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Abstract-Mineralogy, major element compositions of minerals , and elemental and oxygen isotopic
compositions of the whole rock attest to a lunar origin of the meteorite Northwest Africa (NWA) 032,
an unbrecciated basalt found in October 1999. The rock consists predominantly of olivine , pyroxene
and chromite phenocrysts, set in a crystalline groundmass offeldspar, pyroxene, ilmenite, troilite and
trace metal. Whole-rock shock veins comprise a minor, but ubiquitous portion of the rock. Undulatory
to mosaic extinction in olivine and pyroxene phenocrysts and micro-faults in groundmass and
phenocrysts also are attributed to shock.

Several geochemical signatures taken together indicate unambiguously that NWA 032 originated
from the Moon . The most diagnostic criteria include whole-rock oxygen isotopi c composition and
ratios of Fe/Mn in the whole rock, olivine, and pyroxene. A lunar origin is documented further by the
presence of Fe-metal, troilite, and ilmenite; zoning to extremely Fe-rich compositions in pyroxene;
the ferrous oxidation state ofall Fe in pyroxene; and the rare earth element (REE) pattern with a well­
defined negative europium anomaly. This rock is similar in major element chemistry to basalts from
Apollo 12 and 15, but is enriched in light REE and has an unusually high Th/Sm ratio. Some Apollo
14 basalts yield a closer match to NWA 032 in REE patterns, but have higher concentrations of
A120 3. Ar-Ar step release results are complex, but yield a whole-rock age of-2.8 Ga, suggesting that
NWA 032 was extruded at 2.8 Ga or earlier. This rock may be the youngest sample of mare basalt
collected to date. Noble gas concentrations combined with previously collected radionuclide data
indicate that the meteorite exposure history is distinct from currently recogni zed lunar meteorites. In
short, the geochemical and petrographic features of NWA 032 are not matched by Apollo or Luna
samples , nor by previously identified lunar meteorites, indicating that it originates from a previously
unsampled mare deposit.

Detailed assessment ofpetrographic features, olivine zoning, and thermodynamic modelling indicate
a relativel y simple cooling and crystallization history for NWA 032. Chrornite-spinel , olivine, and
pyroxene crystallized as phenocrysts while the magma cooled no faster than 2 °C/h based on the
polyhedral morphology ofolivine. Comparison of olivine size with crystal growth rates and preserved
Fe-Mg diffusion profiles in olivine phenocrysts suggest that olivine was immersed in the melt for no
more than 40 days. Plumose textures in groundmass pyroxene, feldspar, and ilmenite, and Fe-rich
rims on the phenocrysts formed during rapid crystallization (cooling rates -20 to 60 °C/h) after
eruption .
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INTRODUCTION

Apollo and Luna missions have returned - 382 kg of rock
and regolith from known locations on the Moon. Additional
sa mples of the Moon are provided by lunar mete orites (e.g.,
Marvin, 1983), but these are rare and were launched from
unspecified locations on the Moon. In spite ofthese drawbacks,
lunar meteorites comprise an important source of data to
complement the returned Apollo and Luna samples and remote
se ns in g observations in developing a more complete
und erstanding of lunar processes and ori gin . Th e data on the
Apollo and Luna samples represent a restricted equatorial region
on the lunar nearside (Warren and Kallemeyn, 199 I a), which,
in light of remote sensing data, appears to be anomalously
enri ched in incompatible heat -producing elements (KREEP)
co mpared to the average lunar surface (Jolliff et a/., 2000;
Korotev, 2000; Lawrence et a/., 2000). Thus, the se samples
a re biased to a restricted re gion and may be biased in
composition as well. Lunar meteorites may originate from
regions not sampled by the Apollo and Luna missions and,
therefore, can be used to develop a more representative
geochemical data set from which to evaluate lunar petrogenesis.

In this paper, we describe a newly found lunar met eorite,
Northwest Africa (NWA) 032. It was found in the Sahara Desert
in October 1999 as a fragment of- 300 g. It is the third unbrecciated
meteorite from the lunar maria and is geochemically and
petr ographically distinct from the previously identified lunar
mare meteorites, Yamato-793 169 (Y-793169) and Asuka-88l757
(A- 881757, originally referred to as Asuka-3 I) (Yanai and
Kojima, 1991) . Nor do any of the Apollo or Luna samples
match the geochemical and petrogr aphi c properties of NWA
032. Thus, NWA 032 is from a previou sly unsampled mare
deposit.

Th e goals of this work are to document the Moon as the
parent body of NWA 032, compare thi s meteorite with
previously collected rocks from the lunar maria, and describe
some constraints on its volcanic petrogenesis and shock history.
We present data on the mineralogy, textures, mineral chemistry,
maj or and minor element whole-rock ch emistry, oxy gen
isotopic composition, cosmic-ray exposure ages, and 4oAr/39Ar

isotopic results.

ANALYTICAL METHODS

Two polished thin sections of NWA 032 were examined
using petrographic microscopes. Min eral modes were estimated
from two point counts, one in reflected (/1 = 2164) and one in
transmitted (/1 = 2250) light. A thin section sca le, color x-ray
map of AI, Fe, and Si Ka was used to help distinguish phases
during point counting. The step size between points was -20 flm.

Backscattered electron (BSE) images, elemental x-ray maps,
and quantitative analyses of phases were co llec ted using a
Cameca SX-50 electron microprobe at the Univ ersity ofHawai'i
and a Cameca MBX electron microprobe at Northern Arizona

Uni versity. Well -ch aracterized oxide and silica te standards
were used for quantitative wavelen gth dispersive analyses.
Analyses were collected using a focu sed (- I zzrn spot size),
15 keV, 10 or 20 nA beam, counting for 20 or 30 s on peak and
background positions. The two micr oprobes yielded consistent
results, but in order to .avoid any complications resulting from
instrument bias, only results from the UH microprobe are
reported in this manuscript. We recognize that Ti3+ and Cr2+

may be present, particularly in lunar pyroxene, but we cannot
detect directly the valence state of thes e elements from our
microprobe data . It would be possible to estimate valence
states by a difference calcul ati on of the cation total after
normalization to 6 oxy gen, as is don e for Fe- valence estimates

in terrestrial pyroxenes. Ho wever, the abundances ofTi and
Cr are so low (a verag ing under 2.5 wt% as Ti02 and under
1.0 wt% as Cr203) that errors in thi s type of calculation could
result in extremely misleading estimates ofTi and Cr valence
state. Thus, we have normali zed oxide and silicate mineral
formula assuming that Ti and Cr are present as Ti4+ and Cr3+.

However, normalization of several pyroxene analyses under

these assumed valences devi ate from perfect stoichiometry in
a trend suggestive of some Ti3+ and Cr2+ (see "Mineralogy
and Textures") .

The major elem ent compos it io n of NWA 032 was
determined from aliquots of 0.55 g (major elements) and 52 mg
(Na and K) using wet chemica l methods outlined by Jarosewich
(1990). Model crys talliza tion of a liquid of NWA 032 maj or
element composition was examined using MELTS (Ghiorso
et a/. , 1994 ; Asimow and Ghiorso, (998) and experimentally
determined partition coeffic ients (Roeder and Emslie, 1970).
Minor and trace element co ncentrations were determined by
instrumental neutron ac ti va t io n analysis (INAA) using
procedures similar to those of Koro tev (1991) . Four fragments,
with masses of 59, 41 , 34, and 50 mg, were broken from
separate portions of the meteorite and each fragment was
subdivided further into two to four splits for analysis by INAA.
In this work, mass-weight ed mean concentrations representing
the all splits (184 mg) are present ed in the figures and tables;
details of results for individual splits are available in Korotev
et a/. (200 I ).

A chip and a few fragment s from a sawed slab with no
visible fusion crust were prepared for oxygen isotopic and
noble gas analyses. TIle oxygen isotopic composition ofNWA
032 was determined using methods of Clayton and Mayeda
(1963, 1983) . No ble gas concentrations were determined from
two samples of 22.3 1 and 22.80 mg. Noble ga s extraction
was conducted by radio frequency heating in a Mo crucible
using the mass spec trometer system B at the University ofBern.
All details concerning the instrument, analytical procedure,
background, and blank corrections are described by Eugster
et al. (1993).

