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PREFACE
This volume contains abstracts that have been accepted for presentation at the Workshop on Lunar
Volcanic Glasses: Scientific and Resource Potential. The Organizing Committee consisted of John Delano
(State University of New York) and Grant Heiken (Los Alamos National Laboratory), conveners; B. Ray
Hawke (University of Hawaii); Chuck Meyer (NASA Johnson Space Center); Paul Spudis (U.S.
Geological Survey); and G. Jeffrey Taylor (University of New Mexico) .
Logistics and administrative support were provided by the Program Development Department at the Lunar
and Planetary Institute. This abstract volume was prepared by the Publications Services Department at the
Lunar and Planetary Institute.
The Lunar and Planetary Institute is operated by the Universities Space Research Association under
contract No. NASW-4066 with the National Aeronautics and Space Administration.
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LUNAR PYROCLASTIC SOILS OF THE APOLLO 17 DOUBLE DRIVE TUBE 74001/2
Abhijit Basu, Indiana University, IN. 47405, D.S. McKay, NASA-JSC, and S.J.
Wentworth, Lockheed, Houston, TX. 77058
The soils of the double drive tube core 74001/2 below _5 em do not
contain any agglutinate ·and are apparently devoid of any measurable surface
exposure; they must have erupted and then buried within a matter of hours
[1,2,3] and are unique samples of pure lunar pyroclastic material. Only one
pair of initial petrologic study of this soil has been carried out [1,2]. The
purpose of this note is to present some new data on this soil.
The soil 74001/2 consists of spheres and broken spheres of black, brown,
and yellow-orange crystal-laden and crystal-free glass. The black spheres
contain many crystallites of ilmenite attached on the external surfaces of
euhedral, skeletal and dendritic crystals of olivine. The brown spheres
contain crystallites of olivine and most are free from ilmenite. Crystal-free
spheres are generally yellow-orange in color as are the glassy parts of
crystal-laden varieties. Intermediate varieties are common. Modal analysis
shows that the black variety is the most abundant (black:. 74%; brown: 20 . 3.%
and yellow-orange: 5.6%) and is also largest in size incorporating larger
phenocrysts (Table 1). Many spheres contain vesicles and many have
crystallites growing inward from the periphery. Such inclusions are much less
common in other lunar pyroclastic glasses (Table 2). This suggests that more
volatiles (to make gas bubbles) and dust (to provide nucleation sites at the
surfaces of droplets) were available during the eruption of 74001/2 than
during the eruption and emplacement of orange glass soil (74220) or the green
glass soils (15401,' 15411, etc.).
Major variations in the chemical compositions of the yellow-orange glass
are controlled by olivine fractionation. Glass spheres without olivine
crystals have higher Mg/(Mg+Fe) than those with olivine. A plot of calculated
01-An-Qz proportions shows an olivine fractionation trend (Fig. 1), which does
not cross over into the pyroxene field although pyroxene crystals are reported
to have crystallized in these droplets. In addition, a plot of Ti02 vs.
Mg/(Mg+Fe) does not show simultaneous depletion of Fe and Ti suggesting that
ilmenite fractionation has not been significantly responsible for variations
in glass compositions (Fig. 2). This interpretation is compatible with the
petrographic observation mentioned above. If olivine were to have crystallized
in equilibrium with the liquids of the glass compositions, their Fo content
would have varied from about 82 to 59 percent (Ko- 0.3 [4]) . Interestingly,
this is exactly the range of olivine composition reported earlier [2].
Analysis of phenocrysts and skeletal crystals of olivine in the black
spheres show a variation of Fo content from about 83% to about 70% with an
average CaO content of about 0.3%. Although much of this variation is related
to crystal size, some of the phenocrysts show substantial zoning in the Fe/Mg
ratio. The zoning is not necessarily concentric in the euhedral phenocrysts
where "sector zoning" is more common. Large euhedral phenocrysts (Fo~80) could
be equilibrium crystallization products of the more primitive glass
compositions. We envisage that these phenocrysts crystallized in the magma
chamber before eruption and were caught, - both intact and fractured, - in the
spray of a fire fountain event. The ilmenite attached to these phenocrysts are
dendritic in morphology and may have crystallized, along with dendritic and
feathery ol i vine, even during the flight of the glass droplets [5].
In summary, we find evidence of probably the most volatile-rich and
dust-rich eruption on the moon in this pyroclastic soil. Eruption of a mixture
of early phenocrysts and the lava must have been rapid and the pyroclasts were
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covered very quickly. This scenario is essentially compatible with that
proposed by Heiken and McKay [6].
REFERENCES : [1] McKay et al., PLSC 9, 1913-1932, 1978; [2] Heiken and
McKay, PLSC 9, 1933-1943, 1978; [3] Morris et al., PLSC 9, 2033-2048, 1978;
[4] Roeder and Emslie, CMP, 29, 275-289, 1970; [5] Arndt and Engelhardt, PLPSC
17, E372-E376, 1987; (6] Heiken and McKay, PLSC 8, 3243-3255, .1977.
Table 2. Glass spheres with and
without vesicles and crystals
growing from edge inward.

Table 1. Modal abundance of glasssphere-sizes in soil 74001,6038.
Range Black
<4.7
0
4.7-9.3
0
9.3-18.6
0
18.6-37.2
10
37.2-74.4
21
so
74.4-148.8
148.8-297.6
14
297.6-595.2
3
>595.2
2

Mi~ron

Brown Yl-Orange
0
3

10
28
40
17
2
0
0

Crystals
Present Absent
A.
70
30
B.
3
39
c.
0
36
D.
4
13

0
1

10
29
36
24
0
0
0

E.

4

49.

Vesicles
Present Absent
42
58
1
41
0
36
0
17
0
53

A. 74001,6038 (all size); B. 74220,6
(250-SOO~m); C. 15401,14+16
(250-SOO~m); D. 15411,42
(250-SOO~m); E. Green Glass (C+D)

T102 1n . GLASS

+

+
++
+

20.0

Fig. 1. Recalculated compositions of
yellow-orange glass in 74001,6039
plotted in a Qz-Fo-An space; also
plotted are compositions of orange
glass (74220), and the bulk
compositions of top and bottom soils
of 74001/2.
(<!?)
(x)

30.0

40.0

50.0

60.0

Mg/(Fe+Mgl x 100

Fig. 2. Plot to show that Ti02 in
the yellow-orange glass in 74001,
6039 does not decrease with a
decrease in Mg/(Mg+Fe).

70.0
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LUNAR EXPLOSIVE VOLCANISM:
THE REMOTE SENSING
PERSPECTIVE Cassandra Runyon Coombs, SN15, Johnson Space Center, Houston, TX,

77058, B. Ray Hawke, Planetary Geosciences Division. Hawau Institute of Geophysics, 2525
Correa Rd., Honolulu. m, 96822.

INTRODUCTION Prior to the Apollo missions our knowledge of lunar pyroclastic deposits was ltmited. The
recent aquisition of remote sensing and geologic data has helped increase our understanding of these deposits and the
role they played in resurfacing large portions of the Moon. 1Wo genetically distinct types of pyroclastic deposits have
been identified: regional and localized. Eruption mechanisms and emplacement styles for both the regional and
localized deposits have been inferTed from their source vent morphology, distribution, and the composition and

.

.

geometry of their mantling deposits. Apollo and Lunar Orbiter photographs, UV.VlS, and near-IR reflectance spectra,
albedo maps, multispectral images, 3.0, 3.8, and 70-cm radar images, and compositional data from the returned lunar
samples have all beeO: used to compile this sunuruuy of what is known to date about the lunar pyroclastic dej;osits.

REGIONAL PYROCLASTICS Regional dark mantling deposits (RDMD) are located in lunar highland areas
adjacent to many of the major maria. These extensive deposits are relatively fine textured with a smooth, velvety
appearance,I.2.3 have a low albedo (0.079-0.096; 4), and typically cover lO's of l,OOO's of km2. RDMD formed as
products offire-fountatntng that occurred In association with basaltic eruptions,c.g., 5 and may have been assOciated
with some of the early mare-filling episodes. 6 •7 Depressions at the head of associated sinuous rUles and/or irregular
depressions are the probable

sou~ vents for these deposits. e.g., 8 •9 Depolarized 3.8-cm radar maps of these features

acquired by Zisk et al. 8 exhibit weak to nonexistent echoes. These low radar returns are believed to be due to a lack
of surface scatterers (i.e., .rocks and boulders) in the 1-50 em size range. e.g.. 11
Reflectance spectra (0.3 - 1.1 JliD. 0.6 - 2.5 JliD) and multispectral imagery were obtained for a large number of
the RDMD. Analysis and interpretation of the near-infrared spectra indicate that some of these mantling units (i.e.,
Mare Humorum and Arlstarchus) contain a significant Fe2+_bearlng glass component. Other regional deposits (I.e.,
.
.
Taurus-Littrow and Rima Bode) appear to be dominated by a mixture of orange and black spheres s1milar to those
returned from the Apollo 17 landing site. 9 •10 The Apollo 17 orange glass and their "quench-crystallized" equivalent,
the black spheres, are thought to be relatively unfractionated samples of the deep lunar 1nterior(>300 km). 5 These
spherules, collected from the distal portion of the Taurus-Littrow RDMD, have a volatile-rich coating. Presumably
condensed from gases involved in an explosive eruption, these glass coatings strongly suggest the existence of a
volatile gas phase in their source magmas.
Studies have shown that the RDMD were most likely formed as a result of strombolian (continuous) eruption
activity rather than the coalescence of localized pyroclastic deposits, I. 12 and that the lunar equivalent of
strombolian activity is likely to sort and disperse the pyroclasts over a wide area. Hence, course material would be
concentrated in a zone peripheral to the vent while finer debris would be more spread out.
LOCALIZED PYBQCIASTICS Localized dark mantle deposits (LDMD) are relatively small (typically <250-550 km2),
;

low albedo units that are also of pyroclastic origin. These deposits, too, are concentrated about the perimeters of the
major lunar maria and are commonly found in the floors of large Imbrian and pre-lmbrian aged impact
structu~s.c.g.,ll.l 3 • 14 The LDMD are generally associated with small(< 3 km) endogenic dark-halo craters that are

Ltmar Explosive Volcanism
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aligned alo~g crater floor-fractures and/or regional faults. These source craters typically are non-circular In ~hape
and lack obvious crater rays.

Morphometric analyses of the LDMD "haloes" suggest a vulcanlan-type eruption

mechanism, whereby gas accumulates In a capped magma chamber and eventually leads to an explosive eruption and
the emplacement of pyroclastic material about the source vent. For these types of eruptions, the maximum range of
all pyroclasts much larger than 1 em is up to 4 km, while the smaller clasts may be thrown up to IO's ofkms. Spectml
reflectance studies have shown that the LDMD are spectrally distinct. e.g..

13 • 14 • 15

Three general compositional types

of LDMD have been Identified on the basis of the depth, center and overall shape of the -1.0

~

absorption features

and continuum slopes. Grolql J: Spectra in this group have a "checkmark-like" shape, similar to those obtained for
typical lunar highlands areas. A strong feldspar-bearing mafic (orthopyroxene) assemblage is Indicated. However, In
addition to the highlands spectral geometcy of the 1.0 J.Lm band, these Group 1 spectra Indicate an addltlonal
component of volcanic glass, ollvlne, and/ or clinopyroxene. Multispectral images of this group Indicate the presence
of an exotic non-highlands component. The Group 1 pyroclastic deposits

are

most likely composed of a mixture of

highlands-rich wall rock and glass-rich juvientle material with lesser amounts of basalUc cap-rock. Group 2:
Spectra of the Group 2 pyroclastic deposits (i.e., from Rima Fresnel, Vitruvius) are deeper and more symmetrical than
those in Group I. A Ca-rlch clinopyroxene composition Is Inferred. These spectra most closely resemble spectra
obtained for mature mare areas. 16 Similarly, multispectral images obtained for the Group 2 deposits Indicate that
they

are

composed predominately of fragmented basaltic plug rock with much lesser amounts of highlands debris and

juvenile material. Oroup3: Spectra from this group include the Alphonsus LDMD as well as J. Herschel and other
localities. These broad, asymmetrical and moderately deep spectra

are

characteristic of a composite feature produced

by olivine and pyroxene. The olivine Is thought to have been emplaced with the juvenile material while the bulk of
the orthopyroxene was emplaced as a component in the highlands-rich wall rock. The basaltic plug rock may also
have contributed minor amounts of olivine and pyroxene.

CONCLUSION Eruption mechanisms and emplacement styles for both the regional and localized lunar
pyroclastic materials have shown that they are genetically different. A strombolian, or continuous, eruption origin
is consistent with the unfractionated, volatile-coated glass samples retumed by Apollo 17 and the Idea that these
originated deep in the lunar interior (> 300 km). The lack of associated lava flows and the small radial extent of the
dark-halos around the localized dark mantle deposits suggests that they were formed during a short-lived (vulcanian)
explosive eruption. The explosive origin of these volatile-rich pyroclastic materials stands In striking contrast to
the massive outpouring of volatile-depleted low-viscosity magma which formed the lunar marla.

Thus, lunar

pyroclastic mantling deposits are unique among lunar volcanic materlals. 14
REFERENCES (1) Ceman E.A. et al. (1972) MSC·07629. (2) Lucchita B.K. (1972)U.S.G.S. Map 1·725.
H.H. (1974) PLPSC 5th.pp. 223-234. (4) Pohn H.A. and Wildey R.L. (1970)U.S.G.S.

Prof.

(3) Lucchlta B.K. and Schmitt

Pap. 599-E. Plate 1. (5) Heiken G.H. et al.

(1974) Cleo. Cosm. Acta. 38,1703-1718. (6) Howard K.A. et at. (1973)NASA SP·330, pp. 29-1 to 29-12. (7) Head J.W. (1974)PLPSC 5th,
pp. 207-222. (8) Zlsk S.H. (1974Yfhe Moon, 17, 59-99. (9) Gaddis L.R. et at. (1985) lcarus, 61, 461-489.

