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Abstract

Petrography and mineral chemistry of two new ureilites, GRV 021512 and 022931, from the Grove Mountains, Antarctica, are
reported in this paper. GRV 021512 exhibits a typical ureilite texture, and consists of 48.3% olivine, 9.4% pigeonite and 38.1% carbo-
naceous interstitial material and/or reduction product. GRV 022931 has a cataclastic porphyritic texture, and consists of 19.1% olivine
and 14.1% pigeonite embedded in 66.3% carbonaceous interstitial material and/or reduction product. The coarse-grained olivine and
pigeonite in both meteorites have homogeneous cores, and they are FeO-rich within the range of the ferroan subgroup (subgroup I)
of olivine-pigeonite ureilites. All olivine grains of the meteorites show reduction zones along boundaries and cracks. Abundant diamond
coexists with graphite as graphite-rich patches and veins in the carbonaceous interstitial material. Petrogenesis of both meteorites and the
origin of diamond are discussed.
© 2007 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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Ureilites are ultramafic rocks, consisting mainly of oliv-
ine and pigeonite [1]. Augite was found in some of them,
and these meteorites are referred to as augite-bearing urei-
lites [2,3]. In addition, a few ureilites contain other mineral
and lithic clasts that are usually feldspathic, and they are
classified as polymict ureilites [4-7]. The most abundant
olivine-pigeonite ureilites can further be divided into three
subgroups mainly based on FeO-contents of olivine and
pigeonite [8]. Most ureilites contain various masses of typ-
ical fine-grained carbonaceous interstitial material, with
identification of amorphous carbon, graphite and dia-
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mond. Another unique feature of ureilites is reduction of
coarse-grained olivine that has FeO-poor zones with abun-
dant tiny inclusions of Ni-poor metal [9,10].

As achondrites, ureilites show many “igneous” charac-
teristics, including various igneous textures, highly frac-
tionated lithophile elements with enrichment in Sc, V,
Mg, Cr and Mn and depletion in Al and Na [11,12] and
the V-shaped REE patterns with extreme depletion of mid-
dle REE [11,13]. On the other hand, ureilites show various
“primitive” features as chondritic meteorites. Oxygen iso-
topic compositions of ureilites plot on the carbonaceous
chondrite anhydrous mineral (CCAM) line with a wide
range of A'7O [14], which is referred to as a mixing line
of the solar nebular and/or interstellar components
[15,16]. Other “primitive” features are large abundance of
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carbon, planetary noble gases [17,18], and relatively high
and unfractionated siderophile element abundances [19-
21].

Origins of ureilites can be divided into two models: (1)
ultramafic igneous cumulates and (2) residues of partial
melting. A line of evidence for the cumulate model is the
foliation and lineation of silicate minerals in ureilites
[9,22]. Goodrich et al. [23] proposed a multi-stage cumulate
model that ureilites are magmatic cumulates deposited
from melts generated by low-degree partial melting. This
model is consistent with HREE patterns, Eu anomalies,
Mn/Mg ratios and superchondritic Ca/Al ratios of urei-
lites. In contrast, the coexistence of “igneous” and “primi-
tive” features is in general consistent with the residue
model [24,25]. Another issue is the origin of diamond in
ureilites. Shock-induced conversion of diamond from
graphite is commonly accepted [26]. However, recent anal-
yses of C, N and noble gas isotopic compositions do not
favor the shock model [27,28]. Another possibility is chem-
ical vapor deposition (CVD) [29].

As a part of the project of classifying 51 representative
meteorites of the new 4448 Grove Mountains meteorites
collected during 2002—2003 by the 19th Chinese Antarctic
Research Expedition, we conducted a petrographic study
on two ureilites selected from these samples, and report
the results here.

