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Abstract: The lunar origin of Antarctic meteorite Yamato-791197 is confirmed
by geochemical and petrologic studies of four subsamples of split 89. The meteorite
has a bulk composition of ferroan anorthositic norite with very low incompatible
element concentrations. It is a breccia containing clasts of igneous and meta-
morphic lunar highlands rocks, melt rocks and glasses derived from them by
impact, and rare clasts of mare basalt. Y-791197 is similar in composition and
clast ~ssemblage to ALHAS81005, but there are significant differences between the
two meteorites in the ratio of Mg/Fe, concentrations of Sc and REE, and propor-
tions of clast types. These differences are no greater than those observed among
breccias ejected by a single lunar impact of modest size (1 km crater), so the deri-
vation of Y-791197 and ALHAS81005 from a single impact is possible. Regional
differences in clast assemblages between Apollo sites are much larger, so the simi-
larities in clast assemblage between the two meteorites support the suggestion that
they originated from-the same region of the Moon. We conclude that the two
meteorites were ejected from the Moon by the same impact. The lunar meteorites
are very similar in composition to lunar granulitic breccias and to the estimated
average composition of the lunar highlands, unlike most Apollo highlands soils and
breccias which are enriched in a KREEP component. The dominance of plutonic
anorthositic norite precursors in the granulites and their common occurrence in
the lunar meteorites suggest that abundant quantities of anorthositic norites
were produced during lunar crustal evolution.

1. Introduction

The discovery that certain meteorites found in Antarctica are lunar regolith brec-
cias is of major importance to both lunar and meteoritic science. Meteorites from
the Moon are rare and none had been discovered prior to direct sampling of the Moon.
Now four are known, all from the recent Antarctic collections (YANAI and Koima,
1985). Also present in those collections are meteorites proposed to have come from
Mars, a proposal that cannot be verified until we have more reliable data on Martian
compositions. No lunar or Martian meteorites were expected because theories of
cratering mechanics predicted that macroscopic objects ejected from large bodies at
their escape velocities would not survive intact (MELOsH, 1983). The discovery of
meteorites of undisputed lunar origin is causing adjustments to those theories (MELOSH,
1985). It is important to those modifications to know whether the four Antarctic lunar
meteorites were ejected from the Moon in separate lunar events or in a single one.

The lunar meteorites are breccias from unsampled regions of the Moon and are
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valuable additions to the lunar samples returned by the Apollo and Luna missions.
Studies of meteorite ALHA81005 demonstrated not only that the specimen was lunar,
but that it probably derived from a region remote from the Apollo sites (BOGARD, ed.,
1983).  Typical lunar highlands material, according to the remotely sensed gamma-
and X-ray data (TAYLOR, 1982) more closely resembles ALHAS1005 in composition
than it resembles most Apollo samples. Despite the absence of information on pre-
cisely which regions of the lunar surface the lunar meteorites came from, these mete-
orites extend our sampling of the Moon significantly. How much they extend it
depends on how different the four meteorites are from each other in composition and
population of lithic clasts and whether the four meteorites represent more than a
single lunar location.

In this paper we describe the results of our geochemical and petrographic studies
of Antarctic meteorite Yamato-791197. We conclude that this meteorite, despite
some interesting differences in. composition from ALHAB81005, probably originated
from the same region of the lunar regolith as did ALHA81005, and that the two mete-
orites were ejected from the Moon by the same impact. We show that the composi-
tion and mineralogy of lithic fragments in the two meteorites and in Apollo granulitic
breccias with similar compositions (LINDSTROM and LINDSTROM, 1986) support our
suggestion (KOROTEV et al., 1983) that plutonic anorthositic norites are important in
lunar crustal evolution.

2. Sampling and Analytical Procedures

We divided Y-791197,89 into five subsamples in an attempt to separate clasts and
matrix. However the clasts were small and the matrix coherent, so we were only able
to obtain subsamples enriched in the lithologies corresponding to the largest clasts.
The subsamples still contain approximately 50% matrix and smaller clasts and are
discussed as bulk rock samples, not as separated clasts. Subsample 89,1 is enriched
in a green clast; 89,2 is enriched in a light gray melt rock; 89,3 is breccia matrix; and
89,4 is fine residue from the chipping process. The remaining 20 mg were separated
for fission track (Crozaz, 1985) and thermoluminescence (SUTTON, 1985) studies.

Subsamples 89,1-89,4 were analyzed by instrumental neutron activation analysis
(INAA) using procedures similar to those of KoroTev (1986). They were irradiated
for 48 hours at a thermal neutron flux of 4x 10** cm~2s~* and were radioassayed for
gamma rays one week and three weeks after irradiation. Data were reduced by the
TEABAGS program of LiNDsTROM and KOROTEV (1982). Analytical uncertainties
are tabulated as one sigma counting statistics.

