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Abstract

Antarctic lunar meteorites Meteorite Hills 01210 and Pecora Escarpment 02007 are breccias that come from different regolith lithologies
on the Moon. MET 01210 is composed predominantly of fractionated low-Ti basaltic material and is classified as an immature, predomi-
nantly basaltic glassy matrix regolith breccia. PCA 02007 is a predominantly feldspathic regolith breccia consisting of metamorphosed feld-
spathic, noritic, troctolitic and noritic-anorthosite clasts, agglutinate and impact-glasses, as well as a number of basaltic clasts with mare and
possible non-mare affinities. The basalt clasts in MET 01210 have undergone ‘Fenner’ trend enrichments in iron and may also have witnessed
late-stage crystallization of zircon or a zirconium-rich mineral. Some of the features of MET 01210 are similar to other basaltic lunar breccia
meteorites (e.g., Northwest Africa 773; Elephant Moraine 87521/96008; Yamato 793274/981031), but it is not paired with them. The
presence of metamorphic anorthositic clasts as well as agglutinates indicates a small regolith component. Similarities with previously
discovered evolved (e.g., LaPaz Icefield 02205; Northwest Africa 032) and ferroan (e.g., Asuka 881757; Yamato 793169) basaltic lunar
meteorites suggest a similar mare source region for MET 01210. Despite lack of evidence for pairing, PCA 02007 shares many features with
other feldspathic regolith breccias (e.g., Yamato 791197, Queen Alexandra Range 94281), including a high Mg/Fe whole-rock composition,
glass spherules, agglutinate fragments and a diverse clast inventory spanning the range of ferroan anorthosite and high magnesium suite
rocks. Some of the basalt fragments in this sample are fractionated and have an igneous origin. However, the majority of the basalt fragments
are impact melt clasts. PCA 02007 supports previous studies of feldspathic lunar meteorites that have suggested an aluminous crust for the
Moon, with compositions more similar to magnesium granulite breccias than ferroan anorthosites. A ‘chondrule-like’ fragment found in
PCA 02007 and unlike any previously described lunar material is described and tentatively identified as the remnants of a chondritic lunar
impactor. This clast is porphyritic with equant olivines that have forsterite-rich cores (Fo>98), extreme normal zonation to more fayalitic rims
(Fo>44), and a mineral assemblage with rare earth element abundances distinct from described lunar material and more similar to chondrules
found in ordinary or carbonaceous chondrites. Its discovery and description is significant for understanding the composition of lunar
impactors. Previously, the main evidence for chondritic lunar impactors was from chondritic relative abundances and near chondritic ratios
of highly siderophile elements in lunar impact melt breccias. However, the presence of this clast, along with two other chondritic clasts from
Apollo soils 12037 and 15602, provides clues to the identity of ancient meteorite impactors on the Moon.
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1. Introduction

Brecciated lunar meteorites represent complex amal-
gamations of mineral fragments, lithic clasts and matrix
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material that have been assembled through impact process-
es on the Moon. Such meteorites are well-lithified mixtures
of near-surface material that are likely to represent average
mineralogies and chemistries of their lunar source regions
(Warren, 2003). Significant detailed research has been done
on lunar breccia meteorites (e.g., Delaney, 1989; Warren
and Kallemeyn, 1989; Hill et al., 1991; Anand et al.,
2003; Gnos et al., 2004), and the data obtained from these
feldspathic and basaltic materials has been compared with
lunar remote sensing data, as well as regolith cores and
hand-specimens collected during the Apollo and Luna
missions.

Studies of lunar regolith breccia meteorites have provid-
ed new, and sometimes controversial, insights into the geo-
chemical evolution of the Moon. Chief amongst these are:
(1) important age constraints on events in lunar history
(e.g., Borg et al., 2004; Gnos et al., 2004); (2) the likelihood
that samples collected during the Apollo missions are only
representative of the geochemically anomalous Procella-
rum KREEP Terrane (PKT) of the Moon, and not of the
lunar surface as a whole (Warren, 2003; Korotev, 2005);
(3) the apparent preponderance of low-titanium and very-
low titanium mare basalt compositions in lunar meteorites
relative to the quantity of high-Ti mare basalt returned
from Apollo missions (Warren and Kallemeyn, 1989; Jolliff
et al., 1998; Warren, 2003); (4) the lack of a temporal or
chemical dichotomy between ‘nonmare’ and ‘mare’ volca-
nism on the Moon (e.g., Warren and Kallemeyn, 1989,
1991); (5) improved estimates of crustal aluminium con-
tents and the possible magnesium-rich nature of the lunar
highlands relative to estimates from ferroan anorthosites
collected during the Apollo missions (Korotev et al.,
2003) and; (6) confirmation that anorthositic and noritic
anorthosite highland rocks are some of the most abundant
lithologies on the lunar surface (e.g., Jolliff et al., 1991;
Koeberl et al., 1996).

In this study, we examine two lunar breccia meteorites,
Meteorite Hills (MET) 01210 and Pecora Escarpment
(PCA) 02007, discovered in Antarctic in 2001 and 2003,
respectively. Initial classification of MET 01210 considered
it a lunar feldspathic regolith breccia, while PCA 02007 was
considered a predominantly basaltic lunar breccia meteor-
ite (McCoy and Welzenbach, 2003, 2004). Preliminary
characterization studies have recognized that, in fact, the
opposite is true, and MET 01210 is predominantly basaltic
(Arai et al., 2005; Huber and Warren, 2005; Patchen et al.,
2005; Zeigler et al., 2005a) whereas PCA 02007 is a feld-
spathic regolith breccia (Taylor et al., 2004a; Zeigler
et al., 2004)! In an effort to elucidate the petrogenesis of
these breccias and their components we have performed de-
tailed petrological and geochemical studies of the breccias
and of specific clasts within them.

Studies of Apollo and Luna breccia clasts (e.g., Coish
and Taylor, 1978; Hunter and Taylor, 1983; Taylor et al.,
1983; Dickinson et al., 1985; Norman et al., 1991; Norman
and Taylor, 1992) have enabled the identification of a
range of rock-types not recognized in the large, single-
lithology grab samples of the Apollo missions. Such studies
have also extended the age range of basaltic magmatism on
the Moon (e.g., Taylor et al., 1983) and the age of the old-
est lunar rocks, the ferroan anorthosite suite (e.g., Carlson
and Lugmair, 1988; Alibert et al., 1994). Our efforts focus
on two basaltic clasts in MET 01210 and an included
‘chondrule-like’ fragment in PCA 02007, providing new
information on evolved mare basaltic magmatism, the nat-
ure of the highlands crust, and the description of a unique
silicate meteorite occurring within the lunar regolith.

2. Analytical methods

Polished thin sections of PCA 02007 and MET 01210
(surface areas range from 50 to 100 mm2) were obtained
from the Meteorite Working Group for petrographic and
mineralogical examination. Mineral modes were deter-
mined on polished sections with the Feature Scan Phase

Distribution software package of an Oxford instrument
energy dispersive spectrometer interfaced to the CAMECA
SX-50 electron microprobe analyzer (EMPA), at the Uni-
versity of Tennessee. Modal analysis acquisition was per-
formed using an accelerating potential of 15 keV, a 4 nA
beam current and 70 mS count times sampling every
8 lm. Data bin parameters for this method are provided
in Table 1.

Electron microprobe analyses were performed on two
polished sections of PCA 02007 and one polished section
of MET 01210. Mineral compositions were determined in
wavelength dispersive spectral mode on the EMPA using
an accelerating potential of 15 keV, a 20 nA beam current
(30 nA for metals), 1 lm beam size, peak and background
counting times of 20–30 s and standard ZAF (PAP) correc-
tion procedures. Glass and plagioclase compositions were
determined using a 10 nA beam current, a 5–10 lm beam
size and longer counting times to avoid mobilization of
Na. A combination of natural and synthetic standards were
used for calibration and were measured periodically within
analytical sessions to ensure data quality. Drift was within
counting error throughout every analytical session. Detec-
tion limits (3r above background) are <0.03 wt% for SiO2,
TiO2, Al2O3, MgO, CaO, Na2O, K2O and Cl, <0.05 wt%
for Cr2O3, MnO, FeO, P2O5, NiO and Co, and <0.05–
0.1 wt% for all other oxides and elements listed.

Concentrations of trace elements, including rare earth
elements (REE), were determined using the modified Cam-
eca ims 3f ion microprobe at Washington University,
according to techniques described by Zinner and Crozaz
(1986a). All analyses were made using an O� primary beam
and energy filtering at low mass resolution to remove com-
plex molecular interferences. The resulting mass spectrum
is deconvolved in the mass ranges K–Ca–Sc–Ti, Rb–Sr–
Y–Zr and Ba-REE to remove simple molecular interferenc-
es that are not eliminated with energy filtering (Alexander,
1994; Hsu, 1995). Sensitivity factors for the REE are from
Zinner and Crozaz (1986b) and those for other elements
are from Hsu (1995) and are listed in Table 1 of Floss



able 1
odal analysis (as area and inferred volume percent) of clasts in MET 01210 and PCA 02007

ET 01210 PCA 02007
Chondrule Cl

last ID Aa AAa AA BB H K L M N T8a T8

lagioclase 35.6 75.1 67.4 — 8.9 17.7 85.1 89.0 72.2 19.9 [4 ]
yroxene — — 21.6 66.4 77.1 68.3 14.9 10.5 27.8 — —
Clinopyroxene 36.8 12.4 — — — — — — — — —
Pigeonite 16.1 1.0 — — — — — — — — —
Fe-pyroxene 6.4 3.8 — — — — — — — — —
livine — — 11.0 — — 14.0 — — — 46.2 4
Forsterite <0.1 1.3 — — — — — — — — —
Fayalite 0.2 4.9 — — — — — — — — —
xides — — — 15.1 14.0 — — — — <0.1 —
Ilmenite 0.3 <0.1 — — — — — — — — —
Ulvospinel 3.4 <0.1 — — — — — — — — —
Chromite <0.1 <0.1 — — — — — — — — —

hosphate 0.2 0.1 — — — — — — — — —
ilica 0.6 0.3 — 14.7 — — — — — — —
-feldspar 0.1 0.1 — — — — — — — — —
lass — — — 3.8 — — — — — 28.8 [4 ]
eS 0.3 0.9 — — — — — — — 4.7 ]
eNi metal — — — — — — — 0.5 — 0.2 ]
otal 100 100 100 100 100 100 100 100 100 100 10

Basalt Fd-Bas Ev-Bas Ev-Bas Pic-Bas Anorth Anorth Anorth Chon C

CA 02007

last ID T38 T35 T28 T9 T7 E Y ZD F T2 T1 U V W X

lagioclase 62.1 37.5 51.8 74.1 58.1 82.4 60.6 83.2 51.9 90.3 8 45.9 74.6 85.2 61.8
yroxene 35.1 62.5 25.0 — 33.5 7.1 — — 34.2 4.2 — 54.1 25.4 14.8 31.2
Augite — — — — — — 26.5 — — — — — — — —
Opx — — — — — — 12.9 16.8 — — — — — — —
livine 0.2 — 23.2 25.9 5.8 6.7 — — 13.9 3.8 1 — — — 7.0
xides and FeNi metal 2.6 — — — 2.6 3.8 — — — 1.8 — — — — —
otal 100 100 100 100 100 100 100 100 100 100 10 100 100 100 100

Fd-Bas Bas Gabbro Troc Bas Gab-An Norite Norite Gabbro Anorth Tr Gabbro Norite Gab-An Bas

bbreviations: Fd-Bas = Feldspar-rich ‘basalt,’ Bas = Basalt, Ev-Bas = Evolved basalt, Pic-Bas = Picro basalt, Anorth = Anorthosite, Chon = ‘C drule,’ Troc = Troctolite, Gab-An = Gabbro
northosite. Modal analysis for the majority of clasts was performed using back-scattered electron images. Thresholds for individual minerals ere calculated according to analyzed mineral
ompositions and then quantitatively analyzed using NIH image analysis (freeware) software. Mineral modes using this method compare well with th measured using the Feature Scan method (see
last AA and clast T8 for comparisons). Reproducibility of this NIH image analysis technique is �5%.
a Modal analysis using Feature Scan Phase Distribution software. Data bins for MET 01210 defined according to—Plagioclase = 35–55% Si, 11–40 a, 20–46% Al; Pigeonite = 46–72% Si, 4–12%
a, 2–46% Mg, 0–4% Al; Clinopyroxene = 0–5% Al, 42–72% Si, 11–41.5% Ca, 2–42% Mg; Fe-pyroxene = 42–70% Si, 0–2% Mg, 7–32% Ca, 0–5% A 1–50% Fe; Ilmenite = 47–76% Ti, 18–45% Fe;
ayalite = 30–55% Si, 0-3% Ca, 35–62% Fe; Olivine = 10–45% Mg, 30–53% Si; Ulvöspinel = 20–49% Ti, 0–28% Cr; Cr-Spinel = 20–74% Cr, 0% Ti; Phosphate = 15–80% P, 19–69% Ca;
-feldspar = 50–100% Si, 10–30% Al, 6–25% K; FeS = 20–100% Fe, 25–100% S; Silica = 85–100% Si. See Taylor et al. (1996) for further information the Feature Scan Phase Distribution technique.
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et al. (1998). Absolute concentrations were determined
using sensitivity factors relative to Si for silicates and Ca
for phosphates, with SiO2 and CaO concentrations deter-
mined by EMPA of the specific grains chosen for ion probe
analysis. Reported errors are 1r and are due to counting
statistics only.

A 0.535 g powdered sub-sample of PCA 02007 (13) was
provided by the Meteorite Working Group for whole-rock
geochemical studies. Major element concentrations were
measured on a 50 mg aliquot using an Optima 3300 Induc-
tively Coupled Plasma Optical Emission Spectrometer
(ICP-OES) at the University of Notre Dame following
the procedures of Shafer et al. (2004). Whole-rock trace ele-
ment measurements were also obtained on a 50 mg aliquot
by solution mass spectrometry using a PlasmaQuad PQII
STE machine following the procedure of Neal (2001). Be-
cause no powdered subsample of MET 01210 was available
for study, 25 analyses of the fusion crust of the polished
section were measured using the EMPA. Although fusion
crust data may not faithfully record the whole-rock compo-
sition of the meteorite, averages of fusion crust major ele-
Table 2
Compositional ranges of representative lithic clasts in MET 01210 and PCA 0

Clast Dimensions (mm) Textures/features Pyroxene

MET 01210 Immature Predominantly Basaltic Glassy Matrix Regolith Breccia

Basaltic clasts
A 3.0 · 2.5 Allotriomorphic granular Wo21En49–
AA 0.7 · 0.5 Subophitic Wo17En20–
BB 0.4 · 0.3 Skeletal Ilm/Granular Wo22En20–
H 0.3 · 0.2 Skeletal Ilm/Granular Wo28En17–
K 0.8 · 0.6 Plumose Wo23En45–

Anorthositic clasts
M 0.5 · 0.4 Granular Wo38En50–
N 0.8 · 0.6 Granular Wo22En21

T 0.2 · 0.2 Granular Wo18En53

PCA 02007 Feldspathic Regolith Breccia

Basaltic clasts
T38 0.08 · 0.05 Subophitic Wo10En55

U 0.13 · 0.13 Granular Wo15En45–

Impact melt Basaltic clasts
E 0.4 · 0.2 Poikilitic Wo9En62–W
X 0.12 · 0.12 Poikilitic Wo3En60–W
T35 0.15 · 0.10 Pilotaxitic/subophitic Wo5En73–W
T7 0.10 · 0.10 Pilotaxitic/subophitic Wo4En71–W

Troctolite clasts
T9 0.2 · 0.1 Poikilitic —
Tl 0.15 · 0.12 Poikilitic —

Gabbro, Norite and Anorthosite clasts
V 0.15 · 0.15 Subophitic Wo2.5En67–
T28 0.3 · 0.3 Ophitic Wo20En55

F 0.45 · 0.45 Ophitic Wo12En62–
Y 0.25 · 0.15 Ophitic Wo2.5En59–
ZD 0.07 · 0.07 Poikilitic Wo2.4En82–
T2 0.3 · 0.2 Poikilitic Wo4En67–W
W 0.15 · 0.10 Poikilitic Wo35En44

Average clast size for MET 01210 is around 0.6 · 0.6 mm versus 0.20 · 0.16 m
(Ilm), merrillite (Mer), troilite (FeS), silica (Sil), K–Ba-rich glass (Ba–Gl), iron
phosphate (Phos).
ment compositions may be used as a proxy, especially for
small meteorite samples (Day et al., 2006).

