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Abstract--Lunar meteorite Queen Alexandra Range 93069 is a clast-rich, glassy-matrix regolith breccia of

ferroan, highly aluminous bulk composition. It is similar in composition to other feldspathic lunar meteorites

but differs in having higher concentrations of siderophile elements and incompatible trace elements. Based

on electron microprobe analyses of the fusion crust, glassy matrix, and clasts, and instrumental neutron acti-

vation analysis of breccia fragments, QUE 93069 is dominated by nonmare components of ferroan, noritic-

anorthosite bulk composition. Thin section QUE 93069,31 also contains a large, impact-melted, partially

devitrified clast of magnesian, anorthositic-norite composition. The enrichment in Fe, Sc, and Cr and lower

Mg/Fe ratio of lunar meteorites Yamato 791197 and Yamato 82192/3 compared to other feldspathic lunar

meteorites can be attributed to a small proportion (5-10%) of Iow-Ti mare basalt. It is likely that the non-

mare components of Yamato 82192/3 are similar to and occur in similar abundance to those of Yamato

86032, with which it is paired. There is a significant difference between the average FeO concentration of

the lunar highlands surface as inferred from the feldspathic lunar meteorites (mean: -5.0%; range: 4.3-

6.1%) and a recent estimate based on data from the Clementine mission (3.6%).

INTRODUCTION

Lunar meteorite QUE 93069, a 21 g stone, was collected in An-

tarctica -45 km from the collection site of the paired lunar mete-

orites MAC 88104 and MAC 88105 (hereafter: MAC 88104/5). We

report here results of chemical analysis and petrographic examina-

tion of QUE 93069 and compare those results with previous results

for MAC 88104/5 and other meteorites from the lunar highlands.

We also report new data for lunar meteorite Yamato 86032, some of

which were presented previously in a figure in Jolliff et al. (1991).

Of the lunar meteorites recovered so far, about half have highly

feldspathic compositions (>25% A1203) and are thought to repre-

sent several random locations in the lunar highlands (e.g., Palme et

al., 1991; Warren, 1994). Most contain regolith components and

thus appear to represent surface and near surface materials. The low

concentrations of incompatible trace elements (ITE) in the feldspathic

lunar meteorites compared to highland samples collected by the

Apollo missions have been taken to mean that the feldspathic mete-

orites derive from locations on the Moon distant from the Apollo

landing sites (e.g., Pieters et al., 1983; Korotev et al., 1983; Warren

and Kallemeyn, 1986; Jolliffetal., 1991; Palme etal., 1991). Thus,

their compositions and components have special significance as they

tell us about the nature of the lunar highlands far removed from and

uncontaminated by mafic, ITE-rich, impact-melt qiecta from the large

nearside basins. Compositional differences among the meteorites

and between the meteorites and the Apollo samples provide valuable

information about regional variations in the lithologies and compo-

sition of the lunar surface. This type of information is particularly

important now that global, remotely sensed compositional data from

the Clementine mission are available, because the feldspathic lunar

meteorites provide a degree of "ground truth" lbr the vast otherwise

unsampled regions of the highlands.

In this paper, we examine the causes of some of the compositional

differences among the feldspathic lunar meteorites, specifically, the

effects of different proportions of ferroan (low Mg/Fe) and magne-

sian (high Mg/Fe) nonmarc components and different proportions of

mare-derived components. We also consider the implications of l:e

concentrations in the feldspathic lunar meteorites for estimates (Lucey

et al., 1995) of the average surface Fe concentration determined

from Clementine data.

SAMPLES STUDIED AND ANALYTICAL PROCEDURES

For QUE 93069, our study is based on bulk chemical analysis of five
50-70-rag fragments (primary splits 9, 10, 11, 20, and 21; Fig. I) and
petrographic study of a thin section (93069,31). We broke each of the five

fragments with an agate mortar and pestle and divided all material from
each fragment into two or three subsplits designated A, B, and C. In total,
1 I subsplits were prepared, which ranged in mass from 20 to 32 mg; ten of

these were dominated by one large chip. Results of electron microprobe
analysis (EMPA) of glass and minerals in the thin section and instrumental

neutron activation analysis (INAA) of the subsplits are presented in Tables
I-7.

For Yamato 86032, we received 0.5 g of material as nine fragmcnls

collectively designated Yamato 86032, I 15. We broke four of the fragments
into smaller chips with an agate mortar and pestle. For INAA, we analyzed
20 subsplits: 14 dark chips that appeared relatively devoid of large clasts

(3-1 I mg each), 5 chips that were dominated by whitish clastic material (2-
7 mg each), and a sample of residual fines (11 mg) [br a total of 114 mg In
Table 8, column I contains the mass-weighted mean concentrations of the

clast-poor chips and the residual fines subsplit; the sample standard devia-
tion and minimum and maximum concentrations observed for these 15 sub-

splits are listed in columns 5, 6, and 7. Column 2 contains mass-weighted

mean concentrations for the five whitish, clast-rich chips, which were all
similar in composition. We prepared fused beads for major element analysis
by I';MPA of seven of the dark, matrix-rich chips analyzed by INAA and

thin sections from three of the remaining large unirradiated fragments (A -
107 mg, B = 22 mg, and C = 17 rag). The average major-element composi-

lion of the fused beads is given in Table 9 along with the compositions of a
thick glass vein and the glassy breccia matrix taken from thin section A.

All analytical procedures were the same as those described in Jolliff et
aL (1991), except that for QUE 93069 the samples received a 24 h irradia-
lion.

RESULTS

Petrography of QUE 93069

Our petrographic description is based primarily on examination

of thin section QUE 93069,31 and to a lesser extent on examination

by binocular microscope of the chips analyzed by INAA. The rock
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FIG. I. Photomicrographs of subsplits of QUE 93069 analyzed by INAA. Two photographs are shown for each subsample (e.g., a and b are opposite sides
of the same rock chip). Point counts of enlarged versions of these and additional photographs were used to estimate the proportion of clasts greater than

100 um The results are as follows (clasts:matrix): split 9 (21:79); split 10 (40:60); split 11 (28:72); split 20 (31:69); and split 21 (20:80). The average
propo'rtions are 28% clasts and 72% matrix. These are minimum clast proportions because they neglect elasts smaller than -100 _m.

chip in thin section QUE 93069,31 measures -6 mm x 10 mm (Fig.

2). About a third of the thin section is highly vesicular, nondevitrified

fusion crest. The glass of the fusion crust is optically clear and dis-

tinctly separated, along a sharp, smooth contact, from the partially

melted rims of the interior rock adjacent to the fusion crust (Fig. 2).

Another third of the thin section is dark brown, glassy-matrix

breccia, laden with microscopic clasts (Fig. 3a, b,c). We refer to the

matrix as "glassy" even though there is abundant clastic material in

the <20 pm size range because even these very tiny grains appear to

be welded by glass, albeit a small amount (Fig. 4). [hc matrix is as
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FIG.2.TransmittedlightphotomicrographofQUE93069,31underpartial-
lycrossedpolarizers(upperpolarizerrotatedsubstantially).The thin sec-
tion measures -6 mm x 10 mm Approximately one-third of the section con-
sists of optically clear, highly vesicular fusion crust (small dark vesicles are
not filled with epoxy). Roughly another third is clast-rich, dark-brown,
glassy-matrix regolith breccia, including a large agglutinate. The final third
is a partially quenched or devitrified, brown glassy clast, sandwiched
between the fusion crust and glassy-matrix breccia. This large clast partially
remelted adjacent to the fusion crust but is in sharp contact with the fusion
crust. Along the contact between breccia and fusion crust in the left side of
the photo, the clear glass of the fusion crust contacts dark brown, vesicular
glass; although the latter may have remelted along this contact, it appears to
be part of a large agglutinate.

hard as the clasts it contains (Fig. 3f) and it has effectively zero

porosity (see also Bischoff, 1996). As a result, the meteorite is

coherent and tough, quite unlike most fragmental-matrix regolith

breccias but similar to many glassy-matrix regolith breccias in the

Apollo samples and similar to other feldspathic lunar meteorites (see

also Warren and Kallemeyn, 1995). The clast population of this

part of the thin section is dominated by plagioclase and feldspathic

lithic clasts and glasses, although the largest mineral clast is an

orthopyroxene grain and small pyroxene and olivine clasts are also

common. Fragments of glass spheres and irregularly shaped glass

fragments are abundant. The glassy matrix contains one -150 Itm

metal fragment (-93% Fe, 6.5% Ni, (I.3% Co) and a few very fine-

grained, scattered metal blebs. This glassy-matrix breccia lithology

probably best represents the bulk of the interior of the meteorite and

the chips analyzed by INAA. Point counts of photographs of the

chips analyzed by INAA show the meteorite to be a clast-rich breccia

consisting of 28% clasts of several hundred micrometers or larger

size (Fig. 1). If smaller clasts were included, the clast abundance

would probably exceed 5(/%.

The final third of the thin section is a -2 mm x 4 mm fragment

of a single large, impact-melted but partially quenched and devitri-

fled brown clast (Fig. 2). We refer to it throughout the text as the

"partially devitrified clast." It is wedged between the brown, glassy-

matrix breccia and the fusion crust; it has a light-brown, remelted

rim adjacent the fusion crust (Figs. 2 and 3d,e). The clast has two

"lobes" (Fig. 3d,e) and consists mostly of weakly variolitic devitri-

fled areas. Several regions of optically clear, nonvesicular glass that

are not devitrified occur within the clast. These glassy areas are not

entirely in the interior of the clast; they also contact the breccia

matrix directly (Fig. 3e,f). The devitrified areas protrude along

arcuate fronts into the glassy areas (Fig. 3e). The devitrified areas

are strongly fractured, but most of the fractures do not extend into

the glassy areas or into the surrounding breccia. The clast contains

several 4_60 _m blebs of meteoritic metal (-83% Fe, 10% Ni,

0.5% Co, with variable concentrations of P, and in some cases S). In

detail, these blebs are very fine grains of metal intergrown with, or

surrounded by, a phosphide matrix and troilite. The relatively high

P concentration of the metal grains is consistent with their having

cooled rapidly (quenched) from high temperature impact melt (Gooley

et al., 1973). It appears as though the clast was a glass and probably

devitrified or quenched prior to its incorporation into the regolith

breccia (it is not an agglutinate). Partial remelting of the clast oc-

curred along the exterior surface adjacent to the fusion crust, but

this melt remained separate and did not mix with the fusion crust

(see below).