Following INAA, subsamples 89,1-89,3 were mounted in epoxy and polished for
study on our JEOL 733 electron microprobe. Backscattered electron imaging and
energy dispersive X-ray analysis provided textural and semi-quantitative compositional
information on clasts and matrix. Quantitative wavelength dispersive analyses were
done on selected clasts.

3. Results: Description of Y-791197

3.1.  Bulk composition
Table 1 lists results of INAA of our four subsamples of Y-791197,89 together with



Table 1. Element concentrations in samples of Y-791197 and comparison to ALHAST005 and various lunar compositions.  Vaolues in pglg,

except oxides in % (cglg), and Ir and Au in nglg.
Y-791197 ALHA Apollo 16
— 81005 Lunar
mass rangc Hass § . . crust
89,1 89,2 89,3 894  unc.  wed bulk wr'd rock  rock - soil soil  overage’
i . i e 67215' 67415 NRC*  mean® &e
S50, n.a. n.a. n.a. n.a. — na n.a. 46.5 n.a. 44.6 45.1 45.1 45.
TiO. . n.a. n.d. n.a. _— n.a. Q0.27-0.36 0.23 0.38 0.42 0.36 0.59 Q.56
AlO, n.a. n.a. n.a. n.a. — n.a. 26.0-28.9  25.1 25.8 26.1 29.0 26.8 24.6
FeO 5.98 6.06 6.27 5.99 0.06 6.09  5.73-6.84 5.46 7.1 4.78 3.93 5.38 6.6
MgO n.a. n.a. n.a, n.a. — n.a, 4.5 6.5 8.8 6.0 7.86 4.35 6.00 6.8
Ca0 15.0 15.1 4.9 14.8 0.3 15.0 14.5-16.0 14.9 15.5 14.8 16.4 15.6 15.8
MNaO 0.324 0.334 0.331 0,33 0.003 0.329 0.32-0.35 0.321 .30 0.51 .53 0.47 0.45
K0 0.025 0.027 0.023 0.023 0.014 0.025 0.03-0.04 <0.04 0.011 ¢.05 0.07 0.15 0.075
Sc 12.87 13.78 14.02 12.82 0.13 13.43 12.5-16.5 8.81 15.2 6.71 6.7 9.4 10.
Cr 940, 933. 938. 906. 9. 935, 750 1034 93], 36d}. 735, 497, 737. 680.
Co 21.6 17.1 19.4 19.2 0.2 19.7 17.0-20.5 22.5 13.5 19.9 14. 28. 15.
Ni 214, 152. 185. 193. 8-13 189 110 =210 243, 40. 232, 133. 401, 104,
Br 0.15 0.27 0.18 0.46 0.03 0.21 n.a. 0.33 n.a. n.a. na. n.a, n.a
Sr 148. 152. 149, 141. 9-16 149 90 140 141, 130. 187. 190. 162. 120.
Zr 47. 47. 4z, 44}, 13-24 45415 26 43 19412 n.a. 57. 70. 173, 63.
Ba 30. 32. 36. 38. 3-5 33. 20 32 24. 18. 66, 66. 131. a6.
La 2.24 2.95 2.55 2.59 0.03 2.53  2.16-3.3 .86 1.19 4.43 5.57 12.6 5.3
Ce 5.7 7.4 6.6 6.7 0.3 6.45 5.2 -9.1 4.54 3.2 11.4 14.4 324 12,
Nd 3.6 4.7 4.3 3.6 1.2 4.1 3.0 -5.2 2.6 2.4 6.1 1. n.a. 7.4
Sm 1.11 1.44 1.25 .24 0.02 1.24  0.99-1.56 Q.866 0.72 1.82 2.58 5.93 2.0
Eu 0.750 0.791 0.77¢ 0.762 0.012 0.766 0.72-0.72 0.702 0.73 1.09 1.23 1.21 1.0
Tb 0.26 0.33 0.29 0.30 0.02 0.29 (.22-0.32 0.19 $.20 0.42 0.52 1.13 0.41
Ybh 0.97 1.17 1.08 1.03 0.02 1.05 0.96-1.33 0.65% 0.77 1.66 1.90 4.22 1.4
Lu 0.143 0.174 0.159 Q.155 0.003 0.156 0.14-0.1% 0.106 0.125 0.24 0.26 0.62 0.21
Aaf 0.85 1.03 0.93 0.93 0.03 0.92  0.73-1.% 0.63 0.78 1.56 1.67 4.3 1.4
Ta 0.103 0.128 D.107 0.108 0.009 0.110 0.08-0.16 0.079 0.0% 0.30 0.29 0.53 n.a.
Ir 9.7 4.5 6.6 4.0 0.5 7.1 4.5 -8.0 7.6 1.0 3.9 n.a. n.a. n.a.
Au 1.8 1.4 3.4 4.2 0.4 2.4 2.1 -2.5 n.a. n.a. — n.a. n.i. n.a.
Th 0.31 0.36 0.33 0.29 0.02 0.33 0.280.45 0.198 0.12 0.94 .91 2.1 0.9
U 0.10 0.13 0.12 0.13 0.02 0.12  0.08-0.13 Q.09 n.a. 0.22 0.26 0.61 0.24
mass (mg) 36.35 2i.62 30.34 8.22 96.53 77.71

