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Abstract

Grove Mountains (GRV) 99018 is a new eucrite (0.23 g), consisting mainly of pyroxene (50.5 vol%) and

plagioclase (37.2 vol%) with minor silica minerals (7.0 vol%) and opaque minerals (5.2 vol%). It was intensely shocked,
leading to partial melting, formation of abundant tiny inclusions in pyroxenes and plagioclase, and heavy brecciation.
Exsolution of most pyroxenes (1-3 pm in width of the lamellae), recrystallization of the shock-induced melt pockets and
veins (5-20 pm in size), and homogeneous compositions of pyroxenes of various occurrences suggest the intense thermal
metamorphism of GRV 99018 in the asteroidal body Vesta. This new eucrite will bring additional constraints on the
chemical composition and multi-stage thermal and shock history of Vesta.
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1 Introduction

Eucrites consist mainly of pyroxenes and calcic
plagioclase, a kind of extra-terrestrial basalts besides those
from the Mars and Moon. They show close affiliation with
diogenites (orthopyroxenites) and howardites (mixtures of
diogenitic orthopyroxene and eucritic clasts), and these
three groups of differentiated meteorites (achondrites) are
referred to as the Howardite-Eucrite-Diogenite (HED)
clan. The parent body of HED meteorites is probably
asteroid 4 Vesta, according to their similar optical
reflectance spectral features (Larson and Fink, 19795).
Recent discovery of 20 small main-belt asteroids that have
distinctive visual and near-infrared spectra similar to those
of Vesta and HED meteorites supports the genetic
connection between Vesta and HED (Binzel and Xu, 1993).
Based on the petrography and mineralogy of HED
achondrites, a layered crust model of the parent body of
HED was proposed, consisting of an upper crust with
extrusive lava-like eucrites that have been brecciated and
thermally metamorphosed, cumulate eucrites with varying
thickness, and diogenite mantle (Takeda, 1997).
Observations of diogenitic orthopyroxene at the bottom of
the south polar crater (Thomas et al., 1997) are consistent
with a deep diogenitic layer expected by this model. In
addition, a wide range of closure temperatures of diogenites
suggests repeated excavation of these meteorites from their
original sites over a long time interval during cooling
(Liermann and Ganguly, 2001).

Studies of eucrites revealed pronounced variation in
petrography and mineralogy. These meteorites are

classified as the cumulate, noncumulate, and polymict
types. Noncumulate eucrites are further divided into the
ordinary (monomict or unbrecciated) and surface (lava-
like) subtypes (Takeda, 1997). On the other hand, eucrites
experienced complicated thermal metamorphism on the
crust of Vesta, and they are classified from petrographic
type 1 to type 6 with increasing thermal metamorphism
(Takeda and Graham, 1991). Although brecciated eucrites
are common, only a few samples are probably shock-
induced melt rocks or contain melt pockets and veins (e.g.
Yamaguchi et al, 1993; Yamaguchi et al., 1997). The
presence of shock-induced melts indicates at least a partial
contribution of heat by impact during the early history of
the HED parent body.

GRV 99018 was collected on blue ice in the Grove
Mountains region, Antarctica, by the 16th Chinese
Antarctica Research Expedition (CHINARE) in 2000. It
is a tiny fragment half covered with dark fusion crust (Fig.
1), and its broken surface is fresh and light gray in color.
The piece weighs only 0.23 g. A detailed petrographic and
mineral chemical study is conducted in order to clarify the
petrogenesis of GRV 99018 and to provide constraints on
the evolutional history of the crust of Vesta.

2 Sample and Experiments

The meteorite was chipped into two pieces, and the
larger one (0.12 g) was embedded in epoxy and cut into 5
slices using a low-speed diamond saw. One of the slices
(GRV 99018-2) was prepared as a polished thin section,
and it was studied in this work.
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Fig. 1. Photo of GRV 99018, showing a part of dark fusion
crust.
Scale of the grid is 1 cm.