1101 Pieters

C .M. et al. (1973)

J.G.R.: 78. 5867-5875. (11) Head J.W. and Wilson L . (1979)PLPSC lOth, pp. 2861-2897. (12) Wilson L . and Head J.W. (198U.G.R.,
78,2971-300. (13) Coombs C.R. et al. (1987Hl SyrTL on How Vole. Worlc.

(14) Coombs C.R. and Hawke B.R. (1989) Proc. Kagoshima

lnt'L Conj. on Vole, 416-419. (15) Hawke B.R. et at. (1989) PLPSC 19th,pp. 255-268. (16) McCord T.B. et al. (1981lJ.G.R., 86, 1088310892.
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THE OPTIMAL LUNAR RESOURCE: ILMENITE-RICH REGIONAL
PYROCLASTIC DEPOSITS Cassandra Runyon Coombs, SN 15, Johnson Space Center,
Houston, TX, 77058; Bernard Ray Hawke and Beth Clark, Planetary Geosciences Division,
Hawaii Institute of Geophysics, 2525 Correa Rd., Honolulu, HI, 96822.

INTRODUCTION

With the onset of a new space era for the U.S. and a committment to establish a lunar
base, the need for lunar resources has increased dramatically. It has been suggested that
titanium production might be a profitable activity for a lunar base, and that lunar material
would be useful for shielding space habitats and military facilities in orbit. Recently,
attention has focused on the production of oxygen propellant and He-3 as nuclear fusion fuel
(e.g., 1). Ilmenite-rich material is the preferred source of these substances. Efforts to locate
ilmenite-rich deposits thus far have focused on the high-titanium mare basalts present on the
lunar nearside. Instead, we suggest that large, ilmenite-rich pyroclastic deposits would make
an excellent source. Not only would these deposits provide useful by-products, but they would
be easy to mine as they are relatively thick and unconsolidated and have a block-free surface.
DISCUSSION

Direct sampling and remote sensing studies have indicated that major deposits of
high-Ti mare-basalt exist on the Moon. Spectral reflectance and orbital geochemical data
indicate that Mare Tranqullltatis contains the largest expanse of high-Ti basalt on the
eastem nearside (e.g .. 2,3). The orange glasses and black spheres sampled at Shorty Crater
and elsewhere at the Apollo 17 site are fine grained droplets. Their chemical compositions are
Indistinguishable: the only diff~rence being that the black spheres are largely crystallized.
The black quench-crystallized spheres are rich in Ti02 (9 - 10 %) and ilmenite and are similar
in composition to the Apollo 17 mare basalts. Nearly all ilmenites identlfled in the Apollo 17
orange glass spheres are fine-grained and have dendritic shapes (4). One of the most unique
features of the these and other lunar pyroclastics are the sublimates that coat the individual
grain surfaces. These consist of sulfur compounds and include elements such as Zn, K, Cl, Na,
Ga. Ni, Cu. and Pb (5). These sublimates most likely were emplaced on the pyroclast surfaces
during lava fire-fountaining. A large deposit of these pyroclastic spheres exists 50 km west of
the Apollo 17 site at Taurus Littrow. This deposit extends over 4000 km2 and is lO's of meters
thick. Other large ilmenite-bearing regional pyroclastic deposits also occur at Rima Bode, S.
Sinus Aestuum, and S. Mare Vaporum.
Another lunar product with a potentially large market that would require minimal
processing is 0 2 for use as spacecraft propellant (6). Lunar oxygen may also prove to be a
viable export for sustaining operations in low-Earth orbit (LEO) and elsewhere in near-Earth
space. A variety of methods for producing oxygen from lunar rocks and soils have been
investigated. After extensive research, however, the reduction of ilmenite seems to be the
preferred method (e.g., 6). In addition, potentially useful by-products such as Fe and Ti are
produced by the reduction of ilmenite. Lunar He-3 supplies originate from solar wind
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materials that are embedded in near-surface regions of fine grained regolith particles.The
utilization of lunar He-3 as a nuclear fusion fuel would dramatically improve our energy
future (7). Helium and other solar wind gases can easily be extracted from the lunar regolith by
the relatively simple procedure of heating the soil to temperatures of 700C or higher.
Cameron (8,9) noted that mare regoliths rich in titianium, hence ilmenite, exhibit high
helium contents. During the course of operations to extract He-3 from the regolith, other
valuable vola~iles implanted by the solar wind such as H2, N2, C02, CH4. and the noble gases,
·could be collected with relatively small mass and power penalties (10,11).
CONCLUSION
Numerous ilmenite-rich regional pyroclastic deposits have ·been identified on the lunar
surface (i.e., Taurus Littrow, Rima Bode). The large areal extent of these deposits as well as their
relatively great thicknesses (lO's m's) make them excellent sites ~or mining operations. In
addition to the production of oxygen and He-3, the pyroclastic deposits could provide byproducts such as Fe and Ti in addition to S, Cu. Ni, Pb, Zn, and Cd which are present on the
surface of the pyroclastic spheres. Also, other volatile elements implanted by the solar wind,
such as H 2 , N2 , and C02 , may be recovered. In addition to the above mentioned elements, the
unconsolidated, thick pyroclastic deposits would provide a ready source of shielding material
against meteorite impact and space radiation. In short, the resource potential of the lunar
RDMD should not be taken lightly when deciding where to locate a permanent lunar base.
REFERENCES

(1) Kulcinski G.L. ed. (1988) Astrofuel for the 21st Century. College of Engineering,
University of Wisconsin, Madison. 20 pp. (2) Pieters C.M. (1978) Proc. Lunar and Planet Sci.
Conf. 9th. pp. 2825-2849. (3) Johnson T.V., Mosher J.A. and Matson D.L. (1977) Proc. Lunar
Planet. ScL Conf. 8th. pp. 1013-1028. (4) Heiken G.H. and McKay D.S. (1977) Proc. Lunar
Planet. ScL Conf. 8th, pp. 3243-3255. (5) Meyers C., Jr., McKay D.S., Anderson D.H. and Butler
P. (197S) Proc. Lunar Sci. Conf. 4th, pp. 1625-1634. (6) Mendell W.W., ed., (1985) Lunar Bases
and Space Activities of~he 21st Century. Lunar and Planetary Institute, Houston, TX, 866 pp.
(7) Wittenberg L.J., Santarius J.F., and Kulcinski G.L. (1986) Fusion Technology, 10, 167-178.
(8) Cameron E.N. ·(1987) WCSAR-TR-AR3-8708, Wisconsin Center for Space Automation and
Robotics (WCSAR), Madison, WI. (9) Cameron, E.N. (1988) In Papers Presented to the:
Symposium on Lti.nar Bases and Space Activities of the 21st Century, p. 47. Lunar and
Planetary Institute, Houston. (10) Crabb T.M. and Jacobs M.K. (1988) In Papers Presented to
the Symposium on Lunar Bases and Space Activities of the 21st Century, p. 62. Lunar and
Planetary Institute, Houston. ( 11) Haskin L.A. ( 1989) In Lunar and Planetary Science XX, pp.
387-388. Lunar and Planetary Institute, Houston.
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PYROCLASTIC VOLCANISM IN THE ALPHONSUS REGION Cassandra

Runyon Coombs, SN15 Johnson Space Center, Houston. TX 77058; B. Ray Hawke, Stan H.
Zisk, and Paul G. Lucey, Planetary Geosdences Division. Hawaii Institute of Geophysics,
Honolulu, HI, 96822.
INTRODUCTION

Alphonsus, a slightly elongate, 118-lan, pre-Imbrian crater located in the southcentral lunar highlands, has long been of interest to lunar scientists. Floor fractures, dark
_ halo craters (DHC's) and a north-south trending central ridge within Alphonsus distinguish it
from other highland craters of similar size. The majority of the work done on Alphonsus has
centered around the dark halo craters scattered about the periphery of its floor. Suggested
origins for these deposits have varied from tephra deposits due to maars ( 1) to pyroclastic
deposits from a central vent (2). Vulcanian eruption models developed by (3) and (4) support
the pyroclastic nature of the localized dark mantle deposits (LDMD); as do recent spectral and
geologic investigations (e.g., 5, 6, 7, 8). This study, in particular, takes a closer look at the
spectral signatures of the Alphonsus DHC's and their adjacent features in an effort to address
some outstanding questions: (1) What is the composition of the dark mantling material
surrounding the endogenic craters? (2) What is the origin of the light plains material on the
crater floor? (3) How was the central ridge formed and is It related to the formation of the
central peak and DHC's? (4) What caused the crater floor uplift and is it related in any way to
the deposition of the dark mantling material?
METHOD

Spacecraft and Earth-based photographs, topographic maps, UV-vistble (0.3 - 1.1 J.llll)
and near-infrared (0.6- 2.5 J.llll) reflectance spectra as well as newly obtained 3.0-cm radar
data were used in this study. Spectra were collected for three of the localized dark mantle
deposits within Alphonsus, the central peak, the light plains mantling the floor, and a variety
of other features associated with Alphonsus.
RESULTS AND DISCUSSION

The radar, UV-vislble and near-IR reflectance data collected for this study have helped
greatly in unravelling the geologic and stratigraphic history of the Alphonsus region. Weak
echoes in the new 3.0 em radar indicate that the surfaces of the Alphonsus IDMD are smooth.
The UV-VIS spectra for the Alphonsus features vary somewhat. Spectra collected for a portion
of the northeast floor (light plains material) indicate a highlands composition similar to that
of the Apollo 16 site. In contrast, the spectra taken of the western IDMD are "red", indicating
a basaltic composition. One group of spectra collected and analyzed for another LDMD,
Alphonsus R. in southeast Alphonsus, suggest that it may have a different compostion than
the western IDMD.
The near-Infrared reflectance spectra collected of these Alphonsus features, on the
other hand. are more consistent. The spectra of the IDMD indicate a basaltic composition
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rich in olivine and .have been classified as being typical ofthe Group 3 spectral class of Hawke
et al. (7 ,9}. These spectra exhibit broad. moderately deep (5 - 7 %) asymmetrical absorption
bands in the 1.0 Jlm region. The broad nature and asymmetrical shape are indicative of
composite features with band centers in the 1.0 Jlil1 region. Most often, this type of band
indicates the presence of both olivine and orthopyroxene (10,11). While in theory this band
could be produced by the combination of clinopyroxene. orthopyroxene, and Fe2+-bearing·
glass. the analyses presented by McCord et al. (10) and Hawke et al. (7) indicate that this is
unlikely.
Some of the olivine may have come from the basaltic rock. however. it is thought that
the majority was emplaced with the juvenile material brought up from depth. Also. it seems
likely that the bulk of the orthopyroxene in the Alphonsus DHC deposits was present as a
component in the highlands-rich wall rock and that it was eroded and emplaced during the
explosive eruptions which produced the LDMD.
Spectra of the light plains deposits on the
crater floor exhibit a noritic composition. different from the other locally derived Alphonsus
features. The origin of this deposit is still uncertain. however, these deposits are thought to be
related to the Imbrium impact event that resurfaced the Alphonsus region. Spectra collected
of the central ridge and peak of Alph'o nsus indicate that they are non-basaltic in composition.
Rather, the central ridge appears to be composed of Imbrium-related material and the central
peak is composed of pure anorthosite.
CONCWSIONS