3. Results

The most widely utilized method for characterizing min-
eralogical and textural variations in brecciated materials is
to break down the components according to lithological
types. The descriptions made here for MET 01210 and
PCA 02007 are representative, but not exhaustive, and fo-
cus on the most abundant and best preserved clast types. A
summary of mineral modes, clast sizes and mineral compo-
sitions for both meteorites can be found in Tables 1–8.

3.1. Petrography and mineral chemistry of MET 01210

MET 01210 is a 22.8 g lunar breccia, discovered in the
Meteorite Hills region of Antarctica in 2001 and was found
partially covered (�30% of surface area) in a dark, highly
vesiculated fusion crust. Using the terminology of Stöffler
et al. (1980), the meteorite can be considered to be an
2007

Plagioclase Olivine Mineralogy

Wo1En3 An97�80 Fo7�3 Ulv, Ilm, Mer, FeS, Sil
Wo42En3.5 An94±2 Fo41�6 FeS
Wo23En1 — — Ilm, Ba-Gl, Sil, FeS
Wo14En0.5 An88.6±1.1 — Ulv, Ilm
Wo24En3 An91±1 Fo5 —

Wo73En23.5 An96.6±0.6 — FeNi metal
An97.0±0.7 — FeNi metal
An96.1 — FeNi metal

An96.9±0.6 Fo55 Ilm
Wo27En31 An96�90 — —

o15.5En59 An96.6±1.3 Fo63.7±0.1 —
o44En42 An94±1 Fo68�52 Ilm
o19En2 An95�87 — FeS
o9En67 An89±1 Fo70.2±0.6 FeS, Phos

An95.9±0.4 Fo64.6±0.1 —
An96.0±0.7 Fo79.0±0.1 —

Wo40En45 An97.8±0.6 — —
An97 Fo60 —

Wo35En44 An97.7±0.5 Fo65.6±0.5 —
Wo27En41 An96.2±1.0 — —
Wo3En74 An96.6±0.3 — —
o39En45 An95.8±0.7 Fo63.7±0.5 FeNi metal

An92.5±1.0 FO86.2±0.2 —

m for PCA 02007. Mineralogy abbreviations are ulvöspinel (Ulv), ilmenite
–nickel metal grains (FeNi metal), unidentified (uncertain stoichiometry)



Table 3
Representative EMPA data for silicate, oxide, phosphate and accessory phases in MET 01210

Phases Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Fe-Px Fe-Px Olivine Olivine Fayalite Fayalite Plag Plag Plag
Sample Clast A Clast A Clast K Clast M Min Clast Clast A Min Clast Clast A Min Clast Clast A Min Clast Clast A Clast M Min Clast

wt%

SiO2 51.8 49.8 47.3 54.3 51.2 46.3 45.4 33.7 42.0 29.9 29.5 45.4 44.0 52.2
TiO2 0.54 0.88 2.01 0.64 0.53 0.46 0.61 0.05 <0.03 0.11 0.12 — — —
Al2O3 1.36 1.15 5.63 1.08 1.29 0.31 0.52 <0.03 0.16 <0.03 <0.03 34.0 34.7 29.0
Cr2O3 0.55 0.24 0.73 0.36 0.37 <0.05 <0.05 0.13 0.15 <0.05 <0.05 — — —
FeO 18.8 25.1 20.5 15.3 24.0 44.3 45.9 46.9 5.45 66.3 68.6 0.36 0.30 0.82
MnO 0.37 0.45 0.33 0.28 0.42 0.83 0.56 0.53 0.06 0.85 0.81 — — —
MgO 16.7 12.7 10.6 26.6 17.6 1.60 0.19 18.2 52.9 1.94 0.37 0.22 0.10 0.03
CaO 9.94 9.33 13.4 1.74 4.70 5.75 6.30 0.38 0.33 0.82 0.75 19.2 19.6 13.6
Na2O <0.03 0.06 0.03 <0.03 <0.03 <0.03 <0.03 — — — — 0.68 0.44 3.09
K2O — — — — — — — — — — — <0.03 <0.03 0.63
Total 100.1 99.8 100.5 100.4 100.0 99.5 99.5 100.0 101.1 100.0 100.1 99.8 99.1 99.3

Mg# 61.3 47.4 48.0 75.6 56.8 6.0 0.8 41.0 94.5 5.0 1.0 An = 93.9 An = 96.1 An = 68.2

Phases Spinel Spinel Ilm Ilm Glass Glass Glass Glass Glass Merri Apatite FeNi FeNi
Sample Clast A Min Clast Clast H Min Clast Clast BB Agg O Agg Op

a Matrix Matrix Clast A Matrix Clast M Matrix

wt%

SiO2 0.03 0.08 0.03 0.04 58.0 48.4 46.0 44.7 44.3 0.29 1.46 Fe 93.8 90.4
TiO2 31.4 7.60 51.7 52.4 — 1.76 0.42 0.19 1.38 — — Co 0.31 1.72
ZrO2 — — 0.05 0.23 — — — — — — — Ni 5.51 7.45
Al2O3 1.82 11.5 0.09 0.10 20.3 17.6 19.1 30.5 17.2 — — S 0.04 <0.05
V2O3 — 0.59 — — — — — — — — — P 0.65 <0.05
Cr2O3 3.61 38.8 <0.05 0.07 — 0.41 0.47 <0.05 0.28 — — Si 0.04 0.06
FeO 62.0 39.7 47.2 46.7 0.53 11.6 12.5 3.48 13.4 5.07 1.95 Cr <0.05 <0.05
MnO 0.26 0.29 0.36 0.38 — 0.23 0.19 0.07 0.19 — — Ti 0.04 0.04
MgO 0.30 1.20 <0.03 01.20 <0.03 5.38 8.34 3.23 7.15 0.64 0.03 Ca 0.32 0.37
CaO <0.03 <0.03 0.09 0.12 0.77 13.4 12.6 17.6 15.0 38.2 52.5
P2O5 — — — — — 0.18 0.19 0.04 0.22 40.9 39.4 Total 100.7 100.1
BaO — — — — 7.39 — — — — — —
Na2O — — — — 0.37 0.69 0.43 0.34 0.29 <0.03 0.03
K2O — — — — 12.3 0.11 0.03 <0.03 0.06 — —
La2O3 — — — — — — — — — 1.15 0.16
Ce2O3 — — — — — — — — — 3.32 0.26
SO2 — — — — — 0.21 0.32 <0.05 0.19 — —
F — — — — — — — — — 0.28 2.23
Cl — — — — — — — — — <0.03 1.69
Total 99.3 99.8 99.5 100.1 99.7 99.9 100.6 100.0 99.7 89.8 99.7

Fe-Px = evolved Fe-rich pyroxene; Ilm = ilmenite; Merri = merrillite; FeNi = FeNi metal grain; Min Clast = Monomineralic clast; Agg = Agglutinate; Plag = plagioclase.
Mg# = modal Mg/(Mg + Fe) · 100. Dashed lines indicate elements that were not analyzed.
a Op is the glassy clast O pre-cursor lithology.
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Table 4
EMPA and ion microprobe data for Clast A from MET 01210

Mineral Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Merrillite Merrillite
Modal % 35.6 35.6 35.6 35.6 35.6 35.6 35.6 0.2 0.2
Location G1 Core G2 Core G3 Core G3 Core G4 Core G4 Rim G5 Core Grain 1 Grain 2

wt%

SiO2 46.2 45.3 45.1 44.7 45.2 49.7 46.1 0.29 0.32
Al2O3 33.9 33.9 34.1 34.7 34.0 30.6 33.5 — —
FeO 0.45 0.59 0.33 0.28 0.48 1.06 0.53 5.07 5.42
MnO — — — — — — — <0.03 <0.03
MgO 0.09 0.10 0.22 0.18 0.17 0.03 0.11 0.64 0.69
CaO 18.6 18.7 19.2 19.6 19.0 15.6 18.5 38.2 37.6
Na2O 0.80 0.65 0.49 0.35 0.62 1.76 0.99 — —
K2O 0.03 <0.03 <0.03 <0.03 <0.03 0.49 0.05 — —
P2O5 — — — — — — — 40.9 41.1
La2O3 — — — — — — — 1.15 1.18
Ce2O3 — — — — — — — 3.32 3.18
F — — — — — — — 0.28 0.15
Cl — — — — — — — 0.03 <0.03
Total 100.1 99.3 99.4 99.8 99.4 99.3 99.8 89.8 89.6

An 92.5 94 95.6 96.8 94.2 80.5 90.9 — —

p.p.m ± ± ± ± ± ± ± ± ±
Sc 4.1 0.4 4.7 0.3 5.1 0.4 3.2 0.2 3.2 0.2 2.6 0.2 2.8 0.3 — — — —
V 1.8 0.1 3.7 0.2 3.8 0.2 4.2 0.2 3.0 0.1 1.2 0.1 1.7 0.1 — — — —
Cr 2.9 0.2 15.8 0.5 7.3 0.4 8.1 0.3 5.6 0.2 1.7 0.1 3.0 0.2 — — — —
Sr 232 2 201 2 156 2 157 1 200 1 1299 3 242 2 — — — —
Y 0.40 0.03 0.33 0.03 0.46 0.04 0.25 0.02 0.22 0.01 3.50 0.17 0.27 0.02 — — — —
Zr 0.19 0.03 0.22 0.03 0.10 0.02 0.05 0.01 0.12 0.02 8.92 0.32 0.13 0.02 — — — —
Ba 15.1 0.69 10.8 0.47 6.45 0.37 6.44 0.25 9.80 0.33 312 2.33 13.6 0.48 — — — —
La 0.19 0.02 0.15 0.02 0.14 0.02 0.10 0.02 0.17 0.01 2.39 0.12 0.20 0.02 8338 25 8186 34
Ce 0.32 0.03 0.36 0.05 0.24 0.03 0.24 0.02 0.33 0.02 5.60 0.22 0.40 0.03 21988 45 21367 61
Pr 0.05 0.01 0.06 0.01 0.04 0.01 0.03 0.01 0.05 0.01 0.84 0.05 0.08 0.01 2926 14 2815 19
Nd 0.26 0.03 0.23 0.03 0.17 0.03 0.16 0.02 0.18 0.02 2.84 0.10 0.32 0.03 12625 38 12118 52
Sm 0.05 0.03 0.04 0.02 0.12 0.03 0.02 0.01 0.08 0.02 0.74 0.06 0.10 0.03 2764 29 2743 40
Eu 1.70 0.09 1.38 0.07 1.02 0.06 1.07 0.05 1.44 0.06 11.5 0.33 1.77 0.08 169 3 124 4
Gd 0.09 0.02 0.04 0.02 0.08 0.03 0.05 0.01 0.06 0.01 0.68 0.08 0.06 0.02 3288 32 3219 44
Tb 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.00 0.01 0.00 0.10 0.02 0.02 0.01 611 8 599 11
Dy 0.05 0.02 0.08 0.02 0.10 0.02 0.04 0.01 0.04 0.01 0.67 0.04 0.09 0.02 3312 20 3349 28
Ho 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.00 — — 0.22 0.02 0.02 0.01 608 8 612 11
Er 0.02 0.02 0.03 0.01 0.07 0.02 — — — — 0.36 0.03 0.06 0.02 1380 14 1396 19
Tm — — — — 0.01 0.02 — — — — 0.06 0.04 — — 134 4 146 5
Yb 0.02 0.02 — — — — 0.02 0.01 0.02 0.01 0.22 0.03 — — 519 12 591 18
Lu — — — — — — — — 0.00 0.00 0.01 0.01 0.00 0.01 32 4 41 6
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Table 4 (continued)

Mineral Fe-pyroxene Pyroxene Pyroxene Fe-pyroxene E Fe-pyroxene Pyroxene Pyroxene Fe-pyroxene Fe-pyroxene
Modal % 6.4 36.8 36.8 6.4 6.4 36.8 36.8 6.4 6.4
Code G1 Rim G1 Core G1 Core G1 Rim G2 Rim G2 Core G2 Core G3 G3

wt%

SiO2 46.7 50.8 51.9 47.6 48.6 50.6 51.5 47.1 46.6
TiO2 0.83 0.72 0.61 0.96 0.89 0.94 0.70 0.97 0.96
Al2O3 0.77 1.44 1.51 0.92 0.96 2.83 1.58 0.94 0.90
Cr2O3 <0.05 0.52 0.60 0.12 0.22 0.97 0.64 0.12 0.06
FeO 36.2 18.1 16.8 34.4 30.1 14.6 14.4 31.4 37.5
MnO 0.49 0.35 0.32 0.54 0.44 0.27 0.28 0.54 0.53
MgO 2.23 13.4 15.3 5.05 8.82 14.3 14.1 5.66 2.33
CaO 12.0 14.6 13.0 10.3 9.02 15.4 17.0 12.1 11.3
Na2O 0.03 0.04 0.03 0.03 0.04 <0.03 <0.03 0.03 <0.03
Total 99.2 100.0 100.1 100.0 99.1 100.0 100.1 98.7 100.2

En 7.2 39.4 44.9 15.9 27.4 42.6 40.9 7.4 17.7

Wo 27.7 30.7 27.4 23.4 20.2 33 35.6 25.9 27.2

p.p.m ± ± ± ± ± ± ± ± ±
Sc 129 1 111 1 105 1 144 1 125 1 111 1 125 1 146 1 133 1
V 17.1 0.6 140.4 1.4 188.0 1.1 23.8 0.6 99.9 0.8 213.4 1.7 200.4 1.7 21.6 0.5 14.8 0.4
Cr 214 3 4148 11 4856 8 523 3 3233 6 5606 13 5122 12 558 3 308 2
Sr 13.2 0.6 4.7 0.3 4.4 0.2 9.4 0.4 3.2 0.1 3.5 0.2 7.2 0.3 11.2 0.4 13.9 0.4
Y 44.5 0.9 7.0 0.3 7.9 0.2 31.3 0.7 9.6 0.2 7.8 0.3 8.8 0.3 31.1 0.6 50.8 0.7
Zr 28.4 1.1 3.3 0.2 3.5 0.1 21.9 0.8 4.3 0.2 4.9 0.3 4.6 0.2 18.8 0.6 33.6 0.9
Ba 0.19 0.03 0.08 0.01 0.05 0.01 2.82 0.15 0.11 0.02 0.08 0.02 0.10 0.02 0.12 0.02 0.32 0.05
La 0.70 0.07 0.09 0.02 0.08 0.01 0.56 0.05 0.12 0.01 0.17 0.02 0.15 0.02 0.36 0.03 0.63 0.05
Ce 3.69 0.28 0.37 0.04 0.35 0.03 2.48 0.18 0.35 0.02 0.49 0.04 0.70 0.07 1.77 0.11 3.35 0.19
Pr 0.86 0.08 0.09 0.01 0.09 0.01 0.59 0.06 0.09 0.01 0.14 0.02 0.13 0.02 0.40 0.04 0.85 0.06
Nd 5.01 0.25 0.55 0.05 0.67 0.03 3.71 0.18 0.66 0.03 0.68 0.04 1.02 0.06 2.68 0.14 4.35 0.18
Sm 2.47 0.21 0.32 0.04 0.37 0.04 1.86 0.14 0.34 0.03 0.45 0.05 0.45 0.05 1.44 0.12 1.94 0.16
Eu 0.38 0.03 0.06 0.01 0.05 0.01 0.22 0.03 0.04 0.01 0.06 0.01 0.09 0.01 0.15 0.02 0.23 0.02
Gd 3.63 0.40 0.71 3.06 0.70 0.06 3.68 0.34 0.71 0.07 0.65 0.10 0.96 0.11 2.50 0.21 2.98 0.30
Tb 0.89 0.08 0.15 0.02 0.15 0.01 0.68 0.07 0.19 0.02 0.20 0.02 0.21 0.02 0.59 0.05 0.76 0.07
Dy 6.89 0.32 0.96 0.05 1.06 0.04 5.07 0.24 1.52 0.06 1.35 0.08 1.77 0.09 4.09 0.19 6.18 0.24
Ho 1.52 0.11 0.21 0.02 0.25 0.02 0.97 0.10 0.33 0.02 0.36 0.04 0.36 0.03 0.92 0.07 1.20 0.08
Er 4.07 0.21 0.64 0.05 0.73 0.04 3.26 0.16 1.05 0.04 0.88 0.05 1.07 0.06 2.85 0.15 3.81 0.17
Tm 0.52 0.05 0.10 0.01 0.09 0.01 0.42 0.05 0.17 0.01 0.10 0.02 0.14 0.01 0.43 0.04 0.52 0.05
Yb 3.10 0.22 0.74 0.07 0.70 0.05 2.80 0.22 1.19 0.06 0.92 0.08 1.00 0.08 2.67 0.21 3.39 0.22
Lu 0.44 0.08 — — 0.10 0.02 0.49 0.07 0.16 0.02 0.10 0.03 0.16 0.03 0.48 0.06 0.50 0.07