1. Samples and experiments

GRYV 021512 is a hemisphere-shaped fragment with a
size of 40 mm x 44 mm x 65 mm and it weighs 143.42 g.
Most of the fusion crust was broken off. The crust-free sur-
face is dyed in brown, consisting of greenish coarse-grained
crystals (olivine) and dark fine-grained interstitial materi-
als. GRV 022931 is a small fragment (1.24g,
11 mm x 15 mm) without any fusion crust remained. This
fragment is heavily weathered, with dark brown color. A
small piece of the sample was chiseled off from GRV
022931, and another piece was cut off from GRV 021512.
The pieces of samples were embedded in epoxy, and cut
into thin slices. A polished thin section (PTS) was made
from one of the slices for each meteorite. Petrography
was observed both under optical microscopy and in back-
scattered electron (BSE) image mode of an electron probe
microanalyzer (EPMA) JEOL JXA-8100 in Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences.
Modal abundances of minerals and the fine-grained inter-
stitial material and/or reduction product are determined
from their areas on the BSE images. Quantitative analyses
of minerals were conducted using another EPMA type
JXA-8800R in Sun Yat-sen University, Guangzhou, with
an accelerating voltage of 15kV and a beam current of
20 nA. The standards are natural and synthetic minerals.
Analyses data were treated using the Bence—Albee method.
Raman spectra were measured by a Renishaw RM2000
micro laser Raman spectrometer in the Guangzhou Insti-
tute of Geochemistry, Chinese Academy of Sciences,

Guangzhou. The 785-nm line of the Renishaw semiconduc-
tor laser was focused to an area of ~1 um on samples. The
spectra were accumulated for 20s to enhance signal-to-
noise ratio.

2. Results
2.1. Petrography

2.1.1. GRV 021512

The PTS of GRV 021512 is 14 mm x 18 mm in size.
There is only a small piece of fusion crust (5.4 mm x 0.3-
0.5 mm). GRV 021512 has a typical monomict ureilite tex-
ture, composed mainly of equigranular olivine (48.3%),
pigeonite (9.4%) and fine-grained carbonaceous interstitial
material and/or reduction product (38.1%) (Fig. 1(a)).
Grain sizes of the olivine and pigeonite usually range from
0.3 to 2.5 mm with the largest up to 3.5 mm. Pigeonite het-
erogeneously distributes along the rim of the section, but it
may be a result of sampling. Both the coarse-grained oliv-
ine and pigeonite are anhedral in shape, and often show tri-
ple junctions with 120° angles (Fig. 1(e)). All olivine grains
have reduced zones of 20-30 um wide, which are FeO-poor
and contain abundant tiny grains of Ni-poor metal and sul-
fides. Pigeonite has no significant features of reduction.
The carbonaceous interstitial material and/or reduction
product have two distinct assemblages (Fig. 1(a) and (c));
most of them (86.5%) are fine-grained mixtures of forste-
rite, enstatite, low-Ni metal and sulfides, and the less abun-
dant (13.5%) are graphite-rich assemblages as patches and
veins (from 0.1 x 0.1 mm to 0.3 x 0.7 mm). The graphite
veins are black under reflective light which is distinguished
from the normal graphite with bright metallic luster. In
graphite veins, abundant diamond grains have been identi-
fied by the laser Raman spectra (Fig. 2). It occurs as iso-
lated fine-grained (3-10 um) grains, and always coexists
with graphite (Fig. 3(a)). A few graphite-rich veins pene-
trate into olivine and pigeonite. The coarse-grained olivine
and pigeonite in GRV 021512 are heavily fractured. In
addition, they show undulatory extinction in cross-polar-
ized light. Some grains of olivines display planar fractures.
Limonite mainly occurs as veins (10-30 um wide) along sil-
icate boundaries, which are likely weathering products of
metal and/or sulfides.

2.1.2. GRV 022931

The PTS of GRV 022931 is 4 mm x 8 mm in size, with-
out any fusion crust. It has a cataclastic porphyritic tex-
ture, composed of coarse-grained olivine (19.1%) and
pigeonite (14.1%) embedded in carbonaceous interstitial
material and/or reduction product (66.3%) (Fig. 1(b)).
Both olivine and pigeonite are irregular in shape with
embayed outlines (Fig. 1(d)). Olivine shows similar
reduced features as that in GRV 021512, but the reduced
zones are much wider (up to 100 um). Furthermore, the
reduction along cracks in crystals of olivine is highly
developed. Pigeonite does not have the reduction zones.
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Fig. 1. Backscattered electron (BSE) images of the ureilites. (a) Photomosaic of GRV 021512, consisting of coarse-grained anhedral olivine (Ol) and
pigeonite (Pig) with interstitial materials referred to as carbonaceous interstitial (Mtr). Note occurrence of dark pockets and veins of graphite-rich
assemblages (Gr). Bright gray veins are weathering products consisting main of limonite (Lm). (b) Photomosaic of GRV 022931, having a similar mineral
assemblage like GRV 021512 but with much more abundant carbonaceous interstitial. (c) Inset of GRV 021512, showing textural relationship of the
coarse-grained silicates and the carbonaceous interstitial. Note the embayed boundaries of olivine. (d) Inset of GRV 022931, showing a detailed texture of
this meteorite. Note eroded boundaries of olivine and many dark gray veins penetrating into the crystals. (e) Inset of GRV 021512, demonstrating triple
junctions of the coarse-grained silicates and dark gray reduced zones. Bright tiny grains are opaque minerals (Ni-poor metal and sulfides). (f) Inset of GRV
022931, showing mineral assemblages of the carbonaceous interstitial. Besides metal and sulfides (white), fine-grained silicates are forsterite (Fo) and

enstatite (En) (not distinguished here).

