathurst mining camp anti the
Iberian Pyrite belt. These hign-Th rhyolites result from partial melting of
contineotal cmst in ao intercontinental back-arc basin.
The geochemical correlatjon of felsic volcanic rocks with differcot kinds
of VMS deposits implies a genetic lin~ between the chemistry of the "pregnant" magmas and the ore metals of the deposits. Io particular, low Th!Th"'
and low La/Yb. values of the felsic volcanic rocks correspond with low Pb +
Zn/Cu ratios of the associated Noranda-type VMS d<'posit.s, wrule medium
to high Th/Th* and high La.fYh0 values of the volcanic rocks are correlative
with medium to high Pb + Zn/Cu ratios of the associated Kuroko and
Bathurst-type VMS deposits. Such a relationship suggests that the ore metals of the deposits arc controlled by the types of felsic magmas. In accordance
with this conclusion, results of rt'Cent melt/fluid inclusion studies on the felsic
volcani<: rocks that host the PACMANUS massive sulftdcs in the eastern
Manus Basin. West Pacific 14), and the VMS deposits in the Bathurst mining camp (6) demonstrate the presence of ore-metal-bearing fluid in the felsic
magmas. These magmatic fluids could have contributed large quantities of
volatiles and ore metals to the hydrotht:rmal systems that fonn.:d the large
VMS deposits. The ore-metal content of this n wd is so rugh (2.3 wt% Zn.
7.2 wt% Cu. 2.7 wt% Fe) [4] that only a few petcent is needed. These data
suggest that felsic magmatism might be directly responsible for the formation of VMS deposits. particulurly the large ones. in addition to providing
n h.:at source for the circulation ()f s.:awater.
Rderences; [I] Fr.utklin J. M. t:t al. (1981) EcorL Geol.. 75111 Arm. Vol.,
48.s-t.27. [21 Lydon J. W, (1988) Geosci. Can .. 15. 43-66. [3] Barrie C. T.
(1995) Genlogy, 23, 169-172. [4] Yang K. and ScottS. D. (1996) Nature,
383, 420-423. [5) Scott S. D. and Binos R. A . (1995) GeoL Soc. I.AJndrm.
Spec. Pub., 87, 191-205. [6) Yang K. and ScottS. D. (1999) £con. Geol..
in review.

MILANKOVITCH THEORY REVIEWED FROM ARID CLOSEDBASIN LACUSTRINE CALCITE IN DEATH VALLEY, CALIFORNIA. W. Yang' and T . K. Lowenstcin2. !Department of Earth and
Planetary Sciences. Harvard University, .20 Oxford Stree t, Cambridge MA
02138. USA (yang@eps.harvard.edu). l Department of Geological Sciences.
State University of New York at Binghamton, Bingharmon NY 13901. USA.
Stable 0- and C-isotopic daro were obtained from 152 arid closed-basin
lacustrin.: ca lcite samples from a 186-m-long saline sedimem core (DV93-I)
in Death Valley. California. The 6 111() and one voJucs varied from -8.6 to
+2.4%o V-PDB and -1.7 to +S%o V-PDB. respectively. The 1>18() record for
calcite had similar excursions to those found for soluble sulfate in th~: DV93·
I core. marine carbonate (SPECMAP), and polar icc in the Summit ice core,
Greenland. The 1:\18() variations indicate noteworthy paleoclimatic changes
during the past 200,000 yr. The 6 18() record had similar excursions to those
found for sulfate in the Death Valley core, marine carbonate (SPECMAP).
nnd polar ice in the Summit ice core, Greenlund. The Death Valley record
also shows periods of 96,000, 39,000, 21.000. 14,000, and 8000 yr based
on fourier transform analysis that are generally consistent with those of the
Earth-orbital variations. Of particular interes1 in these records is the conttc:r
versy over the timing of glacial tenninalion II, which is placed at !20 ± 3
ka in Death Valley, at 128 ± 3 ka in the SPECMAP record. at 135 ± 15 l:a
at Summit, and at 140 ± 3 ka in Devil's Hole. The SPECMAC termination
at 128,000 yr is in phase with changes in solar insolation resoltiog from orbital
variations (the Milankovitch theory). A termination at 120,000 yr is at the
edg~ of being i o pb.ase witb orbitaJ variations. whereas a termination at
140,000 yr is out of phase with orbital variations.
FRACTAL ANALYSIS OF GOLD GRADE lN CANGSHANG GOLD
DEPOSD', NORTHWESTERN JIAODONG, ClllNA. Z. S. Yang, H. Y.
Li. Z. M. Gao, z. J. Ding. and T. Y. Luo. Instilll!e of Geochemistry. Chinese
Academy of Sciences. Guiyang 550002, China (zjdiog@ms.gyig.ac.an),
The concept of fructa ls has provided a rneans of quantifying tbe scale
invariant prrx:esses or phenomena in geosciences such as the distribution of
ore grade. topographic relief, fracture strength of rocks, earthquake magnitude, etc. [1-4). Studies on the Au grade in the Cangshang Au deposit show
that the distribution of Au grade is a multifrnctal.
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The Cangshang Au deposit, located in the northwestern part of Jiaodong
Peninsula, Shandong Province, China, is the wall-rock alteration type of Au
deposit~. The ore bodies arc controlled by the fracture zone of a northeast
strike fault named the Saoshandao-Cangshang Fau lt with th.: Nco-Archean
Jiaodong G roup as the hanging wall in the southeast and the Linglong
Momoo itic G ranite as the ly ing wall in the northwest. The extensive hydrothermal alteration can be div ided into K-feldsparization. phyllic a lteration,
and silicirlcation 7..ones from the wall rock to the ore body. A large number
of vei n lets with different mineral assemblages that can be divided into live
stages were supe rimposed on the silicification zone aod parts of the phyllic
alteration zone in the ore body during mineralization period [5].
The data on Au grade were collected from 13 eltploration lines in the50-m level aod 11 e~ploration lines in the -80-m level. If the number of
samples N with a grade greater than T is related to T by N- T -D, the distribution of Au grade is a fractal, and D is the fractal dimension. In the log
(N)- log (T) plots for different levels and exploration lines. linear relation was
a lways obtained within two scale ranges. Tllis indicates that the distribution
of Au grade is a mu llifracta l, and suggests that Au concentration occurs in
two pmccsscs - silicification with disseminated pyrite and veinlet minera lization.
TI1e fractal dimensions of the -50-rn level are 0.225 aod 1.690 within lhe
scale ranges of 001 x 1 0-~-2 . 57 x 10-<i and 2.57 x J0-6-SO.OO x JO-G .
respectively, wh.ile those of the - 80-m level are 0.326 (0.01 x J0-6-4.47 x
]Q-6) and 2.308 (4.47 x I0- 0 -50.00 x t o~f>). The low values of tllc fractal
dimensions indicate the distribution of Au grade is relatively uniform [6] in
the low-grade range. This implies that Au is dispe rsed into the altered rock
by intensive silicification, cspeciaUy in the -50-m level. The high values of
U1e fractal dimensions show that the distribution of Au grade is close to the
dendritic distribution (D 1.5) [7] or more complex. This suggests that Au
is largely concentrated in the veiolets by crevasse filling, and implies that the
period of veinJet development is the main period of mineralization.
Titc fracta l di mensions of each exploratioo line vary between 0.045 and
0.388 within the low-scale mtge, and between 0.848 and 3.110 within the
high-sca le range. This variety indica tes that the spatial distribution of Au
grade is extreme ly complex, and also suggests that the intensity of alteration.
the pattern of vcinleL~. and the density of fissures are at variance in the different parts of the ore body').
References: [ I] BBiviken B, et al. (1992) J. Gem:ltem. &pl., 4.~. 91109. [2] Burrough P. A. (198 1) Nature, 294. 240-242. [3] 1'urcone D. L.
(1986) Econ. GeoL, 81, 1528-1 532. [4] Chiles J.P. ( 1988) Mat/~ Ceo/., 20.
631-654. [5] Yang Z. S. e.t al. (1999) Geost:iem:e, 13, 73-77 (in Chinese).
[6] Shen W. et al. (1998) Sci~ntia Gi'ologica Sinica. 33, 234-243 (io Chinese).
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COMPARISON OF SIZE-EXCLUSION CHROMA TOGRAPHJC GELS
FOR 11IE CHARACTERIZATION OF POLYMERIC SILICA. D. M .

Yates 1 and P. J . Heaoeyl, ' Departmen t of Materials Science and Engineering,
Un iversi ty of Pennsy lvania, Ph.iladelphia l>A 19104, USA, 2 Dcpartrnent of
Geosciences, Pennsylvania Slate Uojversity, University ?-ark. PA 16802, USA .
A number of in vestigators have used size-exclusion chromatography
(SEC) to characterize the formation of sil ica polymers in solu tiou [1-4].
Recent developments in chromatogra ph y, however, have led to the replacement of the traditional cross dextran or "soft gel" types used in these studies
with "rigid sphere" gels. which offer greater flow rdtes and higher resolution.
An accurate study of the polymerizai.ion of silica by SEC req ui res tbat t11e
measurements be conducted \vith a pH 3 buffer so lutioo because solutions
at this pH effectively " fre.eze" Lhe pOlymerization reaction and allow for a
more accurate detcnnination of polymer size [4]. Furthermore, altering the
ionic suengU1 or composition of the SEC-buffer solution from tha t of the
aqueous solution used in the polymerization e~tperiment (- 0.01-0,2 M) may
bring about unwanted changes in the polymers d uring th e analysis . The
purpose of the present study was to assess the applicability of severa l rigidsphere gels for the study of si.lica polymers within this narrow range of
solution compositions.
Our experiments were cond ucted by combini ng monomeric s ilica solutions witb 0.1 M NaC l solutions at pH 7. The solutions were sealed in 50-mL
centrifuge tubes and allowed to equi librate for 24 h. The solutions wllre then
fi ltered through a 0.1-!lfll MiW pore filter, aciditied to pl-1 3 with I M HCI,
and analyzed by inductively coupled plasma-atomic emission spectrometry

