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Abstract—Queen Alexandra Range (QUE) 94281, a lunar meteorite recently discovered in Antarctica, is a
glassy-matrix, clast-rich regolith breccia containing a mixture of mafic, volcanic-glass and gabbroic con-
stituents and a diverse set of highland constituents. In thin section, the clast assemblage is dominated by
coarse mineral debris from a shallow intrusive or hypabyssal setting, or from deep within a thick mare flow.
Abundant coarse-grained pyroxene clasts have fine-scale exsolution lamellae and compositions similar to
pyroxenes of known lunar very-low-Ti (VLT) basalts and other lunar meteorites of basaltic composition.
Pyroxene compositions follow Fe-enrichment extending to hedenbergite, which is associated with fayalite
and cristobalite, indicating slow cooling. We refer to the protolith of the crystalline VLT component as VLT
gabbro. Fragments of pyroclastic glasses that have high Fe and low Ti concentrations, similar to the pyro-
clastic green glasses known from Apollo samples, are common. Lithic clasts include abundant subrounded,
glassy to cryptocrystalline, aluminous (~17-30 wt% Al,03) KREEP-poor melt breccias of highland origin
and a variety of other feldspathic impactites. On the basis of composition of our subsamples, QUE 94281
consists of ~54 wt% mafic or "mare" components and 46 wt% feldspathic or "highland" components.

The bulk composition of QUE 94281 is similar to that of Yamato (Y) 793274, but QUE 94281 has slight-
ly greater concentrations of some siderophile elements and slightly lower concentrations of those elements
contributed mainly by mafic constituents. Differences in siderophile element concentrations are consistent
with longer surface exposure of QUE 94281. Minor differences in trace element variations of subsamples of
the two meteorites suggest subtle differences in the composition of their highland constituents. Nonetheless,
the overall similarity of compositions supports the possibility that they were ejected from the same source
region on the Moon.

The crystalline VLT component of QUE 94281 differs from those known from Apollo 17 and Luna 24
VLT lithologies and from that of basaltic breccia Elephant Moraine (EET) 87521. The VLT-gabbro compo-
nent and the ferroan VLT ‘volcanic glasses in QUE 94281 have compositions that may be petrogenetically
related by derivation from a common picritic parent composition, represented by an ultramafic glass found in

QUE 94281.

INTRODUCTION

Of the thirteen lunar meteorites discovered and reported to date,
eight are relatively feldspathic, with Al,O3 concentrations >20 wt%:
ALHA81005, Calcalong Creek, MAC 88104/5, QUE 93069/QUE
94269 (see Eugster and Polnau, 1996, for pairing), Yamato 791197,
Yamato 892192, Yamato 86032, and Dar Al Gani 262 (Bischoff and
Weber, 1997); and five are relatively mafic, with Al,O3 concentra-
tions <18 wt%: Asuka (A) 881757, EET 87521, QUE 94281, Yamato
793169, and Yamato 793274. Among the mafic lunar meteorites,
compositions of basaltic components are similar to the compositions
of low-Ti mare basalts (Y-793169 and A-881757, Lindstrom et al.,
1991a; Warren and Kallemeyn, 1993; Koeberl et al., 1993; Jolliff et
al., 1993) or very-low-Ti (VLT) mare basalts (EET 87521, Warren
and Kallemeyn, 1991; Y-793274, Lindstrom et al., 1991b; and QUE
94281, Lindstrom et al., 1996). The preponderance of low-Ti to
very-low-Ti mare components in the Antarctic lunar meteorites
contrasts with the compositional distribution of mare basalts re-
turned by the Apollo missions, which mostly have moderate to high
Ti concentrations, but is consistent with results of remote sensing,
which indicate that low-Ti basalts may be widespread in some of the
maria (Pieters, 1978). Queen Alexandra Range 94281 bears petro-
graphic and compositional similarities to other lunar meteorites
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(EET 87521 and Y-793274), which suggests that they all might
come from the same region of the Moon (Warren, 1994; Arai et al.,
1996; and addressed herein); however, this 23 g meteorite provides
additional clues to the nature of that region, which differs signifi-
cantly from regions explored by Apollo missions.

Preliminary reports on QUE 94281 described it as a regolith
breccia rich in glass and mineral clasts, consisting of a mixture of
mainly mafic, presumably mare components, and some highland
components (Arai et al., 1996; Jolliff et al., 1996a; Kring et al.,
1996; and Lindstrom et al., 1996). Compositionally, QUE 94281 is
most similar to Y-793274 (Eugster and Polnau, 1996; Jolliff et al.,
1996a; Lindstrom et al., 1996; Dreibus et al., 1996), and composi-
tions and textures of mineral clasts are similar to those observed in
Y-793274 and EET 87521 (Arai ef al., 1996; Jolliff et al., 1996a).
From preliminary investigation, the noble gas contents of QUE
94281 do not support pairing with Y-793274 (Eugster and Polnau,
1996); however, Warren and Arai (1997) suggested pairing based
on a comparison of the compositions of pyroclastic glasses and
bulk-rock Cr and V trends. Cosmogenic nuclides reflect a complex
exposure history for QUE 94281 involving cosmic-ray exposure
both at the surface of the Moon and during transport from the Moon
to the Earth (Nishiizumi and Caffee, 1996).
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QUE94281,10

“fusion
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FIG. 1. (a) Backscattered electron image (BEI) mosaic of QUE 94281,10. Materials having the highest mean atomic number appear brightest. These in-
clude one small grain of Fe-Ni metal, fayalite, and hedenbergite. Most of the dark gray clasts are plagioclase, but several that appear to be black are cristo-
balite. White ovoid areas within glass of the fusion crust (right edge) and the interior glass vein (lower left) are vesicles or voids. (b) Line drawing of major
constituents, including all clasts >500 um. Clasts are shown in shades of gray corresponding approximately to their brightness in the BEI of part (a). Void
areas within the breccia are marked by a crosshatched pattern. Abbreviations: LC = lithic clast; gls = glass clast; Fa = fayalite; Hd = hedenbergite; Cr =
cristobalite; M = metal; v =void. Areas enclosed by rectangles are shown in Fig. 2.
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In this paper, we present the results of our investigation of QUE
94281 based on petrographic observations and electron-microprobe
analysis (EMPA) of thin section 94281,10. We report composi-
tional analyses by instrumental neutron activation analysis (INAA)
of small chips of the meteorite, including typical breccia and fusion
crust glass, and we report the major element compositions by EMPA
of the largest mineral clasts, a suite of lithic and glass clasts, glass of
the fusion crust, and a glassy vein that transects the thin section.
We compare the compositions of components in QUE 94281 to
those of other similar Apollo materials and lunar meteorites.

SAMPLES STUDIED AND ANALYTICAL METHODS
Samples Studied

We received for study four subsamples of QUE 94281, each
consisting of fragments, and a thin section, QUE 94281,10. The four
primary subsamples (QUE 94281,33, 34, 35, and 36) were further
subdivided by carefully breaking them into smaller fragments or by
gently crushing them. Dust from breaking or crushing was removed
from the larger fragments by an ultrasonic rinse in acetone prior to
analysis by INAA.

Subsample 33 was of glassy breccia, termed "chaotic material"
by the curator, and consisted initially of 11 fragments plus fines
material. We analyzed the seven largest fragments individually and
crushed and combined the remaining ones into a composite sample.
This composite was split by magnetic separation to create three
subsamples enriched in different mineral and glass components.
The most magnetic split (MS3) proved to be rich in material con-
taining extralunar meteoritic metal, and the split of intermediate
magnetic susceptibility was rich in pyroxene.

Subsample 34 was dark, massive, conchoidally fractured glass.
The original fragment appeared to contain a slightly lighter glass
attached or "welded" to the black glass; this we removed as sub-
sample 34A. The massive black glass fragments were further subdi-
vided into four additional subsamples, B-E, to test for homogeneity.

Subsample 35 consisted of coherent, angular fragments of bulk
breccia, mostly containing clasts too small to separate without mi-
crodrilling. One 27.2 mg fragment contained a fractured and friable
white clast that appeared under the binocular microscope to be a
granulitic breccia. This fragment was broken and designated as
subsamples 35A1 (mostly fragments of the clast) and 35A2 (clasts
plus matrix). The remaining large fragments were analyzed indi-
vidually (B-D) and the crumbs and fines were combined (E). The
rationale for analyzing similar breccia subsamples is that minor
variations in composition, if present, can be used to infer the com-
positions of different components that make up the breccia.

Subsample 36 was also of bulk breccia but contained some ex-
terior glass. This subsample originally contained three large frag-
ments (A, B, C), which we further subdivided to increase the
likelihood of measuring compositional variability on a small scale.
All were very coherent and had no large, separable clasts. Brief de-
scriptions of each subsample are given as part of Table Al (appendix)
along with the corresponding chemical composition by INAA.

Electron-Microprobe Analysis

We used a JEOL 733 Superprobe equipped with a backscat-
tered-electron detector, three wavelength-dispersive spectrometers,
and Advanced Microbeam automation for electron-microprobe analy-
sis. For quantitative mineral and glass analyses, an accelerating
voltage of 15 kV was used with a 20 nA beam current for plagio-
clase, a 30 nA beam current for mafic silicates, and beam diameters

ranging from 1-40 um, depending on the target. Large beam di-
ameters were used to integrate exsolved pyroxene grains to obtain
bulk pyroxene analyses. Smaller beam diameters were used to ana-
lyze host pyroxene and exsolution lamellae. We used beam diame-
ters of 10-30 um for glass and plagioclase analyses to avoid Na
volatilization. We used a combination of silicate and oxide mineral
standards and silicate glass standards. X-ray matrix corrections
were based on a modified Armstrong (1988) CITZAF routine incor-
porated into the electron microprobe software.

Instrumental Neutron Activation Analysis

Procedures were similar to those described by Korotev (1991,
1996a), with the following specifics. Samples and standards were
irradiated together for 48 h at a thermal-neutron flux of 5.15 x
1013 cm2s71.  Samples received 3 or 4 radioassays beginning 5—6
days following the irradiation.

