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P R E F A C E 

This volume contains extended abstracts of papers presented 
to team workshops and plenary sessions during the Second 
Inter-Team Meeting of the Basaltic Volcanism Study Project. 
This meeting was held at the Lunar Science Institute, 
September 20-23, 1977. 

Papers are arranged alphabetically by the name of the first 
author, and are indexed by subject and author. 

Conference session topics and organizers were VOLCANISM ON 
MARS, R. Greeley (NASA Ames Research Center); GEOCHEMICAL/ 
PETROLOGICAL CONSTRAINTS ON PERCENT AND COMPOSITIONS OF 
PARTIAL MELTS, G. Lofgren (NASA Johnson Space Center) and 
S. Hart (Massachusetts Institute of Technology); MECHANICS 
OF MELT MIGRATION AND ACCUMULATION, J. Minear (NASA Johnson 
Space Center) and T. McGetchin Lunar Science Institute); 
VOLATILES IN PLANETARY INTERIORS J. Wood (Smithsonian 
Astrophysical Observatory) and T. Usselman (State University 
of New York, Buffalo); TECTONICS ENVIRONMENT- BASALTIC 
VOLCANISM, K. Burke (State University of New York, Albany) 
and D. Wise (University of Massachusetts); and BASALTS 
THROUGH TIME: COMPOSITIONS AND YIELDS: CONSTRAINTS ON MAGMA 
PRODUCTION FROM THERMAL MODELS OF THE EVOLUTION OF PLANETARY 
INTERIORS, J. Head (Brown University) and S. Solomon 
(Massachusetts Institute of Technology). 

Logistic and administrative support for this meeting has 
been provided by P. P. Jones (Administrative Assistant/ 
Lunar Science Institute). This abstract volume has been 
prepared under the supervision of P. P. Jones, with the 
assistance of G. E. Stokes. 

The Lunar Science Institute is operated by the Universities 
Space Research Association under contract No. NSR 09-051-001 
with the National Aeronautics and Space Administration. 
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REGIONAL STRUCTURAL CON'I'ROL OF SHIELD VOLCANISM ON THE THARSIS-
SYRIA RISE, MARS, Karl Blasius, Planetary Science Institute, 283 South 
Lake Avenue, Suite 218, Pasadena, California, 91101. 

The four largest shield volcanoes of Mars all have striking devia-
tions from cylindrical symmetry in surface morphoJogy and topography. 
Three of the s hie lctO> have characteristics suggesting structural control 
of volcanism and erosion by a system of faults over 7000 km long, which 
was previous ly named the Tharsis Rift Zone (1). Viking Orbiter images 
show new evidence that this control has been important for the most 
recent volcanic eruptions on the shields, and on the upland surfaces 
between them (2) . The most striking discovery, a string of low volcanic 
constructs extending across the summit caldera of Arsia Mens, is shown 
in Figure l. Lava -f lows at the bases of shields also appear to have been 
erupted in large part within the proposed zone of faulting. Earth based 
radar altime try (3) shows a distinct ridge in this region southwest of 
Arsia Mons. 

REFERENCES : (l) Blasius, K.R. (1976) (abstract) Bull. Amer. 
Astronomi cal Soc ., 8 , 480. (2) Carr, M.H., Blasius, K.R., Greeley, R., 
Gue st. J.E., and Murray, J.B. (1977), in press J . Geophysical Res . . 
(3) Downs, G.S., Reichley, P.E., and Green, R. R. (1975) Icarus, 26, 
273-312. 

100 km Viking PICNO 62A36 

Figure 1. Oblique view of Arsia Mons shield volcano from the 
southeast. 

l 



2 

BASALTIC VOLCANISM AT MID-OCEAN RIDGES, FRACTURE ZONES, AND SUB-
DUCTION ZONES - VARIATION IN TIME AND SPACE? Wilfred B. Bryan, Woods Hole 
Oceanographic Institution, Woods Hole, MA 02543. 

Classic generalizations relating specific magma types to particular 
tectonic environments can be maintained only with difficulty as more data be-
come available from previously unknown regions of the earth. Probably most 
basaltic magmas and their associated fractionation products, reflect complex 
interactions between the nature of mantle source areas, tectonic regime, and 
the composition and thickness of underlying crustal rocks. It is now also 
popular to suppose that magma types vary as a function of time, a view that 
has been especially popular in relation to island arc evolution . The ques-
tion of time-related variation among sea-floor basalts continues to be 
raised, although the most obvious variations which have been demonstrated 
occur lengthwise along ridges. It is generally agreed that basalts erupted 
in or near sea-floor fracture zones are more alkalic than those erupted 
along spreading ridges, although of all tectonic environments, these frac-
ture zones are probably the least well-documented petrologically. 

This presentation will demonstrate the complexity of the interaction of 
basaltic volcanism and tectonic regime with brief discussions of four areas: 
1. Atlantic spreading-center basalts, as exemplified by data from the Deep-
Sea Drilling Program and the FAMOUS area; 2. Fracture zone basalt represented 
by data from the FAMOUS area and the Cayman Trench; 3. Island arc volcanism 
in the Tonga-New Hebrides region; 4. Island arc volcanism in the Aleutian 
Islands. 

Atlantic spreading centers - Aphyric basalts and basalt glass fall with-
in a moderately restricted range of major element compositions which cluster 
along a narrow, cotectic-like region in a normative feldspar-pyroxene-olivine 
ternary projection (1). Very few are either quartz normative or nepheline 
normative - if more extreme compositions exist, they must fail to reach the 
surface in a spreading center environment. Holes drilled by DSDP in 80 m. y. 
old crust on leg 3, 109 m.y. old crust on legs 51, 52, and 53, and 150 m.y . 
old crust on leg 11 show that,geochemically, the older basalts differ little 
from the modern basalts now being produced at the same part of the Mid-Atlan-
tic Ridge from which these old basalts were derived (2). The most important 
geochemical contrasts occur lengthwise along the ridge (3) and are most 
dramatically shown by trace elements or isotope ratios, such as Ba, La, and 
sr87;sr8G, which vary largely independently of major element compositions. 

Detailed sampling in the FAMOUS area over a median valley segment about 
4 km wide and 8 km long has shown systematic major and trace element varia-
tion from the center to the margin of the inner valley (3). The flank lavas 
are about the same age as the central lavas - this is not a compositional re-
lation which has evolved with time. Within the center of the valley, both 
light-rare- earth enriched and light-rare-earth depleted basalts of nearly 
identical age have been documented (4). Overall major element and petrogra-
phic variation in the one small area investigated by FAMOUS is almost as 
great as that demonstrated for all sea-floor basalts recovered by DSDP (1), 
a fact which has considerable implications for hypotheses relating magmas 
to plumes, varying spreading rates, etc . 
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Fracture zones - Basalts associated with fracture zones are often dis-
tinctly more potassic (5) . This r elation holds in the FAMOUS area, where 
basalt from the fracture zone B transform fault are distinctly more potassic 
than those from adjacent spreading centers. However, many basalts recovered 
within the fracture zone are indistinguishable from those on the adjacent 
spreading centers . In the Cayman Trench, basalt is extruded in one or more 
transverse spreading centers, which serve to transmit the transform motion 
from the north to the south side of the trench . The tensional fractures open 
within a terrain of much older plutonic rocks, and may have shifted position 
from time to time. This regime is totally unlike that at a mid-ocean ridge; 
and there is little or no magnetic symmetry associated with these young and 
probably ephemeral spreading centers. The basalts are strikingly enriched in 
NazO and Ti02, and overall are of much more limited range of composition, and 
more "fractionated" in appearance than typical Atlantic sea-floor basalt. 

Island Arcs - Basalt and basaltic andesite from Tonga has been classi-
fied with other so-called "island arc tholeiites" . The term is unfortunate, 
as it implies a kinship with "seafloor tholeiites" . Actually, there are sig-
nificant petrographic and geochemical differences; in particular, the Tongan 
lavas are much more depleted in light rare earths and other "magmatophile" 
elements than are most oceanic basalts, a fact that seems to preclude their 
derivation by partial melting of subducted seafloor (6). New Zealand magmas 
lying on the same structure are distinct in their calc-alkaline character . 
Other island arcs in the S.W . Pacific have trace element characteristics sim-
ilar to Tonga (7), although not all of these correspond to the Tonga lavas 
in petrography and major element chemistry. The Tonga arc appears to be as 
old, or older than, other SW Pacific arcs, such as the New Hebrides, yet has 
varied little in geochemical character throughout its history. Contemporary 
New Hebrides lavas, in contrast, vary greatly in alkalinity, and this is not 
easily related even to their depth to the Bencoff zone (8). Similar compari-
son of middle Tertiary and late Pleistocene basaltic lava from Unalaska Is-
land, Aleutians, fails to show significant major element differences between 
these units of contrasted age. 

From a planetary perspective, the following conclusions appear warrant-
ed: 1 . Compositional relations between basalts and their tectonic regime 
must be based on a combination of petrography, major element chemistry, 
trace elements, and isotopic data . Any one of these criteria may fail as a 
discriminant in individual cases. 2. For purposes of comparing source 
areas or tectonic regimes, basalts of a rather wide range of ages may safely 
be utilized; the age of an eruptive center does not appear to be an important 
factor in defining its overall geochemical character. 3. The great diver-
sity of compositions revealed by intensive sampling in one small area of 
basaltic volcanism (the FAMOUS Area) shows the need for caution in drawing 
sweeping conclusions from very limited data sets recovered either on the 
Earth, or from other planets, regardless of tectonic setting. 
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RELATIVE TIMING OF RIFTING AND VULCANI SM ON EARTH, 
Kevin Burke and A. H. Celal Sengt3r, Dept. Geol . Sciences, SUNY-
Albany NY 12222 

It is becoming widely r ecognized that rifts, places where the 
entire thickness of the lithospher e has ruptured under tension, 
tend to occur at all stages of Wi l son Cycle of ocean opening and 
closing. Most rifts are associated with vo l canoes, the relative 
abundance and timing of whi ch with respect to the extent and age 
of the related rift shows considerable variation. In rifts the 
predominant volcanic rock is basalt. In continental rifts these 
basalts are mainly alkal i ne. Cur rently there are two main hypot-
heses attempting to explain the generation of basaltic magmas 
under rifts . One favors the preli minary cracking of the lithos-
phere and thus upsetting the T/P balance of the underlying mantle 
resulting in its partial melting, while the other holds the physi-
cal (T&P) and chemical inhomogeneity in the mantle responsible for 
doming and cracking the overlying lithosphere. In the former view 
the sequence of events is rifting- (uplift?) - volcanism, while in 
the latter it is doming-rifting-volcanism. 

In Africa since the beginning of the Neogene numerous large 
uplifts, some crowned with volcanoes , some crested by rifts and 
some crowned neither by rifts nor volcanoes have developed. It 
has been suggested that these structur es represent a sequence of 
uplift, vulcanism, and rifting that is a response to Africa being 
temporarily at rest over a mantle convection pattern. The sug-
gestion has also been made that Afr i ca ' s Neogene volcanoes are 
related to cracks in the lithosphere induced by northward plate 
motion over the equatorial bulge but supporting evidence consisted 
of incorrect K/Ar data and misinterpretation of paleomagnetic 
results. 

During the breakup of Pangea episodes of rifting and vulcan-
ism, very like those in East Africa now, took place . More than 
100 rifts that formed in these episodes have been mapped around 
the Atlantic. In some, basaltic vulcanism is an early event and 
in others a late event, while in yet others no vulcanism has been 
recognized. 

In the foreland of the Alps in Europe rifting appears to have 
predated major basaltic volcanicity . In the case of the Upper 
Rhine Graben rifting can be shown to have started during middle 
Eocene with some minor vo l canicity of 42 m. y . age along the master 
faults. Major basaltic volcani c activity began at the northern 
end of the graben about 25 m. y . ago. This volcanic center, the 
Vogelsberg, appears to have continued its activity until very 
recently. In the south , well wi thin the major graben trough, the 
Kaiserstuhl volcano began its activity about 13 m. y . ago; this, 
however, unlike the Vogelsberg , was a short - lived event. 

In the Lower Rhine Graben there are few volcanics, but the 
maars of the Eifel appear to be related to Pliocene-Pleistocene 

5 
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RELATIVE TIMING OF RIFTING . .. 

Burke, K. and Sengtlr, B. 

1~-trending faults . In Bohemia, both along the Thuringian dis-
turbance, the graben between the Bohemian and the Thuringian 
Schollen (blocks) volcanicity began during the Oligocene and 
lasted through the Pliocene; rifting along these lines had begun 
at the beginning of the Tertiary and accelerated during late 
Eocene . 

The present rifts in Central Europe appear to be related to 
the Alpine collision in the south; that is they are impactogens 
not aulacogens. This collision has separated the foreland into 
several Schollen which move with respect to each other and also 
deform internally . It appears that it is this kind of intra-
plate, but inter- scholle activity that is causing the basaltic · 
volcanicity there . 

Western Turkey is another extensive rift environment. At 
present numerous east-west grabens and intervening horsts domi-
nate the topography and control the drainage. Here rifting be-
gan during the late Miocene and is currently active. Most rifts 
in Western Turkey are devoid of volcanics with the exception of 
Gediz and Simav. On the northern shoulder of the Gediz Graben, 
an area, 50 km long and 20 km wide , is covered with Pliocene to 
recent alkaline basalts (kulaite). These basalts emanated from 
fissures that can be shown to be controlled by faults related to 
the Gediz Graben. In the Simav Graben volcanic activity is also 
alkaline basaltic, but shorter lived and smaller in extent than 
the Gediz basalts. 

A case that illustrates the complexity of relative timing of 
rifting and volcanicity is that of the large basaltic shield vol-
cano of Karacalidag in SE Turkey. Here a large volcano was form-
ed during the Pliocene . Lava erupted from two N-S fissures as 
shown by the present distribution of the craters on the shield. 
The age of the structure and the orientation of the feeding 
cracks suggest that Karacalidag originated as a result of the 
collision of the Arabian peninsula with Anatolia, and hence sits 
on an incipient impactogen. Further observations in Eastern Tur-
key and perhaps also in Saudi Arabia support this view. However, 
here the record that will be preserved in the geological record 
is likely to look like volcanism before rifting. 



EVIDENCE FOR MAGMA MIXING AT MID-OCEAN RIDGES PART I: DISEQUILIBRIUM 
MINERALOGY AND ONE - ATMOSPHERE PHASE EQUILIBRIA IN BASALTS RECOVERED FROM LEGS 
45 AND 46-DSDP. M. A. Dungan and P . E. Long, Lunar Science Institute and 
NASA-JSC, Houston, Texas 77058, 

INTRODUCTION 
An integrated petrologic and geochemical study of basalts recovered in 

Legs 45 and 46 (DSDP) has yielded evidence that these moderately evolved 
basalts are mixtures of primitive mantle - derived tholeiites with more evolved 
magmas . Initially we recognized the hybrid nature of these rocks on the basis 
of textural and chemical disequilibrium between olivi ne and plagioclase pheno-
crysts and their host liquids , Here we describe the evidence for disequilibrium 
mineralogy and how constraints on the mixing process and the composition of the 
primitive component are derived . Evidence of mixing from a combined analysis 
of residual glasses, glass melt i nclusions and whole - rock chemical data is 
presented in Dungan (1977) , 

General Petrography and Chemistry of the Leg 45 and 46 Basalts : Drilling 
at sites 395 and 396 (Miocene crust on either side of the MAR at 22°N) penetrated 
over 1000 m of pillowed and massive basalt in four shallow holes . Several 
eruptive units were recognized in each hole. These are of two types : aphyric 
and phyric. The more abundant aphyric lavas are relatively evolved chemically 
and lack megascopic phenocrysts , Microphenocrysts of olivine or olivine + 
plagioclase are present in glassy pil l ow rinds and some of the units also 
contain rare anhedral xenocrysts of plagioclase and olivine differing in compo-
sition from the microphenocrysts. Liquidus phases for representative rock 
samples determined by one-atmosphere melting experiments (Pt-loop gas mixing 
furnace, fo 2 = QFM minus 0 . 5 log units) are in agreement with the microphenocryst 
mineralogies of the various units, The porphyritic basalts contain abundant, 
large phenocrysts of plagioclase (10-30%), olivine (3-10%) and minor chromian 
spinel, Clinopyroxene phenocrysts (< 5% ) are present only in site 395 phyric 
basalts, Melting experiments indicate that plagioclase is the liquidus phase, 
followed by either olivine or spinel and then clinopyroxene , A plot of norma-
tive components in the ol -£1-cpx ternary is also in agreement with the inferred 
and experimentally determined phase relations , The aphyric basalts occupy a 
narrow field parallel to the empirical ol-£1 cotectic of Shido et al. (1970) 
whereas the phyric basalts plot as a broad field, on the plagioclase side of 
the cotectic, suggestive of plagioclase addition to cotectic liquids. Trace 
element ratios such as La/Sm and Zr/Y are nearly identical within and between 
the sites, The aphyric basalts have higher LIL element abundances than the 
phyric basalts, and small differences between aphyric or phyric units at each 
site are consistent with major element differences. The site 395 basalts are 
more evolved chemically than those at 396 . 

Olivine Chemistry : Olivine phenocrysts range in size from 1- 3 mm down to 
skeletal microphenocrysts in glass (50 ~m) . Most of the phenocrysts are equant 
and euhedral, but many of the larger grains occur as ameboid crystals commonly 
intergrown with plagioclase in a poikilitic relationship . Some grains have 
highly irregular shapes suggestive of resorption . However, many of these also 
contain melt inclusions indicating that they are igneous phenocrysts and not 
fragments of . peridotite . 
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An initial survey of olivine compositions revealed the presence of 
magnesian phenocrysts (Fo 89 _90 . 5) in rocks with bulk Mg' 1 ranging from 0.61-
0.68. Figure 1 illustrates the compositional relationships between olivine and 
coexisting melts in these rocks. The reference curves are for Fe-Mg partition-
ing between olivine and melt for KD values of 0.27 and 0.33 (after Roeder and 
Emslie, 1970). Compositions of microphenocrysts and phenocryst rims (dots) 
plotted against microprobe analyses of glasses in aphyric and phyric basalts 
(both Legs) define an empirical equilibrium KD of 0.27 for the range of Mg'-
values from 0.58 to 0.64. The second set of data are 70 analyses of phenocryst 
cores in four glassy basalt samples from a single phyric unit at 396 plotted 
against the bulk rock analyses. The triangles are those which exhibit reverse 
zoning. With the exception of these, the most iron-rich olivines in the rocks 
are those in equilibrium with glass. Under equilibrium conditions, many of the 
phenocrysts are two magnesian to have crystallized from liquids of the present 
bulk composition if the KD = 0.27 applies. Many of the phenocrysts exceed the 
predicted values by several percent Fo. The discrepancy is even more marked 
in some relatively low-MgO phyric basalts at site 395 (Mg' = 0.61-0.64) which 
also contain Fogo olivine. As these more magnesian crystals produce a shift 
toward higher bulk Mg' values (e.g., 5% olivine addition results in Mg' = 0.56 
changing to Mg' =0.64), the discrepancy between observed and predicted olivine 
compositions is a minimum value. The validity of this approach is confirmed by 
other studies in which similar KD-values were obtained (e.g., 0.28- Hekinian 
et al., )976) and by glass-olivine pairs in our melting experiments. The latter 
yield values of 0.29 ± 0.02 at 1175-1225°C. Thus, variations in KD by other 
methods or in other suites or rocks are towards higher values which predict more 
iron-rich olivines (and more extreme disequilibrium) at a given Mg'. 