(ICP-AES), the si lica-molybdate method, and SEC. The columns used for
the SEC ana lyses were packed with e.i ther the soft gel, Scphade x G200
(Pharmacia, fractionation range: 5000-600.000) or the rigi d-sphere gels
Superdex 200 (Pharm.acia, f11lctionation range: 10,000-600.000), Sephacryl
S300 (Pha rmacia, fracrionation ra nge: 10,000- 1.500,000). Cellufioe
GCL2000 (Amicon, fractionation range: 10,000- 3,000,000) or Toyopenrl
HW-55F (Tosohaas, fractionation range: l ,OOQ-700,000) aod equilibrated
with a 0. 1-M NaCI buffer solution maintained at pH 3. Ana lyses were performed by injecting I mL san1ple solution into the SEC and collecting 3-m.L
fractions from the eluent stream to be analyzed by ICP-AES.
Size-exclusion chromatography analyses with Scphadex yielded good
separation of monomer and polymer fractions io solution. Ana lyses conducted
with Ce lluline, Superdcx, and Sephacryl gels, however, resulled in 100% ad·
sorption of the silica polymers and yielded only monomeric silica peaks. Initial
analyses conducted with the Toyopcarl gel produced distinct mooomer and
polymer peaks; howewr, after -4 experiments this gel produced res ults similar
to the ot11er rigid-sphere gelS. yielding on ly a mon omer peak. The rigid-sphere
ge ls used in this srudy consisted of either pure cellulose (Celluti.ne) or of
dextra:os bonded tOgether witb rig id molecules snch as agarose (Superdcx)
or N,N-methylenebisacrylamide (Scphacryl). whereas t11e soft gel, Scpbnde1l,
consisted only of cross-linked dcxtrans. The contrasting resu lts of the soft vs.
rigid gels in the present st udy appear to indicate that polymeric silica adsorbs
to the binding molecu les in the rigid-sphere gels. Usc of various chromatographic gels for SEC analyses in the biological sciences was preceded by a
gre<tt deal of research focused at optimizing the pH and composition of the
SEC buffer solutions to minimize the adsorption of analyte species to the gel
matrix. However, d ue to the narrowly constra ined composition of tlte SEC
buffer solution necessary for silica analyses, this type of optimization is oot
possible. We therefore conclude that the soft gel. Sephadex. at present is the
most suitable media for SEC analyses of polymeric s ilica.
Refer ences : l ll Tarutaoi T. ( 1970) J . Cllrom., 50, 523-526.
[2] Shimada K. and Tarutani T. ( 1979) J. Cit rom., 168, 401-406. (3] Sh.imada
K. and 1'arut.ani T . (1982) Mm~ Fac. Sci.. Kyoshi University, Ser, C 13, 311322. [4] Crerar D. A. el al. (198 1) GCA. 45. 1259-1266.

THE NlOBIUM-92-ZIRCONIUM-92 p-PROCESS CHRONOMETER.

Q. z. Yiut. I. Horn! , W. F. McDonough1. J. Zipfel2, S. B. Jacobsen'. and
R. L. Rudoickl. !Department of earth and Planetary Sciences, Harvard
University, 20 Oxford Street, Cambridge MA 02138. USA (yio@ fas.
harvard.edu). 1Max-Pianck- lnstitut fUr Chemic, Abteilung Kosmochemie. P.O.
Box 3060, 55020 Mainz, Germany.
Introduction: onsNb (t112 = 36 Ma) is a shielded "p-onty·• nuclide. Jt
decays by electron capn1re to 92Zr. Its potential as one of tlle four p·process
cxtincl. chronometers (the oilier three bei ng SlMn-BCr, 91'fc-91Mo, aod t46Sm142Nd) has long been recognized. Earlier efforts to detect the sigoature of
9 2£Nb decay in bulk meteorite samples have been uns uccessful [ l] . Recently
a nzr anoma ly was reported in a rutile sepurated from T~1lu ca (lAB) and
presented as evideoce for the presence of live 92sNb in the early solar system
[2). We have renewed this search as part of o ur ongoing effort to understand
better the Nb-Zr-Mo-Tc-Ru region of the N-Z chart with the advancement
of new analytica l techniques.
The Sample: Rutile is a rare mineral occasionally reported in type lAB
and related iron meteorites. 1t is typica ll y observed in both silicate-bearing
and silicate-free sulfide inclusions. The sample used for this study (Zagor.t)
is an lAB iron with sili cate inclu sions. The original slob from the MPJ
collection showed a large (2 x 1-cm), incomplete troili tc-rich silicate inclusion. The inclus ion consistS mainly of troilite enclos ing fine-grained individual silicate grains or silicate aggregates. Four rutile grains were found in
lhe entlre inclusion. Each grain is associated with silicate nggregates uml the
host troilitc. Grain sizes vary from 40-150 !ffi!. NiobiUJD (-9000 ppm) and
Zr (-5000 ppm) witll NbiZr ratios above 30>< cbondritic is observed. Manganese-53-cllromiUJD·53 systematics of two a labandite grains, analyzed in the
Sll.IDC section, show oo excess of 53Cr from decay of HMn (T 1n = 3. 7 Ma)
[3].
Analyticul Techniques: T he Har vard Uni versity Laser Ablation
(HULA) facil ity Web page (http://www-cps.harvard .edu/la-icp·ms.btml) in·
tcrfaccd witlt a Micromass lsoProbe multi collector magnetic sector ir1ductively
coupled plasma mass spectrometer (ICP-IVIS) recently installed at Harvard was
used to determine the Zr-isotopic composition in situ in terrestrial and ex-
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traterreslrial ruriles. The multicollecting Faraday cups in this instrument allowed simultaneous integration on masses 90Zr, 91Zr, 92Zr, 93Nb, 94Zr, 95Mo,
96Zr, and 97Mo in static mode. Niobium-93 was measured to obtain the Nh'
Zr ratio simultaneously and to correct for mass 93 tail on mass 92 (abundance sensitivity <10 ppm). Both 95Mo and 97 Mo were measured to monitor
the potential Mo isobaric interferences, and their contributions were found
to be negligible. Zirconium-90 signals ranging from 0.7 to 2 x 10-11 A were
obtained from the meteoritic rutile samples depending on Zr content and laser
spot size. The signal lasted only 40- 80 s because of limited thickness of the
thin section (-30 fJIII). The system was calibrated and tuned with the terrestrial in-house rutile standard. This standard was then measured for its isotopic composition using a time-resolved procedure in which gas blank was
measured, then the laser turned on and the Zr, Nb, and Mo isotopes measured by multicollection. An exponential mass bias correction was applied
assuming 90ZrJ91Zr 4.5845 [4]. Meteoritic rutiles were measured under the
same conditions.
Results and Discussion: The measured 9.JNb19 1Zr ratio was used to derive the elemental NbiZr ratio, and our results are consistent with electron
microprobe data (Zipfel, unpublished). The 92ZrJ91Zr ratio measured in the
terreslrial rutiles agrees with the reference value determined by thermal ionization mass spectrometry (TIMS) [4) within 0.5- 3E units. Three Zagora rutile
grains reveal 2-26E excesses relative to the terreslrial rutile in tbe 92ZrJ91Zr
ratio with an uncertainty of 6- 1OE. Zagora data are plotted together with the
published Toluca rutile result [2) in a t92zr vs. jNbllJ plot. The smaller (8.8t)
effect in [2] was for a bulk sample of all 60 rutile grains that was processed
through wet chemistry. The apparent initiaJ92sNbJ93Nb abundance is obtained
using the CHUR reference point. The high apparent initial 92NbJ93Nb of 2.4 x
J0-4 for Zagora suggests that bulk meteorite samples with jNbfUover 1, 92zr*
anomalies over IE are expected. This is well within the resolution of modem
mass spectrometry.
References: [I] Minster J.-F. and Allegre C. J. (1982) GCA. 46, 565573. (2] Harper C. L. (1996) Astrophys. J., 466, 437-456. [3) Hutcheon L D.
et al. (1992) LPS XXIII. 565-566. [4] Nomura M. et al. (1983) Int. J. Mass
Spec. Ion Physics, 50, 219-227.