Errors (±) are one standard deviation of variance in terms of units cited. Dashed lines indicate elements that were not analyzed. G = individual grains of minerals analyzed, some of which were
measured for core and rim elemental abundances. An, En and Wo = anorthite, enstatite and wollastonite contents, respectively.
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Table 5
EMPA and ion microprobe data for Clast AA from MET 01210

Mineral Plagioclase Fayalite Forsterite Fayalite Pyroxene Pyroxene
Modal % 71.6 4.7 1.2 4.7 16.4 16.4
Code Grain 1 Grain 1 Grain 2 Grain 3 G1 Core G1 Core

wt%

SiO2 45.4 29.9 33.7 30.6 48.1 47.8
TiO2 — 0.11 0.05 0.13 1.38 0.82
Al2O3 33.9 <0.03 <0.03 0.03 1.53 0.87
Cr2O3 — <0.05 0.13 <0.05 0.15 0.10
FeO 0.42 66.3 46.9 63.9 27.5 35.3
MnO — 0.85 0.53 0.74 0.42 0.52
MgO 0.26 1.94 18.2 4.12 4.20 6.46
CaO 19.0 0.82 0.38 0.69 16.7 7.46
Na2O 0.50 — — — 0.03 0.03
K2O 0.03 — — — — —
Total 99.5 100.0 100.0 100.2 100.1 99.4

An 95.3 — —
Fo — 5.0 41.0 10.3
En — — — — 13.3 20.4
Wo — — — — 37.9 16.9

p.p.m ± ± ± ± ± ±
Sc 2.8 0.4 12.2 0.2 17.6 0.2 19.5 0.3 260 1 184 1
V 4.9 0.3 0.9 0.1 32.1 0.4 1.8 0.1 32.6 0.7 30.7 0.7
Cr 7.8 0.4 58.5 0.7 1259 3 126.1 1.1 1297 6 1308 6
Sr 150 2 0.48 0.04 0.2 0.0 0.5 0.0 21.7 0.6 9.9 0.5
Y 0.30 0.02 21.8 0.4 1.4 0.1 8.5 0.2 43.7 0.8 30.6 0.7
Zr 0.20 0.04 2.6 0.1 0.1 0.0 0.7 0.0 50.6 1.3 22.1 0.8
Ba 7.6 0.4 0.34 0.04 0.14 0.02 0.29 0.03 0.17 0.04 0.17 0.03
La 0.16 0.02 — — — — — — 0.91 0.08 0.36 0.04
Ce 0.38 0.04 — — — — — — 3.94 0.27 1.54 0.13
Pr 0.05 0.01 — — — — — — 0.81 0.07 0.42 0.04
Nd 0.20 0.03 0.12 0.01 — — 0.10 0.01 5.96 0.26 2.87 0.14
Sm 0.05 0.03 0.12 0.02 0.02 0.1 0.05 0.01 2.67 0.23 1.15 0.13
Eu 1.07 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.29 0.03 0.14 0.02
Gd 0.04 4.2 0.42 0.04 0.05 0.01 0.25 0.03 4.20 0.47 2.54 0.26
Tb — — 0.17 0.01 0.02 0.00 0.09 0.01 0.93 0.11 0.50 0.05
Dy 0.07 0.02 2.04 0.07 0.16 0.01 0.94 0.04 6.66 0.33 4.74 0.21
Ho 0.01 0.01 0.63 0.04 0.04 0.00 0.28 0.02 1.30 0.11 0.76 0.07
Er 0.03 0.01 2.88 0.09 0.16 0.01 1.04 0.05 4.20 0.22 2.77 0.15
Tm — — 0.50 0.04 0.03 0.00 0.20 0.02 0.64 0.05 0.37 0.04
Yb — — 3.77 0.19 0.22 0.02 1.44 0.07 3.29 0.31 2.82 0.20
Lu 0.00 0.01 0.70 0.05 0.05 0.01 0.24 0.02 0.59 0.09 0.46 0.07

Errors (±) are one standard deviation of variance in terms of units cited. Dashed lines indicate elements that were not analyzed. G = individual grains of
minerals analyzed, some of which were measured for core and rim abundances. An, Fo, En and Wo = anorthite, forsterite, enstatite and wollastonite
contents, respectively.
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immature polymict, predominantly basaltic, fragmental
breccia. Due to the presence of agglutinates and glass,
the meteorite can be further classified as an immature, pre-
dominantly basaltic glassy-matrix regolith breccia. The
polished section studied is composed of lithic clasts of ba-
salt (63 mm) and granulitic anorthosite, as well as sym-
plectic fragments and mineral clasts of angular pyroxene,
plagioclase, olivine and Fe–Ti oxide set in a matrix of pre-
dominantly glassy material (Fig. 1). As a whole, the breccia
contains �35 vol % olivine and pyroxene, �65 vol % pla-
gioclase, silica and matrix and �1 vol % oxides, troilite
and FeNi metal. The regolith component is restricted to
a few rounded agglutinates, although some ‘regolith spher-
oids’ have been reported (Huber and Warren, 2005).
3.1.1. Basaltic clasts

Basalt fragments make up �70 vol % of the lithic clast
population in MET 01210. Basaltic clasts possess a wide
range of textures and mineralogies (Table 1). The textures
range from relatively coarse-grained (length = 0.5–1.0 mm)
intergranular (clast A) to fine-grained (60.5 mm) sub-
ophitic (clast AA), to very fine-grained (60.1 mm) plumose
(clast K) (Fig. 1a–c). The largest clast, clast A
(3.0 · 2.5 mm), is predominantly composed of strongly
zoned pyroxene grains with compositions from Mg-pigeon-
ite (Wo21En49) to pyroxferroite (Wo1En3) (Tables 2 and 3;
Fig. 2a). Plagioclase grains in clast A range from An97 to
An80, with the most sodic examples (up to 1.6 wt%
Na2O) associated with a single mesostasis area preserved



Table 6
Representative EMPA data for glasses in MET 01210 and PCA 02007

MET 01210 MET 01210 PCA 02007 PCA 02007 PCA 02007 PCA 02007
Type Agglutinate Agglutinate Agglutinate Spherulea Spherule Spheruleb

Clast I.D. O Oc
included T13 T3 T20a T48

n 15 5 5 6 10

wt% Average 1 SD Average 1 SD Average 1 SD Average 1 SD Average 1 SD Average 1 SD
SiO2 45.0 1.4 48.3 3.0 43.3 0.8 41.2 0.2 46.2 0.1 45.1 0.8
TiO2 1.19 0.52 0.36 0.04 0.29 0.03 0.30 0.03 1.06 0.04 0.28 0.06
Al2O3 16.3 4.1 18.0 1.7 24.7 0.4 26.7 0.1 15.8 0.1 24.3 2.4
Cr2O3 0.22 0.06 0.39 0.15 0.17 0.05 0.11 0.03 0.33 0.05 0.17 0.04
FeO 15.6 4.6 10.6 1.3 6.44 0.33 6.62 0.07 14.3 0.4 6.28 3.36
MnO 0.24 0.08 0.20 0.03 0.10 0.02 0.10 0.02 0.20 0.02 0.11 0.04
MgO 6.62 1.02 8.71 0.43 7.16 0.11 7.51 0.07 7.99 0.08 7.70 1.72
CaO 13.2 0.7 12.7 0.9 15.1 0.1 16.0 0.1 12.5 0.1 14.7 1.3
Na2O 0.29 0.09 0.40 0.07 0.26 0.04 0.05 0.02 0.19 0.03 0.31 0.06
K2O 0.04 0.02 0.03 0.01 <0.03 <0.03 <0.03 <0.03
P2O5 0.19 0.03 0.17 0.05 0.03 0.01 0.04 0.02 0.04 0.01 0.03 0.02
SO2 — — — — 0.09 0.02 <0.05 0.08 0.02 0.07 0.04
BaO — — — — — — <0.03 0.03 0.04 <0.03
Total 98.9 99.9 97.7 98.5 98.8 99.2

Mg# 43.1 59.3 66.5 66.9 49.9 68.6

a Contains inclusion with glass-plagioclase (An95)-pyroxene-olivine (Fo80) assemblage.
b Contains plumose textures though no stoichiometric minerals.
c Pre-cursor agglutinate included within the major mass of glassy fragment clast O. Mg# = molar Mg/(Mg + Fe) · 100. Dashed lines indicate elements

that were not analyzed.
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within the clast. Ulvöspinel (molar Cr/(Cr + Ti) · 100 = 6–
20) and ilmenite (MgO = 0.2–0.4 wt%) are included within
the Fe-rich rims of zoned pyroxene grains. Symplectic tex-
tures, where pyroxferroite has broken down to hedenberg-
ite (Wo40En6–10), fayalite (Fo3–7) and silica, occurs with
ilmenite, troilite, K-rich glass and merrillite
(�50 · 20 lm; 2.9–3.3 wt% Ce2O3) within the mesostasis
areas. Clast A appears to be similar in nature to the
coarse-grained basaltic clast described by Arai et al.
(2005) for MET 01210.

Clast AA is a subophitic basalt with tabular crystals of
plagioclase (0.3–0.4 mm in length) that have a restricted
range of anorthite contents (An94±2), and olivines that
are more forsteritic (Fo6–41) than those documented in clast
A (Tables 2 and 3). Pyroxene compositions in clast AA are
more Fe-rich than for some of the core compositions in
clast A (Fig. 2a). The other major basalt clast identified
is clast K, a ‘plumose’ or feathery textured basalt, much
like the texture exhibited in the groundmass of NWA 032
(e.g., Fagan et al., 2002). Clast K has a slightly more
restricted range of pyroxene compositions than clast A,
from augite to ferroaugite (Fig. 2a). Two coarse grained
lithic clasts in MET 01210 (BB and H) are remnants of
extremely Fe-enriched basaltic precursors, with ferroaugite
to pyroxferroite pyroxene compositions. These clasts also
contain skeletal ilmenite and evolved late stage crystalliza-
tion products (e.g., silica, ulvöspinel), and are similar to the
opaque-rich clasts of Arai et al. (2005).

In general, the basaltic clasts in MET 01210 are low- to
very-low titanium in composition and have undergone ex-
treme fractionation from their parental melt compositions.
These basalt clasts are more Fe-rich than those found in a
number of basaltic and predominantly basaltic breccia
meteorites (EET 87521/96008, QUE 94281, Y-793274, Y-
793169 and A-881757; Jolliff et al., 1998; Anand et al.,
2003 and references therein), but appear similar to some
recently described from the brecciated portion of NWA
773 (Fagan et al., 2003), and to some evolved basaltic lu-
nar meteorites (NWA 032; LAP 02205/02224/02226/02436
and LAP 03632—the LaPaz basalts; Fagan et al., 2002;
Day et al., 2006; Zeigler et al., 2005b). Pyroxene crystalli-
zation histories are also similar to the low titanium/very
low titanium basaltic lunar meteorites. In a pioneering
study, Bence and Papike (1972) outlined how mineral
chemistry of lunar pyroxenes recorded the crystallization
of plagioclase and Ti-rich oxides that affect Tschermak-tit-
anian substitutions. Bence and Papike (1972) further con-
sidered that these relations, best expressed in Ti (afu)–Al
(afu) space, would allow basic crystallization histories to
be deduced for small lithic and mono-mineralic fragments.
Ti/Al relations for pyroxenes from basaltic lithic clasts of
MET 01210 are presented in Fig. 3 along with the chemical
trends of an analog pyroxene crystallization experiment
for an Apollo 15 mare basalt (15597; Grove and Bence,
1977).

According to the interpretations of pyroxene mineral
chemistry by Bence and Papike (1972) and, more recently,
Arai et al. (1996), basaltic fragments BB, H and AA
indicate continuous crystallization of pyroxenes, with
Ti/Al = �0.5, consistent with pyroxene and plagioclase
co-crystallization. Clast A first underwent crystallization
of Mg-pigeonites with low Ti and Al and Ti/Al = 0.25 pro-
gressing to more Ti and Al-rich augites. The sub-calcic au-
gite population in clast A have Ti/Al = 0.5 indicating the
onset of plagioclase crystallization. Continued crystalliza-
tion of the clast A parental magma resulted in more Fe-rich



Table 7
Representative EMPA data for silicate, oxide, phosphate and accessory phases in PCA 02007

Phases Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Fe-Px Fe-Px Olivine Olivine Fayalite Plag Plag Plag Plag
Sample Clast ZD Clast T38 Clast T2 Clast F Min Clast Clast T35 Clast T35 Clast T38Cl Clast W Min Clast Clast T35 Clast Tl Clast E Min Clast

wt%

SiO2 55.3 51.2 53.0 51.3 48.8 45.3 44.1 38.8 40.2 29.7 45.3 43.9 43.9 49.5
TiO2 0.60 0.96 0.64 1.41 0.58 1.65 2.20 0.05 0.03 0.10 — — — —
Al2O3 1.11 0.95 0.90 1.48 1.14 1.46 1.44 0.03 0.03 <0.03 33.2 34.9 35.2 31.1
Cr2O3 0.31 0.37 0.33 0.36 0.49 0.16 <0.05 0.14 0.07 <0.05 — — — —
FeO 10.4 21.5 18.6 12.6 29.5 36.4 40.6 19.5 12.9 66.1 0.76 0.33 0.31 0.59
MnO 0.18 0.36 0.34 0.25 0.50 0.48 0.48 0.20 0.19 0.85 — — — —
MgO 30.7 19.4 24.1 16.0 10.1 3.05 0.29 41.1 46.9 2.25 0.24 0.18 0.08 0.10
CaO 1.25 4.84 2.03 16.1 8.81 11.0 10.2 0.17 0.08 0.67 19.3 19.3 19.5 15.1
Na2O <0.03 <0.03 <0.03 0.12 0.03 <0.03 <0.03 — — — 0.49 0.47 0.31 2.59
K2O — — — — — — — — — — <0.03 <0.03 <0.03 0.29
Total 99.9 99.6 99.9 99.6 99.9 99.5 99.3 99.9 100.4 99.7 99.3 99.0 99.3 99.0

Mg# 84.0 61.7 69.8 69.5 38.0 13.0 1.2 78.9 86.6 5.7 An = 95.5 An = 95.8 An = 97.1 An = 75.0

Phases Spinel Spinel Ilm Ilm Glass Glass Glass Glass Glass Glass Glass FeNi FeNi
Sample Min Clast Min Clast Clast X Min Clast Vol Sph Vol Sph Melt Sph Plag Sph Plag Sph Plag Sph Agg Matrix Clast T2

wt%

SiO2 0.80 0.05 0.11 <0.03 44.6 45.9 46.9 44.1 43.8 45.3 44.0 Fe 89.6 98.5
TiO2 17.8 0.22 52.1 52.8 0.46 1.01 0.60 0.26 0.24 0.34 0.35 Co 0.18 0.17
ZrO2 — — — 0.14 — — — — — — — Ni 3.99 1.40
Al2O3 6.71 59.8 0.18 0.03 15.9 15.8 17.6 23.1 29.3 23.0 25.2 P 2.74 0.07
V2O3 0.56 0.06 — — — — — — — — — S 3.27 <0.05
Cr2O3 25.8 3.95 0.39 0.25 0.40 0.28 0.34 0.28 0.09 0.14 0.14 Si <0.03 0.03
FeO 42.4 22.6 45.6 46.7 13.0 15.3 12.7 9.36 4.38 7.06 6.70
MnO 0.28 0.16 0.37 0.48 0.19 0.25 0.21 0.09 0.09 0.10 0.07
MgO 4.25 12.7 0.86 0.14 14.0 8.03 8.38 7.39 4.97 7.38 6.83
CaO 1.05 0.06 0.11 0.06 10.2 12.4 12.3 14.4 16.7 16.0 15.3
BaO — — — — <0.05 <0.05 <0.05 0.05 <0.05 0.05 <0.05 Total 99.8 100.2
Na2O — — <0.03 — 0.25 0.16 0.27 0.30 0.13 0.24 0.33
K2O — — — — <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.09
SO2 — — — — <0.05 0.07 0.26 0.53 <0.05 0.12 0.19
Total 99.6 99.6 99.7 100.6 99.1 99.2 99.6 99.9 99.7 99.7 99.2