The combination of reversely zoned phenocrysts and several percent 
excessively magnesian phenocrysts is best explained by the comingling of two 
magmas. The maximum Fo-content of 90 indicates that the primitive end-member 
component involved in the mixing event was characterized by Mg' =0. 70-0.72. 
This range of values corresponds very closely with the Mg' of primitive basalts 
that are inferred to represent mantle-derived melts parental to mid-ocean ridge 
tholeiites. 

Plagioclase Chemistry: Plagioclase phenocrysts in the phyric basalts 
exhibit a collective pattern of disequilibrium analogous to that displayed by 
the olivine phenocrysts. Many of the plagioclase phenocrysts are more calcic 
than the one-atmosphere experiments indicate and there is a diversity of zoning 
patterns, including textural evidence of resorption and marked reverse zoning. 

The majority of large plagioclase phenocrysts at both sites consist of 
equant, weakly zoned, calcic cores (An86 . 5_84 ) with narrow, normally zoned 
margins as sodic as An69 in glassy pillow rinds. At site 395, there is a 
compositional hiatus (An74-84) between the rims and cores in most of the 
phenocrysts. However, some of the large phenocrysts and many smaller laths are 
zoned across this interval. The hiatus is less marked in the site 396 basalts. 
The liquidus plagioclase in melting experiments on a site 395 basalt is less 

1M?f-; = Mg/ (Mg+Fe +2 ) where oxidation state of Fe is arbitrarily fixed such that 
Fe = 0.9 x FeTotal' 
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calcic (An74) than the most anorthitic phenocryst (An86). The site 396 basalts 
have higher normative An/(An+Ab) and the liquidus plagioclase is more calcic 
(An35). However, the liquidus run for this sample suffered 10% Na-loss, making 
this value a maximum. As with the olivine phenocrysts, the addition of more 
calcic plagioclase from a primitive melt to an evolved melt is indicated. 

A small minority of the plagioclase phenocrysts are comprised of cores of 
An58 _62 , surrounded by a vermiform, resorption zone which is in turn mantled by 
a rim of An74_ 69 • A third group that also shows evidence of resorption and 
complex crystallization histories, includes equant to lath-shaped cores that are 
riddled with melt inclusions. The rims on these cores are generally free of 
inclusions and commonly are more calcic (e.g., An75-78 core vs. Ans5 rims) and 
are in turn rimmed by more sodic margins. On the basis of textural evidence 
and the reversed zoning, the cores of these grains are inferred to have been 
resorbed during immersion in more primitive melt. 

Summary and Conclusions: Disequilibrium mineralogy in volcanic rocks can 
occur in several ways. Polybaric crystallization, variations in physical 
parameters such as f02 or PH20 in shallow magma chambers and assimilation of 
solid material are several possibilities. None of these adequately explains 
the complete range of textural and mineral chemistry variation seen in the Leg 
45 and 46 phyric basalts. Phenocrysts that are indicative of crystallization 
from more primitive and more evolved magmas are best explained by mixing the 
two. The spectacular diversity in the zoning patterns recorded in plagioclase 
phenocrysts is particularly difficult to explain by any other petrologic 
mechanism. The maximum An- and Fo-contents of the phenocrysts are constant 
implying a primitive component of fixed composition. We envision the mixing 
process occurring as new batches of primitive melt enter high-level magma 
chambers containing evolved tholeiites ~nd a zone of plagioclase accumulation. 
The phyric basalts at sites 395 and 396 are composites of all three components. 

92 CORC:J /,NO HIMS OF MICROPHENOCRYSTS 

UJ 

84 

c: 
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.55 

VS GLASS COMPOSITiONS 

PHENOCRYSTS WITH 
REVERSE ZONING 

CORES AND RIMS OF ± PHENOCRYSTS VS BULK 
ROCK COMPOSITIONS FOR I PHYRIC BASALTS 

.60 .65 .7Q 
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Dungan, M. A. (1977) this 
volume: Hekinian R., 
J. 0. Moore and W. B. Bryan 
(1976) Contrib. Mineral. 
Petrol. 58, 83-110: Roeder, 
P. L. and R. F. Emslie (1970) 
Contrib. Mineral. Petrol. 
29, 275-289: Shido, F. A., 
A. Miyashiro and M. Ewing 
(1971) Contrib. Mineral. 
Petrol. 31, 251-266. 
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EVIDENCE FOR MAGMA MIXING AT MID-OCEAN RIDGES PART II: THE 
COMPOSITIONS OF RESIDUAL GLASSES AND GLASS MELT INCLUSIONS IN BASALTS FROM 
LEGS 45 AND 46 (DSDP). M. A. Dungan, Lunar Science Institute, Houston, Texas 
77058. 

INTRODUCTION 
Quantitative modeling of the combined processes of crystal fractionation 

and magma mixing is difficult due to the degrees of freedom inherent in such a 
complex differentiation scheme. We have shown that porphyritic basalts at sites 
395 and 396 (DSDP) contain olivine and plagioclase phenocrysts that cannot have 
been in equilibrium with liquids corresponding to the present bulk rock composi-
tions. Most of the disequilibrium is indicated by phenocrysts that are too 
anorthitic or forsteritic and are inferred to have grown in more primitive 
liquids. Less frequent are resorbed and reversely zoned grains that represent 
the crystallization products of more evolved magmas. As the observed basalts 
are clearly hybridized, the residual glasses (RG) of pillow rinds are the only 
material available for analysis that represent true liquid compositions. 
Anderson (1976) emphasized that melt inclusions (MI) which have been trapped and 
isolated within phenocrysts provide some insight into the process of magma mix-
ing when combined with residual glass and bulk compositional data and he 
enumerated the criteria whereby they can be used to do so. 

Attempts to relate spatially associated ocean floor basalts by fractional 
crystallization of the observed phenocryst phases are routinely plagued by the 
following problems; clinopyroxene must be involved in the calculations to a 
greater extent than is compatible with modal mineralogy and even when major 
element differences can be accounted for by crystal fractionation, magmaphile 
element concentrations are found to be anomalously high in the evolved deriva-
tives. Integration of the glass data with bulk compositions demonstrates the 
role of mixing in generating these chemical anomalies and provides evidence 
that the primitive end-member component in the mixing process is primary, 
mantle-derived ocean floor tholeiite (Rhodes, this volume). 

A total of 89 glass analyses (11 elements) from aphyric and phyric rocks 
of both sites 395 and 396 were made by microprobe. In the case of the aphyric 
basalts, the RG analyses are very close to bulk analyses. Chemical relations 
among two of the basalt units at site 396 (aphyric unit A and phyric unit B) 
are emphasized in the discussion because (1) there are abundant RG data, (2) 
the chemical stratigraphy is simpler and (3) clinopyroxene phenocrysts are 
absent. However, in terms of elemental trends within related groups of rocks 
and the source of compositional differences between the glasses from aphyric 
and porphyritic basalts, the same relationships hold at both sites. The site 
395 basalts are more evolved (both aphyric and phyric) then those at 396. 

Three chemical indices have been used to graphically portray the glass 
data in Figures 1 and 2. Titania is a particularly useful oxide. in that it is 
rejected by both olivine and plagioclase. The ratios Mg/(Mg+Fe+2) and CaO/Al203 
are alternately invariant or changed substantially by fractionation of olivine 
or plagioclase. 

Residual Glasses: One of the most striking chemical characteristics of 
the RG at the two sites is the similarity of glasses in the aphyric and 
porphyritic rocks. Although the glasses in the phyric basalts tend to be 
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slightly more primitive, there is overlap between the two groups in Mg/(Mg+Fe+2), 
Al203, Na20, Si02, FeO and MgO. The maJor differences are higher CaO, Ca0/Alz03 
and lower TiOz in the phyric glasses. In the 396 basalts where clinopyroxene 
is absent, subtraction of olivine and plagioclase cannot account for even the 
small chemical differences between them. In fact, glasses at the base of phyric 
unit B cannot be related to those at the top. The reason is that in all the 
related groups Ca0/A1z03 decreases with increasing fractionation, in the opposite 
sense to plagioclase fractionation. Decreasing CaO/Alz03 can only be caused by 
subtraction of clinopyroxene and indeed this trend is most pronounced in the 
phyric glasses from site 395 in which clinopyroxene phenocrysts are present. 

Melt Inclusions: Relative to the residual glasses, melt inclusions 
trapped within olivine and plagioclase phenocrysts show substantial compositional 
variation. The diversity is due in part to crystallization of the host phase 
from the trapped melt. In order to fully appreciate the significance of the 
MI compositions, reconstructed glasses must be calculated to subtract the 
effects of host phase crystallization. The second reason for the apparent 
scatter is that the MI record entrapment of varying initial liquid compositions. 
Most reconstructed compositions fall on a graphical liquid line of descent 
between the bulk compositions and the RG. However, some are outside this range 
and are, therefore, indicative of mixing (Anderson 1976). In almost all cases 
these MI are more primitive in that they have lower TiOz and NazO than the most 
primitive bulk rocks. Figure 2 demonstrates that high Ca0/Alz03 is also a 
characteristic feature of the primitive glasses. High CaO/Alz03 is typical of 
primitive tholeiitic basalts inferred to be primary, mantle-derived MORE (Rhodes, 
this volume). A reconstructed composition for the most primitive MI was 
calculated by subtraction of 15% olivine such that the product would have an 
Mg' =0.72 (e.g., Figure 1). This was done so that the highly magnesian 
phenocrysts (Fogo) present in the porphyritic basalts would be in equilibrium 
with this liquid because it is these grains in which the most primitive liquids 
are trapped (see Table 1 in Rhodes, 1977 for the reconstructed liquid). As 
melt inclusions of the more evolved mixing component tend not to be trapped 
(perhaps these were aphyric liquids), a record of the composition is only 
recorded in its effect on the RG. In particular, the imprint of clinopyroxene 
crystallization from this evolved liquid is clearly indicated by their lower 
Ca0/Al 2o3 . 

Conclusions: 1. Reconstructed glass compositions of low Ti and Na MI in 
olivines correspond very closely to compositions of primitive ocean floor 
tholeiites inferred to be mantle-derived melts. Taken together with the highly 
forsteritic olivine phenocrysts also present in these rocks, these MI establish 
the participation of unfractionated magma in the mixing event responsible for 
the phyric basalts. 

2. Despite the absence of clinopyroxene phenocrysts in most of the basalts 
we have studied, the progressively lower CaO/Al203 in increasingly fractionated 
basalts (and RG) demands that clinopyroxene fractionation has occurred. One 
possible explanation is that only on the walls of the magma chamber is the 
temperature low enough to precipitate this phase. Convection and mixing of 
this clinopyroxene-depleted magma with less fractionated compositions could 
prevent the occurrence of clinopyroxene phenocrysts and yet transmit the chemical 

11 



12 

EVIDENCE FOR MAGMA MIXING - PART II 

Dungan, M. A. 

imprint of clinopyroxene fractionation. This mechanism can explain the 
heretofore enigmatic chemical relationships among apparently consanguineous MORB. 
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CLUES TO THE TIME HISTORY OF PLANETARY DEGASSING F. P. Fanale, 
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, 
California 91103 

Radiogenic and nonradiogenic rare gas nuclides in planetary atmospheres 
and interiors provide one means of evaluating the "time history of planetary 
degassing" (which I will call the "transfer function") for surface volatiles, 
and the magnitude of degassing. If enough is known of the interior concentra-
tions, information pertaining to the formation inter val of the planet-forming 
material and its bulk composition can also follow from the analysis. Rare 
gas geochemistry is outstandingly useful for this purpose because rare gases 
do not interact strongly to form chemical compounds and because rare gas com-
ponents of different origins have distinct isotopic "fingerprints". 

The nonradiogenic rare gas in the Earth's atmosphere (and apparently its 
interior as well) strongly resembles the "planetary primordial" component of 
rare gases in meteorites rather than "solar" rare gas, strongly indicating an 
interior degassing or solid ac§5etion degassing source . The absolute abun-
dances of the atmospheric Ne , Ar and Kr are very approximately those ex-
pected for a fully degassed nor mal c hondritic Earth, but only an order-of-
magnitude estimate of overall degassing efficiency for these gases is possible 
by this comparison. 

The best known means of estimating the time history of degassing is by 
comparing the 4He flux from Earth's interior, deduced from concentrations in 
deep ocean water, with that which, given the anticipated 4He/40Ar ratio, 
would supply the accumulated atmospheric 40Ar in geological time (He is lost 
to space with an atmospheric mean residen ce time of~ 106 years). The Earth 
appears to be currently d e gassing at at l e ast a respectable fraction of the 
rate which would supply the 40Ar in geological time . Such a conclusion, 
however, in no way precludes a catastrophic degassing event early in Earth 
history since little of the 40Ar or 4He would have been available then . A 
major period of differentiation > 3.5 b . y . ago is indicated by the lead iso-
topic dates and possibly by the paucity of available rocks with conventional 
ages> 3.5 b.y . Also , one suspects that even slow accretion of the Earth was 
a rather exciting thermal event capable o f producing at least substantial 
degassing of the outer portions. The thermal effects of core formation were 
likely to have been immense as well. Attempts have been made to deduce the 
importance of catastrophic early degassing from the atmospheric 36Ar/40Ar 
ratio. The results confirm that catastrophic early degassing was important, 
but the methods depend on some assumptions concerning the K content (or 
40Arf36Ar content) of the interior. Alternatively, one can compare the 
4 0Arf36Ar content of "paleoatmospheric" argon trapped in rocks -(if one can 
find such a sample) with the present 40Ar/36Ar ratio of the atmosphere. One 
successful atte mpt has been reported and the analysis (again) supports catas-
trophic early degassing, although the sample is so young (Devonian) as to be 
less effective in distinguishing among models than an older sample would be. 

Despite such arguments, the observed "primordial" 3He flux from the deep 
interior constitutes a major stumbling block for any "pure" catastrophic early 
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degassing model. A case could be made, on the basis of recent measurements 
on mantle-derived samples, that the 3He is at least largely of spallation 
origin and, if "old", is not part and parcel of the "primordial" component. 
If the complexities arising from this consideration do not prove to be over-
whelming, the 3He flux requires that any catastrophic event does not effi-
ciently degas the whole Earth. Whether this supports the notion of inhomo-
geneous accretion or whether simply "inhomogeneous degassing" will explain 
such data is an interesting question. 

In any event, further studies of the abundance and distribution of the 
daughter of (17 my) 129I and (82 my) 244pu should allow theoretical models to 
produce a better description of the so-called "transfer function". This is 
particularly true for its early characteristics which seem to be the hardest 
to get at. Application to Mars and other planetary objects will be discussed. 



CONSIDERATIONS ON THE EFFECTS OF VOLATILES ON THE MORPHOLOGY OF 
BASALT FLOWS. R. Greeley, Department of Geology and Center for Meteorite Studies, Arizona 
State University, Tempe, AZ 85281. 

The morphology of basaltic lava flows and landforms results from many complex, interrelated 
parameters, including lava viscosity, rate and duration of effusion, characteristics of the vent, style 
of eruption, and others, as described by Macdonald (1 ). The amount, state, and, to some degree, 
the composition of volatiles associated with basaltic eruptions figure prominently in the physical 
properties of the lava and the style of eruption. Little work has been done on determining the 
effects of volatiles on volcanic morphology, partly because of the difficulties in studying volatiles in 
active eruptions and partly because of the difficulty in isolating the effects of volatiles from the 
other parameters governing volcanic morphology. Some general, qualitative observations, however, 
can be made on the relations to: 1) the style of eruption , 2) the textures of lava flows, and 3) the 
morplzologv of landforms, all in the context of basaltic volcanism. In general, volatiles in solution 
tend to lower the viscosity of lavas and can aid in the effusion from the vent; exsolu tion can lead to 
frothy, viscous lavas and may retard effusion. 

1) Styles of basaltic eruptions generally range from mildly explosive (Stombolian), through fire 
fountaining and lava lake activity (Hawaiian), to flood eruptions from fissures . Basaltic eruptions 
include: a) explosive eruptions; the degree of explosivity is largely a function of the rate and quatn-
tity of volatiles released from the magma on eruption, with Stombolian activity and fire fountaining 
the result of rapid release of volatiles that can eject pyroclastics hundreds of meters from the vent; 
b) laFa lakes: part of the pistonlike rise and fall of lava lakes is the result of exsolving volatiles in the 
magma column ; volatiles are also intermittently released from beneath the lava lake crust, causing 
the level to subside rapidly; c) flood eruptions ; involve extemely high rates of effusion of relatively 
fluid lavas: possibly, the volatiles are contained in solution during eruption and in the early stages 
of flow. thus decreasing the viscosity . 

2) Flow textures of basaltic lavas range from fluid pahoehoe (including shelly, "degassed", and 
slabby forms) through aa , to viscous block flows . These textures can occur independently of com-
position (many individual lava flows show the entire range of textures). Textures appear to result 
from changes in viscosity , which result partly from changes in temperature, crystallization, and 
amount and state of volatiles. Basaltic flow textures include : a) shelly pahoehoe (2) is a cavernous 
form consisting of blisters of glassy lava that result from rapid degassing; it is characterisitc of near-
vent regions; b) fountain-fed lavas; as observed in Hawaii (3), fire-fountaining often feeds lava rivers 
that form lava channels and tubes, which in turn emplace smooth-surfaced, ropy pahoehoe; (c) "de-
gassed" pahoehoe (3) is typified as a dense, hummocky form of pahoehoe, some of which is tube 
fed and some of which is emplaced by growth and coalescence of toes and lobes; despite the term, 
flows of this type can be vesicular; d) slabby pahoehoe (2) consists of plates and slabs that form on 
some flow surfaces and is transitional with aa ; e) aa lava: occurs in several different forms, most of 
which are typified by clinkers on the top and bottom of the flow and a dense interior of variable 
vesicularity; f) block lava: composed of angular, massive blocks of dense lava with few vesicles. 