Vulcanian-type eruptions deposited several localized dark mantle deposits on the
floor of Alphonsus. Associated with prominent floor fractures and endogenic source craters.
the individual deposits cover areas less than 450 Ian2. while the largest coalesced deposit is
nearly 800 Ian2. The reflectance spectra collected for the LDMD indicate that the Alphonsus
pyroclastics are rich in olivine and pyroxene and contain lesser amounts of fragmented
basaltic plug-rock and highlands-rich wall rock. The central ridge appears to have an origin
related to the Imbrium impact event and is not related to the formation of the DHC's or the
central peak. The central peak is composed solely of anorthosite, suggesting that a lens of the
material must have been present at depth below the target site. Floor uplift within Alphonsus
most likely is the result of magma emplacement at depth well after the crater had formed.
REFERENCES
(1) Howard K.A and Masursky H. (1968) U.S .G.S. Map I-566. (2) Carr M.H. (1969) U.S.G.S. Map
I-599. (3) Head J.W. and Wilson L. (1979) PLPSC lOth. pp. 2861-2897.' (4) Wilson L. and Head J.W. (1981)
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Coombs C.R, Hawke B .R and Gaddis L.R (1987)LPSC XVIII, pp. 197-198 ~ Lunar and Planetary Institute,
Houston. 1X (7) Hawke B .R. Coombs C.R.. Gaddis L .R., Lucey P.G . Owensby P.O. (1989) PLPSC 19th, pp.
255-268. (8) Coombs C.R. Hawke B.R, Lucey P.G., Head J .W . (1989) LPSC XX. pp. 185-186. (9) Hawke B.R.
• Lucey P.G., BellJ.F.• Owensby P.O. (1985) LPSC XVI, pp. 329-330. (10) McCord T.B., Clark R.N .• Hawke
B.R. McFadden L.A.. Owensby P.O. (1981) J. G.R.. 86, 10883-10892. (11) Singer R.B. (1981) J.G.R., 86,
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PRISTINE LUNAR GLASSES: A 'WINDOW' INTO THE MOON'S HARTLE. J.W. Delano,
Dept. of Geological Sciences, State University of New York, Albany, NY 12222
Pristine lunar glasses are a suite of twenty-five, high-Mg magmatic compositions that were erupted onto the Moon's surface in fire fountains [e.g.
1-31.
Since these magmas appear to be geochemically less evolved than the
crystalline mare basalts [e.g. 4-71, they provide our best 'window' into the
Moon's mantle. Specific constraints are furnished on the following topics:
(a) oxidation state of the Moon's mantle [e.g. 81; (b) compositional heterogeneity of the Moon's differentiated mantle [e.g. 61; (c) hydrostatic
processes that may impose compositional limits on potentially eruptable
magmas [91; (d) depths of mare source-regions [e.g. 10,111; (e) residual
mineralogy in mantle source-regions [6,10,111; (f) composition of the Moon
[121; and (g) the ·possible role of melt/solid density-crossovers in the
Moon's geochemical evolution [91.
Items 'a-c' are addressed in this
abstract.
Oxidation State of the Moon's Mantle
Although the lunar science community appears to implicitly believe that
the oxidation state of the Moon's mantle is strongly reducing, the most
careful study conducted thus far on pristine lunar glasses by M. Sa to [8 1
concluded something quite different. Sato [81 proposed that the oxidation
state of the lunar mantle may be controlled by the so-called 'graphite
surface' involving chemical equilibrium with c (graphite) +CO + C0 2 + 0 2 •
If correct, owing to the large pressure-dependence on this redox reaction
[e.g. 13-15], the oxidation state prevailing in the source-regions of the
mare magmas at a pressure of. about 20-25 kilobars [10,11] would be near the
fayalite +magnetite+ quartz (FKQ) buffer (i.e. highly oxidizing). Although
this hypothesis [8] has had major implications for the petrogenesis of mare
magmas, it has gone unchallenged.
The low abundance of Cr (<700 ppm) in terrestrial basalts (e.g. MORB's)
is known to be caused in part by the elevated redox states (-FKQ) in the
mantle source-regions. The Cr abundance of the melt is controlled by spinel
saturation [16 1. Importantly, the Cr abundance in a mafic melt at spinel
saturation is known to be a function of temperature and oxygen fugacity.
For example, with decreasing oxidation state (at constant temperature), the
abundance of Cr in the melt required for spinel saturation increases sharply
[e.g. 111. This raises a decisive question: If, as proposed by [81. the
lunar mantle at 20-25 kilobars is relatively oxidizing (-FMQ), why do mare
basalts and pristine glasses contain high abundances
(-4000 ppm) of Cr
compared to terrestrial basalts? Experiments designed to measure the Cr
abundance in the melt at spinel saturation as a function of temperature and
oxygen fugacity in a pristine glass composition should clarify this question
bearing on the oxidation state of the lunar interior.
Compositional Heterogeneity of the Moon's Mantle
Petrologists have constrained the composition of a primary picritic MORB
(mid-ocean ridge basalt) that helps to better define the composition and
mineralogy of the Earth's upper mantle beneath mid-ocean ridges [e.g. 18,191.
This notion of ~ primary magma has proven successful largely due to the
limited compositional (major elements) variability in fertile regions of the
Earth's upper mantle. In stark contrast, the Moon's mantle appears to be so
heterogeneous that no one primary magmatic composition is universally
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applicable.
Instead, the twenty-five pristine glasses, which span a remarkable range from 0.4 to 16.4 weight % Ti0 2 , are all primary magmas [6]. Continued discovery of additional varieties of pristine lunar glass will
provide further ' constraints on the nature and causes of this extraordinary
variability in the lunar mantle.
Hydrostatic Ascent of Lunar Magmas
Solomon [20)" assessed the eruptability of lunar mare magmas through
application of hydrostatic concepts. The equation that was developed [20] is
given below.
The original approach of Solomon [20] has been modi'fied to
account for the densification of· melts with increasing pressure [9]:
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z = depth
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This equation has been applied to the pristine glass compositions [6] in
order to assess the hydrostatic ascent of these magmas.
Results suggest
that the highest titanium magmas (e.g. Apollo 14 black glass with 16.4 wt.%
Ti0 2 ) had a small 'window of eruptability', whereby a value of e >0 . 96
was required .to get this magma onto the lunar surface. This implies that
there may be hydrostatic limit on the compositional variety of mare magmas
that can reach the lunar surface.
REFERENCES:
[1] Heiken et al. (1974) Geochim. Cosmochim. Acta, 38, p.
1703- 1718; [2] Wilson and Head (1981) J. Geophys. Res . , 86, p. 2971-3001;
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p. E349-E360; [5] Shearer et al. (1989) Geochim. Cosmochim. Acta, in press;
[6] Delano (1986) PLPSC 16, p. D201-D213; [7] Hughes et al. (1988) Geochim.
Cosmochim. Acta, 52, p. 2379-2391; (8] Sato (1979) PLPSC 10, p. 311-325;
[9] Delano (1989) PLPSC 20, in press; [10] Green et al. (1975) PLPSC 6, p.
871-893; (11] Delano (1980) PLPSC 11, p. 251-288; [12] Jones and Delano
(1989) Geochim. Cosmochim. Acta, 53, p. 513-527; [13] Brett and Sato (1984)
Geochim. Cosmochim. Acta, 48, p. 111-120; [14] French and Eugster (1965) J.
Geophys. Res., 70, p. 1529-1539; [15] Woermann et al. (1978) EOS, 59, - p. 813;
[16] . Langmuir et al. (1977) Earth Planet. Sci. Lett., 36, p. 133-156; [17]
Barnes (1985) Lunar Planet. Sci-XVI, p . 27-28; [18] Green et al. (1979) The
Earth: Its Origin, Structure, and Evolution (M.W. McElhinny, ed.), p. 265290.
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THERMODYNAMIC MODELS OF TRACE METAL AND VOLATILE ELEMENT TRANSPORT
BY LUNAR VOLCANISM Bruce Fegley Jr. and Derrick Kong, Department of Earth, Atmospheric and
Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139
Introduction. In this abstract, we present preliminary results of the first set of comprehensive chemical
equilibrium calculations on the gas phase chemistry of trace metals and volatile elements (e.g., B, C, F,
Na, S, Cl, Cu, Zn, Ga, Ge, Br, Ag, Cd, In, Sb, Te, I, Au, Hg, Tl, Ph, Bi, etc.) associated with lunar
glasses (1). These results are important for identifying the major gas phase species of these elements and
for modelling the transport mechanisms for trace metals and volatile elements in lunar volcanic gases.
Calculations. A revised and expanded version of the TOP20 code was used for the ideal gas chemical
equilibrium calculations. This code uses the dual constraints of mass balance and chemical equilibrium
to solve the molecular composition (at a specified temperature, pressure, and set of elemental atomic
abundances) of a gas phase containing over 1000 gases of over 70 elements. The thermodynamic data used
in the calculations come from standard compilations such as the JANAF Tables (2,3). The computational
method used in the TOP20 code has been schematically described by Barshay and Lewis (4).
Results. A preliminary subset of our results for the gas phase chemistry of sulfur, copper, sodium, and
potassium is illustrated by the figures on the next page. These calculations were done at a total pressure
of 1 bar and with an "average" terrestrial fumarolic gas composition having the following normalized
elemental atomic abundances: N=l.O, F=6.8, S=21.8, Cl=36.1, C=163, 0=3982, and H=7417. The Br
and I elemental abundances were determined by assuming Cl/Br and Cl/I atomic ratios appropriate for
seawater (5). The abundances of other elements such as copper, sodium, and potassium were deliberately
set at 1 part per billion. By doing this, their chemistry can be calculated without affecting the overall mass
balance of the gas phase.
Discussion. An important result of the calculations is that halides are important species for the
transport of metals such as copper, sodium, and potassium. This is also true for several other metals
including Fe, Mg, Ca, Ni, Ti, Cr, Mn, and Co. For copper, sodium, and potassium, a chloride is the
dominant gas over a wide temperature range. The elemental abundances of the other halogens (F, Br, I)
will be an important factor for determining the relative importance of gaseous bromides, fluorides, and
iodides. A second important result is that more complex species such as dimers and trimers become
important at low temperatures (e.g., see the graphs for copper and potassium). If no AI remains in the gas
at low temperatures, dimeric halides will also be the dominant sodium-bearing gases. Third, the oxidation
state of this assumed gas composition becomes more reducing at lower temperatures. This is reflected by
the decreased abundances of oxidized sulfer gases and by the increased abundances of reduced sulfur gases
at low temperatures.
Summary. Preliminary ideal gas chemical equilibrium calculations illustrated here show that even in
water-rich gases, halides are an important species for the transport of metals including Cu, Na, and K.
Calculations done with drier assumed volcanic gas compositions reinforce this conclusion.
Acknowledgements. This work was supported by grants from the NASA Planetary Materials and
Geochemistry Program and the Planetary Atmospheres Program to MIT. The MIT UROP Program also
provided partial support for DK.
Refereuces. (1) J.W. Delano 1986 Proc. 16th LPSC J. Geophys. Res. 91, D201-D213, (2) JANAF
Tables 3rd. edition, (3) Thermodynamic Properties of Individual Substances, 4 vols., High Temperature Institute, Moscow, USSR, (4) S.S. Barshay and J .S. Lewis 1978 Icarus 33 593-607, (5) Handbook of Chemistry
and Physics, 55th ed., p. F190.
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PRISTINE GLASSES OF MARE FECUNDITATIS. Yuequn JIN and Lawrence A.
TAYLOR, Dept. of Geological Sciences, Univ. of Tennessee, Knoxville, TN 37996.
Investigations of glass particles present in lunar soils have provided
tremendous insight into lunar magmatic history and the nature of the lunar
mantle and have lead to the discovery of 25 d1fferent magma types from the
lunar glass returned by the Apollo missions [1,2]. However, the Apollo
missions only sampled a relativeJy small p9rt~on of the lunar surface. In an
attempt to expand the populat1on of pr1st1ne lunar glass magma types,
microprobe analyses of 116 glass part1cles have been performed in a ~are
Fecunditatis sample.t PN 21036,15. This sample is a double polished grain
mount comprising >2J0 micron particles and is from the 20-28 em portion of
Luna 16 drill core (Horizon C) [3]. Four types of glass were ident1fied [4]:
1) Basaltic; 2) ANT (Anorthositic- Norite- Troctolite) suite; 3) Maskelynite;
and 3) HASP [5]. The majority of the glasses are of impact origin, but many
of the basaltic group glasses appear to be pristine.
Various criteria nave been employed to identify the pristinity of the 116
glass particles in sarn~le 21036,15. First of all, according to Delano and
Livi [1] and Delano [2J pristine glass possess intra-sample homogeneity, high
Mg/Al ratios, and uniform and RgD-correlated Ni content, but contain no
sch}ieren and/or exotic inclusions. Secondly, only those glasses with
CaO Al 203 (yeight ratio) greater than 0.75 are considered to have n1are
parentage [5J; tnis is an inaication of a highland component. In our Luna 16
sample, glasses with highland affinities are probable 1mpact in origin.
The basaltic glass 1s distinguished by its higher FeO, MgO, and
Hor~. C Gl.a.ss (present study)
T(iD 2 contents and CaO/Al 7 q3 ratio
Horlz. .l & D Ciaas
12.6-20.8 wt%A 6.5-14.5 ~%; 0.77Lu.na JO B..-Jls
8.87 wt%; and u.66-1.18 1 resp.) and
lower Al 2 0~ and CaO (8.u1-19~6 wt%;
9.36-15.0 Ot%, resp.). Dpt1cally,
most of the basaltic glasses,
0.6
- especially those.with high TiD 7
contents are green1sh to orange. An
+
.\
opague glass 1s high in Ti0 2 (6.64
wt%) and FeO (20.3 wt%). The basaltic glass includes both impact and
volcanic (pristine) origins. The
C
Luna 16 pristine glasses nave similar compositional ranges of FeD,
- Ti0 7 , CaO, and Al 2 o~ to those of
B
Luna 16 basaltic f~agments from
Horizons A, C, and D [6]. However,
the majority of the pristine _glasses
have higher Z.fgO contents (7-12%)
Mg/(Z.fg+Fe) (0.4-0.7), ·and Ca/(Ca+Na~
(D.92-1.0) ratios than the lithic
equivalent (most around 2-9 wt%,
0.2-0.4, and 0.91-0.96 resp.).
0.92
0.96
1.00
Inspect ion of the pristine glass
Ca/{Ca+Na)
chemistry per~its d~vision into
three groups [F1g.1; 4J. The group
A glass is characterized by the
highest Ca/(Ca+Na) atomic ratios (0.985-1.00) and generally high Mg/(Mg+Fe)
atomic ratios (Mgif = 0.5-0.65). They are high in CaO ( 11-15 wt%) and .Al 2 o3
(14-20 wt%) and most of them are coupled by lower SiD 7 (36-47 wt%) and T~D 7
content (0.~-4 wt%) than other groups. Tht"s group is similar to Fecunditati~
TyTe A Basaltic Glass of Jakes ~t al. 7]. Group C glass 1s lower 1n
Ca (Ca+Na) rat1os (*0.92) and Hg# t0.35-0.50) and higher in Ti0 7 content (5-9
wt%) than the Group A. And Group B Alasses have intermedi~e Ca/(Ca+Na)
ratios between Group A and C (0.95-0.97) and similar Mg/(Mg+Fe) ratios to both
groups. The majority of the glasses belong to Group B. Group B and C glasses
have similar compositions to those of Fecunditatis T~e B Basaltic Glass of
Jakes et al. [7] and similar Si0 1 contents (40-48 wt.
to but lower CaO and
Al 2 D3 contents (9-13 wt% and 8-1~ wt%) than that of basalt (42-47 wt%, 10-16
wt~, and 12-21 wt% resp.).
It would appear that Mare Fecunditatis glasses represent even additional
magma types (Fi$• 2). These magmas are unusual, compared to Delano's
pr1stme glass [2J, being higher inAb,0 3 (i.e.,> 9 wt.%) (Fig. 2) and CaD
{i.e., >10 wt%) and lower in MgD (<15~ and Ni (mostly <35 ppm). It would
appear that these "new" magmas contain a higher plagioclase component.
However, they do not display a simple fractionation trend toward basalt,
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possibly due to lack of amount of
aat a • Figure 2 rev e a 1 s that at
least two ruagma types are
responsible for the chemical
variations observed among the Luna
20r
- 16 pristine glasses.
One is
/.,
represented by Group A pristine
\
\
glass, while the Group B a n d C
glasses comprise the other magma
A
'
\
type. The most MgO-rich magma of
- Group B and C glass have compositions similar to that of "Array I I "
m~gma [1,2], except for the h1gher
T102 contents for the Array magmas
(>3.4% versus
They can be re- lated to the Luna 16 basalt by fracII
tional crystallization of olivine or
olivine plus pyroxene. However,
o
Group A glasses do not have norma 1
basaltic magma composition. They
5- may evolve to the compositions of
. . Bori:z. c CLan (present study)
some the the Luna 16 basalts by
Bori:z • .l de D clau
cot ec tic fractionation of o 1 iv ine
Array I + 11 {Delano, 1966)
and plagioclase. However 1 no cont in~Lun.a,lCI Basalb p:urel et ·~·· 19715)
uum of compositions ex1sts
in the
1
___
____
___
____
present data array. Likewise,
5
10
15
20 although it would appear that Group
.MgO
A magma could have evolved by
olivine fractionation from Array I
and I I magmas, no intermediate compositions connect these populations. Therefore, it 1s possible that this
magma was generated from a unique source materials.
Some larger (>20 microns) glass grains were analyzed for Ni. Among the
11 particles analyzed, Ni contents are uniform. Most of the pristine glasses
have Ni contents less than 35 ppm; two particles have N1 at 52 and 68,
respectively. These values are significantly lower than majority of the
Apollo pristine glasses [2] (Fig. 1). It is probably due to th~ low ~tgO and
more evolved nature of Luna 16 pristine glass than the Delano's L2] (Fig. 2).
Some of the "agglutinitic glasses" analyzed also have Ni <35 ppm, tliereby
demonstrating tliat the absence of appreciable Ni is not a criterion to be used
alone to des1gnate "pristinity".