Bulk Composition of QUE 93069

The fusion crust of QUE 93069 is homogeneous in composition

and has essentially the same composition as the brown, glassy matrix

of the breccia (Table I). Concentrations of FeO and CaO in the

"whole-rock" breccia chips analyzed by INAA (Table 2, Fig. 5) are

nearly the same as for the fusion crust, and the composition of the

fusion crust agrees well with the bulk composition of the meteorite

determined by x-ray fluorescence spectroscopy (Spettel et al., 1995);

thus the composition obtained here for the fusion crust reasonably

approximates the bulk composition of the meteorite. If the com-

position of the fusion crust is equivalent to the bulk composition of

the meteorite, then the compositional similarity of the glassy breccia

matrix to the fusion crust means that the clast assemblage must have

about the same composition (i.e., a composition equivalent to -80%

normative plagioclase).

Lunar meteorite QUE 93069 is generally similar to other mete-

orites from the lunar highlands in being rich in A1 (290 as AI203)

and having low concentrations of incompatible trace elements ('Fable

2) compared to feldspathic rcgoliths from Apollos 15, 16, and 17.

The meteorite is distinct in being at the high-Al, Iow-Fe end of the

observed compositional range of feldspathic lunar meteorites (Fig.

6). Consistent with the high AI concentration, average concentra-

tions of Sc and Cr are slightly lower in QUE 93069 than in any of

the other lunar meteorites (e.g, Fig. 7b). These observations plus

the low TiO 2 concentration (0.24%) and low Ca/AI ratio (normative

orthopyroxene > clinopyroxene, Table I) suggest that QUE 93069

has at most a minor mare component. The most significant differ-

ences between QUE 93069 and the other fcldspathic lunar meteorites

are that QUE 93069 has greater concentrations of both incompatible

trace elements (Fig. 7a) and siderophile elements (Fig. 8).

Overall, QUE 93069 is most similar in composition to MAC

88104 and MAC 88105 (Figs. 6, 7, and 9), although it is not as similar

as the paired MAC stones are to each other. Major-element concen-
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FK;. 3. I'hotomicrographs of parts of QUE 93069,31. (a) Clast-rich, brown, glassy-matrix breccia in transmitted light, under partially crossed polarizers
(upper polarizcr rotated slightly). Field of view is -3.3 mm and is an enlargement of the upper-left part of Fig. 2. Most of the bright clasts arc plagioclase

grains (pl), although the largcst one, in the lower left, is orthopyroxene (+Fable 4, Px t). Other clasts include small polygranular lithic clasts (e g, lithic clast
3) and glass fragments (glasscs are light gray, similar in shade to the epoxy). Part of large agglutinate is visiblc in lower right (cf, Fig. 2). (b) Clast-rich,

brown glassy-matrix breccia in transmitted light, -1.6 mm across• Black mass at upper left is Fe-Ni-Co metal. Lithic clasts are small and flnc grained, such
as the one to the right of tbe metal (lithic clast 1, Table 7) and in the upper right quadrant. Just below the latter is a clast of about three-lburths of a glass
sphcrule (glass clast 12+ Table 6). (c) Clast-rich, glassy-matrix breccia and part of the large, partially devitrified clast (lower-right quadrant) from the upper,
central area of Fig. 2. Field of view is 1.6 mm, transmitted light. A small, intergranular-textured lithic clast (lithic clast 2, Table 7) occurs in the center of

the photo. (d) Part of the partially dcvitrified, brown glass clast (near center of Fig. 2). The fusion crust has abundant vesicles, is optically clear and contacts
sharply the partially rcmcltcd rim of the clast. Thin, wispy schlieren are visible along the edge of the remelted rim+ The clear area in the upper left part of the
partially devitrifled clasl is glass (gl) and the clear area along the right side is a large void (v) filled with epoxy. Field of view is 3.3 mm, transmitted light.

(e) Partially devitrifled, brown glass clast with fusion crust along the lower edge and glassy-matrix breccia along the upper left. The center of the large clast
is optically clear glass of identical composition to the devitrified areas and the remclted rim (schlieren-bearing zone). Field of view is 3.3 ram, transmitted
light. (1) This image is ncarly the same area as (e), but in combined reflected and transmitted light. The devitrified area is strongly fractured, possibly as a
consequence of its devilrification. Field of view is 3.3 mm.
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FIG. 4. Backscattered-electron image of matrix in the glassy-matrix breccia.

The darkest grains are mainly plagioclase, and the bright grains are pyroxene,
olivine, ilmcnite, troilite, and metal. The gray material of intermediate
brightness, heterogeneous on a very small scale, and surrounding all clasts

is glass. The scale bar is 10/_m and the image is -70pm across,

TABLE 1. Major-element composition and modified mineral norm of the
main components in thin section QUE 93069,31 and comparison to
MAC 88104/5.

MAC* QUE 93069,31

fused fusion crust brov/n glass partially de-
powder matrix vitrified clast

mean s mean s mcan s

major-element composition

SiO 2 45.3 44.2 0.2 44.6 0.7 46.2 0.5

TiO 2 0.24 0.24 0.01 0.21 0.05 0.35 0.02

AI?O 3 29.0 29.0 0.2 29.7 1.5 24.0 0.9

Cr203 0.09 0.07 0.02 0.07 0,0l 0.15 0.03
FeO 4.32 4.38 0,07 4.28 0.45 6.10 0.59

MnO 0.06 0.07 0.03 0.06 0.01 0.08 0.02

MgO 3.89 4.52 0.03 4.49 0.73 8.14 0.45

Ca• 16.7 16.8 0.1 16.9 0.4 14.3 0.3

Na20 0.34 0.29 0.03 0.32 0.03 0.36 0.03

K20 0.03 0.03 0.01 0.03 0.01 0.12 0.03

P205 0.08 0.03 0.0l 0.03 0.0l 0.04 0.02
Sum 100.1 99.6 100.7 99.8

N 10 3 5

Mg" 61,6 64.8 65.2 70A

An' 96,2 96.7 96.5 94.4

Or

trations determined by EMPA are very similar tbr MAC 88104/5 Ab

and the fusion crust of QUE 93069 (Table 1), except that the Mg An
E Fsp

concentration of QUE 93069 is 1.16× greater, leading to a slightly Opx

greater value of Mg" (bulk mole percent Mg/[Mg + Fe]) in QUE Cpx

93069 (65 vs. 62; Fig. 9). Based on INAA data Jbr subsplits, differ- E l'x

ences between mean concentrations in QUE 93069 and MAC 88104/5 E OI

for some elements associated with major mineral phases (Ca, Sc, Cr, lira

Fc) are <7% and not statistically sign//cant (t-test at 95% confi- Chm

dcncc level, based on 11 subsplits of QUE 93069 and 17 subsplits Apt

of MAC 88104/5; Jolliff et aL, 1991). However, several trace ele-

ments are in significantly greater concentration in QUE 93069: Na

(1.04x), Eu (l.07x), incornpatible trace elements (1.3-1.4×), and Ni,

Au, and Ir (-2x).

20
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16

15

QUE93069 glasses and bulk sample splits

[]
[] glassy mab'/x
[] D° _ 50-rag

_,_ / I/¢A4splds
/us/on/ l]_f/_

13 glass deed [] [] [] []

12 c/ast 77-n_hglass
t,J 11 /

[]
10 individual

9 glass clasts[] [] mareglasses

I i i i i i i i i i i i i i i I 1188 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

FeO (wt.%)

FIG. 5. Concentrations of Ca• vs. FcO in bulk subsample splits and in
glasses in QUE 93069. Compositions of INAA splits (stippled squares) arc
given in Table 2. Analyses ofthc fusion crust (diamonds) and "glassy matrix"

(downward triangles) were made by electron microprobe using a 20-40/_m
broad beam (Table 1). Analyses labeled "Agglut glass" (+) are broad-beam
analyses ('Fable 6, last column) of glassy matrix in a large clast that we infer

l• be an agglutinate. Analyses labeled "devil clast" (upward triangles) are
individual broad-beam analyses of the large, partially devitrified clast
(Table 1). Most of the glass clast compositions (open squares) cluster near

the bulk composition. The Ti-rich glass contains _9% TiO 2 (Table 6).

normative mineralogy (modified CIPW norm)
0.18 0.18 0.18 0.71

2.87 2.46 2.69 3A)5

77.5 77.8 79.0 63.6

80.5 80.7 81.8 67.4

12.8 7.19 6.91 19.7

4.11 4.45 3.33 5.84

16.9 11.6 10.2 25.5

1.75 7.06 7.36 6.14

0.46 0.46 0.40 0.67

0.13 0.10 0.10 0.22

O. 19 0.07 0.07 0.09

Values in weight percent. N = number of spots analyzed; s = sample stan-
dard deviation. ,'fig" = molar MgO/(MgO + FeO) x 100. An'= normative

An/(An + Ab + Or) × 100. Modified CIPW norm given in wcight percent
normative minerals.

*MacAIpine Hills 88104/5 bulk composition from Jell//fetal (1991).