=

PRECISE AND ACCURATE CALIBRATION OF OSMIUM SPIKE.
Q. Z. Yin, C.-T. Lee, W. F. McDonough, I. Horn, R. L. Rudnick, and S. B.
Jacobsen, Department of Earth and Planetary Sciences, Harvard University,
20 Oxford Street, Cambridge MA 02138, USA (yin@fas.harvard.edu).
Introduction: Since the introduction of high-precision negative thermal ionization mass spectrometry for Re- and Os-isotopic measurements in
1991 [1 - 3], two problems persisted in obtaining an absolute chronology with
the Re-Os system. The first problem centers on the precision and accuracy
of Os-spike calibration. The main difficulties arise from (I) the absence of
stoichiomelric Os metal or salts of high purity to serve as primary standards
and (2) the lack of isotopic equilibrium between Os of different oxidation
states and of different chemical forms in the spike and standard. Re-Os
isochrons have been determined to per-mil·range precision in both slope and
initial [4- 6). But because the accuracy of Os spike is currently limited to
0.5-1.6%, the isochron may be horizontally off by -1.6%. This will have a
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significant effect on the calculated initial Os-isotopic composition. The second problem is that the half-life of 187Re is only known to -3% based on
the direct measurement [7). Any age calculated from the slope of an isochron has an uncertainty of -3%. The uncertainty of the J87Re half-life ultimately depends on the accuracy of the Os-spike calibration. It is thus clear
that this is an area that needs further improvement, so that the Rc·Os chronometer as an absolute dating tool can be applied to its fullest potential.
Reviews of Previous Osmium Spike Calibration: Lindner et al. [7)
used certified pure ammonium hexacbloroosmate, (NH 4hOsCI6 as a standard;
X-ray crystallographic analysis reveals that this salt is of high purity and of
the proper substance. However, unsatisfied with consistent bias of 2.5% be·
tween two spikes, tbe Os content of the standard solution was checlced again
for accuracy by potentionmelric titration. This method cannot be considered
absolute, however, because the reagent itself had to be standardized with an
independent source of a chloroosmate (hence a "bootstrap"' procedure) or
chloroplatinate. At best the method provides an indication of confidence on
accuracy at tbe precision level of the Plasmaquad inductively coupled plasma
mass spectrometer (ICP-MS) that was used in Lindner' s work [7].
Morgan et al. [4] used the same (NH4nOsCI6 standard to calibrate the
same Os spike repeatedly and pooled the results, obtaining 2om precision at
the level of 0.23-0.36%. The accuracy of the Os-spike, however, was ascertained to I % or bener based on weight loss differences after cumulative
heating at 140°C for 24 h.
Shen et al. [5) used two Os metal chips with 0.2-0.4% impurities. These
metals were dissolved, converted to hexacbloroosmate, dried, and redissolved
in 4N H2S04 as stock solution. The resulting Os-spike concentration varied
from 0.39 to 1.3% (Metal I) and - 0.33 to -1.41% (Metal II). The offset
between the two metals was 1.6%. which probably results from 0 and C
impurities in the Os metals.
Our Approach: 1n order to calibrate an Os spike precisely and accurately, two or more weighable, pure, nonhygroscopic, nonvolatile compounds
of uniform composition of Os are required. Solid Os04 and Os metal sponge
are not stoicbiomelric [4,8) up to the 5% level. 1n reviewing the literature,
dissolving stable Os chloro- or bromo-compounds in HCI and HBr with
minimal processing still appears to be the best option. We were able to obtain
freshly manufactured anhydrous (NH4) 20sCI6 , K 20sCI 6, Na20sC16 , and
(NH4) 20sBr6 with stated purity of 99.999% shipped under Argas. Upon
receipt, the first two compounds were immediately dissolved in HCI as stock
solution, with two dissolutions being made for each compound.
In previous efforts, the Os-spike·normal isotopic equilibrium is achieved
eitber by alkaline fusion or Carius tube technique. In this worlc, we used tbe
Micromass IsoProbe multiple collector ICP-MS for the Os-isotopic analyses
of the spike-normal mixtures. Preliminary tests show that nebulization and
especially ionization in a 6500-8000 K plasma do not discriminate Os of
different oxidation states and chemical forms. By simply mixing the Os spike
with the standard, and diluting to the desired concentration for ICP analysis,
the measured 190()sJ188()s ratio of the mixture is good to 0.0 I% and repro·
ducible. The mixture solution is doped with natural Jr and I9J JrJI9lJr is used
for the mass-bias correction of the Os mixture. Preliminary results based on
two mixtures sbow that the Os-spike concentration calibrated against
(NH4hOsCI6 , and K 20sCI6 agree to 0.4%. We will complete the measurement
of 12 spike-normal mixtures we bave prepared. A Johnson-Matthey
(NH4nOsC~ standard prepared by QZY in Mainz and tbe LLNL (N~hOsC~
standard used for 181Re half-life determination provided by M. Lindner will
also be used to calibrate the Os spike, and the results will be compared for
consistency.
References: [1) Creaser et al. (1991) GCA, 55, 397- 401. [2) Yin et al.
(1991) Terra 3, 491. [3) Voelkening ct al . (1991) Inti. J. Mass Spec., 105,
147-159. [4] Morgan et a!. (1995) GCA, 59. 2331 - 2344. [5] Shen et al.
(1996) GCA, 60, 2887- 2900. [6) Birck and All~gre (1998) MAPS, 33, 647653 [7) Lindner et al. (1989) GCA, 53, 1597-1606. [8) Birck et al. (1997)
Geostandards Newslett., 20, 19-27.
MOLYBDENUM- AND TUNGSTEN-ISOTOPIC SIGNATURES IN
THE EARLY SOLAR SYSTEM. Q. Z. Yin, K Yamasl!.ita. and S. B.
Jacobsen, Department of Earth and Planetary Sciences, Harvard University,
20 Oxford Street, Cambridge MA 02138 , USA (yin@fas.harvard.edu).
Introduction: The IS2Hf-182W and 97Tc-97Mo systems are ideal chronometers to address the problems related to the timescale of planetary accre-
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tion and metal-silicate differentiation (core-mantle fractionation at a planetary
scale). These elements are refTactory and significant parent/daughter fractionation is expected to take place during the segregation of metal phase from
the chondri tic reservoir. In principle, the segregation of metal before the extinction of t82Hf and 9i"fc will produce a deficit and excess mw and 97Mo
in the iron meteorites. Such coupled effects were reported for the Toluca (lAB)
iron meteorite (1,2).
Results and Discussion: We have extended this investigation further
to several groups of iron meteorites with a wide range of Re/Mo ratios (used
as proxy for Tc/Mo ratio). Sikhote-Alio (liB-An) aod Cape of Good Hope
(IVB) show similar 97M()/96Mo excess comparable to that of Toluca. However, in spite of high Re/Mo ratios, Hen bury (lilA) and Negrillos (UA) show
no resolvable difference from the terrestrial standards. This may imply that
fractional crystallization in the inner/outer core, which produced the observed
range of Re!Mo ratio of igneous groups of iron meteorites, occurred after the
extinction of 97Tc.
We have started W -Me-isotopic studies of bulk chondrites and refractory
CAis from Allende. CAls are believed to have formed very early in the history
of tbe residual nebula and represent the oldest known class of non-presolar
objects in meteorites [3]. Redox-dependent fractionation in subsets of these
objects has generated significant depletions of W, Mo, and Ru relative to Re.
Hafnium/tungsten fractionations up to 4x (relative to the solar Hf!W ratio)
are also present in CAis. The major goal of Me-isotopic study in CAis is to
establish the solar nebular initial abundance of 97Tc, so as any chronological
information derived from 97Tc.97Mo system is placed on an absolute timescale. First Mo-isotopic results on CAl "A44A" indicate Mo-isotopic anomalies in both 95Mo and IOOMo in addition to 97Mo.
For the bulk chondrites, two carbonaceous chondrites Allende (AL) and
Murchison (MU) were initially chosen because these meteorites have been
widely used to characterize chondritic composition. Like the A44A, the Meisotopic composition in both AL and MU is not normal. When nonnalized
to pure s-process nuclide 96Mo. both whole-rock Allende-2 (AL-WR2) and
MU exhibit positive e95Mo(r, •J (1-2), e97Mo(r. •J (-1), and etOOMo(r) (-2).
These figures are comparable to the r-process residuals after subtraction of
s-process from the solar abundance (i.e., N,('JSMo) = 2.13 ± 0.24, N,(97Mo)
= 0.87 ± 0. 15, N.( 100Mo) 2.42 ± 0. 13; (Si lOS)) [4). With the 2.5£ excess
on p-process 94 Mo in AL·WR2, it is tempting to consider that E97Mo excess
could be at least partly C·oming from 97Tc(...,.-p) decay. Interestingly, however,
the ?7MQ/96Mo and ?4Mof96Mo ratios of AL-WRI -S (powdered AL from
Smithsonian) plot on the s-process trend defined by Mo isotopes of presolar
SiC and graphite grains from MU (5]. The positive e95Mo does not plot on
the same trend, which may mean the powder contains a significant amount
of CAl with Mo-isotopic signatures similar to that in A44A. It is noteworthy
that the 0'-isotopic composition in the bulk the AL and MU as well as Ndisotopic composition in AL are shown to be anomalous relative to terrestrial
[6. unpublished data). If the current result for Mo could be substantiated, it
is clear that neither AL nor MU could be used to characterize bulk chondritic
reservoir isotopic composition
Although there are extensive W-isotopic data on iron meteorites (EW
- 3 to - 5; (1,7-9)), the current precision of -0.5-1£ does not allow us to see
the possible differences in W-isotopic composition among different groups
of iron meteorites. We have shown that improved mass spectrometry technique and controlled fractionation will allow us to achieve even higher precision [10]. Completed measurement on Sikbote-Aiin and Negrillos appear
to be tightly clustered around -3.1 £, which is indistinguishable from Toluca.
We are continuing our studies on more iron meteorites from a variety of
groups to bring the matter into a conclusion. The W -isotopic composition of
bulk as well as mineral separates from a few selected chondrites will be
measured by two different available techniques [negative thermal ionization
mass spectrometry (N-TIMS) and multiple C{)llector inductively coupled
plasma mass spectrometry (MC-ICP-MS)].
References: [1) Yin Q. z. and Jacobsen S. B. (1998) LPS XXIX, Ab·
stract #1802. [2] Jacobsen S. B. and Yin Q. Z. (1998) LPS XXIX, Abstract
#1852. [3) Allegre C. J. et al. (1995) GCA, 59, 1445. [4) Kappeler F. et al.
(1989) Rep. Prog. Phys., 52, 881. [5) Nicolussi G. K. et al. (1998b) GCA,
62, 1093. [6] Rotaru M. et al. (1992) Nature, 358, 465. [7] Lee D. -C. and
Halliday A. N. (1995) Nature, 378, 711. [8] Harper and Jacobsen (1996)
GCA, 60, 1131. [9] Horan M. F. et al. (1998) GCA, 62, 545. [10) Yin et al.
(1999) LPS XXX, Abstract #2049.
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COMPARISON BETWEEN FIELD AND LABORATORY RATES OF
RHYOLITE WEATHERING. T. Yokoyama• and J. F. Banfield2,
1Mineralogicallostitute, University of Tokyo, Hongo, Bunkyo-lcu, Tokyo 113,
Japan, 2Department of Geology and Geophysics, University of WisconsinMadison. Madison WI 53706, USA.
Introduction: Several studies based on watershed mass-balance revealed a significant discrepancy (several orders of magnitude) between field
and laboratory dissolution. Often this has been attributed to difficulties in detennination of reactive surface area in the field [I). The goal of the current
study is to directly detennine rhyolite weathering rates through analysis of
weathering progress in lavas of known age and to test the hypothesis that,
if reactive surface areas are well constrained, field rates should closely match
laboratory rates. Previous studies of the Kozu island rhyolites indicate that
the chemical compositions of the lavas have been constant over the last several
tens of thousands of years [2). Porous rhyolites were chosen because of their
simple mineralogy (>86% glass). high porosity and permeability [3). and
limited change in reactive surface area. The very high porosity and abundant
cooling joints in the Java domes allow deep water penetration. Consequently,
the rhyolitic rocks investigated here have characteristics of homogeneous
deep-weathering [3]. This allows detcnnination of element loss directly from
changes in measured chemical compositions as a function of time. The ages
of lava domes have been variously constrained: Mt.Tenjo at -1100 yr ago
by historic records, Mt. Kobe by hydration layer analysis at -2600 yr ago,
Mt. Osawa by C dating at 20,000 yr ago, and Mt. Awano-milcoto at -40,000
yr ago by hydration layer analysis [3].
Dissolution Rate and Discussion: Analysis of fresh glass using electron probe microanalysis (EPMA) indicates that initial chemical compositions
of tre four lavas arc approximately equal. Bulk compositions were detennined