Fig. 2

.'

.
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V1nogradoy A.P. (1971) PLSC 2th,
l? • 1-16; L4] Y. -Q. & T a y 1or L •A •
t1989) LPS XX, p. 466-467; [5]
Naney M.T.~ Crowl D.M., & Papike
J.J. (1976J PLSC 7th, p. 155-184j
[6] Kurat G. et al. (1976) PLSt;
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1301-1321; [7] Jak eSl'":
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DIFFERENTIATES OF THE PICRITIC GLASS MAGMAS: THE MISSING MARE BASALTS; J.
Longhi, Lamont-Doherty Geological Observatory, Palisades, NY 10964
One prediction of the hypothesis that mare basalts are differentiates of more primitive magmas similar in
composition to the picritic volcanic glasses (1,2,3) is that there should be mare basalts with compositions
spanning the range expected of differentiates of the known picritic compositions. Figure 1 demonstrates that this
predicition has not yet been confirmed. Figure 1 shows the Ti02 and MgO concentrations of fine-grained mare
basalts and picritic glasses (2); also plotted are calculated differentiation trends of a few of the picritc glass
compositions. It is clear that there are no basalt compositions near the kinked portions of the red and black glass
trends. There is also a dearth of basalt compositions corresponding to differentiates of the yellow glasses. Basalts
with intermediate and very high Ti02 concentrations may thus be thought of as "missing", at least from the
sample collections. Remote sensing studies (4,5) indicate abundant unsampled flows with intermediate Ti02. so
the non-primary basalt hypothesis is at least consistent with the data in this portion of the composition range
and the dearth of the mare basalts with intermediate Ti02 is apparently a sampling problem. The missing veryhigh-Ti basalts are more problematical. The same remote sensing studies also describe extensive areas of an
unsampled high-Ti basalt type (HDSA) that is similar to Apollo 11 and 17 basalts in Ti02 concentration,but is
apparently more mafic. Taken at face value, the reflectance spectra of these basalts (actually soils) do not
correspond the differentiates of the red and black glasses, which should have Ti02 concentrations in the range of
11 (evolved) to 17 (primitive) wt%. So it is not clear whether the very-high-Ti basalts are simply missing from our
collections or are simply not present on the Moon.
.
Given the possibility that a few rare fragments of these intermcdiate-Ti and very-high-Ti basalts may be
present in our collections, it should be useful to describe some the petrographic and chemical characteristics
predicted for differentiates of yellow, red, and black glass compositions that might help in their discovery.
Accordingly, I have calculated ncar-perfect fractional crystallization sequences for the Apollo 14 and 15 Yellow,
the Apollo 15 Red, and the Apollo 14 Black glass compositions tabulated by (2). Partial results are listed in Table
1 in terms of temperature, volume (approximate) percent crystallized, order of mineral appearance, and silicate
mineral composition. The calculations were arbitrarily stopped at 80 mole% crystallization.
lntermediate-Ti Basalts: Calculations show that all picritic glass compositions crystallize olivine and
chromite early. The result in fine-grained differentiates should be olivine phenocrysts with chromite inclusions.
After olivine and chromite, differentiates of the Apollo 14 and 17 yellow glass magmas should differ only slightly
in crystallization sequence. Augite will crystallize next in the Apollo14 magma followed soon after by nearly
simultaneous crystallization of plagioclase and ilmenite. The result in fine- to intermediate-grained rocks should be
a sub-ophitic texture with ilmenite having the same textural position as plagioclase.. Although plagioclase. should
be the second major phase to crystallize from the Apollo 17 .. magma (assuming no nucleation delays), plagioclase,
augite, and ilmenite should begin to crystallize nearly 'simultaneously and produce an ophitic groundmass. In
general appearance, differentiates of the Apollo 14 and 17 yellow glass magmas will resemble Apollo 12 ilmenite
basalts (6), but with 1 to 3 % more ilmenite in the mode.
Very-high-Ti Basalts. Mineralogically, differentiates of the Apollo 15 Red and 14 Black glass magmas
should be generally similar to some of the Apollo 11 and 17 basalts: phenocrysts of olivine with chromite
inclusions and phenocrysts of ilmenite with cores of armalcolite in groundmasses of intergrown augite,
plagioclase, and ilmenite. It is possible that very fine-grained or vitrophyric basalts might have phenocrysts of
only olivine (with chromite) and armalcolite. Chemically, these basalts would be readily distinguishable from
known mare basalts by their concentrations of Ti02: up to 15 wt% (Red) or 17 wt% (Black). Petrographically, the
total mode of opaques (>25%) would be diagnostic in medium- to coarse-grained rocks, and in fine-grained rocks
the amount of armalcolite might approach 10%.
An interesting feature of these calculations is that pigeonite does not appear to crystallize from any of
the four magmas modeled. Although pigeonite is the dominant pyroxene in low-Ti mare basalts, it is not a
ubiquitous phase in the Apollo 12 ilmenite basalts (6) and in the high-Ti basalts (e.g.,7). Its absence in these
latter rocks and in the calculations can be explained in terms of the extent of fractionation which is a reflection of
cooling rate. Melting experiments on lunar compositions have shown that pigeonite is unstable with respect to
olivine plus silica in highly fcrroan (Mg' < 0.85) liquids (8). If Mg' in a magma drops below this value before the
magma reaches saturation with pigeonite, then no pigeonite will crystallize. This situation is most favorable in
magmas undergoing near perfect fractional crystallization that are saturated with augite because augite
crystallization will cause Mg' to decrease with minimal increase in Si02. The same magma undergoing inefficient
fractionation will crystallize pigeonite because Mg' decreases much more slowly per unit of crystallization and the
magma is able to reach a sufficiently high Si02 content to stablize pigeonite while Mg' is still above 0.85. Thus
it is observed that pigconite is stable predominantly in the more coarsely grained and hence more slowly cooled
members of the Apollo 12 ilmenite basalt suite (6) and Apollo 17 high-Ti basalts (7). A related feature of the
calculations is the continuous stability of olivine (Table 1). Once augite begins to crystallize the proportion of
olivine crystallizing falls almost to zero and then increases once silica begins to crystallize. If pigeonite were to
crystallize, then olivine would quickly disappear only to reappear in the latest stages of crystallization when
pigeonite became unstable.
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TABLE 1. Fractional Crystallization of Picritic Magmas
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Figure 1. Ti02 versus MgO in
mare basalts and picritic
glasses. Dashed lines are
partial liquid lines of descent
calculated by the method of
(3). For green and yellow
glasses, liquids are saturated
only with olivine and
chromite; for red and black
glasses, negative slope
represents liquids saturated
with olivine and chromite,
positive slope indicates
olivine, chromite, and
armalcolite .
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THE SOURCE OF THE MARE BASALT EUROPIUM ANOMALY: REE DISTRIBUTION
COEFFICIENTS FOR PIGEONITE. G. McKay (SN4, NASA-JSC, Houston, TX,77058) J. Wagstaff, and L.
Le (Lockheed ESCO, 2400 NASA Rd. 1, Houston, TX 77058)
Introduction. A long-held paradigm of lunar science is that the complementary REE patterns and Eu
anomalies of the lunar crust and mare basalt source regions reflect an early differentiation event of global
scale resulting from the crystallization of a lunar magma ocean (MO) (e.g. 1,2]. The positive Eu anomaly of
the crust is generally thought to result from plagioclase enrichment, while the negative Eu anomaly in mare
basalts is thought to be inherited by the source region from an evolved MO in which prior plagioclase removal
had produced a negative Eu anomaly (e.g. 2,3].
Several workers [e.g. 4,5] have called into question the need for prior plagioclase removal, suggesting that
the mare basalt Eu anomaly was instead a result of Eu anomalies in the distribution coefficient patterns of the
ferromagnesian cumulate minerals in the source regions. However, even some of these workers have recanted
their heresy (6], and called for a Eu anomaly in the MO prior to formation of the cumulate source regions.
This issue has again been raised by Brophy and Basu [7] and Shearer and Papike [8]. These authors
explicitly addressed the question of whether prior plagioclase removal is required to produce Eu anomalies of
the magnitude observed in mare basalts. However, using slightly different approaches, and more importantly,
using different values for mineral/melt distribution coefficients for Eu and trivalent REE, these authors
arrived at opposite conclusions: Brophy and Basu concluded that prior plagioclase removal is required, while
Shearer and Papike concluded that it is not.
Part of the uncertainty in this issue is a result of inadequate mineral/melt partition coefficient data,
especially for Eu at lunar oxygen fugacities. The situation is most critical for low-Ca pyroxene (a major carrier
of REE among MO crystallization products throughout much of the MO crystallization sequence), but less so
for olivine and high-Ca pyroxene. Olivine distribution coefficients are so low [9] that even a small proportion
of pyroxene in the source region will dominate REE abundances in both cumulates and their partial melts.
High-Ca pyroxene distribution coefficients have been studied by several workers [e.g. 10,11,12] under nearlunar oxygen fugacities, and indicate a significant Eu anomaly (Fig. 1).
The magnitude of the Eu
1
anomaly for Low-Ca PX is less
LEW 86010 CPX
Fig. 1
1200"C, rN
well constrained. OPX distribution coefficients [13] indicate
only a very minor anomaly (Fig.
..
..
1). However, those results were
obtained before the difficulty of
measuring very low distribution
DIOPSIOE
coefficients on small crystals was
0.1
1265"C,rN
appreciated [9], so the magnitude
... ONiz8ck ..... (1974)
of the anomaly is likely to be unreliable. The goal of this study is
to provide reliable values for the
1200"C, rN/10
partitioning of REE between
• Wol &. McKay (I 1175)
low-Ca pyroxene and melt under
near-lunar f0 2 so that the origin
0.01
of the mare basalt Eu anomaly
can be better constrained.
Nd
La Ce
Sm Eu Gd
Yb
Experiments. McKay [14]
reported distribution coefficients
for trivalent REE between pigeonite and a melt produced by 15-20% crystallization of a synthetic basalt
resembling 12015, but did not study partitioning of Eu. For the present study, we prepared a similar starting
composition containing about 1 wt% each of Gd and Eu. Pellets (125mg) of this starting material were
suspended on wire loops in a controlled atmosphere (CO/C02) furnace at oxygen fugacities near IW, held at
13000C for four hours, cooled to 12000 in 2 hours, then to 1175° at 0.3°/hr, held for 24 hours, and then air
quenched. This multi-stage cooling history permitted growth of large (>200 ,.,.m wide) pigeonite crystals for
which even very low partition coefficients could be measured without interference from adjacent glass (9).
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Table 1.
Resulting charges were sectioned; polished and analyzed with the JSC cameca
microprobe, with no analyzed spot being closer than 100 JLm from the nearest glass, to
Xtl Deu Dad Deu/Gd
ensure absence of analytical interference.
A .0070 .0225 .321
Results. Resulting Eu and Gd partition coefficients for each crystal are given in
B .0077 .0218 .361
Table 1, and average compositions of crystals and glass for the current experiments
c
.0065 .0230 .283
and our earlier experiments [14] are given in Table 2. The partition coefficients
showed slight differences among the three charges (Table 1), but values for Eu/Gd are
Avg.0071 .0224 .321
quite consistent. Values for Dad from the present study differ from our earlier values
[14) by nearly 80%, despite the similarity in melt and pyroxene composition and experimental procedures and
conditions.
Table2.
Discussion. The major difference between the two sets of experiments
is the presence of 0.4 wt% alkalies in the earlier glass, and the slightly
McKay(l981) This Study
more calcic nature of the earlier pyroxene (Table 2). McKay et al. [15]
Liq
Px
Liq
Px
noted the strong dependence of CPX distribution coefficients on ca
Si02 46.1 53.2 45.9 53.1
content, and we suspect that this is at least partially responsible for the
Ti~
3.43 0.47 3.70 0.48
difference between our present and earlier results for Gd. We speculate
1.43 10.9
AQ03 10.5
1.43
that the presence of alkalies in the earlier melt increased the activity of ca Cr203 0.24 0.73 0.23 1.07
in that melt, resulting in growth of more calcic pyroxene. Experiments
FeO 16.6 15.8 16.4 14.4
using the new starting composition to which Na has been added are in
MgO 7.43 24.5
7.48 25.8
CaO 11.0
3.41 11.7
2.58
progress to test this hypothesis.
Na20
0.28
0.00
Because of the absence of alkalies in the present starting composition
K20 0.11 0.00
and the apparent resulting effect on distribution coefficients, for this
Eu203
1.22 0.0085
abstract we rely on the current experiments only to define the magnitude
Gd203 2.66 0.096 1.25 0.028
of the Eu anomaly in the pigeonite partition coefficient pattern. We take
mg
0.444 0.734 0.449 0.762
the absolute values for the trivalent REE from our earlier study, and use
0.068
0.052
the Deutad ratio from the current study to compute a value for DEu which is WO
0.036
D(Gd)
0.022
consistent with the earlier trivalent values.
D(Eu)
0.0071
Results are shown in Figure 2, along with the OPX values of [13] for
comparison. It is clear from these results that low-ca pyroxene has a much
larger capacity to develop a Eu anomaly than the earlier data suggest. These results are in qualitative
agreement with partition coefficients derived by [16) from ion probe analyses of Wo12 pyroxenes from lunar
mare basalt, but suggest an even larger Eu anomaly for pyroxenes with lower ca content, in agreement with
arguments based on crystal chemistry [8]. Whether the Eu anomaly in low-ca pyroxene partition coefficients
is large enough to explain the Eu
anomaly in mare basalt without prior
Fig. 2
plagioclase crystallization awaits
KREEPOPX
detailed modelling studies which are
0.1
1200"C,
IW/10
beyond the scope of this abstract.
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APOLLO 17 ORANGE SOIL: INTERPRETATION OF GEOLOGIC
SETTING; H.H. Schmitt, Consultant, Albuquerque, NM, 87191
The discovery of the orange soil in the rim of Shorty
Crater during the Apollo 17 Mission to the Valley of TaurusLittrow (1), and subsequent recognition of orange materials
as a major component of mantling deposits at the southwestern
edge of Mare Serenitatis (2), added excitement, puzzles, and
critical new information to our studies of the moon. The
excitement came from the discovery of what, at the time,
appeared to be volcanic material the science team had
speculated might be found at Shorty. The puzzles came when,
after the soil had be examined carefully on Earth, we had to
conclude that somehow 3.6 aeons old (3) orange glass beads of
pyroclastic origin, underlain by their black devitrified
equivalent, had been emplaced in the rim and ejecta blanket
of an 80 m. diameter impact crater with only minor
contamination by other material (4). The critical new
information came when it became clear that the source region
for the orange soil magma must be the deep interior of the
moon, below the region included in the original melted shell
( 5) •