3) Basaltic landforms: the morphology of basaltic landforms is indirectly affected by volatiles 
through the effect of volatiles on the style of eruption and the textures of lava flows. Table l lists 
the major basaltic landforms, the kinds of lavas and eruptive processes involved in their formation, 
and notes which basaltic landfonns have been observed on the terrestrial planets. In general, steep-
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profiled summit regions on basaltic landforms result from: (1) Strombolian eruptions that form 
cinder cones, (2) fire-fountaining that produces cinder and spatter cones, (3) lavas that transform 
rapidly to aa as a result of degassing, or ( 4) volatile-poor basalts that are viscous on eruption. 
Extensive lava tube systems are efficient in the retention of heat in the lava and possibly aid in 
retaining volatiles in comparison to other types of flows, and thus are efficient in emplacing exten-
sive lavas under rates of effusion far less than those of flood eruptions. Some "degassed" lavas 
produce hummocky terrains having local relief on the order of meters, and which often have small 
craters or collapse depressions on their surfaces. 

From this brief consideration, it is clear that a great deal more work is required to understand 
the role of volatiles in basaltic eruptions on Earth. This understanding is required for extrapolations 
to the terrestrial planets where basaltic volcanism has occurred. 

REFERENCES CITED 
(1) Macdonald, G. A. (1972) Volcanoes: Prentice Hall, Englewood Cliffs, New 1 ersey, 510 p. 
(2) Jones, A. E. (1943) Trans. Am. Geophys. Union, pt. 1, 365-268. 
(3) Swanson, D. A. (1973) Bull. Geol. Soc. Amer., 84, 615-626. 
(4) Greeley, R. (1976) Proc. Lunar Sci. Conf. 7th, 2747-2759. 
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Table of Common Basaltic V qlcanoes (after Greeley, 1976) 

Vo/qanic Eruptive style Typical texture Comments 
landform 

1. Flood basalt Fissure eruption, high Pahoehoe Common on 
plateall volume-highly fluid; Massive, dense, low planetary 

few flow featvres vesicularity; verti· surfaces ( 1 ) 
cal jointing 

~· Basalt Fissure and central Pahoehoe. tube Common on 
"plains" vent, moderately and toe-fed, aa, planetary 

high voluf!le and variable textures, surfaces ( 2) 
rate; fluid lavas; from massive to 
lava tubes and vesicular; vertical 
channels joints and hori-

zontal platy units 

3. Basaltic Explosive Pumiceous Rare 
ash 
plains 

4. Shield Central vent with Pahoehoe, tube and Common on 
volcanoes associ a ted fissures; toe-fed, vesicular, planetary 

high rate, moder- platy jointing surfaces ( 2) 
ate volume, fluid 
lavas, lava tubes 
and channels 

5. Composite Central vent, explo- Pyroclastics and Commonly 
cones sive alternating vesicular to associated 

with flows. tvbes dense flows; with plate 
and channels pahoehoe and aa svbdvction 
infrequent zones (3) 

6. Cinder cones Explosive, infre- Pyroclastics Common on 
quent flows planetary 

surfaces (2) 

7. Domes Central vent. low Block flows Rare 
volume, low 
rate, viscous 
lavas 

(1) Earth, Moon, Mars, Mercury; (2) Earth, Moon, Mars; (3) Earth, Mars(?) 
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VOLCANISM ON MARS: VIKING UPDATE. R. Greeley, Department of Geology and 
Center for Meteorite Studies, Arizona State University, Tempe, AZ 85281. 

Summaries of martian volcanism as understood prior to the Viking mission are given by Mutch et 
a!. (I) and Carr (2). Based primarily on Mariner 9 data, Mars was seen to be volcanically more diverse 
than the Moon, but not as diverse as the Earth. Volcanism was identified in the form of spectacular 
shield volcanoes, flood-eruption flows, and extensive plains regions; on the basis of surface features 
and general morphology, these types of volcanic regions are considered to have involved basaltic lavas 
or lavas with rheological properties similar to basalt. Structures resembling composite volcanoes and 
dome volcanoes were also observed on Mariner 9 images, and are thought to respresent lavas more 
viscous than basalt, possibly reflecting a higher silica content. A third type of volcano, characterized 
by some of the martian patera, was also recognized; this form of central-vent volcano typically is of 
low topographic profile. Detailed geological mapping based on Mariner 9 images shows that vol-
canism on Mars spans nearly the en tire 'visible' record of the planet, from the early period of heavy 
impact cratering through the formation of relatively young plains. 

Viking Orbiter images (3 ,4) are showing martian volcanism to be more diverse and more extensive 
than previously considered. Although most of the newly discovered features are small - thier dis-
covery being a result of the high resolution images available from Viking-a better understanding of 
the large constructs and plains regions is also being gained. The Tharsis shield volcanoes are seen to 
be very complex, having multiple flow units, many of which were emplaced by lava tubes and lava 
channels; some of the flows can be traced from vents on the shields over distances of more than 
400 km; some of the plains units surrounding the shields originated on the shields. Crater frequency 
distributions ( 4) show as much as a factor of 10 difference between the relatively uncratered summit 
regions and the distal flows; this may indicate prolonged volcanic activity from a localized source, or 
it may mean that endogenic crater, such as collapse depressions (non- vent craters), are mixed with 
the impact craters in the areas analyzed; however, it seems unlikely that collapse craters or other non-
vent endogenic craters in the large size-range required to account for the high numbers would form 
in the types of flows observed, and the interpretation of prolonged volcanic activity is preferred. 

Patera is a term applied to large, irregular craters and complex craters having scalloped edges. 
Most of the named patera on Mars (the term has not been used on other planets) are very low-profile 
volcanic constructs. Patera occur in several forms on Mars, suggesting that they have different his-
tories and perhaps different origins. One type, typified by Tyrrhenum Patera northeast of the Hellas 
basin, consists of old, degraded and tectonically modified shield volcanoes; another type, including 
Pavonis Patera, appear to be partly buried shield volcanoes in which only the summit regions are 
visible. Some patera are modified impact craters. Alba Patera appears to be unique; the flows on its 
western flank have been imaged at high resolution and can be traced more than 800 km from the 
central vent region; the flows are of several different types, including flows fed by lava tubes and 
channels, sheet flows, and interbraided terraced flows; each flow type may reflect differences in style 
of eruption. 

Small volcanic features imaged by Viking include structures interpreted to be low shield vol-
canoes (3,5), possible dikes, hummocky flow surfaces and "ring moat" structures similar to those 
seen on Moon and Earth (6), rift zones and cinder-and-spatter cones; a possible composite cone more 
than 25 km across has recently been identified (Spudis, pers. commun.). High resolution images of 
individual flows allow estimates of thicknesses and rheological properties to be made (Carr and 
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Schaber, this conference), and show details of flow emplacement sequence. Many of the intercrater 
plains areas show features suggesting a volcanic origin. 

The several tens of thousands of Viking Orbiter images have only begun to be analyzed; with each 
detailed analysis, additional light will be shed on the complex volcanic history of Mars. 

R~FERENCES 

(I) Mutch, T. eta! (1976) The Geology of Mar&, Princeton Ubiversity Press. 
(2) Carr, M. H. (1976) Scientific American, 234,3243 . 
(3) Carr, M. H. eta! (1976) Science, 193,766-776 . 
( 4) Carr, M. H. et a! (I 977) J. Geophys. Res. (in press). 
(5) Greeley, R. eta! (1977) J. Geophys. Res. (in press). 
(6) Greeley, R. and P. H. Schultz ( 1975) Trans. Amer. Geophy. Union, 56, 1015. 

Viking Orbiter I mosaic of Hesperia 
Planum region showing the eroded 
volcano Tyrrhenum Patera (TP) at 
-23°, 253°, numerous mare-like 
ridges, and unusual ring structures 
(arrows). Area of mosiac is about 
450 km by 565 km; north is to the 
top. 
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Lava flow fronts near the crater Pickering; note that lava has flowed into and along the floor of graben (arrow), 
and the extensive flood-type lava flows in the region. Photograph area is about 120 by 180 km ; north is to the 
bottom (frame 56 A 14 ). 

iPossible composite in cratered up-
land materials near the Aeolis region; 

_ photograph is about 80 by 130 km, north 
is to bottom (frame 88 A 65). 



GEOCHEMISTRY OF THE KEWEENAWAN NORTH SHORE VOLCANIC GROUP, A 
BILLION-YEAR OLD PLATEAU LAVA SEQUENCE, John C. Green, Dept. of Geology, 
University of Minnesota-Duluth; Larry A. Haskin and Joyce C. Brannon, Dept. 
of Earth & Planetary Sciences and McDonnell Center for the Space Sciences, 
Washington University, St. Louis. 

Earth's oldest known major plateau basalt sequence occurs in the Lake 
Superior area of the Midcontinent Gravity High, produced during Keweenawan 
(1.1 b.y.) abortive rifting of North America . This volcanic sequence may be 
the largest lava plateau sequence in the world . It consists of several 
overlapping accumulations , each several kilometers thick and covering major 
portions of the whole plateau area . 

The North Shore Volcanic Group (NSVG) comprises the Keweenawan lavas in 
Minnesota. Major-element compositions and recent mapping show olivine tho-
leiite to be the dominant lava type, with abundant transitional, high-K, or 
FeTi basalts and a few weakly alkaline basalts also present. The basalts 
grade into andesites or trachyandesites with a continuum into icelandites 
and abundant rhyolites (Fig. 1). The major element compositions of the NSVG 
olivine tholeiites resemble those of mid-ocean ridge basalts (MORB) but are 
more depleted than the MORB inTi and P (Table 1). Although aphyric, they 
are enriched in Al, resembling Warner basalt, Skaergaard chill zone, and 
Kiglapait bulk composition (Table 1) . They contain more Aland less Ti than 
Icelandic olivine tholeiites and much more Al and less Ti and P than 
Hawaiian tholeiites. The transitional, alkalic, and intermediate rocks are 
rich in Fe, K, Ti, and P. Except as noted, the NSVG compositional trends 
resemble those of the Cenozoic Icelandic and Reykjanes Ridge lavas. The 
NSVG contains much more olivine tholeiite and rhyolite but is otherwise 
similar to younger major plateau lavas such as the Deccan , Karroo, and 
Columbia River sequences, which are dominated by transitional or FeTi 
basalts . 

REE and other LIL element concentrations in the NSVG olivine tholeiites 
resemble those of the younger plateau basalts rather than those typical of 
MORB. Fig. 2 shows the ranges for the more primitive lavas analyzed from 
the olivine tholeiite, transitional basalt, and andesite suites. Less abun-
dant samples related to or differentiated from these more primitive lavas 
indicate a compositional continuum between the olivine tholeiites and 
transitional basalts, between the transitional basalts and andesites, and 
beyond the andesites to the rhyolites. 

The chemical properties of the olivine tholeiites are those expected 
for partial melts from a fresh mantle source (i.e . , one not partially de-
pleted by earlier melting) . The NSVG olivine tholeiites constitute an un-
usually coherent compositional suite, as evidenced in variation diagrams. 
The iron enrichment trend, accompanying rise in LIL element concentrations, 
and corresponding depletion in Ni strongly suggest that these basalts are a 
fractional crystallization sequence. The absence of phenocrysts from these 
basalts does not support this suggestion. 

The NSVG transitional basalts extend some of the compositional trends 
found for the olivine tholeiites but do not appear simply to be differentia-
tion products from the tholeiitic liquid. The NSVG andesites are on the 
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whole a less coherent group than the olivine tholeiites or alkali basalts 
and may not stem from a single source or may not have developed along a 
single differentiation path. 

The NSVG olivine tholeiites have positive Eu anomalies that along with 
their high Al contents indicate a source depth at which plagioclase was sup-
pressed as a liquidus phase. Their compositions are compatible with deriva-
tion from a relatively undepleted mantle source about 25-35 km deep and by 
about 20-30% partial melting. Smaller extents of partial melting or more 
complex processes may have produced the more LIL-enriched magmas. 

Liquids produced at deep rifts in old sialic crust have high Al concen-
trations which may be important in the formation of anorthositic rocks, e.g., 
those in Labrador and Minnesota. 

T~ble 1 

A B c D E F G H r J K L 
Si02 49.15 49.14 51,25 56 , 00 46.49 49,83 48,27 52.72 50,16 49,15 49.88 48,01 

Al203 18.43 18 . 13 15.33 14.13 12.43 16.01 18.28 14.66 13.99 15.37 14.03 14.09 
MgO 8.87 8.17 5.40 4.20 4 . 68 8.64 8.96 5.03 6.04 7.45 8.48 8.29 
KzO 0.21 .29 1.15 1.94 1.86 0.26 0.14 1.18 0.74 0.23 0.40 0.29 
Ti02 0.75 .90 2.02 1.90 4.98 1.41 0.89 1.88 2.56 1.47 2.52 1.87 
Pzo5 0.07 .09 .31 .36 .69 0.15 0.07 .30 0.30 0.10 0.30 0.19 

D.I. .50 .54 .70 .74 .79 .53 .72 .69 .61 .58 Mg . 65 .61 .44 .40 .32 .62 .42 .45 .55 .57 
An 65 63 45 30 28 55 60 44 52 60 58 
Cr 357 304 153 44 30 98 
Ni 240 217 78 25 60 34 
La 2.94 5.10 21 39 50.1 16 45 9.7 7.2 
Sm 1.48 2.11 6.38 8.6 13.7 5.2 8.2 5.2 3.9 

A. Sample KR-20 olivine tholeiite, North Shore Volcanic Group, 
B. Ave. of 7 olivine tholeiites, NSVG, 
C. Ave. of 5 transitional basalts, NSVG. 
D. Ave. of 4 andesites, NSVG. 
E. Sample ES-7 mugearite, NSVG , 
F. Ave . Mid-Atlantic Ridge basalt, Melson and Thompson 1971; compare with 

A, B. 
G. Warner basalt, Yoder and Tilley, 1962; compare with A, B. 
H. Columbia River Basalt: ave. of "high-Mg Picture Gorge" and "low-Mg 

lower Yakima" types, Nathan and Fruchter, 1974; compare with C. 
I . Ave. of 99 Deccan basalts, Ghose 1976 (La, Sm from Frey et al., 1968); 

compare with C. 
J . Ave. of 200 Hawaiian tholeiites, Macdonald, 1969; REE's from Frey et al., 

1968; compare with C. 
K. Ave. of 36 Icelandic tholeiites, Signaldason 1974; compare with B. 
L. Ave. of 12 olivine tholeiites, Reykjanes, Iceland, Jakobsson 1972; 

REE's from Schilling 1973; compare with B. 



GEOCHEMISTRY OF THE KEWEENAWAN ... 

Green, J. C. et al. 

References: 
Frey et al. (1968) J. Geophys. Res.; Ghose (1976) Lithos 9, 65-73; Jakobsson 
(1972) Lithos 5 365-386; Macdonald (1968) GSA Memoir 116,-477-522; Melson 
and Thompson (l971) Phil Trans Roy Soc London! 268, 423-441; Nathan and 
Fruchter (1974) Bull. Geol. Soc. Am. 85, 63-76; Schilling (1973) Nature 242 
565-571; Sigvaldason (1974) J. Petrol 15 497-524; Yoder and Tilley (1962_) __ 
J. Petrol l, 342-532 . F 

500 

(f) 

w 

5 

_, M 

VOl ,··l i JIC ,-cD("I · J 
Ffg~re 1." 

NSVG I<EV/EENAWAN LAVAS 

LA CE SM EU TB 

RARf::-EARTH ATOMIC NO. 
~igure 2. 

YB LU 

23 



24 

THE REDOX STATE OF PLANETARY BASALTS. 
Stephen E. Haggerty. Dept. of Geology. Univ. of Mass. Amherst, 
Mass . 01003 

The oxidation and reduction states of basalts are significant parameters 
in models which attempt to define the generation of basaltic magmas, in mod-
els which discuss the role of partial melting and crystal fractionation, and 
in models which compare and contrast the planetary evolution of basalts. 
Valency states and the distribution of Fe, Ti and Cr among oxides and sili-
cates, together with the activities of silica, oxygen, hydrogen, CO and C02 
have pronounced effects on modal abundances, on the compositions of mineral 
constituents, and on the systematics of crystal fractionation. This paper 
reviews the current status of knowledge for : (1) the redox variations in 
single cooling units (e.g. lava flows and lava lakes); (2) redox variations 
of terrestrial and lunar basalts; and (3) the redox conditions of inner solar 
system planets . The determinations of temperature and oxygen fugacity em-
ployed in items (1) and (2) of this review are based on the Budd~ngton and 
Lindsley geothermometer - oxygen geobarometer, on laboratory and in- situ 
measurements of T°C and f02 atms. using the Sato Zr electrolytic cell tech-
nique , and on an oxidation classification of opaque mineral chemistry for 
phases in the system FeO- Fe203-Ti02. For item (3) the data are derived from 
remote sensing and from theoretical considerations. 

Oxidation variations in vertical profiles across 14 lava flows from Ice-
land are summarized in Fig . 1 and the following points are noted: (1) there 
are wide variations among the distribution profiles; (2) there are differen-
ces which are related to flow thickness; and (3) maximum oxidation states in 
thick units (>3m) are concentrated towards the flow interior. An additional 
example of the oxidation variations in the Makaopuhi lava lake are shown in 
Figs . 2a-b. In situ determinations were made soon after eruption and a com-
panion study of the resultant oxide assemblages in drill cores was also 
undertaken . These data show that a zone of intense oxidation developed at 
T=SS0-750°C and that this zone of oxidation continued to migrate as crystal-
lization and cooling ensued. The model proposed for these single unit varia-
tions depends on the rate of H2o dissociation , on the relative ionic sizes of 
hydrogen and oxygen , and on a semi- permeable membrane mechanism which permits 
the effusive loss of H2 , but with the retention of oxygen towards the lava 
interior . Computed profiles for the rate of cooling support the basic pre-
mise of this model, and temperature vs . time distribution patterns parallel 
that of oxidation . One such profile (Fig. 3) is consistent, furthermore, 
with a phase compatibili ty treatment of oxide assemblages at 750°C, in a lava 
with thickness = 10 meters, an eruption temperature = 1000°C , a lower cooling 
face of basalt , and an upper cooling face of air . For this case , the lava 
i nterior is at 650°C af t er 1.1 years and total cooling for the entire unit to 
100°C results only after 4.0 years. In thick terrestrial lavas, therefore, 
the effects of preferred volatile accumulation towards the interior of a flow 
is directly related to processes of deuteric cooling . 

