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Abstract The shock metamorphism of 47 H group chondrites (H-chondrites) from the Grove Mountains including undulatory
extinction, planar fractures, mosaic extinction, shock veins and pockets, and dendritic eutectic metal-sulfide, is observed through
optical microscope. The textures and assemblages of shock veins in these H-chondrites are examined by the scanning electron
microscope. Based on observations of the above shock effects, the shock stages of the 47 H-chondrites are classified into S1(5),
S2(19), S3(14), S4(8) and S5(1). Of these H-chondrites, GRV 022469 has the highest(S5) shock stage. The comparison of shock
stages in these H-chondrites with L group chondrites(L-chondrites) indicates that the shock metamorphism of H-chondrites is
relatively low (except for GRV 022469, they are all lower than S5). A scenario for the history of the H-chondrite parent body is
proposed that suggests the duration of the shock events in the H-chondrite parent bodies was much shorter than those in
L-chondrite parent bodies. Also, the pressure may have been released more quickly, and consequently, the high-pressure phases
should be easily preserved. However, the parent bodies of the H-chondrites may have been exposed to high temperatures for a
longer time after the shock event, so the high-pressure phases formed by solid transformation might have retro-metamorphosed to
low-pressure ones; its peak pressure is estimated to be less than 15 GPa. Wadsleyite was found in a shock vein in GRV022469, as
confirmed by the Raman spectrometer. Petrological and mineralogical characteristics support the idea that the wadsleyite was
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formed by solid-state transformation.
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0 Introduction

The shock metamorphism of meteorites is one of the most
important aspects of meteorite research. The effects caused
by shock events during the formation and evolution of
planets can reveal important information on the conditions
and environments of impacts and the mechanisms of planet
formation, providing insight into the impact history of the
solar system. The process of shock wave spreading causes
the inhomogeneous distribution of temperatures and
pressures in the meteorite parent body, variation in minerals
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(e.g.,olivine, pyroxene and plagioclase) and/or assemblages,
and changes in their compositions and textures. These
changes in minerals caused by shock effects include
irregular and planar fractures, undulatory and mosaic
extinction, shock veins, isotropization of plagioclase
(maskelynite) and high-pressure phase transformation!' /.
Based on these shock metamorphic effects, the shock
metamorphism of meteorites can be classified into different
stages (e.g., S1-S6 by Stoffler, 1991)*. Previous studies of
shock metamorphism in ordinary chondrites have pri-
marily addressed L-chondrites” ™. The study of shock
metamorphism in H-chondrites is limited, and only three
H-chondrites have been reported to exhibit high shock
stages associated with high pressure phases'’'". To further
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investigate shock metamorphism in H-chondrites, and find
more H-chondrite samples with high shock stages, we
carry out a systematic examination of shock metamorphism
in 47 H-chondrite samples from the Grove Mountains
where is an inland ice sheet with 64 nunataks in East
Antarctica.

The shock stages of the 47 H-chondrites are classified
according to Stoffler’s criteria for the shock stages of
ordinary chondrites. Based on the analysis of their shock
effects, the mechanics and history of shock metamorphism
in the parent body of the H-chondrites are discussed
further.

1 Samples and experiments

The samples for this work are 47 H-chondrites from the
Grove Mountains, East Antarctica. Shock metamorphic
effects, including irregular and planar fractures, undulatory
and mosaic extinction, maskelynite and shock-induced
veins, are observed and identified under an optical
microscope (Leica DMEP). The textures and compositions
of minerals in shock-induced veins and/or pockets are
examined by Scanning Electron Microscope (JEOL
JSM-6460 LV) equipped with an X-ray energy spectro-
meter (Genesis EDAX). The accelerating voltage is 20 kV.
The fine-grained minerals and assemblages in the shock-
induced veins are identified by micro-Raman (Reinshaw
Invia Reflex) with an Ar’ laser in the Institute of
Geochemisty, Chinese Academy of Sciences. The wave-
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2 Shock metamorphic effects

2.1 Fracture, and mosaic

extinction

undulatory extinction,

As shown in Table 1, undulatory extinction is observed in
the main minerals (i.e., olivine and pyroxene) in the host
rock, and also in some olivine grains entrained in the shock
veins from all samples with shock stages higher than S1.
The minerals with undulatory extinction usually have
developed irregular and/or planar fractures (Figure 1A).
Olivine grains have fractures with various degrees (Figure
IB). In all these samples, olivine has irregular fractures
with various densities. However, planar fractures occur in
the meteorites with higher shock stages. Planar fractures
usually extend along the special crystallographic direction
(Figure 1C). The common occurrence of planar fractures
indicates a shock stage of S3. In addition, the chromite-
plagioclase assemblage is considered to be an indicator of
shock stage S3 in ordinary chondrites'.