Ar-Ar age determinati on s were made on samples G3 and
G4 ofNWA 032 (Table A I). Th e two samples were irradiated
at the Sacavem reactor in Portugal with a fast neutron flux of
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~2.4 x 10 18 neutrons cm- 2 (irradiation designated MNI6).
Samples were positioned between Hb3gr monitors in a silica
vial. The difference in J value between the two monitors is
I% which is -3 x higher than the uncertainty in an individual J
value. Therefore, a I% uncertainty has been used in calculating
individual step ages (Table A I) and 1.4% uncertainty in J,
introduced from the error in the age determination of the
monitor (1072 ± II Ma; Turner et al., 1971), is included for
calculation of the total ages given in Table A I. Experimental
methods and data reduction procedures have been described
previously (Burgess and Turner, 1998; Fernandes et al.,
2000). Argon blanks at low temperature (300-1000 DC) are
0 .65 x 10-9 cm' STP 40Ar and have an approximately

atmospheric isotopic composition.

RESULTS

Mineralogy and Textures

Northwest Africa 032 is dominated by magmatic textures,

with early-formed crystals ofolivine, pyroxene, and chromite

enclosed in a fine-grained crystalline groundmass ofpyroxene,

feldspar, ilmenite, troilite, and trace metal (Fig. I; Table I). In
addition to these minerals, ulvospinel occurs as rims around
the chromite phenocrysts. Whole-rock shock-melt veins also
occur.

Fractures due to terrestrial weathering occupy under 1%
of the volume ofNWA 032 (Fig. I). In thin section, ~20% of
the fractures occur as void space, and the remaining 80% have
been filled with Ca-rich weathering precipitates. Detailed

compositional and crystallographic data were not collected
from the weathering products, but they appear to be dominated
by Ca-carbonate with minor sulfate . Weathering products
exhibit sharp textural boundaries with host rock phases, and
no textural or compositional evidence of terrestrial oxidation
or hydration in host rock phases, including metal and troilite,
was detected. The weathering scale of Wlotzka (1993) was
developed for ordinary chondrites, but is based on petrographic
criteria that can be applied to NWA 032 and indicate a
weathering grade of WOo

Chromite spinel formed early during the crystallization
history of NWA 032; it may have been the first mineral to
crystallize. It occurs as equant euhedral crystals up to -80 pm
across surrounded by groundmass minerals or included within
olivine or pyroxene phenocrysts (Fig. 2) . Chromite crystals

are finer grained than the olivine and pyroxene phenocrysts,
but are generally coarser than groundmass pyroxene, feldspar,
and opaque minerals (Fig. 2). With this variation in grain size
and in light of the early crystallization of chromite in NWA

032, we consider chromite part of the phenocryst assemblage

(see Cox et al., 1979, pp. 176-181 for discussion). Where

chromite is surrounded by groundmass minerals, it is rimmed

by ulvospinel. Ulvospinel rims have not been observed around
chromite crystals fully included within olivine or pyroxene
phenocrysts. Chromite interiors consistently yield analyses
near the chromite endmember of the spinel solid solution, but
with minor concentrations ofTi02, MgO, and AI203 (Table 2;
Fig. 3) . Some of the coarser chromite crystals are zoned with

Fe/(Fe + Mg) increasing from core (~O.75) to rim (-0.80), but
most of the grains we analyzed exhibit minimal zoning. Much

TABLE I. Modal abundances (vol%) in mare basalt meteorites and similar basalts from Apollo 12 and 15.

Mare basalt meteorites Apollo 12 and 15 basalts

NWA 032 Y-793169 A-881757 EET 87521*
clast A

12016,25 12054 15556,136

56 59 44 52.1 62.1 57
42 30 39 29.1 27.9 38

0 0 0 0.0 0.1 0.8
0 0 0 0.6 1.9 1.0
I 6 2 4.8 5.2 2.1
1 <5 0 0.0 0.5 0.6
0 <5 0 0.0 0.3 0.1
0 <5 0 0.0 0.1 tr
0 0 0 0.0 0.0 0.0

Olivine phenocrysts
Chromite phenocrysts
Pyroxene phenocrysts
Coarse pyroxene
Groundmass pyroxene
Undifferentiated pyroxene
Feldspar
Silica
Volcanic glass /rnesostasis
Ilmenite
Ulvospincl
Troilite
Metal
Shock-melt glass

11.3
0.3
4.8
4.8

41.1
50.7t
29.4

0.0
0.0
4.4
tr
0.7
tr
3.2

o
o

o
<5

15 12.0
0.0

10.8
1.9

0.1
0.4

Data sources: NWA 032, this study; Y-793169, Takeda et al. (1993); A-881757, Yanai and Kojima (1991) ; Elephant Moraine (EET) 87251
clast A, Warren and Kallemeyn (1989); 12016 and 12054, Neal et al . (1994); 15556 from Rhodes and Hubbard (1973) .
tr = present in trace abundance (identified in thin section, but not counted during point count) .
*EET 87251 is a breccia with mafic lithic clasts.
tundifferentiated pyroxene for NWA 032 = sum of phenocryst, coarse, and groundmass textural types .



F
IG

.
I.

X
-r

ay
m

ap
o

f
a

th
in

se
c

ti
on

o
fN

W
A

03
2

:
re

d
=

A
I
K

a
;g

re
e

n
=

Fe
K

a;
bl

u
e

=
S

i
K

a
.

Py
ro

xe
n

e
sh

o
w

s
up

bo
th

as
re

la
ti

ve
ly

co
ar

se
-g

ra
in

ed
,d

ar
k

bl
u

e
(M

g
-r

ic
h)

an
d

fi
ne

­
gr

a
in

ed
li

gh
t

bl
ue

(F
e-

ti
ch

)
pr

is
m

s.
T

he
gr

ee
n

gr
a

in
s

ar
c

ol
iv

in
e,

an
d

ye
ll

ow
-g

re
en

g
ra

in
s

ar
e

ch
ro

m
it

c.
R

ed
g

ra
in

s
in

g
ro

un
d

m
a

ss
ar

e
pl

ag
io

cl
as

e.
T

h
e

cr
ac

ks
ar

e
w

ea
th

er
in

g
fe

a
tu

re
s

pa
rt

ia
ll

y
fi

ll
ed

w
ith

C
a-

ri
ch

w
ea

th
er

in
g

m
in

er
al

s
w

hi
ch

ap
pe

ar
d

ar
k

on
th

is
im

ag
e.

<
..,

J
--

.I
.4 "T

j
I>

l
(J

O I>
l ::s ~ i:l :-
-



Northwest Africa 032: Product of lunar volcanism 375

ofthe range in Fe/(Fe + Mg) observed in chromite in NWA 032 is
from different compositions of different grains. The chromite
interiors are euhedral, and exhibit sharp boundaries with
ulvospinel rims (Fig. 2). The rim compositions are nearly
devoid of MgO, but have minor Al203 and Cr203, and are
separated by a significant compositional gap from the cores
(Fig. 3). The ulvospinel rims exhibit a range in Cr/(Cr + AI)
(Fig. 3), which may be due in part to overlap of the electron
beam onto adjacent chromite. However, beam overlap alone,
without a corresponding variation in Fe/(Fe + Mg), is not likely
to cause the wide range in detected Cr/(Cr + AI), indicating
that at least some of the range observed reflects a true variation
in composition of the ulvospinel,

Chromite and ulvospinel compositions and textures in NWA
032 are relatively simple compared to complex textures and
compositional trends observed inmany mare basalts (e.g., EI
Goresy et aI., 1976; Busche et aI., 1972). The chromites are
euhedral, without corroded or resorbed margins, and the
ulvospinel rims are texturally and compositionally distinct.
Similar textures in Apollo 12 and 15 pigeonite basalts have
been interpreted as a result of chrornite crystallizing in a melt
followed by a cessation of crystallization followed in tum by
late-stage precipitation of ulvospinel (EI Goresy et al., 1976).
The minor zoning observed in chromite in NWA 032 can be
attributed to simple crystal growth in a melt becoming enriched
in Fe/(Fe + Mg) during crystallization.