by X-ray fluorescence analysis (XRF) in order to estimate rates of loss of
elements from the glass. The change in chemical composition per cubic
centimeter indicates some gain of normally insoluble components (AI20 3,
FeO, TiOz) with weathering. This may be due to slight compaction or colloidal transport. Observations using scanning electron microscopy (SEM)
indicate alteration products on the glass surfaces of the -20,000 and -40,000yr-old rocks. Given that EPMA maps reveal that Fe, and possibly Ti , are
condensed in alteration products, we assumed Fe (and Ti) conservation. The
effect of this correction on the determined rate is small.
A rate of Si release of -IQ-13 moVcm2fs was calculated from the specific
surface area, age, and slopes of the linear trends revealed when the change
in chemical composition (corrected) is plotted against time (Fig. 1). Both
model calculations, based on change of chemical composition, and SBM
observations indicate 0.3 cml of altered products per cubic c.entimeter of
- 40,000-yr-old rock. Based on this result, the precipitation rate was estimated
and the true dissolution rate was calculated. The resulting rate is -2 x J0- 18
mollcmZfs. This value is -1 ()3 lower than the experimental dissolution rate
of rhyolitic glass, measured at 25°C and pH = 6.2 in a closed system [4).
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The h.istoric mean temperatures around Kozu island range betweeo 23° and
21•c over the past 25.000 yr [5]. Consequently. the discrepancy between field
and laboratory rates is probably not attributable to temperature. Raiofall is
h.igh. and given the high porosity and permeability, restricted access of nuids to glass surfaces is probably not a major factor.
One explanation for the comparatively slow rJte of natural rhyolite glass
dissolution may be that solmious are close to saturation relative to the experiment. Wh<ln it rJios. wat~r penetrates into lava dome along cooling joints
and th~n ioto the liner-scale porosity, where it is retained. reacL~ with glass
surfaces, reaches saturation. and precipitates secondary aluminosilicatc
phases. The dependence of mtes on saturation stale is well 1..-nown. Given that
we can rule out most other factors. we attribute the significant d ifference
between laboratory and field rates to th.is effect.
References: [I] Vclbcl M.A. (1985) Am. J. Sci.. 285. 904-930.
[2] Taniguch.i H. (1977) Bull. Volcwrol. Soc. Japan, 22. 133-147. [3) Oguch.i
T. ct al. (1994) Geogr. Rev. Japan., 67A, 775- 793. [4] White A. F. (1983)
GCA, 47, 805-815. [5) Sawada K. and Handa N. (1998) Narure. 392, 592595.
SOURCE TRACJNG OF ARCHAEOLOGICAL COPPER SMELTING ORE BY JN SITU ISOTOPIC MEASUREMENTS BY LASER
ABLATION INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY USING QUADRUPOLE AND MUL TICOLLECTOR
TECHNIQUES. S. M. M. Youngl. I. Hornl, D. MillerJ, J. Cantle•. F .
Keenan', aod I. 8oweo 4, 1 Archaeome~ry Laboratories. Peabody Museum.
Harvard University, Cambri dge MA. USA, 2Earth and Planemry Science
Depanment, Harvard University. Cambridge MA , USA, JArcbaeology
Department. University of Cape Town, C4pe Town. South Africa, •v. G. Elemental, lou Path, Road Three. Winsford. Cheshire, UK
Drierivier is a very complete precolonial Cu-sme lting site located along
the Oanob River in Rehoboth, central Namibia. In Sandlowsky's excavation
of tllis site, three furnaces still containing slag and Cu prills were found. as
well as numerous small samples of malach.ite ore. Copper artefacts were found
by European explorers in the 18th cent.rury, but only rumors about ore bodies
and itinerant smiths who dwelt in the central h.ighlands ex.isted. 11ms. this
is a very important archaeological site and we are in the process of metallogrnpbically, chemically, and isotopically analyzing the material to Jearn as
much us possible about the rrecolonial smelting technology and sources of
raw material. The materials found in the archaeological site display a very
distinct and uncommon Ph-isotopic distribution. All samples arc exceptionally high in content of Z06Pb.
An inductively coupled plasma mass spectrometry (ICP-MS) technique
of simultaneous solution nebulization and laser ablation bas been developed
on the VG PQII ICP-MS with bomenmde laser optics and excimer ( 193-nm)
laser at Harvard. It allows precise 207Pbt206 Pb meusurements for accessory
minerals without the use of a matrix-matched calibration staodard. A solution of known amounts of natural Tl spike is nebulized. TI1e 205TJ1203'Jl allows
precise mass-bias correction of the Pb/Pb ratios. This is a powerful tool for
in situ isotopic determinations. We obtain precision and accuracy of better
than 2% RDS (2o) both on Harvard standard zircons and on malachite
samples containing <I ppm of Pb.
Lead-2071iead-206 of the Cu prills from the furnace was 0.154; of the
slag it was 0.113, and of tile malach.i te at the site it was 0. 114. We have analyzed malachite samples from mines all over Namibia and the Richtersvcld
region of northwest South Africa. Swarunodder, a malach.ite mine in centrul
Namibia, bas been found to be a formation containing very old Pb. The
Swnrtmodder vein is -2 km in length running north to south with an eastern
s ide branch of -0.5 k.m ncar the center. We obtain Z07Pb f206 Pb ratios ranging from of 0.088 for samples from the oorthem area of the mine to 0.285
for the southern end of the mine . This gives us Pb/Pb ages of the Pb depos·
ited in the malach.i te ranging from 2 to 3 Ga. All other ore samples have common (or close to common) Ph-isotopic distribution 207Pbfl06Pb of 0.806 .±
0. 153. 1l1e Swnrtmodder deposit is U1e O!l.ly ma lachite over a very vast rc·
g ion contai!l.ing very ancieot Pb. This is dcf1nitive evidence that it is the
source used in the pre·colonial smelting site of Drierivier.
This ancient signature is related either to a 1.7-.2.7-Ga cra10n. part of the
original core of the continent of Africa, or it may lie oo an ''ancient" arc,
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which may be abducted seafloor. The source of the Pb itself is as ancient
as the craton. TI1e malachite may not be. Lead- and U-isotopic dut;1 were
measured on the VG Axiom. The multipk·collector technique improves the
precision of the isotope rati o by 1-2 orders of magnitude. The Pb-isotopic
data will cooflTUl and lighten wrth greater precision and accuracy the previous work done on the VG PQil at Harvard. The U-isotopiL' data will dnte
the deposition of the malach ite.
GEOLOGIC ASSESSMENT mr THE BIOGEOCHEMICAL FEEDBACK RESPONSE TO THE CLIMATIC AND CHEMICAL PERTURBATIONS OF THE LATE PALEOCENE THERMAL MAXIMUM. J. C. Zachosl and G. R. Dic.kcnsz. ll)epartment of Earth Sciences,
University of California, Santa Cruz CA 95064, USA (jzachos@es.ucsc.edu),
1School of Earth Sciences, James Cook University, Townsville QLD 4811,
Australia (jerry .dickens @jcu.edu .au).
JDtroductiou: A growing body of evidence supports the hypothesis that
a very large mass of C was rapidly added to the ocean or atmosphere during
the Late Pa leocene t11ermal maximum (LPTM) ca. 55 Ma. This cvid~nce in·
clude.s ao abrupt C-isotopic (1\IJC) anomaly in all major C reservoirs of at
lca~t 2.5%. and pronounced dissolution of carbonate in deep marine environments [1-4]. Thermal dissociation of marine-gas hydrates and subsequent oxidation of CH 4 10 C0 2 is the most plausible explanation for the inferred C
input. given the apparent rate (< 10 k.y.) and magnitude of the l)llC excursion [4]. However, enhanced outgassing of COz associated with rifted margin volcanism (5] cannot be fully excluded with available information.
Gas Ilydrates: A 1200-gigaton (Gt) input of C during the LPTM is
conservative [4]. This suggestion assumes a gas hydrate source greatly enriched in 12(: (&1>C of -60%o) and a minimum magnitude for the global 1)13(:
exc.:ursion of 2.5%o. l f the C source was more enriched in 1JC (e.g .. volcanos
or icc/volatile objects), or the excursion were groatcr. the amount of C released during t11e LPTM would increase accordiogly. In any scenario for the
LPTM, the mass of C involved is immense, and an o utstanding question
is "what happened to all of the C?''
Geochemical Feedbacks: We assume the late Paleocene global C cycle
prior to the LPTM was broadly similar to that before the industrial revolution ca. 1740 A.D. The system was in steady state, with rapid (<3 x f()J yr)
C exchange between all ocean, atmosphere, and terrestrial C reservoirs, nod
with long-term (I 00-200 x I ()3 yr) C exchange betwe~n these reservoirs and
tl1e rock record. Thus, regardless nf the source or location of C inrut, excess
C supplied during the LPTM should have been (l) rapidly transferred to all
ocean. atmosphere, and terrestrial C reservoirs. and (2) eventually purged as
carbonate and organ ic matter [6]. The global nature and overall shape of the
C-isotopic excursion are consistent with these two inferences. However, such
an interpretation involves a number of biogeochemical feedbacks to remove
C. including some that are poorly understood.
Addition of C02 (or oxidized CH 4) from an external source to any C
reservoir of the ocean or atmosphere will increase the COz of all ocean
reservoirs and the pC01 of the atmosphere. This rationale should extend to
the terrestrial reservoir: Elevated pC02 in the atmosphere is expected to
increase the size of standing biomass and soil C. Intuitively, one would expect
the standing biomass and soil C reservoirs to expand (beyond that noted
above) because the accommodation space on continents would grow with
increased warmth and precipitation. However, because forests and C-rich soils
already extended well ioto the high latitudes of Nonh America and Eurasia
prior to the LPTM. expaosioo effects would be limited. Also. as is expe~ted
with future global warming, while some regions became wetter during the
LJYI'M. other regions probably became drier. Terrestrial C reservoirs most
likely expanded during the LPTM but were a minor and transillnt sink for
excess C.
Addition of massive quantities of C0 2 from any source to any C reservoir in the ocean or atmosphere should increase pC02 in all deep-ocean
reservoirs. Such an increase in pC0 2 should enhance CaC03 dissolution on
the seafloor and raise the alkaljllity. Although deep-sea sediment sequences
show evidence for this dissolution. the interval of dissolution is short, a.nd
m:tssive storage of C as DIC in the oceans was a temporary phenomena.
The permanent sink for the excess C must have been the rock record via
silicate weathering and deposition of carbonate aod organic C. Higher pC0 2
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will increase chemical weathering rntes . wlucb tn turn will stimuhttc several
other processes lbat ef(ectively extract C from the system. Por one. higher
chemical wcatheriJJg, in combination with euhauccd fluvial discharge, would
significantly inc.:reasc ocea n inputs of dissolved ions and nutrients, including
Fe and Si. 11lis increase in chemical fllJ)(es should have increased production of organic Cas we ll as opal, especially in coastal upwelling regions where
U1c inputs ofNOl- and P04 3- arc high. to addition, despite higher utmosphere
pC02 • increased ion concentrations in shelf waters would lead to supersaturation and deposition of carbonate.
The Sediment Record: TI1e ma rine-sediment record documents the
effects of a biogeochemical feedback response consistent with massive C
input as outlined above. Deep-sea enviroomems show evidence of increased
carbonate dissolution and lower pruduclivity (i.e., clay layers with low organic C content) at the peak of the LPTM 13,7) followed by a gradual recovery occurring over a period of> ISO Icy. In contrast, neritic environments
show evidence of enhanced carbonate accum ulation or preservation and/or
higher productivity and C burial [8,9). The differential response/recovery
between tbe deep sea and shelves suggests the increased dissolved load of
ri vcrs was being removed largely on the shelves. Biogeochemical decoupling
of these systems is supported by a post-LPTM increase in C-isotopic gradients from neri tic to pelagic env ironment~ [8-1 0). The exact cause of this
decoupliug remains unknown.
Reference>: [I ) Kennett J.l'. and Ston L. D. ( 199 1) Nature, 353, 225229. (2] Koch P. L. et al. (1992) Nature, 358, 319-322. 13] Bralower T. J.
et al. (1997) Geology, 25. 963-967. [4) Dickens G. Ret al. (1997) Geology,
25. 259-262. [5] Thomas E, 3nd Shackletou I'J. J . (1996) Geol. So,·. London
Spec. Pub. , /01, 401 - 441. [6] Wa lker J. C. G. and Kasting J. F. (1992)
Palevgeogr., Palaeoclimatol.. Pa/aeoecol., 97, 151 - 189. [71 Thomas
D. et at. ( 1999) Paleoreanogr., in press. [81 Thomns E. ct al. ( 1997) £os
Trant. AGU, 713, P363. (9] Gibson T. et al. (1993) Paleoceanogr., 8, 495514. (10] Charisi S.D. and Schmitz B. (1998) PaleocerUtogr., 13. 106- 118.