Beside optical microscope, textural observation was also
carried out using a scanning electron microscope (SEM)
type JEOL-JSM845 at the Department of Geological
Sciences at the Arizona State University, Tempe, USA, and
under back-scattered electron image (BSE) model of an
electron probe microanalyzer (EPMA) type JEOL 8800 at
the Sun Yat-Sen University, Guangzhou. Modal
composition of the sample was deduced from the surface
areas of individual minerals on the BSE images.
Quantitative analyses of the minerals were conducted under
the conditions of 15 keV accelerating voltage and 20 nA
beam current (except 10 nA for plagioclase), using the same
EPMA and another type CAMECA SX 51 at the Institute of
Geology and Geophysics, Chinese Academy of Sciences,
Beijing. The standards used are silicates and oxides, and the
analyses are treated using the Bence-Albee method.

3 Results

3.1 Petrography

GRV 99018 is a noncumulate monomict brecciated
eucrite (Fig. 2). It consists of 50.5 vol% pyroxenes, 37.2 vol
% plagioclase, 7.0 vol% silica minerals and 5.2 vol%
troilite and ilmenite with accessory phosphate. A few grains
of zircon (~5 pm) were found, too. Almost all grains of
pyroxenes show exsolution lamellae, with augite lamellae
in converted pigeonite and vise versa (Fig. 2a). The
exsolved lamellae are usually 1-3 pm, with a few up to 8
Wwm in size (Fig. 3b). In contrast, a few grains of pigeonite
show no exsolution (Fig. 3c), which have no special
textural occurrences. In addition, there is a clast consisting
of troilite and roundéd silicates, and both the pigeonite and
augite show no sign of exsolution (Fig. 3d), different from
those in the host meteorite.

In the section, there are recrystallized veins and pockets

GRV 99018

1.0 mm

Fig. 2. Back-scattered electron (BSE) image mosaic of GRV

99018, showing a noncumulate monomict brecciated texture.
The dark gray grains are plagioclase and silica minerals (invisible here), and
the bright grains are pyroxenes and opaque minerals (indistinguishable,
except for a big white troilite grain close to the lower middle edge of the
section). Note heavily fractured silicate grains. Width of the view is 5.3
mm.

consisting of fine-grained (<10 um) augite, pigeonite and
plagioclase with minor ilmenite and troilite (Fig. 4). 120°
junction of the grains can be noticed (Fig. 4a). A few grains
of zircon were found in the pockets (Fig. 4b). In addition,
either augite or pigeonite rarely shows signs of exsolution,
obviously distinguished from the mineral equivalents in the
host meteorite. Modal compositions of the pockets vary
significantly, from plagioclase predominant to pigeonite-
rich and to silica mineral-rich.

Most grains of silicates are highly fractured, except for
those in the recrystallized pockets and veins (Fig. 4). The
different occurrences of fracturing suggest that the
corresponding shock event should be prior to
crystallization of these pockets and veins. Another
remarkable feature is the presence of abundant tiny
inclusions in most grains of plagioclase, augite and
pigeonite. Most of the inclusions in plagioclase are
probably pyroxenes, whereas those in both pigeonite and
augite are probably ilmenite and chromite (Fig. 3a, b). Also
different from the host meteorite, the recrystallized pockets
and veins are lack of opaque mineral inclusions. Instead,
ilmenite and troilite occur as subhedral grains in contact
with silicates with 120° junction (Fig. 4a). Undulose
extinction is very common in pyroxenes, plagioclase and
silica minerals.

3. 2 Mineral chemistry
3.2.1 Pigeonite

As described above, pigeonite shows various
occurrences. However, no significant variation in chemical
composition has been found among them (Fig. 5). The
converted pigeonite has a narrow compositional range of
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Fig. 3. (a) BSE image showsing exsolution of augite lamellae (dark gray) in converted pigeonite (OPx), and pigeonite lamellae (light
gray) in augite (CPx).

Light gray mineral at the right upper corner is ilmenite (JL). Small dark interstitial grains and those in pyroxenes are plagioclase. Abundant tiny light gray inclusions
in pyroxenes are probably ilmenite and chromite. Width of the view is 250 pm.

(b) Thick exsolution lamellae of augite in converted pigeonite.