The carbonaceous interstitial material and/or reduction
product (Fig. 1(b) and (d)) is similar to that in GRV
021512, consisting predominantly of fine-grained mixtures
of forsterite, enstatite and opaque minerals (Ni-poor
metal, sulfides) (Fig. 1(f)), and less abundant graphite-rich
assemblages as patches and veins (Fig. 1(b) and (d)).
Abundant fine-grained (1-3 pm) subhedral to euhedral

© 1994-2009 China Academic Journal Electronic Publishing House. All rights reserved.

diamond (Fig. 3(b)) was also found in the graphite-rich
assemblages. The identification of both diamond and
graphite is confirmed by the laser Raman spectra
(Fig. 2). Similar to GRV 021512, olivine and pyroxene
are fractured, and show undulatory extinction. Weathered
products are mainly limonite, filling most of the cracks

(Fig. 1(b)).
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Fig. 2. Micro Raman spectra of graphite and diamond from GRV 021512 and 022931. Diamond shows a single strong peak at 1331 cm™ ', whereas

graphite has two main peaks at 1331 and 1584 cm™".

3. Mineral chemistry
3.1. Olivine

The coarse-grained olivines in both meteorites have
homogeneous cores, and their forsterite (Fo) contents
are nearly identical (GRV 021512: Fo796+02; GRV
022931: Fo7gg+0g). The Fo contents in the reduced zones
increase to 93.4 mol % at the rims in GRV 021512 and
to 929 mol % in GRV 022931 (Fig. 4). The coarse-
grained olivines are typical of Cr,O3 and CaO-rich in
both GRV 021512 (0.46-0.87% Cr,03, 0.11-0.46%
Ca0O) and GRV 022931 (0.59-2.11% Cr,03, 0.31-0.70%
Ca0). Other minor element is MnO (GRV 021512:
0.40-0.59%; GRV 022931: 0.43-0.63%). Regardless of
the zoning profiles of FeO, the minor elements are nearly
constant from the cores to the rims, except for slightly
higher Cr,O; and MnO contents in the reduced zones
than in the cores in GRV 022931 (Fig. 5). Composition
of olivine is summarized in Table 1.

Fig. 6(a) shows a linear correlation between atomic
ratios of Fe/Mn and Fe/Mg, indicating reduction of FeO
in the zones. The diagram also demonstrates a nearly con-
stant atomic Mg/Mn ratio (157) of olivine in both meteor-
ites. The atomic Fe/Cr ratio is also positively related with
the Fe/Mg ratio, with a constant atomic Mg/Cr ratio of

125 (Fig. 6(b)). Distinguished from the above large crystals,
the fine-grained olivine in the carbonaceous interstitial is
FeO-poor, with a composition of forsterite (Fo 96.0-
98.0). However, the contents of minor CaO, MnO and
Cr,03 are similar to those of the coarse-grained olivine
(Fig. 5).

3.2. Pyroxenes

The coarse-grained pigeonite is homogeneous in both
major and minor elements in the two meteorites, with the
average compositions of Enq4s103Wo0g0+02FS17.5400- In
GRYV 021512 and El’l71.7:|:0'3WO1()'4:|:0_2F817'9:|:0.2 in GRV
022931. The Cr,05 content is 1.04-1.22% in GRV 021512
and 1.09-1.18% in GRV 022931, respectively. Other minor
elements are Al,O; (GRV 021512: 0.67-0.80%; GRV
022931: 0.66-0.69%), MnO (GRV 021512: 0.39-0.51%;
GRYV 022931: 0.44-0.47%) and CaO (GRV 021512: 3.70-
4.16%; GRV 022931: 5.06-5.21%) (Fig. 7).