Abbreviations: Fe-Px = Evolved Fe-rich pyroxene; Ilm = ilmenite; FeNi = FeNi metal grain, Min Clast = Monomineralic clast; Vol Sph = basaltic glass bead?; Melt Sph = Melt sphere; Plag
Sph = Plagioclase-rich sphere; Plag = Plagioclase. Mg# = molar Mg/(Mg + Fe) · 100. An = Anorthite content (molar Ca/(Ca + Na + K) · 100). Dashed lines indicate elements that were not
analyzed.
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Table 8
Representative EMPA and ion microprobe data for meteorite clast T8, PCA 02007

Glass 1 Glass 2 Glass 3 Olivine 1 Olivine 2 Olivine 3 Plag l Plag 2

wt%

SiO2 43.6 42.3 43.8 41.8 38.7 39.3 47.0 48.1
TiO2 1.22 1.22 1.20 <0.03 <0.03 <0.03 — —
Al2O3 9.00 10.6 8.57 <0.03 0.13 0.14 31.8 32.0
Cr2O3 0.09 <0.05 0.07 0.60 0.37 0.26 — —
FeO 22.0 21.1 23.2 1.49 18.2 15.5 1.21 1.24
MnO 0.32 0.30 0.37 0.19 0.17 0.19 — —
MgO 0.75 0.85 0.56 55.8 42.2 44.8 0.27 0.25
CaO 18.2 18.3 17.7 0.25 0.26 0.27 16.3 16.1
Na2O 0.94 0.97 0.89 — — — 1.96 2.21
K2O 0.41 0.27 0.44 — — — 0.05 0.04
P2O5 1.10 1.12 0.96 — — — — —
SO2 1.12 1.38 1.33 — — — — —
Total 98.7 98.5 99.0 100.1 100.1 100.4 98.6 99.9

Mg# 5.7 6.7 4.1 98.5 80.5 83.8

p.p.m ± ± ± ± ± ± ± ±
Sc 22.6 5 18.1 5 25.8 5 11.7 5 16.1 5 12.4 4 13.3 4 13.7 5
V 191 2 56.7 9 89.4 10 32.7 9 80.2 10 69.4 1 62.9 9 50.3 8
Rb 7.9 13 6.2 13 5.6 11 0.9 3 2.3 9 2.4 7 1.6 7 1.9 7
Sr 65.4 11 61.5 11 51 8 1.6 1 32.5 7 15.7 4 105.3 13 88.5 11
Y 10.3 4 8.1 3 14.8 5 0.66 3 4.9 2 3.0 2 3.9 2 3.8 2
Zr 33.7 10 23.7 8 35.3 8 1.5 1 16.1 6 12.3 3 12.9 5 8.3 4
Ba 16.5 8 11.7 7 18.0 6 1.1 1 11.8 6 2.6 2 8.9 5 8.2 4
La 2.1 1 1.6 1 3.4 2 — — 1.11 8 1.01 8 0.83 6 0.91 7
Ce 4.4 2 3.5 2 8.3 3 0.20 2 2.60 2 1.32 7 1.8 1 2.2 1
Pr 0.73 5 0.50 5 1.19 6 0.04 1 0.46 4 0.31 3 0.31 2 0.33 3
Nd 3.1 1 2.4 1 5.6 2 0.26 3 1.1 8 1.12 6 1.14 8 1.36 8
Sm 0.86 8 0.58 7 1.8 1 0.26 3 0.46 6 0.26 4 0.39 6 0.34 6
Eu 0.35 4 0.25 2 0.65 4 0.02 1 0.18 2 0.09 1 0.39 3 0.49 4
Gd 1.1 1 0.7 1 2.3 2 0.09 3 0.39 9 0.24 5 0.48 7 0.47 8
Tb 0.22 3 0.13 2 0.42 3 0.01 1 0.13 2 0.07 1 0.10 1 0.11 2
Dy 1.45 8 0.82 6 2.7 1 0.07 2 0.78 4 0.38 3 0.60 4 0.65 5
Ho 0.31 3 0.22 2 0.56 3 0.02 1 0.20 3 0.10 1 0.12 2 0.11 2
Er 0.96 5 0.63 5 1.83 8 0.06 2 0.53 4 0.27 3 0.38 3 0.38 4
Tm 0.15 2 0.09 1 0.28 3 0.01 1 0.09 2 0.02 1 0.05 1 0.04 1
Yb 0.97 7 0.55 7 1.5 1 0.08 3 0.62 5 0.23 4 0.37 4 0.36 5
Lu 0.13 2 0.08 2 0.23 3 — — 0.07 2 0.06 2 0.06 2 0.04 1

Errors (±) are one standard deviation of variance in terms of units cited. Mg# = molar Mg/(Mg + Fe) · 100. Dashed lines indicate elements that were not
analyzed.
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compositions with Ti/Al = �1 suggesting late-stage
co-crystallization of ulvöspinel, plagioclase and pyroxene
(Fig. 3). Clast K possesses a similar trend to clast
A, although augites and sub-calcic augites are more
Ti- and Al-rich, due to the rapid quenching of this clast
(20–60 �C/h; Lofgren et al., 1974). Lofgren et al. (1974)
argued that rapidly cooled crystals have preferential
uptake of Ca–Fe–Al–Ti relative to Mg–Si in the pyroxene
lattice.

We determined the trace element abundances of basalt
clasts A and AA by ion probe analysis of major silicate
phases (Tables 4 and 5, Fig. 4a–c). Pyroxene, plagioclase
and olivine, observed from EMPA to span a range of min-
eral compositions, were analyzed, as well as two merrillites
from the mesostasis in clast A. Using this data, we deter-
mined modal recombinations of clast ‘whole-rock’ trace
element compositions to provide a quantitative measure
of the parental melt compositions of clasts, allowing com-
parison with previously studied mare basalts. Pyroxenes in
clast A and AA preserve primary igneous zonation and
show compatibility of Sc, Cr and V and incompatibility
of Zr and Y with increasing fractionation (Tables 4 and
5). REE abundances of pyroxenes also increase with
increasing fractional crystallization of the parental melt
of the clasts, with ferro-augites having similar REE pat-
terns to augite, but higher absolute REE concentrations
(Fig. 4a). Pyroxenes in clasts A and AA have REE patterns
and abundances, which in general terms, are similar to
those measured in LaPaz low-Ti evolved mare basalt mete-
orites, and which have been plotted in Fig. 4a for compar-
ative purposes.

Because olivines in clast A were volumetrically insignifi-
cant, only olivines in clast AA were selected for analysis by
ion microprobe. The olivine REE patterns are consistent
with fractionation, with increasing heavy REE (HREE),
and decreasing compatible element abundances with
increasing fayalite content; the HREE enrichments are
greater than those of other evolved mare basalts (Table 5;
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Fig. 1. Back-scattered electron (BSE) images of textural features in MET 01210. (a) BSE image of the major portion (�70%) of the polished section
examined in this study illustrating the brecciated nature of the meteorite. Dark grey = plagioclase, intermediate grey = olivine and pyroxene, and light
grey = ilmenite, fayalite and spinel. A vesiculated fusion crust surrounds the meteorite (at the top of image) and clast A takes up the left-most, centre
portion of the image. Other notable features include the large fayalite mineral clast (bright, irregular outline) at the lower left-hand corner of the image,
and the obvious zonation in the pyroxenes within clast A and the pyroxene clast in the lower right-hand corner of the image. (b) BSE image of clast AA,
next to coarser grained clast A, showing the subophitic texture of this basaltic fragment. Other notable clasts include: (c) the plumose textured basaltic
clast K; (d) a large exsolved pyroxene in a coarse grained basaltic fragment; (e) plagioclase-rich meta-melt clasts similar to those found in mixed basaltic
regolith breccias (e.g., QUE 93069; Koeberl et al., 1996) and (f) a glassy clast and surrounding mineral clasts within the breccia. Note differences in scales
and the fragmented nature of individual clasts within the BSE images.
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Fig. 2. Pyroxene, olivine and plagioclase compositions for selected lithic and mineral clasts in MET 01210. Unshaded and grey shaded circles in (a and b)
respectively are data points obtained on all pyroxenes in MET 01210 during the course of this study. (a) Pyroxene quadrilateral for basaltic lithic clasts.
Compositions of pyroxenes in the basaltic clasts (e.g., A, K) cover nearly the entire range of pyroxene compositions measured in MET 01210 (e.g., clast
M). (b) Pyroxene quadrilateral for feldspathic clasts (described as ‘ferroan anorthosite’ or FAN) and single mineral clasts (SMC). The ‘tail’ of high Mg low
Ca pyroxene compositions are entirely accounted for by the populations of feldspathic clasts in MET 01210. Compositions of pyroxenes are compared
with zoning trends in pyroxenes from experiments on lunar basalt 15597 (dashed arrowed line—Grove and Bence, 1977). (c) Olivine compositions for
MET 01210 illustrating the preponderance of fayalitic olivines in the sample; forsteritic olivines are restricted to mineral clasts and do not occur in basaltic
clast fragments. (d) Plagioclase compositions for MET 01210 with a tail to low anorthite compositions associated with the closed-system fractionation of
basaltic clast precursor magmas and complementary enrichment in incompatible elements.
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Fig. 4b). In general, plagioclase in the clasts spans a limited
range of anorthite contents. A single grain of An80 plagio-
clase has higher Sr and Ba abundances (Table 4) than the
other plagioclase grains. This grain also has higher REE
abundances than the other grains, although its REE pattern
is similar; higher REE abundances are typical for lunar pla-
gioclases that form late in the crystallization sequence
(Fig. 4c). Like previous ion microprobe studies of lunar
basaltic meteorites (e.g., Jolliff et al., 1993; Anand et al.,
2003; Anand et al., 2006), we find that phosphates in the mes-
ostasis of clast A have elevated abundances of the REE (Ta-
ble 4; Fig. 4c). Merrillites in clast A have somewhat steeper
HREE-depleted patterns relative to merrillites in the LaPaz
mare basalts and in EET 96008 (Fig. 4c); variations in mer-



Fig. 3. Pyroxene compositions for lithic clasts in MET 01210 as a function of Ti and Al (atomic formula units—afu). Data are compared with pyroxene
crystallization experiments from Grove and Bence (1977). Decrease in Al, relative to Ti, marks the onset of plagioclase crystallization. Lines denoted 1:1,
1:2, 1:4 indicate ratios of Ti/Al = 1, 0.5 and 0.25, respectively.
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rillite REE patterns have also been noted by Neal and Taylor
(1991 and references therein).

Previous studies have demonstrated the close corre-
spondence between whole-rock trace element composi-
tions measured on homogenized powder aliquots of
mare basalts and whole-rock recombinations of the
same samples by using modal data and mineral REE
compositions (e.g., Anand et al., 2006). Whole-rock
modal recombination of clasts A and AA yield
HREE-depleted and HREE-enriched patterns, respec-
tively (Fig. 4d), and are unlike the REE patterns of typ-
ical mare basalts. Recombination of whole-rock
compositions using modal data and mineral trace ele-
ment data show the significance of phosphate for deter-
mining accurate bulk REE compositions. A modal
recombination using only the silicate minerals analyzed
in clast AA results in a light REE (LREE) depleted
whole-rock composition (Fig. 4d). However, using the
phosphate data of clast A (Table 4), a LREE-enriched
whole-rock composition similar to that of clast A is
reconstructed (Fig. 4d). Clast size also significantly
affects modal recombination, especially if minerals with-
in the clast are coarse grained. With these caveats in
mind, we do not place emphasis on whole-rock compo-
sitional constraints for these clasts and note that minor
minerals (phosphate, zirconium-rich minerals) have
important controls on trace element abundances in these
modal recombinations.
3.1.2. Feldspathic clasts

Feldspathic clasts make up the remaining �30 vol % of
the lithic clast inventory in MET 01210. The textures of
these clasts are invariably granulitic (Fig. 1e) and the min-
eralogy is dominantly that of anorthosite (Tables 1–3).
Pyroxenes in the feldspathic clasts range from orthopyrox-
ene to sub-calcic augite (Fig. 2). These feldspathic clasts
probably have an impact melt origin, however, their pyrox-
enes possess Ti/Al which record plagioclase crystallization
and separation. For example, orthopyroxene is character-
ized by Ti/Al = �0.25 indicating crystallization in a liquid
saturated in Al, whereas the more evolved clinopyroxenes
possess Ti/Al = �0.5, possibly representing late stage crys-
tallization after the separation of plagioclase within these
clasts (Fig. 3). The feldspathic clasts also contain FeNi
metal grains (0.2–0.6 wt% Co; 5.5–15.5 wt% Ni) similar
to those reported in meta-melt clasts from QUE 93069, a
feldspathic regolith breccia (Koeberl et al., 1996); these
metals almost certainly have an exogenous (i.e., meteoritic)
origin. The feldspathic clasts in MET 01210 have similar
textures and plagioclase/mafic mineral ratios as granulite
clasts in QUE 93069 and MAC 88105, which are consid-
ered to have experienced thermo-metamorphic recrystalli-
zation (Koeberl et al., 1991, 1996).

3.1.3. Agglutinitic glass

A single relatively large, ropy clast (�0.9 · 0.5 mm) and
some smaller fragments of agglutinate were recognized in
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Fig. 4. CI chondrite-normalized REE abundances in (a) pyroxene, (b)
olivine, (c) merrillite and plagioclase from clast A and AA of MET 01210
and (d) of whole-rock compositions for PCA 02007 and estimated whole-
rock recombinations for clast A and clast AA in MET 01210. Also shown
in (d) is the typical measured range of REE in whole-rock feldspathic
meteorite breccia analyses (from Korotev et al., 2003) and in evolved mare
basalt meteorites (Day et al., 2006). The gap between ferro-augite and
augite compositions in (a) is likely the result of sampling. Normalization
data from Anders and Grevesse (1989).

Lunar breccia meteorites MET 01210 and PCA 02007 5971
MET 01210. The largest glassy clast (O) is characterized by
discontinuous schlieren that contains plagioclase fragments
(An90–96), sub-micrometer Fe0 particles, as well as two
fragments of possible precursor vitrophyric material (Table
3). The compositions of the precursor vitrophyric frag-
ments are more homogenous than the agglutinitic glass
and have MgO contents of �5 and 9 wt%, respectively (Ta-
bles 3 and 6; Fig. 5). The composition of the agglutinate is
less Al2O3-rich than similar agglutinitic clasts within pre-
dominantly basaltic breccia NWA 773 (Fagan et al.,
2003), or in feldspathic breccias such as PCA 02007
(Fig. 5).

3.1.4. Mineral clasts and matrix material
Pyroxene is the predominant mineral clast type in

MET 01210. A small proportion of pyroxenes clasts are
high-Mg-pigeonites, and are preserved within lithic feld-
spathic clasts (Section 3.1.2). The majority of minerals
clasts have pyroxene compositions more typical of mare
basalt chemistries (Fig. 2b). Some pyroxene clasts within
MET 01210 are exsolved with relatively wide exsolution
lamellae (average width = 2.4 lm) and have Ti/Al ra-
tios = 0.5, consistent with concomitant plagioclase frac-
tionation (Fig. 3). The average width of the exsolution
lamellae for MET 01210 pyroxene grains are similar to
those measured in other anorthosite-bearing fragmental
basalt breccias Y-793274 (�0.35–>1 lm), QUE 94281
(�1–>2 lm) and paired meteorites EET 87521 and EET
96008 (�500–>1 lm); wide exsolution lamellae are consid-
ered indicators of slow cooling (e.g., Jolliff et al., 1998;
Arai and Warren, 1999; Anand et al., 2003), although
they have not been recognized in relatively slow cooled
basalt meteorites such as the LaPaz basalts (Day et al.,
2006). It should be noted that the orientation of section-
ing through an exsolved pyroxene has a significant impact
on the average width of the exsolution lamellae so that
the average width should probably be considered a max-
imum. Traverses of pyroxene exsolution indicate crystalli-
zation temperatures in the range of 1100–1200 �C and
equilibration temperatures that extend no lower than
�900 �C based on the two-pyroxene thermometer of
Lindsley and Andersen (1983).