.

An explanation of the geologic setting of the orange and
black soils comes from the writer's personal observations of
the effects of the explosion of 500 tons of ammonium nitrate
(1971 DIAL PACK event) near Medicine Hat, Alberta. This
explosion caused the pressurization of underlying water
saturated sand strata and the eruption of the water-sand
mixture ~long condui~s in radial and circumferential
fractures cutting the rim and ejecta blanket of the explosion
crater. By analogy and further logic, the following sequence
of events may have taken place in the vicinity of Shorty
Crater:
1. Eruption of the mare basalt flows that partially
filled the Valley (3.7 aeons (3)).
2. Pyroclastic eruption (4) of orange glass beads and
black devitrified glass beads (3.6 aeons (3)).
3. Immediate covering . of the pyroclastic deposits by a
basalt flow of sufficient thickness to protect the orange and
black glass from significant contamination by regolith
materials.
4. Avalanche from the north side of the South Massif
(1) to form the Light Mantle.
5. Meteor impact that created Shorty Crater (5) which
penetrated below the Light Mantle and into the basalt flow
overlying the pyroclastic deposits (19 My (7)).
6. Instantaneous release and pressurization of adsorbed
gases and the fluidization of pyroclastic deposits
immediately beneath Shorty Crater.
7. Eruption of gas/bead mixtures along conduits in the
radial and circumferential fractures around Shorty Crater.
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8. Continuous sorting of the less dense orange glass
beads toward the top of the gas column to give the sharp
separation of orange and black beads observed in and on the
core tube (1).
9. Development of thin regolith on the . exposed top of
each orange and black bead deposit.
The primitive nature of the gases adsorbed on the
surfaces of the orange and black beads (8) indicate a source
region in the deep interior of the moon, below the zones
affected by the degasing of the magma ocean (9). This in
turn suggests that these deep source materials remained
relatively cool during the processes that formed the moon and
had not been subject to significant earlier differentiation.
The existence of a necessary density reversal below 200-300
km., the probable depth of differentiated crust and mantle,
to maintain the average density of the moon supports this
conclusion. Both these constraints on lunar composition and
structure severely limit possible mechanisms for the
formation of the moon and suggest formation as a
contemporaneous partner to Earth rather than derivation from
the early, already differentiated Earth as suggested by
others (10).
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APOLLO 15 GREEN GLASS I: NEW COMPOSmONAL AND PETROGRAPHIC INSIGHT.
Alison M. Steele, Randy L. Korotev, and Larry A. Haskin, Dept. of Earth and Planetary Sciences, Washington
University, St. Louis MO 63130.
Introduction: As part of a continuing effort to unravel the petrogenetic history of the Apollo 15 green glasses,
we have completed 365 new trace element (INAA) analyses on material from two splits green glass clods 15426.
Materials and Procedure: Green glass particles were handpicked from splits 15426,9012 and 15426,154. The
soil of the former split has a light green matrix (material < 1 JJg) that probably consists almost entirely of
pulverized material green glass. It is also relatively rich in larger (>50 JJg) green glass particles. In contrast,
15426,154 is a very fme grained, more mature brown regolith sample with sparse large green glasses. Of the 365
glasses for which we present data, 142 are from ,154 and 223 are from ,9012. Because no single study has ever
included both crystallized and glassy samples in its database or sought to relate them directly, 22% of the
· particles we chose from each split are green glass vitrophyres (GGVs), and most of those GGVs are also
composite (i.e. consisting of multiple adhering droplets). It was hoped that, by choosing a wide variety of
particles from these two diverse splits of 15426, trace element data corresponding to the entire known major
element compositional range [1) would be obtained.
Petrographic examinations were also made of each glass, with the following features recorded:
crystallinity (vitric/vitrophyric), shape of the droplet where determinable (sphere/spheroid/elongate), presence
or absence of surface coating or unusual texture, contamination (i.e. adhering regolith), and in the case of
broken spherules, the approximate percentage of the original droplet remaining where determinable. Although
the physical characteristics of each glass are unique and continua exist among some of these arbitrary criteria
(e.g., spheroid/elongate), each was described as objectively as possible so that these physical features could be
compared with compositions.
Results and Discussion: We present data in Figures 1-4 and indicate on them what seem to be distinct domains
within the green glass compositional field. Figure 1 shows that the majority of green glasses form two closely
spaced, parallel trends on a plot of Sc vs. FeO, but that a suite of samples having a greater range of FeO values
does not show the same trend. We refer to these three groups as the low, high, and extended Sc-FeO suites
respectively. Although the high Sc-FeO suite is tightly clustered on Figure 1, it may actually consist of two
discrete groups, as it seems to be divided plot of Sm vs. Na20 (Fig. 2). However, this suite is continuous on a
plot of La vs. Sm, as Figure 3 indicates. Figure 3 also shows that the extended Sc-FeO suite, while showing
poorer Sc-FeO correlation, spans the greatest range in REE values and is better correlated with respect to La
and Sm. Figure 4 illustrates that Sm and Co are strongly correlated only for the extended Sc-FeO suite.
The low Sc-FcO suite behaves coherently and does not appear to subdivide on any element-element
plot. The extended Sc-FeO suite may actually contain discrete groups within it (e.g., possible discrete segments;
Fig.'s 2, 3) but there are not enough samples in this group to state with confidence that this is the case.
Sample contamination was negligible (i.e. adhering regolith < 1 wt. %), but there may be some
petrographic distinctions among the various suites described above. Thirty three percent of the high Sc-FeO
suite is composed of GGVs whereas only 12% of the low Sc-FeO suite is vitrophyric. Closer examination
reveals that 90% of the GGVs falling in the high Sc-FeO group are actually contained in the high Sm-Na20
portion of it (Fig. 2). In addition, the high Sm-Na20 fraction also contains almost four times as many elongated
vitric beads and over twice as many beads which seem to show a surface coat, compared to the low Sm-Na20
portion. Thus, petrographic evidence seems to support the hypothesis that the high Sc-FeO suite actually
consists of two separate groups. It is widely held that the formation of Apollo 15 green glasses was associated
with a release of volatiles (e.g. (2; 3]). The petrogenetic observations described above would all be consistent
with formation of the high Sm-Na20 suite in a volatile cloud that was more dense than that associated with
either the low Sm-Na20 or the low Sc-FeO suites. Such a cloud might have had a slower cooling rate, which
would have permitted a greater number of beads to partially crystallize and remain molten long enough to form
composites. Drag forces necessary to create green glass "hair", which is the form many of the elongated vitric
beads have, would have also been greater. A denser cloud would have also increased the chances of beads
developing a volatile coating.
Conclusions. New trace element data indicate that the Apollo 15 green glasses seem to comprise several
populations. Not only are the long-ignored GGVs members of these populations, their distribution, along with
other petrographic criteria, provides further support for the hypothesis that some green glass populations may
be distinct. We plan to obtain major element data on many of these 365 particles to assist in more fully
exploring their complexities.
REFERENCES: (1) Delano, J.W. 1979. PLPSC.!9: 275-300. (2] Meyer, CJr., McKay, D.S., Anderson, D.H. and Butler, P Jr. 1975. PLSC
(3] Arndt, J., v. Engelhardt, W., Gonzalez-Cabeza, I. and Meier, B. 1984. PLPSC 15: C225-C232.
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APOLW 15 GREEN GLASS II: THE ELUSIVE COMPLETE DATABASE. Alison M. Steele, Randy
L. Korotev, and Larry A. Haskin, Dept. Earth and Planetary Sciences, Washington University, St. Louis, MO
63130.
Despite the exceedingly small sizes of the Apollo 15 green glasses and the corresponding difficulty in
obtaining precise analyses of individual spherules, a variety of studies have successfully illustrated and
confJl'1lled their compositional variability [1, 2, 3, 4). However, each of these studies has approached the green
glass problem by using a database limited to either major elements [1, 3) or minor and trace elements [2), and
only one study has begun to combine compositional data with petrographic information [4). As we will show,
the development of petrogenetic explanations for the green glasses has been influenced by data that do not
encompass complete green glass compositional characteristics.
Even though we do not yet have major element data for the majority of samples on which we have
. obtained trace element analyses [4), we are still able to make a detailed comparison of our fmdings to at least
one other study. Ma et a/. [2) used similar INAA procedures to analyze green glasses from an unspecified split
of 15426. Figure 1 superimposes Sc-FeO data for spherules they analyzed on the compositional range we found
[4); the difference is striking. If Ma et al. [2] selected spherules for analysis randomly, their split must have
contained much different proportions of green glass compositions than either of the two splits we received from
the same regolith clod (Table 1). Ma et al. [2) offered petrogenetic explanations and attempted to reconcile
them with previous studies [i.e., 1) but did not have sufficient data to observe the separation of low and high ScFeO groups. This and the lack of major element data opens their suggested petrogenetic explanations to
question. The proportions of groups as defined by Delano [1] have been known to vary among splits of the
green glass clods [3] but differences in the percentages of these groups are not as large as the differences seen
here on the basis of trace elements (Table 1).
That green glass spherules are not well mixed on such a small scale lends support to the hypothesis that
they were formed by some process other than impact, if impact processes truly create glasses that are
homogeneous on a small scale as has been suggested (e.g., [6]). These pronounced differences also suggest that
green glasses of all compositions might not have been deposited simultaneously. Emplacement of the two
groups on either side of the Sc-FeO hiatus (Figure 1) appears to require a number of discrete events.
Further comparison of the data of Ma et al. [2) and our present work [4) reveals similar trends on
element-element plots other than Sc vs. FeO. Their data behave similarly to ours when divided into roughly the
same groups. Glasses that we would categorize as belonging to our high Sc-FeO suite do show a hint of a break
into high and low suites on a plot of Sm vs. NazO, but a discrete division cannot be rigorously demonstrated
because their data are fewer and show greater analytical uncertainly for these elements.
A comparison of green glass FeO values presented by Delano [1 ], by Ma et al. [2), and in our present
work [4) suggests that some low-FeO glasses analyzed in the latter two studies would probably be categorized as
belonging to Delano's [1] groups B and C, as glasses with low FeO values seem to be restricted to those groups.
However, the fact that we have identified two major divisions (the Sc-FeO divide and the Sm-NazO divide for
the high Sc-FeO suite [4]) among the mainstream green glasses where Delano identified only one (the A-D
divide; e.g. [1, Fig. 2]) suggests that relationships between major and trace elements may not be simple. In fact,
preliminary major element analyses for 34 of our glasses indicate that the hiatus between Delano's [1) major
groups A and D might not correspond to either the Sc-FeO hiatus or the division between the low and high SmNazO suites. Thus far we do not have enough major element data to explore this aspect further.
Although Ma et al. [2) did not extensively sample the low Sc-FeO suite, a number of their samples plot
outside of the ranges of those analysed in our study (Fig. 1), considerably extending the range of our high ScFeO suite, even though they analysed only 55 green glasses compared to our 365. Thus, neither the data of Ma
et al. [2) nor those of the present study [4) covers the compositional range shown by the two works combined.
An additional question pertains to our extended Sc-FeO suite [4). Because we did not obtain many analyses of
glasses belonging to this suite, we are not able to tell whether a continuous compositional array is present, or
whether additional analyses would indicate that this suite is more finely divided into discrete groups. Finally, it
should be noted that Delano [1] found that some green glasses he analyzed seemed to bear no relation to his
designated groups [1; e.g. Fig. 14). It is not clear whether further analyses in this case would reveal these rare
compositions to belong to distinct green glass groups, whether they would extend known green glass trends, or
whether more complete compositional analyses (i.e. including trace element) would reveal that they bear only
limited relation to the mainstream green glasses.
An integrated approach involving both major and trace element data as well as petrographic
observations is an essential step if the complicated petrogenesis of the Apollo 15 green glasses is to be fully
understood. Recent efforts have been hampered by unrepresentative databases, which result from apparently
inhomogeneous distribution of compositions among different splits of the same regolith clod. That some green
glass compositions are extremely rare, that proportions of different compositional groups seem to vary
enormously from split to split, and that green glasses are so small all underscore the need for green glass
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geochemical studies to involve numbers of sample analyses that are very large in comparison to conventional
petrologic practice.
REFERENCES: (1) Delano, J.W. 1979. PLPSC 10:275-300. [2) Ma, M.-S., Uu, Y.-G. and Schmitt, R.A 1981. PLPSCJ.m: 915-933. (3)
Ryder, G. 1986. LPS XVII: 738-739. [4] Steele, A.M., Korotev, R.L. and Haskin, L.A. 1989, this volume. (5) Ryder, G. 1985. JSC Curatorial Pub. 72: 632-673. (6] Phinney, W.C. and Simonds, C.H. 1977. In, lmoact and Explosion Cratering. Pergamon Press, NY: 771-790.