n.a.=not analyzed or reported.

1) Papers presented to the 10th Symp.

Antarct. Metorites (1985).
2) KOROTEV ef al. (1983), with FeO and REE data normalized to standard values used in this work.
3) LinpsTrOMs and LINDSTROM (1986).  4) KOROTEV ef al. (1980). 5) TayLor (1932).
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their mass-weighted mean composition, the range of analyses of other bulk or matrix
samples of the meteorite (FUKUOKA ef af., 1985; NAKAMURA ¢f al., 1985; OSTERTAG
et al., 1985: TAKAHASH] ef al., 1985; WARREN and KALLEMEYN, 1985), and compositions
of similar lunar materials. Despite visible lithological differences, our four subsamples
have remarkably similar compositions. Variations in abundances of most elements
are small, sometimes within analytical uncertainties. Maior elements and compatible
trace elements show the least variation, having range factors (RF—=maximum/minimum
concentrations for our four subsamples) of 1.0]1 to 1.10. Tncompatible element con-
centrations are more variable (RF=1.2 to 1.4), while siderophile element concen-
trations are most variable, (RF=1.4t0 2.2). Qur results for most elements fall within
or near the range of concentrations found by other investigators for bulk samples.
Analyses of several larger clasts (FuKkuoka et af., 1985; NAKAMURA ef al, 1985;
WARREN and KALLEMEYN, 1985) are also quite similar to those of matrix and bulk
samples, but usually fall slightly outside the range for matrix samples.

Y-791197 has the major element composition of anorthositic norite, with ap-
proximately 27% AlLO,, 15% Ca0O, 6.3% FeO, 5.5% MgO, less than 1% each of
Ti0,, Na,O and K,0, and $iO, (by difference) of 45%. This composition is very
similar to those of ALHAR1005 and selected rocks and typical soils from Apollo 16
(Table 1). Variations in the ratio of Mg to Fe, expressed as Mg’ =(mole % Mg/(Mg-|-
Fe)), are important in studies of lunar crustal evolution. ¥-791197 has an Mg’ value
of 61, which is within the range of Apolic 16 samples.

The very low concentrations of Na,Q (0.33%) and K,O (0.03%) are within the
ranges of lunar highlands samples, but are lower than those of most poelymict lunar
samples. Na and K are incompatible elements in lunar highlands rocks, as are the trace
elements Rb, Cs, Ba, Zr, Hf, Ta, Th, U and REE. In Apolle polymict breccias and
soils, these elements are congentrated in a KREEP component (MEYER, 1977) which
is heterogeneously distributed in lunar rocks. Incompatible trace elements concen-
trations in Y-791197 are only slightly higher than those in ALHAS1005, and both mete-
orites have concentrations similar to those of Apollo 16 rocks 67215 and 67415. How-
ever, all four samples have distinctly lower incompatible element concentrations than
are found in most lunar polymict breccias and seils. These variations are shown in
Fig. 1, in which rare earth element (REE} concentrations are plotted normalized to
those of chondritic meteorites (NAXAMURA, 1974). Figure la shows the mean of our
four analyses of Y-791197, the range for all analyzed bulk or matrix samples, and the
concentrations for three clasts. The extent of REE variation in Y-791197 is small for
a polymict breccia, but might result from the limited sampling. Relative REE con-.
centrations are similar for most matrix samples, with maximum variation a factor of
1.5. The matrix concentrations are bracketed by those of the clasts which show signifi-
cant differences in slope of the light REE. Relative REE abundances for ALHAR1005
(Fig. 1b) are similar to those of Y-791197, but average concentrations are slightly
lower. Matrix concentrations vary by only a factor of 1.3 but clast concentrations
are more variable than those in Y-791197. The similar extents of matrix variation
in the two breccias suggest that sampling of Y-791197 has been adequate to characterize
the bulk rock, but the more extensive variation in clasts from ALHARB1005 shows that
additional analyses of clasts from Y-721197 may be needed to characterize the clasts.
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Fig. 1. REE patterns normalized to chondrites (NAKAMURA, 1974), (&) Y-791197: Y-mass
weighted mean of aur analyses ; lines-range of matrix or bulk literature analyses (OSTERTAG
et al.,, 1985, WARREN and KALLEMEYN, 1985); [C—individual clast analyses (FUKUOKA
etal,, 1985 NakasuRa etal., 1985 WARREN and KALLEMEYN, 1985). (b) ALHA8I005 ;
A-mean of our analyses (KROROTEY et al., 1983); lines-range of matrix analyses (BOGARD,
1983); U—individual clast analyses (BoGARD, 1983; GoobricH et al., 1984). (c) Apollo
16 soils and rocks: lines-station mean soil compositions with highest and lowest REE
concentrations (KoroTev, 1981); 67215 (f) and 67415 (m) North Ray Crater rocks with
compositions similar to funar meteorites (LINDSTROM and LINDSTROM, 1986). Means of
lunar meteorites shown for comparison (Y and A). (d) Regional lunur highlands composi-
tion. Average-estimate of average highlands composition {TAYLOR, [982) based on remotie
sensing data; Apallo 16, Luna 20 mean soil compositions (KOROTEV et al., 1980). Means
of lunar meteorites shown for coemparison (Y and A).