Fragments with symplectic breakdown textures are pres-
ent as individual clasts within MET 01210, as well as within
the mesostasis of Clast A. These vermicular symplectic tex-
tures consist of fayalite (Fo3–6), hedenbergite (Wo40En6–10)
and silica and are characteristic of original pyroxene com-
positions that are Fe-rich (Wo15En4–Wo15En8—measured
using defocused beam analysis). Similar symplectites have
been recognized in a number of basaltic breccias (Jolliff
et al., 1998; Fagan et al., 2003) and occur when metastable
pyroxenoids (e.g., pyroxferroite) are slowly cooled, result-
ing in break-down to fayalite + hedenbergite + silica
(Lindsley et al., 1972).

Monomineralic olivine clasts have compositional ranges
spanning almost the entire spectrum of forsterite contents
(Fo94 to Fo1) (Fig. 2c). Forsteritic grains occur as small



Fig. 5. Compositions of glasses in PCA 02007 and MET 01210 according to type (Al-rich spherule, agglutinate, glass beads) plotted on an MgO versus
Al2O3 discrimination diagram. Also plotted are whole-rock compositions for MET 01210 (filled triangle) and PCA 02007 (unfilled triangle) and the
approximate range of glass compositions in ALHA 81005, MAC 88105 and Apollo 16 regolith (Grey box—Delano, 1991): a larger range of glass
compositions, trending to more aluminum-rich compositions, have been observed in other Apollo 16 regolith materials (R. Zeigler pers. comm.). The
composition of the agglutinate fragment in MET 01210 is less Al2O3-rich than PCA 02007 agglutinates, but all indicate mixing with a plagioclase-rich end-
member. Glass bead compositions in PCA 02007 are generally homogeneous but trend to high Al2O3 indicating that the majority (all?) of these glass beads
have an impact, not volcanic, origin. Glasses with low MgO and low Al2O3 in PCA 02007 are generally rich in FeO and have up to 3 wt% TiO2, perhaps
reflecting an ilmenite component.
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(<20 lm) rounded mineralic clasts, but the most predomi-
nant olivine clasts have low forsterite contents like those
found within the lithic basalt clast lithologies (e.g., A and
AA). A peculiarity of MET 01210 is the presence of large
clasts of fayalite (P500 lm) which are associated with
ilmenite, but lack inclusions of K-glass and silica like those
seen in many lunar basalt mesostases (e.g., Dhofar 287 or
LAP 02205; Anand et al., 2003, 2006). A similar mineral
association is seen in Clast A where the largest fayalites
are not associated with the mesostasis and appear to have
crystallized concomitantly with ulvöspinel.

Other mineral fragments and matrix constituents within
MET 01210 include plagioclase (up to 2 mm in length;
An98–68; Fig. 2d), ilmenite (bladed, up to 0.8 mm; 0.85–
<0.1 wt% MgO) and Al2O3-rich to Al2O3-poor glass
(Fig. 5). Glasses analyzed include fusion crust and aggluti-
nates—no spheroids or silica-poor glasses were recognized,
although some have been reported for MET 01210 in pre-
liminary petrographic studies (Zeigler et al., 2005a; Huber
and Warren, 2005). Spinels (up to 0.8 mm in length) con-
tain less than 10 wt% Cr2O3 and are ulvöspinels (Fig. 6).
Ulvöspinels are also the most common spinels in the basalt
clasts and are found associated with late-stage Fe-rich
pyroxene or associated with ilmenite or fayalite. A single
spinel has a chromite core (38.8 wt% Cr2O3, 7.6 wt%
TiO2) zoned to an ulvöspinel rim (13.9 wt% Cr2O3,
25 wt% TiO2; Fig. 6).

Minor phases include apatite (up to 50 lm on the lon-
gest axis, 1.7–2.2 wt% F, 1.7–2.0 wt% Cl) and merrillite
(4.6 wt% Ce2O3), as well as silica, troilite and FeNi metal
grains. Silica occurs as grains up to 0.4 mm in diameter
and is >99 wt% SiO2. Troilite is located within lithic clasts
(Table 2) and within the matrix. FeNi metals occur as
<20 lm grains throughout the matrix. Three high Co,
low Ni metal grains, similar to those described in LaPaz
and Apollo 12 mare basalts (Day et al., 2006) were recog-
nized, although the majority of grains have low Co, with a
distinct group possessing elevated (>0.25 wt%; Fig. 7) P,
indicative of an exogenous (meteoritic) component in
MET 01210. The matrix is well consolidated and partially
welded by irregular agglutinate fragments and small miner-
al clasts, with compositions identical to the mineral clasts
and lithic fragments described.

3.2. Petrography and mineral chemistry of PCA 02007

Pecora Escarpment (PCA) 02007 is a 22.4 g feldspathic
regolith breccia discovered in Antarctica in 2003 (Fig. 8a–p).



Fig. 6. 2Ti–Cr–Al plot for PCA 02007 and MET 01210 spinels, which
show a typical low-Ti mare basalt fractionation trend. Note the nearly
pure spinel measured in PCA 02007. Fields are for spinels from the LaPaz
evolved low-Ti lunar mare basalt meteorites (Day et al., 2006).

Fig. 7. Ni versus Co for FeNi metal grains in PCA 02007 and MET 01210
and for meteorite clast T8 in PCA 02007. PCA 02007, Clast T8 and MET
01210 contain FeNi metal grains with similar Ni/Co ratios to chondritic
meteorites (data from Goldstein and Yakowitz, 1971), including some
FeNi metal grains with elevated P contents.
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Using the terminology of Stöffler et al. (1980), PCA 02007
can be considered a mature, polymict, predominantly
feldspathic regolith breccia. It is texturally and petro-
graphically similar to previously described feldspathic lu-
nar meteorites (e.g., Korotev et al., 2003) and is
composed of individual lithic clasts (Tables 1 and 2)
and mineral fragments set within a fine-grained, partially
glassy matrix. It is worth noting that all feldspathic lunar
meteorites are breccias. Plagioclase-rich metamorphic
clasts from an anorthositic precursor, dominate the clast
assemblage in PCA 02007 (Fig. 8). Basaltic, noritic, troc-
tolitic, granulitic, agglutinitic and partially devitrified
spherule clasts are also present (Fig. 8b–h). A distinct
and unique ‘chondrule-like’ clast located within PCA
02007,24, and first reported by Taylor et al. (2004b), is de-
scribed in detail here (Fig. 8a). Individual minerals within
the breccia in decreasing order of abundance are plagio-
clase, pyroxene, olivine, spinel, ilmenite, troilite and FeNi
metal grains (Table 7).

3.2.1. Feldspathic clasts

There are a variety of textures for the feldspathic
clasts in PCA 02007, all of which have been melted or
recrystallized and can thus be considered meta-anortho-
sites or feldspar-phyric metamorphic clasts (Fig. 8m–p).
Some clasts have a poikilitic texture of small olivine,
pyroxene and FeNi metal grains that are enclosed by
plagioclase (e.g., clast T2, Fig. 8h). A large proportion
of feldspathic clasts have recrystallized subophitic to hya-
loophitic textures (e.g., Fig. 8m–p), often with bladed or
dendritic plagioclase crystals and vermicular FeNi metal
grains. Large FeNi metal grains often occur as large
(>20 lm) bright hued spots in BSE images (e.g.,
Fig. 8f). Like FeNi metals in feldspathic clasts of MET
01210, these are almost certainly exogenous (meteoritic)
in origin. There is also a subset of ‘comb-textured clasts’
of plagioclase and Mg–Fe rich glass (Fig. 8m), and par-
tially resorbed and melted crystals (olivine, pyroxene,
plagioclase) enclosed within recrystallized material (e.g.,
Fig. 8p).

The metamorphic feldspathic clasts typically have pla-
gioclase with high anorthite contents (�An94–98) and acces-
sory pyroxene and olivine compositions that span the range
of compositions from ferroan anorthosites to high magne-
sium (high Mg/Fe) suite rocks (e.g., Table 2). These clasts
usually contain FeNi metal grains that either have high
phosphate abundances or lie within the range of chondrite
and achondrite meteorite compositions (Fig. 7; Section
3.2.5). One distinct poikilitic textured feldspathic clast
(T2) partially overlaps the compositions of sodic anortho-
sites recognized by Norman et al. (1991). Another clast
contains olivine (Fo86) that is clearly more Mg-rich than
the co-existing pyroxenes, indicating mineralogical disequi-
librium (clast W, Table 2).

3.2.2. Basalt/gabbro igneous and metamorphic basalt clasts

Because of the predominance of feldspathic metamor-
phic clasts, it is not surprising that PCA 02007 has a
population distribution of plagioclase that trends to high
anorthite contents and a pyroxene population that has a
predominance of orthopyroxene, pigeonite and augite
compositions (Fig. 9a–d). There is, however, an obvious
tail to lower anorthite contents for plagioclase and a
large range in pyroxene compositions to pyroxferroite,
which reflects the contribution of basaltic and metamor-
phic basaltic fragments in PCA 02007. Basaltic clasts in
PCA 02007 generally have more magnesium olivine and
pyroxene compositions than basaltic fragments recog-
nized in basaltic breccia meteorites like MET 01210,
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Fig. 8. BSE images of textural features and clast types in PCA 02007. (a) ‘Chondrule-like’ clast, T8, showing zones of pyrrhotite (brightest), porphyritic
olivine (dark grey) and interstitial plagioclase and glass (medium grey) that make up this highly unusual included fragment in PCA 02007. Close to this
clast are a number of plagioclase-rich impact melt clasts. (b) Poikilitic troctolite clast (T9) composed of plagioclase with high anorthite contents (dark grey)
and olivine. (c) Sub-ophitic annealed impact melt basalt clast (T35) with acicular plagioclase crystals (dark grey) set within zoned pyroxene. (d) Ophitic
basalt/gabbroic clast (F) with blocky plagioclase (dark grey) set within pyroxene (top of clast) and olivine (bottom of clast). (e) Poikilitic basaltic impact
melt clast (X) with ilmenite (bright hue), pyroxene and plagioclase (dark hue). (f) Subophitic norite clast (V) composed of large euhedral to subhedral
plagioclase and pyroxene. (g) Basalt clast (T38) next to a plagioclase-rich impact melt clast. Note the rounded edges of the ilmenite and plagioclase in clast
T38. (h) Clasts T1 and T2 in PCA 02007 illustrating the variety of compositional clasts and textures. Glassy or partially melted impact melt clasts are
common in PCA 02007, and range from rounded spherules with included minerals (i), fast-quenched spherules with ‘comb-like’ plagioclase and/or
pyroxene growths (j), chemically homogenous low-Ti spherules, often with high Al2O3, and rounded or disaggregated types (k), or agglutinates (l). The
lithic clast population of PCA 02007 is dominated by impact-melt and metamorphic textures with comb-like plagioclase-pyroxene intergrowths (m), re-
annealed feldspathic clasts (n, o) and impact melt clasts containing partially resorbed minerals (e.g., olivine and plagioclase) (p).
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although some possess a range of pyroxene compositions
that follow a ‘Fenner’ Fe-enrichment trend (e.g., clast
T35; Table 2, Fig. 9). Based on the wide range of tex-
tures (e.g., Fig. 8c–g) and chemical compositions a num-
ber of different basaltic clast populations can be
recognized in PCA 02007, that are described here.



d

c

b

a

Fig. 9. Pyroxene, olivine and plagioclase compositions for selected lithic and mineral clasts in PCA 02007. Grey shaded circles in (a and b) are data points
obtained on all pyroxenes in PCA 02007 during the course of this study. Pyroxene quadrilateral for basaltic (a) and feldspathic (b) lithic clasts and mineral
clasts. Compositions of pyroxenes in the basaltic clasts (e.g., T35) cover nearly the entire range of pyroxene compositions measured in PCA 02007, similar
to some basaltic clasts in MET 01210. However, the core compositions of these basaltic clasts are generally more Mg- or Ca-rich than core compositions of
typical mare basalt pyroxenes. Compositions of pyroxenes are compared with zoning trends in pyroxenes from experiments on lunar basalt 15597 (dashed,
arrowed line—Grove and Bence, 1977). There is overall, a very wide range in pyroxene compositions measured in PCA 02007, although feldspathic clasts
do not possess Fe-rich pyroxenes. Pyroxene clasts with exsolution lamellae show a range of pyroxene compositions, as shown in (a). (c) Olivine
compositions for PCA 02007 illustrating the preponderance of forsteritic olivines in the sample; fayalitic olivines are restricted to basalt clasts (olivine and
plagioclase in clast T8 have been omitted from this plot for clarity). (d) Plagioclase compositions for PCA 01210, showing fewer low anorthite
compositions compared with MET 01210 (Fig. 2d).

Lunar breccia meteorites MET 01210 and PCA 02007 5975
Basaltic clasts can be divided into subophitic and re-an-
nealed, metamorphic, pilotaxitic to poikilitic varieties (e.g.,
Fig. 8c and e; Table 2). For the purpose of this study, the
distinction between ophitic basalt and gabbro clasts has
been made based on their average plagioclase lengths
(650 lm for ‘basalts’; U and T38; Fig. 8g, and P200 lm
for the ‘gabbros’; T28 and F; Fig. 8f). The ophitic basalts
and gabbros have olivine with Fo55–65, plagioclase compo-
sitions that vary from An90–98 and a range of pyroxene
compositions (Fig. 9a and b). Ti/Al ratios for basalts clasts
in PCA 2007 range as a function of the metamorphic or im-
pact-melt heritage of many of the clasts. For crystalline
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basalt clasts, Ti/Al ranges from 0.25 to 0.5 consistent with
early pyroxene crystallization followed by plagioclase
co-crystallization (Fig. 10). Clasts F and T38 contain
pyroxenes with a wide range of Ti concentrations for a lim-
ited range of Al concentrations and may reflect the relative
incompatibility of Ti and Fe in these melts with increasing
fractional crystallization.

Metamorphic basalt and gabbroic clasts can be
grouped into those with high-Mg pyroxene compositions
(E, T7) and those with pyroxene compositions more typ-
ical of mare basalts (X, T35; Table 2). These clasts essen-
tially represent crystalline impact melt clasts. High-Mg
pyroxene meta-basalts (clasts E, T7) have olivines with
Fo64–70 and plagioclase from An89–97 (Fig. 9). Clasts X
and T35 have marginally lower Mg–olivine (Fo52–68)
a

b

Fig. 10. Pyroxene chemistry for (a) lithic clasts in PCA 02007 as a function
pyroxene chemistry for PCA 02007 and MET 01210 as functions of Mg# (Mg/
the majority of pyroxenes measured in PCA 02007 are from lithic clasts wit
crystallization sequences (Bence and Papike, 1972) do not necessarily apply. Da
Bence (1977—dashed arrowed line) in (a), and with data from EET 96008 (An
Mg# than MET 01210 pyroxenes. Lines denoted 1:1, 1:2, 1:4 indicate ratios o
and a similar distribution of plagioclase (An87–95) and
pyroxene compositions (Fig. 9). Pyroxene chemistry for
the metamorphic clasts indicates a fast, single stage crys-
tallization history, where pyroxenes generally lie along a
single Ti/Al ratio line in Fig. 10 consistent with their im-
pact melt heritage. Clast T35 has pyroxenes with Ti/Al
ratios that range from 60.25 to 1. This probably
indicates initial saturation in Al and subsequent crystalli-
zation of plagioclase and enrichment in Ti in this
fast-cooled clast.