Compositions of Clasts in QUE 93069,31

The large, partially devitrified clast observed in thin section is

uniform in composition, whether measured in the clear, glass), area,

in the devitrificd areas, or in the partially remelted rim adjacent the

fusion crust (Table 1). Compositionally, the partially dcvitrified clast

is more marie than the fusion crust and the brown, glassy-matrix

breccia (Fig. 5) and is somewhat richer in Mg and Cr, but it still

represents a plagioclase-rich protolith (Fig. 10). It has a significantly

higher K concentration and slightly higher Ti and P concentrations

than the bulk meteorite. With an Mg" value of 70.4 and normative An

content (An/rAn + Ab + Or] x 100) of 94, its composition is inter-

mediate to ferroan-anorthositic and magnesian-suite nonmare igneous

rocks. The clast has a normative composition corresponding to

anorthositic norite, and its composition is similar to ALtlA81005

(Kallemcyn and Warren, 1983; Palmc et al., 1983: Warren and Kallc-

meyn, 1991) and some estimates of the average lunar crust (e.g.,

Taylor, 1975). Although we do not know whether it had one or many

lunar-rock precursors, the presence of meteoritic metal suggests a

polymict parentage.

M_my of the cla_sts in the glassy-matrix breccia of QUE 93069,31

are either single minerals or individual glass fragments; however,

lithic clasts also arc abundant. From c×amination of some of the

breccia fragments shown in Fig. I, lithic clasts appear to be even more
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TABLE 2. Results of instrmnental neutron activation analysis for subsplits of QUE 93069.

,9A ,gB ,10A ,10B ,10C ,I1A ,liB ,20A ,20B ,21A ,21B a s
mass
wt'd
inean

Na20 11.352 0.353 0.356 0.355 0.356 0.351 0.353 0.354 0.357 0.355 0.361 0.004 0.003 11.355
CaO 16.2 162 16.4 16.2 16.4 16.1 16.4 16.3 16.1 16.1 16.4 0.3 0.1 16.3

Sc 7.96 7.97 7.77 8.25 7.67 7.33 7.64 7.49 7.90 7.57 7.88 0.08 0.26 7.75
Cr 645 652 599 597 574 568 607 595 606 571 617 6 28 603

FeO t 456 4.67 4.48 4.59 4.38 4.26 4.45 4.35 4.53 4.37 4.49 0.04 0.12 4.46
Co 22.5 23.11 22.8 20.7 18.5 22.5 23.4 21.5 21.6 22.3 22.2 0.2 1.4 22.0

Ni 294 306 311 274 226 311 335 279 266 314 296 10 30 295
Rb 2.2 1.3 2.5 2.1 1.2 1.5 1.7 1.8 1.9 1.0 1.1 0.8 0.5 1.6

Sr 1611 161 154 143 162 156 161 157 160 162 157 10 6 158

Zr 46 46 45 47 42 43 51 52 57 40 40 8 5 46
Cs 0.032 0.043 0.070 0.000 0.040 0.035 0.039 0.038 0.020 0.037 0.049 0.016 0.017 0.038

Ba 39 46 48 40 33 40 40 43 47 37 44 4 5 41
La 3.13 4.31 3.24 3.27 2.64 3.17 3.25 3.57 3.67 3.17 3.30 0.03 0.41 3.35

Cc 8.(17 I 1.32 8.37 8.60 6.94 8.16 8.36 9.36 9.79 8.24 8.50 0.1(1 1.13 8.73

Nd 4.9 6.9' 4.6 5.0 4.3 5.1 5.3 5.5 4.9 5.5 5.5 0.8 0.7 5.3
Sm 1.519 2.120 1.556 1.599 1.266 1.525 1.558 1.743 1.771 1.538 1.582 0.016 0.212 1.623

Eu 0.832 0.835 0.841 0.819 0.814 0818 0.828 0.834 0.847 0.822 0.835 0.010 0.010 1/.830
Tb 0.301 0.409 0.332 0.332 0.254 0.295 0.310 0.348 0.371 0.311 0.316 0.008 0.038 0.326

Yb 1.167 1.385 1.188 1.248 0.995 1.143 1.187 1.290 1.326 1.163 1.214 0.012 0.104 1.212
Lu 0.162 0.188 0.169 0.178 0.142 0.160 0.164 0.179 0.187 0.162 0.171 0.003 0.013 0.169

ltf 1.15 1.19 1.15 1.28 0.93 1.12 1.16 1.25 1.37 1.13 1.17 0.02 0.11 1.17
Ta 0.146 0.151 0.144 0.139 0.112 0.151 0.155 0.158 0.195 0.143 0.149 0.010 0.019 0.149

Ir 11.6 13.0 57.1 11.3 9.4 13.9 14.0 12.1 11.2 12.4 13.3 06 13.6 16.0
Au 4.5 4,5 3.7 3,4 2,1 4.2 4.5 4.2 4.1 4.2 4,2 0.4 0.7 4.11

Th 0.52 0.58 0.50 0.51 0.40 0.50 0.53 0.59 0.55 0.52 0.51 0.02 0.05 0.52

[1 0.15 0.13 0.14 0.16 0.11 0.13 0,16 0.12 0.15 0.11 0.16 0,02 (/.02 0,14

mass (rag) 24.4 27.7 23.3 20.3 21.9 22.3 305 31.3 19.3 32.3 27.9 -- -- 281.0
lab id. 304.62 304.63 304.57 304.58 304.59 304.53 304.54 304.55 304.56 304.60 304.61 --

Concentration units in _g/g, except oxides in cg/g (mass percent) and Ir and Au in ng/g; FeO t = total Fe as FeO.
a = estimated analytical uncertainty (standard deviation) for a single subsplit; s = sample standard deviation of all subsplits (N - 11).

abundant in other subsamples (e.g., QUIZ 93069,10). Compositions

of representative clasts in QUE 93069,31 are given in Tables 3-7

and illustrated in Figs. 5 and 11. Most of the mineral clasts are

plagioclase with An contents of 96 or greater (Table 3). With the

notable exception of a highly magnesian (Mg',_ 84), I-ram orthopy-

roxene grain, most of the pyroxene clasts are ferroan, with Mg"

values ranging from 55 to 64 (Table 4). Some of these are finely

exsolved, Ca rich (Wo321 in bulk composition and are similar to

some clinopyroxenes seen in breccias from North Ray crater at

Apollo 16 (Jolliff and tlaskin, 1995), but they are more Fe rich (Mg"

_50) than typical pyroxenes of pristine ferroan anorthosites (cf,

Berscb et al., 1991 ; McGee, 1993). Assuming that the plagioclase and

pyroxene clasts stem from the same lithologic precursors, ferroan-

anorthositic (noritic anorthosite) components probably dominate the

region from which the meteorite derived. Olivine, although less

abundant than pyroxene, is present as c[asts with a broad range of

compositions (Table 5). Rare lithic clasts include very fine-grained

granulitic breccia (Fig. 3a), fine-grained, intergranular basalt (Fig.

3c), and polymineralic fragments too small to assign a rock type

(Table 7). A clast with intergranular texture ('Fable 7, lithic clast 2)

has mineral compositions similar to Apollo 15 pigeonite basalt or

aluminous, Iow-Ti basalt (U'., Papike et aL, 1991). All clasts are

shocked to some dcgrcc and characterized by pervasive fracturing

and undulosc extinction: hmvever, no maskelynite was observed.

Glass clasts are abundant in the glassy-matrix breccia and have a

wide range of compositions, from highly aluminous with as little as

2.6 wt% FcO to basaltic with as much as 17 wt% FeO and 9% TiO 2

(Table 6, Fig. 5 also Warren and Kallemeyn, 19951. Most are

aluminous (cf, Warren and Kallemeyn, 1995); about half of those

we analyzed have more than 28 wt% AI203. Among the largest

glass fragments, which we targeted in our analyses of thin section

QUE 93069,31, only two showed the strong silica depletion found

by Warren and Kallemeyn, 1995 (e.g., glass clast 12, ]able 6).

Warren and Kallemeyn found a much higher proportion of Si-

depleted glass; however, they noted a tendency for Si depletion to

be most common among the smallest glasses. About a third of the

glasses we analyzed appear to have suffered alkali loss and perhaps

mild silica depletion. Glasses so affected usually plot in the spinel

field of the silica-olivine-anorthite pseudoternary phase diagram

(Fig. 10). The abundance of such glasses in the breccia rnay contri-

bute to the slight silica depletion of the bulk composition relative to

MAC 88104/5 (Fig. 10).

Yamato 86032

On average, our INAA data for Yamato 86032,115 (Tables 8

and 9) are similar to previous data, although our splil is composi-

tionally more feldspathic than those upon which the mean concen-

trations of Koeberl et al. (1989) are based (Fig. 7). Because our

compositional data are for numerous small chips instead of one or two

large fragments, we make two new observations about the meteorite.

First, the five subsplits identified during sample preparation as

being dominated by white clastic material are all similar to each

other and dissimilar to any reported subsamples of Yamato 86032 in

being significantly enriched in Na, St, and Eu (Table 8, Fig. 7a).

The white clasts are no more feldspathic than the darker matrix-rich

material and, in fact, Fe concentrations are greater and Ca concen-
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FIG. 6. Concentrations of Fe, FeO, and AI203 (total element as oxide) in
feldspathic hmar meteorites, and comparison to the typical Fe concentration
obtained for the hmar highlands surface by Lucey et aL (1995) from
Clementine spectral reflectance data. The error bar along the left edge of
the plot represents approximately the width of the peak on Fig. 7 of Lucey
et al (1995). Of the three fcldspathic hmar meteorites with "high" (>5%)
FeO concentrations, there is strong petrographic evidence that Yamato
791197 and Yamato 82192/3 contain a substantial (5-10%) component of
Iow-Ti mare basalt and glass (see text). The diagonal lines show the effect
of removing mare basalt from the meteorites (assumed basalt composition
based on hypothetical Iow-Ti basalt components of Table 10). Removal of
_7% mare basalt from Yarnato 82192/3 (Table 10) and 11% from Yamato
791197 leaves a residual highlands composition similar to that of the three
Fe-poor meteorites. If the hmar meteorites are random samplcs from the
lunar surface, then they suggest that (1) much of the highlands is contami-
nated by mare-derived material, and (2) it is unlikely that the typical high-
lands surface actually has as little as 3.6% FeO, as concluded by Lucey et
a/ (1995). See Fig. 7 for sources of other data.

trations lower in the white clasts (Table 8). The high concentrations

of Na, Sr, and Eu indicate that the white clasts contain plagioclase

that is substantially more albitic than that typical of lunar highlands

rocks; however, we have not found any corresponding Na-ricb clasts

in the thin sections we prepared from the other subsplits of the

meteorite.