Comparison with other lonar samples (Figs. lc, 1d) shows that the meteorites have
REE concentrations lower than most Apollo and Luna polymict breccias and soils,
but in the range of North Ray Crater {Apollo 16) rocks. The meteorites also have REE
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abundances in the range of lunar pristine rocks (WARREN and WassoN, 1977 WARREN
et al., 1983b). REE concentrations in the meteorites are higher than those of the
ferroan anorthosites and lower than those of the Mg-suite and alkali anorthosites.

Sc, Cr, and Sr are compatible trace elements in lunar highland rocks. Concen-
trations of all three elements in both meteorites are within the range of Apollo 16 sam-
ples. Each element varies in concentration among samples from both meteorites, but
ranges of concentration of Cr and Sr overlap for the two rocks; those of Sc do not.
Y-791197 has Sc concentrations 1.6 times higher than those of ALHAS1005. This
is a large difference, considering the similarity for other compatible elements, but we
note that Y-791197 alse has a significantly lower bulk Mg’ value (60) than does
ALHABI005(74). Concentrations of siderophile elements (Co, Ni, Ir, Au) are variable
in both meteorites, but their ranges overlap and are within those of Apollo polymict
rocks. The concentrations and variations of all elements discussed here are consistent
with a Junar highlands origin for Y-791197.

3.2, Petrography and mineral composition

Y-791197 is a fine-grained to glassy-matrix breccia containing numerous small
mineral, glass, and lithic clasts. Most of the mineral clasts are plagioclase, but occasion-
al clasts of iron-rich clinopyroxene and olivine are found. Lithic clasts, most of which
are highly feldspathic (>>70% plagioclase), include igneous and metamorphic rocks
and impact melt rocks and glasses derived from the more primitive lithologies. As
clasts, mineral fragments and impact-derived melt rocks are more abundant than
igneous and metameorphic rocks, but the nature and frequency of the clasts of igneous
and metamorphic rocks reveal the most abont the source areas of the breccia. The
major source lithologies are feldspathic rocks from the two major lineages, the ferroan
suite (Mg'<270) and the magnesian suite (Mg'>70); minor source lithologies are dif-
ferentiated lunar rocks and basalts from the lunar mare.

Because of the limited area of our grain mounts we did not attempt to do a thorough
study of clast populations or mineral analyses of a large number of grains, Instead,
we provide a general petrographic characterization of the breccia, determination of
the range of clast types, and quantitative analyses of 19 clasts. The distribution of
analyzed clasts (Table 2) is not representative of the breccia, because most igneous or
metamorphic textured clasts were analyzed, but only typical examples of the more

Table 2. Clusts analyzed in Y-701197 89

Polymineralic clasis Monomineralic ¢clasts
| plagioclase vitrophyre 1 granular plagioclase
4 feldspathic melt rocks | pyroxene composite
1 noritic melt rock 1 exsolved pyroxenc
I noritic glass 1 olivine
2 ferroan anorthosites 1 granular spinel

1 ferroan anorthositic norite

| magnesian anorthositic norite

2 mare basalts

1 highly differentiated Fe-rich assemblage
(exsolved pyx, plag, Fa, Fs-Hd, 8i0,, FeS)