3.2.3. Norite, noritic anorthosite and troctolite clasts

Clasts similar to ‘high-magnesium suite’ type litholo-
gies are relatively abundant in PCA 02007. They have
igneous to metamorphic textures, with poikilitic textures
c

of Ti and Al (atomic formula units) and comparison plots (b and c) of
(Mg + Fe) afu) and Ti# (Ti/(Ti + Cr) afu) and Ti and Al (afu). Note that

h a metamorphic or impact melt heritage so the methods of recognizing
ta are compared with pyroxene crystallization experiments from Grove and
and et al., 2003) in (b). PCA 02007 pyroxenes have lower Ti# and higher
f Ti/Al = 1, 0.5 and 0.25, respectively.
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Fig. 11. Ca (a), Mg (b) and Fe (c) X-ray maps of clast T8 in PCA 02007
illustrating the (a) Al-rich nature of the matrix surrounding the olivine, (b)
the few highly forsteritic olivines in the clast, and (c) the zonation of the
olivine grains with respect to Fe as well as pentlandite and pyrrhotite
assemblages (bleb-like bright hued regions).
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for troctolites (Fig. 8b, f and h) and ophitic to sub-ophit-
ic textures for norites and noritic anorthosites. Most of
the high-magnesium suite-type clasts contain plagioclase
with high anorthite contents (An95–98). The troctolites
contain olivines with restricted ranges in chemical com-
position for individual clasts, although the two troctolites
featured have different forsterite compositions (Table 2).
Norites have high-Mg pigeonite (e.g., ZD, Y) and gab-
bro-norites possess forsteritic olivine (e.g., T2). Despite
their metamorphic textures and origins, noritic clasts
have pyroxenes with Ti/Al ratios consistent with crystal-
lization from an Al-saturated magma, whereas the gab-
bro-norite includes pyroxenes with higher Ti/Al ratios,
possibly consistent with co-crystallization of plagioclase
and pyroxene.

3.2.4. Glass spherules and agglutinates

Numerous glass beads are preserved in PCA 02007.
Typically, only the smallest (<150 lm) beads preserve
their ideal spherical shape (Fig. 8i–k) whereas the larger
beads tend to be fragmented, with their spherical outer
edges only partially preserved (Fig. 8k). Nearly all the
glass beads in PCA 02007 have magnesium numbers
(Mg#) in the range of 61–69, and low TiO2 (0.2–
1.1 wt%) and are chemically homogenous (Table 6).
The chemical and textural homogeneity may be consis-
tent with a volcanic origin for some of the glass beads.
If they are indeed volcanic, these would be considered
very-low titanium (VLT) compositions according to
pyroclastic glass classifications (Delano, 1986; Papike
et al., 1998). There are obvious textural similarities with
the glass beads reported for PCA 02007 (Fig. 5) and
those featured in Fig. 30 of Papike et al. (1998).
Although some of the glass beads have ‘low’ Al2O3

(15.8 wt%), possibly consistent with a volcanic origin
(e.g., Clast T20a, Table 6), the great majority possess
very high Al2O3 (24–29 wt%) more consistent with an im-
pact melt origin from an anorthositic precursor (Table 6;
Fig. 5). One glass bead (26.7 wt% Al2O3) contains a
small (30 · 25 lm) included pocket of crystals (olivine,
pyroxene and plagioclase) and glass (Clast T3, Table 6;
Fig. 8i). The olivine has a high Mg-number (Fo80) and
the plagioclase is calcic (An95). This pocket of crystals
and glass may represent the crystallization products of
the impact melt that produced the glass bead.

Agglutinate clasts commonly occur as broken fragments
or as spherical clasts with vesicles, schlieren and inhomoge-
neous textures (Fig. 8l). Agglutinate clasts with homoge-
neous glass compositions (e.g., Clast T13; Table 6) can be
distinguished from the volcanic glass beads because of
the abundance of vesicles and sub-micrometer Fe0 parti-
cles. The agglutinates are chemically heterogeneous. For
example, one agglutinate has MgO ranging from 0.1 to
30 wt% and Al2O3 from 0.1 to 35 wt%. Such variability is
most likely a function of the incomplete mixing and
break-down of ferromagnesian minerals and plagioclase
that are disaggregated and melted to form agglutinates.
3.2.5. Chondrule-like clast in PCA 02007

A �0.6 · 0.4 mm fragment of a chondrule-like object
occurs within PCA 02007 and has been designated clast
T8 (Tables 1 and 2; Fig. 8a and 11). Texturally the clast
is porphyritic, dominated by equant olivines (46.5 vol %)
set within a matrix rich in glass (28.8 vol %) and plagioclase
(19.9 vol %) (Fig. 11). The clast also contains pockets of
sulphide and FeNi metal (4.8 vol %; Table 1). Differences
between this clast and typical chondrules include the angu-
lar and fragmented nature of the silicate minerals and the
absence of pyroxene. It contains highly forsteritic olivine
cores with high CaO and Cr2O3 contents, nearly chondritic
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REE patterns, and Fe/Mn ratios (11 ± 8), which are unlike
any lunar material investigated to date.

A number of the olivine cores in clast T8 are highly mag-
nesian (Fo99) with rims that range from Fo82 to as Fe-rich
as Fo44 (rims have a maximum width of <10 lm and an
average width = �2 lm). The core-to-rim variations result
in a bi-modal distribution of forsterite contents (Fig. 12a).
Cr2O3 contents for olivines (Fig. 12b) lie between the range
of compositions for chondrules found in CV and CR chon-
drites (Krot and Keil, 2002a; Krot et al., 2002b), but the
anorthite and MgO content of plagioclase (An80±1;
MgO = 0.27 ± 0.09 wt%) best fit the compositional range
a

b

c

Fig. 12. Olivine (a, b), plagioclase and glass (c) compositions for clast T8
in PCA 02007. Note the bimodal distribution of olivine compositions at
�Fo100 and �Fo80 as well as the tail to fayalitic olivine compositions. Also
shown in (b) are the average Cr2O3 contents for undifferentiated olivines
versus olivines with Fo>90 illustrating the similarities in averages and the
broad Gaussian distribution.
of CV plagioclase-rich chondrules, if this clast is, indeed,
of a chondritic heritage. The glass in the meteorite clast
has a high FeO content (Table 8) and is compositionally
homogeneous, apart from specks of <1 lm Cr-rich materi-
al (possible chromite grains) recognized from X-ray map-
ping of the clast. FeNi metal containing �6 wt% Ni
occurs within olivine clasts. More commonly, FeNi metal
occurs with the sulphides and has 40–52 wt% Ni, P2O5 be-
low the detection limit of analysis (<0.03 wt%), and chon-
dritic Co/Ni ratios (�0.048; Fig. 7). The sulphide
assemblage consists of pyrrhotite with up to 4.8 wt% Ni
and pentlandite with up to 0.6 wt% Co and 0.2 wt% Cu.
Such an assemblage is typical of Fe–Ni–S monosulphide
solution that underwent exsolution during cooling. It
should be noted that the presence of pyrrhotite and pent-
landite in pristine lunar rocks has never been documented.

The reconstructed major element composition of clast
T8 (Table 9) yields Mg/Si and Fe/Si ratios similar to
chondrites, with CaO contents that are low. These low
refractory element contents preclude significant mixing
with lunar materials. Incompatible element concentrations
of individual silicate mineral phases for the chondrule
clast are presented in Table 8 and REE patterns are
shown in Fig. 13. The REE patterns are variable with
abundances that range from �0.5 · CI to �13 · CI, with
Mg-rich olivines having the lowest and glass having the
highest REE concentrations, with plagioclase intermediate
between the two. Plagioclase grains have positive Eu
anomalies, however, none of the other minerals and glass
have the characteristic Eu anomalies typical to most lunar
minerals (e.g., Fig. 4). Positive Eu anomalies are not
unusual for chondritic feldspars (Brearley and Jones,
1998). The reconstructed whole-rock REE pattern is
�7 · CI chondrite for the LREE and �4 · CI for the
HREE (Fig. 13).

3.2.6. Mineral clasts and matrix

The predominant mineral clast in PCA 02007 is plagio-
clase, which has a similar compositional range as those
found in lithic clasts (An95–99; Table 7, Fig. 9d). These oc-
cur in a wide variety of forms from anhedral masses, to
individual clasts. The high anorthite component of the pla-
gioclase is typical of feldspathic regolith breccias (e.g., Tak-
eda et al., 1992; Arai and Warren, 1999; Anand et al.,
2003). Low anorthite contents (An70–82) were measured in
a single grain, which also contained silica indicating frac-
tionation of the parental melt for this clast, which may
be a fragment of basaltic material.

Pyroxene occurs within PCA 02007 mainly as individual
clasts that account for the large range of compositions ob-
served in Fig. 9. Ferropyroxene compositions were mea-
sured in five mineralic clasts (50–100 lm in diameter) and
some of the most Ca- and Mg-rich pyroxene compositions
were measured in suspected non-mare clasts. Probe travers-
es across a number of individual pyroxene grains revealed
exsolution lamellae, which were also noted from optical
observations. The width of the exsolution lamellae average



Table 9
Whole-rock major and trace element compositions for MET 01210 and PCA 02007

Sample MET 01210 PCA 02007

Method EMP FC EMP FCa Clast A Clast AA ICP WR EMP FBb Clast T8
Modald Modald Modald

wt% St. Dev.

SiO2 44.8 0.48 44.8 46.9 44.9 38.6c 44.6 40.7
TiO2 1.64 0.06 1.58 1.76 0.20 0.28 0.28 0.40
Al2O3 16.2 0.19 17.0 12.7 26.0 29.1 26.4 8.68
Cr2O3 0.17 0.04 0.19 0.38 0.03 — 0.16 0.16
FeO 16.9 0.52 16.2 17.0 9.67 6.80 6.26 16.4
MnO 0.24 0.06 0.26 0.31 0.13 0.09 0.09 0.18
MgO 6.50 0.14 5.97 6.13 1.51 7.40 6.70 21.7
CaO 13.0 0.16 13.6 14.3 16.7 17.3 15.3 8.63
Na2O 0.28 0.03 0.26 0.35 0.39 0.38 0.33 0.67
K2O 0.06 0.02 — 0.05 0.02 0.05 0.02 0.12
P2O5 0.24 0.04 — 0.08 — 0.08 0.03 0.35
SO2 — — — — — — — 1.99

Total 100.0 n = 22 99.9 100.0 99.6 61.4 100.2 100.0

Mg# 40.8 39.6 39.2 21.8 66.0 65.6 70.2

p.p.m
Li — — — — 4.23 — —
Be — — — — 0.44 — —
Sc — — 53 222 7.95 — 15
V — — 73 32 48.2 — 72
Cr — — 1906 1303 656 — —
Co — — — — 23.0 — —
Ni — — — — 292 — —
Cu — — — — 4.77 — —
Zn — — — — 10.9 — —
Ga — — — — 2.33 — —
Rb — — — — 0.56 — 3.1
Sr — — 143 16 140 — 44
Y — — 5.5 37 8.23 — 5.3
Zr — — 3.5 36 32.2 — 16
Nb — — — — 2.55 — —
Cs — — — — 0.06 — —
Ba — — 21 0.2 33.4 — 8.5
La — — 14 0.6 2.49 — 1.4
Ce — — 37 2.7 7.11 — 2.6
Pr — — 5.0 0.6 0.97 — 0.4
Nd — — 22 4.4 4.78 — 1.8
Sm — — 5.0 1.9 1.56 — 0.5
Eu — — 1.4 0.2 0.77 — 0.3
Gd — — 6.0 3.4 1.79 — 0.6
Tb — — 1.1 0.7 0.36 — 0.1
Dy — — 6.5 5.7 1.86 — 0.8
Ho — — 1.2 1.0 0.40 — 0.2
Er — — 2.9 3.5 1.04 — 0.5
Tm — — 0.3 0.5 0.15 — 0.1
Yb — — 1.5 3.1 1.07 — 0.5
Lu — — 0.1 0.5 0.15 — 0.1
Hf — — — — 1.07 — —
Ta — — — — 0.21 — —
W — — — — 0.00 — —
Pb — — — — 0.71 — —
Th — — — — 0.47 — —
U — — — — 0.14 — —

Abbreviations: EMP FC/FB = Electron Microprobe Analysis of Fusion Crust/Fused Bead; ICP WR = Inductively Coupled Optical Emission Spec-
trometry (major elements) and PQII (trace elements) of whole-rock.
The italic font indicates the standard deviation data for the whole rock major-element analyses.

a Zeigler et al. (2005a).
b Zeigler et al. (2004).
c SiO2 in PCA 02007 ICP WR calculated by difference.
d Modal recombination from average mineral compositions and modal abundance data (Table 1). This technique is susceptible to the presence of accessory

phases (e.g., merrillite, zirconium-rich minerals) with elevated minor element abundances and to the surface area versus grain size effect (see text).
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Fig. 13. CI chondrite-normalized REE abundances in clast T8 of PCA
02007. Minerals and glass have nearly flat REE patterns. The glass has the
highest abundances of REE and plagioclases have positive Eu anomalies.
The whole-rock recombination is based on the modal abundance and
average composition of mineral and glass phases in clast T8. The dashed
line indicates the composition of glass in typical ordinary chondrules
(Alexander, 1994). Normalization data from Anders and Grevesse (1989).
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2.1 ± 0.6 lm, similar to those seen in MET 01210. Olivine
mostly occurs within clasts of basalt or troctolite (Fig. 8b
and d). Forsterite contents range from Fo80 to Fo5,
although there are some olivine clasts with very high forste-
rite contents (up to Fo94).

Minor mineral clast constituents of PCA 02007 include
spinel, ilmenite, FeNi metal, troilite and silica. Spinels are
rare in PCA 02007, although both Al-rich chromite and
ulvöspinel were analyzed (Fig. 6). A single spinel clast
was found to be almost stoichiometrically pure spinel
([Mg0.9Fe0.1][Al1.9]O4). Ilmenites are rare outside of the
basaltic clasts. The ilmenites that do occur as individual
clasts have low MgO contents, with only one ilmenite clast
possessing high MgO (4.7 wt%). There is an abundance of
FeNi metal grains in PCA 02007 in the size range of
1–50 lm, and they have low Co contents for a given Ni
composition, indicating a meteoritic origin for these met-
als. High P2O5 metal grains occur as discrete clasts or with-
in anorthositic melt clasts and generally have slightly
higher Co contents than low P2O5 metal grains (Fig. 7).
Troilite and nearly pure silica clasts (>98 wt% SiO2) occur
in the matrix but no phosphate minerals were recognized.
The remaining matrix of PCA 02007 is made up of a sin-
tered mass of lithic and mineral clasts and glass with com-
positions identical to the mineral clasts and lithic fragments
described.

3.3. Bulk compositions of MET 01210 and PCA 02007

Major element concentrations were estimated by modal
recombination of clasts A and AA (MET 01210) and the
meteorite clast T8 (PCA 02007), by measurement of the
fusion crust for MET 01210, and by analysis of whole-rock
powder for PCA 02007 (Table 9). The method of modal
recombination employed is identical to that of Fagan
et al. (2003), who noted the pit-falls of unrepresentative
sampling, but assessed the major oxide concentrations to
have around 10% relative error. Major element composi-
tions for other clasts (Table 1) are not presented because
of their generally small sizes proportional to their grain
size, which could result in unrepresentative calculated com-
positions. Both MET 01210 and clast A and AA represent
low TiO2 basalts, with the Mg-number for the breccia
whole-rock being slightly higher than, but similar to that
of clast A. MET 01210 is dissimilar to other basaltic or
mixed (basaltic-feldspathic) breccia meteorites, having gen-
erally higher FeO and lower MgO than mixed breccias, and
higher Al2O3, lower TiO2 and FeO than most basaltic lunar
meteorites (Fig. 14). This variation in chemistry is a direct
function of the large proportion of evolved and Fe-rich
basaltic material and plagioclase within MET 01210. Trace
element compositions for clast A and AA of MET 01210
have been estimated from modal recombination of mineral
phases (Fig. 4d). The REE patterns of these clasts are
strongly controlled by phosphates (especially merrillite) in
modal recombinations and indicate significant LREE-en-
richment in these clasts with much steeper REE patterns
than for mare basalt meteorites.

PCA 02007 has a similar whole-rock composition to
feldspathic regolith breccia meteorites ALHA 81005 and
Y-791197, with low TiO2 and Al2O3 and high MgO relative
to other feldspathic-rich lunar meteorites (Fig. 14). The
high Al2O3, low FeO and low Th (0.47 ppm) abundances
for PCA 02007 are consistent with other feldspathic lunar
meteorites, whose whole-rock chemical compositions have
been used to generate a new estimate for the Al2O3 content
of the upper lunar crust (Korotev et al., 2003). REE con-
tents for PCA 02007 are �10 · CI with a moderately light
rare earth element-rich REE pattern and a positive Eu
anomaly, features similar to most feldspathic lunar meteor-
ites (Fig. 4d). PCA 02007 also appears to have more elevat-
ed REE abundances than most feldspathic meteorites and,
in this respect is most similar to feldspathic lunar meteor-
ites QUE 93069 or Dhofar 025/026 (Korotev et al., 2003).