Second, even discounting the white clasts, the subsplits from

Yamato 86032 are more compositionally diverse than subsplits from

QUE 93069. For Ca. Fc, Sc, and Cr, relative standard deviations are

4 6 times greater for the 15 "dark" subsplits of Yamato 86032 than

fi)r 11 subsplits of QUE 93069; for Na, the relative standard devia-

tions is 12 times greater than in QUF; 93069. From the factor of

( would expect thattour greater mass of the QIJE 9306:) subsplils, we

the relative standard deviations for Yamato 86032 would be only

about a factor of two greater. Similarly, relative standard deviations

for Na, Ca, Fe, Sc, and Cr are 2 to 4 times greater for the Yamato

86032 subsplits than for subsplits of MAC 88104/5, which were in

the same mass range (Jolliffet al., 1991). These observations indicate

that the components (11"Yamato 86032 are not as well mixed, have a

greater average grain size. or are more compositionally diverse than

those of MAC 88104/5 and QUI¢ 93069.

O

#
Z

0,85

0.80

0.75

0.70

0.65

0.60

0.55

0.50

0.45

0.40

O.35

0.30

0.25

2.5

2.0

1.5

.-s

_1.0

0.5

0.0

i

(a)

I _ I i I i I

A

A

i I

(b)

A

@

i i

3 4

FeO (%)
l i I i I l I , I

I l

5 6

rqlZ

[]

A
A Z_

A

[] QUE93069 subsplits

z_ Yam86032 subsplits
• Yam86032 mean, lit.
• MAC88104/5 mean
• Yam82192/3 mean

• ALHA81005 mean

• Yam791197 mean

, l ' I ' I ' I ' I ' I I I I

4 5 6 7 8 9 10 11 12 13 14

Sc (pg/g)

FIG.7. Concentrations of(a) Na20 and FeO and (b) Sm and Sc in subsplits
of QUE 93069 and Yamato 86032 (this work) and comparison to mean
concentrations in other feldspathic lunar meteorites. The five subsplits of
Yamato 86032 that are rich in white elastic material are indicated by dotted
triangles. For Yamato 86032, the mean is that of Koeberl et aL (1989); sub-
splits analyzed here are slightly more feldspathic on average. In this figure
and throughout this work, average cornpositions of lunar meteorites are
plotted and discussed. We have calculated these averages from the follow-
ing sources and other reti_rences cited therein: Takeda et al (1989), Koeberl
et al (1989, 1990), Jolliff et al. (1991, 1996), Warren and Kallemeyn
(1991), Lindstrom et al. (1991), Palme et al (1991), and this work.

DISCUSSION

Regolith Maturity and Siderophile Elements

All feldspathic lunar meteorites are polymiet breceias from the
upper crust of the lunar highlands. Arguably, all are regolith breccias,

although Yamato 86032 and Yamato 82192/3, which arc composi-

tionally distinct but probably paired (Fugster et aL, 1989), are at

one extreme in having the lowest abundance of regolith components

(glass spheres, agglutinates; Bischoff et al., 1987; Takeda et al.,

1987, 1990) and solar wind derived noble gases (Eugster, 1988;
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fcldspathic lunar meteorites (see Fig. 7 tbr sources of data). The dotted line
represents addition of chondritic (C1) material to the mean composition of"
the MAC 88104/5.

Eugster et al.. 1989; Bischoff et al., 1987). Thus, among the rego-

liths represented by the fctdspathic lunar meteorites, that repre-

sented by Yamato 82192/3/86032 is the least mature, i.e., it has the

Iowcst proportion of components exposed at the lunar surface or it

was exposed for a shorter time prior to lithification. In contrast, the

rcgolith represented by QUE 93069 is more mature than that o1" any

other lunar mcteoritc (IAndstrom et al., 1995; Spcttcl et al., 1995).

The compositional data reflect two aspects of this difference in

maturity. First, increasing surfacc exposure leads to a decrease in

a_crage grain sizc and a greatcr proportion of glass (McKay el al.,

1974), which in turn means that small subsamplcs of a mature rego-

lith arc likely to bc more compositionally unilbrm that those from

an immature regolith (e.g., Morris et at, 1989; Korotev, 1991), if

the rcgolith is composed olcompositionally diverse lithologies. This

factor probably contributes in large part to the greater compositional

scatter observed among the subsplits of Yamato 86032 compared to

QUI" 93069 Second, _ith increasing cxposurc to micrometeorite

influx at the hmar surfilcc, sidcrophile-elcmcnt concentrations in the

rcgolith increase (e.g., \Vasson et al., 1975). Thus, it is no surprise

that Yamato 82192/3 and Yamato 86032 have the lowest concentra-

tions of sidcrophilc elements anaong the fcldspalhic lunar meteorites

and QUE 93069 has the highest (Fig. 8). Ahnost certainly. Yamato

82192/3/86032 represents a volume of rcgolith from deeper within

the Moon than does Qt ;f,_ 93069.

In QUI" 93069, the concentrations of Ni, lr, and Au arc approxi-

mately in chondritic ratios and correspond to -2.2% 1120-free CI

chondrites (i.e.. 1.36 times the CI concentrations of Anders and

Grevcssc, 1989). Total sidcrophilc-clcmcnt abundances in mature

Apollo 16 soil arc somewhat greater than in QUI'; 93069. I lowever,

in the Apollo 16 regolith, siderophile elements derive from two

sources of subcqtLal importance. About hall" of the Ni, It, and Au in

the mature Apollo 16 soil is unrelated to maturity because it derives

from the rocks of which thc soil is in large part composed, the mafic

110 aJ_ll''''U'ra?r*'''l''llIJJl=]lJR'l''''l'l_l
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FIG. 9. Among all lunar meteorites, the CrlSc ratio correlates well with Mg"
(bulk mole percent Mg/[Mg + Fe]). Low-Mg', low-Cr/Sc meteorites consist
primarily of Iow-Ti marc basalt whereas the high-Mg', high-Cr/Sc mete-

oritcs consist primarily of feldspathic highlands material. The correlation
occurs in part because meteorites plotting toward the center of the distribu-
tion are mixtures of mare and highlands material; however, mixing lines are
not linear on this plot. Among the feldspathic lunar meteorites, the "low"

values of Mg" for Yamato 791197 and Yamato 82192/3 result in part from

components of Iow-Ti mare basalt. The effect of removing the marc com-
ponents from these two meteorites is shown by the solid curves (see also
Fig. 6). For Yamato 82192/3, the curve tracks the removal of up to 7% Iow-
Ti basalt such as that of Table 10. For Yamato 791197, two cturvcs arc shown

The lower curve reflects removal of up to 11% Iow-Ti basalt such as that of

Fable 10 (high Cr/Sc); the upper curve shows track olremoval of up to I 1%
Apollo 14 aluminous (group 5) basalt (low Cr/Sc; data from Dickinson et

at, 1985). Note that the nonmare components (high-Mg' end of curves) of

Yamato 791197 and Yamato 82192/3 have values of Mg" more typical of
Yamato 86032 and ALl tA81005, making the low Mg" of MAC 88104/5 and
QUE 93069, which probably contain <2% mare-derived material, even
more remarkable. Data from references of Fig 7, Fuktuoka (1990), l till et

a,( ( 1991 ), Warrcn and Kallcmeyn (1993), and Jolli ff etal. (1993).
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impact-melt breccias CVItA" and "LKFM;" Korotev, 1987a). These

melt breccias date to the lime of basin formation, are rich in Fe-Ni

metal and incompatible trace elements, and have nonchondritic

siderophile-element ratios (Korotev, 1994). Such a component ap-

pears to bc absent in QUE 93069. The other hall" occurs in propor-

tions that are more nearly chondritic and corresponds to about 1-1.5%

water-free CI chondrites (Wasson et al., 1975; Korotev, 1987a:

Korotev, 1996a). This fraction is at the high end of the abundances

of meteoritic material found in regoliths from mare areas (e.g, Was-

son et al., 1975), most of which derives from micromcteorites and

local crater forming impacts. Thus, as a submature regolith (Lind-

strom et al., 1995) with the equivalent of 2.2% water-free CI

chondritcs, QUE 93069 is unusually rich in sidcrophilc elemeffts,

suggesting that QUE 93069 represents a near-surface rcgolith (prob-

ably within the top meter or two) and/or that one or more of the

source rocks is rich in siderophile elements in chondritic proportions.

Mare Basalt in Yamato 82192/3

It has been noted that Yamato 82192/3, although paired with

Yamato 86032, differs from it in composition in that Yamato 82192/3,

on average, is richer in Fe, Sc, and Cr, poorer in AI and Ca, and has

a significantly lower value of Mg', 64 vs. 69 (Koeberl et al., 1989:

Lindstrom et al., 1991; Palme et al., 1991). Several clasts of low-Ti

mare basalt have been observed in Yamato 82192/3 (Bischoflet al.,

1987; Goodrich and Kcil, 1987) whereas none have been reported

from Yamato 86032 (Takeda et al., 1989: Kocberl et al.. 1990). As

a result, Yamato 82192/3 is compositionally heterogeneous and some

subsamplcs (e._., those of Warren and Kallemeyn, 1991: Fukuoka et

al., 1986; Bischoff et al., 1987: Koeberl, 1988) are substantially more

mafic than any subsamples of Yamato 86032. Pahne et al. (1991)

showed that a mixture of 90% Yamato 86032 and 10% low-Ti

basalt represented by Apollo 15 sample 15495 provided a reason-

able match to the composition of Yamato 82192 for 1(1 elements. In

Table 10, we show (using means of all available analyses) that a

close match to all critical elements can be obtained if llexibility is

allowed in the composition of the Iow-Ti basalt component. Spe-

cifically, the composition of Yamato 82192/3 corresponds well to a

mixture of 93% Yamato 86032 and 7% low-Ti basalt. This model-

ing exercise is somewhat unconstrained in that the composition of the

low-Ti mare basalt component(s) in Yamato 82192/3 is not known

and we fabricated the composition of the hypothetical basalt of Table

10 to provide a good fit. I lowever, the hypothetical composition is

well within the range of compositions observed among Iow-Ti mare

basalt (e.g., "['aylor et al., 1991). These analyses demonstrate that

'l',,_,mE 3. Compositions ofplagioclase clasts in QUE93069,31.