RESULTS
Petrographic Description

Thin section QUE 94281,10, a rock slice of irregular shape ~5
mm x 12 mm (Fig. 1), contains clast-rich breccia with a maximum
grain size of ~1 mm, a highly vesicular glass vein, and a thin fusion
crust, ranging up to ~0.5 mm thick (Figs. 1 and 2). The breccia is
dominated by abundant mineral, glass, and lithic clasts, including
relatively coarse-grained (up to 0.8 mm grain size) pyroxene and
plagioclase clasts, set in a glassy matrix; the proportion of clasts
>100 um is ~35%. The presence of fragments of glass spheres and
ellipsoids (Fig. 2b,c) indicates that the meteorite is a regolith brec-
cia. The abundance of mafic, presumably mare-related clastic ma-
terials plus the presence of a substantial proportion of highland
materials (Figs. 2 and 3) suggest derivation from regolith at a mare-
highland interface. Some of the highland materials are evident as
clasts of feldspathic glasses and impact-melt breccias (Figs. 1 and 2b),
but other nonmare lithic types are also present (Fig. 3e,f). A rego-
lith origin is consistent with cosmogenic nuclides and noble gas
data, which indicate a significant residence time at the lunar surface
for components of QUE 94281 (Nishiizumi and Caffee, 1996; Eug-
ster and Polnau, 1996). The large interior, vesicular glass vein (Fig.
1; see also Score et al., 1995) is not fractured, suggesting formation
when the rock was ejected from the Moon.

The largest clasts consist of individual grains of pyroxene but
also include individual grains of plagioclase, olivine, glass, and lithic
(polymineralic) clasts. Using a composite backscattered electron
image coupled with image processing, the volumetric proportions of
clasts 2100 xm maximum dimension are found to be approximately:
lithic clasts, 13.5%; pyroxene, 12%; plagioclase, 6%; olivine, 1%;
and cristobalite, 0.5%. The remainder, excluding glass and vesicles
of the interior vein and of the fusion crust, constitutes some 65%,
which we designate matrix.

One of the most striking features of this new lunar sample is the
abundance of relatively coarse-grained (up to 0.8 mm grain size)
exsolved pigeonite and ferroaugite fragments (Figs. 1, 2a, 3a—d).
Individual grains are only moderately zoned in composition, typi-
cally contain fine (001) lamellar exsolution, with individual lamel-
lae <5 um and typically 1-2 um (Fig. 3c,d). Together, these grains
define compositional trends (Figs. 4 and 5) similar to those of py-
roxenes of slowly cooled Luna 24 VLT basalts (Papike and Vaniman,
1978), and generally similar to pyroxenes of Y-793274 (Takeda et al.,
1991a,b; Yanai and Kojima, 1990, 1991), Y-793169 (Yanai and Ko-
jima, 1990, 1991), A-881757 (Yanai and Kojima, 1990), and EET
87521 (Delaney, 1989). Coarse pyroxene grains have compositions
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FIG. 2. Transmitted light photomicrographs of clasts in QUE 94281. Locations of photos on thin section QUE 94281,10 are shown in Fig. 1b. Each pho-
tomicrograph is ~3.3 mm across. Void areas, filled by epoxy, are shown by "V." (a) Cluster of coarse pyroxene clasts (right-center) includes coarse heden-
bergite (Hd), ferroaugite (FA), and pigeonite (Pi); see also Fig. 3a. Dark areas in the matrix include glass and glassy-matrix lithic clasts, including a mafic
lithic clast (LC, bottom center). Clear, colorless clasts include plagioclase (Pl, above the hedenbergite grain) and glass (GI, below the hedenbergite grain).
(b) Mineral, glass, and lithic clasts: shocked, partially melted pyroxene clast (sh Px, upper left); pyroclastic glass with a small vesicle (Gl, upper left center);
dark, glassy-matrix lithic clasts (LC, center, upper and lower right). (c) Dark, glassy vein (pseudotachylite) traversing from upper left to lower center (Gl V),
and highly vesiculated part of vein (Ves, along lower right). Along left side of dark glass vein is a fragment of a pyroclastic glass bead (Gl). A relatively
coarse cristobalite grain (Cr) occurs along the bottom edge of the photo. (d) Mineral and lithic clasts, including a polygrain aggregate or glomerocryst of
pigeonite (Pi) and plagioclase (Pl) in the lower-central area, dark, glassy-matrix breccia (LC, upper left), and a fine-grained, intergranular lithic clast (iLC,

lower left, see also Fig. 3f).

ranging in Mg’ from ~70 to <20 (Fig. 4) and Ti/(Ti + Cr), from ~0.2
to 1.0 (Fig. 5). On close comparison, however, pyroxenes in EET
87521 and A-881757 are restricted to more Fe-rich compositions than
QUE 94281 pyroxenes (Yanai and Kojima, 1991, their Fig. 5b).
Bulk compositions of coarse pyroxene grains (Table A2), obtained
by EMP analysis using a broad electron-beam diameter relative to
the width of exsolution lamellae, indicate crystallization tempera-
tures beginning ~1200 °C and extending to ~1000 °C (Fig. 6a).
Coarse plagioclase clasts have An contents of 87-95, lower than
those from Apollo 17 and Luna 24 VLT basalts (An > 90) but simi-
lar to those in other mafic lunar meteorites. Polymineralic clusters
of pyroxene, plagioclase, and in some cases olivine (e.g., Fig. 2d),
in which mineral compositions are similar to those of single-mineral
clasts, provide evidence that many of the coarse mineral clasts are
related to each other through a common parent lithology. Composi-
tions of coexisting coarse mineral clasts are listed in Tables A3 (pla-
gioclase) and A4 (olivine), where compositions of individual grains
are cross-referenced to compositions of ¢oexisting pyroxenes (A2).

Relatively coarse grains (measuring hundreds of micrometers)
of hedenbergite, fayalite, and cristobalite, as well as fine-grained
intergrowths of these minerals (Fig. 3b) occur among the clasts;
these assemblages indicate strong differentiation but slow cooling.
Similar assemblages were also observed in Y-793274 (Takeda et al.,
1991b). More rapidly cooled ferrobasaltic rocks develop metastable
pyroxferroite rather than hedenbergite and fayalite (Papike and Vani-
man, 1978); we observed no pyroxferroite in this sample. On the
other hand, deep plutonic rocks containing pigeonite cool slowly
enough for pigeonite to invert, but we observe no inverted pigeonite
in QUE 94281. On the basis of exsolved pyroxene compositions,
measured with a 1-2 um electron beam, equilibration temperatures
extend no lower than ~900 °C (Fig. 6b), which is consistent with
relatively shallow depth of crystallization.

In addition to mineral clasts, QUE 94281 contains a diverse
assortment of lithic clasts and glasses. The lithic clasts include
glassy and cryptocrystalline, subrounded impact-melt breccias that
range from mafic to feldspathic (see below for compositions). A

© Meteoritical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1998M%26PS...33..581J

rT99BMEPS. ©.-332 58130

Geochemistry and petrology of lunar meteorite Queen Alexandra Range 94281 585

FIG. 3. Backscattered electron images of clasts in QUE 94281,10. (a) Coarse pyroxene clasts; field of view ~1.5 mm. Brightness mainly reflects the degree
of Fe-enrichment. The larger bright grain is hedenbergite (Hd) and the smaller bright grain is ferroaugite (FA). Others are pigeonite (Pi). The field of view
is rotated ~90° counterclockwise from that of Fig. 2a. (b) Fine-grained eutectoid assemblage, in order of brightness, of fayalite (Fa, white), hedenbergite
(Hd, light gray and constituting most of the assemblage), K-feldspar (Kf, dark gray), and silica (Si, black); scale bar is 100 um. (c) and (d) Finely exsolved
pyroxene grains; light gray is low-Ca pyroxene, dark-gray is high-Ca pyroxene. Grain shown in (c) is composite, with part augite host (Aug) and part pi-
geonite host (Pig). Scale bars are 10 um. Note offsets and translation of lamellae along fractures and microfaults. (e) Fine-grained, strongly fractured, pla-
gioclase-rich granulite containing small olivine grains (Ol, light gray) and whitlockite (Wh, bright) (see Table A5). Scale bar is 100 um. (f) Fine-grained,
plagioclase-rich, intergranular lithic clast (see Table A5). Most of the intergranular spaces are filled by pyroxene (Px, light gray, conformed by the shape of
plagioclase grains) and some olivine (Ol, bright). Scale bar is 100 um.
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partially annealed, feldspathic granulite (Table AS, lithic clast 1)
contains plagioclase (Angs), fine-grained, equant olivine grains
(Foyg), and interstitial RE-whitlockite (Fig. 3e). A plagioclase-
pyroxene-olivine-ilmenite assemblage (Table AS, lithic clast 2)
contains magnesian mafic minerals (Mg’ ~ 80) and Ang, plagioclase
but also contains Ang; plagioclase, which indicates that it is a poly-
mict breccia. A fine-grained, intergranular feldspathic basalt (Table

QUE94281 pyroxene
no .

(a)

QUE94281 olivine  *
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FIG. 4. Compositions of pyroxene, olivine, and plagioclase in QUE 94281.
Filled symbols are for individual, coarse-grained mineral clasts, and open
symbols are for minerals in lithic clasts. Dashed lines connect coexisting
pyroxenes and olivines. (a) Pyroxene quadrilateral; compositions are "cor-
rected" for nonquadrilateral components (see Table A2). Compositions of
individual pyroxene clasts (filled squares) are broad-beam composite analy-
ses, not individual lamellae, of representative grains among the coarsest
clasts. (b) Olivine fayalite contents (atomic Fe/(Fe + Mg)). (c) Plagioclase
An content of coarse plagioclase clasts and plagioclase in lithic clasts.

1.1

hedenbergite
1.0F

oo}

os}
A )

0.7 -

o6} f'.{ o B

0.5F [
l.'l

Y

01 [} [l 1 ek

“0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

04

Til(Ti+Cr) atomic

03} “VLT-trend” pyroxenes

Fel(Fe+Mg) atomic

FIG. 5. Fe/(Fe + Mg) vs. Ti/(Ti + Cr) for coarse pyroxene clasts in QUE
94281. Compositions lie along a single trend related to magmatic differen-
tiation, beginning with relatively magnesian, Ti-poor compositions and extend-
ing to ferroan, Ti-rich compositions. This trend is similar to that of other
VLT lunar basalts (see text).