Temperature and f02 determinations for a variety of terrestrial basalts 
and for a selected group of layered intrusive suites are shown in Fig. 4a-b. 
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The reference curve is the FMQ buffer. This compilation, and a comparison of 
these data with similar determinations on acid extrusive suites (Fig. 4c) 
show that: (1) a lava flow which is extruded at the surface would equilibrate 
at depth along a path which is defined by the FMQ buffer curve; (2) because 
of this systematic f0 2 profile, the contrasting environments of cooling at 
the surface or at depth are indistinguishable, and this suggests that the 
volatile constituents are magmatic and that their compositions are similar; 
and (3) the oxidation states of acid extrusive and acid intrusive suites dif-
fer markedly from that of basic suites, as ~i02 increases so does f0 2• 

These results demonstrate conclusively that volatile retention and the effects 
of gas-solid interaction are not related to the concept of open and closed 
systems but are related instead to bulk composition with silica fractionation 
leading also to volatile fractionation. Determinations of T°C and f0 2 varia-
tions for gases from the Surtsey eruption and the Makaopuhi lava lake, for 
equilibration of the Premier Kimberlite pipe, and for a number of oceanic is-
land basalts (Fig. 4d ) are in accord furthermore, with the general conclusion 
that terrestrial basaltic magmas exhibit a tight oxidation envelope which is 
in close proximity to that of the FMQ buffer curve. 

Most lunar basalts are considered to have crystallized in the range lo- 13 
to lo- 14 atms at 1125°C, which is 4-5 orders of magnitude f0 2 lower than that 
of terrestrial basalts for an equivalent temperature. Some lunar basalts have 
equilibrated to even lower values, and these estimates yield T=700-1000°C and 
f0 2 = lo- 16 to lo-23 atms. Metallic Fe and Ni-Fe alloys are present in all 
cases so that the regime of crystallization is below that of the IW buffer 
curve . Although there is no uniform agreement on the nature of the gaseous 
constituents which control this low f02 environment, there is now mounting 
evidence that those basalts which display intense reduction are the result of 
a magmatic-deuteric process which is related to the initial crystallization 
and cooling of the lava flow. Based on the data presented for terrestrial 
lavas and deep seated suites, an obvious conclusion to be drawn from the 
states of oxidation for the Earth and the Moon is that the compositions of 
mantle derived volatiles from these two systems must be very different. This 
conclusion is only valid if the mechanism of vacuum- devolatilization at the 
lunar surface is dismissed . Because metallic Fe is also present in a number 
of lunar intrusive rocks (gabbro , troctolite, dunite) the widespread surface 
expression of low oxidation would seem also to be the case at depth. There 
are no direct measurements of these volatiles in lunar basalts but one viable 
possibility is simply that the ratio of H2/C02 is substantially larger on the 
Hoon than it is on Earth. 

Within the context of planetary-wide basaltic volcanism, volatile asso-
ciation, and the redox condition of basalts, the abundance of Fe3+ on Mars 
suggests that Martian basalts are more intensely oxidized than terrestrial 
basalts . For Venus, the suggestion has been made that the redox condition 
is intermediate between that of the Earth and Mars . Mercury is likely to be 
more reduced than that of the Earth and its redox state may be equivalent to 
that of the Moon. An important result which is suggested by both terrestrial 
and lunar mafic rocks is that the redox state of these materials are not 
depth dependent. Intrinsic levels of f02, therefore, of surface samples are 
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similar to those of upper mantle source regions which yield basalts. In the 
absence of extensive surface modification, remote sensing does provide a 
valuable estimate of subsurface redox states. It is anticipated that the 
dissociation mechanisms which result in anomalously high oxidation zones in 
terrestrial basalts are likely also to be present in Venusian and Martian 
basalts. 
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ANOTHER ESTIMATE OF MARTIAN VOLCANIC CHRONOLOGY, AND 
ITS CONSEQUENCES, William K. Hartmann, Planetary Science Insti-
tute, Tucson, AZ 85719. 

Absolute crater retention ages must be based on evaluation 
of crater density/crater production rate. Measurement of the 
numerator and denominator are equally important for absolute 
age determination, contrary to the implication of a few recent 
papers and intensive research on the numerator. Work of BVSP 
Team 8 suggests several methods for estimating the denominator, 
one of which I · have attempted (Icarus, 31, 260, 1977). This 
gives an estimate that Martian craters of size D form at roughly 
twice the rate of lunar craters of that size. 

Using least squares fits of my own data, I find that lunar 
maria and the Tharsis plains both have crater diameter distribu-
tions with power law form and exponent -2.0. The relative num-
bers of craters, combined w,ith the estimates of crater produc-
tion rates , give an average age of 0.8 x 10 9 yr for the plains 
units in the broad Tharsis region, but with an estimated uncer-
tainty of a factor 3 in either direction. Similar analyses give 
average ages of 1.0 x 109 yr for two groups of prominant chan-
nels, and 0.2 x 109 yr for the surface of Olympus Mons. 

Results appear to conflict with other published estimates 
that place the time of most Martian volcanism only in the inter-
val about 4.5 to 3.5 x 10 9 yrs ago . Unfortunately, the litera-
ture now contains estimates for this datum ranging practically 
from the formation of Mars to the present, a consequence of the 
(reassuring) fact that investigators agree on an age of the 
order 109 yr and an uncertainty of an order of magnitude! 

My data suggest that Martian volcanism was recent and 
that some fluvial activity continued until the era when Tharsis 
volcanism was active. Cessation of volcanism and erosion was 
relatively well-defined, based on crater morphology, though 
Olympus Mons and other volcanoes formed later. All data 
including morphology and geophysical data support the suggestion 
of Burns, Ward and Toon (DPS, 1977) that the obliquity of pre-
Tharsis Mars was greater and allowed fluvial activity and ero-
sion until the Tharsis volcanism occurred , changing the Martian 
moment of inertia, reducing the obliquity, and ending fluvial 
activity. My data suggest this occurred in the last half of 
Martian time, but more than 10 8 years ago. 



SYNCHRONEITY OF LUNAR HIGHLAND AND MARE VOLCANISM OF IMBRIAN AGE: 
THE GRUITHUISEN AND MAIRAN DOMES. James W. Head, Dept . of Geological 
Sciences, Brown University, Providence, RI 02912, and Thomas B. McCord, 
Institute of Astronomy, University of Hawaii, Honolulu, HA 96822. 

A series of domical features located near the shores of northeastern 
Oceanus Procellarum adjacent to Iridum crater (Fig. 1) have long attracted 
attention because of their relatively high albedo and morphological distinc-
tiveness (1). The domes are very bright (red) in IR/UV color differenced pho-
tographs (2). Morphology and surface texture suggest a volcanic origin for 
the domes, distinct from mare basalt eruption styles, and comparable to more 
viscous terrestrial compositions. The Gruithuisen domes stand out in color 
difference images obtained at 0.40/0.56 ~m but not in those obtained at 0.95/ 
0.56 ~m: An inspection of the relative reflectance spectrum for these lunar 
surface features (Fig. 2) reveals the strong ultraviolet absorption responsi-
ble for the red color. These characteristic "red spot" spectra differ from 
usual mature upland region spectra in this spectral range only in the strong 
ultraviolet absorption (Fig. 2). No known mare area spectra are similar to 
the red spot spectra (3). The spectral distinctiveness of the red spots im-
plies a mineralogical distinctiveness from surrounding materials. The spectra 
indicate that the red spot areas are covered with mature (agglutinate-rich) 
soils lower in iron and titanium than mare soils and perhaps than most high-
land soils. However, the specific compositional property causing the ultra-
violet absorption in the red spot spectra is unknown. Correlations of red 
spots and KREEP basalts have previously been suggested (4), but cannot be 
supported or rejected with present reflectance data . Similarities to other 
highland basalts have not yet been established or ruled out. 

Evidence from several sources demonstrates an Imbrian age for the domes. 
Stratigraphic relationships (Fig. 1) show the domes to be superposed on the 
Imbrium basin and to post-date the formation of Iridum crater, of middle 1m-
brian age (5). Mare basalts mapped as Imbrian embay the Gruithuisen domes 
and Eratosthenian mare (5) surround the Mairan domes. Crater morphology 
dating techniques suggest an age of 3.1-3.3 billion years for the surrounding 
mare. On the basis of available evidence, the domes appear to have formed in 
middle Imbrian time, most likely between 3.3 and 3.6 billion years ago. 

The lunar Gruithuisen and Mairan domes represent morphologically and 
spectrally distinct non-mare extrusive volcanic features of Imbrian age. The 
composition~ morphology~ and age relationships of the domes indicate that 
non-mare extrusive volcanism in the northern Procellarum region of the Moon 
overlapped in time with the emplacement of the main sequence of mare deposits 
by perhaps as much as one-half billion years. 
(References. (1) Head, J. W., (1976) Rev. Geophys. Space Phys., 14, 265. (2) 
Whitaker, E. (1966), in The Nature of the Lunar Surface (Hess, W. et al., 
eds.), Johns Hopkins Press, Baltimore, 79. (3) HcCord, T., et al.-,-(1972), 
J.G.R., 77, 1349; Wood, C. and Head, J. W. (1975), Origins o~Mare Basalts, 
Lunar Sci. Inst., Houston), 189. (4) Halin, M., (1974), E.P.S.L., 21, 331. 
(5) Scott, D. and Eggleton, R., (1973), Geol. Atlas of the Moon, I-805. (6) 
Boyce, J., (1976), Geochim. Cosmochim. Acta, Supp. 7, 2717.) 
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Figure 1. The Gruithuisen and Mairan domes (black), A marks location of inner, or peak-ring 
of the Imbrium basin; B, the location of the second, or intermediate ring. Montes Jura 
mark the rim-crest of the Imbrian-aged Iridum crater. Lined areas are highlands material 
mapped primarily as Iridum ejecta deposits. Line D separates areas of radially textured 
Iridum rim material from regions dominated by Iridum secondary craters (SW of line). Mare 
units (plain) flood and surround uplands, and are mostly of Imbrian age. Eratosthenian units 
surround Mairan domes (gray). Large craters and associated deposits are of various ages. 
Figure 2. The relative reflectance spectrum of seven lunar spots" (A = NW Gruithuisen 
dome). Relative reflectance spectra for more or less normal mature lunar upland regions, 
which are distinctive from red spot spectra (right). 

n 

n 



32 

EFFECTS AND MELTING PLANETARY 
THERMAL HISTORY MODELS AND MAGMA GENERATION. A.T. Hsui and S.C. 
Solomon (Department of Earth & Planetary Sciences, Massachusetts 
Institute of Technology, Cambridge, MA 02139). 

One of the major uncertainties in constructing thermal models 
is the viscosity of planetary interiors. Viscosity dictates the 
efficiency of convective heat transport. As a result, it also 
controls the thermal regime of the interior of a planet during its 
evolution. It has been proposed that viscosity can be expressed 
in terms of a melting temperature 1 ' 2 Therefore nelting temper-
ature, instead of viscosity, can be considered as one of the 
controlling parameters of thermal history models. Since magma 
generation is directly coupled to the thermal regime of a planet, 
the choice of melting curves becomes a dominant factor in 
determining the duration of magma production and, presumably, 
active surface volcanism. The purpose of this work is to explore 
the sensitivity of thermal history models, in particular of par-
tial melting in planetary mantles, to various assumed viscosity 
and melting temperature relations. 

Based on laboratory results of single component systems, 
viscosity can be expressed in the following form 1

,
2 

T 
v = a exp (b ~) cm 2 /sec T 

where a and b are constants, Tm is the melting temperature and T 
is the local temperature. In the case of a single component 
system, the melting curve is relatively easy to determine. 
However, in a multi-component system, Tm is no longer a trivial 
parameter. For example, the choice between solidus and liquidus 
for the melting curve generally means a difference of more than 
200°C. This will undoubtedly impose a strong effect on the 
resultant viscosity, and consequently, the thermal regime of the 
object. 

For demonstration purposes, thermal history models of the 
Moon have been carried out using different 'melting temperature' 
profiles while keeping all the other parameters unchanged. 
Figure 1 shows the thermal evolution diagram of the Moon 4 using a 
basalt solidus curve 3 as the melting profile. Solid lines are 
the isotherms in degrees centigrade. It should be noted that our 
calculations are based on axisymmetric, two-dimensional models. 
The temperatures plotted are azimuthally averaged values for 
given depths. Very often, these averaged temperature profiles may 
indicate the absence of global melting. However, the temperature 
in regions of up-welling currents may exceed the melting tempera-
ture and local magma sources are possible. The lightly shaded 
area represents both the global and local existence of material 
with temperature exceeding or at the 'melting temperature'. This 
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diagram shows that partial melting did not cease until about 2 
billion years ago. However, active surface volcanism may have 
ceased earlier after the magma source became sufficiently deep 
(>200 km) so that magma might not be able to intrude onto the 
surface. 

Results of similar calculations using different melting rela-
tions will be presented and their implications on magma generation 
will be discussed. 

References 
[1] Weertman, J. (1970) Rev. Geophys. Space Phys., 8, 145-168. 
[2[ Weertman, J. and Weertman, J.R. (1975) Ann. Rev~ Earth 

Planet. Sci., 3, 293-315. 
[3] R1ngwood, A.E. and Essene, E. (1970) Science, 167, 607-610. 
[4] Toks~z, M.N., Hsui, A.T. and Johnston, D.H. (1977) The Moon, 

in press. 
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Figure 1: Evolution diagram of the Moon using the basalt 
solidus of Ringwood and Essene (1970) as the melting curve, Tm· 



DYNAMICAL EFFECTS ON EARLY PLANETARY THERMAL EVOLUTION. 
William M. Kaula, Dept. of Earth & Space Sciences, Univ. of 
California, Los Angeles, CA 90024. 

Given that dynamical plausibility requires a stage of plane-
tesimal growth to intervene between the smoke produced by initial 
condensation and the formation of planets, then most of the mass 
and energy delivered to a planet in the later stages of its 
growth was by high velocity impacts of rather large bodies, 
perhaps small compared to the planet itself, but at least compar-
able to the larger present asteroids . Such bodies not only de -
posited energy at considerable depth, but also provided the 
principal energy transfer mechanism by impact stirring, at least 
until temperatures were raised enough for thermal convection to 
be significant. A corollary result is that the energy delivery 
was very heterogeneous. These points have long been emphasized 
by Safronov and co-workers (1); we present here a simple model, 
modified from one of Safronov (2) , and discuss some problems as-
sociated with its parameters. 

Mixing of material by impacts results in an effective ther-
mal diffusivity K characterizable by frequencies of motions per 
element, n, over mixing lengths , ~' dependent on a spectrum of 
impact energies, E: 

E . 
K(z) = !J X 8n(E)~2(E)dE 

2 E(z) 8E 
(1) 

where Ex is the maximum impact energy and E(z) is the smallest 
energy to af~ect depth z . Assume: (a) all impact velocities 
equal v2 = v ~GM(2+1/8)/R where M,R are protoplanet mass & 
radius, so that the spectrum can b~ transf9rmed ~nto one ?f 2_ 
masses; (b) a mass rate spectrum 8N(m)/8m=Cm-q, C = (2-q)M/mx q 
where mx is the largest infalling mass; (c) an effective con-
tribution by each impact over the area nR& of its crater, so that 
n = ~(nR&)/( .4nR2); (d) a proportionality of mixing length to 
depth affected ~ = AdA; (e) a proportionality of depth affected 
to crater radius dA = ~Rc; and (f) a dependence of crater radius 
on energy, thence impacter mass , and gravity, thence proto-
planet mass, of the form Rc = k(mv2/2)1/Yj2gP~A(v)ml/Y. Sub-
stituting all these plus g = GM/R2 and M = 4npR3/3 in eq. 1 
and integrating obtains: 

K(z) = FR[l-Hz~], (2) 
where 2 2 4 4/ - 1 

F = TIA ~A (2 - q)pmx y · y/2~ 
H = ( ~Am}/Y) -~ 
~ = 4+ ( 1 - q) y ' 
A= k(l+l/28) 11~4TIGp/3)l/y-pR2/y-p/2l/y } ( 3) 
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Plausible numerical values (cgs thruout) are: p = 3.0; 8 = 4; 
q = 1. 8 , mx = ~1/ 8 8 3::: . 0 2 5 R 3 ( 1) ; A = 1/13 ( 2) ; Jl = 0 . 4 ( 3 ) • 
k = 8xlo-2, y = 3.56 p = 0.156 ~4). Thence F~3xlo-9RI.62mx0.124 
:2xlo-9R2.00, H~5xlo2mx0.32R-0.4 :::1.6xl03R-1.44, ~~1.152. For 
R = 2xlo-7cm/sec (compatible with a 108 year formation time), 
K>.Ol requires R>50 km, and R = 6000 km gives K(O) = 144. 

For the rate of energy input into heat per unit area, we 
have . 

E
0 

= h(~2/2)~/4rrR2 = h(l+l/28) (4rrGp 2/3)R2R (4) 
The principal.unknown in this expression ish, the portion of 
the kinetic energy going into heat. Although it has been cal-
culated that for hypervelocity impacts h>0.8 due to melting & 
vaporization (5), a large part of this may be radiated away be-
fore the impacted material falls back. 

To estimate the temperatures attained, use the plane layer 
moving boundary approximation: 

8T(z,t)/8t = K(z)8 2T/8z 2+(8K/8z-R)8T/8z+E(z) (5) 
and assume constancy of energy input and diffusivity to the 
maximum depth: 

K 

where 
= VR, E = UR to z = H-l/~ = JlAm~/Y 

v = 
The rate R thus cancels out, and the 
eventually attained is: 

T(z) = T +U[z-Ve-Z/V(ez/V_l)] 
0 

steady state solution 

(6) 

( 7) 

( 8) 

Numerical 
meters as 

7 values for h = 0.2, T0 = 0, Cv = 10 , and other para-

Planet 
mx 

g 
lo22 
lo23 
1024 
1025 
lo26 

specified above are: 
R = 6xl0 8cm Planet R = 1.5xl08cm 
z 
km 
226 
429 
813 

1542 
2924 

T(Z) Z T(Z) 
0 c km 0 c 
972 132 138 

1152 250 178 
1396 475 222 
1790 
2140 

For a satellite there will be an enhancement of energy input due 
to greater velocities caused by the nearby planet, but also 
greater energy loss from material knocked off into planetocentric 
orbit to be later swept up at lower impact velocities by the 
satellite. 

The model presented herein can obviously be improved in 
several respects: (a) allowance for dependence of mixing length 
~ on gravity g; the assumption ~adAaRcaEl/YjgP results in twice 



DYNAMICAL EFFECTS ON EVOLUTION 

W . .H. Kaula 

as high a portion of impact energy going into mixing on the earth 
as on the moon; (b) avoidance of the assumption £adA or dAaRc, 
since these result in an implausible increase of mix i ng effec-
tiveness with impact energy ; (c) allowance for variation of 
energy deposition density with depth for a given impact, f(z,E) 
or f (z ,m) ; etc. 