Olivine occurs as the most abundant and coarsest
phenocryst, ranging up to 300 j.1m in apparent width in thin
section, with equant to elongate crystal form (Figs. I and 4),
Undulatory to mosaic extinction and microfaults offsetting
phenocryst margins (Fig. 4) indicate that these crystals have
been deformed. Spherical inclusions composed predominantly
of very fine-grained pyroxene and feldspar were apparently
trapped as melt inclusions (Fig. 5). Interiors of the olivine
phenocrysts are broadly zoned from cores as Mg-rich as F066
to more Fe-rich compositions (-Foso) near crystal margins
(Fig. 6). Phenocrysts with greater apparent width in thin
section tend to have more forsteritic compositions in their
interiors, indicating that the Fe-Mg zoning in olivine resulted
from growth zoning, diffusive reequilibration after crystal
growth, or some combination of primary growth and post­
crystallization diffusion (Fig. 6). The continuously-zoned
interiors are surrounded by thin (-I to 3'1m) Fe-rich (~FOI5 to
F030) rims (Figs. 4 and 6). The compositional break between
continuously zoned Mg-rich olivine interiors and Fe-rich rims
is discontinuous within the spatial resolution of the electron
microprobe. Ratios ofFe/Mn are similar to those identified in
lunar olivine (Fig. 7).

Pyroxene is the most abundant phase in NWA 032 (Table I)
and exhibits a continuous variation in grain size from
phenocrysts comparable in size to the coarse olivine
phenocrysts down to finely tapered elongate crystals < I ,11 m in
apparent width. For this study, we recognize three textural
types of pyroxene and refer to them as follows: (1) crystals
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TABLE 2. Representative electron microprobe analyses (wt%) of minerals and shock-melt glas s in Northwest Africa 032.

Phase Shock­
melt
glass

Chromite Ulvo­
spinel

Ilmenite Olivine
(interior)

Olivine
(Fe-rim)

Ca-poor
pyroxene
(interior)

Ca­
pyroxene
(interior)

Pyroxene
from

(Fe-rim)

Ground- Ground-
mass mass

pyroxene plagioclase

Si02
Alz0 3
rio,
CrZ03
FeO
MnO
MgO
CaO
NazO
KzO
Total

42 .7
8.75
2.76
0.35

24.5
0.29

10.3
8.92
0.37
0.09

99.1

0.29
12.3
5.80

44.3
31.3
0.20
5.18
0.07

<0.02
<0.02
99.4

0.17
1.87

32.4
0.63

63.4
0.33
0.26
0.23

<0.02
<0.02
99.3

1.86
0.48

49.9
<0.04
46.4

0.35
0.04
0.53

<0.02
0.054

99.6

36.2
<0.02

0.04
0.28

33.8
0.29

29.4
0.35

<0.02
<0.02

100.3

32.5
0.20
0.19

<0.04
52.9

0.48
13.9
0.67

<0.02
<0.02

100.9

51.2
1.43
0.62
0.73

19.2
0.36

18.3
8.09

<0.02
<0.02

100.0

49.2
2.87
1.2
1.02

16.2
0.27

15.3
13.1
0.Q35

<0.02
99.3

45.4
2.21
1.83
0.07

34.5
0.49
4.05

10.9
<0.02
<0.02
99.4

45.3
2.44
2.63
0.04

33.7
0.44
6.40
8.68

<0.02
<0.02
99.7

50.0
30.4

0.16
<0.04

1.76
<0.04

0.33
15.6
1.29
0.08

99.7

Structural formala based on

Si4+

A[3+

Ti4+

Cr3+

Fez+

Mn?"
MgZ+
Ca2+

Na"
K+

Total
Si+ivAl*
viAI*
fo/wo/ant ­
en/abt

40
0.010
0.491
0.148
1.19
0.889
0.006
0.262
0.003

b.d.
b.d.
3.00

40
0.006
0.082
0.911
0.019
1.98
0.010
0.015
0.009
b.d.
b.d.
3.01

30
0.047
0.014
0.943

b.d.
0.975
0.007
0.002
0.014

b.d.
0.002
2.01

40
0.994
b.d.
0.001
0.006
0.776
0.007
1.21
0.010
b.d.
b.d.
3.00

0.61

40
0.987
0.007
0.004
b.d.
1.34
0.012
0.629
0.022
b.d.
b.d.
3.01

0.32

60
1.93
0.064
0.018
0.022
0.606
0.011
1.03
0.327
b.d.
b.d.
4.01
1.994
0.000
0.17
0.53

60
1.88
0.129
0.Q35
0.031
0.516
0.009
0.872
0.537
0.003

b.d.
4.01
2.000
0.007
0.28
0.45

60
1.89
0.108
0.057
0.002
1.20
0.017
0.251
0.484

b.d.
b.d.
4.00
1.993
0.000
0.25
0.13

60
1.86
0.118
0.081
0.001
1.16
0.015
0.391
0.381

b.d.
b.d.
4.00
1.976
0.000
0.20
0.20

80
2.30
1.65
0.006

b.d.
0.068
b.d.
0.022
0.770
0.115
0.005
4.93
3.945
0.000
0.87
0.13

b.d. = below detection.
"Tetrahedral Si + AI, and octahedral Al shown for pyroxenes and feldspar only.
t Anorthite and albite contents are approximations, as the feldspar deviates from An-Ab-Or stoichiometry.

coarser than - I 00 pm in width as phenocrysts; (2) finely tapered
elongate crystals intercalated with feldspar as fine groundmass
pyroxene; and (3) elongate grains of intervening size as
intermediate, Admittedly, this classification is imperfect, but

it calls attention to the true variation in grain size of pyroxene

in NWA 032. Phenocryst, intermediate, and fine groundmass

pyroxenes are distinct in composition as well as texture, and

the phenocrysts and intermediate grains have multiple
compositional domains, but most of the pyroxene analyzed can
be classified as augite and the remainder as pigeonite.

Pyroxene phenocrysts are equant to slightly elongate, and
are characterized by undulatory to mosaic extinction. Three

compositional domains can be discerned from BSE images:
(I) dark (in BSE) phenocryst cores; (2) mantles which are

slightly lighter in BSE grayscale than the cores; and (3) BSE­
bright Fe-rich rims similar to the thin rims that surround olivine
phenocrysts (Fig. 5). Multiple analyses ofthe phenocrysts shown

in Fig. 5 indicate that the subtle BSE contrast between cores
and mantles results from minor differences in Mg!(Mg + Fe)
(molar) of61 to 66 in the cores to Mg/(Mg + Fe) of 55 to 60 in
the mantles (Fig. Sa) . Core compositions vary considerably in

Ca (Woro to W040), but Mg!(Mg + Fe) is relatively constant.

No gap in Ca content between augite (WO>20) and pigeonite

(WO<20) is apparent. Pyroxene compositions from phenocryst
mantles vary in Mg!(Mg + Fe) as well as Ca content (Fig. Sa)
and generally exhibit continuous zoning toward more Fe-rich
compositions closer to crystal margins. The rims are
significantly more Fe-rich than the phenocryst interiors and

tend to have relatively low Ca contents (Fig. Sa). The rims
have higher Mg/(Mg + Fe) and Ca content than pure

pyroxferroite (Fig. Sa), a late-stage, Ca,Fe-pyroxenoid observed
in several Apollo mare basalts (Chao et al., 1970; Papike et
al., 1976). Both pyroxene and olivine have Fe-rich rims where
phenocrysts are in contact with groundmass minerals (in some
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FIG. 3. Compositions of chromite phenocrysts with ulvospin el rims (a, b, c) and ilmenite (a only) from NWA 032 : (a) weight percent tern ary
plot of EI Goresy et al. (1971); (b) and (c) molar ratio plots of Busc he et al. (1972). Plots are based on electron mic roprobe ana lyses of
ilme nite (/1 = 9) from the groundmass, and rims (n = 9) and cores (II = 166) of sp ine l solid solution phenocrysts . Phenocryst core and rim
compos itio ns fall near chro mite and ulvospinel end members and are resol ved from eac h other by a large compositi onal gap (see Fig . 2) .
Ana lytical errors (10) due to counting statistics are smaller than symbo ls.
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FIG.4 . Backscattered electron image of zoned olivine phenocryst and adjacent materials. Subtle dark to light gray variation from cor e to rim
of phenocryst at center reflects continuous zoning from magnesian core (-F066) to less magnesian rim (-F060) ' Lines A-A' and B-B' denote
positions of compositional profiles shown in Fig . 6. Thin bright seam around olivine con sists of very Fe-rich (-Fon) rim. Bright equant
crystals, mostly included in olivine, are chromite. Arrows highl ight microfault in olivine. Shock vein s (s) are present along the right margin
and upper left corner of image . Fine-grained groundmass minerals consist mostly of pyroxene (medium gray) and feldspar (black), which
occur in radial splays and elongate dendritic patterns. Fine elongate prisms of ilmenite (wh ite) are prominent in the groundmass below the
central olivine phenocryst.

cases, the distinction between groundmass pyroxene and rim
pyroxene cannot be made), but Fe-rich rims are absent where
olivine and pyroxene phenocrysts have been sutured together
(Fig. 5).