Plag I Plag 2 Plag 3 Plag 4 Plag 5 Plag 6 Plag 7 Plag 8 Plag I l

Si(L 43,0 46.4 44.0 44.7 43.6 43.5 44.2 43,4 43.0

AI2() _ 35.5 33.3 36.3 36.0 36.2 35.5 34.7 35.8 35.8

FcO 0.11 0.14 0.08 0.14 0.13 021 0.22 0.13 0.09

MgO 0.10 0.01 0.12 0.06 0.08 0.16 002 0.07 0.05

Ca() 19.6 16.8 19.6 19.5 19.5 19.0 18.3 19.3 19.6

Na_O 0.28 1.83 0.32 0.37 0.34 0.31 0.65 0.49 O. 19

K:() <002 0.07 <0.02 0.02 0.04 <0.02 0.07 <0.02 <0.02

Sum 98.6 98.6 100.4 1009 99.9 98.7 98t 99.2 987

Molecular proportions of anorthite (An), albile (Ab), and onhoclase (Or)

An 97.4 83.2 97. I 96.6 96.7 97. I 93.5 95.6 982

Ab 2.5 16.4 2.8 3.3 3.0 2.9 6.0 4.4 1.7

Or 0.0 0.4 0.0 O.1 0.2 O.1 0.4 O.1 0.1
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TABLE 4. Compositions of pyroxene clasts in QUE93069,31.

Low-Ca Pyroxene

Px I Px 12 Px2 Px9a Px8a Px 10

ttigh-Ca Pyroxene Pyrox-

Px9b Px8b Px13 Px7 Px5 Px3 Px6 Px4 l_rroile

SiO 2 54.9 52.7 51.9 51.4 51.0 51.6
TiO 2 0.20 0.42 0.70 0.46 0.27 0.24

AI203 1.60 0.57 0.60 0.56 0.53 0.24

Cr203 0.70 0.33 0.28 0.18 0.25 0.13
FeO 9.35 17.8 21.7 24.9 27.3 29.0
MnO 0.17 0.35 0.41 0.43 0.39 0.57

MgO 30.9 22.0 21.2 19.2 17.8 16.0
CaO 1.08 4.40 1.71 2.33 2.16 2.66

Na20 <0.03 0.03 0.07 <0.03 <0.03 <0.03
Total 98.9 98.6 98.6 99.5 99.7 100.5

Mg" 85.5 68.9 63.5 57.9 53.7 49.5

Molecular proportions of wollastonite (Wo), enstatite (En),
Wo 2.1 10.2 3.6 4.9 4.5 7.1 39.9 38.8 35.5

En 83.6 61.9 61.3 55.1 51.3 46.0 41.0 40.5 40.9
Fs 14.3 28.0 35.1 40.0 44.2 46.9 19.1 20.7 23.5

(corrected for non-quadrilateral components)

50.8 51.0 51.0 51.3 51.2 50.1 50.3 49.2 45.5

1.17 0.58 0.77 0.47 0.93 1.12 1.00 0.93 0.35
1.99 1.43 1.59 0.99 123 1.35 1.20 1.50 029

0.51 0.49 0.47 0.40 0.31 0.44 0.43 0.45 0.03
11.3 12.3 13.9 18.3 17.2 19.7 21.0 20.7 44.4

0.19 0.27 0.27 0.33 0.30 0.33 0.35 0.26 059
13.6 13.5 13.5 14.0 13.0 10.4 10.3 9.7 <0.02

20.2 19.5 17.9 14.4 15.9 16.7 15.5 16.0 7.23

0.03 O10 003 0.05 0.08 0.12 0.10 0.11 <0.03
99.8 99.2 99.4 100.2 100.2 100.3 100.1 98.8 984

68.2 66.2 63.5 57.6 57.4 48.3 46.7 45.5 -0

and ferrosilite (Fs)
28.7 32.0 33.9 31.5 33.2 18.8

41.1 39.0 31.9 32.0 30.4 <0.1

30.2 29.0 34.2 36.5 36.4 81.1

Mg TM atomic Mg/(Mg + Fe) × 100.
Px 1 is a coarse orthopyroxene clast (I mm). Avg. = mean of four spot analyses.
Px 8 and Px 9 are coarsely exsolved; in both cases, augite is the host.
All other high-Ca pyroxene clasts are finely exsolved; composite analyses were made with a 20pm beam.

the nonmare components of Yamato 82192/3 and Yamato 86032

may, in ['act, be the same and occur in similar proportions. Signifi-
cant differences in the ratio of nonmare to mare material in the

regolith occur laterally over distances as small as a kilometer at the

Apollos 15 and 17 sites and vertically over much smaller distances

(Korotev, 1987b, 1995; Morris et al., 1989; Korotev and Kremser,

1992). Thus the compositional differences (including Mg'; Fig. 9)

between Yamato 82192/3 and Yamato 86032 are in no way evi-

dence against their ejection from the lunar surface by a single small

impact.

Are MAC 88104/5 and QUE 93069 Related?

Because MAC 88104/5 and QUE 93069 are compositionally
more similar to each other than are Yamato 82192/3 and Yamato

86032, it is reasonable to question whether they might be also have

derived from the same lunar source crater. Compositional data alone

TABLE 5. Compositions of olivine clasts in QUE 93069,31.

Oliv 1 Oliv 2 Oliv 3 Oliv 4

SiO 2 36.0 38.8 36.8 35.5
TiO 2 0.05 0.03 0.04 0.02

AI203 <0.04 0.58 <0.04 0.04
Cr203 <0.04 0.40 <0.04 <0.04
FeO 36.7 19.9 29.0 31.22

MnO 0.40 0,27 0.36 0.41

MgO 26.8 38.8 32.8 29.71
CaO 0,16 0.56 0.18 0.30

Na20 <0.03 <0.03 <0.03 <0.03
Total 100 1 99.3 99.2 97.2

Mg' 56.6 77.7 66.9 62.9

Molecular proportions of fayalite (Fa), tbrsterite (Fo),

and Ca2SiO 4 (Ca)
Fa 43.3 22.2 33.0 36.9

Fo 56.5 77.0 66.7 62.6
Ca 0.2 0.8 0.3 0.5

,_(_,,"= atomic (Mg/(Mg + Fe) x 100.

cannot prove or disprove source-crater pairing, but it is inlbrmative

to consider, independent of any arguments based on exposure age

(Nishiizumi et aL, 1995; Spettel et al., 1995; Swindle et aL, 1995;

Thalmann and Eugster, 1995), whether the compositions of MAC

88104/5 and QUE 93069 can be related by any simple additive

process, as for Yamato 82192/3 and Yamato 86032.

We have attempted to model the composition of QIJE 93069 as

a mixture consisting largely of MAC 88104/5 and minor compo-

nents rich in siderophile and incompatible trace elements in order to

account for the compositional differences discussed above. Sidero-

phile element concentrations in QUE 93069 are matched well by

addition of-l% CI chondrites (water free) to MAC 88104/5 (e.g.,

Fig. 8). To a first approximation, the greater abundances of incom-

patible trace element of QUE 93069 are equivalent to the addition of

-1% high-K KREEP or 2-3% mafic impact-melt breccias CLKFM"

or "MKFM") such as those found at the Apollo sites. In detail,

however, we have found no known REE-rich component that when
added to MAC 88104/5 accounts well for the relative abundances of

the REEs in QUE (Fig. 12). Also, the higher MgO concentrations

but similar AI203 and FeO concentrations of QUE 93069 cannot be

explained simply by addition to MAC 88104/5 of a small proportion

(<10%) of any reasonable component or combinations of compo-

nents. Addition of components representing the moderately high-

Mg" lithologies found in QUE 93069 (next section) could account

lbr the greater Mg concentration and Mg" of QUE 93069 but only if

accompanied by enough plagioclase to account for the similarity in

AI203 concentrations. For example, a magnesian granulitic breccia

of noritic anorthosite composition (>29% A1203) might account for

the differences, but at least 20% of such a component would be

required. Thus, we suspect that the two meteorites are not closely

related and that the compositional differences between MAC 88104/5

and QUE 93069, although small, arise bccause the t_o meteorites

contain at least some significantly different lithologies, but the com-

positional similarities result because most highlands rcgions (and

the components of these two meteorites) are dominated by ITE-

poor, ferroan noritic anorthosites.
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"FABLE 6. Compositions of glass clasts in QUE 93069,31.

glass- glass- glass- glass- glass- glass- glass- glass- glass- glass- glass- glass- glass- IIASP *Aggl

clast3 clast4 clast9 clast2 clast 1 clast 13 clast 19 clast6 clast7 clast5 clast 17 clast 10 clast8 clast 12 glass

SiO 2 44.2 45.0 43.0 43.4 43.4 45.0 45.5 45.5 45.5 47.7 47.5 48.8 40.7 39.2 44.5

TiO 2 0.15 0.19 0.10 0.16 0.15 0.26 0.40 I).30 0.48 1.01 0.63 1.30 9.37 0.26 0.24

AI203 31.6 30.9 30.7 29.0 28.9 27. I 23.8 22.3 20.4 20.0 17.4 11.0 9.89 33.6 27.1

Cr203 0.11 0.06 0.08 0.09 0.12 0.15 0.15 1/.17 0.34 0.24 0.28 0.51 0.57 0.06 0.08