As an indicator of the effect of heterogeneity of impact 
location, given in the Figure is the result of a Monte Carlo 
calculation assuming that the last 75 km was added to the moon 
by (a) planetesimals with a mass spectrum characterized by 
mx = 5xl023g, q = 1.6; {b) the impact- velocities averaged 5 . 5 
km/sec; {c) . 10% of the impact energy was converted into heat; 
(d) this heat was distributed uniformly over each crater. 
References: (1) Safronov, V.S. Evolution of the Protoplanetary 
Cloud and Formation of the Earth and the Planets, NASA Tech. 
Trans. TTF-677, 1972; (2) Safronov. V. S. The heating of the 
earth during its formation , Icarus, in press, 1977; {3) Pike, 
R.J. Geophys. Res. Let., 1, 291 , 1974; (4) Maxwell, D.E. 
Simple Z-model of cratering , ejection, and the overturned flap, 
Proc. Symp. Planetary Cratering , Flagstaff, in press , 1977; {5) 
O'Keefe, J.D. & Ahrens, T.J . , Lunar Science VIII , 741, 1977. 
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FRACTURE-ZONE ASSOCIATED BASALTIC IGNEOUS ACTIVITY: EX-
AMPLES FROM WESTERN NEWFOUNDLAND AND THE CENTRAL ATLANTIC, W.S.F. 
Kidd, S. E. DeLong, J. F. Dewey, P. J. Fox, J. KRrson, T. Shibata, 
all Dept. Geol. Sciences, SUNY-Albany, NY 12222 

Oceanic crust and mantle adjacent to fracture zone extensions 
of ridge/r idge transform faults consists of two strips on either 
side of and parallel with the fracture zone. Another strip with 
a transform fault deformation history is welded to a younger 
strip that has not suffered a transform history. Observations of 
oceanic fracture zones and theoretical model building indicate 
that both strips have quite different and complex petrologic and 
structural histories and relationships from oceanic crust and 
mantle generated at ridge segments away from fracture zones. Off-
ridge axis volcanism has been reported from some oceanic fracture 
zones. Our studies have concentrated on the Oceanographer Frac-
ture Zone where the distribution of basaltic occurrences can be 
interpreted in relation to changes in plate motion. Geologic re-
lationships predicted by our simple model building are matched in 
a remarkably precise way in ophiolite assemblages in Western New-
foundland . The Coastal Complex, a hitherto enigmatic, varied, 
and complex assemblage of sediments, and ultramafic and mafic ig-
neous rocks is believed to have acquired its complexity during 
movement through a late Cambrian ridge/ridge transform domain and 
past a ridge termination. The Bay of Islands Ophiolite Complex 
is, in one region, in structural continuity with the Coastal Com-
plex and is believed to have originated on the non-transform side 
of that ridge termination past which the Coastal Complex was mov-
ing. This late Cambrian/early Ordovician fracture zone may have 
nucleated the medial Ordovician obduction site, the younger high-
er Bay of Islands Complex riding across the older, lower Coastal 
Complex side and, locally, carrying with it and preserving strips 
of the older fracture zone assemblage. 

The high frequency of fracture zones along some accreting 
plate margins in modern oceans suggests the likelihood that ophi-
olite complexes will contain portions of oceanic crust and mantle 
preserving a fracture zone history. This likelihood is further 
enhanced if fracture zones nucleate obduction zones. Many pub-
lished accounts of ophiolite complexes, particularly in the Alpine 
System of Europe and the Middle East, include descriptions of 
petrologic and structural relationships that accord well with re-
lationships observed in the Coastal Complex and also may have 
been developed in oceanic fracture zones. 



STRUCTURAL EVOLUTION OF RIFT ZONES ON MAUNA LOA 
VOLCANO, HAWAII- - DO ANALOGOUS STRUCTURES EXIST ON OTHER PLANETARY 
VOLCANOES? Peter W. Lipman, U.S. Geological Survey, Denver, CO 
80225 

Tholeiitic Hawaiian shield volcanoes such as Mauna Loa and 
Kilauea are characterized by linear rift zones which extend 
outward from summit calderas (figure 1). Virtually all eruptive 
activity occurs at the summit caldera or along the rift zones, 
and the rifts are characterized by open fissures, spatter 
ramparts, and spatter cones. Fissures are as much as several 
meters across, ramparts are as much as several tens of meters 
high, and individual spatter cones are as much as 75 meters high. 
These features are large in comparison with the morphologic 
relief on associated lava flow (rarely more than a few meters), 
and should be conspicuous on any remote immagry sufficiently 
detailed to permit recognition of morphologic features of flows . 

50km 

Figure 1. Topographic map of the island of Hawaii and 
vicinity. Coarse stippled pattern marks the rift zones of Mauna 
Loa and Kilauea volcanoes. Contour interval 300 m. 
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STRUCTURAL EVOLUTION OF RIFT ZONES . . . 

Lipman, P.W . 

Hawaiian rift zones are interpreted as reflecting complex 
equilibrium interactions between injection of magma into upper 
parts of the volcano, gravitational slumping of the volcanic 
edifice, and buttressing of the edifice by adjacent volcanoes. 
Mauna Loa, the earth's largest basaltic shield volcano, is 
especially structurally complex, in comparison with other 
terrestrial and extraterrestrial shields, probably in large part 
owing to the buttressing effect of adjacent volcanoes on Hawaii 
Island. The 50-km-long SW Rift Zone, historically active along 
most of its len§th, extends from the summit to the sea, and has a 
conspicuous 40 · change in strike in its middle part. In 
contrast , the historically active sector of the NE Rift Zone is 
only 15 km long, does not extends to sea level as a clearly 
defined feature, and is nearly straight. Radial vents are fairly 
common between the rift zones on the northwest flank of the 
volcano, but are entirely absent on the southeast side. 

Other structural complexities of Mauna Loa appear to reflect 
interaction with the concurrently growing Kilauea volcano. In 
particular , as Kilauea developed into a sizable volcano, it began 
to form a southern barrier to Mauna Loa swelling. As a result, 
the lower part of the NE Rift Zone of Mauna Loa became 
buttressed, resulting in reduced rates of volcanism along this 
part of the rift, and the SW Rift Zone began to migrate westward, 
producing the conspicuous bend in its middle sector. 

Features analagous to Hawaiian rift zones should be expected 
on other planetary shield volcanoes whenever adjacent volcanoes 
are sufficiently close to buttress one another; otherwise a more 
nearly radial pattern of flanking vents should be expected. 



THE TAOS PLATEAU VOLCANIC FIELD, NORTHERN RIO GRANDE 
RIFT, NEW MEXICO, Peter W. Lipman, U.S. Geological Survey, 
Denver, CO 80225 

The Taos Plateau, a 
2
previously undescribed volcanic field 

covering more than 1500 km along the Rio Grande rift in northern 
New Hexico, is a prime study area for the Basaltic Volcanism 
Project, Team 1. Recent mapping, major- and minor-element 
chemistry, and K-Ar dating indicate that the Taos Plateau 
volcanic field consists of a compositionally diverse late 
Cenozoic suite ranging from tholeiitic basalt to silicic 
rhyolite. The entire suite, constituting one of the largest and 
compositionally most variable volcanic fields along the Rio 
Grande rift~ was erupted in a relatively brief time span, between 
about 4.5 and 2.0 m.y. ago. Younger and older basaltic rocks 
occur on each side of the rift, adjacent to the Taos Plateau, and 
early-rift and pre-rift volcanics also occur adjacent to and 
beneath the Taos Plateau volcanics. Despite their location in a 
well developed extensional rift setting, all the Taos Plateau 
rocks were erupted from central volcanoes, more than 30 of which 
have thus far been identified. No fissure vents are exposed, 
although some basaltic cones are aligned in a N-S direction 
parralel the regional trend of extensional faulting. 

The most volumetrically abundant and widespread rocks of the 
v o 1 c ani c f i e 1 d a r e d i s t inc t i v e d i kt y t ax i t i c o 1 i v in e t h o 1 i e i i t e s 
of the Servilleta Formation. These flows were erupted from low 
shield volcanoes intermittently during the growth of the volcanic 
field, and they occur above and below most of the other rock 
types. Silicic alkalic basalts (hawaiite) occur only sparsely 
within the Taos Plateau, but similar flows are the dominant 
basalt type east and west of the northern Rio Grande rift. 
Scattered flows of xenocrystic basaltic andesite, containing 
large resorbed crystals of plagioclase, quartz, and sparse 
sanidine, are the youngest mafic flows of the Taos Plateau area; 
their vents are marked by large cinder cones. Olivine andesite 
was erupted from at least 5 large shield volcanoes, and sparsely 
porphyritic rhyodacite forms 7 steep-sided central volcanoes. In 
contrast, there is only a single quartz latitic dome and one 
rhyolite dome complex. 
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THE TAOS PLATEAU VOLCANIC FIELD ... 

Lipman, P.W. 

Main rock types of the Taos Plateau Volcanic Field 

Unit 

Olivine 
tholeiite 

Silicic-
alkalic 
basalt 

Volcano 
or 

Foqnation 

Servilleta 49-51 

Los -49-53 
Mogotes 

Xenocrystic Pinabetoso, 52-55 
basaltic La Segita 
andesite 

Olivine 
andesite 

Rhyodacite 

Quartz 
latite 

Rhyolite 

Cerro de 
Aire, 
Montoso, 
de la Olla 

San 
Antonio 
Ute, 
Guaduloupe 

Cerro 
Chief lo-· 

No Aqua 

61-62 

67 

7 6. 5 

Phenocrysts 

Sparce 
olivine 

Olivine 

Resorbed 
qtz. 
plag, san. 

Olivine 

Sparse 
aug. , 
hyper. 

Piag., 
hbl. 

Sparse 
qtz,sodic 
san. 

2 

REE 

Low 
Lt/Hvy 

High 
Lt/Hvy 

High 
Lt/Hvy 

High 
Lt/Hvy 

High 
Lt/Hvy 

",small 
Eu(-) 

Low 
Lt/Hvy, 
large, 
Eu(-) 

K-Ar age, 
m.y. 

2.5-4.5 

4.0-25 _. 

1.8-2.2 

2.3-3.4 

3.0-4-.7 

'V4? 

3. 8 . 



THE TAOS PLATEAU VOLCANIC FIELD ... 

Lipman , P . W. 

Basaltic rocks are the dominant compositional type on the 
Taos Plateau, and in general the volume of the different rock 
types decreases as silicic content increases. Individual 
volcanoes tend to be compositionally uniform, although limited 
erosional dissection prevents detailed evaluation of 
compositional variations. Even though a complete a compositional 
range from basalt to rhyolite is present in the volcanic field, 
the different rock types cited above and in the table seem to be 
discrete types, with distinct compositional and petrographic gaps 
between adjacent types. An imperfect concentric pattern char-
acterizes distribution of the larger volcanoes: the tholeiitic 
shields occur in the center of the volcanic field, the rhyodacite 
volcanoes are furthest out, and the andesites occur at 
intermediate positions. The two smaller silicic lava domes occur 
in the central part of the volcanic field. In general, rocks of 
the Taos Plateau volcanic field seem petrologically similar to 
the pre-ash-flow rocks of the Jemez Hountains 100 km to the 
southwest. No large shallow silicic magma chamber or future 
caldera-forming ash-flow eruption seems likely for the Taos 
Plateau volcanic field, however, as indicated by eruption of 
basaltic lavas from the central part of this field late in its 
history. Such basalt would not have been able to penetrate a 
sizeable silicic magma body. 

Despite the fairly simple inverse correlation between volume 
and composition, the various rock types of the Taos Plateau field 
cannot have been generated by low-pressure fractional 
crystallization of basaltic magma, using the observed phenocryst 
phases. On the basis of existing major-and minor-element data, a 
more probable model for orgin of the magmas involves different 
degrees of partial melting in the upper mantle, perhaps at 
variable depths as well. The olivine tholeiites would result 
from the greatest degree of melting, as indicated by their little 
fractionated light/heavy REE patterns; the more silicic and 
alkalic magmas would result from smaller proportions of melting. 
The most silicic rocks--the quartz latite and the rhyolite--are 
the only ones that appear to have undergone significant low-
pressure fractionation involving feldspar. These preliminary 
conclusions will be tested during the coming year by microprope 
petrographic studies, isotopic determinations, and additional 
major- and minor-element analyses. 

3 
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THE MANTLE OF MARS: SOME POSSIBLE GEOLOGICAL IMPLICA-
TIONS OF ITS HIGH DENSITY, T. R. McGetchin, Lunar Science Inst., 
3303 NASA Road 1, Houston, TX 77058, and J. R. Smyth, Q-21, Mail 
Stop 978, Los Alamos Scientific Lab., Univ. of Calif., Los Alamos, 
NM 87545. 

The density of the martian mantle is estimated to be about 
3.5 g/cc (Reasenberg, 1977). Model mineral assemblages (at 30 kb) 
can be calculated using a modified CIPW norm scheme by adding FeO 
to model terrestrial mantle compositions. The density of the · 
resulting mineral assemblages vary with increasing FeO content. 
With pyrolite starting compositions for the terrestrial mantle, 
the resulting model martian mantle with density of 3.55 g/cc is 
not garnet-lherzolite like the earth; rather it is an assemblage 
properly called oxide-garnet wehrlite (oxide 2%; garnet 11%; 
olivine 73%; clinopyroxene 12%; with no orthopyroxene). 

Partial melting of such an assemblage may yield iron-rich, 
ultrabasic lavas, which would have extremely low viscosities. 
Specifically, model partial melts, assuming melting from the 
quaternary eutectic (inferred to be near: op 7g42 cpx 43 ox 8 ) yields 
an ultrabasic (SiO~, 41 to 44%) picritic alkali-basaltic melt, 
with a computed viscosity of about 12 poises at l2°C. 

There are a number of geological implications which follow, 
including (1) copious flood volcanism may account for some massive 
flood and erosional features observed on Mars commonly ascribed 
to water; (2) the XRF inorganic chemistry experiment on Vikings 1 
and 2 (Baird, 1976} indeed may be measuring compositions approach-
ing primary lavas, contrary to current interpretations which 
favors a rather mature (weathered) soil, (3) ultrabasic (ferro-
kimberlitic} ash might be a major constituent of the martial soil, 
especially if cosmological models concerning the incorporation of 
much volatile material within the early accreting Mars are correct, 
(4) a number of mineral assemblages not previously considered are 
possible in the martian mantle, depending principally on the 
activity of volatile substances, (S,O,C,H); it is possible that 
some very unusual magmas are produced on partial melting; and 
(5) some ferro-granite melts might be produced by liquid immis-
cibility. 



MELT MIGRATION: A LUNAR MODEL. John W. Minear, Geology Branch, 
NASA Johnson Space Center, Houston, TX 77058. 

Early lunar formation was dominated by the progressive crystallization, 
fractionation and solidification of a significant portion of its outer volume 
that was melted during the accretional process. Common elements to most ther-
mal and petrogenetic models of crustal formation are: (1) very early forma-
tion and flotation of a plagioclase-rich crust and an associated cumulate 
layer; (2) progressive solidification of melt between the crust and the cumu-
late layer; (3) migration of a melting zone towards the lunar interior after 
substantial solidification of the initial melt zone; (4) the association of 
basaltic liquids with both the solidifying and melting zones. On the basis of 
these models, environments both quite similar and very different from those in 
which terrestrfal basaltic melts are generated were present on the Moon. Ba-
saltic magmas on Earth are generated in regions of effectively increasing tem-
perature in which partial melting of an essentially solid rock occurs. More 
recent lunar basalts (those from Apollo 12 and 15 sites) associated with the 
downward migration of a partial melt zone are generated in a similar environ-
ment. Older lunar basaltic liquids (KREEP, those from the Apollo 11 and 17 
sites) are believed to have originated in an environment of decreasing tem-
perature and progressive crystallization (1, 2). 

A melting region is characterized by the initiation of melting at grain 
boundaries, increasing melt mobility as melting progresses and pressurized 
melt resulting from volume expansion on melting. For the case of Earth, the 
active tectonic environments associated with basalt generation (rising mantle 
regions and crustal slab boundaries) produce deformation and the relative 
motion of solid and melt (3). In this environment, pressure generated by 
melting and deformation of the solid provide the primary driving forces for 
magma migration, accumulation, and extrusion. 

A cooling environment is characterized by crystallization, contraction, 
the progressive development of a crystalline matrix saturated with melt, and 
decreasing melt mobility. In the case of Moon, little tectonic deformation 
appears to have been present. Of importance, however, is the implication from 
thermal models that the lunar lithosphere was in tension during roughly the 
first half of lunar history (4). Thus, both the stress field and meteorite 
bombardment would have contributed to fracturing in the solid lithosphere. 
Provided that the solid lithosphere supplied some lateral support, fracturing 
and the relief of this lateral support on crustal blocks would have produced a 
vertical compressive stress. Melt existing either as a melt layer or in a 
saturated crystalline matrix beneath these crustal blocks would have been 
pressurized and would have tended to migrate toward the surface along the 
fractures. A simple hydrostatic model has been used to determine the heights 
to which basaltic magma will rise from a melt layer (5). This model success-
fully explains many of the characteristics of mare basalt distribution. 

In view of the probable existence of a saturated porous crystalline media 
during much of the time of mare basalt extrusion, I have applied a simple 
model of fluid flow in a porous media to lunar basaltic melt migration. The 
model assumes an infinite porous layer saturated with basaltic melt andbounded 
by an impermeable layer below. Melt can flow freely from the top of the laye~ 
The melt is assumed to be under an initial pressure due to the sudden loading 
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MELT MIGRATION: A LUNAR MODEL 

Minear, J;w. 

of the porous layer. 
It follows directly from the equations representing the model that the 

mass flux of melt through the top of the layer decreases exponentially with 
time from a maximum value that is proportional to the initial melt pressure 
and the square root of the permeability and inversely proportional to the 
square root of the melt viscosity. As melt is depleted from the layer and melt 
migration 11 Sees 11 the bottom of the layer mass flux from the top of the layer 
decreases very rapidly. Thus, the thinner the melt zone the more rapid will be 
the decrease in surface mass flux. Permeabilities consistent with 10-20 per-
cent melt, a viscosity of 100 poise and an initial pressure excess of 1 kilobar 
yield mass-flux rates of the order of several hundred gm/cm2 yr. These high 
flux rates would occur within the first few days after loading initiated a 
melt pressure increase. Flux rates decline rapidly and decrease by two orders 
of magnitude after several hundred years. 