Also note tiny light gray inclusions in pyroxenes and those (probably pyroxenes) in plagioclase. White grain at the lower left is ilmenite. Width of the view is 320
um

(c) A clast of pigeonite with almost no exsolution.

Note abundant pigeonite lamellae in the surrounding augite. Width of the view is 170 pm;

(d) A clast consisting of troilite and rounded silicates, including pigeonite, augite, plagioclase and silica.
Note the absence of exsolution of pyroxenes. Width of the view is 480 pm.

Eng; 39Fssg 65sW0, 9, overlapping with small crystals in the homogeneous compositions. An EPMA profile conducted
recrystallized melt pockets and veins (Ensq 35Fs¢_63W0,.3). on a pigeonite across a thick lamella of augite shows no
In addition, analyses conducted on the cores and rims of significant decrease of CaO toward the interface (Fig. 6).
large grains of the converted pigeonite, regardless of Other minor components are MnO (0.9-1.3 wt%), TiO,
abundant or few lamellaec of augite, indicate relatively (<0.30 wt%), Al,O3 (<0.24 wt%) and Cr,O; (<0.28 wt%).
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The average FeO/MnO ratio (31.842.7) is typical of
eucrites (30.4), distinctly lower than those of other basalts
from the Earth and Moon, although some of the individual
analyses overlapping with the range of Mars (Fig. 7).
Representative analyses of pigeonite are given in Table 1.

3.2.2 Augite

Augite is also homogeneous in compositions (En,g_
31F825_20WO04145), Without significant differences between
individual grains, the lamellae in the converted pigeonite,
and the crystals in the recrystallized melt pockets and veins
(Fig. 5). The EPMA profile (Fig. 6) across a thick augite
lamella (10 um) shows a very flat pattern. Minor elements
are MnO (0.44-0.62 wt%), TiO, (0.12-0.29 wt%), Al,O;
(0.32-0.49 wt%) and Cr,O; (0.13-0.39 wt%). The FeOQ/

Fig. 4. (a) BSE image of a recrystallized pocket, consisting of
pigeonite, augite and plagioclase with minor ilmenite (white
spots).

Note 120° junction of the grains and absence of exsolution in both augite and
pigeonite. Width of the view is 190 pm.

(b) Another recrystallized pocket with no exsolution of
pyroxenes, evidently different from the surroundings.

Two of white grains pointed with arrows are zircon, and others are ilmenite
and troilite. Width of the view is 300 pm.

(c) Recrystallized veins (dashed lines) consisting of fine-grained
pigeonite, augite and plagioclase.

Width of the view is 480 um.

MnO ratios (average 31.0+3.4) are also plotted in the range
of eucrites (Fig. 7).

The compositions of both pigeonite and augite before
conversion were analyzed using a defocused beam (20 pm
in diameter). The results are plotted in Fig. 5, indicating
high wollastonite component in pigeonite and high enstatite
and ferrosilite components in augite. Higher abundances of
minor TiO, (0.25-0.72 wt%), Al,05 (0.20-0.75 wt%) and
Cr,03; (0.42-0.73 wt%) are probably due to the beam
overlapping the tiny inclusions in pyroxenes (e.g. Fig. 3a),
because both pigeonite and augite lamellae are poor in
these components except for AL,O; in augite.

3.2.3 Plagioclase

Large grains of plagioclase are chemically zoned, with
anorthite (An) contents decreasing from the core (Angs7) to
the rim (Any;4). The small grains in the recrystallized melt
pockets and veins appear more calcic (Angs.gy). All
analyses are K,O-poor (<0.26 wt%). Another minor
element is FeO, which seems higher in the grains in the
pockets (0.51-0.66 wt%) than in the host meteorite (0.05—
0.42 wt%). Representative analyses of plagioclase are
listed in Table 2.
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Fig. 7. FeO versus MnO plot of pyroxenes in GRV 99018.

Both pigeonite and augite plot close to the reference line of howardite-
eucrite-diogenite (HED). Average FeO/MnO ratios of basaltic pyroxenes
from the Earth, Moon, and Mars are shown for comparison.