FeO 2.59 3.14 3.56 4.86 4.56 5.67 6.41 6.59 12.8 8.91 14.0 15.4 17.6 2.89 4.10

MnO 007 0,06 1/.06 0.04 0.11 0.10 0.11 0.08 0.21 0.06 0.23 0.18 027 002 0.08

MgO 3.57 3.18 2.90 6.06 4.41 6.59 8.39 11.3 4.42 790 7.27 12.5 10.2 4.57 7.90

CaO 18.4 17.7 18.0 16.7 17.4 15.5 14.1 IYl 13.0 13.5 13.5 9.37 105 19.1 15,48

Na20 0.07 0.42 0.26 0.07 0.29 0.26 0.36 0.14 0.77 0.50 0.18 024 0.07 <0.03 032

K20 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.13 0.03 0.09 003 <0.03 <003 <0.03 <0.03 0.04

PzOs n.a. na. n.a. n.a. n.a. <0.03 0.08 na. n.a. ha. <0.03 ha. n.a. <0.03 n.a.
Sum 100.8 100.6 98.7 100.4 99.5 100.6 99.4 995 98.0 999 100.9 99.3 99.1 99.6 99.8

Mg" 71.1 64.4 59.2 69.0 63,3 67.5 70.0 75.3 38.1 61,2 48.1 59.1 50.8 73.8 77.5

An' 99.2 95.7 97.3 99.3 96.7 97.0 94.3 97.8 88.1 929 96.7 93.1 97.6 99.8 96.1

Normative mineralogy (modilied CIPW norm)

Hag 85.9 85.5 86.0 79.1 80.6 74.4 67. I 61.8 60.2 56.7 47.8 31.2 27.5 92.1 75.5

Opx 4.38 5.57 0 4.21 0.41 12.8 17.3 21.5 23.1 28.4 33.5 50.4 32.3 -21.5 8.03

Cpx 4.34 4.42 5.65 3.27 7,30 3.46 5.57 3.93 10.9 12.1 16.6 14.6 21.0 2.39 3.52

Oliv 4.96 4.09 8,16 13.0 11,2 8.57 8.93 11.9 4.40 0 0.52 0 0 26.5 12.4

llm 0.28 0.36 0.19 0.30 029 0.49 0.76 0.57 0.93 192 1.19 2.49 18.0 0.50 0.46

Chin 0.16 0.1t9 O12 0.13 0.18 0.22 0.22 025 0.51 0.35 0.41 0.76 0.85 0.09 0.12

Qtz 0 0 0 0 0 0 0 0 0 0.51 0 0.57 0.34 0 0

n.a. = not analyzed. Mg'- molar MgO/(MgO + FeO) x 100. An'- normative An/tAn + Ab + Or) x 100. IIASP = high alumina, silica poor. Note nega-

tive Opx in the norm
*Aggl GIs = agglutinate glass; average of three analyses.

TABLE 7. Compositions of lithic clasts and coexisting minerals in QUE 93069,31.

l,ithic clast 1 Lithic clast 2 l,ithic Plag-Px clast Plag - Oliv clast

Plag Px Oliv Hag Px Clast 3 Hag Px Plag Oliv

SiO 2 43.4 52.0 36.6 45.2 44.9 43.4 44.3 52.3 43.5 36.5

TiO 2 <0.02 0.74 0.05 <0.02 0.84 0.03 <0.02 0.26 <0.02 0.04

AI203 356 1.27 0.03 35.9 9.9 34.0 35.8 0.50 35.5 0.00

Cr203 <0.02 0.45 0,05 <0.02 0.36 <0.02 <0.02 0.15 <0.02 0.06

FeO 0.18 13.8 29.8 0.31 20.4 0.53 0.21 26.0 0.25 37.6

MnO <0.02 0,29 I).35 <0.02 0.28 0.02 0.04 0.40 <0.02 0.37

MgO 0.11 19.0 31,8 0.20 13.9 0.40 0.30 18.8 O.08 25,8

CaO 18.9 11.3 0.24 19.3 9.5 19.3 19,1 2.18 19.5 O19

Na20 0.33 0.02 <0.03 0.39 <0.03 0.30 0.33 <0.03 0.33 <003

K20 <0.03 n.a. n.a. <0.03 n.a. 0.04 <0.03 <0.03 <0.03 <0.01

Sum 99.8 989 989 101.3 100.1 98.0 100.1 100.5 99.2 1005

Mg" 71.0 65.5 54.9 57.1 56.3 55.0

An' 96.9 96.5 97.1 96.9 97.0

Mg "= molar MgO/(MgO + FcO) x 100; An'- An/tAn + Ab + Or) x 100 of plagioclase. n.a. = not analyzed.
l,ithic clast I is -300 _m across and fine grained (Fig. 3b). lfthic clast 2 is -200 tim across, with very line grained, inter-

granular texture (Fig. 3c); cJ, A 15 pigconitc basalt or aluminous Iow-Ti basalt. Lithic clast 3 is -200/_m across, with very fine
grained, granoblastic texture. Composition is an average of two broad-beam analyses. An' value of lithic clast 3 is normative
An/tAn + Ab + Or). The other two clasts consist of clusters of adjoining plagioclase and marie silicates.

Lithologic Components of QUE 93069

Lunar meteorite QUI'; 93069 is a thoroughly polymict rock.

From the nature of the clasts and the bulk composition of the mete-

orite, we can infer what the components or precursors were in the

regolith from which it derives and something about their composi-

tions. In thin section, QUE 93069 contains some mare components

but they arc not abundant; wc found only two glass clasts and one

possible lithic clast of marc composition in QUE 93069,31. Assum-

ing that the average nonmarc component has at least 0.2% TiO2 (a

value less than nearly all feldspathic granulitic breccias from Apollo

16, e.g., St6ffier et al., 1985; Lindstrom and Lindstrom. 1986) and,

conservatively, that the average mare component o1' QUI'; 93069 has

at least 2% TiO2, then the low TiO 2 of QUE 93069 (0.24%) restricts

the abundance of mare material to <2%. Thus, it is unlikely that any

substantial portion of the Fe and Mg in QUE 93069 is contributed

by mare-derived components and we conclude that, unlike Yamato

82192/3, the low Mg" of QUE 93069 is intrinsic to the nonmare

components. Components rich in incompatible elements are not

present among the clasts we analyzed (e.g., no glasses with as much

as 0.25 wt% K20 or P205). Thus, we lind no evidence of a KREEP-
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TABI.I" 8. Mean INAA rest, Its for subsplits of Yamato 86032.

N

Na_O

CaO

Sc

Cr

t:eO t
( 'O

Ni

Sr

Zr

Ba

La

Cc

Nd

Sm

Eu

Tb

Yb

IAI

llf

Ta

Ir

Au

1tl

U

mass

(rag)

mass weighted means for column I:

without

large white
clasts clasts all tr s rain max

1 2 3 4 5 6 7

15 5 20 15 15 15 15

0.441 0.721 0.495 0.006 0.038 0.405 0.523

16.3 14.7 16.0 0.3 0.7 15.5 17.7

7.97 6.61 7.71 0.10 1.39 4.50 10.79

664 553 642 8 118 354 873

3.92 4.25 3.99 0.05 0.57 2.30 4.54

13.2[ 10.98 12.78 0.16 2.53 7.32 17.91

112 34 97 8 35 62 201

167 184 170 8 9 149 187

18 18 18 7 8 6 34

23 3O 24 3 5 13 3O

1.21 0.87 I. 14 0.02 0.25 0.83 1.68

3.09 2.18 2.91 0.10 0.68 2.05 4.27

2.5 1.7 2.4 0.6 0.8 1.4 4.7

0.624 0.435 0.587 0.009 0.125 0.419 0.884

0.899 1.219 0.960 0.014 0.053 0.845 1.003

0.132 0.088 0.123 0.006 0029 0.083 0.192

0.580 0.405 0.547 0.012 0.115 0.357 0.776

0.083 0.057 0078 0.002 0.016 0.049 0.110

0438 0.365 0.424 0.016 0.097 0.283 0.615

0.056 0.(129 0051 0.008 0020 0.037 0.105

4.5 0.6 3.8 0.5 1.6 2.9 7.7

1.5 0.2 1.3 0.5 ().7 0.5 2,7

0,181 0.063 0.158 0.011 0.058 0.103 0.321

(I.054 0.020 (I.(147 (/.014 0.021 0.026 0.106

92.4 22.0 114.4 15.0 6.2 2.8 11.5

Concentration traits in fig�g, cxcept oxides in cg/g (mass percent) and lr and
At, in ng/g; FeO t - total Fe as FeO. N= number of subsplits averaged; o -

estimated analytical uncertainty (standard deviation) for a single subsplit; s
- sample standard deviation of all subsplits of column 1 (N- 15). The 15
subsplits of cohmm 1 contained tlo large clasts; the 5 subsplits of column 2

wcre each dominated by whitish, Na-rich clasts. Column 3 represents the
best "'whole-rock'" composition.

like component and assume that concentrations of Fe and Mg con-

lributcd by' any possible KREEP components or Apollo-like mafic

impact-melt breccias is negligible.

Most o[" the components of QUE 93069 appear to derive from

the fcrroan-anorthositic suite of nonmarc plutonic rocks, although

anorthosilic clasts deriving from magnesian-suite precursors also

occur. These include the large, moderately magnesian, partially,

dcvitrified clast (Table I). the magnesian agglutinitic glass ('Fable

6), and the very magnesian (Ens4) orthopyroxene clast (Table 4).