4. Discussion

The discovery, detailed description, and comparison of
lunar meteorites with samples from the Apollo and Luna
collections, and with other lunar meteorites, is important
for understanding lunar remote sensing data (e.g., Korotev
et al., 2003) and the geochemical evolution of the Moon
(e.g., Warren, 2003; Korotev, 2005). In this discussion we
first consider the evidence for lunar origins of brecciated
meteorites MET 01210 and PCA 02007. Detailed analyses
of basalt clasts A and AA in MET 01210 and clast T8 in
PCA 02007 allow us to then compare and contrast these
components with known mare basalts and with
‘chondrule-like’ and chondrule silicate materials,
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Fig. 14. Whole-rock MgO versus (a) Al2O3, (b) TiO2 and (c) FeO for
lunar meteorites (points) and for Apollo samples (fields) and average lunar
soil compositions (Warren and Kallemeyn, 1991). Predominantly basaltic
meteorite MET 01210 has similar MgO to mare basalts and other basaltic
breccias. Feldspathic meteorite PCA 02007 plots at the high MgO range of
previously discovered lunar feldspathic meteorite breccias. Clast T8 clearly
has an anusual heritage compared with all lunar material described so far.
The basaltic meteorites included in the plot are Y-793169 (Y), A-881757
(A), NWA 032, LAP 02205/02224/02226/02436 and LAP 03632 (L).
Basaltic breccias include EET 87521/96008 (E), NWA 773 (N) and Dho
287 (D). Mixed feldspathic/basaltic breccias are QUE 94281, Y-793274,
Calcalong Creek and Y-983885. Feldspathic lunar meteorites include
ALH 81005 (ALH), Y-791197, Y-82192/86032, MAC 88104/88105 (M),
QUE 93069, DaG 262/400/025, and NWA 482. Data sources are Korotev
(2005), Day et al. (2006) and references therein.
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respectively. Finally, we compare MET 01210 and PCA
02007 with previously described lunar breccias and consid-
er the ramifications these meteorites may have for lunar
geology.
4.1. Lunar origins for breccia meteorites MET 01210 and
PCA 02007

Basalt clasts in both meteorites indicate that they origi-
nated from a differentiated planetary body and the pres-
ence of vesiculated agglutinate fragments in both
meteorites suggests that this parent body lacked an atmo-
sphere. Fe/Mn ratios in pyroxenes (Fe/Mn = 60 ± 8, 1
SD) and olivines (Fe/Mn = 86 ± 9, 1 SD) in MET 01210
are similar to those in PCA 02007 (pyroxene Fe/
Mn = 58 ± 8, 1 SD; olivine Fe/Mn = 92 ± 12, 1 SD), with
both possessing lower Mn for a given Fe content, than
pyroxene (Fe/Mn = �45) and olivine (Fe/Mn = �75) in
typical unfractionated terrestrial basalts (Fig. 15). This dis-
tinct mineral chemical signature is considered characteristic
of a lunar origin (Fe/Mn in pyroxene = �79 and in olivine
�105; Papike et al., 1998) because Fe/Mn ratios appear to
be unique indicators of planetary bodies (Dymek et al.,
1976; Drake et al., 1989). For the meteorite fragment T8
in PCA 01210, the forsterite cores (>Fo95; and where Mn
and Fe are both above detection limits) have Fe/Mn ratios
uncharacteristic of lunar rocks (Fe/Mn = 11 ± 8, 1 SD)
and more similar to chondrule Fe/Mn ratios (e.g., Papike,
1998), whereas olivine rims with <Fo95 have higher Fe/Mn
ratios (Fe/Mn = 96 ± 23, 1 SD). Distinct trends can be dis-
cerned in molar Mg/(Mg + Fe) versus Fe/Mn space for oli-
vines in clast T8 illustrating that the olivines with the
lowest forsterite contents (Fo<80) lie along the lunar frac-
tionation trend, whereas olivines with Fo>80 fall along an
independent trend (Fig. 15b).

Additional evidence for a lunar origin for MET 01210
and PCA 02007 comes from their textural and mineral-
ogical similarities to Apollo samples and their non-terres-
trial chemical characteristics (FeNi metal, anhydrous
nature and evidence for low fO2) that firmly place their
origin as breccias derived from the Moon. Although
not a unique feature to lunar rocks, the strong negative
Eu anomaly in a predominantly basaltic meteorite,
MET 01210, and a positive Eu anomaly in predominant-
ly feldspathic regolith breccia PCA 02007 are also consis-
tent with a lunar heritage. The Eu anomalies are
consistent with the concept of Eu depletion in the mare
basalt source, relative to trivalent REE, due to plagio-
clase-rich crust formation from an early lunar magma
ocean (e.g., Wood et al., 1970; Taylor and Bence,
1975). These signatures provide complementary evidence
for the lunar origins of MET 01210 and PCA 02007.
The most diagnostic signature of a lunar origin, three-
oxygen isotope compositions have, thus far, not been
measured for either PCA 02007 or MET 01210.
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Fig. 15. Plots of (a) Fe versus Mn (in atomic formula units), and (b) molar
Mg/(Mg + Fe) versus Fe/Mn and (c) CaO (wt%) for clast T8, versus
olivine compositions measured in PCA 02007, MET 01210 and for (c), the
LaPaz mare basalt meteorites (from Day et al., 2006). Also shown in (c)
are ranges of FeO-rich ordinary chondrule (Jones, 1990) and CV- and CR-
type plagioclase-rich chondrules (Krot and Keil, 2002a, Krot et al., 2002b)
(Grey boxes). Planetary heritage lines in (a) are from Papike (1998). Fe/
Mn ratios for PCA 02007 and MET 01210 support a lunar origin for these
meteorites. Olivines in clast T8 are more similar to chondrule olivines than
typical lunar olivines, with only the outer few micron rims of the olivines
(Fo<80) falling along the Fe/Mn versus molar Mg/(Mg + Fe) trend for
lunar samples shown in (b); this relationship indicates only minor
reworking of the clast with lunar regolith and supports a chondritic
heritage for clast T8.
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4.2. Basaltic clasts in MET 01210 and comparisons with

other low-Ti mare basalts

Although MET 01210 contains evidence for typical reg-
olith components (e.g., agglutinate and feldspathic clasts),
it is dominated by highly fractionated basaltic material.
This material is clearly of low TiO2 to very low titanium
derivation and has, in mineralogical terms, undergone sim-
ilar, but more extensive fractionation than the majority of
Apollo 12, 14, 15 or Luna 24 low-Ti mare basalt hand
specimens (e.g., Brown et al., 1971, 1972; Brett et al.,
1971; Coish and Taylor, 1978; Lu et al., 1989). Basaltic
precursor material for MET 01210 is also similar to some
lunar basaltic meteorites discovered to date (Fig. 14). Stud-
ies of the LaPaz mare basalts, NWA 032 and NWA 773
have demonstrated the evolved nature, younger age and
likelihood of an incompatible element-rich source, relative
to the Apollo 12 and 15 low-Ti mare basalts, for these
meteorites (Fagan et al., 2002, 2003; Day et al., 2006).
Despite a lack of age constraints and whole-rock trace
element data for MET 01210, the basaltic clasts within this
meteorite provide important new information on their
source regions.

Basalt clasts in MET 01210 have a wide range of tex-
tures (Table 2), with fractionated mineral assemblages,
including mesostasis and strongly zoned pyroxene, similar
to the LaPaz basalts or NWA 032. These textures are igne-
ous and not metamorphic in origin. The basalt clasts also
have some geochemical similarities to evolved mare basalts.
The most obvious similarities are the core-to-rim variations
in pyroxene chemistry resulting in extreme ‘Fenner’ Fe-en-
richment trends from augite through to pyroxferroite
(Fig. 2). This iron enrichment is also evident from the
abundance of fayalite and ulvöspinel in some of the clasts
and is similar to ‘Fenner’ Fe-enrichment trends document-
ed in Luna 24 basalts (Lu et al., 1989) and in NWA 773
(Fagan et al., 2003). These Fe-enrichment trends may be
the result of oxygen fugacity limiting the precipitation of
Fe metals or sulphides, enhancing Fe-enrichment in sili-
cates (Snyder et al., 1999). The gross major element and
textural similarities that evolved mare basalt meteorites
(LAP 02205/02224/02226/02436 and LAP 03632, NWA
032 as well as NWA 773) have with basaltic clasts in
MET 01210 may indicate some similarities in terms of their
source regions.

Despite similarities with other fractionated mare basalts,
the reconstructed REE patterns for the clasts in MET
01210 are strikingly different compared with REE patterns
for mare basalts, mare basalt meteorites, or pyroclastic
glasses (e.g., Papike et al., 1998). This is due to merrillite
subtraction and addition, and the grain size to clast size ra-
tio. This ratio is important because the size of the grains
and the surface area of the sample dictate how representa-
tive the studied clast is of its precursor material. The
HREE-depleted patterns for phosphates in MET 01210
are also unusual and contrast with phosphate REE
patterns from previously studied mare basalt meteorites
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(e.g., Fig. 4c). Because of the uncertainties of modal
analysis on small clasts, and to more accurately compare
the clasts with other mare basalts, we have estimated
pyroxene equilibrium liquids. If no equilibration of the
REE has taken place after crystallization, the equilibrium
REE compositions of earliest formed minerals can be used
to estimate parental liquid compositions. We compare ear-
liest formed augites (i.e., lowest incompatible element
abundances, highest compatible element abundances) from
clast A with data from the LaPaz mare basalts (Fig. 16a).
Estimated equilibrium compositions using REE partition
coefficients for augite (McKay et al., 1986) are plotted as
shaded fields in Fig. 16, and illustrate that the equilibrium
parental melts for pyroxenes in the LaPaz mare basalts and
clast A of MET 01210 are similar. However, the pyroxene
equilibrium melts for clast A show no resemblance to its
reconstructed whole-rock composition. It is highly unlikely
that this disagreement is the result of assimilation and frac-
a

b c

Fig. 16. (a) CI chondrite-normalized REE abundances for LAP 02205 wh
compositions for zircons in sample 14001, 7003 (thick stippled line—from Snyd
in MET 01210 clast A and AA. Superimposed are fields of melts in equilibrium
data from McKay et al. (1986). LaPaz pyroxene equilibrium melts agree well w
whereas clast A pyroxene equilibrium melts do not agree with clast whole-ro
crystallization of zircon or zirconium-rich minerals capable of fractionating the
in LAP 02205 and MET 01210. Data are from this study and Anand et al. (2
tional crystallization, or magma mixing processes because
plots of enstatite content versus compatible and incompat-
ible elements for pyroxenes do not define mixing trends
(Fig. 16b–d). In fact, clasts A and AA have less incompat-
ible element variation within their pyroxenes than LaPaz
mare basalts, whose mineralogical compositions have been
demonstrated to occur through closed-system crystalliza-
tion (Anand et al., 2006; Day et al., 2006).

A possible explanation for lack of agreement between
modal recombination and pyroxene equilibrium melts are
that the phosphate component in clasts A and AA are
overestimated for modal recombination, and/or that the
phosphates themselves are out of equilibrium with early-
formed minerals in the clast. Extreme variations in fayalite
HREE abundances and HREE depletion in sodic plagio-
clase and phosphate for MET 01210 can be explained by
co-crystallization of a late-stage mineral that strongly frac-
tionates the REE. Zircon is especially effective for fraction-
d

ole-rock measured by ICP-MS (Day et al., 2006), equilibrium liquid
er et al., 1993), and modal recombination of whole-rock REE abundances
with earliest formed pyroxenes in both basalts using partition co-efficient

ith the overall whole-rock composition of LAP 02205 (Anand et al., 2006),
ck REE recombinations. This difference may be attributed to late-stage
REE. Enstatite content versus Cr (b), Zr (c) and La/Yb (d) for pyroxenes

006).
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ating the REE, with partition coefficients for HREE up to
1000 times greater than that of the LREE (e.g., Snyder
et al., 1993). Lunar zircons are commonly found as loose
grains in soils, breccias and ‘‘sawdust,’’ but have rarely
been documented in mare basalt rock specimens (Meyer
et al., 1991). However, zirconium-rich minerals have been
recognized within the mesostases of some mare basalt
meteorites (e.g., Day et al., 2006; Zeigler et al., 2005b). Sny-
der et al. (1993) considered that mare basalts were unlikely
to become saturated in zirconium because it can be com-
patible in opaque oxides (ilmenite, ulvöspinel). However,
the calculated equilibrium liquid compositions for zircon
in Apollo 14001, 7003 are very similar to the calculated
modal whole-rock composition of clast A and strongly sup-
port the notion of late-stage zircon crystallization in the
evolved parental liquids of the MET 01210 basalt clasts.
The lack of zircon, or zirconium-rich minerals observed
in the basalt clasts is likely a function of the lack of pre-
served grains, demonstrating the grain size to surface area
effect.

Despite having different textures, Clasts A and AA are
clearly from a similar, if not identical sources and may even
come from the same lunar basaltic lava flow. The similar
incompatible element abundances and patterns for pyrox-
enes and plagioclases in these clasts support the notion that
they are from the same source. Textural differences
between basalt clasts do not impede ‘pairing,’ because
variations in texture may simply reflect different cooling
histories for products of the same magmatic system. The
basalt clasts in MET 01210 appear to come from similar
source regions as evolved mare basalts that have ‘Fenner-
trend’ enrichments such as NWA 773, A-881757 or
Y-793169. For example, Fe-rich clasts (e.g., BB, H),
symplectic growths and large fayalites in MET 01210 are
strongly reminiscent of fayalitic bearing gabbros and faya-
litic granite rocks in the breccia of NWA 773 (Fagan et al.,
2003). The similarities of samples such as MET 01210,
A-881757, Y-793169, NWA 773, NWA 032 and the LaPaz
mare basalts may indicate similar sources for these meteor-
ites. NWA 032, NWA 773 and the LaPaz mare basalts are
all relatively young, and incompatible-element-enriched
(2.8–3.0 Ga; Fagan et al., 2002; Borg et al., 2004; Anand
et al., 2006) whereas A-881757 and Y-793169 are more an-
cient and ferroan (3.7 Ga; e.g., Fernandez et al., 2005 and
references therein). Whole-rock trace element and geochro-
nology studies of MET 01210 will allow further appraisal
regarding possible relations this meteorite has with youn-
ger incompatible-element-rich and older ferroan mare
basalts.

4.3. A rare clast in PCA 02007—primary evidence for

chondritic lunar impactors?

Clast T8 is an unusual clast, unlike any previously
documented in a lunar meteorite. Olivine cores in T8 are
significantly more forsteritic, CaO-rich and have different
Fe/Mn ratios compared with typical olivine-rich lunar
cumulates (NWA 773, cataclastic dunites, e.g., 72415 and
72418; Fagan et al., 2003; Dymek et al., 1975) or olivines
found in lunar breccias or basalts, and share similarities
with chondritic olivines (Figs. 13, 15a). In addition, pent-
landite and pyrrhotite assemblages, although common in
stony iron meteorites (e.g., Rubin, 1997) do not occur in lu-
nar rocks, and the metal compositions documented in T8
(Fig. 7) are also typical of chondritic meteorites. Finally,
the minerals and reconstructed whole-rock have low refrac-
tory element abundances, nearly flat chondritic-relative
REE patterns, and, with the exception of plagioclase, lack
large positive- or negative-Eu anomalies (Fig. 13), features
not considered typical of lunar rocks.

Chondrule-like objects have been discovered, often in
fairly high abundances (5–10% in 14315 and 14318), in
Apollo 11, 14 and 16 and Luna 16 regolith breccias and
in some feldspathic regolith breccia meteorites (e.g., Fre-
dricksson et al., 1970; Keil et al., 1972; King et al., 1972;
Kurat et al., 1972; Koeberl et al., 1991; Symes et al.,
1998). However, these objects are texturally different from
clast T8 and have aluminous compositions with low MgO
that indicate an origin from anorthositic, noritic and troc-
tolitic precursor rocks (Kurat et al., 1972; Symes et al.,
1998) and are not high in MgO and low in Al2O3 like clast
T8. In this respect, these objects are more similar to the im-
pact glasses documented in PCA 02007 (Fig. 8f and h).
These chondrule-like objects are thought to originate
through high velocity impact melting and moderately
slow cooling; their bulk constituents are not meteoritic in
origin.