Melt velocity in the crustal fractures that tap the melt zone must be 
great enough for the melt to reach the surface before it solidifies. As melt 
is depleted from the melt zone around a fracture, flux rates will decrease so 
that melt flow up the fracture will be insufficient to prevent solidification. 
An implication of these results is that basalts will be extruded in short 
pulses, very shortly after fractures tap the melt zone. 

Progressive solidification will reduce the permeability of a porous melt 
zone and thus the melt-flux rates. This may be an important effect in the 
gradual reduction of volcanism with time. 
References: 
(1) 

(2) 

(3) 

(4) 

(5) 

Hubbard, N. J. and Minear, J. W., A physical and chemical model of early 
lunar history, Proc. Lunar Sci. Conf. 6th, 1057-1085, 1975. 
Ringwood, A. E. and Kessen, S. E., A dynamic model for mare basalt petro-
genesis, Proc. Lunar Sci. Conf. 7th, 1697-1722, 1976. 
Frank, F. C., Two-component flow model for convection in the Earth's upper 
mantle, Nature, 220, 350-352, 1968. 
Solomon, S. C. and Chaiken, J., Thermal expansion and thermal stress in 
the Moon and terrestrial planets: clues to early thermal history, Proc. 
Lunar Sci. Conf. 7th, 3229-3243, 1976. 
Solomon, S.C., Mare volcanism and lunar crustal structure, Proc. Lunar 
Sci. Conf. 6th, 1021-1042, 1975. 



RIFT VALLEYS AND VOLCANISM IN ASIA RESULTING FROM 
CONTINENTAL COLLISION, Peter Molnar, Department of Earth and 
Planetary Sciences, Massachusetts Institute of Technology, 
Cambridge, MA 02139, and Paul Tapponnier, Laboratoire de 
Geologie Structurale, U.S.T.L., Place Eugene Bataillon, 
34060 Montpellier Cedex, France 

The Baikal Rift System in Siberia, the Shansi Graben in 
eastern China and the region between them are associated with 
basaltic volcanism. We think that both rift systems result 
from extension that is caused by the collision of India with 
with Eurasia. Although the collision causes shortening of much 
of Asia, the low stresses associated with subduction on Asia's 
eastern margin allow Asian crust to move freely eastward. Such 
an extension is predicted by an analogy with slip line field 
in rigid-plastic material. We think that many continental rifts 
and basaltic volcanism are unrelated to properties or peculiar-
ities of the aesthenosphere beneath the rifts, but instead 
are merely passive intrusions into rifts created by stresses 
applied to the plates elsewhere. 
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TERRESTRIAL PLANETS: COMPOSITIONS DETERMINED BY NEBULAR PROCESSES 
J.W. Morgan+, J. Hertogen* and E. Anders 

Introduction 

Enrico Fermi Institute and Department of Chemistry, 
University of Chicago, Chicago, Illinois 60637 

A general procedure has been derived to determine the bulk compositions 
of the Earth and Moon, and by extension, other terrestrial planets (1,2). The 
procedure rests on the reasonable premise that solar system material has under-
gone a limited number of processes in the nebula; the chondrites, as primitive 
nebular condensates, bear witness to these processes. The scheme has consider-
able internal coherence so that abundances for 83 elements can be derived from 
few geochemical and geophysical constraints. Bulk compositions derived for 
Earth, Moon and e~S!!}e parent body appear consistent with petrological and 
goephysical data • No special circumstance is required to account for 
the bulk composition of the Moon. 

Planetary Components 
Equilibrium condensation from solar gas produces three types of primo~dial 

dust: a refractory-rich early condensate; metallic Ni-Fe; Mg silicates (6 • 
Below about 700K volatiles are collected; metal reacts with H20 to give FeS 
(troilite) and with H20 to give FeO C7). The former provides an additional 
component, the latter combines with Mg silicates . These 4 components may not 
remain in their original cosmic proportions. Early condensate may be gained 
or lost by settling to the median plane before precipitation of the other 
components . Metallic Fe-Ni may be fractionated from other components by 
ferromagnetic effects. Millimeter-sized chondrules are formed just befo~S)or 
during accretion, possibly by impact melting of the original components ; 
volatiles are lost and FeS is reduced to metal. Chondrule formation aff~cts 
the same fraction of all 3 components and provides 2 further components re-
melted silicate and remelted Fe-Ni. Elements condensing below 600K may be only 
partially condensed to a degree which is unpredictable ~ priori but can be 
inferred from volatile patterns in planetary rocks. A seventh volatile-rich 
component is postulated containing these elements in porportions similar to those 
in carbonaceous chondrites (1,2). 

+ Present Address: U.S . Geological Survey, Mail Stop 923 
National Center, Reston, Virginia 22092 

* Present Address: Instituut voor Nucleaire Wetenschappen, 
Rijksuniversiteit Gent, Proeftuinstraat, 86, 
B-9000 Gent, Belgium 



TERRESTRIAL PLANETS 

Morgan, J.W. et al. 

Planetary Fractionation 
For any given planet, crustal rocks reflect at least 4 stages of fractiona-

tion: 
1) condensation and accretion from the solar rebula 
2) large scale planetary differentiation (core formation) 
3) magma formation (partial melting) 
4) igneous enplacement (fractional crystallization) 
In order to show fractionation from solar abundance patterns conventionally 
data are normalized to Cl chondrites. Nebular fractionation (which depends on 
volatility) may be distinguished from planetary effects by arranging elements 
in order of condensation temperature and grouping them according to geochemical 
behaviour (lithophile, siderophile, chalcophile). Particularly useful in deriv-
ing bulk composition are pairs of elements which are geochemically coherent in 
igneous processes but differ in cosmochemical behaviour (e.g. K/U, Tl/U, FeO/ 
MnO). Additional constraints are provided by heat flow, core size and moment of 
inertia. The proportion of each component is derived by the solution of a set 
of simultaneous equations (1,2). 

Applications 

49 

Model compositions for Earth and Moon were derived by Ganapathy and Anders (1) 
These estimates are currently being revised in the light of a lower lunar heat 
flow (9), and new analyses for terrestrial oceanic basalts. (Unpublished data). 

The composition of the eucrite parent body, based on the 7-component model 
and petrological constraints (10) is broadly "chondritic" except for a volatile 
content almost as low as the Moon (11). Recent estimates of the bulk composition 
of Moon also suggest low volatile abundances (12). It seems unlikely that the 
low volatile content of the Moon is sufficiently unique to demand a special 
mechanism for its origin (13,14) 
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THE NATURE OF PRIMARY OCEAN-FLOOR BASALTS. J. M. Rhodes, Lockheed 
Electronics Co., Inc., Houston, TX 77058 and M.A. Dungan, Lunar Science 
Institute, 3303 NASA Road 1, Houston, TX 77058. 

In recent years it has become widely accepted, following O'Hara (1), that 
the vast majority of ocean-floor basalts are of an evolved nature, differen-
tiated from more primitive, mantle-derived, primary magmas. Evidence of this 
is to be found in Mg'-values* and Ni concentrations that are too low to be 
compatible with direct derivation by partial melting of model mantle composi-
tions (1,2), and in the cotectic nature of most basaltic liquids. What, then, 
are the characteristics of the primary magmas from which ocean-floor basalts 
are derived? Petrographic studies recognize three major ocean-floor basalt 
types on the basis of the first-formed phenocryst phases. These are olivine, 
plagioclase and pyroxene tholeiites respectively (3). There is a further 
implication that the olivine and plagioclase tholeiites reflect two composi-
tionally distinct primary magma types, whereas the pyroxene tholeiites are 
evolved. Most plagioclase tholeiites described to date lack the attributes of 
mantle-derived magmas; there are none with Mg'-values greater than 0.68 and all 
have Ni abundances below 200 ppm (Fig. 1). Furthermore recent experimental 
evidence suggests that the plagioclase phenocrysts in these rocks are not 
necessarily in equilibrium with melts corresponding to the whole-rock or 
residual glass compositions, and may have been added to evolved cotectic 
magmas. In view of the uncertain status of primary plagioclase tholeiites we 
believe that only olivine tholeiites satisfy the requirements for primary 
mantle-derived magmas. It is the purpose of this article to show that several 
lines of evidence converge towards a distinct, reasonably well-defined primary 
magma-type. 
Phenocryst compositions. The maximum forsterite-content of olivine phenocrysts 
from ocean floor basalts is about Fogo· Commonly, these maximum values are 
preserved in the coves of zoned phenocrysts. Since they are too forsteritic to 
be in equilibrium with magmas corresponding to the host rock compositions, and 
they are not fragments of mantle material, we infer that they are ~elics from 
a more primitive melt mixed with evolved, but consanguineous, magmas in shallow 
magma chambers. Fe/Mg partitioning between olivine and melt (4) indicates that 
magmas in equilibrium with olivine (Fogo) should have Mg'-values between 0.70 
and 0 . 75 (KD = 0 . 27-0 . 33), much higher than those commonly observed in ocean-
floor basalts (Fig. 2). Similar relationships also hold for plagioclase pheno-
crysts. Microphenocryst data from basaltic glasses, together with 1 atm melting 
experiments on aphyric basalts, indicate that plagioclase in equilibrium with 
such melts rarely exceeds Ansa · Yet many ocean-floor basalts contain zoned 
plagioclase phenocrysts with cores that are as anorthitic as Ans6-g2· We take 
this as evidence of derivation from more primitive melts characterized by higher 
CaO-contents and CaO/Na20 ratios. 
Melt inclusions . Glass inclusions in phenocrysts of olivine, plagioclase and 
spinel vary widely in composition, reflecting both a liquid-line of descent and 
phenocryst -melt interactions. Allowing for those uncertainties, and back-
calculating to remove the effects of c r ystal fractionation , certain well-defined 

~·,Mg' = Mg I (Mg+Fe) 
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characteristics emerge. The more mafic glass inclusions have Mg'-values that 
approach 0.70, they are low in Ti02 and Na20 (less than 1.0 and 2.0% respec-
tively) and are high in CaO (>12%). Table 1 contains two such examples: one 
is the average composition of melt inclusions in spinel (5) and the other is an 
inclusion in olivine adjusted for olivine fractionation. 
Glass and whole rock data. Melson et al. (6) have compiled over 600 analyses of 
basaltic glass from the Pacific, Atlantic and Indian oceans. These data, 
supplemented by other glass analyses (Fig. 2), provide the best information 
available for basaltic liquid compositions. The most mafic glasses observed 
have Mg'-values around 0.70, and none exceed 0.72. Such values are compatible 
with liquid compositions estimated from olivine phenocryst data, and correspond 
closely with values predicted for primary magmas derived by partial melting of 
model mantle compositions (7). Another important aspect of this data compilation 
is the limited variation in other components for glasses with high Mg'-values. 
All are characterized by low Ti0 2 (0.6-0.9%) and Na20 (1.7-2.1%) and by high 
CaO (12-13.5%). These values correspond closely with the characteristics pre-
dicted from melt inclusion data. CaO/Na20 ratios are high (> 6) relative to 
more typical ocean floor basalts (4-5), and are commensurate with the An-rich 
phenocrysts discussed earlier. Rock samples having identical characteristics 
to these primitive glasses have been identified from the South Atlantic (8) 
and from the mid-Atlantic Ridge at 45°N (9) and from the FAMOUS area (10). 
Most other basalts described to date are either more evolved, or are picritic 
with higher Mg'-values resulting from olivine accumulation. Apart from the 
textural evidence, such accumulative rocks can be distinguished from the 
primitive melt compositions by a lower CaO content. 
Ni content. Assuming a peridotite source with about 2000-2400 ppm Ni, one can 
calculate that the Ni content of a magma resulting from mode~ate amounts of 
partial melting should be between 200-300 ppm (assuming Niol/lq ~ 12). These 
hypothetical values correspond closely with the Ni content of rocks with Mg'-
values close to 0.70 (Fig . 1). Rocks with lower Mg'-values and correspondingly 
higher Ni abundances contain accumulative/olivine phenocrysts and do not 
reflect liquid compositions. If the Ni01 lq distribution coefficient is lower 
(~ 3), then much higher Ni values are required for primary basalts (~ 1000 ppm). 
There are no fine-grained or glassy basalts described to date that contain more 
than about 300 ppm Ni. 
Conclusions. Various lines of evidence, including phenocryst compositions, melt 
inclusions, Ni abundances, and glass and whole-rock chemistry point towards a 
specific, well-defined, primary magma-type characterized by high Mg'-values 
(0.70-0.72), high CaO content (12.0-13.5%), and low Ti02 (0.6-0.9%) and Na20 
(1.7-2.1%) abundances. Several examples of this basalt type are given in 
Table 1. If this proves to be a suitable parental composition for ocean-floor 
basalts in general, it will place important constraints on their petrogenesis. 

REFERENCES : (1) O'Hara M. J. (1968) Nature 220, 683-6. (2) O'Hara et al. 
(1975) Phys. Chern. Earth 2_, 571-604. (3) Shido et al. (1971) Contr. Mineral. I 
Petrol . ll• 251-266. (4) Roeder and Emslie (1970) Contr. Mineral. Petrol. 29, 
275-289. (5) Donaldson C. H. and Brown R. A. (1977) Earth Planet. Sci. Let~ ! 
.Cin press). (6) Melson et al. (1976) in Geophysics of the Pacific Ocean Basin t 
and Its Nargin, 351 - 367, A.G.U. (7) Green D. H. (1970) Trans. Leicester Lit. ! 

Phil. Soc . 44, 26-54. (8) Frey et al. (1974) J . Geophys. Res. 79, 5507-27. 
,(9) Rhodes et al., unpubl. data. (10) Bryan and Moore (1977) B;;Tl, Geol. Soc. 
~ 88, 556-570 . 
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Table 1: Primitive Nagma Compositions 
2 3 4 5 

Si02 50.3 49.4 48.96 50.26 49.58 
Ti02 0.73 0.81 0.82 0.61 0.65 
Al2o3 16.6 15.64 15.75 14.21 14.43 
FeO 7.99 7.44 8.52 6.82 8.19 
MnO 0.12 0.15 0.13 0.10 
MgO 10.2 10.01 9.79 11.89 11.64 
CaD 13.2 12.93 11.92 13.46 12.89 
Na2o 2.00 1.95 1.97 1.42 l. 70 
K2o 0.01 0.17 0.11 0 .• 07 0.03 

P205 n.d. 0.08 n.d. n.d. 0.04 
s n.d. 0.06 n.d. n.d. n.d. 
cr2o3 0.07 0.14 n.d. 0.10 n.d. 
Total 101.22 98.78 97.97 98.94 99.14 
Mg' .717 .727 .695 .775 .717 
CaO/ Al2o3 .795 .827 .757 .947 .8.93 
Ca0/Na2o 6.6 6.6 6.1 9.5 7.6 

1. Frey et al. (1974}: 2. Rhodes - 45°N, MAR: 3. Bryan et al. 
(1977} - FAMOUS #525-5-3: 4. Donaldson (1977} Melt inclusion in 
spinel: 5. Microprobe analysis of melt inclusion in olivine 
(Fo90} reconstructed such that Mg' • 0. 72. 
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LUNAR AND MARTIAN FLOOR-FRACTURED CRATERS. Peter H. 
Schultz , Lunar Science Institute, 3303 NASA Road 1, Houston, 
Texas 77058. 

Crustal weaknesses created by impact craters represent the 
primary pathways for lunar basaltic volcanism. Such volcanic 
centers are expressed by mare-filled craters ranging in size from 
smaller than 10 km in diameter to the largest basins. In addition, 
over 200 lunar craters exhibit floor fractures and other tectonic 
modifications that provide important clues for the distribution, 
timing, and ·the style of volcanism associated with the much larger 
lunar basins (e.g., see Pike, 1971; Schultz, 1976). Mars (Schultz 
et al., 1973) and perhaps Mercury (Schultz, 1977) also exhibit 
impact craters with endogenic modifications. Consequently, where 
flow termini and other indicators of internal processes are absent 
or ambiguous, floor-fractured craters provide a record of the 
thermal history of the planet. 

The volcanic history of Mars appears to be considerably more 
complex than the volcanic history of the Moon. Nevertheless, the 
existence and distribution of floor-fractured craters on Mars 
suggest that one phase of volcanism resembled the mare-inundation 
sequence for the Moon. Specifically, over 70 floor-fractured 
craters have been identified on Mars from the Mariner 9 record and, 
as on the Moon, generally occur near the borders of the vast 
martian smooth plains of the northern hemisphere (see Figure 1). 
A wide range of crater morphologies has been affected: from craters 
with degraded rims to craters with well-preserved ejecta facies. 
The latter type of modified crater suggests that either the 
erosional rate is comparable to the lunar rate or the modification 
process is relatively recent. 

The style of crater modification is also generally similar 
to lunar floor-fractured craters with several fascinating exceptions. 
Both lunar and martian floor-fractured craters rarely exhibit radial 
fractures beyond the crater rim, thereby indicating an intrusion 
localized beneath the crater floor. Examples on both planetary 
bodies exhibit the development of moats near the floor boundaries 
with fracturing confined to the interior and either the elevation 
or removal (dropping) of the central peak complex. 

On the Moon, one end result of extensive floor fracturing and 
floor uplift is the capping of the uplifted floor by mare basalts. 
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The deceptively thin basalt cap is suggested by the unburied 
central peak, the summit of which may be above the crater rim. 
Moreover, the rim region of such extensively modified craters 
may exhibit concentric graben and additional volcanic vents 
expressed by head pits of sinuous rilles and dark-haloed craters 
along concentric fractures. Such features also have been 
recognized in and around martian craters having fractured floors 
or lava filling. 

By analogy with endogenically modified craters on the Moon, 
martian floor-fractured craters may indicate the sequence of 
inundation of irregular basaltic plains. The location of such 
craters on the margins suggest that the lava plains expand not 
only by passive enroachment by lavas with remote vents but also by 
active, parasitic eruptions within certain pre-existing impact 
craters. Moreover, many craters that appear to be filled with air-
borne deposits may represent basalt-filled or basalt-capped crater 
floors. 

Mars clearly exhibits a tectonic and volcanic history that is 
more complex than the Moon. Further complexity in martian geologic 
history is suggested by the possible existence of permafrost and 
running water. Martian craters with trapped, frozen volatiles could 
respond to volcano/tectonic modification by catastrophic releases 
of water as postulated by Baker and Milton (1974) and others, whereas 
lunar craters responded by fracturing, uplift, and mare flooding. 

Baker, V. R. and Milton, D. J., 1974. Erosion by catastrophic 
floods on Mars and Earth . Icarus, 23, 27-41. 

Pike, R. J., 1971. Genetic implications of the shapes of martian 
and lunar craters. Icarus, 15, 384-395. 

Schultz, P. H., 1976. Floor-fractured lunar craters. Moon 15, 
241-273. 