This clast has a composition similar to pyroxene tbund, tbr example,

in nor{to 78235 (Solar and Bauer, 1975) and troctolite 76535 (Dymek

et al., 1975). Assuming that (1) QUE 93069 is essentially a binary,

mixture of nomnare components derived from magnesian- and

ferroan anorthosilic-st, ite lithologies, (2) the average composition of

the magnesian contponcnts is generally similar to (or even some-

what more magnesian than) the large partially devitrilied clast, and

(3) the Mg/l'e ratio of the mmmarc ferroan components is the same

as for MAC 88104/5 ()./._,," 62). then the meteorite consists of

-20% magnesian material and 80% material with an average com-

position of ferroan noritic anorthosite (_30% AI203, i.e., 87%

plagioclase by' volume). [his fcrroan component is similar to that

inferred to be the precursor to fcrroan igneous rocks from North Ray

TAFq.E 9. Major-elcment compositions of subsamplcs of Y86032,115.

fused beads* glass vein t glassy, matrix*

mean s mean .'¢ mean S

SiO 2 44.0 0.5 45.0 0.3 446 0.3

TiO 2 0.17 0.04 0.24 O01 0.23 0.03

AIeO 3 30.6 0.6 28.3 0.3 28.0 0.7

Cr203 0.09 0.01 0.12 0.05 0.(19 0.01

FeO 3.78 0.26 4.95 0. I 0 4.99 0.33

MnO 0.053 0.006 (I.074 0.011 0.084 0.022

MgO 4.62 0.40 4.75 0.12 5.68 0.39

CaO 16.2 0.4 16.3 0.1 16.0 0.2

Na20 0.38 0.03 0.47 0.02 0.38 0.00

K20 0.019 0.003 0.021 0.009 0.02t 0.004

P2Os 0.016 0.005 0.020 0.007 0.021 0.016
Total 99.9 100.2 100.1

N 7 5 4

Mg' 68.5 63. I 67.(I

An' 96.1 94.8 95.7

*Average lbr lused beads prepared from seven of the matrix-rich subsamples
analyzed by INAA. N = number of beads averaged; s = sample standard
deviation of the bead-to-bead variation.

_Compositions of the glass vein and glassy matrix of the dark-matrix breccia

taken on thin section 86032,115 A. N = number of spots averaged; s - sample
standard deviation of the spot-to-spot variation.

Mg" - molar MgO/(MgO + FeO); An'= normative An/tAn 4 Ab + Or).

TABLE 10. 15xample of adding a hypothetical Iow-Ti mare basalt
(-'- minor components) to Yamato 86032 to approximate the composition

o f Yamato 82192/3.

Yamato mare Yamato 82192/3.

86032 CI KREEP basalt cst obs unc

f (%) 93.1 0.06 -0.18 7.0 100.0 --

TiO 2 0.18 0.10 2.00 1.5 0.27 0.27 0.1 l

A[203 28.4 2.2 15.1 10.5 27.2 269 l.I

FeO t 4.28 33.3 103 19. 5.32 5.29 0.79

MgO 5.26 22.3 8.29 10.7 5.65 5.64 0.74

CaO 16.4 1.77 9.8 10. 15.9 15.5 0.8

Na20 0.435 0.92 0.94 0,25 0.42 0.4(/ 0.04

Sc 8.3 7.9 23 48 1I.I tl.I 2.6

Cr 680 3620 1200 3670 890 890 165

('u 14.5 683 25 45 17.0 16.9 2.1

Ni 134 14960 100 30 136 136 14

Ba 26 3.2 1300 50 25 25 3

I.a 1.26 0.32 110 4. 1.26 1._1 0.15

Sm 0.616 0.20 48 2.7 0.68 0.62 0.(15

Eu 0.93 0.076 3.3 0.7 091 0.87 0.07

Yb 0.60 0.22 36 2.4 0.66 0.67 0.10

Lu 0.086 0.033 5 0.37 0.097 0.101 0016

Th 0.21 0.04 22 0.45 0.19 0.19 0.04

Mg' 68.7 54 59 50 65.4 65.5 4.8

Concentration units in/_g/g, except oxides in cg/g (mass percent) and Mg"

in mole percent; FeO t = total Fe as FcO and Mg' = btdk Mg/(Mg + Fe).
Component compositions: Yamato 86032 = mean calculated from data in

Kocberl et al ( 1989, 1990), Warren and Kallcmcyn ( 1991 ), [5ndstrom el al.

(1991), and this work; CI (carbonaceous chondrites, H20 Ircc) from Koro-
tcv and Kremser (1992); KREEP from Warren (1989). The marc basalt
component does not represent any known type of basalt; the concentrations
were calculated to provide a reasonable fit but to be consistent still with

known samples of low-Ti basalt. Yamato 82192/3 "est" (cstimatcd) is ob-
tained by combining the components in the indicated proportions (J); "obs"
(observed) = mean of data from Fukuoka et al. (1986), Bischoff et al

(1987), Koeberl (1988), Lindstrom et al (1991), Warren and Kallemeyn
(1991), with _95% confidence limits on mcan concentrations Cunc").
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Comparison of rare earth concentrations in QUE 93069 and MAC
The mean La/Yb ratio of QUE 93069 is 2.75 + 0.09 (-+95%

confidence, based on 11 analyses of Table 2), which is significantly greater
than that of MAC 88104/5, 2.49 _+0.05 (based on 17 analyscs of Jolliffet
aL, 1991). Addition of high-K KREEP (Warren, 1989) to MAC 88104/5
does not account tbr the relative REE abt,ndances observed in QUE 93069;
thus, the "high" concentrations of incompatible trace elements in QUE
93069 compared to MAC 88104/5 and other fcldspathic lunar meteorites
(Fig. 7b) is probably not simply thc result of a KREEP component but is a
feature of the igneous precursors of the meteorite.

cratcr, Apollo 16, by Jolliffand tlaskin (1995). Such a component,

although more marie than anorthosite sensu stricto, should be

common among the upper-crustal crystallization products of a lunar

magma ocean.

The Fe Abundance of the Lunar Highlands

Bascd on spectral reflectance data obtained by the Clemcntinc

mission, which provided the first global coverage of the lunar sur-

lace, Lucey et al. (1995) concluded that the most typical (mode)

concentration of FcO in the rcgolith at the surface of the lunar

highlands is -3.6% (2.8% as Fe); in their analysis, approximately

two-thirds of the highlands surtace has between 2.3% and 4.9% FeO

(Fig. 6). At first appearance, the Clementine results are surprising

in that at least threc other lines of evidence suggest that the Fe abun-

dancc of the lunar highlands surface is >3.6%. We argue here that

data for Apollo 16 rcgolith samples and the Apollo orbiting x-ray

and gamma-ray expcrimcnts are not inconsistent with the Clemen-

tine results, but that the strongest data, that tbr the lunar meteorites,

are not easily reconcilcd with the low Fe abundance obtained from

the analysis of the C.lcmentine data.

Apollo 16-The Apollo 16 mission sampled a site of feldspathic

highlands more distant from the ma.ior basins than any other mission,

and the soil obtaincd there is the most feldspathic collected on the

Moon. Thus, the Apollo 16 site and its materials arc the standards

of comparison for other highlands regions and samples. As noted

by Lucey et al. (1995), soil from the Apollo 16 mission contains

considerably, greater than 3.6% t'cO. Soil from the Descartes For-

mation, as represented by the soils of North Ray crater, avcrages

-4.1% I'eO (range: 3.0-5.0; Korotev, 1996b). Mature soft from the

Cayley plains (central and southern sampling stations) averages

5.5% FeO (range: 4.8-5.9%: Korotev, 1981, and updatcd database).

(The value of 4.9% FeO, 3.6% Fe, for Apollo 16 soil cited by I,uccy

et al., 1995, appears to be an average of Cayley plains and l)cscartes

soils.) However, the Apollo 16 region is not ty,pical of vast areas of

the highlands because in the regoliths of both the Descartes Forma-

tion and the Cayley plains Fe concentrations are anomalously high

as a result of the site's proximity to maior basins. For example,

mature soil from the Cayley plains consists of _30% malic impact-

melt breccias (Korotev, 1996a; Kempa et al., 1980; Morris et al.,

1986; Borchardt et al., 1986). These brcccias were presumably

formed by, or are otherwise related to, basin-tbrming impacts.

Another _6% is mare glass and basalt (Kempa et aL, 1980: Korotev,

1996a). Thus, 45% ofthc Fe in Apollo 16 soil is contained in thc

components of marie impact-melt breccia and another 20% in the

components of mare-derived material (Korotcv, 1996a). If thcse syn-

and post-basin contributions are removed, the FcO concentration of

the residue prebasin components of thc Apollo 16 regolith (Cayley

plains) is only, _3.0% (updated from Korotev, 1996a). Similar

results are obtained from ancient regolith breccias (Cayley plains)

and feldspathic fragmcntal breccia (Descartes Formation), which arc

regolith or megaregolith samples that contain marie impact-tacit

breccias but are uncontaminated by mare-derived material (Korotev,

1996a, b). Thus, the Apollo 16 data suggest that in a region of high-

lands uncontaminated by mafic melt cjccta from basins and marc

basalt, the FeO concentration might be as low as _3%, i.e., lower

than the value obtained by Lucey et al., 1995, from the Clementine

spectral rellectance data.

Apollo Orbiting X-Ray and Gamma-Ray Experiments-Pre-

vious estimates of the average or typical concentration of FeO in the

highlands range from 5.1% (Korotev et al., 1980) to 6.6% (Taylor,

1975, 1982). These estimates are based on the partial (<20%) cov-

erage of the lunar surface provided by the Apollo orbiting x-ray

cxpcriments (indirectly, from the anticorrelation of Fc and AI: Taylor,

1975, 1982) and by the Apollo orbiting gamma-ray experiments

(Korotev et al., 1980). ltowever, much of the area analyzcd from

orbit by the Apollo experiments is in the mixing zone bclween mare

and highlands (Fischer and Picters, 1995) or is surfaced by cjccta from

the nearside basins that includes mafic material excavated from the

lower crust or upper mantle. In contrast, most of the low-l'c regions

observed by Clcmentinc were on the lunar farsidc, off the ground-

track of the Apollo missions and distant from basins. Thus, it is

likely that estimatcs for the average concentration of Fe at the sur-

lace of the highlands based on data obtained remotely from the Apollo

experiments arc systematically high, particularly those based on the

orbiting x-ray cxperimcnt that provided data for nearside regions only.