Core, mantle, and rim domains are distinct in AI, Ti, and
Cr as well as the quadrilateral components. Mantles are
enriched in high field-strength elements, with L(AI,Ti,Cr) ""
0.3 atoms per 6-oxygen formula unit (apfu) in contrast to
:L(AI,Ti,Cr) "" 0 .17 in the cores and ~0.14 in the rims.
Aluminum in the cores appears to have been introduced into
the pyroxene structure by both Tschermak (AIAIM~1 Si_1) and

coupled titanian (TiAI2Mg_1Si_2) exchange reactions
(Thompson, 1982), resulting in Ti/AI of 114 (Fig.9a) . Ratios
of Ti/AI in the mantles form a trend toward higher
concentrations ofTi and AI, with Ti /AI increasing, suggesting
a gradual increase in ratio of coupled titan ian to Tschermak
exchange reactions . In contrast, rim domains are separated by
a compositional gap , with lower concentrations ofTi and AI,
and Ti /AI near 112, suggesting no Tschermak exchange in the
rims. The values of Ti /AI greater than 1/2 cannot be attained
under the normalization assumptions used in this study , but
are possible if some TP+ is present (Bence and Papike, 1972).
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FIG. 5. Backscattered electron image ofjoined pyroxene (Pyx) and olivine (Olv) phenocrysts. A thin, Fe-rich (bright gray to white) quenched
rim is present along phenocryst faces in contact with groundmass minerals. No such rim is present along the interface between the phenocrysts.
A subtle but discontinuous break in grayscale in the pyroxene phenocrysts (see arrows) reflects a compositional break from more Mg-rich
compositions interior to the break to more Fe-rich compositions closer to phenocryst margins. Bright triangle-shaped inclusion in lower
pyroxene phenocryst is chromite. Spherical to subspherical inclusions in olivine are melt inclusions that consist now of very fine-grained
pyroxene and feldspar similar to the groundmass. Groundmass minerals consist of feldspar (black), continuously zoned pyroxene (shades of
medium gray), and ilmenite and troilite (both white in this image).

Similar compositional jumps in pyroxene TilAl values from 1/4
to 1/2 have been linked to the onset of feldspar crystallization
in other mare basalts (Bence and Papike, 1972).

Pyroxenes classified as intermediate are <50,Lim in width,
exhibit more elongate crystal form in thin section than the
phenocrysts, and are coarser than adjacent feldspar crystals.
Many, but not all, intermediate-sized pyroxene grains have
distinct Fe-rich rims. Some analyses of the interior portions
of intermediate pyroxene yield Mg-rich, Ca-poor compositions
similar to the phenocryst cores, but most of the intermediate
pyroxene is similar in composition to the phenocryst mantles

in both Wo-En-Fs components (Fig. 8b) and high field-strength
elements (Fig. 9b). The thin Fe-rich rims on intermediate­
sized pyroxene grains are compositionally similar to the Fe­
rich phenocryst rims and much of the fine groundmass
pyroxene (Figs. 8 and 9).

Fine groundmass pyroxene occurs as elongate crystals
interstitial with plagioclase feldspar. In some cases, pyroxene
and feldspar occur as radial splays emanating from common
nucleation sites ("plumose texture", Fig. lOa). Fine pyroxene
crystals lack quenched rims but are zoned continuously over
large ranges in Mg, Fe, Ca and high field-strength elements
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(Figs. 8c and 9c). Some g roundmass pyroxene is extremely
Fe-rich, with Mg/(Mg + Fe ) ne ar a(Fig. 8c).

Electron microprobe an alyses o f fin e, int ermediate, and
phenocryst pyroxen e yi eld nearly st o ichiometri c mineral
formulae when normalized with all Fe assume d to be ferrous.
As discussed above, better stoichio me try ca n be atta ine d in
several cases if some cation s, perhaps Cr or Ti, have low er
valences than we have ass ume d for normalization, Althou gh
the se results do not co ns ti tute a direct observation of the Fe
ox idation state, it is s tro ng evi de nce, particularl y in light of
the Jow oxygen fugacities implied by the presence of Fe-metal
in the groundma ss, that all Fe in NWA 032 pyr oxene is ferr ous.

Ratios of Fe/Mn are similar to th ose identified in lunar
pyroxenes (Fig. 7).

Plagioclase feldspar is abundant in the groundma ss ofN WA
032 (Table I), where it forms fine elong ate tap ered cry sta ls
between pyroxene crystals of similar size and form (Fi gs. 4
and 10). Because of the fine grain s ize, fe ldspar cry sta ll ini ty
is difficult to as sess; however, at lea st so me of the fe lds par

appears to be ma skelynite . Feldspar compos itions typi call y
range between Anso and An90, but hav e excess Ca and Si
relati ve to N a, K, and Al fo r id e al A n-Ab-Or fe lds pa r
s to ichiometry (Table 2). It is unlikely that the dev iat ion s from
sto ichiome try are due to loss of alk al ies during m icropr ob e
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Northwest Africa 032 is a basalt with wh ole-rock Fe/Mn
ratio in the range ofl unar meteorites and returned lunar samples
(Table 3) . Multiple ana lyse s by INAA yield a mean FeO
concentration of22 .1 ± 0.2 ( 10) wt%, which is slightly lower
than th e va lue o f 23 .0 wt % determin ed by wet che mical
methods (an alyst, E. Jarosewi ch ) (Tab le 3). The discrepancy

Whole-Rock Composition: Major and Minor Elements
and Oxygen Isotopes

FIG. 9. (right) Atoms per formu la unit (6 oxygen norm a lizati on ) Ti
vs. Al in py roxene for phen ocrysts (a) shown in Fig . 5, intermediate­
sized grains (b), and tine pyroxene interstiti al with plagioclase feldspar
in the groundma ss (c) . Wo- En- Fs co mpone nts o f these ana lyses are
plott ed in Fig. 8. A T i/A I rati o o f II2 ca n be accounted for by
s u bs t itu t io n o f TiA I2Mg_ ISi_2 exc ha nge co m po ne n t int o a n
endmember co mposi tio n (o r "additi ve co mpo nent" o f T hompson,
J99 J) of Ca MgS i206' A Ti l AI ratio o f 114 requires a nother exchange
com po ne n t, a nd ca n be acco unte d fo r by s ubs ti tu t io n of o ne
viA livA IMg_ 1Si_ 1 ("Tsc her mak exc ha nge", see fo r e xampl e
Th om pson , 1982) for every TiAI2Mg.... ,S i_2. Values of Ti l AI grea ter
than 1/2 are not poss ible by these exchange co mpone nts and suggest
that some Ti 3+ may be presen t (Bence a nd Papike, 1972). Shifts
from Ti/A I "" 1/4 to Ti /A I > 114 may denote the onse t of feld sp ar
cry sta llization (Bence and Papik e, 1972 ). An alytica l uncertain ties
( 10) due to cou nting statis tics are s mal ler than the sym bo ls.

an alyses, because a relativ ely low curr ent ( 10 nA) was used,
and alkali-loss during ana lys is results in excess Al relative to
alkalies (e.g., Morgan and Londo n, 1976), in contrast to our
results. Th e relati vely high co ncentra tions of Mg and Fe in
addition to Ca and Si are similar to several previ ously analyzed
mare feld sp ars (C rawford, 197 3), and suggest that charge
balance is maintained by substitution of Ca, Mg, Fe, and Si
into the alkali-defi c ient feldspar (Wenk and Wilde, 1973;
Longhi et of., 1976).

Opaque ph ase s occur in the g ro undma ss and include
ilmenite, troilite, and rare met al (Table 2) . Both ilmenite and
troilite are widely di spersed and cha rac te r is tic of the
groundmass, whereas only six tiny (ra di i s I lim) met al grains
were identified in the thin sec tion shown in Fig. I. Ilmenite is
the most abundant opaque phase and forms elonga te branching
crystals typically no mor e than 3 zzm in width (Fi g . lOb).
Textures indi cati ve of subso lidus redu ction (see El Goresy and
Ramdohr, 1975) wer e not obse rve d in ilmenite in NWA 032;
however, subso lidus textures may be difficult to recognize in
this case bec ause of the fin e, elongate, branchin g texture of
the ilmenite. Troilite is common ly found adj acent to ilmen ite
and form s equant grains no more than 3 or 4 zz rn across .