The fine-grained pyroxene in the carbonaceous interstitial
in GRV 021512 is enstatite (Engs3_95¢W00.7_0.9FS6.7_6.8)»
with much lower Al,O3 (0.06-0.15%) and Cr,0O5 (0.44—
0.48%) in comparison with those of the coarse-grained
pigeonite. The MnO content (0.43-0.48%) of the fine-
grained enstatite is within the range of the coarse-grained
pigeonite.
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Fig. 3. Second electron images (SEI) of graphite (Gr) and diamond (Dm)
in (a) GRV 021512 and (b) GRV 022931. Note diamond as subhedral to
euhedral grains with high relief embedding in graphite (low relief)
interstitial.

4. Discussion
4.1. Classification

GRYV 021512 shows a typical ureilite texture, composed
mainly of coarse-grained anhedral olivine and pigeonite
with 120° triple junctions. GRV 022931 contains relict
coarse-grained olivine and large crystals of pigeonite in
the carbonaceous interstitial without the triple junctions
as in GRV 021512, probably due to its very strong reduc-
tion. No augite or other lithic clasts were found in the sec-
tions, and they are similar to monomict ureilites.
Furthermore, the coarse-grained olivine and pigeonite have
rather homogeneous cores, and the olivine contains high
abundances of CaO and Cr,0j3. Although the modal abun-
dances of the carbonaceous interstitial are rather different
between GRV 021512 and 022931, their mineral assem-
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Fig. 4. EPMA profiles of olivine in (a) GRV 021512 and (b) GRV 022931.
The olivine grains in both meteorites show reverse zoning with a
homogeneous core and a FeO decreasing rim. In contrast, minor CaO,
MnO, and Cr,Oj3 are relatively constant.

blages are the same, consisting of fine-grained forsterite,
enstatite, Ni-poor metal, sulfides, and various carbon poly-
morphs. The occurrence of the carbonaceous interstitial is
typical of ureilites, especially the olivine-pigeonite type.
Another unique feature of the ureilites is the presence of
the reduced zones of olivine. Besides along the boundaries
of olivine, the reduced zones commonly penetrate inside
the crystals especially in GRV 022931.

As shown in Fig. 6, both meteorites have identical
Mg/Mn ratios of olivine, which are similar to other
monomict ureilites. The coarse-grained olivine and
pigeonite in GRV 021512 and 022931 are FeO-rich,
within the ranges of the most ferroan subgroup (sub-
group I) of olivine-pigeonite ureilites [8,30]. In addition,
the coexistence of diamond and graphite reflects that
both meteorites experienced strong shock metamorphism.
However, most coarse-grained silicates in them are frac-
tured and show undulatory extinction, only a few grains
of olivines display planar fractures. Hence, based on the
criterion of silicates, the shock stages of both meteorites
should be classified as S2/S3 [31].
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Fig. 5. Compositions of olivine in the ureilites. Regardless of the wide
range of fayalite (Fa) content, other minor elements are near constant.
Note continuum between the reduced rim and the fine-grained forsterite in
the interstitial. Compositions of olivine in GRV 021512 (1512) and GRV
022931 (2931) are indistinguishable.

4.2. Separate or paired?

The nearly identical mineral chemistry and very close
find locations (about 18 km away) of GRV 021512 and
022931 suggest a possible pairing, i.e. both meteorites
are fragments of a same meteorite fall. However, this
possibility can be excluded according to the observed dif-
ferences in petrography. First, the modal abundance of
the carbonaceous interstitial and/or reduction product
are much higher in GRV 022931 (66.3%) than in GRV
021512 (38.1%). In fact, the carbonaceous interstitial
and/or reduction product are so abundant in GRV
022931 that the coarse-grained olivine and pigeonite are
isolated by the former (Fig. 1(b) and (d)). In contrast,
the 120° triple junctions of the coarse-grained olivine
and pigeonite are preserved in GRV 021512 (Fig. 1(e)).
Second, the reduced zones of olivine are significantly
wider in GRV 022931 than in GRV 021512 (Fig. 4). In
addition, these zones commonly penetrated inside of oliv-
ine crystals in GRV 022931. These differences suggest a
much higher degree of reduction in GRV 022931 than
in GRV 021512. Third, modal abundance ratio of
pigeonite/olivine is much higher in GRV 022931 (0.74)
than in GRV 021512 (0.19). These differences cannot
be related to heterogeneous sampling, but indicate dis-
tinct locations in the parent body of ureilites.