Lunar Meteorites-Data for the lunar meteorites arc not so

easily rationalized. The lunar meteorites arc generally thought to be

samples from several random locations on the lunar surface (e.g.,

Palme et al., 1991; Warren, 1994). Concentrations of FeO in the

fcldspathic lunar meteorites range from 4.3% to 6.1% (Fig. 6), that

is, all arc greater than the most typical value of 3_6% estimated by

Luccy et al. (1995) from the Clementinc data. If we treat the high-

lands portion of the distribution of Fig. 7 of Luccy et al. (1995) as a
normal distribution with a mean of 3.6% rcO and a standard devia-

tion of 1.3% FcO (a fair approximation), the probability that the five

random samples of the population would have FeO concentrations

distributed like those observed in the five feldspathic lunar mete-

oritcs (ALtIA81005, Yamato 791197, Yamato 82192/3/86032,

MAC 88104/5, and QUE 93069; Fig. 6) is only, _2%, based on thc

chi-square test. (For this calculation we use the mass-weighted

mean FeO concentrations for Yamato 82192/3/86032 to represent

the two points for this meteorite on Fig. 6.) Even the simple proba-

bility that all five mctcoritcs would have values grcatcr than the mean
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value for the highlands is similarly low (i.e., 2 5 = 3%). Clearly,

there is a significant difference between the average abundance of

FeO in the hmar highlands that we would estimate from the feld-

spathic lunar meteorites and that estimated by Lucey et al. (1995)

from the Clementine data.

Contamination of the Highlands with Mare-Derived Material

We note, however, that the high FeO concentrations of Yamato

791197 and Yamato 82192/3 are due in large part to their mare com-

ponents (i.e., crystalline basalt, volcanic glass, and breccias derived

therefrom). [f the 7% component of mare basalt estimated for

Yamato 82192/3 (Table 10) is removed, the residual nonmare com-

ponent has -4.3% Fe, which is about the same as Yamato 86032

and well within the peak of the distribution of Lucey et al., 1995

(Fig. 6). This is a model-dependent result in that the value of 7%

estimated earlier is based on the assumption that the nonmare portion

of Yamato 82192/3 has a composition similar to Yamato 86032.

[[owever, a total of 7% mare basalt is consistent with the petro-

graphic data for Yamato 82192/3. Among all clasts >0. I mm in size

studied by Bischoffet el/. (1987), 11% (by area) were low-Ti mare

basa[ts (5 clasts). In a similar study by Goodrich and Keil (1987),

two Iow-Ti basalt clasts (clasts 1 and 7) represent 6.5% (by area) of

the >0.1 mm clasts. Thus, a substantial portion of the Fe in Yamato

82192/3 is carried by mare-derived material.

The abundance of mare material in Yamato 791197 is less easily,

established. In their study of clasts in a large thin section of Yamato

791197, Ostertag et al. (1986) did not report any, clasts of mare

basalt, but it is possible that some of the Fe-rich regolith breccias

they' observed are carriers of marc-derived material. They also noted

that -32% of their thin section consisted of clasts >0.1 mm in di-

ameter, similar to QI.II-; 93069 (Fig. I). l,indstrom et al. (1986) report

two clasts of very Iow-Ti (VH') basalt in three small thin sections.

From the backscattered-clectron image (including one provided to

us by' D. [,indstrom of subsamp[c 89,3, which contained the largest

VH" basalt clast), we estimate thal the two clasts represent 2.6% of
the total thin-seclion area or 8. [% of the area of the >0.1 mm clasts

(using the value of 32% chlsts from Ostertag, et al., 1986). Of the

eleven >0.1 mm clasts in the thin section studied by' Goodrich and

Keil (1987). 16°'5 of the area (5 clasts) arc VI,T mare basalt (1 clast)

or "ferroan mafic lithologies that arc either low-Ti mare basalts or

polymict breccias with a large component of low-Ti mare basalt" (4

clasts). Thus, assuming that the distribution of lithologies is the same
for <0. I mm and >0.1 mm material, estimates [br the abundance of

mare basalt in Yamato 791197 arc 0%, 8%, and -<16%. In Figs. 6

and 9, we show the effect of removing [ow-Ti mare basaits from

Yamato 791197. Removal o1"-I I% results in an I:e concentration in

the range of the most Fe-poor hmar meteorites, and 11% is within the

range allowable by the petrographic data.

Most feldspathic hmar meteorites contain at least a few percent

mare-derived material. Clasts of crystalline mare basalt, breccias

with mare basalt components, or glasses of mare composition have

been lbund in Af,[IA81005 and MAC 88104/5 (Treiman and Drake,

1983; Korotcv et al., 1983: Delano, 1991; Neal et al., 1991), although

it is unlikely that the total abundance of mare-derived material is

more than a few percent in either of these two meteorites. Thus,

among the three feldspathic lunar meteorites with >4.5% FeO,

AI,ttAgl005 is the only one for which the high Fe abundance can-

not easily be attributed to mare basalt.

We interpret the data for Apollo 16 and the feldspathic hmar

meteorites in the following way. For areas of the hmar surface that

are far enough away' from marc basins (and from possible plutons

of mare-basalt-like gabbro, i.e., cryplomaria) to have a negligible

component of mare basalt, the value of 3.6% Fe() estimated by,

Lucey et al. (1995) from Clementine data is a reasonable average,

one which is consistent with the pre-mare crust as inferred from the

samples. Itowever, the lunar meteorites suggest that surf;ace areas

totally uncontaminated with marc-derived material are rare Iv absent.

Thus, if the meteorites are geographically, and geol¢_gically random

samples from the Moon, then (1) the FeO concentrations obtained

for the highlands from the Clementinc data are improbably low and

(2) the interpretation of remotely obtained data on mineralogy and

composition of the highlands is forever complicated by, the omni-

presence of mare-derived material. Alternatively, if lhe analysis of

Lucey et al. (1995) is essentially, correct, then wc must conclude

that our small set of lunar meteorites is somehow a geographically,

or geologically biased sample of the lunar surface.

SUMMARY AND CONCLUSIONS

Queen Alexandra Range 93069 is a feldspathic rcgolith breccia

from the lunar highlands with a glassy matrix and abundant clasts.

It resembles other feldspathic lunar meteorites in having formed

from fragmental debris near the surface of the Moon and having a

highly aluminous (29% AI203, i.e., noritic anorthosite) composition

that is poor in incompatible elements compared to feldspalhic rego-

lith samples collected on the Apollo missions. It contains at most only

a small component of mare-derived material. These characteristics

suggest that it derives from an area of the lunar highlands distinct

and probably distant from those sampled by Apollo. Composi-

tionally, QUE 93069 most closely resembles MAC 88104/5 as both

meteorites are dominated by ferroan, norilic-anorthosite components,

although we have found no simple compositional mixing relation-

ship between the two meteorites, l,unar meteorite QUE 93069 con-

tains some magnesian lithologies and, consequently', has a greater

concentration of Mg than does MAC 88104/5. It differs from other

feldspathic lunar meteorites in being the most ahnninous. It also

differs in having greater concentrations of incompatible trace ele-

ments, although these are still only' about a quarter as great as for

mature Apollo 16 soil. The slight enrichment in incompatible ele-

ments compared to other feldspathic lunar meteorites is probably'

not related to a KREEP component but reflects differences in the

igneous precursors of the rcgolith of which it is composed, lmnar

meteorite QUE 93069 has greater concentrations of siderophile ele-

ments (equivalent to 2.2% H20-free CI ehondrites) than any other

lunar meteorite, which is consistent with its derivation from rcgolith

having a higher degree of exposure at the lunar surface than any

other lunar meteorite (l,indslrom et al., 1995; Spettel et al., 1995).

Although cosmic-ray exposure ages indicate that Yamato 82192/3

and Yamato 86032 are probably paired, they, differ significantly in

average composition compared to the range observed in feldspathic

lunar meteorites in that Yamato 82192/3 is compositionally more

mafic and has a lower Mg/Fe ratio, l towever, the average composi-

',ion of Yamato 82192/3 can be approximated reasonably well by' '

mixing 93% Yamato 86032 and 7% material with a Iow-Ti mare

basalt composition. Thus, Yamato 82192/3 and Yamato 86032 could

easily' have been eiected from the Moon by' a single small impact

(e.g., Warren, 1994), perhaps into regolith with a layer of ejecta

containing mare material. It is likely thai the enrichment of Fe, Sc,

and Cr and low Mg/Fe ratio in Yamato 791197 compared to the

other feldspathic lunar meteorites also results from a Iow-Ti mare

basalt component at the _10% level. Thus, the h ighhmd components
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of Yamato 791197 and Yamato 82192/3 have Mg/Fe ratios greater

than that of the bulk meteorites, more similar to Yamato 86032 and

ALItA81005, which probably have only a minor amount of mare-

derived components. This leaves only MAC 88104/5 and QUE 93069

as representing low-Mg/Fe highlands regions (Mg': 62%5).

Concentrations of Fe estimated for the lunar highlands surface

by Lucey et al. (1995) from spectral reflectance data obtained by the

Clementine mission (mean: -3.6% FeO) are significantly less than

those of the five feldspathic hmar meteorites (4.3_.1%). This dis-

crepancy, suggests that either the analysis of the Clementine data

underestimated Fe concentrations at low, concentration or our small

collection of lunar meteorites is not the random sampling of the lunar

surface that is generally assumed. A proper consideration of the

Apollo 16 data shows thal FeO concentrations might be as low as

3% in regions of highlands uncontaminated by, mare-derived ma-

terial and mafic ejecta excavated from below the feldspathic upper

crust by basin-forming impacts, tlowever, the lunar meteorites sug-

gest that surface regions effectively devoid of mare-derived material

are uncommon.
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