Shock veins are wide ly disp ersed in the meteorite . Th ey
co ns ist o f who le-roc k shock-me lted g la ss w ith ba salti c
co mpos ition (Table 2) and frag me nted min eral incl us ions
(Fig. 4). Micro- fault s are common in the rock and have caused
o ffsets of phen ocrysts and gro undmas s miner als (Figs. 4 and
lOb). We attribute the micro-faults, maskelyn itizat ion o f
feld spar, and undulatory extin ct ion in oliv ine and pyroxene to
shock deformation .
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FIG. 10. Backscattered electron images of groundmass textures in NWA 032. (a) Plumose texture of elongate pyroxene (medium gray) and
feldspar (dark gray) radiating away from common nucleation sites. (b) Elongate dentritic morphology of ilmenite (il) in contrast to equant
form oftroilitc (tr). From darkest to lightest in grayscale, minerals in this image consist of feldspar, pyroxene, ilmenite, and troilite. Variable
grayscale of pyroxene reflects continuous zoning in Fe, Mg, and Ca.

between results may have resulted from analytical errors, or
from heterogeneities in primary composition, or weathering
effects of the different specimens analyzed. In either case, the
FeO concentration ofNWA 032 is among the highest of lunar
mare samples (Table 3).

Based on its low TiO z, Alz03, and KzO concentrations
(Table 3), NWA 032 is classified as a low-Ti basalt, similar to
basalts from Apollo 12 and 15 (Neal and Taylor, 1992). The
concentration ofAlz03 vs. MgO in NWA 032 falls along major
element trends consistent with olivine fractionation in olivine
basalts from both Apollo 12 and 15 (Fig. II) . The concentration
of TiOz also is consistent with the Apollo 12 trend, but falls
above the values observed in Apollo 15 samples. However,
the major elemental composition ofNWA 032 does not appear
to fit in any of the Apollo 12 suites: it is TiOz-poor compared
to the ilmenite basalts; FeO-rich and SiOz-poor compared to
the pigeonite basalts; and has higher FeOlMgO at similar SiO z
concentration in comparison to the olivine basalts.

Thermodynamic modeling ofa cooling liquid ofNWA 032
whole-rock composition produces minerals and mineral
compositions similar to those observed in the meteorite.
Partition coeflicients determined by Roeder and Emslie (1970)
indicate that olivine precipitating from a liquid ofNWA 032
composition has an equilibrium composition of F065' matching
the composition of the interiors of the coarsest (earliest formed)
olivines (Fig. 6). A low-pressure (I bar) model crystallization
sequence based on MELTS (Ghiorso et aI., 1994; Asirnow and
Ghiorso, 1998) predicts that spinel should crystallize first from
a cooling liquid ofNWA 032 composition at 1223 °C, followed
by olivine at 1184 °C and pyroxene at 1180 °C, consistent with
the crystallization sequence inferred from textures. In the

MELTS model, the initial pyroxene has a composition of
WooSEn63, similar to the composition of the most Ca-poor
pyroxene detected in phenocryst cores in NWA 032 (Fig. 8).
With continuing crystallization, model pyroxene becomes more
Ca- and Fe-rich, consistent with trends ofpyroxene composition
in the meteorite.

Analyses of multiple fragments broken from different
portions of the meteorite indicate that it is compositionally
homogeneous with respect to minor elements (Korotev et aI.,
200 I). Rare earth element (REE) concentrations yield a well­
defined Eu anomaly typical of lunar mare basalts (Table 3;
Fig. 12). Higher bulk concentrations ofREE, a light rare earth
element (LREE)-enriched pattern, and a deeper Eu anomaly
distinguish NWA 032 from the Apollo 12 and 15 basalts and
A-881757. The LREE-enriched pattern ofNWA 032 is similar
to patterns observed in high-Al basalts from Apollo 14.

The Th/Sm ratio of NWA 032 is unusually high in
comparison to previously sampled mare basalts (Fig. 13). We
believe that the high Th/Sm ratio is not the result of terrestrial
alteration for two reasons. First, although there is evidence
for chemical alteration in Dar al Gani 262 (Bischoff et aI.,
1998) and Dhofar 025 (Taylor et al., 200 I; Warren et al., 200 I),
Th /Sm ratios in these meteorites (0.37 and 0.36) are not
significantly different from those in feldspathic lunar meteorites
from Antarctica (0.33 in Allan Hills (ALH) A81 005, Kallemeyn
and Warren, 1983; 0.34 in MacAlpine Hills 88015, Warren
and Kallemeyn, 1991 b; 0 .35 in Y-86032, Warren and
Kallemeyn, 1991a) or feldspathic Apollo soils (mean 0.36 in
soils from North Ray Crater at Apollo 16, Korotev, 1996).
Second, the relati ve standard deviation of Th/Sm ratios in 12
subsamples ofNWA 032 analyzed by INAA is 2.8%, vir tually
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TABLE3. Elemental composition of mare-rich meteorites and similar basalts from Apollo 12 and 15.

Lunar mare meteorites Apollo 12 and 15 basalts

NWA 032 NWA 032 Y-793169 A-881757 EET 87521 12016,9 12054,62 15119,19 15556, 177
NMNH WUSL* (1) (I) (2) (3) (3) (4) (4)

wt%

sio, 44.7 46 .0 47.1 48.4 42.8 45.9 44.9 45 .7
ri o, 3.08 2.19 2.45 1.13 4.02 4.63 2.57 2.62
Alz03 8.74 11.1 10.0 12.5 7.23 10.5 8.96 9.48
CrZ03 0.401 0.24 0.29 0.21 0.57 0.33 0.587 0.838
FeO 23.0 22.1 21.2 22.5 19.2 22.6 19.5 22.2 21.7
MnO 0.33 0.32 0.34 0.24 0.3 0.29 0.28 0.28
MgO 8.45 5.75 6.30 6.30 12.7 6.76 9.38 8.15
CaO 10.9 12.0 11.8 11.7 8.42 11.9 10.0 10.6
NazO 0.37 0.347 0.27 0.25 0.41 0.22 0.31 0.26 0.257
KzO 0.11 0.06 0.04 0.07 0.06 0.07 0.048 0.047
Total 99.7 99.2 101.0 100.0 98.89 100.16 99.23 99.60

Mg/(Mg + Fe)t 39 .6 32.6 33.3 37.3 49.9 38.2 43.0 40.1
Fe/Mnt 69.8 66.0 66.0 78.5 75.5 67 .3 79.3 77.4

,ug/g
Sc 56 93.7 99.4 44 44 46
Co 42 29.8 27.9 46 54 31 50 50
Ni 50 53 52 29 25 59 63
Sr 142 78 115 104 126 162 112 101
Zr 175 59 45 140 117 128 95 94
Ba 242 34 27 88 59 64 44 44
La 11.2 4.72 3.69 8.3 5.36 5.2
Ce 29.7 14.8 10.9 20.9 16.2 18.8 15.9 15.8
Nd 21 11.9 8.3 1 13 15 13
Sm 6.61 4.30 2.88 3.86 5.5 6 3.82 3.65
Eu 1.10 1.31 1.10 0.98 1.06 1.27 0.94 0.96
Tb 1.56 1.02 0.76 0.8 1.42 1.85 0.83 0.87
Yb 5.79 4.59 3.26 3.19 5 5.8 2.36 2.27
Lu 0.802 0.66 0.52 0.48 0.67 0.78 0.32 0.31
Hf 5.00 3.0 1 2.20 2.88 6.3 4.8 2.89 2.89
Ta 0.62 0.31 0.22 0.37 0.41 0.39
Au (ng/g) 4 1.1 0.2 < 1.2
Th 1.90 0.68 0.42 0.95 0.49 0.46
U 0.45 0.09 0.16 0.23

Analyses of NWA 032 conducted by wet chemical method s at the U. S. National Museum of Natural History (NMNH) and by INAA at
Washington University, S1. Louis (WUSL ). Other analyses: (I ) major elements from Warren and Kallem eyn (1993), and minor elements
from Koeberl et al. ( 1993); (2) Warren and Kalleme yn (1989); (3) Rhodes et al. (1977); (4) Ryder and Schuraytz (200 I).
*WUSL results are mass-weighted means of 12 analyses from 4 subsamples o f NWA 032 (Korote v et al. , 200 I).
I By convent ion, Fe/Mn is calculated from concentrations by weight, wherea s Mg/(Mg + Fe) is molar.

identical to the mean es timated 10 an alytical uncertainty, 3 .1%
(Korotev et aI., 200 I) . If terrestrial alteration affected the ThiSm
ratio, we would not expec t it to have done so uniformly. The

hi gh concentration of Au (4 ng/g) , in co ntras t, is almost

certainly the result of terrestrial contamination .
The whol e-rock oxygen is ot opic composition o f

<5 180 = +5.63 %0 and <5 170 = +2.92%0 is co nsistent with a lunar
origin. This composition falls along the terrestrial fractionation
line in the field oflunar (and terrestrial and enstat ite meteorite)

rocks. However, the oxygen isotopic composition does not
provide a constr aint on the lunar region or geologic setting
from which NWA 032 originates .