Schultz, P. H., 1977. Endogenic modification of impact craters 
on Mercury . Physics of the Earth and Planetary Interiors. 
(In press). 

Schultz, P. H., Manley, W. D., Jr., and Ingerson, F. E., 1973. 
Comparison of lunar and martian crater floors. EOS, 54, 
p. 1127. 
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Figure 1. Distribution of martian floor-fractured craters based on Mariner 9 
images. Striated areas indicate plains; dotted areas indicate 
volcanic features; and strippled areas indicate chaotic and fretted 
terrains . 
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TERRESTRIAL THERMAL MODELS - IMPLICATIONS FOR BASALT GENERATION 
Norman H. Sleep, Dept . of Geological Sciences, Northwestern University, 
Evanston, Ill. 60201 

Thermal models of terrestrial regions often contain variable amounts of 
petrological input. If these models in turn are to be used to obtain con-
straints on a petrological process some care is warranted. Quick analytical 
calculations can generally be made to test the reasonability of hypotheses 
when no published thermal model is available. In this report I discuss, in 
order of increasing complexity, three items of relevance to the generation 
of basalts on the earth: (1) mid-oceanic ridges; (2) island arcs; and (3) 
general geothermal gradients away from plate boundaries. 

Mid-oceanic ridges. The general shape of the hot regions beneath a mid-
oceanic ridge can be calculated using the kinematics of the ridge. The 
adiabatic gradient of the upwelling material and the source zone of basaltic 
melts must be determined from petrology, because geophysical data alone can-
not constrain temperatures at depth to better than 10%. The thermal conduc-
tivity and specific heat of crustal and mantle rocks are fairly independent 
of rock type and well constrained by experiments. Published models can be 
rescaled to a petrologically determined implacement temperature by multiplying 
the isotherms by a constant. Thermal calculations can provide little informa-
tion on the kinematics of the hot region below the ridge or the initial depth 
of origin of the material that becomes the oceanic lithosphere. 

Latent heat of basalt is a minor amount of the total thermal energy of 
mid-oceanic ridges. In the basaltic crust about 1/5 of the excess thermal 
energy is latent heat. Including this heat in a mathematical model is diffi-
cult because the heat is released when freezing occurs at a location not 
known in advance. Two end-member models exist for eutectic melt: (1) the 
magma chamber remains completely molten and material loses all its latent 
heat when it plates on the top of the magma chamber; and (2) the magma cha1nber 
is flat-topped at the ridge axis and molten material spreads laterally across 
the top of the chamber losing its latent heat as crystals form and settle to 
the bottom which is filled with cumulate mush. In either hypothesis, the 
chemistry does not resemble the cooling of an isolated batch of melt since 
material is continually added to and removed from the magma chamber. 

The second hypothesis is more compatible with topographic, gravity, and 
seismic data from mid-ocean ridges and the geology of ophiolitic complexes. 
The width of the top of the magma chamber is nearly independent of spreading 
rate and proportional to the total thickness of the oceanic crust. For 5 km 
thick oceanic crust, the top of the magma chamber is about 2 to 3 km wide. 

For a non-eutectic melt the temperature of the top of the magma chamber 
will decrease away from the ridge axis. Fractionated melts may be segregated 
from the basal region of the dike intrusion zone and/or from the cumulate mush. 
beneath the molten upper part of the magma chamber. The trace element abun-
dances may differ considerably between these melts. A numerical model for a 
non-eutectic melt is possible but the isotherms would not differ greatly from 
the simpler models. 

Island Arcs . Thermal models of island arcs for petrology require exten-
sive petrological and mechanical input since the kinematics and the location 
of basalt production are not well constrained. The usual picture in text-
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books wherein the basaltic crust remains on top of the slab as a layer to 
great depths is not likely to be correct. Beneath the Aleutian Islands the 
transition from the shallowly dipping zone between the slab and accreted sedi-
ment wedge to the 'steeply dipping (-50°) zone between the slab and lithosphere 
of the island arc occurs in an interval of about 5 km. Extensive disruption 
of the oceanic crust should occur there. The lithosphere of the island arc 
may be entrained and fo~m the top of the slab. 

Frictional heating on the top of the slab can be easily modeled. About 
two kilobars of shear stress are required to balance the heat lost into the 
cool slab and produce melt. Mechanical models indicate that this amount of 
stress is excessive except perhaps locally . 

The hypothesis that island arc volcanics are generated because water of 
hydration from the subducted oceanic crust lowers its melting temperature or 
the melting temperature of the overlying mantle is unlikely because these 
volcanic rocks have exogenic ratios of water to chlorine while the oceanic 
crust should be strongly depleted in chlorine relative to water. 

The most likely source of island arc volcanics is from material which up-
wells to replace parts of the arc's lithosphere which are entrained with the 
slab. Mechanical models of these processes are difficult to construct, but 
thermal mass balances indicate that gradual attrition of the lithosphere and 
replacement by a circulating wedge of hot mantle is viable. This process may 
also occur in regions where lithospheric mantle is replaced by hot mantle, as 
in the Basin and Range Province. 

Global Heat Transfer. Petrological constraints are necessary to cali-
brate whole earth fluid models for the present and to test models for the past. 
Convection calculations suffer from a lack of knowledge of past kinematics and 
of the rheology of earth materials. Only half of the present mantle heat flow 
is simply related to plate movements. Fossil heat may also be important be-
cause the present mantle heat flow would cool the whole earth about 15QOC/3.Y. 
The cooling rate during the Precambrian implied by ultrabasic lavas can be 
thus balanced with heat lost by plate tectonic processes, ordinary heat loss, 
and radioactive heat generation to provide constraints on whichever parameter 
is most poorly known. Mean uppermost mantle thermal gradients can be easily 
computed if the temperature at great depths is known or can be inferred. 

Mantle plumes ascending from great depth are an unlikely cause of sea-
mount volcanism. A continuum exists between large features such as Hawaii 
down to tiny seamounts. Some "plume-type" volcanoes are clearly associated 
with leaky transform faults and other cracks in the lithosphere. 
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ON VOLCANISH AND THERMAL TECTONICS ON ONE-PLATE PLANETS. 
S.C. Solomon, Dept. of Earth & Planetary Sci., Massachusetts Institute of 
Technology, Cambridge, MA 02139. 

The style of crustal volcanism and tectonics on a planet is intimately 
related to the thermal evolution of the planetary interior. The relationship 
is most obvious for the Earth, on which creation and destruction of litho-
sphere is an integral part of the mechanism for transferring heat out of the 
mantle. Tectonics, volcanism and thermal history are also closely related on 
planetary bodies like Mars, Mercury, and the Moon which lack laterally mobile 
lithospheric plates (1). Interior warming of such planets leads to global 
expansion, surface extensional tectonics (Fig. la), and a crustal stress sys-
tem that aids surface volcanism by maintaining open conduits through which 
magma can reach the surface (Fig. 2a). Interior cooling leads to global 
contraction, compressional tectonics (Fig. la) and crustal stresses that act 
to shut off surface volcanism (Fig. 2b). 

Limits on the sign and extent of planetary volume change for Mercury, 
Mars, and the Moon since the period of heavy bombardment of the inner solar 
system may be set by observed crustal tectonics. By comparing these limits to 
the volume change predjcted from thermal history models and finite strain 
theory, the possible initial temperature distributions for these planets may 
be greatly restricted. Further, the extent in time of plains volcanism on 
each planet may be causally related to the length of an expansion stage in 
the planet's history. 

The evidence from the extensive lobate scarp system on Mercury for planet-
wide compression (2,3) favors initial temperatures near melting throughout 
most of the interior and completion of core/mantle differentiation prior to 
emplacement of the oldest major surface units, because core formation involves 
significant planetary expansion (4) for which no surface evidence remains (2). 
The 1 to 2 km contraction in Mercury's radius inferred from lobate scarp geo-
metries (3) can be accomplished by lithospheric cooling subsequent to global 
differentiation and/or by solidification of an inner core of y-Fe with a 
radius up to 60 percent of the radius of the outer core(S). 

A long history of expansion for Mars is suggested by the many systems of 
troughs, grabens, normal faults, and volcanic features of variable age now 
visible on the Martian surface (6). Thermal models consistent with this in-
ference involve cool initial temperatures for most of the planet and a late 
date for completion of core differentiation. Core formation on Mars involves 
less total expansion and less thermal energy release (equivalent to a rise in 
mean temperature of 150°C) than Mercury (700°C) (4) or the earth (2300°C) (7). 
Chronologies for Mars that predict early cessation of extensional tectonics 
and volcanism (e.g., 8) are not favored because of the long period of subse-
quent cooling and contraction that would be expected to yield compressional 
tectonic features. 

The absence of large scale compressional or extensional tectonics on the 
Moon limits the lunar radius to within about 1 km of its present value (9) 
for the last 3.8 b.y. The only thermal models satisfying this constraint 
involve initial temperature distributions with near melting conditions in the 
outer 200 to 300 km (1) and a cold interior (<500°C). The nearly constant 
volume is achieved by a balance between lithospheric contraction and 
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expansion of the interior. Very modest net expansion is predicted for the 
first 2 b.y. of such lunar models, followed by a slight contraction. 

It may be noteworthy that the extent of early heating in Mercury, Mars 
and the Moon increases in the order of distance from the sun but is not 
simply related to planetary mass . 

Expansion of a planet is generally accompanied by tensional tangential 
stress in the crust, a condition conducive to maintaining open channels for 
magma to feed surface volcanic flows. Conversely, planetary contraction leads 
to compressive tangential stress and a tendency for such channels to close. 
The duration of plains volcanism on a planet may be controlled by the length 
of an expansion period in the planet ' s history as much as by the availability 
of magma sources. The peak planetary volume is predicted to occur at a pro-
gressively later time for the bodies Mercury ("'4 b.y. ago), Moon (~V2.5 b.y. 
ago), and Mars (~Vl b.y. ago). By inference, the youngest large-scale plains 
volcanism on these planets should decrease in age in the same order. 
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Figure 1 . Schematic illustration of the progression in the life of a terres-
trial planet from warming, interior expansion, and crustal extension to 
cooling, interior contraction, and crustal compression . 

Figure 2 . Schematic illustration of the effect of crustal stress changes on 
plains volcanism : during extension, magma conduits remain open relatively 
easily ; during crustal contraction, magma conduits tend to be closed by 
compressive stress . 



POROUS FLOW MODELS FOR MAGMA MIGRATION, D. L. Turcotte and J . Ahern, 
Department of Geological Sciences, Cornell Univers i ty, Ithaca, N.Y . 14853. 

Partial melting occurs when the temperature of rock is increased above 
the solidus . Two likely causes of partial melting within planetary interiors 
are volumetric heat production and ascending solid-state convection. Possi-
ble sources of volumetric heating are radioactive heat sources, heating due 
to tidal dissipation, and frictional heating. Ascending convection is most 
likely associated with thermal convection within planetary interiors . 

When partial melting occurs liquid is expected to form on grain boun-
daries . The liquid on grain boundaries can be defined as a porosity X· When 
a critical value of the porosity is reached, the porosity on grain boundaries 
becomes interconnected resulting in a finite permeability k . This critical 
value of the porosity is unlikely to be more than a few per cent. Since the 
magma is lighter than residual solid the bouyancy force drives it upward. 
The residual solid has low strength at these high temperatures and it is 
appropriate to assume that the flui d pressure is equal to the overburden pres-
sure. Assuming that the magma has a Newtonian viscosity n and that Darcy's 
law is applicable, the upward velocity of the magma relative to the residual 
solid V is given by m 

v m 

k(p - p ) g s m 
n x 

m 

Since the driving force is upwards the magma will migrate vertically until it 
either reaches the surface or reaches an impenetrable barrier. 

Once fluid and melting properties are specified detailed solutions to 
the problem can be obtained . Several results are of interest: 

1.) The fluid fraction present is unlikely to be more than a few per 
cent even when the degree of partial melting is 20% or greater . The magma 
migrates upward almost as rapidly as it is produced . 

2.) The magma migrates vertically until it reaches a barrier to its 
motion. If the upward transport of heat is sufficiently large the magma may 
be frozen on the grain boundaries along which it is moving. Otherwise the 
magma will form either an intrusive or extrusive magma body. If the barrier 
to the intrusive magma body is sloping the magma body may migrate laterally. 
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EXPERIMENTAL PETROLOGY FLOW DIAGRAM FOR SELECTING DRY PRIMARY (?) 
BASALTS. Thomas M. Usselman, Dept.of Geol. Sci.,SUNY/Buffalo, Amherst NY 

To place constraints on the composition and physical state of a planetary 
mantle using experimental petrology of basalts it is important to understand 
the possible modifications which may occur to the magma while enroute from the 
site of melting to the surface. Fractionation, accumulation, assimilation, 
degassing, mixing, and reactions with its container all may tend to obscure 
the primary nature of the melt, thus limiting the inferences which can be made 
on the mantle composition. For high-pressure experimentation to be meaningful, 
the composition investigated must either represent a primary liquid (a partial 
melt unaffected by potential modifications) or a primitive liquid (a melt that 
has experienced only very limited fractionation or accumulation). It is 
essential to establish these modifications in a suite of basaltic rocks before 
deciding which member of a basaltic suite is most suitable for study by 
experimental petrology as a guide to the constitution of a planetary interior. 
A flow diagram is constructed (Fig.l) to show the steps taken by experimental 
petrologists in dealing with a planetary basalt (or hopefully a suite of 
basalts) and the decisions which can be reached by this means. The aim is to 
establish constraints on the planetary mantle constitution and integrate these 
constraints with those of geochemistry, petrology and geophysics to construct 
a model of the planetary mantle composition. 

Given a suite of basalts the initial task (#1 ,Fig.l) is to identify which, 
if any, samples can be considered representative of a liquid composition. 
Aphyric or vitreous basalts are commonly assumed to represent liquid 
compositions and the presence of isolated phenocrysts neither proves nor 
disproves this assumption. Phenocryst matching experiments test whether the 
composition of the phenocrysts are identical to those which would have 
crystallized on the surface from a liquid the bulk composition of the sample. 
If the compositions of the liquidus phase(s) are identical to the phenocryst 
core compositions, assuming experimental conditions closely match the natural 
ones, the sample can be considered to be a liquid. Another test of whether a 
sample with phenocrysts is representative of a liquid composition is afforded 
by nonequilibrium crystallization experiments. Based on resulting textures, 
mineral morphologies and mineral chemistries it is possible to determine if 
the phenocrysts grew from a surface liquid or were truly intratelluric. If the 
basalt(s) is not representative of a liquid, the idenity of the processes 
responsible for its •nonliquid• nature may give insight into crustal processes, 
such as accumulation, assimilation, contamination, etc. If samples can be 
considered liquid compositions, are all the liquid samples related by low-
pressure processes (#2,Fig.l)? 

The chemical composition of liquids often indicate that the liquids are 
related by the addition or subtraction of phases resulting from low-pressure 
fractional crystallization. It is necessary to experimentally demonstrate that 
the phases believed to be fractionating are actually the low-pressure liquidus 
phases and that their chemistries are appropriate to give the observed 
fractionation sequence. The low-pressure fractionation sequence can be 
predicted by analysing quenched glasses from a series of isothermal partial 
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melting experiments at one atmosphere (liquid-line of descent experiments). 
Ideally the observed fractionation sequence and the experimentally determined 
liquid-line of descent should coincide, but often they do not due to 
complicating factors such as slightly different crystal-liquid partition 
coefficients with pressure, the presence of water and other volatiles, open 
system fractionation, etc. 

If the liquids are related by low-pressure fractionation processes, it 
should be trivial to recognize from the compositions which of the samples are 
least affected by fractionation (the parental liquid, #3,Fig.l ). The nature of 
the low-pressure liquidus is the next question (#5,Fig.l) to answer. If there 
are more than one crystalline phase on the low-pressure liquidus (multiple 
saturation) it most likely indicates that either the parental magma itself is 
a derivative of a more primitive parent or that the parental liquid is the 
result of low-pressure melting where the liquidus minerals are stable in the 
source region thus providing constraints on the constitution of the low-
pressure source. If the low-pressure liquidus is singly saturated, it may 
provide some information on the mantle . The singly saturated 'parental' 
liquids may be related by the addition or subtraction of other than the low-
pressure liquidus phases. If not, the parental liquid can be directly equated 
to a primitive l iquid. 

If the liquids are not related by low-pressure processes, their 
compositions should be checked for a relationship of addition or subtraction 
of other than the low-pressure liquidus phase(s)(#4,Fig.l). If so, do these 
nonliquidus phases at low pressure become liquidus phases at high-pressure ? 
An example of this would be the fractionation of either Al - orthopyroxene or 
eclogite for the formation of alkali basalts. The least fractionated liquid is 
then parental to the alkali basalt suite and can also be considered primitive. 

Assuming that a primitive liquid is a primary liquid is an act of faith. 
There are no tests to determine if a liquid is truly primary. This stems from 
the reasoning that the primary liquid is the equilibrium partial melting 
composition of the source region and is constrained by the maximum 
temperatures experienced during the melting event . Any movement of this 
liquid away from the site of melting may modify the composition by reaction 
(possibly partial melting) with its container and crystallization. 

In the ideal case of a true primary magma, the P-T regime where the 
liquidus is saturated with two (or more) phases can be interpreted in terms of 
the pressure and thermal regime appropriate to magma segregation and the 
liquidus mineralogy and phase chemistry at multiple saturation can be equated 
with those of the crystalline residuum remaining after partial melting and 
magma segregation, but not the mineral proportions. 

If the sample is not a pr imary magma, but is slightly fractionated, the 
high-pressure studies provide a limited amount of useful information provided 
the phase(s) lost or gained at low-pressure are also present in the multiply 
saturated assemblage at high- pressure. If, for example, olivine has been lost 
at low-pressure , a multiple saturation point at high-pressure may indicate the 
mineralogy (not the phase chemistry) of the residuum and a minimum depth of 
partial melting . Conversely, a sample enriched in olivine may yield an 
overestimate for the source depth . 