3.2.4 Others

Tlmenite has homogeneous composition within large
grains, and shows no significant variation from grains to
grains. Beside major FeO and TiO,, other minor elements
are MnO (0.87-0.98 wt%), CaO (0.13-0.52 wt%), MgO
(0.34-0.55 wt%), Cr,0; (0.04-0.22 wt%) and SiO, (0.10-
0.13 wt%) without detectable Al,O;. Table 2 lists the
representative analyses of ilmenite. Silica mineral (98.4
wt% Si0,) contains minor FeO (0.43-0.64 wt%).

4 Discussion

4.1 Classification

The igneous texture and absence of metallic Fe-Ni and
chondrules indicate that GRV 99018 is highly
differentiated, a typical achondrite. It consists mainly of

wt %

Distance (pm)

Fig. 6. An EPMA profile of pyroxenes in GRV 99018.
The host pigeonite shows no CaO decreasing toward the interface, and the
augite lamella is rather homogeneous in composition.

pyroxenes and plagioclase with minor SiO, minerals and
ilmenite, within the range of basalts. Calcic plagioclase
excludes a Martian origin of GRV 99018, and it is clearly
different from GRV 99027 that contains plagioclase with
An content of 40-60 mol% and was classified as an
lherzolitic shergottite ejected from the Mars (Lin et al.,
2002; Lin et al., 2003). Plagioclase in basaltic shergottites
is Na,O-rich, too, and most of the grains have been
converted to maskelynite (diaplectic glass) (Lin and Wang,
1995) or shock-induced dense melts (El Goresy et al.,
1997). Furthermore, the MnO/FeO ratios of pyroxenes in
GRV 99018 are higher than those of Martian basalts (Fig.
7), confirming a different source from the Mars. Although
the composition of plagioclase cannot distinguish GRV
99018 from lunar basalts (Angs_;o0), the latter has much low
MnO/FeO ratios of pyroxenes in comparison with GRV
99018 (Fig. 7).

On the other hand, the modal composition, the anorthite
contents of plagioclase, and the MnO/FeO ratios of
pyroxenes in GRV 99018 all are similar with those of
eucrites. It is noncumulate, based on the absence of
cumulate textures. The ferrosilite contents (Fs) of
pyroxenes are within the range of noncumulate eucrite, and
are distinctly higher than those of cumulate eucrites (Fig.
5). GRV 99018 is brecciated, but monomict instead of
polymict, because no other lithic clasts have been found in
the section. The recrystallized textures and identical
mineral chemistry of the pockets and veins in comparison
with those of the host meteorite suggest that these pockets
and veins crystallized from shock-induced melts instead of
polymict clasts. Hence, GRV 99018 is classified as
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Table 1 Representative analyses of pigeonite and augite in GRV 99018 (wt %)
Augite Pigeonite

1° o 3 4 5% 6° 7° g’ 9 10 1%
SiO, 51.1 511 51.7 51.8 49.0 49.1 49.8 49.9 50.4 49.3 49.2
TiO, 0.18 0.22 023 0.26 0.43 0.11 0.08 0.19 0.16 0.10 0.30
AlLO; 0.34 0.36 0.41 045 0.38 0.07 0.09 0.09 0.20 0.15 0.26
Cry0s 0.17 0.17 0.17 0.22 0.73 0.04 0.05 0.08 0.07 0.10 042
FeO 17.5 16.2 16.2 16.4 222 35.8 37.1 36.3 359 349 27.0
MnO 0.56 0.46 0.45 0.46 0.69 1.10 1.13 1.12 1.01 1.05 0.85
MgO 10.2 9.82 9.83 9.83 10.21 11.2 114 11.5 12.2 11.7 10.6
CaO 19.5 19.7 20.4 20.1 14.0 0.78 0.99 0.74 1.06 0.84 9.16
Na,O nd. 0.09 0.09 0.10 0.09 n.d. n.d. n.d. n.d. n.d. n.d.
Total 99.59 98.16 99.47 99.58 97.78 98.17 100.57 99.94 101.00 98.12 97.81