4.3. Petrogenesis

Origin of ureilites is a conventional issue. Some
authors suggested models that are related with cumulate
crystallization of melts generated from low degree melt-
ing of plagioclase-depleted sources [9]. In contrast, more
workers prefer that ureilites, especially the olivine-
pigeonite subtype, are residues of partial melting with
at least 15% melt removed from the sources [25]. Our
observations favor the residue model too. The presence
of the carbonaceous interstitial and/or reduction product
is inconsistent with a cumulate origin of the two mete-
orites. Especially, the very high abundance of the carbo-
naceous interstitial and/or reduction product in GRV
022931 cannot be explained in the context of any cumu-
late models. Furthermore, the reduced zones of the
coarse-grained olivine suggest subsolidus reduction, con-
sistent with a residue origin instead of cumulate
crystallization.

Formation temperatures of the ureilites can be esti-
mated using a geothermometer proposed by Singletary
and Grove [25] based on experimental results on melt
compositions predicted to be in equilibrium with urei-
lites. Using their proposed expression and the composi-
tions of pigeonites in GRV 021512 and 022931,
temperatures of 1229 and 1217 °C are estimated for the
two meteorites, respectively.

After partial melting and removing of the melts, both
GRV 021512 and 022931 experienced subsolidus reduction,
with FeO-component of the olivine reacted with elemental
carbon to form Ni-poor metal. The degree of reduction is
probably related with mass of the carbonaceous materials
because both GRV 021512 and 022931 have nearly identi-
cal mineral compositions. The much higher percentage of
the reduced olivine in GRV 022931 than in GRV 021512
is consistent with very abundant carbonaceous materials
in the former.

One possible origin of diamond in ureilites is chemical
vapor deposition (CVD) [29], which is consistent with
non-shock models of diamond based on isotopic data
of C, N and noble gases [27,28]. However, the coexis-
tence of diamond with graphite and strongly shocked sil-
icates (S3-S6) indicated the shock-induced origin of
diamond [26]. Though the diamond grains in a few urei-
lites occurred in chains, the diamond grains in both urei-
lites have similar occurrence and size with diamond in
most diamond-bearing ureilites. But the two ureilites
have much weaker shock effects (S2/S3) than the other
diamond-bearing ureilites in [26]. Absence of severe
shock effects in the olivine and pigeonite can be
explained by thermal metamorphism after the main
shock event. Such a strong thermal metamorphism can
also be related to the reduction typical of ureilites. It is
noted that numerous reduced zones developed along
cracks in olivine especially in GRV 022931, indicating
that the thermal metamorphism is posterior to the
impact event.
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Fig. 6. Atomic ratio correlations of olivine in GRV 021512 and 022931, in
comparison with other ureilites. (a) Fe/Mn versus Fe/Mg ratios, showing
a linear correlation between them. The compositions of the olivine cores in
both meteorites plot at the ferroan end of ureilites. (b) Fe/Cr versus Fe/
Mg, showing a similar linear correlation.

5. Conclusions

Both GRV 021512 and 022931 are classified as ureilites
of olivine-pigeonite type. They share most unique features
of this special group of meteorites, including the mineral
assemblages of coarse-grained olivine and pigeonite that
usually show 120° triple junctions and have homogeneous
compositions in the cores, presence of the abundant carbo-
naceous interstitial and/or reduction product with graphite
and diamond, and the reduction zones along boundaries
and cracks of the olivine. The coarse-grained olivine and
pigeonite in both meteorites are FeO-rich, with the fayalite
content of the olivine and ferrosilite content of pigeonite
plotted within the ranges of the ferroan subgroup of oliv-
ine-pigeonite ureilites (subgroup I).

Although GRV 021512 and 022931 have nearly identical
mineral chemistry and their find sites were close, GRV
022931 has much higher modal abundance of the carbona-
ceous interstitial and/or reduction product, and shows
much higher degree of the reduction in comparison with
GRYV 021512, excluding possible pairing of them.
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Fig. 7. Compositions of pigeonite in the ureilites. Note relatively
homogeneous and identical compositions of pigeonite in GRV 021512
(1512) and GRV 022931 (2931), except for higher CaO in the latter.

Formation temperatures of GRV 021512 and 022931 are
determined to be 1229 and 1217 °C, respectively, using a
geothermometer. The results are similar with other oliv-
ine-pigeonite ureilites. The high abundances of the carbo-
naceous interstitial and/or reduction product and
subsolidus reduction of olivine in our samples are consis-
tent with the residue model of ureilites. Coexistence of
abundant diamond with graphite in both meteorites sug-
gests a shock-induced conversion of diamond from graph-
ite. Absence of severe shock effects of silicates could be
related a thermal metamorphism posterior to the main
impact event.
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