flux of C02 to the mantle at I PAL would be between UE 11 and I .2€ 12
moUyr.
Carboniti7..ation is directly proportional to the amount of col in tlte oceans
and. like the mantle-outgassing rate, direct ly proportiona l to the creation of
oceanic cntst. For Arcbe<m heat flows 2-3x higher than today and corresponding crustal creation rates 4-9x lligher, botl1 outgassing ;1od iogassing are faster
(thus timesca les drop to 300-700 m.y.) but the ba lance. is unchanged; to second approltimation, the hotter ArcbeaJJ !Dllntle promotes partia l melting to
greater depth. which could increase outgassing by as much as a factor of 2.
A rougb upper limit on ocean ic C02 is obtained by equating outgassing to
ingassing. which for the numbers given here, implies that tbe ocean cannot
hold much more than 4 -40x lhe C0 2 it holds today. If ocean pH is assumed
coustant, 1he upper limit on pC02 is 4-40 PAL. TI'lis agrees with Rye et al.
[3] while fltUi.Dg well short o( what is required to comb;1t the faiot Sun.
Prospects for atmospheric C0 2 arc worse in tbe H.adean, when impact
ejecta were import.a nt sediments (9). Impact ejecta are relatively easily chcmicnlly wealhered and more marie tl111n more conventional sedtments. WiU1 more
buffering by basic and ul trahasic rocks and mvre weathering occurring at
relati vely low temperatures, the C0 2 sink would have been greater and lhc
pH li kely higher. Thus impact ejecta tend to draw down C02 more than the
ocean crust working alone, and lhe least C02 wou ld be left after t11e largest
impacts. The net effect is tl1at we expect relatively little C02 in the atmosphere, and so, in the absence of other greenhouse gases (e.g., methane). lhe
oceans freeze over and the planet is cold indeed.
References: [I] Ringwood (196 1) GCA, 2/, 295. [2) Sagaoaod Mullen
(1972) Nature. (3) Rye et al. (1995) Nafl1re, 378, 603. [4] Zhang aJJd ZiodJcr
(1993) EPSL, 117, 331. [5) Staudigel et al. (1989) GCA, 53, 309J. [6] Schultz
and Eldcrfield (1997) Phi/os. Trans. R. Sor. London, A355. 387. [7J Sansone
el al. (1998) GCA. [8] Fischer et al. (1998) EPSL, 160, 81. (9] Koster van
Groos (1987) JGR. 93. 8952.

CARBON DIOXIDE CVCLJNG: CUMA TE, IMPACTS, AND THE
FAJI'JT YOUNG SUN. K. J . Zahnle and H. H. Sleep, NASA Ames
Research Center, Moffett Field CA 94035, USA.

DYNAMICAL SIGNATURES OF LIVING SYSTEMS. M. Zak, Mail
Stop 126-347, Jet Propulsion L1ooratory, 4800 Oak Grove Drive, Pasadena
CA 9 1109-8099, USA.

Evidence for relatively mild cli!Dlltes on ancient Earth and Mars hus been
a puzzle in light of the fnint early Sun. The geologic evidence, although far
from conclusive, would appear to indicate tb;Jt the surfaces of both planets
were, if anything, warmer ca. 3-4 Ga than they are now. The :1strophysicnl
argument that tbl! Sun ought to have brightened -30% since it reached lhe
maio sequence is hard to refute. The1·e rcsull~ a parildox between the icehouse
we l!xpcct and the greenhouse we think we see [ I]. The usual fix has been
to posit massi ve C0 2 atmospheres, although reduced gases (e.g., NH 3 or CHJ
have had !heir partisans (2]. Evidence against siderite in paleosols dated 2.22.75 G3 sets a rough upper limit o r 30 PAL (present atmospheric levels) on
pC02 at that time [3]. This is an order of magnitude short of what is needed
to defeat the fainter Sun. We present here an independent argument against
high pC02 on early Earth that applies not only to the Archean but yet more
forcefully to lhe Hadean ern.
Much or most of Earth's C02 is currently in the mantle. A recent estimate is 170 bar [4). The second large reservoir (60 bar) is provided by
curbonutes on continental platforms. The atmospheric (0.0003 bar) aod
hydrospheric (0.02 bar) reservoirs are smull. On 100-Ma Limescales. pC02
may be controlled by weathering or precipitation of caroonate rocks. But on
long t.imescales the mantle becomes im portant. The current C02 mautle outgassing r.lle, -2.5e 12 mol/yr [4], would double the 60-bar surface carbonate
inventory in 3 b.y.
Carbonitization of ocean ic crust is probably important to closing this cycle
[5-7]. Much of lhc C0 2 in low-temperature hydrothermal systems is removed
from seawater to form carbonates (7). Based on Schultz and Eldcrficld (6].
we deduce that the ocean cycles through low-temperaTUre hydrothermal systems in 2 m.y. and that current carbonitization is J.65e 12 moVyr, basc:d on
Sansone et al. [7]. the cycle time would be 8-20 m.y. and the current C02
sink 4 - 1Ox s!Dllller. The estimate by Staudigel et aL [5] is compa.rablc to the
bigber esti mate. Some of the carbonatized basalt is eventually subductcd with
the oceanic crusL A detailed study of a volcano ln the Kurile arc puts the
subducted fraction at 64-84% [8]. If we assume tbat 74% is subductcd, lhe