Cations per six oxygens

Si 1.984 2.001 1.997 1.999 1.964 2.003 1.994 2.002 1.993 2.006 1.984
Ti 0.005 0.007 0.007 0.007 0.013 0.003 0.002 0.006 0.005 0.003 0.009
Al 0.016 0.016 0.019 0.021 0.018 0.003 0.004 0.004 0.009 0.007 0.012
Cr 0.005 0.005 0.005 0.007 0.023 0.001 0.002 0.003 0.002 0.003 0.013
Fe 0.569 0.531 0.525 0.531 0.744 1.221 1.240 1.217 1.188 1.187 0911
Mn 0.018 0.015 0.015 0.015 0.023 0.038 0.038 0.038 0.034 0.036 0.029
Mg 0.589 0.574 0.567 0.566 0.610 0.685 0.677 0.686 0.720 0.706 0.638
Ca 0.811 0.828 0.845 0.830 0.603 0.034 0.042 0.032 0.045 0.036 0.396
Na 0.002 0.007 0.006 0.007 0.007 0.003 0.001 0.000 0.000 0.001 0.002
En mol% 29.9 29.7 29.3 29.4 31.2 353 34.6 35.5 36.9 36.6 32.8
Womol% 412 429 43.6 43.1 30.8 1.8 22 1.6 23 1.9 20.3
Fs mol% 289 275 271 27.6 38.0 63.0 63.3 62.9 60.8 61.5 46.9

Note: ° in melt pockets, $ exsolution lamellae, * defocused beam analyses, 9 rim, 10 core.

noncumulate monomict brecciated eucrite based on the
scheme proposed by Takeda (1997). Furthermore, the mg#
values (Mg x 100/(Mg+Fe), atomic), chemical
homogeneity and micro-scale exsolution of pyroxenes of
GRV 99018 suggest its affinity to ordinary eucrites
(Takeda, 1997), different from lava-like surface eucrites
that show TEM scale exsolution and significant
compositional zoning features of pyroxenes.

4.2 Petrogenesis of GRV 99018

Based on the petrography and mineral chemistry, a
model of formation and evolution of GRV 99018 is
summarized in order as: (1) Crystallization of the parent
magma of GRV 99018 at site close to the surface of Vesta;
(2) A heavy shock event partially melted the meteorite and
brecciated it. The meteorite was probably dug out from
depth, then buried with a thick layer of regolith; (3) The
meteorite experienced a high degree of thermal
metamorphism after burial in the regolith; (4) Another
impact event, which is related to the common undulose
extinction of silicates, ejected the sample into an Earth-

crossed orbit. Evidence for the above scenario is discussed
below.

The noncumulate texture and small grain sizes of GRV
99018 (except for a few clasts with grain sizes up to 0.5
mm) suggest that it crystallized at depth between the
cumulate and surface (or lava-like) types of eucrites.
However, detailed information on the igneous processes of
GRV 99018 has strongly been erased by the later shock
events and the subsequent strong thermal metamorphism.
Similar compositions of pyroxenes of various occurrences
indicate that they have achieved equilibration through Ca
diffusion between pigeonite and augite at low temperatures,
representative of no longer the original compositions
determined by crystallization. In order to access the
original compositions of pyroxenes, a defocused beam (20
um in diameter) was used to analyze the bulk compositions
of the converted pigeonite and augite. The analyses (Fig. 5,
Table 1) gave crystallization temperatures of 1100+40°C,
based on the two-pyroxene thermometer (Lindsley and
Andersen, 1983). After crystallization, the rock
experienced slow cooling in order to form the micrometer-
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Table 2 Representative analyses of plagioclase, ilmenite and silica mineral in GRV 99018 (wt%)

Plagioclase Timenite Silica

1 2 3 4 5° 6° 7 8° 9 10
SiO, 489 48.1 473 47.1 46.0 455 0.12 0.13 0.11 98.06
TiO, 0.04 0.02 0.03 0.03 0.07 51.6 50.6 50.6
ALO; 322 32.8 338 335 343 34.0 0.05 0.01 0.01
Cry0; 0.03 0.01 0.01 0.01 0.02 0.04 0.15 0.20
FeO 0.25 0.15 0.08 0.05 0.51 0.66 451 459 45.6 043
MnO 0.01 0.03 0.98 0.93 0.94
MgO 0.02 0.01 0.01 0.01 0.02 0.07 0.55 0.34 0.36 0.01
CaO 153 15.6 16.8 16.7 17.4 17.6 0.13 0.50 0.50 0.07
NaO 2.31 2.29 1.79 1.80 1.26 1.12 0.02 0.02 0.04 0.03
K0 0.26 0.12 0.03 0.11 0.03 0.09 0.03 0.02
Total 99.30 99.19 99.84 99.29 99.63 99.24 98.67 98.72 98.50 98.64