Table 1. Compositional diversity among green glass studies.
Microprobe Studies
Author

Split

no. of
analyses

samples in
low array (1)

samples in
high array (1)

Delano [1]

15425,15
15426,72
15427,26

416

65%

35%

Ryder [3]

15426,26

113

83%

17%

Ma et al. [2]

15426,?

Steele et al. [4)
Steele et al. [4]

INAA Studies
Samples above
Sc-FeO divide (4)

Samples below
Sc-FeO divide (4)

55

93%

7%

15426,154

142

44%

56%

15426,9012

223

41%

59%

Figure 1.
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Ma et al. [2] n=5 5
Our data [4] n=365

40

Data sets are not normalized In any way

39
38
37
36
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35
34
33
32
31
30
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THERMODYNAMIC ' CALCULATIONS OF TRACE SPECIES IN VOLCANIC GASES:
THE POSSIBLE APPLICATIONS OF NEW COMPUTER MODELS TO LUNAR
VOLCANIC GASES AND -SUBLIMATES; R. B. Symonds and W. I. Rose,
Dept. of Geological Engineering, Geology, and Geophysics,
Michigan Technological University, Houghton, MI 49931 (906-4872714)

over the past several years, we have studied metal transport in
volcanic gases sampled from volcanoes on Earth. Our approach has
consisted of using a variety of field sampling techniques at
high-temperature volcanic fumaroles followed by thermochemical
-modeling of the resulting data. We have found the thermochemical
modeling to be particularly useful in understanding chemical
processes in terrestrial volcanic fumaroles. Here we will
present some of our results of the thermodynamic calculations for
terrestrial volcanic gases. We are now looking for new
applications - of our programs and propose to apply the models to
lunar volcanic gases. Several possible applications will be
discussed as well as the necessary inputs to our programs to
complete the modeling. A major purpose of this presentation is
to obtain feedback on the best possible input parameters for our
computer models.
SOLVGAS and GASWORKS (our thermochemical models) are computer
programs for calculating homogeneous and heterogeneous (GASWORKS)
equilibrium in gaseous systems. They accommodate minor and trace
components (e.g. Na, As, Cu, Zn, Pb, Mo) and species in addition
to the major ones (those in the C-0-H-S-Cl-F system), and provide
for strict oxygen mass balance, allowing calculation of the
oxygen fugacity at any P and T. The programs calculate the
distribution of hundreds of gas and solid (GASWORKS) species in a
system of 30-40 components as a function of temperature and
pressure using the basic formulations of equilibrium calculations
for aqueous systems (1) modified for gases. The calculations
consist of solving simultaneously a series of mass balance and
mass action equations using a Newton-Raphson method.
By calculating the most stable gas species out of the hundreds
possible, SOLVGAS and GASWORKS determine the molecular form in
which elements are actually transported in the gas phase. The
programs have been applied to trace element transport studies at
terrestrial volcanoes. Examples of applications to Merapi
Volcano, Indonesia (2) and Augustine Volcano, Alaska will be
discussed. In both cases, the calculations show that (on Earth):
1) the concentration of most elements in high-temperature
volcanic gases can be explained by equilibrium volatilization
from magma, 2) most metals are transported as chloride gas
species, and 3) sublimates at these fumaroles form in an order
predicted by their equilibrium saturation temperatures.
SOLVGAS and GASWORKS are potentially applicable to a variety of
lunar volcanological problems: 1) the speciation of major and
trace components in lunar volcanic gases, 2) prediction of the
concentration of trace elements in a lunar volcanic gas, and 3)
the speciation and origin of lunar volcanic sublimates.
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THERMODYNAMIC CALCULATIONS OF TRACE SPECIES IN VOLCANIC GASES:
THE POSSIBLE APPLICATIONS OF NEW COMPUTER MODELS TO LUNAR
VOLCANIC GASES AND SUBLIMATES: R. B. Symonds and W. I. Rose
To attack these problems, we need help to obtain (or derive a
best estimate of)
1) the elemental composition of the lunar volcanic qases (C, o,
H, S, Cl, F, Br),
2) the pressure and temperature conditions durinq deqassinq,
3) the ranqe of compositions and mineraloqy of the lunar
basalts, and
4) the composition and mineraloqy of the lunar volcanic
sublimates.
This proposed study would improve on previous work (3-5) on
lunar volcanic qases and sublimates by 1) considerinq more
possible qas species than was done by (3), 2) providinq a
theoretical model for the oriqin of sublimates on the moon, and
3) predictinq possible sublimate phases not described by (3-5).
(1) Reed M. H. (1982) Geochimica et Cosmochimica Acta, 48, p.
513-528.
(2) Symonds R. B., Rose w. I., Reed M. H., Lichte F. E., Finneqan
D. L. (1987) Geochimica et Cosmochimica Acta, 51, p.
2083-2101.
(3) Nauqhton J. J., Hammond D. A., Marqolis s. V. and Muenow D.
w. (1972) Proceedings of the Third Lunar Science Conference,
p. 2015-2024.
(4) Meyer c. Jr., McKay D. s., Anderson D. H., and Butler P. Jr.
(1975) Proceedings of the Sixth Lunar Science Conference, p.
1673-1699.
(5) Chou c. L., Boynton w. v., Sundberq L. L., and Wasson J. T.
(1975) Proceedings of the Sixth Lunar Science Conference, p.
1701-1727.
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PHENOCRYST CONTENT OF MARE VOLCANICS: INFERENCES FOR MAGMA
MIGRATION MECHANISMS ON THE MOON G. Jeffrey Taylor, Institute of Meteoritics
and Department of Geology, University of New Mexico, Albuquerque, NM 87131
A striking feature of lunar volcanic deposits is the rarity of phenocrysts grown at
depth. Mare basalts have no more than a few percent of phenocrysts; pyroclastic glasses
have less than one percent. Observed phenocrysts, such as those m Apollo 15 pyroxenephyric basalts, formed when the basalts erupted (1,2). Even in Apollo 15 olivine basalts,
among the basalts richest in phenocrysts, the phenocrysts seem to have grown in thick
flows on the surface (3). This is in sharp contrast to terrestrial basalts, which are rarely
free of phenocrysts (4); most basalts from the Aleutians, for example, contain 25 to 55%
phenocrysts. Basalts associated with rifts, such as MORBs, contain fewer phenocrysts,
(typically < 10%), but few are completely aphryic (AM. Kudo, personal communicatiOn).
I argue below that this difference in phenocryst content between typical terrestrial and
lunar basalts is caused mostly by differences in migration rates due to differences in
magma viscosities, and by the rarity of magma chambers on the Moon.
Magma migration
As Marsh (4) points out, it is improbable to observe terrestrial magmas near their
liquidi, so they contain phenocrysts. Thus, it seems that mare basalt magmas had quite
different thermal histories than did terrestrial basalts. This implies that they moved more
rapidly from their source regions or traveled through hotter rock, or both. They also could
not have spent significant time in subsurface holding chambers.

Transit time. The velocity of a magma moving by porous flow is directly proportional to the gravitational acceleration (g) and inversely proportional to viscosity (5).
Lunar gravity is one-sixth of that on Earth; mare basaltic viscosities are about ten times
less than those of terrestrial basalts. Thus, lunar magmas will flow from their source
regions about 50% faster than terrestrial basaltic magmas. Once they reach the colder,
more solid lithosphere (and perhaps even before), magmas cease migrating by porous flow
and probably move by fluid fracture (5), essentially makin~ their own dike-like con~uits.
As shown by Turcotte (e.g., 5) for laminar flow the velocity 1s proportional to g and h (the
conduit width), and inversely proportional to the viscosity. Because the conduit width is
proportional to g- 173, the v~locity of crack propagation (and hence magma migration) is
directly proportional to g113 and inversely proportional to viscosity. Therefore, magmas
will move a factor of ten faster on the Moon because of the lower viscosities of lunar
basaltic magmas and the weak dependence on gravity. It appears that there was less time
available for cooling lunar magmas, so there would be fewer phenocrysts·in magmas reaching the lunar surface. In addition, regional stress fields are proportional to gravity, leading
to wider conduit widths and greater eruption rates on the Moon than on Earth (6).
Cooling rates during migration. A consequence of the larger conduit size is a slower
cooling rate, leading to a greater time spent near the liquidus. The greater volume of
magma coursing through a given conduit also would have led to greater heating of the
surrounding wall rocks, thus limiting cooling of magmas in the channels. This, of course,
would have led to fewer phenocrysts and less fractionation.
Magma chambers. Magma chambers are crystal factories. In them, magma ceases
to migrate through the crust and cools by conduction, mainly through the top and bottom.
Crystals form and sink or float. Although most are captured by the solidification front (7),
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some escape and are mixed by convection or dissolved. If the fluid portion of the ma~ma
erupts, it will contain phenocrysts, their abundance increasing as the chamber crystallizes.
Frequent eruption and replenishment might lead to a substantial amount of basalt erupted
with low phenocryst contents, but eventually the system would produce some lavas laded
with phenocrysts. The lack of {>henocrysts in mare basalts indicates that magma chambers
were rare on the Moon. This Is supported by the absence of collapse structures in lunar
volcanic regions (8), evidence for the absence of near-surface magma chambers. The
general intensely brecciated nature of the upper lunar crust is consistent with the rarity of
large magma chambers. It also suggests that mare basalt magmas might form extensive
networks of dikes.
Where did mare basalt fractionation take place?
Suites of mare basalts show clear evidence for low-pressure fractional crystallization (e.g., 9); for example, calculations indicate that up to 25 wt.% of olivine and Fe-Ti
oxides fractionated from Apollo 17 high-Ti basalts. If the basalts eruP.ted without phenocrysts, where did this fractionation take place? There are two possibilities: First, it could
have occurred in conduits as the magmas migrated through the crust. Some crystallization
would have occurred alon~ the walls, especially early in a magmatic cycle when the walls
were cold. The crystals might nucleate on the walls, thus removing them from the flowing
magma. Continued build up of such crystals would increase the viscosity of a zone near
the walls, eventually reaching a point where the viscosity increases so much that the material behaves as a solid, i.e., a rheological locking point (4). Alternatively, much of the
differentiation could have occurred in flows. Some thin mare basalt flows traveled for
hundreds of kilometers (8), during which substantial amounts of differentiation could have
taken place. As Walker et al. (3) showed, thick flows can also differentiate. Fractionation
processes in thick, flowing, low viscosity lavas ought to be studied.
Implications
The unique rheological properties of lunar magmas and the tectonic environment
in which they operated have several consequences. The rarity of magma chambers suggests that magma recharge was less effective on the Moon than it might be on Earth,
although it could occur to some extent in a complex system of dikes. It seems unlikely that
vast layers of ilmenite-rich cumulates were produced from mare basalt magmas, though
such cumulates might have formed in lava lakes. For example, ilmenite-rich cumulates
could exist in the -bottom of the crater Jansen in Mare Tranquillitatis. If magma chambers
were rare for mare volcanism, perhaps the magmas that produced highland rocks also
rarely occupied them. If so, most pristine highland rocks formed in dikes, not large {>lutons. The presence of large exsolution lamellae in the pyroxenes in some of them might
simply be a record of the depth of their emplacement, not the size of the magma bodies in
which they formed.
References: 1) Dowty, E. et al. (1974) J. Petrol. 15, 419-453. 2) Lofgren, G. et al. (1974) PLSC 5th, 549-567. 3)
Walker, D. (1976) PLSC 7th, 1365-1389. 4) Marsh, B.D. (1981) Contrib. Mineral. Petrol. 18, 85-98. 5) Turcotte, D. (1987) In Magmatic Processes: Physicochemical Processes, 69-74. 6) Wilson, L. and Head, J.W.
(1988) LPSC XIX, 1283-1284. 7) Marsh, B.D. (1988) Geol. Soc. Am. Bull. 100, 1720-1737. 8) Head, J.W.
(1976) Rev. Geophys. Space Phys. 14, 265-300. 8) Papike, JJ. et al. (1976) Rev. Geophys. Space Phys. 14, 475540.
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.IN S~ARCH OF AN~IENT LUNAR PYRO~TICS. S. J. Wentworth!, D. J.
lindstrom , D. S. ~Kar, and R. M. Martinez . Lockheed, 2400 NASA Rd. 1,
Houston, TX 77058; NASA Johnson Space Center, Houston, TX 77058.
Back~ound During previous studies of glasses in thin sections of Apollo 16 regolith
breccias [1], we found trace amounts of glass clasts with mare affinities in some of the
ancient (-4 Gy) regolith breccias [2]. The ancient Apollo 16 regolith breccias also
contain some unusual highlands glasses with very high Mg' values (atomic Mg/Mg + Fe
> 0.90), which we termed ultra Mg' glasses. The origin of these ultra Mg' glasses is
uncertain. Some of them have compositions similar to those suggested by [3] for
proposed lunar komatiites, suggesting that the glasses may have a pyroclastic origin.
Trace element data for ancient mare glasses would be very important m understanding
the systematics of the earliest mare volcanism, and the identification and
characterization of lunar komatiitic glasses with high Mg' values would be of great
benefit in deciphering the history of the moon as a whole. Therefore, we have
undertaken a search for individual mare and ultra Mg' glass spheres in ancient regolith
breccias in order to characterize their trace element compositions by means of INAA,
usin~ methods similar to those previously tested on individual highland impact glass
particles from Apollo 16 regolith breccias L4].