(@ P
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FIG. 6. Pyroxene quadrilateral compositions for the "VLT-trend" mineral
clasts superimposed on the two-pyroxene thermometer of Lindsley and
Anderson (1983). (a) Bulk analyses (incorporating both host and exsolution
lamellae) follow roughly, and lie between, the 1200 °C and 1000 °C iso-
therms. These pyroxene compositions appear to relate the mineral clasts to
one another and follow a slow cooling trend, leading to the assemblage
fayalite-hedenbergite-cristobalite. A break in the differentiation trend from
magnesian to ferroan pyroxene compositions at about Mg’ = 50 may corre-
spond to a hiatus in the crystallization interval at ~1125 °C. (b) Composi-
tions of coexisting host-lamellae pairs, showing equilibration temperatures.
Compositions of low-Ca hosts suggest equilibration to at least 900 °C. The
compositions of thin, high-Ca pyroxene lamellaec may be compromised by
beam overlap onto low-Ca hosts, thus indicating equilibration temperatures
that are too high.

AS, lithic clast 3) contains plagioclase (Angs), olivine (Fog3), and
calcic pyroxene (Wo37EnsgFs;3) and is probably a melt-rock clast
(Fig. 3f). Small, elliptical glass clasts and broken fragments (e.g.,
Fig. 2b,c), which are typically light green in thin section, have Fe-
rich and Ti-poor compositions that are similar to members of the
green volcanic-glass suite (e.g., Steele et al., 1992) but differ mainly
in higher Al, Ca, and Na concentrations than VLT volcanic glasses
in the Apollo samples (see below).

Bulk and Constituent Chemical Compositions

Table 1 lists the major element compositions of several materi-
als found in QUE 94281: the fusion crust, an interior glass vein, an
average of mafic glasses, and an average of feldspathic impact-melt
clasts. Table 2 lists trace element compositions of subsamples of
the four primary splits analyzed by INAA; these represent the fusion
crust (QUE 94281,34, column 1), breccia (QUE 94281,33 and 34,
columns 2 and 3), and glass plus breccia (QUE 94281,36, column 4).

We might expect the fusion crust and the interior glass vein to
represent bulk-meteorite melts. Indeed, the weighted mean com-
position of all subsamples analyzed by INAA (Table 2, "grand
mean") is similar to the composition of the fusion crust (Table 1) as
determined by both INAA and EMPA for those elements analyzed
by both techniques. However, there is a hint of some variability of
composition of the fusion crust glass. One of the subsamples of
QUE 94281,34 (subsample A, Table Al) is visibly lighter in color
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TABLE 1. Major element compositions of lithologic constituents of the QUE 94281 lunar meteorite.

587

Fusion Crust Glass Vein Mafic Glasses Feldspathic Clasts  Y-793274

mean (5) ssd mean (8) ssd mean (8) ssd mean (9) ssd Lit Avg.
Sio, 45.6 0.3 452 0.3 45.5 1.3 45.1 12 47.0
TiO, 059 0.02 0.50 0.04 1.15 15 049 0.35 0.58
Al 04 17.2 0.9 19.9 0.3 10.5 1.6 26.5 35 16.1
Cr,04 026 0.03 025 0.03 046 0.14 0.11  0.08 0.26
FeO 12.9 0.7 11.0 0.3 18.7 1.4 589 25 14.1
MnO 0.18 0.01 0.15 0.02 024 0.03 0.08 0.05 0.16
MgO 9.61 03 10.1 0.1 13.4 3.6 6.09 24 9.12
CaO 12.3 0.05 12.5 0.09 9.7 14 14.8 1.4 12.2
Na,O 045 0.05 0.50 0.02 022 0.07 048 0.12 0.40
K,0 0.11  0.09 0.08 0.01 0.02 0.02 0.08 0.05 0.08
P,05 0.06 0.01 0.08 0.01 0.04 0.05 0.06 0.09 0.08
Sum 99.3 100.3 99.9 99.7 100.1
*Mg' 57.1 62.1 56.1 64.8 53.6

*Mg' = molar MgO/(MgO + FeO) x 100. Oxides given in weight percent, determined by EMPA. All iron
reported as FeO. The number of analyses used to calculate each mean is given in parentheses and ssd is the
sample standard deviation. The bulk composition of Y-793274 is an average of data from the literature, in-
cluding Fukuoka (1990), Lindstrom et al. (1991b), Koeberl et al. (1991), Warren and Kallemeyn (1991), and
Yanai and Kojima (1991).

TABLE 2. Chemical composition by instrumental neutron activation analysis of subsamples of QUE 94281.

Fusion Crust Interior Breccia Glass + Breccia QUE 94281 Y-793274 EET 87521
QUE 94281,34! QUE 94281,332 QUE 94281,353 QUE 94281,36* grand mean® Lit Avgs  Lit Avg.7
mean  ssd mean  ssd mean  ssd mean  ssd mean  ssd
FeO 133 0.3 14.0 1.0 12.7 42 12.6 0.7 132 2.0 14.1 18.8
Ca0 12.8 0.6 12.5 04 12.5 12 13.0 0.4 12.7 0.7 12.2 11.6
Na,O 039 0.03 039 0.03 041  0.09 041 0.02 040 0.04 0.40 0.42
K,0 0.14 0.11 0.11 0.08 0.08 0.04 0.13 0.04 0.12  0.07 0.08 0.06
Sc 29.0 1.5 29.9 3.1 274 9.5 272 22 284 4.8 32.5 423
Cr 1709 137 1941 116 1560 454 1758 176 1764 265 2055 1674
Co 479 33 49.8 6.1 355 121 449 9.7 453 9.6 43.1 48
Ni 364 78 344 167 131 36 313 204 300 166 103 37
Rb 6.0 1.2 49 13 5.3 1.1 4.6 1.9 5.1 1.5 <2 nr
Sr 128 17 111 16 128 29 114 25 119 22 120 115
Zr 122 8 89 32 123 35 81 17 100 32 90 122
Cs 0.09 0.02 0.07 0.04 0.10 0.03 0.09 0.04 0.09 0.04 0.1 0.04
Ba 81 10 74 9 87 29 72 9 78 16 61 78
La 739 043 6.34 0.63 763 218 6.18 045 6.77 120 6.07 82
Ce 19.9 1.1 16.9 1.6 202 5.7 16.6 1.1 18.1 32 15.9 20.5
Nd 12.0 1.2 9.2 19 11.1 39 8.7 1.3 10.0 2.5 10.4 12.7
Sm 351 021 3.02 025 356 0.97 295 021 321 054 2.80 3.77
Eu 0.86 0.01 0.81 0.05 091 0.19 085 0.03 085 0.10 0.86 0.97
Tb 0.74 0.05 0.65 0.04 0.74 0.16 0.63 0.07 0.68 0.09 0.60 0.82
Yb 2.65 0.15 235 014 268 047 226 0.14 245 030 2.41 3.02
Lu 0368 0.021 0.327 0.017 0377 0.067 0315 0.019 0342 0.042 0.34 0.44
Hf 2.60 0.15 228 022 332 0.74 225 022 2.54 0.56 2.37 2.75
Ta 032 0.02 029 0.03 044 0.17 030 0.08 033 0.10 0.29 033
Ir (ppb) 12.7 43 12.0 6.1 5.6 32 104 6.5 10.5 59 4.7 0.3
Au (ppb) 2.0 1.2 39 1.8 1.5 14 3.0 1.7 2.8 1.8 2.9 0.1
Th 1.14 0.06 095 0.10 121 034 096 0.08 1.04 020 0.88 0.97
8] 029 0.04 025 0.06 031 0.09 024 0.03 027 0.07 0.21 0.25
mass (mg) 88.0 115.5 73.5 1152 392.2

Oxides given in weight percent, all others in ppm, except as noted. All iron reported as FeO. Averages for K,0, Rb, Cs, and Nd based on low con-
centration values with relatively high uncertainties (see Table Al). Means are mass-weighted and "ssd" is the unweighted sample standard deviation:
1QUE 94281,34 = fusion crust, five subsamples; 2QUE 94281,33 = interior breccia, seven subsamples; 3QUE 94281,35 = interior breccia, including
ITE-rich clast, six subsamples; “QUE 94281,36 glass + breccia, seven subsamples; Grand mean of all subsamples excluding magnetic separates;
6Y-793274 composition is an average of data from Fukuoka (1990), Lindstrom et al. (1991b), Koeberl et al. (1991), and Warren and Kallemeyn
(1991). Note that concentration values for Y-793274 lie within the ssd for the QUE 94281 grand mean for nearly all elements. 7Composition of
EET 87521 is an average of two compositions given by Warren and Kallemeyn (1991); nr = not reported.
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than the others and has a smooth contact with the thicker black
glass. Subsample 34A has Na,O = 0.44 wt% vs. 0.36-0.39 wt% for
the others (Table Al). Furthermore, as measured by EMPA, the
narrow fusion crust on the thin section has 0.45 wt% Na,O (Table 1).
The cause of these variations in Na,O concentration is unclear and
may be related to variable volatilization rather than to differences in
what was melted. Other major element concentrations differ
slightly but significantly between 34A and the other subsamples
analyzed by INAA, including CaO and FeO, and are similar be-
tween 34A and the fusion crust that we analyzed in thin section.
Nevertheless, relative to other components in the meteorite, includ-
ing the interior glass vein, the compositions of fusion crust sub-
samples are very similar to each other. We consider the fusion crust
composition to be a good approximation of the bulk composition of
the meteorite (Korotev ef al., 1996, made a similar assumption for
QUE 93069).

The composition of the vesicular, interior glass vein differs from
that of the black glass of subsample 34; it is significantly more
aluminous, slightly more magnesian, and poorer in iron (Table 1
and Fig. 7a,b). In fact, its FeO concentration is significantly less
(11.0 £ 0.3 wt%) than the weighted mean composition of all sub-
samples combined (the bulk composition), as determined by INAA
(13.2 wt%). Thus, it appears that the interior glass vein is a fine-
scale pseudotachylite derived from a part of the breccia (or of a
larger precursor rock or another area of the source crater) richer in
highland materials than the bulk meteorite and the part represented
by the analyzed subsamples (see Figs. 7 and 8).