One of the main challenges in modeling living systems is to distinguish

u random wa lk of physical origin (for instance, Brownian motions) from those

of biological origin, and that will constitute the starting point of the proposed
approach. As conjectured in [1], the biological rJndom walk must be ooolinear. Indeed, any stochastic Markov process can be des~Ti bed by the linear
Fokkcr- Pianck equation (or its discrctizcd version); only that type of process
has been observed in lhe inanimate world. However, all such processes always converge to a stable (ergodic or periodic) state, i.e., to the states of a
lower complexity and h.igh entropy. At lhe same time . the evolution of living
systems is directed toward a higher level of complexity if complexity is associated wilh a number of structural variations. The simplesr way to mimic
such a tendency is 10 incorporate a nonlinearity into the random walk:: then
the probabili ty evolution will attain the features of a diffusion equation: the
formation and djssipation of shockwaves initiated by small, shallow wave
disturbances. As a result, the evolution never ''dies": it produces oew and
different configurations tbat are accompanied by an increase or delTease of
entropy (the decrease t11ke.s place during formation of shockwaves, the increase during their dissipation). In olher words, the evolution Gan be directed
"agai nst the second law of thermodynamics" by forming patterns outsido of
equilibrium in the probabili ty space. Due to that, a specie is not locked up
in a certa in pattern of behavior: it sti ll can perform a variety of motions, and
only tbe stati stics of these motions is constrained by this pattern. It should
be emphasize.d !hat such a "twist" is based upon the conce.pl of reflection,
i.e., the existence of lhe self-image (adopted from psychology).
The model consists of a generator of stochastic processes Lhat represents
the motor dynamics in !he form of nonlinear raodom walks. and a simu lator
of the nonlinear version of the diffusion .:quation that represents the mental
dynamics.
ft has been demonstrated tbat coupled menta l-motor dynamics can simulate emerging self-organization . prey-predator games. collaborntion and competition, "collective brain," etc.
References: [I ] Zak M. ( 1999) Phys. Lcct.. in prt!SS.
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HYIJROLOGIC CONSTRAINTS ON TRE LOCALIZATION OF
SEDIMENT-HOSTED GOLD ORE BODIES 01r SOUTHWESTERN
GUIZHOU. CHINA. C.-B. Zhang and Z.-R. Zhang. Cluncsc Academy of
Sciences. Institute of Geochemistry. 73 Guanshui Road. Guiyang, Guiz.hou
550002. China.
More than 100 sediment-hosted Au deposits aud occurrences of southwestern Guizhou lie ncar the southern edge of the Yangtze craton. which is
composed of crystalline rocks of Proterozoic age overlain mainly by Pako·
zoic and lower to middle Triassic shallow-marine platform and reef facies
cnrbonatcs grading southward and eastward into a thick section of interbedded
siltstones and turbidite sandstones whose deposits were from the Yunkai Old
Land and the Jiangnan Old Land respectively. The rocks were folded and
faulted during the Yanshanian orogeny, 65-190 Ma. The south is topographic
highs during the Jurassic and Cretaceous. Mineral deposits were mainly
located io the breccia horizon at the base of the Loogtao Formation of upper
Permian, underlain by the lllllssive gray limestone of lower Permian with a
least unconformity at the high-angle fault zones io the Triassic argillaceous
limestone inte(laycred with shale. arkose, and fine-grained turbidite sandstone.
No igneous rocks arc exposed in the vicinity of the deposits. but vitrinite
reflectance measurements for Permian rocks indicate that the rocks were
heated to temperatures in the range of 100°-300°C. Primary deposits were
formed predominately during Indonesian-Yanshan orogenies. cli.max period
being -100 Ma or slightly later. Ore-forming fluids were mainly from meteoric water. Hydrologic characteristics sbow that Longtan Formation is the
tnajor impermeable barrier, and lower Tra.ssic shale is seconclary, beneath
whicb supcrhydrostatic regime may develop. Many hydraulic extension fractures arc recognized. Numerical simulations suggest that confined nquifer may
be formed at the least unconformity. and ore-bearing hydrothermal solution
can flow 11loog fault into the Triassic nod then prccipitaJe the metals in the
fault 1.0nes or the local Triassic aquifers.
References: [lj Ashly R. P. et al. (1991) Ore Ceo/. Rev., 6, 133-151.
[21 Baskov E. A. ( 1987) in The Furuiementals of Paleohydrogeology of Ore
Deposits. Springer-Verlag, Berlin. [31 Cunningham C. G. et al. (1988) £con.
Ceo/.. 83. 1462-1467. [4) Garveo G. (1995) Rev. Eanh Planet. Sci., 23, 89117. [5] Garven G. and Raffensperger J. P. (1997) in CeO<·hemistry of Hyd,·o·
t/Jem10l Ore Deposits (R L Barnes, ed.), pp. 125-190, Wiley, New York.
(6] Srerjensl..-y D. A. and Garren G. (1992) Nawre, 356, 481-482.
SUBCHRONIC TOXICITY OF RARE EARTH ELEMENTS AND
ESTIMATED DAILY INTAKE ALLOWANCE. H. Zhang. W. F. Zhu.
and J. Feng, State Key Laboratory of EnvironmeoL11 GeochcmisiTy, Institute
of Geochemistry. Chinese Academy of Sciences. Guiyang 550002. China
(zbanghui@ ms.gyig.ac.cn ).
Introduction: Some importaot REE toxicological data were obtained
previously based on acute- and subchronic to~tic.:ity e~tperimcnts on animals,
but these results were indirect and suspectable. This paper focuses the bioeffects of REE on populations from two typical REE-high areas in South
Jiangxi, China (region A is a HREE-eoriched area and region B is a LREEi:!nriched area), and also on the estimation of daily REE intake allowance in
tenns of REE content and distribution in food chains.
Resull~ : The population averages of intelligence quotient of children
were 87.43 ± 21.60. 96.78 ~ I.U8. and 109.40 ± 19.55 !'rom regions A. B.
and C (region C is the normal area), respectively. The significant differences
between A and C (P <0.01) and between B and C (P <0.05) were obtained
according to t testing. There were not significant differences io latency and
interpenk latency of nudi.tory brninstem electric response (ABR) between
adults from REE-high area and from the normal area (P >0.05). but different
latencies and amplitudes of somatosensory evoked potential (SEP) were
observed (P <0.05) II]. The fact that 15 of 25 adults from region A and 23
of 62 adults from region B had arteriosclerosis of grade I and II indicated
that significant difference existed between A and C (P <0.0 I) and between
Band C (P <0.05) [2]. The blood biochemical indices sugg.:sted that samples
from region B showed an apparent decrease in total serum protein (TSP),
albumin (AL). glutamic-pyruvic trabsaminase (OPT). and immunoglobulin A
(lgA), and an increase in cholesterol (CHO): samples from region A showed
an decrease in TSP. 13-globulin <13-G) and an increase in CHO. immunoglo-
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bulin M (JgM). as t:Omparcd with those from region C. The REE contents
of water and vegetables from the two REE-high areas and region C were also
significantly variable. The average daily intake of REE by an adult was 6.67,
5.9!!, and 3.33 mg from regions A, B, and C according to the adult recipes
of local population [3).
Conclusions: Thus it can be seen from the above that REE will exert
effects on central nervous, cardiovascular. and immune systems of the human body. Lanthanum can prevent the nerve ending from taking in glutamic
acid in a noncompetitive mode and also inhibit the activity of 01- and Mgactivatcd ATP enzymes [4]. These were probably the maio factors leading
to a s1gnificant decrease in the intelligence quotient of children. as well as
to the shortening of adult nerve conduction from the median nerve to the thalamus. Since increasing incidence of atherosclerosis (AS) was accompanied
with CHO in REE-high areas, it was believed that AS results from REE replacement of the Ca of Ca modulator CaM), interfering with the activity of
various CaM-catalyzed enzymes and thus influencing the normal metabolism
of fat and proteio io liver. spleen, pancreas, and intestine [4). From the above,
we can cooclude that the populations who take in 6-6.7 mg REE from food
chains per day will suffer from subchroo.ic toxicity. but those who take in
3.33 rug REE per day are relatively normul. Therefore, we define 4.2 mgREE
a5 the daily intake allowance.
Referenres: [I] Zhu W. F. N al. (1997) Bioi. Trace Element Res., 57,
71-77. [Z) Zhu W. P. et al. ( 1998) Rial. Trare Element Res., 59, 93-98.
13] Zhang H. ct al. (1999) Bioi. Trarl' Element Rt!s. , in press. [4] Evans C. H.
( 1990) in Rmdll!fllistry of rite Lam/umides. 1st Ed.. Plenum Press. New York.
COULD THE LATE PERMIAN. DEEP OCEAN HAVE BEEN
ANOXIC? R. Zhang. M. J . Follows. J. Gretzinger. and J. C. Mo.rsbaU,
Department of Earth, Atmospheric and Planetary Sciences. Room 54-1419.
Massachusetts Institute of Te~,;hnology. Cambridge MA 02139. USA
(rong@plume.miL.edu).
It has been suggested that a long-term, deep-sea ano~ic event siTaddled
the Permo-Triassic boundary 250 m.y. ago and was indicative of global
biogecbemical shifts implicated in the end-Permian mass extinction. Here,
models of ocean circulation and biogeochemical cycling are used to provide
insight into the processes required to induce deep-sea ano~in across the Pff
boundary and a pbysicallbiogeocbemicul context for mass extinction hypotheses. Two possible modes of late Permian ocean thermohaline circulation are
identified- a vigorous "thennal mode" driven by cooling in southern polar
latitudes and a weaker ''halioe mode" driven by evapora.tioo from the subITopics. The "haline mode." whicb may exist in climates with enhanced
hydrological cycles and weak diapycoal ocean mixing, can support widespread
anoxia in the Panthalassic deep ocean. but the "thennal mode" more typical
of climat.es such as our own cannot. The haline mode is inherently unstable
and flips back and forth between tbe thennal mode with a period of a few
thousand years. providing a mechanism for the repeated overturn of ano~ic
bottom water. as seen, for example, io the anoxic-oxic cycles of the MidCretaceous. Though our calculations suggest a possible mechanism by '"hich
a deep stagnant Permian ocean could have become periodicnUy anoxic, it is
less clear how that state could have persisted for millions of years.