Methods
Samples included ancient regolith breccias 60016,165 and 66075,16.
Subsamples of each breccia were previously disaggregated [2} by freeze-thaw (Ff) and
ultrasonic (S) techniques and sieved into standard lunar soil size fractions. For this
study, spherules were picked from the 150-250, 90-150, and 45-90 micrometer fractions
of 60016, 165Ff, 60016, 165S, 66075, 16Ff, and 66075, 16S, as well as the 20-45
micrometer fraction of 60016,165S. Spherules were mounted on carbon planchettes,
carbon coated, and screened by energy dispersive X-ray analysis (qualitative and
quantitative) using a JEOL 35 CF SEM. The screening was to identify possible mare
and ultra Mg' glasses; ~lasses of interest were to be analyzed by quantitative EDS and
then removed from their SEM mounts for irradiation and subsequent INAA.
Results A total of 282 spheres, beads, and sphere fragments was picked from 60016,165
and 66075, 16; this total constitutes nearly all the identifiable spheres in these samples.
SEM screening revealed that most of these spheres are heterogeneous, i.e.,
recrystallized or devitrified, rather than homogeneous glass. This predominance of
heterogeneous glass is consistent with our earlier studies of glasses in ancient regolith
breccias [2]. Compositions of the spheres, as determined by qualitative and quantitative
EDS, indicate that these spheres are mostly highlands impact glasses, including KREEP,
LKFM, and highland basalt glass types, as defined in [2]. Six spheres were chosen for
INAA. Their compositions, as determined by quantitative energy dispersive X-ray
analysis, are given in Table 1. Compositions were normalized to 100% because of high
totals obtained by the data reduction. Na20 and P205 are not included in the table
·because background fitting problems resulted in anomalously high values for these
oxides.
The most significant result of this study so far is that none of the 282 analyzed
glasses is definitely of mare origin. Only one sphere, 208A (i.e., 60016,165S 20-45 urn
AS), which is only 22 micrometers in diameter, has enough FeO (Table 1) to fit in the
mare range according to our criteria for mare glasses [2] (FeO > 13 wt%). This sphere
does not fit the other criterion for a mare glass composition, however, which is that
CaO/AI203 must be > 0.75. This sphere is also unusual in that it consists of
homogeneous glass; of the six spheres shown in Table 1, it is the only homogeneous
glass.
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In addition, none of the spheres have a distinct ultra Mg' composition. One bead,
150SA8 ( 60016, 165S 150-250 urn A8), has a fairly high Mg' value (- 0.89), but this bead
is not a likely candidate for a komatiitic glass because its bulk composition su~ests a
highlands impact origin and the bead has surface features that are typical of Impactgenerated glasses.
The two unusual glass spheres discussed above and four typical highlands-type
spheres are ·being analyzed by INAA. These data will be usefUl in our studies of
highland glasses, but probably will not be applicable to studies of lunar pyroclastics. In
addition to the two unusual spheres, the glasses include three probable KREEP glasses,
·which have K20 > 0.25 wt% and AI203 < 23 wt% [1], and one LKFM glass (K20 <
o.2s wt%; AI2 o3 < 23 wt%).

Table 1: Major element compositions of Apollo 16 spheres.
mare?
208A
SiOz

T~

Al2 3
FeO
MgO
CaO
K2 0
Total
CaO/AI203
Mg'
diameter (urn)

49.9
1.3
11.4
13.8
15.8
7.7
0.06
100.0
0.67
0.67
22

KREEP?
202A

KREEP?
45C1

LKFM?
45C10

KREEP?
45D12

52.9
1.2
21.8
3.2
9.7
10.4
0.80

49.9
1.6
20.0
6.3
10.3
11.1
0.76

44.5
1.4
14.4
8.5
25.2
6.0
0.18

45.5
1.2
20.2
7.7
12.2
12.3
0.86

100.0
0.48
0.84
30

100.0
0.56
0.74
70

100.0
0.43
0.84
78

100.0
0.61
0.74
54

ultra-Mg'?
150SA8
45.7
0.6
12.1
6.4
30.2
4.4
0.59
100.0
0.37
0.89
224x292

208A = 60016, 165S 20-45 urn A8
202A = 60016,165S 20-45 urn A2
45C1 = 66075, 16S 45-90 urn C1
45C10= 66075,16S 45-90 urn C10
45D12= 66075,16S 45-90 urn D12
150SA8 = 60016, 165S 150-250 urn A8

References: [1] Wentworth and McKay (1988) Proc. Lunar Planet. Sci. Conf. 18th, 6777. [2] McKay et al. (1986) Proc. Lunar Planet. Sci. Conf. 16th, D277-D303. [3]
Ringwood et al. (1987) EPSL 81, 105-117. [4] Wentworth et al. (1989) LPSC XX, 11951196.
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A 6 MM SPHERE FROM THE APENNINE FRONT: AN EXCEPTIONAL
VOLCANIC GLASS (OR JUST A REMARKABLE IMPACT GLASS?) Graham Ryder,
Lunar and Planetary Institute, 3303 NASA Road One, Houston, TX 77058
15434,28 is a 0.39 g, 6 mm sphere collected in the regolith at Station 1 on the
Apennine Front, Apollo 15. It was described by Powell [1] as a spherule with a knobby
surface, and included with a group of 26 glass and glass-rich particles (15434,1). The
sphere is a yellow/orange glass of intermediate-Ti mare composition (Ti02 3.2%). The
interior is homogeneous and crystal-free, but the exterior is a thin diffuse rind .(less
than 200 microns) cont~ning debris of mare basalt materials. Major and trace element
chemistry suggest that the glass sphere is volcanic, with adhering material.
Petroraphy: The interior of the broken sphere is shiny black (orange/brown in thin
flakes . It is homogenous, with conchoidal fracture. The outer 150 to 200 microns is
duller, as if devitrified. The exterior surface is dark gray and slightly bumpy or
blistered, and scattered mineral and lithic fragments are embedded in it. One 2 mm
fragment is a ,coarse mare basalt; the mineral fragments are mainly pyroxene and
olivine. These embedded fragments have clean surfaces, lacking adhering glass or dust. A
chip was taken for two serial thin sections. One (,130) has a yellow/orange glass core
with devitrified glass containing some fragmental lithic and mineral debris forming a
rind. Towards the interior of the rim tiny crystallites of skeletal olivine are prominent.
The embedded fragments coarse enough for identification appear to be solely of mare
derivation, and mainly olivines and pyroxenes, though plagioclase, chromite, and ilmenite
are present. The largest mineral fragment is about 700 microns across. The second thin
section (,131) is almost entirely homogeneous yellow/orange glass, with few fragments
(mainly pyroxene) at one edge, and is obviously a more interior portion of the sphere.
None of the fragments in either thin section contain any shock features. The thin
sections sample only the outer 1/2 mm of the glass sphere, and the rind is grossly
over-represented.
Chemistry: Microprobe analyses of the yellow glass were made by Phinney et al. (2] and
Vaniman (pers. comm). (The analysis in [2) is reported as ,48 because of a sample
misnumbering during thin section making). These analyses are very similar and show
that the glass is of mare basalt composition with 21% FeO, 3.5% Ti02, and 9.3%
Al203. I acquired 144 mg as two chips for chemical analysis. One fragment of 66 mg
lacking conspicuous fragments was ground into a homogeneous powder for microprobe
fused bead and INAA analyses; the other is preserved for future studies. The analysis is
reported in the table and the figure, with other compositions for comparison.
The major element analysis is similar to those previously reported for the yellow /orange
glass, and within the realm of other intermediate-Ti02 compositions glasses from the
Apollo 15 site, including the yellow volcanic glass and the yellow impact glasses [3-5,
and others). It differs from the volcanic glass mainly in being lower in MgO and
Cr203, and higher in alkalis. It differs from most of the impact glasses in having lower
Ti02 and Si02, and higher FeO.
The trace elements show that 15434,28 is an exceptional glass. For a mare basalt
composition it has high rare earth elements, although not as high as Apollo 11 high-K
basalts. Most of the incompatible elements are 3 to 4 x those in the Apollo 15 olivine
basalts and 2 x those in the A15 yellow volcanic glass. 15434,28 is a little more
enriched in the lighter rare earths than the heavier ones compared to those two groups,
but the pattern is certainly not KREEP-like (Fig. 1). The incompatible elements are
less than half as abundant as those in the 15010 yellow impact glass, which has a
much more KREEP-like slope of rare earths. U and Th are less than 1/5 as abundant
as in the yellow impact glass. Sr, Sc, Co, Ni, and Ni/Co are similar to those in the
volcanic glass. lr and Au abundances do not exceed the INAA detectability limits of
about 4 ppb.

-

..
Origin--of the ·glass: The glass is exceptional in both structure and chemistry. Most
impact glasses are more heterogeneous, with at least flow-banding if not schlieren. In
impact glasses, fragments are not confined to the outermost few hundred microns, but
occur throughout; they generally include shocked varieties. Many impact glasses are
vesicular or hollow, but 15434,28 is neither. The chemistry gives no indication of
meteoritic contamination, whereas most impact glasses are formed from contaminated
regolith (yellow impact glass 15010 for instance contains 26 ppb Au). The unusual bulk
composition cannot be manufactured by mixing materials known among lunar samples.
Any hypothetical mixture contains a high proportion of a mare basalt with an unusual
composition; the elevated rare earths are not a result of KREEP contamination, but are
inherent in the mare material (as was concluded for the 15010 impact glass [4]).

15434,28 differs from lunar volcanic glass beads in its large size and its adhering
material. Accepted lunar volcanic beads are smaller, no larger than 1 mm and most are
less than 300 microns. Although lunar volcanic beads include composites, none have so
far been described that have rinds similar to 15434,28, which is more like some
terrestrial volCanic beads in size and structure. However, if 15434,28 were broken up
and its fragments analyzed, it would form a cluster that would certainly be identified
as a volcanic glass group. It would be mildly unusual; its Mg/ AI would be the lowest
of any volcanic group, although not much lower than A15 yellow volcanic glass. On
most element-element plots it would plot at the edge of or within volcanic glass
compositions. It lacks vesicles, schlieren, banding, and meteoritic contamination.
Conclusions: I find no evidence that 15434,28 was produced in an impact, and its
features are entirely compatible with those of a fire fountain product. Therefore I
conclude that 15434,28 is an exceptional (size, rind, composition) volcanic glass. It
remains possible that it is a remarkable impact glass. Isotopic and more detailed
siderophile data for the glass are desirable, and the ramifications of intermediate Ti
glasses in the evolution of the Imbrium area remain to be explored. If the sphere is
volcanic, why is it so large? and whatever its origin, why does it have adhering
crystals? The adhering mare materials are of petrologic and geologic interest.
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SECOIIDARY lOB MASS SPECTROMETRIC AIIALYSIS OF GLASSES, TRACE ELEMERT CIIARACTERISTICS OF
LUBAR PICRITIC GLASSES ABD IHPLICATIOBS FOR TBE MAITLZ SOURCES OF LURAR PICRITIC MAGMAS;
C.K.
Shearer, J.J. Papike, K.C. Galbreath, B. Yurimoto (SDSH&T, Rapid City, SD 57701) end N. Shimizu
(HIT, Cambridae,_-HA 02139).
Introduction.
Trace element analysis of microvolumea of geologic materials usina secondary
ion mass spectrometry (SIMS) has a wide ranae of applications to terrestrial and lunar
petroaenetic problema.
SIMS involves bombardment of the microvolume by eneraetic ions (0-),
ejection of material by a process known as aputterina and analysis of ionized sputtered material
by mass spectrometry.
Complexities in the secondary ion mass spectra of geologic materials
areatly slowed the quantitative application of SIMS.
These complexities involved the aeneration
of molecular ions during aputterina resultina in isobaric interferences, unknown effects caused
by matrix variations, lack of quantification of secondary-ion intensities and lack of numerous,
well-documented standards.
However, within the last ten years most of these problema have been
resolved.
Molecular ionic interference may be lara ely removed by kinetic energy filtering
( 1, 2) and isobaric corrections (2, 3).
Matrix effects are commonly resolved by comparina
unknowns with standards of the same major element chemistry (4) or empirical relationships
between ion yield and matrix (5).
Empirical relationships between concentration and relative
intensity in a variety of silicate matrices have been documented (3,4,6).
Experimental technique.
Our current work on lunar alasa beads (volcanic, impact) involves
establishing working curves for appropriate silicate a lass compos! tions and trace element
analysis of lunar glasses.
Trace element analyses (REE, Ba, Sc, Sr, Co, V, Zr, Cr*, Zn*, Cu*,
and Rb*) are being conducte.d with Cameca IHS 3f ion probes located at HIT and the University of
Tsukuba (*).
A primary beam of 0 ions is focused to a spot of 15-25 pm in diameter for REE and
8-15 p.m in diameter for the other set of trace elements.
Molecular ion interferences are
virtually eliminated from the mass spectra by reducing the secondary ion accelerating voltage
( 1, 2, 6).
Secondary positive ions are analyzed with combined electrostatic and magnetic analyzer
sectors.
Secondary ions are detected by an electron multiplier in pulse counting mode.
Interference of BaO ions on Euc 151 Eu- 135Ba 16 o and 153 Eu - 137 Ba 16o) is corrected by empirical
relations among 151 Eut 153 Eu, 135 Bat 137 Ba and BaO/Ba ratio observed in silicate glasses (-0.1).
Similar empirical relations were used to correct other interferences (i.e. 151 Eu 16 o on 167 Er).
For our studies,
matrix effects on ion
standards, A-15 Green
normalized to 30 Si to

three sets of well-documented glass standards were used to investigate
yield in calculating working curves; synthetic alasses produced from GSJ
Glass and A-17 Orange Glass.
Secondary intenai ties (I) of REE were
produce I(REE)/I( 30 Si) vs. REE (concentration) working curves.
Working

curves for other trace elements were normalized to a constant Si content.