The bulk composition of QUE 94281 is very similar to that of
Y-793274 (Table 1); but with ~13 wt% FeO and 17 wt% Al,O3,
QUE 94281 is less slightly less mafic. (Arai and Warren (1998)
report compositions for other subsamples of QUE 94281 that are, on
average, more mafic than those we analyzed.) Trace element concen-
trations are generally similar (Table 2) but differ in detail (Fig. 9). The
Sc concentration of Y-793274 (32.5 ppm) exceeds that of QUE 94281
(28.4 ppm) in the samples we analyzed. Although this difference
appears not to be significant given the variability among subsamples
(~*5 ppm), we note that pyroxene concentrates Sc, thus this differ-
ence, if applicable to the entire meteorite, would imply a slightly
greater proportion of mafic constituents in Y-793274 (see, however,
Arai and Warren, 1998). On the other hand, the concentration of Eu,
which is compatible in plagioclase, is not enriched in QUE 94281
relative to Y-793274. Subsamples of these two meteorites reveal
two different trends on a plot of Sc vs. Eu (Fig. 9¢); these trends
also occur for Sc vs. Na,O and Sr, which suggests that this is not an
artifact of interlaboratory bias in the analyses. The divergence of the
two trends in the less mafic subsamples represents a difference in
plagioclase of feldspathic components of the two meteorites. The
concentrations of incompatible trace elements (ITE) are in most
cases slightly greater in QUE 94281 (Fig. 9¢c,d), and the La:Yb ratio
of QUE 94281 (2.76) exceeds slightly that of Y-793274 (2.56),
which is consistent with a greater proportion of mafic materials (low
La/Yb) in Y-793274.

Concentrations of siderophile elements are significantly higher
in QUE 94281 than Y-793274, for example; concentrations of Ni
are higher by about a factor of three and concentrations of Ir by a
factor of two. As with other lunar meteorites (e.g., Korotev et al.,
1996), concentrations and ratios of siderophile elements (Ni, Co, Ir,
and Au) in QUE 94281 are consistent with a component of chon-
dritic meteorite that varies in abundance among the subsamples
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FIG. 7. Concentrations of FeO vs. major-element oxides (a) Al,O;, (b)
MgO, and (c) CaO in QUE 94281 compared to compositions of other high-
land and mare materials. Symbols represent analyses of QUE 94281: fusion
crust (squares), lithic clasts (upright triangles), and volcanic-glass clasts
(diamonds) analyzed by EMP, and breccia subsamples analyzed by INA
(inverted triangles, (c) only). For the glass clasts labeled as such, a volcanic
origin is inferred from their major element compositions. In (a—c), ranges of
compositions are shown for subsamples of the two lunar meteorites most
similar to QUE 94281: Y-793274 and EET 87521 (Fukuoka, 1990; Lind-
strom et al., 1991b; Koeberl et al., 1991; Warren and Kallemeyn, 1991; and
Yanai and Kojima, 1991). Ranges are also shown for Apollo green volcanic
glass (Taylor et al., 1991; Steele et al., 1992), Apollo 17 VLT glasses and
rocks (Vaniman and Papike, 1977; Wentworth et al., 1979; Lindstrom et al.,
1994; Jolliff et al, 1996b), and Luna 24 VLT lithologies (Taylor et al.,
1991). In (b) and (c), ranges are shown for three feldspathic lunar-highland
meteorites (FLHM): Y-86032 (Koeberl et al., 1989), MAC 88105 (Jolliff ez
al., 1991), and QUE 93069 (Korotev et al., 1996); and for Apollo 16 soils
(Korotev, 1981). Lunar meteorite ALHA81005 is distinctly more magnesian
than other lunar-highland meteorites (Korotev et al., 1983) and is shown
separately in (b) and (c).
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FIG. 8. Concentrations of FeO vs. minor element oxides (a) TiO,, (b) Cr,0;,
and (c) Na,0 in QUE 94281 compared to compositions of other highland and
mare materials. Symbols represent analyses of QUE 94281: fusion crust
(squares), lithic clasts (upright triangles), and volcanic-glass clasts (diamonds)
analyzed by EMP, and breccia subsamples analyzed by INA (inverted trian-
gles, (b) and (c) only). Shown for comparison are compositions of lunar mete-
orites Y-793274, EET 87521, feldspathic lunar-highland meteorites (FLHM),
Apollo 16 soils, and ALHA81005 ((c) only); and Apollo green volcanic glass,
Apollo 17 VLT, and Luna 24 VLT. Symbols and references for data other
than QUE 94281 are the same as for Fig. 7.

(Fig. 10). On average, siderophile element concentrations corre-
spond to ~1.6% volatile free, CI-chondrite component. This com-
ponent probably derives largely from micrometeorites that formed
the regolith from which the breccia was formed. Average concen-
trations of siderophile elements in QUE 94281 are at the high end of
the range observed in lunar meteorites and comparable only to Cal-
calong Creek (Hill et al., 1991) and QUE 93069, which suggests
that QUE 94281 formed from near-surface regolith (Korotev et al.,

1996). The lower siderophile-element concentrations of Y-793274
(Fig. 10) imply that it was derived from deeper within the regolith
or that the components of the meteorite were not exposed at the sur-
face for as long a time.

Mafic, presumably volcanic glass debris is present in QUE
94281, as it is in Y-793274 (see also Warren and Arai, 1997). Most
of the small, elliptical glass clasts or fragments that we analyzed in
QUE 94281,10 have low-Ti or VLT basaltic compositions (TiO, <
1.2 wt%, Table 3 and Fig. 8a), as found by Warren and Arai (1997)
for a larger sampling of glass spherules. Most have very low TiO,
concentrations (~0.4 wt%) and are relatively ferroan, having a low
Mg’ value, which is similar to Apollo 17 VLT compositions (e.g.,
Wentworth et al., 1979; Lindstrom et al., 1994) (Fig. 7b). Glasses
with low TiO; (1.2 wt%) are presumably part of another group but
are not as abundant as the VLT glasses (Warren and Arai, 1997).
Others that we analyzed include one with an ultramafic composition
(MgO ~ 20 wt%) and one of medium TiO, concentration (4.8 wt%).
An average composition for all the analyzed mafic glasses is given
in Table 1; average compositions of the VLT and LT glass groups
are given in Table 3.

The clast population of QUE 94281 includes a substantial propor-
tion of glassy to cryptocrystalline, relatively feldspathic (i.e., non-
mare) impact-melt breccias (Table 3). These are the main highland
clast constituents. Alumina concentrations range from 17 to 30 wt%
and FeO, 4-14 wt% (Fig. 7a and Table 3). Of the most aluminous
ones (Al;03 > 27 wt%), most have relatively ferroan matrix com-
positions (Mg’ ~ 58-65) and incompatible element concentrations
(Ti, K, P) as low or lower than the highly aluminous Apollo 16
group 3 and 4 melt breccias (Korotev, 1994). Of those clasts ana-
lyzed by EMPA, which included the largest ones, only one had an
Mg’ value substantially higher (Mg’ ~ 76, Table 3) than the ferroan
group. The compositions of the more ferroan, aluminous group sug-
gest a relatively ferroan, noritic-anorthosite precursor. The magne-
sian impact-melt clast (Table 3, col. 3) has a normative composition
of troctolitic anorthosite, similar to Apollo 16 magnesian granulitic
breccias (Korotev, 1997).

The less aluminous impact-melt clasts (Al,03 ~ 17-25 wt%)
reflect relatively mafic precursors, but all have low K,0 concentra-
tions (<0.2 wt%), unlike most Apollo crystalline melt-breccia groups
(Taylor et al., 1991). These differ from the "KREEP-poor impact
melts" from Apollo 15 reported by Lindstrom et al. (1990) by their
lower TiO, concentrations and Mg’ values. The melt breccias in
QUE 94281, however, are similar in composition to clasts observed
in feldspathic lunar meteorites (e.g., MAC 88105; Jolliff et al,
1991). These have normative compositions of anorthositic norite to
norite, are relatively ferroan (Mg’ ~ 54-62), and have low TiO,
concentrations (0.5-0.6 wt%). Only one of the relatively mafic
melt-breccia clasts that we analyzed in QUE 94281 is somewhat
more magnesian (Mg’ = 67) and has TiO, = 1.3 wt%, which is
similar to melt breccias of some of the Apollo 16 groups (e.g.,
66095; Taylor et al., 1991; Korotev, 1994).

Trace element compositions are similar for most of the breccia
subsamples analyzed by INAA, and they cluster about the mean
composition (Fig. 9; Tables 2 and A1). This similarity is consistent
with the observation that most of the breccia subsamples are fine-
grained and, with the exception of subsample 35A, contain no large
clasts. Among those that are the least mafic, judging by Sc concen-
trations (e.g., Fig. 9 a,b), the concentrations of incompatible trace
elements are low, ranging from ~0.04-0.07x those of high-K
KREEP (Warren, 1989). This range is higher than in other lunar
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FIG. 9. (Left) Trace element concentrations of QUE 94281 compared (in b—
d) to Apollo 16 soil, feldspathic lunar-highland meteorites (FLHM), lunar
meteorites Y-793274, EET 87521, and other VLT lithologies. (a) Correla-
tion between Sc and FeO in subsamples of QUE 94281 (corrected for small
meteoritic Fe component). The "average mafic component" of QUE 94281
refers to the average composition of all mafic, presumably mare-related
materials in the meteorite and is taken to have an FeO concentration of 19
wt%. The extrapolated Sc concentration based on the regression is 43 ppm.
The "average feldspathic component" of QUE 94281 refers to the average
composition of all highland materials in the meteorite and is taken to have
an FeO concentration of 5.9 wt%,; the extrapolated Sc concentration based
on the regression is 13 ppm. (b) Sc vs. Eu; data points shown only for QUE
94281. Fields shown for others are based on data referenced in the Fig. 7
caption. Scandium and Eu are inversely correlated similarly to Sc-Na,O
and Sc-Sr. The more mafic subsamples have the lowest Eu concentrations
and highest Sc concentrations, and the most feldspathic subsamples have
the highest Eu concentrations and lowest Sc concentrations, which is consis-
tent with partitioning of these two elements between pyroxene and plagio-
clase. Elephant Moraine 87521 lies well off the trend for QUE 94281
subsamples, and Y-793274 appears to have more Eu-rich highland compo-
nents than QUE 94281. The range of Eu concentrations for subsamples that
have <30 ppm Sc reflects a range of Eu concentrations in highland constitu-
ents of QUE 94281. Ranges of compositions are shown for Apollo 16 soils
and feldspathic lunar-highland meteorites for comparison (see Fig. 7 cap-
tion). (c) Sc vs. La, in which La represents a typical incompatible trace
element (ITE). The correlation for QUE 94281 subsamples is poorer than in
(b) and reflects variability in the ITE enrichment of highland materials in
QUE 94281. Other highland compositions shown for comparison. Soil
from North Ray Crater at Apollo 16 differs from other Apollo 16 soils and
is shown separately. On the mafic (Sc-rich) side, EET 87521 lies away
from the cluster of QUE 94281 data, but the range of Y-793274 data differs
from QUE 94281 only in having slightly greater Sc and lower La concen-
trations. (d) La vs. Th; both are incompatible trace elements and are fairly
well correlated. Although the two most feldspathic subsamples have the
highest ITE concentrations, the most mafic subsamples do not necessarily
have the lowest ITE concentrations (cf,, (c)), reflecting the variability of
ITE enrichment in the highland materials. Apollo 16 soils are significantly
enriched in ITE relative to QUE 94281 and its inferred highland compo-
nents, with the exception of clast 35A1 (Table A1); whereas, the feldspathic
lunar-highland meteorites have much lower ITE concentrations.