LUNAR HIGHLAND MELT ROCKS: SELECTION OF A REPRESENTATIVE SUITE; 
D. T. Vaniman and J. J. Papike, Dept. of Earth and Space Sciences, State Univ. 
of New York, Stony Brook, N. Y. 11794; and M. T. Naney, Dept. of Geology, 
Stanford Univ., Stanford, California 94305 

Lunar mare basalts and most terrestrial basalts formed by partial melting 
at depth. However, there is a distinctive series of lunar highland "melt 
rocks" which were generated either at depth within the crust by partial melting 
(44,45,105) or near the surface by total or near-total meteoritic impact melt-
ing (44,114). A systematic classification of lunar highland melt rocks has 
been discussed by Irving (1975) on the basis of minor and trace-element chemis-
try. With the assistance of Irving, we have compiled a major-element highland 
melt rock classification (68) based on cluster analysis of 158 analyses col-
lected from the literature. This classification supports a distinction of six 
principal melt rock groups. Figure 1 shows the samples from these six groups 
(A-F) plotted in the silica-olivine-anorthite pseudoternary system. KREEP-
bearing melt rocks of group E and parts of group D which plot near lines of 
multiple saturation are those most likely to be products of partial melting ± 
crystal fractionation (45,111). The other KREEP-bearing samples in group D 
and the high-K rocks of group F may be KREEP-bearing partial melts with plagio-
clase accumulation, or impact mixtures of KREEP basalts and highland ANT rock 
types (105). The remaining cluster groups A-C may represent three prominent 
compositions in a continuum of impact mixtures between KREEP-bearing partial 
melt products and highland anorthosites. 

From the 158 samples used for major-element cluster analysis, we have 
selected 27 for a representative melt rock suite (Table 1). Samples were not 
considered for this list if they lacked melt-rock texture (intergranular/ 
intersertal to poikilitic with intergrown feldspar laths) or were too small 
(< 4 mm) for representative chemical analysis. An attempt has been made to 
avoid samples which are extremely heterogeneous (e.g., 66035, portions of which 
fall within four of the six .cluster groups). For each sample in Table 1, com-
plete petrographic and microprobe data will be compiled. Previous data will 
be supplemented where necessary . L. Haskin will provide trace element analyses 
(INAA) and M. Rhodes will provide major element analyses (XRF) where such data 
are needed. We hope to reassess our chemical groupings by using data from 
methods more precise than the "broad beam" microprobe method. Irving is col-
laborating on the collection of a chemical data base. A 
well-studied representative melt rock suite is of petro-
logic importance, and of importance to remote sensing 
studies of planetary surface chemistries . The lunar re-
mote sensing studies have already attained a high level 
of sophistication (1,81,82,91); recognition of mare 
basalt types by remote sensing is already practical 
(81). The development of similar methods for a 
recognition of highland melt rocks will be aided 
by the definition of a suite of representative 
melt rock types. Our representative suite 
(Table 1) is flexible, and we encourage sug-
gestions and comments from other workers. 

Figure 1 
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Table 1. Working List for the Representative Melt Rock Suite. Samples, Weights, and References to Previous Work. 
References for Major-Element Data References for Data on Petrog-

References for Trace and Minor-Element Data (other than broad-beam analyses) raphy and Mineral Compositions Weight 

Cluster Group A: 
A~orthositic Melt Rocks 

54819 
55055 12,50 

Cl~ster Group B: 
Gab~roic Anorthosite Melt Rocks 

63557 
63589 

Cl~ster Group C: 
Ancrthositic Gabbro Melt Rocks 

50355 
63549 
66095 
67559 
68~15 
68~15 

3,12,18,24,35,43,60,73,107 
43 
1,8-10,18,19,37 ,61,98 

43,47,49,53,60,72,76,79 
43 

Cluster Group D: 
1.ow K Fra .'Iauro Melt Rocks 

14276 
14310 

60315 
62235 
f2235 
64455 
65015 

8,109 
8.11 • 13.1 a. 1 9. 36,41 ,46. 50.52. 57,59. 
61 ,62 ,64 ,65, 75, 78,98, 99,102,104,113 
25,42,55,60,71,72,107 
9,12,28,42,55,60,107 
20,42,53,60,61,107 
25,35 
16,18,35,42,47,49,53,60,72,77,107 

Cluster Group E: 

Intermediate K Fra Mauro Melt Rocks 

14058 
15015 
15285 
15385 
15434 
15564 
15565 

41 
10 

73,74 
37,73 
37 

Cluster Group F: 
Hiah K Melt t?ocks 

14054 
14082 
14083 

52,57 
88 

. 

23 

23 
23 

35,46,60,105,107 
42,43 
1,4,6,18,19,37 ,61 
69 
58,60,69,89,105 
42,89 

8 
8,17 ,32,37,41,50,78,88,113 

42,55,60,107 
9,42,55,60,107 
42,105,107 
35 
2,16,35,42,46,107 

41 

85 
37,83 
37,83 

88 

Collective weight of several 4-10 mm fragments . 

7,70,105 
31 
74,76 

27,39,63,70,105 
7,40 

27 
4,6,14,21,26,27,29,30,32,34,51 ,54, 
56,63,86,87,93,94,96,97,103,112 
5,40,95,105 
14,63 
7,40,70,105,110 
33 
2,22,63,95 

38,108 

83 
83 

90 
90 
90 

---

11 . 75 gm 
500.8 gm 

7. 53 gm 
13.51 gm 

317.8 gm 
26.57 gm 

1185.0 gm 
32.9 gm 

371 .2 gm 
178.4 9m 

12.75 gm 
3439.0 gm 

787.7 gm 
319.5 gm 
250.6 gm 
55.68 gm 

1802.0 gm 

35.47 gm 
4770.2 gm 
254.2 gm 

7.5 gm* 
51.6 gm* 
50.0 gm 

822 . 5 gm 

107.53 gm 
collective 
weight • 62.63 gm 

. 

c::: 

n 
(/) 
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A NUMERICAL TREATMENT OF MELT ACCUMULATION 
D. Walker, Hoffman Laboratory, Harvard U., Cambridge, Ma. 02138 

A simple model for melt accumulation in a porous permeable 
source region has been explored numerically for various values 
of the parameters which control the percolation velocity of melt 
moving under the influence of gravity without tectonic perturba-
tions. When the model is applied to the eucrite parent body, a 
melting event of 5% of the source region will not lead to appre-
ciable liquid segregation and accumulation unless gravitational 
acceleration (g) is in the range 1-10 cm/sec 2 for values of the 
other parameters most favorable to melt segregation. If the 
eucrite parent planet has mean density 3.4 gm/cm 3 , this implies 
its radius must be at least in the range 10-100 km since eucrite 
basalts (~5% melting) were indeed segregated. Preliminary analy-
sis of the earth's low velocity zone suggests that it may be 
difficult to keep even small amounts of melt from segregating if 
the melt is on an interconnecting network. 

In this model, melt percolates upward through a source region 
which is at a temperature above the solidus, until the melt en-
counters cooler overburden which slows the ascent. Helt accumu-
lates below this thermal barrier which is also a mechanical bar-
rier as melt solidifies and seals the permeable channels. The 
objective of the numerical analysis is to determine the extent 
of concentration of the melt before heat conduction solidifies 
the region and stops further melt migration. The concentration 
of melt {X) is calculated as: 

X= llh/llh' - 1 (1) 
where l!h and l!h' are the distances between two melt parcels 
before and after the migration. If the parcels have percolation 
velocity v 1 and v 2 then: 

( 2) 

where the integrals are evaluated over the time interval from 
the initiation of motion until the final solidification of each 
melt parcel. It is assumed that eruption of the accumulated 
concentration of liquid is accomplished by separate means. The 
percolation velocity is given by: 

v = g • llp·R2 ·f2 /18·n (3) c 
where lip is the density contrast between liquid and source 
region, R is the characteristic radius of crystals in the source 
region, fcis the fraction of melt, and n is the melt viscosity. 
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To evaluate {2), v is integrated numerically using Jaeger's 
(1957) formula for temperature as a function of time and position 
in a solidifying half-space (latent heat included) to change the 
values of n and f at successive steps of the integration. 

BARS, CENTRAL 
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PLANET RADIUS (=!0 x SOURCE ReGION) 
The figure shows the results of calculations of X for a 

eucritic liquid initially present as a 5% partial melt dispersed 
throughout the source region. Curves of X as a function of g 
are given for various values of the crystal size (R in ern) in 
the source region and the initial temperature contr~st {6T in°C) 
between the source region and the thermal barrier. These para-
meters, in contrast to the rest of the input parameters are not 
fixed by the nature of the problem. Planet radius is plotted 
instead of g on the assumption that the mean density is 3.4 gm/ 
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cm 3 • A further assumption is that the melts travel no more 
than about a tenth the radius of the planet to reach the final 
reservoir of accumulation. The hatched horizontal line at 20X 
indicates a concentration where complete segregation of melt from 
residual crystals has occured and above which the formulation 
breaks down. The curves are nearly vertical approaching this 
line. Small increases in g, or in any other parameter leading 
to higher percolation velocity, lead to very large increases in 
the concentrated accumulation (X) of melt in this range. It is 
seen that melt accumulation is a runaway process if the fraction 
of melt begins to appreciably increase at some stage of the 
accumulation process (about 10% in this example). This instabil-
ity is the result of the positive feedback between percolation 
velocity and the extent of melt accumulation which enters (3) as 
f 2 • For the example of the eucrite parent planet, the figure 
shows that g appropriate to a 10-100 km radius is sufficient to 
lead to complete melt segregation. For the example of the 
terrestrial low velocity zone, it appears that a similar instabil-
ity will be encountered, leading to complete melt segregation 
even for initial percentages of melting in the 1% range. This 
analysis assumes that the melt forms a continuous, permeable 
interconnecting network. Failure to establish such a network 
may be the factor responsible for allowing melt to remain trapped 
in the low velocity zone. 

Useful references: 
Bottinga Y. and Weill D.F.(l970) A.J.S. 269, 169-182. 
Bottinga Y. and Weill D.F.(l972) A.J.S. 272, 438-475. 
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Jaeger J.c. (1957) A.J.s.~s, 306-318. 
Sleep N.H. (1974) G.S.A. BUif. 85, 1225-1232. 
Turcotte D.L. and Ahern J.L.(l977) EOS 58, 535.(and preprint 

--- -- from the authors) 



ALBA VOLCANO AND THARSIS RIDGE OF MARS - TIME AND STRESS 
RELATIONS, Donald U. Wise, Department of Geology, University of 
Massachusetts, Amherst, MA 01003. 

A remarkable system of horst and graben breaks the aureole of 1,000 
km diameter, 3 km high Alba Volcano of Mars. These graben, 2 to 10 km 
wide, splay around an unfaulted central portion of the volcano. Many 
lcng, low-gradient flows, suggestive of basaltic composition, pass from 
the central cone to the faulted aureole without obvious change . A pseudo-
radial pattern exists in the flows with better developed NW and SE members 
and suggests that the volcano developed along a broad NE trending anticline 
or topographic high. 

The Alba events can be set in a broader framework of Tharsis Ridge 
evolution using crater statistics on the various geologic units. The 
Arcadia Quadrangle (MC-3) was mapped and crater statistics were used to 
produce the map legend of Fig. 1. Crater counts were all reduced to a 
crater number (cumulative number of craters greater than 1 km diameter per 
106 km 2). using a standard Mars crater curve and tied to a proposed system 
of absolute ages as illustrated at the left of Fig. 1 using the system of 
Neukum and Wise (1976). The martian highlands (uic= intensely cratered 
uplands in Fig. 1) have crater numbers on the order of 100,000 and are 
interpreted as being about 4 . 4 b.y. old. The first evidences of possible 
Tharsis-related activity is the development of Lunae Planum (pl) lava 
flows with an system of NNW tending mare ridges and crater numbers of 
15,000 - 20,000. An extensive system of older horst and graben associated 
with the Tempe Plateau strike parallel to the younger Tharsis trends. The 
system has crater numbers of 9,000 - 15,000 or an age of about 4 b.y. The 
time span represented by crater numbers 2,500 - 9,000 was characterised by 
extensive vertical movements on the Tempe Plateau, deposition of volatile-
rich units, geomorphic scarp production, and unconformable burial of older 
faulted units by cratered plains (pc) deposits . Alba Volcano exhibits 
crater numbers 2,300 - 1,000 on its aureole (au) and its main cone. The 
Alba faulting post-dates these units in the time span from crater numbers 
1,000 - 400. If the proposed time scale is accepted, Tharsis tectonics 
involve a complex interplay of arching, uplift, faulting and volcanism 
which began about 4 b.y. ago with Alba volcanism occurring at about 3.5 b.y. 
and lasting about 200 m.y. Younger faulting of the Alba aureole may have 
continued for another b.y. 

The splaying Alba graben system shows progressive change of strike, 
from NNE to N, with decreasing age, particularly in its southern reaches. 
With changes of the sigma 3 (extension direction) of as little as ten degrees, 
graben faults tend to be abandoned and new parasitic ones develop by diagonal 
linkage of older faults. The overall splaying pattern can be duplicated by 
combination of radial volcanic load compressional stress with regional 
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extension stresses,provided the regional extensile stress breaking the 
rocks is no greater than 20 bars (Wise, 1975). An alternative to this 
unusually low breaking strength for crustal materials is that the yield 
pattern is a surface manifestation of deeper flow patterns in a mantle with 
very low, long term strength similar to that of Earth and Moon. The pre-
ferred interpretation of the anomalous fault pattern around the volcano is 
that solidification of a pluton beneath the volcano has caused a strength 
anisotropy which has deflected stress trajectories. This interpretation is 
more in accord with the timing of the splays to post-dat e the volcanism 
and with the lack of surface distinction in the flows passing from central 
cone to the aureole . 

Wise, D.U . , 1975, Faulting and stress trajectories near Alba Volcano, 
Thaisis Ridge of Mars, (Expanded Abstract), International Colloquium 
of Planetary Geology, Univ. of Rome, Sept . 22-30 , 1975, Proceedings, 
p. 101-104. 

Neukum, G., and Wise, D.U. , 1976, Mars: 
possible new time scale , Science, 

a standard crater curve and 
v . 194, no . 4272, p. 1381-1387. 
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EVIDENCE FOR MERCURIAN VOLCANISM FROM FRESH CRATER 
MORPHOLOGY. Charles A. Wood, James W. Head, and Mark J. Cintala, 
Department of Geological Sciences, Brown University, Providence, 
R.I. 02912. 

Differences in morphologies of craters formed on various 
planets may result from interplanet differences in gravity, im-
pact velocity, target and projectile properties, and other fac-
tors. For a single planet, all factors tend to average out over 
the planet, except for target differences. Using comprehensive 
new crater catalogs, we have examined crater samples on two major 
terrain types on both the Moon and Mercury. The results indicate 
(1) that target properties may contribute to observed differences 
in morphologies of craters on the Moon, Mercury, Mars and Earth; 
and (2) that potential substrate variations must be investigated 
before comparisons of entire planetary crater populations can be 
made. The characteristics of fresh crater morphology can also be 
used as a guide to possible substrate characteristics on planets 
where direct observations have not been carried out. In this 
paper, we investigate the characteristics of fresh craters on the 
surface of Mercury and compare mercurian surfaces to lunar maria 
and highlands in order to assess the role of volcanic activity 
in the emplacement of mercurian plains units. 

For fresh craters formed on the lunar maria and highlands, 
we have documented differences in the occurrence of central 
peaks, terraces, and scallops. The greater abundances of central 
peaks and wall terraces observed in lunar mare craters is con-
sistent with the greater strength of mare basalts compared to 
highland megaregolith. Only small differences are observed for 
morphologies of craters formed in mercurian smooth plains and 
cratered terrain, suggesting that these two terrain units have 
similar physical properties. Morphologies of craters formed in 
lunar maria, and mercurian smooth plains and cratered terrain are 
rather similar; however, there are large differences between 
craters in the lunar highlands and mercurian cratered terrain. 
The mare-smooth plains similarities support the interpretation 
that mercurian smooth plains are of volcanic origin. The large 
differences in morphologies of craters formed in cratered terrain 
and highlands imply that those two terrain units have dissimilar 
physical properties. In fact, distributions of morphological 
features for mercurian cratered terrain craters are closely simi-
lar to smooth plains and mare distributions. From this we infer 
that megaregolith, which dominates the lunar highlands, is not an 
abundant and pervasive substrate type on the sampled regions of 
Mercury. Rather, themercurian cratered terrain may be dominated 
by intercrater plains of volcanic origin that are interspersed 
with crater ejecta deposits. 
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THE EFFECT OF H20 AND C02 ON PLANETARY MANTLES. Peter 
J . Wyllie, University of Chicago, Department of Geophysical 
Sciences, Chicago, Illinois 60637 

Assuming that the compositions of planetary mantles corre-
spond to peridotites, the effects of H20 and C02 can be evaluated 
from available experimental data. The oxygen fugacity is a 
critical factor; I assume that the components C-0-H are present 
dominantly as H20 and C02 , which is certainly not true for all 
mantles at all depths . 

The components H20 and C02 may exist in the vapor phase, in 
melts, o r in minerals . At high pressures and temperatures, the 
solute content of H20-C02 fluid is tens of wt . %. The physical 
state and chemical behavior of volatile-rich films in deep 
mantles needs evaluation . At temperatures above 800°C, mantle 
peridotite can be completely hydrated by less than 0.5% H20 
producing amphibole and phlogopite (high-pressure hydrated mag-
nesian silicates are neglected) . In contrast, peridotite can be 
converted essentially to carbonates+quartz, storing about 30% C02. 
There is a series of carbonation reactions, and a vapor-absent 
carbonate-pyroxene exchange reaction, in the pressure range up to 
50 kbar. Fo r mantles wi t h small amounts of H20 and C02, only 
small amounts of liquid are developed below the solidus tempera-
ture of volatile-free peridotite. Basaltic liquids are developed 
at higher temperatures, near the solidus for volatile-free peri-
dotite, where H20 and C02 a r e normally so diluted in the melt 
that they have little effect . 

Fig . 1 shows the effect of excess H20 on the peridotite 
solidus, and the maximum stability ranges of amphibole and phlogo-
pite with peridotite and excess H20 . Fig. 2 shows three experi-
mentally-based versions of the solidus for different peridotites 
with a trace of H20 . The heavy lines show the solidus where 
vapor-absent amphibole-peridotite begins to melt. Fig. 3 shows 
the effect of a trace of C02 on peridotite. This exists as vapor 
at pressures below the reaction TQ, and as carbonate above TQ. 
C02 solubility in the near-s olidus liquid increases from 1-4% to 
almost 40% between 20- 26 kbar as the solidus drops through more 
than 100°C . Calcic dolomi te (Cd) and peridotite melt together 
along QR, producing low-Si02, carbonatitic liquids . Dolomite is 
replaced by magnesite (Cm) at higher pressures. 

Fig. 4 shows that, with excess H20 and C02, the solidus of 
Fig . 3 becomes a divariant surface , PQUM, which is intersected by 
the divariant surface from the carbonation reaction QT, along the 
univariant line QN. Unless there is enough C02 to carbonate all 
of the clinopyroxene (unlikely in mantles), conditions in the 
area QNU for melting of carbonated peridotite are not reached. 
Partially carbonated peridotite begins to melt along the line QN, 
with the vapor phase compositions buffered as shown by the 
contours. 

Fig. 5A shows an early version of Fig. 4, with buffer lines 
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