Argon-Argon Ages

Results of th e stepped heating Ar isotopic analysis of
fragments G3 and G4 are given in Table A I. Age spectra, Ca/K
and cosmic-ray exposure ages of the individual steps are sh own



Northwest Africa 032: Product of lunar volcanism 385

FIG. J1. Whole-rock concentrations of AI20 3 and Ti02 vs. MgO
(wt%) of NWA 032 and low- Ti basalts from Apollo 12 and Apollo
15 (Papike et aI., 1976; also see review of Pap ike et aI., 1998).
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0.5 .,..----------------------, The total Ar release ages obtained for G3 and G4 are
indistinguishable at 2.775 ± 0.092 and 2.800 ± 0.020 Ga,
respectively. Subsequent analyses of multiple fragments by
infrared-laser single-shot gas extraction yield similar ages, and
a third step-heating profile is similar to the profiles from G3
and G4 (Fernandes et al., 200 I); these new data will be
described in detail in a forthcoming manuscript and are
consistent with results presented here. Two possible
interpretations of the causes and chronological implications of
the complex age spectra are discussed below.

( I) During the irradiation, recoil 0[39 Ar from fine-grained
K-rich plagioclase to K-poor pyroxene may lead to artificially
high ages at low temperatures and low ages from high­
temperature release from pyroxene (Turner and Cadogan,
1974). The increase in CalK (Fig. 14b) from -4 to 2300 with
increasing release temperature suggests that the low­
temperature releases were dominated by Ar from plagioclase
and whole-rock shock-melted glass veins, whereas the high­
temperature releases were dominated by Ar from pyroxene.
The extremely fine-grained texture of the K-bearing phases
indicates that 39Ar recoil is a plausible mechanism influencing
the Ar release. If this is the case, then the total Ar age of2.80 Ga
can be interpreted as having geological significance, possibly
indicating the time of the original crystallization. The age might
alternatively represent the timing ofa major impact responsible
for the formation of the melt veins. However, it seems more
likely that the melt veins are a recent feature associated with
the ejection ofNWA 032 from the lunar surface and that this
event did not affect the K-Ar systematics significantly.

(2) Ar-Ar laser probe measurements of melt glass in the
Peace River meteorite (McConville et al., 1988) indicated that
radiogenic argon can be retained preferentially in shock­
produced melt glass that is rapidly quenched. If this occurred
during formation of the shock-melt veins in NWA 032, then it
is possible that the highest step ages represent partial retention
of radiogenic argon by the melt glass and the intermediate
release ages of2.4-2.8 Ga record the time of thermal annealing
following the impact. As with (I) above, this interpretation,
that the ages date a post-impact annealing episode, can be
discounted if the veins are related to ejection of the meteorite
from the Moon.

The 38Ar/Ca ratios are high in the low-temperature steps
(Fig. 14c), possibly due to the presence ofCI-derived 38Ar from
terrestrial contaminants. The 38Arc/Ca from step releases above
800°C, corresponding to -90% ofthe 37Ar release and inferred
to be dominantly from pyroxene, shows little variation with
weighted mean values for G3 = (2.042 ± 0.108) x I()-6 cmvg Ca
and G4 = (2.056 ± 0.194) x 10-6 cm 3/g Ca. Using the method
of Eugster and Michel (1995) adjusted for 2n geometry, we
calculate a production rate of 38Ar from calcium of
0.905 x 10-8 cm' STP/g/Ma, corresponding to exposure ages
of226 ± 12 Ma and 227 ± 13 Ma for G3 and G4, respectively,
where errors are analytical precision and do not account for
uncertainties in production rate. These values are within error
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FIG. 13. Variation of Th/Sm with Ti02 in mare basalts. The error
bars represent 95% confidence limits and the diagonal line is a least­
squares fit weighted by the confidence limits. There is a weak ten­
dency for Th/Sm to decrease with increasing Ti02. NWA 032 has an
unusually high Th/Sm ratio.

in Fig. 14. The 38Ar/36Arratios in all but the lowest and highest
temperature steps are very close to that expected for cosmogenic
argon (1.54) and both samples contain negligible amounts of
solar Ar. This is the same as found previously for two other
lunar mare basalt meteorites, A-881757 and Y-793169
(Thalmann et al., 1996), and is consistent with the fact that
NWA 032 is an unbrecciated mare basalt which does not
contain regolith components exposed to the solar wind.

The age spectra show a complex pattern; there is evidence
for a small amount of 40Ar loss at low temperatures, thereafter
the apparent ages rise to a maximum of 3.3-3.5 Ga at
400-500°C accounting for 10--14%ofthe 39Ar release (Fig. 14).
Apparent ages decline steadily to 2.4-2.8 Ga at intermediate
release (30-60% ofthe 39Ar release) before finally falling again
at high temperature. The Ar-Ar release patterns are similar to
those obtained from some fine-grained Apollo 14 rocks (Turner
et al., 1971) where the high-temperature apparent ages do not
seem to date any geologic event, but the total Ar-Ar ages agree
with the Rb-Sr ages and appear to be meaningful (whether the
Rb-Sr ages represent igneous crystallization or impact melting
has been questioned recently; see Snyder and Taylor, 200 I).
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FIG . 14. 4oAr-39Ar step-heating results for samples G3 and G4 of NWA 032 fragments G3 and G4. (a) Apparent age vs. 39Ar released.
(b) CalK ratio (molar) vs. 39Ar released. (c) Cosmic-ray exposure age vs. 37Ar released.

of cosmic-ray exposure ages determined from gases extracted
by radio frequency heating (see below).

Cosmic-Ray Exposure Ages

Noble gas concentrations used for deriving the cosmic-ray
exposure history of NWA 032 are presented in Table 4 . In
order to determine cosmic-ray exposur e ages, production rates
for cosmogenic 2 \Ne and 38Ar must be derived. These production
rates dep end on the chemical composition of the investigated
material (Table 3) and on shielding depth during exposure to
cosmic ray s. The co sm ogenic ratio 22Ne/2 !Ne = 1.144
indicates th at the NWA 032 material was irradiated at a
shielding depth ofa few tens of centimeters. Using the method
for calcula ting product ion ra tes proposed by Eugst er and
Michel ( 1995) we obtain cos mic-ray exp osure ages from 21Ne
and 38Ar of'z 11 0 Ma. Nishiizumi and Caffee (2001) mea sured

the radi onuclides 41 Ca, lOBe, 26Al, and 36CI, and calculated a
Moon-Earth transfer time of -0.05 Ma , Therefore, we
conclude that the cosmic-ray irradiation occ urred when the
NWA 032 material resided in the lunar rego lith. In that case,
the production rates have to be adjusted to a 2][ exp osure
geometry, and we obtain an average lun ar regolith resid ence
time of 220 ± 30 Ma (Ta b le 5) . The relatively low
concentrati ons of trapped so lar wind 20Ne are consistent with
the low so lar Ar (see "Argon-Argon Ages") and indicate that
the NWA 032 is an interior sample of a rock never exposed
directly at the very top o f the lunar surface. Using the
concentration 01'2370 x 10- 8 cm-' STP/g for radiogenic 40Ar
(Table 5) and a K concentration of 913 ppm (Table 3), we
calculate an Ar retention age of 277 5 ± 160 Ma, the error
limits tak ing into account a 10% unc ertainty for K. Thi s K-Ar
age is in exce llent agreement with the total Ar-Ar ages of G3
and G4 given above.
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TAl3Ll4. Results of He, Ne. and Ar measurements at University of Bern for NWA 032.