Cations per formula

Si 2252 2.220 2.171 2,175 2.128 2.118 0.003 0.003 0.003 0.997
Ti 0.001 0.001 0.001 0.001 0.000 0.002 0.988 0.968 0.970 0.000
Al 1.747 1.785 1.832 1.825 1.869 1.866 0.000 0.002 0.000 0.000
Cr 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.003 0.004 0.000
Fe 0.010 0.006 0.003 0.002 0.020 0.025 0.960 0.976 0.972 0.004
Mn 0.000 0.000 0.000 0.001 0.000 0.000 0.021 0.020 0.020 0.000
Mg 0.002 0.001 0.000 0.000 0.001 0.005 0.021 0.013 0.014 0.000
Ca 0.758 0.773 0.825 0.825 0.861 0.879 0.003 0.013 0.014 0.001
Na 0.206 0.205 0.159 0.161 0.113 0.101 0.001 0.001 0.002 0.001
K 0.015 0.007 0.002 0.006 0.002 0.005 0.000 0.001 0.000 0.000
Sum 4.992 4.997 4.993 4.998 4.996 5.002 2.000 2.000 2.000 1.003
An mol% 714 78.5 83.7 83.1 88.3 89.2

Note: ’ rim, # core, © in melt pockets.

scale exsolution of pyroxenes. Closure temperature of
pyroxenes (below that temperature diffusion between
pyroxenes ceased substantially) can be determined from the
compositions of augite lamellac and converted pigeonite
(Fig. 5, Table 1) using the two-pyroxene thermometer, and
it is 500-600°C. In addition, the maximum width of augite
lamellae in the converted pigeonite in GRV 99018 is
compatible with that reported in the Ibitira noncumulate
eucrite (~ 7 um in width, Miyamoto et al., 2001), one of the
most heavily thermal metamorphosed eucrites. Hence, we
suggest a similar cooling rate for GRV 99018 as that of
Ibitira, which was estimated to cool at a rate of 0.02 °C/year
between 1082-550 °C based on the width and the zoning
profile of augite lamellac (Miyamoto et al., 2001). The
cooling took place before the brecciation according to the
textural relationship between the exsolved lamellae and
cracks. The exsolved lamellae of pyroxenes were cut by
cracks, whereas there is no evidence for termination of
exsolved lamellae by the cracks (e.g. Fig. 3), indicating the
exsolution prior to the brecciation.

Beside brecciation, the heavy shock event caused partial
melting of the rock, as indicated by the presence of the
recrystallized melt pockets and veins. The large sulfide
assemblage with rounded silicate inclusions (Fig. 3d) also
suggests crystallization from melts that could be produced
by the impact, too. Another result of partial melting is
related to the abundant tiny inclusions in most pigeonite,
augite and plagioclase. The flat zoning profile of augite
lamellae in the converted pigeonite (Fig. 6) indicates no
significant heating effect after the exsolution, different
from the report about a reheating and subsequent rapid
cooling of Ibitira based on Ca gradient near the interface
between augite and pigeonite (Miyamoto et al., 2001). One
possibility is that the impact heating is highly
heterogeneous and the zoning profile of augite lamellae
was not affected. Another scenario is that subsequent slow
cooling has erased the sudden reheating effect. This is
supported by recrystallization of the melt pockets and
veins. The recrystallization should take place after the
shock event, since these pockets and veins are lack of
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100 of Vesta. This is supported by recent reports of extensive
] - impact melting asteroidal bodies of ordinary chondrites
; : \\'\-\ during the cataclysmic bombardment of the early solar
904 - S system (Folco et al., 2004). Short-lived radionuclides are
] : RN ~ AN " used to being referred to as one of the main heating sources of
é ] \ RSN -‘-‘ planets and asteroids (Zinner, 2003). However, recent study of
% 801 ) '\'\,\ \\,-i %Al in chondrules from a primitive CO3.0 chondrite reveals
s > L 2 relatively low initial (*Al/”’Al), ratios, requiring for
°\2 \\ A additional heating sources of melting asteroids (Kunihiro et
é 70 \\ al., 2004).
-} \\ Another difference of GRV 99018 from other
] X noncumulate eucrites is demonstrated in Fig. 8. Three
o8] B hypothetical crystallization trends of the HED meteorites
1 O GRV 99018 have been recognized (Takeda, 1997), whereas GRV 99018
) is plotted at the middle of the Na,O-poor (A) and Na,O-rich
7 T T (B) trends. It may indicate a different magma source, but
80 60 40 20 0