meteorites that consist mainly of highland materials, such as QUE
93069, MAC 88104/5, Y-791197, Y-82192/3, and Y-86032, but
less than in Calcalong Creek (Hill et al., 1991) by a factor of three
to five. Subsample 35A is enriched in all incompatible trace elements
in roughly KREEP-like proportions (Table Al); however, its low
FeO concentration (35A1: 5.2 wt%, Table Al) and its appearance
(white, granulitic, plagioclase-rich) are not typical of Apollo im-
pact-melt breccias. In thin section, the only highland lithic clast
obviously enriched in incompatible elements is the olivine- and
whitlockite-bearing feldspathic granulite shown in Fig. 3e. On a
plot comparing two incompatible trace elements, analyses of breccia
subsamples reveal correlated variations that extrapolate toward the
compositions of subsamples 35A and B, which suggests that this or
some similar lithology is present as fine-grained clasts or in the
matrix of other subsamples of QUE 94281 breccia.

DISCUSSION

Estimating the Compositions of Average Mafic (Mare)
and Feldspathic (Highland) Components

From the variability in compositions of subsamples of QUE
94281, we can estimate the average compositions of the mafic and
feldspathic components. In this context, "component” refers to the
set of constituents that were derived from mare-related volcanic
activity or as part of the older, feldspathic highlands. Linear trends
on plots such as FeO vs. Al,O3 and others (Figs. 8 and 9) imply, to a
first approximation, binary mixing between the highland and mare
components. We can use the trends to extrapolate to the average
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FIG. 10. Cobalt and Ni variation among subsamples of QUE 94281 and
Y-793274. For this plot, subsamples of QUE 94281 that are compositionally
dissimilar to the average composition are not plotted. Nickel and Co are
contributed by three components in the meteorites, a chondritic meteorite
component that plots off scale at ~11 000 ppm Ni (assuming CI chondrite)
and lunar mare and highland components. The concentrations of Ni and Co
in the mare and highland components are not known, but the concentrations
plotted here (circles) are consistent with known VLT basalts and feldspathic
highland materials free of meteoritic contamination. The solid, diagonal
line is a regression line fit to the QUE 94281 data. Extrapolation of the line
to 11 000 ppm Ni gives a Co concentration of 561 ppm Co and a Ni/Co
ratio of 19.6, that is, well within the range of chondrites. Thus, the distri-
bution of points is, in fact, consistent with mixtures of lunar materials hav-
ing the concentrations represented by the point Q (i.e., a 54:46 mixture of
mare and highland components) and some type of chondritic material. The
range of Ni concentrations among the subsamples corresponds to a range of
0.3% to 4.1% volatile free, Cl-chondrite component. The dashed line is
defined by the chondritic component and the average composition of the six
subsamples of Y-793274. The point Y represents the mean, indigenous
concentrations of Ni and Co in the lunar components of Y-793274. The Co
concentration (~40 ppm) is greater than the corresponding concentration for
QUE 94281 (~32 ppm) because Y-793274 has a greater proportion of mare
material. Yamato 793274 data are from Fukuoka (1990), Koeberl et al.

(1991), Lindstrom et al. (1991b), and Warren and Kallemeyn (1991).
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compositions of the two endmembers. By assuming an average FeO
concentration of 19 wt% for the mafic components and 5.9 wt% for
the feldspathic components, the concentrations of the other major
element oxides can be determined based on the extrapolation of
trends for each oxide and FeO. Then, given the bulk composition of
the meteorite and mass-balance constraints, we can determine their
relative proportions (Warren and Kallemeyn, 1991, applied a similar
graphical technique to Y-793274). We estimate the bulk composi-
tion of QUE 94281 from that of the fusion crust (EMPA) and the
mass-weighted mean composition of all subsamples (INAA, Table 2).
An FeO concentration of 19 wt% is about the same as for other
VLT mare basalts that have similar mafic-mineral compositions to
those found in QUE 94281 (e.g., Apollo 17 VLT and EET 87521,
Fig. 7 and references listed in the caption). To estimate the major
element compositions of the average feldspathic and mafic com-
ponents, we use all subsample (INAA) and constituent (EMPA)
compositions having FeO concentrations between 8 and 17 wt%,
including magnetic separates of subsample 33 (Table Al). This

restriction excludes the highly feldspathic and mafic clasts that
would tend to dominate the linear regression. From the regression
of these data against FeO and extrapolation to 19 wt%, we estimate
the average composition of mafic components to be that given in
Table 4 (column 1). This composition is similar to the average
composition of mafic glasses (Table 1) but has lower TiO,, Cr,O3,
and MgO. By linear regression, the concentration of the trace ele-
ment Sc, which correlates well with FeO, is 43 ppm at FeO = 19
wt% (Fig. 9a). This is low relative to most mare basalts but in the
range found for other lunar volcanic VLT basalts and glasses
(Taylor et al., 1991). We have not estimated concentrations of the
other trace elements in the mafic component using this method be-
cause most do not correlate well with FeO, with the exception of Eu
and Sr (see below).

To estimate the average composition of highland components,
we assume an FeO concentration equal to the average for nine
highland clasts as measured in thin section (5.9 wt%, Table 1).
These clasts represent the most prominent, recognizably highland
constituents of the breccia. Then, extrapolation of the regressed
data to 5.9 wt% yields the composition given in Table 4. From the
bulk FeO concentration of the meteorite (represented by the fusion
crust (13 wt%), the FeO concentrations of the average mafic and
feldspathic endmembers, and mass balance), the mass proportions of
mafic and feldspathic components are found to be 54% and 46%,
respectively. Even if the average FeO concentration of feldspathic
components turned out to be lower, say as low as 4.5 wt%, the pro-
portion of feldspathic components in QUE 94281 would still exceed
40%. On the other hand, the fact that single-mineral clasts and
glasses related to mafic components outweigh highland lithic clasts
argues against the proportion of highland materials exceeding 46%.

Highland Components—The average composition of highland
components calculated as described above has an Al,O3 concentra-
tion of ~26 wt% and is similar to that of the average measured com-
position of highland clasts based on EMP analyses (Table 1). The
average highland composition estimated by the regression method,
however, has a significantly higher MgO concentration than the
average of clasts measured by EMP analyses, 8 wt% vs. 6 wt%.
This suggests that there may be a highland component more mag-
nesian than any of the feldspathic clasts we analyzed in the thin
section. Likewise, the estimated average MgO concentration of the
mafic components is less than that of the analyzed mafic glasses,
11.0 wt% vs. 13.4 wt%. This disparity occurs partly because we
excluded outliers in the regression analysis and partly because the
glass vein, which is included in the regression analysis, has a rela-
tively high MgO concentration compared to measured highland
clasts and the fusion crust (Fig. 7b). We found no feldspathic clasts
having compositions sufficiently magnesian to have caused the
magnesian glass-vein composition; however, olivine and pyroxene
grains that have Mg’ as high as 80 are found among mineral and
lithic clasts.

The estimate of average Na,O concentration of highland com-
ponents by the regression method also exceeds the average Na,O of
analyzed highland clasts, suggesting, as for MgO, a cryptic or under
sampled Na,O-rich highland component. One of the feldspathic
melt-breccia clasts analyzed by EMP has an Na,O concentration of
0.7 wt%, and several plagioclase grains have Na,O concentrations
>1% and as high as 4% (Table A5, lithic clast 2). Furthermore at
the mafic end of the regression, the extrapolated NayO concentration
compares well to what was expected, based on the average Na,O
concentration of plagioclase clasts (~0.9 wt%, Table A3) and their
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TABLE 3. Major element compositions of representative glass and fine-grained lithic clasts in QUE 94281,10.

Glassy-crystalline Melt Breccias Mafic Glasses
anorthositic noritic

ferroan magnesian Al fer Al,Lmag Mafa Mafb VLT MG LT MT
n 3 2 1 1 1 3 2 4 1 2 1
Sio, 45.1 452 429 46.7 444 46.3 46.4 457 442 46.8 43.0
TiO, 0.26 0.41 0.18 0.65 1.27 0.53 0.63 0.40 0.41 1.20 4.78
Al 04 30.1 27.8 279 25.5 23.7 19.5 16.7 10.6 8.0 10.3 13.4
Cr,0; 0.08 0.08 0.07 0.1 0.15 0.32 0.42 0.45 0.72 0.40 0.39
FeO 3.79 492 4.53 6.61 7.90 113 13.8 18.8 20.0 19.3 15.6
MnO 0.04 0.05 0.08 0.11 0.07 0.16 0.19 0.23 023 0.27 0.22
MgO 327 5.18 8.26 495 9.09 8.94 10.2 13.9 20.0 10.1 11.3
CaO 16.2 15.6 14.6 14.5 133 12.6 12.1 9.60 7.16 10.8 10.6
Na,0 0.41 0.47 0.34 0.71 0.59 0.42 0.30 0.21 023 0.30 0.08
K,0 0.02 0.07 0.01 0.11 0.11 0.14 0.08 0.01 0.02 0.05 0.01
P,0Os nd nd nd nd 0.19 nd 0.05 nd nd 0.10 <0.02
Sum 99.3 99.9 98.9 99.9 100.6 100.2 100.8 99.9 101.0 99.6 99.3
*Mg' 60.6 65.3 76.5 57.2 67.2 585 57.0 56.8 64.2 483 56.2

*Mg' = molar MgO/(MgO + FeO) x 100. Oxides given in weight percent, determined by EMPA. Abbreviations: Al, fer = aluminous, fer-
roan; Al, mag = aluminous, magnesian; Maf a = mafic group a; Maf b = mafic group b; VLT = very-low-Ti, MG = magnesian; LT = low-Ti;

MT = medium-Ti.; nd = not determined.

proportion (~30%) associated with the mafic component. By this
reasoning, the NayO concentration of the mafic component should
be 0.26-0.28 wi%, which is consistent with the estimate based on
regression. This range is also consistent with correlated variations
between FeO-Eu (or Sc-Eu, Fig. 9b) and Eu-Na,O for subsamples
analyzed by INA, which indicate an NayO concentration of ~0.26—
0.28 wt% at an Eu concentration of 0.58 ppm, corresponding to 19
wt% FeO.