Sample: 4He 20Ne 40Ar 4He 20~e 22Ne 36Ar 40Ar

( 10-8 crn' STP/g) 3He nNe 21Ne 38Ar 36Ar

22.3 ] 1l1g 3675 17.61 2344 ]76.7 0832 ].138 0681 175.6
± 150 ±0.70 ±IOO ±2.0 ±0.009 ±0.012 ±0008 ±3.0

22.80 mg 5168 19.00 2398 225.8 0.806 1.154 0.667 179.8
±2ll0 ±ll80 ±lllO ±2.ll ±0.O08 ±0.012 ±0.O08 ±3.0

Average 4420 18.30 2371 201.2 0.8] 9 l .]46 0.b74 177.7
± 180 ±070 ±IOO ±2.0 ±0008 ±0.012 ±0008 ±3.0

Errors are 2a.

DISCUSSION

"This value, based on gas extractions by radio frequency heating, is
\\ nhin error of CRE ages of 226 ± 12 Ma and 227 ± 13 Ma,
determined from step-heating Ar isotopic analyses.

TADLE 5. Cosmogenic. radiogenic, and trapped noble gases
calculated from data in Table 4, cosmic-ray exposure (CRE) and
K_40AI' ages, and lunar regolith residence time ofNWA 032.

Cosmogenic 2]Ne
Cosmogenic 3'.\r
Cosmogenic 22~e!21:\e

Radiogenic 4He
Radiogenic .jl)'\r
Solar wind cONe
CRE age from ':I~e

CRE age from 38Ar'
Lunar regolith residence time
K-40Ar age

(19.5 ± 1.0) x 10-8 crn' STP/g
(19.7 ± 1.0) x ]0-8 cm3STP/g
1.144 ± 0.010
(4300 ± 2(0) x 10-8 ern- STP/g
(2370 ± 100) x 10 8 cm' STP/g
<0.7 x 10-8 crn' STP/g
208 ± 30 Ma
232 ± 30 Ma
220 ± 30 Ma
2775 ± 160 Ma

deep Eu anomaly ofNWA 032 is typical of other lunar mare
samples.

The Ar-Ar data, though difficult to interpret, are dominated

by step releases with apparent 40Ar/39Ar ages ranging from

2.5 to 3.5 Ga (Fig. 14) and total ages ~2.8 Ga. somewhat young

in comparison to returned mare samples. but reasonably

associated with the timing of the later stages of marc \ olcanism
(Schmitt. 1991; Hiesinger et aI., 2000). If :\\\A. O~2 lost
radiogenic Ar during shock metamorphism, then the true
volcanic age is older than 2.8 Ga (see "Argon-Argon Ages")

and may be closer in age to returned mare samples.

Alternatively, as discussed above, the whole-rock Ar-Ar age

may represent the volcanic age ofNWA 032; if so, this rock is

one of the youngest currently available samples of marc basalt.
further evidence for a lunar origin comes from the cosmic­

ray exposure history determined from cosmogenic nuclides
(Nishiizumi and Caffee, 2001) and noble gases (this study).

Exposure to cosmic rays in the lunar regolith for ==O-=~O :VIa

and a Moon-Earth transfer time 01'0.05 Ma, as determined for

NWA 032, are typical of lunar meteorites.

Lunar Origin and Age

Multiple lines of evidence indicate a lunar origin ofNWA
032. The oxygen isotopic composition falls in the field of

terrestrial and lunar rocks, and enstatite chondrites and
achondrites. An enstatite meteorite parent body can be ruled

out because all mafic silicates in NWA 032 have considerable
Fe in solid solution with Mg. The presence of Fe,Ni metal,
troilite and ilmenite, and the absence of ferric iron indicate
petrogenesis under oxygen fugacities lower than terrestrial
basalts, ruling out a terrestrial origin. Ratios of Mn/Fe in the

\\ hole rock, pyroxenes, and olivines all are consistent with lunar

or igin (Table 3; Fig. 7), as is the low-alkali content of
plagioclase. Pyroxene in the groundmass and along Fe-rich
quenched rims of phenocrysts may be extremely Fe-rich; these
r'e-rich compositions are typical of lunar pyroxenes, but are
il\ It characteristic of pyroxenes from terrestrial basalts. The

Comparison with Other Mare Basalts

General geochemical similarities ofNWA 03= to other marc
rocks indicate a lunar origin, but in detail, the geochemistry

and mineralogy ofNWA 032 are sufficiently distinct 10 indicate

that this meteorite originates from a previously unsampled marc
basalt. With the exception of its low AI 20 3 content, NWA
032 is similar in major element composition to the other
unbrecciated mare meteorites, Y-793169 and A-gS1757
(Table 2); however, neither Y-793169 nor A-gS1757 has
olivine phenocrysts (Table 1), and both of these meteorites are

much coarser grained than NWA 032 (Yanai and Kojima,

1991). Furthermore, cosmic-ray exposure ages derived from

noble gases (this study) and cosmogenic nuclides (Nishiizumi
and Caffee, 2001) indicate that NWA 032 is distinct from these
meteorites in ejection date from the Moon as well as exposure
to cosmic rays on the lunar surface (Thalmann et 01., 1996).
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The basaltic breccia Elephant Moraine (EET) 87521 was
ejected from the Moon at a similar time as NWA 032, but has
a different cosmic-ray exposure history (Vogt et al., 1993).
The brecciated texture and relatively low TiOz content ofEET
87521 further distinguish this meteorite from NWA 032 . One
lithic clast in EET 87521 does have modal olivine (Table I);
however, this clast is coarser grained than NWA 032 (Warren
and Kallemeyn, 1989).

NWA 032 shares similarities in major element composition
with basalts from Apollo 12 and olivine-normative basalts from
Apollo 15 (Table 3). In the scheme ofNeal and Taylor (1992),
the Apollo 12 (Rhodes ef al., 1977; Neal et al., I994a), Apollo
15 (Rhodes and Hubbard, 1973; Ryder and Schuraytz, 200 I),
and NWA 032 basalts all are classified as "low-Ti" basalts,
with low concentrations of rto-, Alz03 and KzO (Table 3) .
In detail , however, geochemical and petrographic observations
indicate that NWA 032 does not originate from the flows
sampled during Apollo 12 and 15. Higher concentrations of
REE and a deeper Eu anomaly distinguish NWA 032 from

Apollo 15 basalts (Fig. 12). Furthermore, the modal abundance
of olivine in NWA 032 is much higher than Apollo 15 samples
ofcomparable major element composition (Table I). We argue
that NWA 032 originates from a lava that erupted with olivine
phenocrysts (see "Crystallization Sequence and Volcanic
Petrogenesis"), in contrast to the Apollo 15 olivine-normative
basalts; thus, we infer that the differences in mode reflect
distinct petrogenetic histories, not simple within-flow modal
variations. The Apollo 12 ilmenite basalts produce a closer
match to NWA 032 in modal mineralogy and trace element
concentrations, but are relatively enriched in TiOz and depleted
in REE (Tables I and 3; Fig. 12). Apollo 14 group 3 aluminous
basalts are similar to NWA 032 in REE concentrations (Fig. 12),
but have Alz03 contents of 12.0 to 13.5 wt% (Dickinson et
al., 1985), in contrast to the low-AI composition ofNWA 032
(Table 3) .

NWA 032 has the highest ThlSm ratio of known mare
basalts (Fig. 13), further indicating that it represents a
previously unsampled unit , and suggesting that some
petrogenetic mechanism may fractionate Th from REE.
Without a suite of samples it is difficult to assess the origin of
the high ThlSm, but it may involve the greater incornpatability
of Th in major basaltic minerals or a distinct source of melt.
The high bulk concentrations of REE and LREE-enrichment
observed in NWA 032 also are consistent with a distinct,
possibly KREEP-like, source for the melt from which NWA
032 crystallized .

Using compositionally constrained, global remote sensing
data-FeO = 18-22 wt% and Th = 1-3 ppm, Lunar Prospector
gamma-ray spectrometer (Lawrence et al ., 2000);
TiO z = 1.5-5 wt%, Clementine spectral reflectance (Lucey et
al., 2000)-the most likely source areas for NWA 032 are, in
order of probability (on the basis of compositional match and
areal extent) : Mare Humorum, M. Fecunditatis, western M.
Serenitatis, M. Crisium, and far western Oceanus Procellarum.

However, if the whole-rock Ar-Ar age is the volcanic age of
NWA 032 and if volcanism in M. Humorum ceased by 2.93 Ga
(Hiesenger et al., 2000), then Humorum cannot be the source
ofNWA 032.