En mol % of low-Ca pyroxene

Fig. 8. Average anorthite (An) content of plagioclase plots
versus average enstatite (En) content of low-Ca pyroxene in

GRYV 99018.

Note GRV 99018 locates between the Na,O-poor (A) and Na,O-rich (B)
crystallization trends of HED meteorites. Error bars are 1G. Literature is
after Takeda (1997).

brecciation. Another evidence for a high degree of thermal
metamorphism after the main impact is the nearly identical
compositions of pigeonite and augite in the pockets and
veins in comparison with those as exsolved lamellae (Fig.
5). The intense thermal metamorphism can be explained by
burial in a thick layer of hot ejecta. In the case of a fast
cooling after the main impact, much higher closure
temperatures would have been expected for the pyroxenes
in the pockets and veins.

Finally, GRV 99018 was ejected from Vesta into space by
another impact event. Undulose exsolution of silicates is
related with this event.

4.3 Comparison with other noncumulate eucrites

As discussed above, GRV 99018 is classified as
noncumulate monomict brecciated eucrite. Its modal
composition, mineral chemistry, closure temperatures of
pyroxenes and estimated cooling rate are within the ranges
of those for noncumulate eucrites. However, GRV 99018
experienced strong shock metamorphism. The rock was
partially melted by the shock event. Although brecciation
of eucrites is common, impact melt veins were reported
only in a few eucrites (e.g. Yamaguchi et al., 1993). In
addition, Y-790447 is probably a shock-induced melt rock
(Yanai and Kojima, 1995). Discovery of the new heavily
shocked eucrite and the correlated intense thermal
metamorphism suggests that impact was probably an
important heating source during the early evolutional history

more studies are required to characterize the parent magma
of GRV 99018.

5 Conclusions

GRV 99018 consists mainly of pyroxenes and
plagioclase with minor silica minerals, troilite, ilmenite and
phosphate. It is highly brecciated but monomict. According
to the mineral chemistry and exsolution textures of
pyroxenes, GRV 99018 probably started to crystallize from
liquid at ~1100250 °C, followed by a slow cooling process
after solidification. This meteorite is classified as a
noncumulate brecciated eucrite and belongs to the
“ordinary” type, although it shows different correlations
between An contents of plagioclase and En contents of
pyroxene. GRV 99018 is the first small piece of basalt that
was probably ejected from asteroid 4 Vesta and found in the
Grove Mountains, Antarctica.

Discovery of the recrystallized melt pockets and veins
and presence of the abundant tiny inclusions in most
pyroxenes and plagioclase revealed a high degree of shock
metamorphism. The evidence for shock melting and
subsequent strong thermal metamorphism suggests that
impact heating may play an important role in differentiation
of asteroids, such as Vesta.

After the main impact, GRV 99018 was probably buried
in a thick layer of hot ejecta, and experienced strong
thermal metamorphism with a slow cooling rate. This
thermal metamorphism caused the melt pockets and veins
to recrystallize, and homogenized the chemical
compositions of pyroxenes of various occurrences. The
closure temperatures of pyroxenes are ~500-600 °C
according to the two-pyroxene thermometer. Our results
confirm an intense thermal metamorphism during the crust
evolution of Vesta.
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