A similar calculation for MgO based on MgO concentrations of
pyroxene and olivine clasts (yielding an estimate of 10.8 wt% aver-
age for mafic components) is consistent with the regression-based
estimate of average MgO concentration of mafic components of
11.0 wt% and, thus, supports the regression estimate for the highland
components (8 wt%). However, MgO concentrations of pyroxene
and olivine clasts span a broad range, making this calculation less
convincing than that for Na,O.

The average composition of the highland components in QUE
94281 estimated as described above is similar to the bulk composi-
tions of ALHA81005, Y-82192/3, and Y-791197. Allan Hills
A81005, which is more magnesian (i.e., higher Mg/Fe) than the others
(Laul et al.,, 1983), is similar to our regression estimate shown in
Table 4. The more ferroan average measured composition of feld-
spathic clasts in QUE 94281 is similar to the bulk compositions of
Y-82192/3, Y-791197 (see Koeberl et al., 1989), and to average
Apollo 16 soil (Korotev, 1981). The lunar meteorites Y-82192/3
and Y-791197 contain a small mare component, and Apollo 16 soils
contain a mafic impact-melt-breccia component (see Korotev, 1997).
The highly feldspathic lunar-highland meteorites, QUE 93069/QUE
94269, MAC 88104/5, and Y-86032 have lower FeO concentrations
(~4-5 wt%), more like the prebasin compositions of Korotev
(1996b) based on Apollo 16 ancient regolith breccias and feldspathic
fragmental breccias. These more feldspathic compositions, similar
to those of some of the individual clasts in QUE 94281 (see below),
may be representative of large parts of the lunar-highland surface,
especially away from the large, nearside basins. Clementine remote
sensing also supports lower FeO concentrations (~4 wt%) over
much of the farside highland surface (Lucey et al., 1995).

The concentrations of incompatible trace elements in QUE 94281
(and, on average, in its highland components) are greater than those
of the other lunar-highland meteorites (except Calcalong Creek), but
they are lower than in highland soils from the Apollo 16 site (Fig.
9c,d). The low ITE concentrations indicate that most of the clasts of
impact-melt breccia in QUE 94281 are incompatible element poor
and derived from impacts that excavated mainly KREEP-poor, feld-
spathic upper crust; whereas, the mafic impact-melt component of
Apollo 16 soils is basin derived (Korotev, 1997). Several of the
impact-melt clasts in QUE 94281 have compositions similar to the
most feldspathic lunar highland meteorites (Figs. 7 and 8), including
low Mg', low TiO,, and low Na,O, which suggests that a source for
these constituents was not far away. In the case of QUE 94281 and
Y-793274, this poses something of a quandary: the source area must
have been near or at the boundary between a mare and a highland
region but also near an area of feldspathic highlands uncontami-
nated by ITE-rich, mafic impact-melt lithologies. Perhaps this
means that the basin containing the mare volcanic rocks did not
produce and eject particularly mafic and ITE-rich impact melts.

Mafic Components—The mafic components in QUE 94281 have,
on average, a very low TiO, concentration (~0.8 wt%). Overall, the
mafic components as a group are similar in composition to EET
87521 and to the inferred mafic component of Y-793274. In fact,
using the average compositions of mafic and feldspathic compo-
nents in QUE 94281 (Table 4), the bulk composition of Y-793274
(Table 1) is closely matched with ~62% of the average mafic com-
ponent and 38% of the average feldspathic component. This is in
good agreement with Warren and Kallemeyn (1991), who estimated
two-thirds mare components and one-third highland components for
Y-793274. A greater proportion of mare components in Y-793274
compared to QUE 94281 is also consistent with lower La/Yb in
Y-793274. The composition of EET 87521, however, cannot be
matched using a binary mixture of the average highland and mare
components of QUE 94281 because EET 87521 is too ferroan and its
concentrations of TiO, and Al,O5 are too high. Furthermore, the
concentrations of most incompatible trace elements in EET 87521
are high relative to both QUE 94281 and Y-793274 (Fig. 9¢c,d). The
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TABLE 4. Major element compositions of feldspathic and mafic components of QUE 94281.

Estimated Components! EET 875212 Model Derivative Magmas?
Mafic Feld- Crystalline Bulk, Fractional Crystallization, 3 kb

spathic VLT Lit Avg. Starting 24% 35% 45%
Si0, 47.0 449 47.0 479 438 452 46.6 473
TiO, 0.83 0.31 0.80 0.97 0.41 0.51 0.56 0.65
Al,O4 10.2 25.6 10.2 132 79 9.7 10.6 12.3
Cr,0; 0.37 0.13 0.36 0.24 0.71 0.43 0.11 0.12
FeO 19.0 5.89 19.0 18.8 19.8 20.8 21.0 20.5
MnO 0.28 0.08 0.28 0.24 0.23 0.24 0.24 0.24
MgO 11.0 8.1 10.8 6.79 19.8 13.9 10.3 6.90
Ca0 10.9 143 11.0 11.6 7.1 8.9 102 11.6
Na,0 0.26 0.68 0.26 0.42 0.23 0.29 0.33 0.39
K,0 0.05 0.10 0.05 0.06 0.02 0.03 0.03 0.04
P,0s 0.06 0.07 0.06 - 0.02 0.03 0.03 0.04
Mg’ 512 71.0 50.8 39.2 64.2 542 46.5 375

Mg’ = molar MgO/(MgO + FeO) x 100; oxides given in weight percent. !Feldspathic (highland) and
mafic (mare) components estimated by regression of data for subsamples as described in text. Propor-
tions are mafic/feldspathic: 54/46 (wt%). The values in the first column are normalized so that the sum
of oxides = 100% (raw estimate sums to 101%). Crystalline VLT component calculated assuming the
mafic component = 92% crystalline VLT and 8% mafic glass (Table 1); proportions are based on image
analysis. Composition of EET 87521 is an average of two compositions given by Warren and Kalle-
meyn (1991). 3Model derivative magma compositions calculated using mafic glass "MG" (Table 3) as
starting composition (reproduced here, normalized to 100%). Compare composition at 24% to "VLT"
mafic glass (Table 3); compare 35% to "crystalline VLT" (this table); and 45% to EET 87521 (this
table). Derivative compositions calculated mainly by subtraction of olivine of relevant Mg’ plus minor
Cr-spinel; percent crystallization given as mol%. Calculations made using fractional crystallization

program of Longhi (e.g., 1982, 1986).

average TiO, concentration of mafic components in QUE 94281 is
significantly less than those of the other two basaltic meteorites
Y-793169 and A-881757, which have bulk TiO, concentrations of
~2-2.5 wt% (Jolliff et al., 1993).

The Crystalline VLT Component

From the relative proportions of coarse, single-mineral clasts
and glass clasts, we have estimated the relative proportions of the
crystalline VLT component and mafic glasses. Using image analy-
sis of a digital backscattered-electron image (same as used to make
Fig. 1), the proportion of coarse mineral clasts is ~19.1% and mafic
glasses, 1.6% (vol%). Thus, the mafic components include ~8%
mafic glass and 92% of a crystalline VLT component, and the com-
position of the latter can be calculated (Table 4). This composition
is very similar to the average composition of mafic components and
has TiO, <1 wt%.

The coarse, crystalline clasts of pyroxene, plagioclase, and olivine
appear to be derived largely from a single parent rock formation
(i.e., the crystalline VLT component). Of the large pyroxene clasts
that we analyzed in QUE 94281, nearly all have compositions that
are consistent with a single fractionation trend (Fig. 5). These range
from low-Ca pyroxene with an Mg’ value of ~70 to ferroaugite with
Mg’ ~ 20 and hedenbergite with Mg’ <5 (Table A2). Separate grains
of hedenbergite, fayalite and cristobalite, as well as eutectoid inter-
growths of these three minerals plus K-feldspar almost certainly are
cogenetic with the main-trend pyroxenes because pyroxene com-
positions cover the range of Fe enrichment coupled with Ti enrich-
ment and Cr depletion (Fig. 5) leading to hedenbergite. Also, several
of the coarse pyroxenes are intergrown with plagioclase grains (see
Table A3). The proportion of coarse plagioclase clasts relative to
coarse pyroxene in QUE 94281 (based on image analysis of QUE
94281,10, discussed above) is close to what would be expected
(slightly less) if they were all derived from the same parent rock

formation. In other words, from the composition of the crystalline
VLT component (Table 4), we calculate a pyroxene to plagioclase
volume ratio of ~1.6, and the observed ratio of coarse pyroxene to
plagioclase clasts is ~1.8. Thus, we conclude that virtually all of the
coarse plagioclase single-mineral clasts are related to the coarse py-
roxene and that there is predominantly a single crystalline mafic
component (or parent rock formation) represented by the coarse
mineral clasts in QUE 94281. Because of the coarse grain size,
including the development of relatively coarse-grained, late-stage
hedenbergite, fayalite, and cristobalite, we refer to this as the QUE
94281 VLT-gabbro component.