Crystallization Sequence and Volcanic Petrogenesis

Chromite, olivine, and pyroxene phenocrysts in NWA 032
crystallized prior to the intermediate pyroxene and groundmass
minerals. Forsterite contents of the coarsest (earliest-formed)
olivine phenocrysts match the compositions of olivines
predicted to crystallize from a melt ofNWA 032 composition
(Roeder and Emslie, 1970). This observation is evidence that
the olivine phenocrysts crystallized in situ without significant
accumulation, and implies that NWA 032 is similar in whole­
rock major element composition to the liquid from which it
formed. This interpretation is supported by MELTS (Ghiorso
et al., 1994; Asimow and Ghiorso, 1998) modeling, which
predicts a crystallization sequence and pyroxene compositional
trends consistent with observations from the meteorite.

The olivine phenocrysts are particularly informative about
crystallization history. The zoning preserved in olivine
phenocrysts (Fig. 6) provides a lower limit on the cooling rate
during growth, as infinitely slow growth or extended immersion
of crystals in hot liquid would result in homogeneous
compositions in olivine regardless ofcrystal size . Quantitative
estimates of cooling rate from olivine zoning are based on
assumed initial growth profiles and require iterative calculations
(Onorato et al., 1978) which were not conducted as a part of
this study. However, a limit on the length of time olivine
coexisted with liquid can be provided from average diffusion
distances; calculations based on the constants of Chakraborty
(1997) indicate that the coarsest olivine crystals should have
been homogenized if the system remained near liquidus
temperatures (-1220 °C at I atm) for more than -40 days. The
olivine phenocrysts have polyhedral fonn with rare "hopper"
embayments, suggesting crystal growth at cooling rates slower
than 2 °C/h (Donaldson, 1976). Sizes of the crystals combined
with growth rates can be used to place limits on the time the
magma spent in cooling reservoirs (magma chamber or dike)
before eruption. Growth rates of silicate minerals have been
determined for a variety ofgeologic materials, and vary generally
from 10-8 to 10- 10 cmls, with no significant difference among
plagioclase, pyroxene, and olivine (e.g., Kirkpatrick, 1977;
Cashman and Marsh, 1988; Cashman, 1993; Crisp et al., 1994 ;
Armienti et al., 1994). Most results fall in the range from 10-8 to
10- 9 cm/s, consistent with unpublished experimental data from
G. Lofgren and G. J. Taylor. Growth rates vary inversely with
cooling rate (Cashman, 1993), probably a reflection ofdiffering
extents of undercooling, and inversely with melt viscosity
(Kirkpatrick, 1975). Assuming cooling rates somewhat less
than 2 °C/h (based on the crystal shapes) and a viscosity for
the NWA 032 magma of 3 Pa s (calculated at the liquidus
temperature of 1220 "C), we assume growth rates between
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10-7 and 10-8 cm/s. If correct, these rates indicate that the
largest olivine crystals took 3.5 to 35 days to grow.

The sutured contacts between olivine and pyroxene
phenocrys ts (Fig . 5) indi cate that these crystals grew
simultaneously over at least part of their crystallization history.
Th e similarities in composition between the phenocryst mantles
and intermediate-siz ed pyroxene crystals in the groundmass
sugges t that these pyrox en e domains crystallized
sim ultaneous ly as well. The sharp boundaries between
phenocryst cores and mantles (Fig. 5) suggest an abrupt change
in physical conditions, such as eruption, followed by relatively
rapid crystal growth to produce the normally zoned mantles .
Phenocryst cores and mantles, and the interiors of intermediate­
sized grains have low Ti/AI (F ig. 9), consistent with growth of
these pyroxene domains in the absence of feldspar (Bence et
al., 1970). Hi gher TilAl in the Fe-rich rims and many
groundmass pyroxenes and intergrowth textures indicate that
these domains co-crystallized with feldspar.

The well-defined, compositionally distinct Fe-rich rims on
chromite, olivine, and pyroxene phenocrysts, and the fine
texture of groundmass minerals are evidence of rapid crystal
growth during late- stage crystallization . However, the absence
of vo lcanic g lass indicates that cooling was not instantaneous.
Care must be taken in inferring cooling rate s from textures,
because variations in undercooling, saturation levels, and
abundance of nuclei in the parent liquid all may affect
nucleation and cry stal growth rates (Lofgren et al ., 1974;
Lofgren, 1983). With this cav eat , however, some constraints
on cooling rates are plausible. The plumose texture ofpyroxene
and feldspar in the groundmass was reproduced experimentally
in an analog of lunar basalts at cooling rates of -20 to 60 °C/h
(Lofgren et al., 1974). These rates are an ord er of magnitude
faster than the cooling rate estimated from olivine morphology
over the early part of the crystalliz ation history. Thus, an early
slow cooling episode was followed by a stage of rapid cooling
during the volcanic history ofNWA 032.

The abov e discussion leads to the following petrogenetic
history for lunar basalt NWA 032. Its parent magma formed
by partial melting ofa mantl e with major mineralogy not much
different from that inferred for the low- Ti olivine basalts from
Apollo 12 and IS: olivine, orthopyroxene, and augite (Neal
and Taylor, 1992; Neal et al., 1994b). However, the relatively
high REE cont ent s of NWA 032 are distin ct from the other
low-Ti basalts, and may have resulted from dyn amic mixing
of late-stage magma ocean products (ur-KREEP) into the
source. It is possible that fractionation during the formation of
ur-KREEP or during its mixing with olivine- and pyroxene-rich
mantle rocks caused the fractionation ofTh from Srn (Fig. 13).

Once the magma left its source in the mantle, it ascended
tow ard the surface in a dike. Th e moving magm a in a confined
dik e would prevent early-crystallizing olivine and pyroxene
from fractionating. During the dike transport phase the magm a
cooled at <2 °C/h, producing the observed olivine morphology.

The magma experienced more rapid cooling upon eruption,
producing the intermediate-sized pyroxene crystals and zon ed
mantles in the pyro xene phenocrysts. Rapid crystallization of
the Fe-rich rims and fine- grained minerals of the groundmass
followed nucleation of feld spar during late-stage volcanic
cooling at the lunar surface. Rapid crystal growt h compared
to diffusion at this stage re sulted in th e compositio na l
heterogeneities observed in ulvospinel and ground mas s
pyroxenes.

Shock History

Shock-melt veins, maskelynitization of feldspar, undul atory
to mosaic extinction in ol ivine and pyroxene phenocrysts, and
microfaults offsetting phenocrysts and groundmass crystals all
are attributed to shock. The paucity ofshock effects in returned
lunar mare samples sug gests that shock effects in NWA 032
may have been caused by the impact event that ejected it from
the Moon; if so, then the Ar- Ar age s were not reset by the
impact. Impact experiments on a lunar basalt indicate that total
maskelynitization of feldspar requires shock pressures near
40 GPa (Schaal and Harz, 1977). Vesiculated feldspathic glass,
which is not observed in NWA 032, occurs in basalts shocked
experimentally as impact pre ssures approach 50 to 60 GPa
(Schaal and Harz, 1977; Steffler et al., 1988). Therefore, the
impact that ejected NWA 032 from the Moon probably induced
pressures in the range from 40 to 60 GP a. Of course , this
pressure estimate must be con sidered with caution because a
variety of initia l conditions a ffect shock petrogenesis and
excursions from equilibrium may occur during shock events
(Steffler et al., 1988; Chen et al., 1996).

CONCLUSIONS

Mineralo gy, textures , and mineral and whole-rock
compositional data indicate a lunar origin of NWA 032 and
are consistent with a fairly simple crystallization history durin g
dik e tran sport and volc ani c eruption. The petrologic and
geochemica l observations combined with Ar- Ar isotopic da ta
and cosmic-ray exposure ages indicate that NWA 032 is from
a previously unsampled mar e deposit and, thu s provides a new
source of data for understanding mare volcanism and lunar
pro cesses in general. Future work may address some of the
questions raised during this general study : ( I) Is NWA 032
younger than previously co llected mare basalts? (2) Are trace
element compositions ofNWA 032 phenocrysts consistent with
our interpretation of crystallization during ascent and volc anic
eruption? (3) What is the origin of the relatively high Th/Sm
and REE abundances? A ltho ugh modeling the meteorite
petrogenesis in detail is necessarily limited because it is a sing le
sample rather than part of a collected suite, low-Ti basalts from
Apollo 12 and IS can be used to provide some context for
examining geo chemical evolution ofNWA 032.
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Table A1 appears on the next page.
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