Concentrations were

then recalculated based on Si0 2 content of the individual glass beads.
Using these working
curves, A-17 Orange, A-15 Green and A-15 Yellow alasses were analyzed as secondary standards.
These standards were analyzed at the beginning and during each analytical session.
To monitor
both reproducibility and drift over a single analytical ses&ion (8-24 hours), a single glass
Every 3 to 5 analyses, the operator returns to the
bead is used as an "internal standard".
"internal standard".
Based on the major element classification scheme of Delano (7), the glass beads thus far
analyzed in this study are:
A-14 Green B, Green A, VLT, Yellow, Orange, Red/Black; A-17 Orange
I (preliminary), Orange II (preliminary), Orange 74220-type; A-15 Green A, B, C (preliminary),
D, E, Red (preliminary) and All Oranae (preliminary).
In addition, A-16 Ultra Hg glasses (8)
and the A-14 LAP a lass ( 9) have been analyzed.
REE patterns and selected trace element
characteristics of the various glass types show wide to subtle variation among glasses of
similar composition from different sites (i.e. A-14 VLT vs A-17 VLT), wide variation among glass
types (i.e. high-Ti vs. low-Ti glasses) and wide (A-14 Red/Black) to subtle (A-15 Green)
variations within a glass type.
Variations amons slasses of similar compos! tion from different sites.

REE patterns for the

low-Ti glasses from A-14 (Green A, Green B; VLT) are commonly light-REE enriched with (Ce • 1470 x chondrite) Sm/Eu • 6-14, Ba/Sr > 1.4 and Zr content between 66-508 ppm.
In contrast, the
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low-Ti &lasses at the A-17 site CVLT) hava flat REE patterns, lower REE abundances (Ce • 6-9 x
chondrita), slight (-) to Ro Eu anomaly, !a/Sr < 0.5 and Zr•20-50 ppm.
Relative to the A-17
low-Ti &lass, ~he A-14 glasses have a trace element signature which auggests a KREEP component.
Regardless of·- possible models, the glass compositions indicate that mantle characteristics at
the two sites are intrinsically different.
trace •l-ent difference& _ , slaaaea of contraatina ••ior •l-ent chemistry.
Comparisons of glasses from individual sites (A-14, A-17) indicate that the low-Ti glasses
(Green, VLT) are depleted in incompatible elements CREE, !a, Sr, Zr, Zn, Cu) and enriched in
compatible elements [Co, Ri (7)] relative to the high-Ti glasses (Red/Black, Orange).
These
data are generally consistent with various lunar mantle cumulate and hybridization models (i.e.
7,10,11,12) which predict that hi&h-Ti baaalts . represent a more evolved source.
However, the
evolved cumulate mantle source appears to be compositionally variable (A-17 Orange 74220 and
Type I; A-17 Oranse Type II; A-14 Red/Black; A-14 Orange).
Compositional variations within individual alass aroups. Trace element variations within
individual glass groups (i . e. Red/Black, A-15 Green) confirm their compositional heterogeneity
observed by major element studies (i . e. 7). The Red/Black glasses display a larse range of Ba,
Rb, Ra 2 o, K2 o whereas REE and Zr ahow limited enrichment.
These variations may be attributed to
&elective assimilation or volatile exchange during eruption. Hore subtle are the compositional
variations observed in A-15 Green Glass. Cluster analyaes of the trace element data delineates
five sroups (A-E), equivalent to those previously defined (7). Two trends are defined on trace
element variation diagrams (Zr, Ba, REE vs. Co); a high-Co trend composed of groups A and 0 and
a low-Co trend composed of groups !, C, and E. REE abundances of groups A, B, 0 and E overlap
(Ce 3.3 to 8 . 5 x chondrite), whereas abundances in the more HgO-rich sroup C are slightly lower
(Ce • 2.7- 3.1 x chondrite).
Trace element variation trends (e.s. positive correlations of Zr,
!a, Sr and REE with Co) are difficult to reconcile in terms of fractionation or partial melting
processes involving a sinsle, chemically distinct mantle source. Magma mixing and very subtle
compositional differences in mantle aource are being evaluated to explain the complex chemical
trends.
trace element characteristic& of Ultra Ha slasses. Wentworth and McKay (8) identified a
suite of minute Ultra Hs &lasses in A-16 regolith breccias.
The wide major element
compositional range and Ultra-Mg character (atomic Hg/Hg+Fe ~ .90) of the glasses suggest a
variety of possible origins from complex impact processes to complex volcanic processes
involving rather exotic and primitive magmatism.
Trace element data show a wide range of
concentrations (LaN • 25-290, YbN • 16-120, Ba • 80-1000, Zr • 182-800 and Sr • 70-230) but with
distinct trace element characteristics Ba/Sr > 1 , (La/Yb)N • 1.5-2.5, (Eu/Sm)N • 0.1-0.3, and
Low Co and high incompatible element
low siderophile element concentrations (Co • 2-10 ppm).
concentrations eliminate the possibility that these glasses are a product of lunar komatiitic
volcanism. The low siderophile concentrations suggest a complex, impact melt process.
Continuina studies.
These ini tiel SIMS generated trace element data indicate that picritic
glasses represent partial melts derived from numerous compositional distinct sources.
In
addition, the data are useful in distinguishing volcanic process from impact related phenomena.
Continuing SIMS studies on lunar slass beads will emphasize further work on A-17 (additional
VLT, Orange I and II, Green), A-14 (further studies of chemical variations within glass groups)
and A-15 (Yellow and Red), and new studies involving A-11, A-12 and A-16, new volcanic types,
calibration of a new trace element packase and SIMS analyses of surface coatings.
References:
1) Shimil:u, II. (1978) ll§1. 39, 395-406.
2) lhmeke et al. (1983) ~ 47, 16354) ll.ay and Bart (1982) Int. J. Hess . Spec. Ion
1640.
3) .Jolliff et al. ( 1989) ~ 53, 429-441 .
Phys. 44, 231-255.
5) Shi•iau (1986) Int. J . Hess. Spec . Ion Phys. 44, 231-255. 6) Shimizu at
al. (1978) ~ 42, 1321- 1334.
7) Delano (1986) l!&£ 16 , 0201-0213.
8) Wentworth and McKay
(1988) ,llli 18, 67-77.
9) PapUa at. al. (1988) ~XX, 818-819.
10) Bush•• at al. (1988) ~
52, 2379-2392.
11) Rinswood and l:esaon (1976) l!&£ 7, 1697-1722 . 12) taylor and .Jakes (1974)
~ 5, 1287- 1305.

YOUNG DARK MANTLE DEPOSITS ON THE MOON; Paul D. Spudis, U.S.
Geological Survey, Flagstaff, AZ 86001
Dark mantling deposits were recognized and postulated to be of volcanic origin during
the geologic mapping of the Moon (e.g, [1]). Based on a general belief that "dark" =
"young" (see [1,2]), they were considered to be the youngest products of lunar volcanism.
The Apollo 17 mission was sent to the Taurus-Littrow Valley to sample the extensive dark
mantle deposits in this region that were inferred to be young [3-5]. Samples returned from
that mission showed that the Taurus-Littrow dark mantle was the product of pyroclastic
volcanism that occurred over 3.7 billion years ago [6]. Since then, it has been widely
assumed that lunar pyroclastic volcanism was confined to the "main phase" of mare
volcanism, i.e., from around 3.8 to 3 billion years ago. Subsequent reinterpretations of
other lunar dark mantle deposits [7], the stratigraphy of Mare Serenitatis [8], and crater
densities in the Apollo 17 region [9] all concluded that lunar pyroclastic deposits are old
( > 3 Ga) and that "young" dark mantling deposits probably do not exist.
Estimating the age of dark mantle deposits on the Moon is difficult. Because these
units are fine-grained, unconsolidated debris in which craters are eroded very rapidly, crater
densities are of little value [9]. The only way to estimate the age of unvisited dark mantle
deposits is to bracket them stratigraphically with units that can be dated by crater densities.
I here discuss two dark mantle deposits on the eastern limb of the Moon that occur in
different geological settings and attempt to determine their ages. Although of small extent,
their presence suggests that explosive volcanism on the Moon continued to as recently as
about 1 billion years ago.
Dark mantle deposits of Mare Smythii. Mare Smythii is a circular mare on the equatorial
eastern limb of the Moon [10, 11]. Several dark deposits are evident on high-sun
illumination photographs of the region. In particular, dark mantle deposits occur around
the margins of the inner basin ring (370 km dia.) near the craters Haldane, Kiess, and
McAdie. These deposits are closely associated with the mare fill of the Smythii basin.
Within the basin, the dark mantle material underlies the mare in some places (e.g., western
rim of McAdie at 3 N, 93 E) while it overlies mare basalt elsewhere (e.g., near a volcanic
vent north of Haldane at 0, 83 E). It thus appears that eruption of mare basalt in the
Smythii basin was accompanied by eruptions of darkmantling material; such a relation is
similar to that found at the Apollo 17 site, where dark mantle pyroclastics are of similar age
(and composition) to the local mare basalts.
Dark mantle deposits within Taruntius crater. The crater Taruntius (5.6 N, 46.5 E; 55 km
dia.) is a floor fractured impact crater [12] of Copernican age. A low albedo deposit is
associated with irregularly shaped craters and fractures on the floor of Taruntius; these
deposits are similar to localized dark mantle deposits [13] that occur within crater floors
elsewhere on the Moon. They probably represent deposits from vulcanian eruptions [13]
associated with the injection of magma beneath the crater floor, floor uplift, and fracturing
[12]. The Taruntius dark mantle deposits are also associated with minor mare basalt
flooding of portions of the crater floor. All of these volcanic events post-date the formation
of the crater Taruntius, which appears to be about the same age as Copernicus.
Ages of the Smythii and Taruntius dark mantle deposits. I have attempted to determine
the ages of these two deposits by measuring the crater densities on units that have a clear
stratigraphic relation to the dark mantle (Figure 1; after [14]). The Smythii mare basalts
(point "Mare Smythii" in Fig. 1) are among the youngest on the Moon; an estimate based
on known ages of the Apollo mare sites and inferred ages of Copernicus and Tycho (850
Ma and 100 Ma respectively; [15]) suggest an age of about 1.2 .±. 0.3 Ga for the basalts of
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Mare Smythii. Because the dark mantle deposits of the Smythii basin are contemporaneous
with the basalts, a similar age for the dark mantle is inferred, i.e., from about 1.5 Ga to less
than 1 Ga. Similarly, the crater density and inferred absolute age of Taruntius suggests that
it is about the same age as the crater Copernicus (about 1 Ga; [151). The dark mantle on
the floor of Taruntius post-dates the crater; thus, these volcanic deposits must be younger
than 1 Ga. The dark mantle deposit within Taruntius is the youngest recognized volcanic
unit on the Moon, possibly younger than the mare flow that embays Uchtenberg crater [14].
While these dark mantle deposits are not extensive, their existence indicates that very
late volcanism on the Moon exhibited the same styles of eruption and emplacement
operative during earlier epochs of mare volcanism. Both of the two major types of
occurrence determined for explosive volcanic deposits on the Moon [13] are displayed by
these two pyroclastic deposits.
References. [1] Wilhelms D.E. and McCauley J.F. (1971) USGS Map I-703. [2] Mutch T.A.
(1970) Geology of the Moon. Princeton Univ. Press, 324 pp. [3] Carr M.H. (1966) USGS
Map I-489. [4] Scott D.H. et al (1972) USGS Map I-800. [5] Greeley R. and Gault D.E.
(1973) EPSL 18, 102. [6] Taylor S.R. (1982) Planetaty Science, LPI Press, 481 pp. [7] Head
J.W. (1974) PLSC 5th, 207. [8] Howard K.A. et al. (1973) Apollo 17 PSR, NASA SP-330,
p. 29-1. [9] Lucchitta B.K. and Sanchez A. (1975) PLSC 6th, 2427. [10] Wilhelms D.E and
El-Baz F. (1977) USGS Map I-948. [11] Spudis P.D. and Hood L.L. (in press) Lunar Bases
II. [12] Schultz P.H. (1976) Moon 15, 241. [13] Hawke B.R. et al. (1989) PLPSC 19, 255.
[14] Schultz P.H. and Spudis P.D. (1983) Nature 302, 233. [15] BVSP (1981) Basaltic
Volcanism, Pergamon Press, Ch. 8.
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Figure 1. Crater densities and absolute ages for sampled units (open circles) and inferred
ages for unsampled units (solid circles) oil the Moon. Dark mantle deposit ages (above
curve) are inferred from stratigraphic evidence. Lunar stratigraphic divisions shown at top.
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