The VLT-Gabbro Composition Compared
to Other VLT Compositions

The composition of the QUE 94281 VLT gabbro, derived as
described above, is similar to that of the QUE 94281 VLT volcanic
glasses (Table 3), except that it is slightly poorer in MgO and Cr,03
and richer in TiO,, CaO, Na,O, and K,0. These differences are
qualitatively consistent with the VLT gabbro being a fractionate of
the same parent magma represented by the VLT glasses (discussed
in more detail in the next section). In the following discussion, we
take the QUE 94281 VLT component to include both the VLT gab-
bro and VLT volcanic glasses; these are compared to EET 87521,
Y-793274, and Apollo 17 and Luna 24 VLT lithologies.

The composition of the QUE 94281 VLT component differs
from that of lunar meteorite EET 87521, which has little or no high-
land component (Warren and Kallemeyn, 1991); however, the dif-
ferences in major elements suggest (at least to a first approximation)
that EET 87521 could be a derivative of a similar parent magma.
The composition of EET 87521 is substantially more ferroan, hav-
ing an Mg’ value of ~39 compared to ~51 for the QUE 94281 VLT
component (Table 4). This is consistent with the compositions of
pyroxenes, which are, as a group, more Fe-rich in EET 87521
(Yanai and Kojima, 1991). Furthermore, EET 87521 has higher con-
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centrations of TiO,, Na,O, Al,03, and SiO,, which is qualitatively
consistent with its being more fractionated or "evolved" than the
QUE 94281 VLT-gabbro component. Quantitatively, however, the
concentration of TiO, exceeds the calculated concentration derived
by fractional crystallization (see discussion below and model com-
positions, Table 4). Trace element concentrations also separate EET
87521 from QUE 94281 (Fig. 9) and preclude any direct petroge-
netic relationship.

Similarities in bulk and constituent compositions between QUE
94281 and Y-793274 (Table 2, Figs. 7, 8) and petrographic simi-
larities suggest that the VLT components of the two meteorites rep-
resent similar protoliths. Compositions of mafic subsamples of both
meteorites overlap for most elements; however, there are differences
in variations of MgO and Cr,Oj3 that are difficult to explain. One
trend among subsamples of Y-793274 on the plot of MgO vs. FeO
(Fig. 7b) extrapolates toward the bulk composition of EET 87521;
taken alone, this might indicate a relationship between the dominant
mafic component of Y-793274 and EET 87521. However, the trend
for mafic subsamples of Y-793274 for Cr,O5 vs. FeO does not ex-
trapolate to EET 87521 (Fig. 8b). On the other hand, for QUE
94281, the Cr,O3 concentrations of several whole-rock subsamples
analyzed by INAA, including the pyroxene-rich (Sc concentration =
36 ppm) magnetic separate, extrapolate toward the relatively Cr-
poor composition of EET 87521. Perhaps, these subsamples are
enriched preferentially in the more Fe-rich pyroxenes, which have
lower Cr,O3 concentrations than the more magnesian pyroxenes
(Table A2). If so, this may explain the apparent discrepancy be-
tween the lower concentration of Cr,O3 in the VLT gabbro that
could be inferred from Fig. 8b (<0.3 wt%) and that obtained by the
mass-balance method described above (0.36-0.37, Table 4).

Bulk lithophile trace element concentrations of QUE 94281 and
Y-793274 are, to a first approximation, similar, differing slightly in
the levels of trace elements associated with mafic vs. feldspathic
components, as discussed above. On closer inspection, however,
the concentrations of some elements in subsamples of the two mete-
orites define slightly different trends. On a plot of Eu vs. Sc (Fig.
9b), which separates feldspathic from mafic components, the mafic
components of the two meteorites appear to be similar, but high-
land components define two different trends, with subsamples of
Y-793274 extending to higher Eu concentrations. A plot of La vs.
Sc, however, suggests a difference in the mafic components as well
(Fig. 9c). Relative to variations found among highland materials of
Apollo soils, these variations are small and do not necessarily re-
quire different source regoliths for the two meteorites, but they do
argue against the two meteorites having been ejected from the Moon
as portions of the same rock.

The VLT lithologies from Apollo 17 and Luna 24 differ signifi-
cantly from those of QUE 94281 and Y-793274. Those from
Apollo 17 include a variety of textures ranging from volcanic glass
to crystalline, but none have been found that have similar coarsely
crystalline and exsolved pyroxene. Several of the QUE 94281 glasses
have compositions that overlap the range for Apollo 17 VLT lith-
ologies; however, no individual members of these two suites have
compositions that are similar for all elements. Also, the Apollo 17
group includes members that have higher Cr,O; and lower Na,O
concentrations than most of those from QUE 94281 (Fig. 8). The
Luna 24 VLT basalts are distinctly more Fe-rich, and the extrapola-
tion of compositional trends for subsamples of QUE 94281 and
Y-793274 shown in Figs. 7 and 8 preclude any simple relationship
to the Luna 24 VLT compositions.

Relationship of QUE 94281 Volcanic Glasses to VLT Gabbro

Given an estimate of the composition of the QUE 94281 VLT
gabbro, we consider whether it might be related to any of the QUE
94281 volcanic glass compositions. One of the volcanic glasses is
ultramafic (Table 3; "MG") and appears to be a candidate for a par-
ent melt to the suite of VLT components (glasses and gabbro) in
QUE 94281. By fractionation (subtraction) of olivine and a minor
amount of Cr-spinel at depth (modeled using the fractional crystalli-
zation program of John Longhi, e.g., Longhi, 1982), the major ele-
ment composition of the VLT gabbro is closely matched at ~35%
crystallization, and the average major element composition of the
relatively ferroan VLT glasses (Table 3) is fairly closely matched at
~24% crystallization (Fig. 11). Thus, both the VLT-gabbro compo-
nent and the VLT volcanic glasses in QUE 94281 may be petroge-
netically related. Because QUE 94281 is a regolith breccia containing
a variety of materials that were present at the lunar impact site, a
search within other subsamples of this meteorite may reveal addi-
tional mafic and ultramafic glass compositions that can be used to
test the tentative relationships we suggest above.

As discussed above, EET 87521 appears to have a different crys-
talline VLT component from that of QUE 94281. In EET 87521,
pyroxene compositions are as a group more Fe rich, and concentra-
tions of incompatible trace elements (Table 2) and Ti (Table 4) are
higher, which indicate that it is more evolved. These features and
the slightly more aluminous nature of EET 87521 are reflected by
the location of its bulk composition on the silica-olivine-anorthite
pseudoternary phase diagram (Fig. 11) where the bulk composition
plots slightly above and to the right of the peritectic point. Given

Silica

QUE94281 VLT
components

Px

Pyroxene

— EET87521
VI;T, xtin—
VLT, glass
MGglass — Plagioclase
Olivine
Spinel

Olivine Anorthite
F1G. 11. Silica-olivine-anorthite pseudoternary phase diagram showing

QUE 94281 VLT mafic components in relation to melt compositions de-
rived by fractional crystallization of the composition of "MG glass" (Table 3).
Phase boundaries in the vicinity of the peritectic point were estimated using
the fractional crystallization model of Longhi (1982), for P = 3 kb. Starting
with a melt of the composition of "MG glass," olivine crystallization drives
the instantaneous residual liquid composition to the pyroxene-olivine
cotectic at ~40% crystallization. The average composition of VLT glasses
that we measured in QUE 94281 (Table 3) lies along the olivine subtraction
line at ~24% crystallization and the composition of the VLT crystalline
component lies at ~35% crystallization. The derivative melt composition
reaches the peritectic point after ~46% crystallization and plagioclase joins
the crystallizing assemblage. The composition of EET 87521, for compari-
son, plots slightly to the right of the pyroxene-plagioclase cotectic and
toward the silica apex, in the direction of melt evolution during fractional
crystallization.
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the uncertainties associated with our estimate of the composition of
mafic components in QUE 94281, it seems possible that the precur-
sor of EET 87521 and the QUE 94281 VLT gabbro could be petro-
genetically related. Although such a relationship is qualitatively
consistent with trace element differences, we have not modelled
trace element evolution rigorously because of uncertainties in their
concentrations in the VLT components of QUE 94281. Analyses
made by secondary-ion mass spectrometry (SIMS) or microdrilling
INAA would allow more detailed modelling and are suggested for
future work.

The occurrence in QUE 94281 of a predominant coarse-grained
mafic or "mare" component suggests derivation from a single, bur-
ied rock formation ("mare gabbro"). The presence of abundant VLT
glass indicates proximity to a source of related pyroclastic glass. Fine-
grained mare components and constructional particles (e.g., mafic
glassy-matrix breccias) are rare to absent among the clasts, suggest-
ing that if the precursor of the meteorite was a mare regolith, it was
immature. One possible scenario is that the coarse-grained crystal-
line VLT gabbro was derived from a hypabyssal intrusive setting,
overlain by only thin basalt flows and pyroclastic deposits. In that
case, the substantial proportion of highland components indicates
that the source was near a mare-highland contact, as advocated by
Warren (1994) for Y-793274. At the Apollo 17 landing site, soils at
two of the rover stops in basaltic regolith of the central valley, LRV-
3 and LRV-9, have ~55% basalt + pyroclastic glass and 45% high-
land constituents (Korotev and Kremser, 1992). Perhaps the source
was located in a cryptomare (Head et al., 1993) region where an
older volcanic surface was covered by a later veneer of highland
impact ejecta or mass-wasted debris.

CONCLUSIONS

Lunar meteorite QUE 94281 is a well-lithified, glassy-matrix,
clast-rich regolith breccia. Based on our subsamples, the meteorite
comprises ~54% mafic or "mare" components and 46% feldspathic
or "highland" components. The mafic constituents consist mainly
of coarse-grained mineral clasts and mafic volcanic glass fragments,
mostly of VLT composition; fine-grained basaltic lithic clasts are
rare. Highland constituents include abundant clasts of glassy to cryp-
tocrystalline, incompatible-element-poor feldspathic melt breccias,
ranging from 17 to 30 wt% Al,O3, and other less common highland
lithologies such as granulite and feldspathic impact-melt rocks.