EXPERIMENTAL DETERMJ.NA TION OF THE DEPENDENCE OF
WATER SPECIATION ON CONTROLLED COOLING RATE.
Y. Zhang and Z. Xu. Department of Geological Sciences, University of
Michigan, Ann Arbor Ml 48109-1063, USA (youxue@umicb.edu).
This report is a continuation of our earlier study [1] on how H20 speciation depends on cooling rate and how to quantify the dependence as a
geospeedomerer. Our earlier work covers cooling rate from 0.01 to 55°C/min
and total H20 content from 0.5 to 3.0 wt%. In this study, we expand the
quench rat.: to S,OOO"C/min and tollll H20 content to 7.6%. Both for avoiding bubble growth at high HP and for generating high controlled quench
rates, a piston-cylinder apparatus is used to conduct the experiments ut 25 kbar. Previous e~tperim~nl~ [2) have shown that a pressure of $5 kbar docs
not significantly affect the equilibrium speciation. ln this study we confirm
these results. We tried to improve the presswe reading and the procedure for
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generating low pressures (2-5 kbar) in the piston-cylinder apparatus. Cooling rate is obtained from temperature recorded by a computer.
We previously showed [I] that for a given quench rate, there is an excellent linear relation between lnQ' and ln(A523 + A~5 .z.) (where Asz3 ao_d A452
are the absorbance of the infrared bands at 5230 and 4520 em- 1/mm sample
thickness, A523 + A 4~ 2 is a proxy for total ~0 content. and Q' =A4522tAm
is a proxy for th.e species equilibrium constant K) when total H20 is 53.0%.
With new data at high Hp, the linear relation docs not bold anymore (Pig. 1) .
Furthermore, the linear re lation between lnQ' and lnq (q is quench rate in K/s)
does not hold at high q (Fig. 2). Hence, extrapolation of the geospeedometry
model of Zhnng et al. [ lj may have large errors, ltnd a new geospeedometry
model using data coverin g a wide range of quench rate and total H2 0 is
necessary.
Our new data and previous darn together cover all naturlll total H20 runges
(up to 7.6%), and all currently accessible controlled quench rates (almost 6
orders of magnitude). The data are used to update the gcosp~dometry model
for predicting quench rates of natural hydrous vo lcanic glasses. Furthermore,
quench rates in water, air, and liquid N are quantiJicd using our geospeedometer [3].
References: [ I] Zhang et al (1997) GCA. 61. 2 167. £21Zhang (1993)
Eos Tra11s. AGU. 74F. 63 1. [3) Xu and Zhang. this volume.

COMPARA TTVE STUDIES OF RARE EARTH ELEMENTS IN
GROUNDWATERS AND AQUfFER MATERIALS FROM THE
SOUTHERN GREAT BASlN. X. Z bo u 1 • K . H. Johaonessool, K. J.
Stetzeobach', C. Guo 1• and I. M. Farnharn 1 , 1Harry Reid Center for Enviwomental Studi es, University of Nevada, Las Vegas NV 89154-4009. USA
(xiaopio.z@nevada.edu). 2Departrneot of Ocean. Earth, and Atmospheric Sciences, Old Dominion Lln.ivcrsity, Norfolk VI 23529-0276, USA (kjohanne@
odu.edu).

The rare earth elements (REEs), with their uniq ue and chenucally coherent behavior, have been used extensively as sensitive tracers of geochemical
processes in rocks. seawater, rivers. and estuarine sys tems. Recently, REE
concentrations and behav ior have also been studied in several aquifers ( 1-3].
These srudies have demonstrated that g.roundwaters can inherit their REE
signatures from the rocks or aqui fer materials with which they intemct [4,5).
ln southern Nevada and eastern California, Tllllny groundwater samples
from springs and wells have been ana lyzed. Based on different REE signa·
tures. these groundwa.ters have been classilied into carbonate groundwau:rs
and volcanic groundwaters [3]. Some of these groundwaters appear to be
mixtures of two of more types of wa ters from different aquifers [6,7].
Ground waters from the volcanic rock aquifers of the region, such as Tippipah
and Topopah springs on the Nevada Test Site, exhi bit distinctive LREE
enrichrnen.ts and substantial negative Eu anomalies for their shale-normalized
pa tterns; howe ver, they do not exhibit Ce anomalies. Tb.e carbonate
groundwaters h:l VC re latively low concentrations of REEs (up to two orders
or magnitude lower than volcanic aquifer ground waters) and show a 11at or
HREE-enrichcd pattern after shale-normalization. Also. ihe carbonate groundwaters. unlike the volcanic groundwatcrs, have more diverse shale-normalized
REB patterns. Some carbonate groundwaters, such as those from Ash Meadows and Death Valley springs, have no or slightly negative Ce anomalies and
possibly minor negative Eu anomalies. The sb.ale-norntalizcd REE profiles
of both Ash Meadows and Death Valley springs are fairly flat.. although slight
enrichments of HREEs are observed. Other carbonate grouodwaters. such as
those from the Spring Mountains. Pahranagat Va lley. and Ca.ne Spring. have
strong negati ve Ce anoma lies, su bstantial shalc-nornulized HREE enri chments, and minor Eu negative anomalies that closely resemb le those of
seawater [8].
In order to compare REEs in groundwater wiU1 those io aqui fer materials, and to address the relationship between them. more than 50 rock samples
were analyzed for the REEs. These rock samples are represenlativc of rock
types from aquifers in southern Nevada and eastern Caljfomia. Tertiary felsic
volcanic rocks from the Nevada Test Site show a fuirly strong shale-normal·
ized LREE eoricbmcnts with substantial Eu depletion, and no Ce anomalies.
The lower Paleozoic (Cambri:m and Ordovician) dolomites and dolomitic
limestones from Frenelunan Mountain, Mercury, Nevuda, and Fossil Ridge
in the lower Sheep Range. have similar shale-normali7..ed REE patterns except
for slight difference in concentrations. None of these lower Paleo1.0ic dolornitic rocks exhibit negative Ce anomalies, and most do not have Eu anomali es. Instead, the shale-nornta lized REE patterns for these carbonate rocks are
quite flat, with only slight LREE or HREE enricbments. However, the upper
Paleozoic (Permian) limestones exh)bit strong shale-oorrnaliz.ed HREE enrichmen ts wiUl large Ce depletions. The shale-normalized REE patterns of these
upper Paleozoic limestones are essentially identical to shale-normalized
patterns for modem seawater [9, 10].
In addition to measuring REE concentrations in the rocks 3nd groundwaters, batch tests were conducted in the laboratory to examine how differeo! rock types may affect the concentration of REEs in the solution. Five types
of rock samples (shale, sands Lone, limestone, dolomite, and pumice) and pure
distilled water (pH = 7) were chosen for this study. The data show that both
individual REB t:OilCentrations and total REE concentrations in the leachate
solutions are very low, rangi ng from 5 x I0-3 prnollkg to 40 x I0-3 pmollkg.
and from 0.16 prnol/kg to 6.75 pmollkg respectively. The solation that reacted with pumice had the highest REE concentrati ons. whereas the solu tions
that reacted wi th Ordovician limestone and with Cambrian dolomite have th.e
lowes t REE concen trations. Norntalized to sbale, the REEs for most of the
leachate solutions show fairly Oat patterns. However, the leachllle solution
that reacted with pumice e)(hibits a slight enrichment in HREEs. while the
solution leached from Cambrran sandstone shows a weak MREE enrichment.
These batch studies suggest that different types of rocks can impart R£E
signatures to groundwatcrs that reflect the original rock REE signatures.
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Comparisons of the REE concentrations and behaviors in both groundwaters and aquifer rocks demonstrate that the shale-normalized REE patterns
of the carbonate groundwatcrs and those of the volcanic rock groundwnters
resemble the sha le-normalized REE patterns of the respective rock types
through which they flow . Keeping these results in mind, the REE patterns
of grouodwatcrs from Ash Meadows and Death Valley springs sugg.:sl that
these grouodwntcrs are from lower carbonate aquifer that is chiefly composed
of dolomite and dolomitic limestone, whereas the grou.ndwaters from Spring
Mountains and Pahrnnagat Valley are probably from upper carbonate aquifer that is composed of limestones. The negative Ce 30d Eu anomalies are
also correlative between grou.ndwaters and aquifer rocks. In other words, these
anomalies reflect the relative Cc and Eu concentration of the whole-rock
samples.
References: fll Smedley P. L. (1991) GCA, 55, 2767-2779. (2] Johan nessen I<. H. et al. (1994) JT{ 154, 271-289. (3] Johannessen K. H. et al.
(1997) Ground Warer, 35, 807- 819. [4] Gosselin D. C. ct al. (1992) GCA.
56, 1494-1505. (5] Sholkovitz E. R. (1995) Aquatic Genrlzem. , I, 1-34.
t6J Winograd l. J. and Thordarson W. (1975) U.S. Geological Srtney Prof.
Paper 712-C, 126 pp. [7] Johannesson K. H. et at. ( !997) GCA, 61. 36053618. [8] Fleet A. J. (1984) in RE£ Geochemiscry, pp. 343-373. [9] Elderfield
H. and Greaves M. J. (1982) Na111re, 296. 2 14- 219. (10] Bertram C. J. and
Elder-fteld H. (1993) GCA, 57, 1957-1986.
NATURAL VARIATIONS OF IRON AND COPI'ER ISOTOPES
DETERMINED BY PLASMA SOURCE MASS SPECTROMETRY:
APPLICATIONS TO GEOCIIEMlSTRY AND COSMOCHEMISTRY. X. K. Zhu, N. S. Belshaw, Y. Guo, and R. K. O'Nions. Department
of Earth Sciences, University of Oxford. Paries Road, Oxford OX! 3PR, UK.
The determination of natural variations in stable isotopic abundances bave
provided profound insigh!S into processes oper.tting during the formation of
the solar system and the evolution of the Eartl1. The potential offered by the
isotope variations of transitional metals, such as Fe and Cu. however, has been
Little exploited larg~ly due to the analytical difficulties. The introduction of
multiple collector plasma source mass spectrometry has changed the situation dramatically. ll is anticipated that important information about the early
evolution hlstory of the solar system. biological evolution. and low-temperature processes operating near the Earth·s surface offered by the isotopic variations of Fe and Cu are now accessible. We repon here tbe results of a study
oo Fe and Cu isotopes using multiple collector plasmu ~ource mass spectrometry (MC-ICP-MS).
lron isotopes arc measured relative to the IRMM-14 Fe-isotopic standard
and are expressl'<l as r57fe, which expresses the difference of S7fc!5•Fc ratios
between sample and standard in part per 10'1. The external precision for the
techniques used is bencr than IE at 2a level. Troo-rich samples from both
terresnial and e:draterresnial environments have been studied, and an overall variation of 38 in t57Fe units is observed. !ron meteorites studied ranging
from ty~ lA to type LllD are r.Jther homogeneous in Fe-isotopic compositions with t57fe values between 0.5 to 3. In contrast. the terresnial samples
studied show large Fe-isotopic variations with e57Fe values ranging from - 27
to +I I. It has also been observed th:tt samples of siderite. ferromanganese
crust, and chalcopyrite from black smoker s ulphide chimneys show l 7 Fe
depletion relative to iron meteorites, whcrea.~ samples of hematite, magnetite, and continental chalcopyrite display t57Fe values llut range from positive to negative.
Copper isotopes arc determined relative to NIST-976 staodard material
and are el'.press in E values as well. The external precision for the techniques
used is 0.6£ at 2o level. A range of samples including native Cu. Cu-carbonate, a.nd chalcopyrite from terresnial and marine environments have been
analyzed. An overall variation of 21 £ units is observed. The variations in
t65Cu values display some interesting regularities. Those samples involving
formation through low temperature aqueous solutions show large differences
in eMCu values event at a single locality. whereas chalcopyrite samples hosted
in igneous rocks show simi lar Cu-isotopic composition worldwide. This in·
dicatcs that the e6.SCu variation arise principally through mass fr.1ctionation
in low-temperature aqueous processes, rather than through source heterogeneity.
The naru.ral variations of fe and Cu isotopes observed in this study are
more than 30x tbe 2o ana lytical uncertainties of the techniq ues employed,
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and thus demonstrate the gr.:at potcntiul for using stable isotopes of Cu and
Fe as tracers in geologica l aod planetary processes. These oew capabili ty for
C'u- and Fe-isotopic measurements is expected 10 have a major impact across
di~ciplines ranging from cosmochemistry and planetary geochemistry to biog~ochemistry ond biochemistry.
TERTIARY SEAWATER CHEMISTRY: IMPLICATIONS FROM
FLUID INCLUSIONS IN HALITE. H. Z immermann. Departme nt of
Earth and Planetary Sciences. Harvard University. 20 Oxford Street. Cambridge MA 02138, USA (zimmermunn@eps.h:lrvard.edu).
Most reconstructions of the chemistry of seawater during the Phanerozoic arc based on the mineralogy of marine evaporite~ or on the composition
of fluid inclusions in such evaporites. This paper reviews and adds to the data
for the composition of fluid inclusions in halite from Tertiary marine evaporites in an effort to define the composition of seawater during the past 35 m.y.
Three sets of fluid inclusion data are currently available. The analyses
from the oldest Tertiary halites are from the Oligocene (35 Ma) evaporites
of the Mulhouse Basin in France fl ]. A second set is from the Badenian
( 15 Ma) evaporites from Eastern Europe (2-4]. The third set derives from
Messinian (5 Nla) halites in the Red Sea, in Spain. and in Sicily [5.6].
The composition of nooe of the inclusino fluids in these evaporites can
be explained in terms of the evaporJtion of modero seawater. Many inclusion brines have been involved in potash mineral precipitation or recycling
of evaporites. About one third of the fluid inclusion analyses cao be imerpreted as evaporated seawater depleted io Mgso•.
The Oligocene inclusion fluids indicate a Nlg depletion of 35-38%, which
agrees well with the mineralogy of the potash z.ones in these evaporites. The
Badcnian inclusion fluids show a Mg depletion of 11-22%. and the Messinian
ioclusioo brines a Mg depletion of 11 - 17%. which is consistent with the
compos ition of the potash zones in these evaporites.
The MgS04 depletion of these inclusion fluids is either due to the dolomitization of limestone during the evaporative concentJation of modem
seawater or to changes in the composition of seawate r during the Tertiary.
or a combination of these effects. Analyses of fluid inclusions containing nonevaporated seawater are needed 10 decide on the cause of the observed
MgS04-depletion. Fluid inclusions in marine calcite cements may help to
resolve the issue.
Rcfuenccs: [ lj C:mnls A. et al. ( 1993) Org. Geochem., 20, 1139-1 I5 l.
(2] Veigas J. G. et al. (1997) Slovak Geol. Mag., 3, 181-186. [3] Galanmy
A. R. et al. ( 1997) Slovak Geol. Mag., 3, 165-17 I. 14] Kovalcvich V. M.
and Petricheuko 0. !. ( 1997) Slovak Geol. Mag.. J, 173-180. [5] Kovalcvich
V. M. eta!. ( 1997) N J/J. Mineral. M/1 1997, 10. 433-450. [6] Garcia-Veigas
J. et al. ( 1995) Bull. Snr. Geol. France, 166(6}, 699-710.
STABILITY OF POLYCYCLIC AROMATIC HYDROCARBONS IN
THE SOLAR NEBULA. M. Yu. Zolotov and E. L. Shock. Department
of Earth and Planetary Sciences. Washington University. St. Louis MO 63130,
USA (zolotov@zonvark. wustl.edu; shock@zonvark. wustl.edu).
Introduction:

Polycyclic aromatic hydrocarbons (PAHs) are believed

to be among the most abundant organic molecules in space. These compou.nds

have been identified in carbonaceous chondrites [ 1-2]. interplanetary dust
particles (fOPs) [3]. and presolar grains (4). PAHs are probably present on
the surfaces of asteroids and in the nucJej of comets. and can be the major
group of orga nic compounds in interstellar molecular clouds [5}. lo ste llar
nebulae, PAHs cao form in Fiscber-Tropsch (PT') type reactions from CO and
H2 on mineral grains [6-9] and in pyrolysis of other hydrocarbons [10]. Some
of these processes can also be responsible for PAH synthesis in meteorite par·
ent bodies (asteroids) and their surfaces. Although the relative contribution
of each process re.mains unknown. the nebular FT-type grain-catalyzed syn·
U1esis is among the most plausible. Here we fust evaluate the stability of
condensed PAHs in the sohlr nebula with respect to FT-typc reactioos. We
explore the effcc!S of pressure, temperature, and the abundances of CO(g)
and H20(g). Calculated Sl..'lbilities for PAHs are compared with the observations from meteorites and IDPs.
Model: PAHs and other hydrocarbons are unstable with respect to
graphite. and m~thane, and may o nly exist as m~tastable phases if the for-
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mation of graphite and methane is prohibited ( ll ). ln the solar nebula, such
an inhi bition could have provided conditions for hydrocarbon synthesis (7,8].
To evulmlle the stability of PAHs, we cnlcul:lte the satunttioo conditions for
P, T, and fugacities of goses for the net equilibria

a Hz(g) + b CO(g)

=PAH(solid or liquid) + b

Hp(g)

(l)

We assume the activity of condensed hydrocarbons is unity, and the gases
behave ideally. l11e partial pressure of Hz roughly equals total pressure, and
solar-based nominal H2"CO and HfH20 rntios ar.: 1.4 x 102 and 1.8 x l Q2
respectively. We considered varia tions in these rntios based on the campo·
sirion of comets and changes in the abundances of gases during chemical and
physical processes. Two distinct models for P-T conditions for tl1e nebu lar
plane [1 2, 13] arc mkcn into account. To compare with U1e PAHs. we also
evaluate the stability of condensed n-alkancs wi th respect to reactions Like
equation (1). Thcrmodymuu.ic data for hydrocarbons are from 114,15].
R~lllts and Discussion: The calc11lations show that there is a thcnnodyoarnic drive to form PAHs within the stabi lity field of gr~pbitc and under
conditions where CH1 would predominate ovt:r CO if stable equilibria were
reached. At the nominal abuodances of CO and H,O, PAHs can form meta·
stably at temperatures below -450 K at pressures- below -3 x lO-S bar depending on the P-T model adopted for tl1c nebula. Low temperntures, high
pressures, hi gh-CO abundances, and 1ow-H20 contents favor hydrocarbon
synthesis. A decrease in the al)llndancc Clf H 20(g) tluough icc fom~atioo at
distances >5.2 AU favors PAH formation. However, taking a lower limit for
the CO/H20 ratio of 0.035, corresponding to the nucleus of Comet Ha lley
[16], hydrocarbons cannot form. Nebular models [12,13] give similar results
for hydrocarbon smbi ll ty.
The energetic drive to form PAHs increases with an increase in CIH ratio
in tbe species. For example, pyrcoe (C 16H 10) has a h igher satlll'iltion tempe.m ture lhao either naphthalene (C 8H 10) or chrysene (C18H 12). Pyrcnc is more
st~hk thlln methylnlecl pyrcncs, hnt for lower molecnlnr weieht componnrls
(e.g .. naphlhalene) methylated species have a similar stability with the par-

ent PAH. However, the conditions for PAH saturation arc close to one another. Therefore. the formation of a metastable mixture is more likely lhan
formation of a single PAH. Our calculations are consistent with the elevated
abundance of pyrenc and with the higher degree of alkylation of light PAHs
in the Mllfchison meteorite ll ].
The saturation temperatures for PAH arc slightly higher than effective

temperatures of FT rcnclions [6,8). Jt is likely tlm the saturation tempera-

tures arc high enough to consume a few percent of CO on the surface of FeNi grains dllring U1e period of over which the nebula existed ( 1QL I 07 yr).
The n-alkancs we consider have saturation tempcrntures 25°-40°C below
those of lhe PAHs. s uggesting that their fonnatioo could have been inhibited. This is con.sisreot with the predominance of PAHs over olher bydrocar·
bons in meteorites and IDPs. We conclude that there was a thermodynamic
drive for FT-type synthesis in the solar nebula that provided an abiotic source
for PAHs in solar system.
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