Fragments of meteorites have been recognized in lunar
soils and, with the exception of a carbonaceous chondrite
in Bench Crater (12037,188—McSween, 1976; Zolensky,
1997) and a tentatively described enstatite chondrite dis-
covered in Apollo soil sample 15602 (Haggerty, 1972),
are almost exclusively kamacite-taenite metal, sometimes
containing troilite and/or schreibersite (Papike et al.,
1998). The three so far described exogenous chondrite frag-
ments differ greatly from one another, with Clast T8 con-
taining abundant olivine, whereas the Bench Crater
meteorite and 15602 contain no preserved olivine. In detail,
the Bench Crater meteorite contains 59 vol % matrix mate-
rial, 20 vol % pyroxene, 12 vol % magnetite and 9 vol %
troilite (McSween, 1976), whereas the clast in 15602 con-
tains �75 vol % enstatite, �20 vol % kamacite, �2 vol %
silica and �3 vol % troilite, schreibesite and niningerite
(Haggerty, 1972). Taylor et al. (2004b) suggested that clast
T8 could be a hitherto unknown type of chondrule. If so, it
partially resembles porphyritic olivine plagioclase-rich
chondrules similar to those described by Krot and Keil
(2002a) and Krot et al. (2002b). The major difference be-
tween the clast and typical chondrules is the angular and
fragmented nature of the silicate minerals and the absence
of pyroxene. These features may be ascribed to intense
shock and partial reworking of the clast.

One difficulty with a chondrule origin for T8 is the
extreme olivine zonation in the clast. Some of the variation
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may be due to reworking and interaction with lunar
regolith constituents after impact. Almost all of the clasts
in PCA 02007 have metamorphic textures, and the texture
of clast T8 also appears ‘pseudo-brecciated.’ In this regard,
it is important to note that the shape of the clast indicates
some degree of deformation, possessing conchoidal outer
surfaces (Fig. 8a). Partial melting and mixing between
meteoritic and lunar material, or diffusion of certain ele-
ments at high temperatures may lead to partial equilibra-
tion and resorbtion subsequent to impact. However,
extreme Fe zonation and high Fe/Mn ratios of olivine rims,
and the positive Eu anomalies in T8 plagioclase are not
entirely due to partial equilibration with regolith constitu-
ents in PCA 02007. The most susceptible material for high
temperature element diffusion would be glass. However,
glass in clast T8 is incompatible-element enriched with a
broadly flat REE pattern, typical of ordinary chondrule
glasses (e.g., Alexander, 1994), arguing against equilibra-
tion with lunar regolith (Fig. 13). This observation is fur-
ther supported by the low refractory element contents in
clast T8, which are similar to those of 12037,188 (McS-
ween, 1976). Finally, elevated Fe/Mn ratios in the rims of
olivines do not require extensive equilibration or partial
mixing with lunar materials, and can be mostly accounted
for by closed-system fractional crystallization. For exam-
ple, there is a positive correlation with Fe and Fe/Mn ratio
for chondrule olivines, with the most FeO-rich olivines pos-
sessing the highest Fe/Mn ratios (Fe/Mn up to 147; Data
from Table A.3.1 of Brearley and Jones, 1998), compared
with Mg-rich chondrule olivines that have low Fe/Mn ra-
tios (typically < 20). It is notable that low forsterite olivines
plot along the lunar Fe/Mn trend as shown by PCA 02007
and MET 01210 olivine populations. In contrast, the
majority of forsteritic olivines in T8 plot along a Fe/Mn
fractionation trend more typical of that exhibited in chond-
rules (Fig. 15b). This observation indicates possible inter-
action and element diffusion for the outer few microns of
clast T8 olivines with lunar material. The lack of lunar
Fe/Mn ratios in the innermost portions of the olivines
(Fo80–100) in clast T8 suggests the bulk of the olivine com-
positions are not lunar in origin, and are more typical of
chondrule Fe/Mn fractionation trends.

To explain the zonation in olivine from Fo80–100 (i.e.,
those that have not undergone chemical interaction with
the lunar regolith), it may be possible that clast T8 repre-
sents a partially metamorphosed chondrule and that the
bimodal distribution of olivines reflects a mixture of initial
chondritic Type I (FeO-poor, Fa < 10) and Type II (FeO-
rich Fa > 10) compositions (Hewins, 1997), with the Eu
anomalies in the plagioclase explained by changing oxygen
fugacities in the melt droplet (Jones, 1990). For this to oc-
cur, a process such as metasomatism would have had to
modify the almost pure forsterite to Fe-rich rims (e.g., Tay-
lor et al., 2004b). An alternative possibility is that the ob-
served olivine zonation has occurred through extreme
closed-system fractional crystallization (Jones, 1990). The
Fe zonation in the olivine does share some similarities with
ordinary chondrules such as those found in LL3.0-ordinary
chondrite, Semarkona. The olivine grains in some
Semarkona chondrules are of similar morphology and size
to grains in clast T8, and they exhibit zonation to Fe-rich
rims (Jones, 1990).

The normal zonation in clast T8 olivine grains can be
used to generate cooling rate information assuming a
peak temperature. At a peak temperature of 1673 K
(Hewins, 1997), the diffusion rate is similar to typical
ferromagnesian chondrules (�1000 �C/h; Alexander,
1994). Krot et al. (2002b) assumed a lower ambient
temperature due to the presence of calcium–aluminium
rich inclusions (CAIs) in the plagioclase-rich chondrules
that they studied. Despite CAIs being absent from clast
T8, if we employ a lower ambient temperature (1473 K)
the diffusion rate is �42 �C/h. It is unclear if such high
cooling rates are feasible after impact and incorporation
into the lunar regolith, and these calculated tempera-
tures are similar to those of Fe/Mg diffusion profiles
of chondrule olivines.

On the basis of arguments made here, we suggest
that clast T8 is an exogenous (i.e., meteoritic) compo-
nent in PCA 02007 that has been preserved, either
through low velocity or oblique impact of its parental
impactor, within the lunar regolith. Clast T8 has simi-
larities to both ordinary and carbonaceous chondrules,
especially plagioclase-rich chondrules in CV chondrites.
Although we cannot discount the possibility of some
reworking and resorbtion of meteoritic and lunar mate-
rial, many of the features of clast T8 can be explained
by processes external to the Moon. For example, Fe-
enrichment of olivine may be explained by interaction
with lunar materials (Fo<80) and extreme closed-system
fractional crystallization (Fo>80), similar to that ob-
served in H- and LL-type ordinary chondrites. We sug-
gest that this is the second well documented silicate
impactor preserved on the Moon after the Bench Crater
meteorite 12037,188 (McSween, 1976) and, as such, has
important implications for future meteorite finds on
planetary bodies and for the identification of lunar
impactor populations. Large craters and the presence
of meteoritic metal fragments in lunar soil and regolith
clearly attest to a violent history of projectiles striking
the Moon. However, the main evidence for lunar impac-
tors of chondritic composition has been from highly
siderophile element studies of impact melt breccias
(e.g., Norman et al., 2002). Rocky impactors were
thought to largely volatilize upon striking the Moon.
This is unlike the Earth where atmospheric friction
reduces small impactor velocities. The presence of clasts
such as PCA 02007, T8 and 12037,188 indicates that
meteorite delivery systems to the Moon may be favor-
able to further finds of meteorites, allowing comparison
with the well characterized meteorite flux of the present-
day Earth. Based on the clasts PCA 02007,T8,
12037,188 and the putative enstatite chondrite in soil
15602 (Haggerty, 1972), it seems that the full range of
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main chondritic groups (enstatite, ordinary,
carbonaceous) have been recognized in the lunar rego-
lith. However, based on the mineralogy of these frag-
ments, and the highly siderophile element ratios of
impact melt breccias, it is possible that differences may
exist between the ancient meteorite flux to the Moon
and that of the present-day Earth.

4.3.1. Comparisons with other lunar rocks

As noted by numerous studies, MET 01210 has a whole-
rock composition unlike any previously described predom-
inantly basaltic breccia (Fig. 14a–c; Arai et al., 2005;
Patchen et al., 2005; Zeigler et al., 2005a), although it has
been considered similar to NWA 3136 (Korotev and
Irving, 2005). Mineralogically MET 01210 has been noted
to be very similar to both the 3.7 Ga VLT mare basalt
meteorites, A-881757 and Y-793169 (Arai et al., 2005),
the 2.8–3.0 Ga LaPaz basalts, NWA 032 and NWA 773
(Section 4.3) and to Luna 24 VLT basalts (Arai et al.,
2005; Patchen et al., 2005). This is unsurprising considering
the overall low titanium to very low titanium nature of
predominantly basaltic lunar meteorites discovered to date.
The higher whole-rock Ti content and different mineralog-
ical fractionation trends of MET 01210 versus other
predominantly basaltic brecciated meteorites (EET 87521/
96008; Y-793274; QUE 94281) contrasts with the similar
pyroxene exsolution lamellae found in these clasts and sug-
gests common shallow, slowly cooled components in these
meteorites. On the basis of petrological and geochemical
observations, MET 01210 provides information on a
source region of the Moon similar to the evolved low-Ti
mare basalts. Cogent arguments for the relations of this
meteorite to other predominantly basaltic meteorites will
be more accurately made with exposure ages for the mete-
orite and crystallization ages for some of the basalt clasts.

PCA 02007 has a number of similarities to previously
described feldspathic regolith breccia meteorites and has
been suggested to be compositionally paired with Y-
791197 (Zeigler et al., 2004). It is also very similar to
Mg-rich feldspathic regolith breccias such as ALHA
81005. The high Mg content of PCA 02007 may, in part,
be due to the relatively high percentage volume of low Ti
basaltic clasts in the meteorite, but is likely to be dominat-
ed by the significant quantity of ‘high magnesian suite-like’
noritic and troctolitic lithologies. In this respect, PCA
02007 is similar to lunar granulites thought to be from
precursor noritic anorthosites (Lindstrom and Lindstrom,
1986). Regolith breccia meteorites such as PCA 02007 are
particularly useful because they are likely to represent aver-
age compositions of their source regions and so provide a
better understanding of the lunar highlands. Mg-rich
noritic anorthosite rocks have been proposed as major
constituents of the lunar crust (Jolliff et al., 2000) and
studies of feldspathic regolith breccias have also supported
this view (Korotev et al., 2003).

The geochemical similarities of PCA 02007 to other
feldspathic regolith breccia meteorites also supports a
high-Mg/Fe Feldspathic Highlands Terrane (Jolliff et al.,
2000) for the Moon and lies within the estimated ‘lunar
crust’ composition of Korotev et al. (2003). These authors
have provided persuasive arguments that the magnesian
granulite breccias (including feldspathic regolith breccia
meteorites) do not solely originate from the Procellarum
KREEP Terrane (Jolliff et al., 2000) and must be distrib-
uted widely. Although this makes identifying possible
source regions for PCA 02007 difficult, it must be similar
to some of the other high-Mg/Fe feldspathic regolith
breccia meteorites. Mixing of components has also led
to a lack of possible meteorite pairing criterion for feld-
spathic regolith breccias (Korotev, 2005), although they
all appear to come from source regions of the Moon that
are noritic and feldspathic with low incompatible element
abundances.

Studies of lunar feldspathic regolith breccia meteorites
provide geochemical confirmation that ferroan anortho-
sites occur in all feldspathic lunar breccias, as well as in
predominantly mare basalt breccias (e.g., Clast M, MET
01210, clasts in QUE 92481, EET 96008; Jolliff et al.,
1998; Anand et al., 2003); however, it is also the coexistence
of noritic and troctolitic lithologies with anorthosite that
accounts for the high Mg/Fe ratios of some of the magne-
sian granulite breccias (Lindstrom and Lindstrom, 1986)
and feldspathic regolith breccia meteorites. An important
uncertainty arising in interpreting feldspathic regolith brec-
cias, is that it remains unclear how much material is from
local material versus from further locales. Delano (1991)
studied glasses in feldspathic lunar meteorites ALHA
81005, MAC 88105 and a Apollo 16 regolith, 64001 and
suggested that high-Ti glasses were transported from dis-
tances in excess of 300 km to the Apollo 16 site. Delano
(1991) also demonstrated that, like glass spherules in
PCA 02007, the most common heritage for the glasses in
these rocks was found to be as quenched droplets of impact
melt that should represent the bulk composition of the ori-
ginal target material (Delano, 1991).

Assuming that the diversity in glass compositions re-
flects target material compositions, it is apparent that
PCA 02007, along with other feldspathic regolith breccia
meteorites, sample a wide range of lithologies such that
they overlap the entire range of whole-rock feldspathic
breccia meteorite compositions (Fig. 5). This diversity in
target material for glasses in PCA 02007 confirms that feld-
spathic highland regolith breccias are probably the most
representative rocks of the lunar crust making them suit-
able for comparison with remote sensing data and as ana-
logs for the Feldspathic Highlands Terrane. On the basis of
clast variety in PCA 02007 and other feldspathic lunar
meteorites it is unclear whether the bulk Mg/Fe-rich com-
positions of these meteorites are a direct reflection of the
gross crustal composition (i.e., a stratified crust or a ferro-
an-rich crust intruded by high-magnesian suite material),
or are simply an amalgamation of high-magnesian suite,
ferroan anorthosite and mare basalt components mixed
by impact-related processes on the lunar surface.
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5. Summary

Lunar meteorites MET 01210 and PCA 02007 are brec-
cias from the mare and the Feldspathic Highlands Terrane,
respectively. MET 01210 is composed predominantly of
fractionated low-Ti basaltic material that may have under-
gone late-stage fractional crystallization of zircon or a zirco-
nium-rich mineral, similar to the process suggested by
Snyder et al. (1993). Some of the features of MET 01210
are similar to other predominantly basaltic lunar breccias
and include coarse pyroxene exsolution, symplectic break-
down textures and fractional crystallization, consistent with
the clasts in this meteorite forming in a ponded lava lake or in
a thick low-Ti basalt flow. The presence of anorthositic
metamorphic clasts and agglutinate indicate a small regolith
component but otherwise MET 01210 can be considered to
be an immature predominantly basaltic glassy matrix rego-
lith breccia meteorite from a mare region.

PCA 02007 is composed predominantly of metamor-
phic feldspathic clasts, agglutinate, impact-glasses and
noritic, troctolitic and noritic anorthosite clasts, howev-
er, there are a significant number of basaltic clasts with
both mare and non-mare (low-Ca pyroxene) affinities.
PCA 02007 shares many features with other feldspathic
regolith breccias, including a high Mg/Fe whole-rock
composition, glass spherules, agglutinate fragments and
a diverse clast inventory spanning the compositional
ranges of ferroan anorthosite and high-magnesian suite
rocks. Some of the mare basalt fragments in this sample
are extremely fractionated and, in this respect, are simi-
lar to mare basalt clasts in MET 01210. Another simi-
larity with these meteorites is the presence of coarse
pyroxene exsolution features. PCA 02007 supports previ-
ous studies of feldspathic lunar meteorites that suggest
an aluminous crust for the Moon with compositions
more similar to magnesian granulite breccias than ferro-
an anorthosites (Korotev et al., 2003). What remains
unclear, however, is whether these Mg/Fe-rich composi-
tions are a direct reflection of the gross crustal compo-
sition or are simply an amalgamation of high-
magnesian suite, ferroan anorthosite and mare basalt
components. Unraveling what the individual components
in feldspathic lunar meteorites represent remains an
important petrological challenge.

A significant clast in PCA 02007 is a ‘chondrule-like’
fragment unlike any previously described material found
in a lunar rock. This clast is porphyritic with equant oli-
vines that have forsterite-rich cores (Fo>98), extreme nor-
mal zonation to more fayalitic rims (Fo>44) and a
mineral assemblage with rare earth element abundances
unlike previously described lunar material and more like
chondrules found in ordinary or carbonaceous chon-
drites. Its discovery and description are important for
understanding the composition of lunar impactors. The
presence of this clast indicates that meteorite delivery
systems to the Moon may be favorable to further finds
of meteorites on airless bodies, allowing comparison with
the well characterized meteorite flux of the Earth, helping
to elucidate the late accretionary history of the inner
solar system.
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