The coarsely crystalline mineral clasts include pyroxenes that
contain fine exsolution lamellae and whose compositions are similar
to those of known VLT basalts, as well as relatively coarse heden-
bergite, fayalite, and cristobalite. Pyroxene compositions and exso-
lution features indicate a slow-cooling crystallization trend; this
trend, coupled with an apparent petrogenetic relationship between
nearly all coarse single-mineral clasts in QUE 94281, suggests a
VLT-gabbro precursor. An estimate of the composition of this
component suggests that it may be cogenetic with some of the vol-
canic glasses in QUE 94281, related by different amounts of olivine
fractionation of a parent magma with a composition like that of a
magnesian, picritic glass, also found in QUE 94281.

The regolith represented by this breccia is unlike the mare rego-
liths sampled at the Apollo sites. It is dominated by coarsely crys-
talline and presumably immature mafic constituents but contains a
substantial proportion of highland materials with, on average, a
higher FeO concentration than thought to be typical of much of the
farside highlands. The presence of highly feldspathic and ITE-poor
impact-melt clasts reflects a nearby highland source that was uncon-

taminated by mafic melt breccias of the kind sampled by Apollo
missions and presumably of basin origin. Perhaps the source rego-
lith for this meteorite formed not in a region of widespread basalt
flows, as in a basin-filling mare, but instead formed in a region of
localized, near-surface intrusive and volcanic activity or in an area
of cryptomare, now covered by a veneer of highland deposits.

The compositions and lithologies of QUE 94281 permit source-
crater pairing with Y-793274. Differences in lithophile-element com-
positions between QUE 94281 and Y-793274 are consistent with
the difference in proportions of highland and mare components.
Differences in siderophile element compositions are consistent with
a higher proportion of extralunar meteoritic material in QUE 94281
and, thus, a greater amount of surface exposure. Although the com-
position of QUE 94281 differs significantly from that of EET 87521,
petrographic and major element compositional similarities between
EET 87521 and the VLT-gabbro component of QUE 94281 suggest
that they could result from different amounts of fractionation of
similar VLT parent magmas. Howeyver, differences in minor and trace
element compositions preclude a direct relationship between EET
87521 and the VLT-gabbro component of QUE 94281.
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TABLE A3. Compositions of plagioclase clasts in QUE 94281 by electron-microprobe analysis.

Jolliff et al.

PI19  PI16 Pl 4 Pl 12 P19 PI22 Pl 1l PI5 P118 Pl 1 Pl 14
(Px32) (Px31)
Si0, 442 438 438 445 432 447 44.6 443 442 44.4 452
ALO; 364 35.7 35.1 352 34.7 353 35.1 352 35.5 355 342
FeO 0.12 0.08 0.39 0.34 0.26 0.36 0.32 0.24 0.23 0.22 0.51
MgO 0.02 0.08 0.10 0.09 0.02 0.02 0.06 0.06 0.02 0.03 0.23
Ca0 193 193 19.2 19.2 18.5 183 189 18.6 18.6 18.8 185
Na,0 0.42 0.46 0.62 0.65 0.67 0.72 0.76 0.76 0.78 0.79 0.88
K,O 0.01 0.08 0.01 0.02 0.03 0.04 0.02 0.02 0.05 0.04 0.00
Total  100.5 99.5 99.1  100.0 97.3 99.4 99.8 99.2 99.4 99.8 99.6
An 96.1 95.4 94.4 94.1 93.7 93.1 93.1 93.0 92.7 92.7 92.0
Ab 3.8 4.1 5.5 5.8 6.1 6.7 6.8 6.9 7.0 7.1 79
Or 0.06 0.5 0.08 0.09 0.2 0.2 0.12 0.11 0.3 0.2 0.04
Pl 21 P16 PI2 P17 PI17  PII0 P13 P120 P13 PI 8 Pl 15
(Px14) (Px14)
Si0, 455 445 45.1 453 45.0 454 46.0 46.1 453 46.8 51.6
ALO; 352 35.0 35.0 35.0 35.0 34.5 343 34.1 342 33.1 30.0
FeO 0.48 0.23 0.09 0.32 0.09 0.21 0.30 0.69 0.19 0.41 0.69
MgO 0.05 0.08 0.12 0.06 0.10 0.08 0.04 0.07 0.09 0.05 0.02
Ca0 18.1 185 18.6 185 18.7 18.1 18.0 17.5 177 16.8 13.8
Na,0 0.87 0.91 0.87 0.96 0.97 1.04 1.26 1.29 137 1.74 3.15
K,O 0.02 0.02 0.13 0.03 0.05 0.04 0.11 0.02 0.05 0.16 0.54
Total  100.2 993 100.0  100.1 99.9 993  100.1 99.7 98.8 99.1 99.8
An 91.9 91.7 915 91.2 91.1 90.3 88.2 88.1 87.5 83.4 68.3
Ab 8.0 8.2 7.7 8.6 8.6 9.4 112 11.8 123 15.6 283
Or 0.12 0.14 0.8 0.15 03 0.2 0.6 0.12 0.3 0.9 32

Analyses are listed in order of decreasing An content. An, Ab, and Or calculated from cation proportions on the basis of eight
oxygen atoms. (Px#) indicates the corresponding pyroxene analysis (Table A2) for composite pyroxene-plagioclase grains.

TABLE A4. Compositions of olivine clasts in QUE 94281 by electron-microprobe analysis.

ol10 019 Oll2 013 ol5 Ol13 Ol ol4 o018 ol6 oOlll 017 012
(Px22)  (Px22) (Px17) (Px7) (Px16)
Si0, 36.6 37.0 38.0 36.6 36.7 36.6 35.7 34.1 328 329 30.9 30.1 304
TiO, 003  <0.02 0.04 0.03 0.55 0.06 0.11 0.07 0.05 024 0.09 0.12 0.11
ALO, 008  <0.01 0.15 0.00 0.46 0.06 0.13 009  <0.01 151 <001 <001  <0.01
Cr,0, 0.08 0.08 0.07 0.06 0.04 0.03 0.02 0.06 0.07 0.02  <0.02 002  <0.02
FeO 30.6 30.9 32.0 33.1 335 362 41.0 452 53.8 56.0 624 65.5 66.5
MnO 033 033 024 034 034 041 0.40 0.43 0.47 0.56 0.64 0.68 0.75
MgO 318 31.9 303 296 279 27.1 24 192 12.9 6.98 491 2.66 1.55
Ca0 0.09 0.12 0.18 0.16 0.65 0.20 0.41 039 032 1.68 033 0.45 0.54
Na,0 <001  <0.01 0.01 000  <0.01 001  <0.01 0.03  <0.01 0.04 <001 0.00 0.02
Total 996 1003  101.0 999  100.1 1006 1002 99.6 1004  100.0 99.3 99.6 99.9
avg (2) avg (2)
My’ 64.9 64.8 62.8 615 59.7 572 50.7 43.1 299 182 123 6.7 40

Compositions are sorted by Mg’ (atomic Mg/[Mg + Fe] x 100). Total Fe given as FeO. (Px#) indicates the corresponding pyroxene analysis (Table A2)
for composite pyroxene-olivine grains. Compositions for Ol 5 and Ol 6 might appear, from high Al,O; concentrations, to be affected by overlap of the
beam onto plagioclase, but the grains are coarse enough that this should not be the case; also, the Al,05/CaO values would be higher than they are if
there was beam overlap onto plagioclase.

© Meteoritical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1998M%26PS...33..581J

601

—
0
I
<
(=)}
(>
g
~
<
=~
E
5
<
=
Q
Q
=
<o
2
E=
=}
Q
2
Q
g
g
=}
=
S
=}
g
£
Q
o
E
g
B
=
(]
<
[53
Q
[
&}

*aUuax01Ad UI SUIAI[O JO YIMOISISNUI JB[NOTULISA € SUTUIRIUOD JSe[o PaImoey Aj3uons ‘wr 00z~ ¥ ISe[D ST

‘(3¢ *S1) anuswyI-ourArjo-ousxoikd-aseporderd 9eseq oryredspay OIMIXa) FeURISISIUL (€ ISL[D IYIT
“a)IuouII-ouIAljo-ausxoAd-asepporderd Jo aSejquiasse otwAjod szisuresd wir 007001 T ISe[D T
‘(o€ "S1) yooprgm snid “xyew ssepoorgeld JenueisAjod ur s[nueId SUIAI[O IMIX3) dnI[nueI3 ‘pauteld-ouly (| ISel) oIy

9Ly 9'LT 781 YEl . (xd) sd

161 &34 0°€L L6y (xd) ud

TEE I'LE 8’8 69€ (xd) om

TEl L'8T 1L T€9 £08 008 L'8L L'69 TOoL B:i2¢

056 €99 956 679 86 (erd) uv

886 T66 L'86 986 ¥'66 ¥001 166 8'86 6001 ¥'66 8'66 6L6 1001 €66 [el0L

- - $0°0 - - 910 100 910 - - - 60°0 - - o

- 90°0 $S°0 €1°0 - T6°€ 8¥°0 LOY 000 S0°0 LT0 89°0 - - 0%N

61°0 391 881 L'81 [440) Tel 881 a4l S0°0 S8 681 L'81 01°0 80°0 0®d

LTS 009 870 Syl ¥0g 020 01°0 €20 81y 1'LT 191 110 1§93 8vE O3

L9°0 £7°0 100> 810 ST0 700 €0°0 100 LTO 740} 0z0 - 970 ¥Z0 OUN

619 997 €50 001 9°1¢ ZA0) SE0 70 €81 12l 9L'L 81°0 TLT €92 021

100 0Z0 100> €90 80°0 700 000 700 €0°0 110 €0 000 €0°0 $1°0 Kelte)

100 SO'T SYe  TET 000 T0€ Tse 06T  LTO 08°0 S0'€ SYeE 000 S0°0 fouv

81°0 18°0 S0°0 08'1 90°0 ¥1°0 €1°0 v1°0 €00 790 15T 500 LO0O L00  fou

90¢ 9'8p 6'cy £0S 69¢ €78 6y 43 Toy 9'vS 805 9P v'LE 9LE to18
110 I Xd 1 Seld I Xd 110 ¢3eld  7Seld 1%ed 110 7xd Ixd 1 Seld Z10 110

121D 21YI'T € 158[D IYI] TISeD O] 13581 21T

stsAeue 2qoIdoIoNu-uono[s 4q SISe[o SIYM] [8ZH6 AN PR3 Ul sfersurw Supsixa0d Jo suonisodwo) "§y a18VL

© Meteoritical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1998M%26PS...33..581J