Of the 47 H-chondrites, nine are found to have olivine
grains in the shock veins showing mosaic extinction.
However, their occurrences differ. Some are in the middle
of shock veins, whereas others are on both sides of shock
veins, close to the boundaries. Under the cross-polarized
light of an optical microscope, the mosaic extinction of
olivine grains exhibits a series of optical extinction
differences of ~5° in a local area of less than 0.3 mm’.
Mosaic extinction in the H-chondrites mostly occurs in the
rims of single olivine grains, with individual mosaic
fragments that are about 10 pum across (Figure 1D). The

length is 514.5 nm. The laser spot is 1 um across, and the presence of mosaic extinction indicates that these
peak resolution is 2 cm™. H-chondrites have S4 shock stages.
Table 1 Shock metamorphic features and shock degrees of 47 H-Chondrites from the Grove Mountains
Meteorites Type Shock stages OE UE PF ME CPA SD IT MTD

GRV021984 H6 S1 A

GRV022329 H5 sl A

GRV022967 H4 S A

GRV022986 H5 sl A

GRV023106 H5 S| A

GRV020220 H4 S2 A

GRV020228 H4 S2 A A

GRV021554 H4 s2 A A

GRV021592 H4 2 A A

GRV021720 H4 2 A

GRV021824 H4 s2 A

(To be continued on the next page)
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(continued)

Meteorites Type Shock stages OE UE PF ME CPA SD IT MTD
GRV021831 H5 S2 A A
GRV021895 H4 S2 A A A
GRV022429 H4 S2 A A
GRV022583 H5 S2 A A A
GRV023037 H6 S2 A
GRV023129 H5 S2 A
GRV023310 H6 S2 A
GRV052204 H5 S2 A A
GRV052308 H4 S2 A
GRV052346 H3 S2 A
GRV052658 H4 S2 A
GRV053363 H5 S2 A
GRV054472 H3 S2 A
GRV020219 H4 S3 A A A
GRV020266 H4 S3 A A A A
GRV021205 H5 S3 A A
GRV021744 H4 S3 A A
GRV021827 H5 S3 A A A
GRV021913 H4 S3 A A A
GRV021964 H5 S3 A A A
GRV022468 H4 S3 A A
GRV022552 H3 S3 A A A
GRV022800 H4 S3 A A
GRV022955 H4 S3 A A A
GRV023047 H6 S3 A A A A
GRV050411 H4 S3 A A
GRV051951 H4 S3 A A
GRV020277 H4 S4 A A A
GRV021877 H5 S4 A A A A
GRV021902 H4 S4 A A A A
GRV022641 H5 S4 A A A A A
GRV022856 H5 S4 A A
GRV023127 H6 S4 A A
GRV023267 H5 S4 A A A
GRV053196 H5 S4 A A A A A
GRV022469 H5 S5 A A A

Notes: OE = optical extinction; UE = undulatory extinction; PF=Planar fracture; ME = Mosaic extinction; CPA = chromite-plagioclase assemblage;

SD = silicate darkening; IT = irregular shaped troilite; MTD = dendritic eutectic texture metal-sulfide.
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Figure 1 A. The grey olivine displays undulatory extinction in GRV 023037, cross-polarized light; B. GRV 022468, olivine in the center of photograph
exhibits irregular fractures, plane-polarized light; C. GRV 021744, olivine in the center of photograph exhibits two sets of planar fractures nearly
perpendicular to each other, plane-polarized light; D. olivine in the shock-induced melt vein of GRV 053196 displays mosaic extinction.

2.2 Chromite-plagioclase assemblages and maskelynite

The chromite-plagioclase assemblages observed in the
meteorite samples mainly occur as pockets (10-20 um in
size) along fractures or at the boundaries of shock veins. In
the chromite-plagioclase assemblages, euhedral or
sub-idiomorphic chromite grains are embedded in an
anhedral plagioclase matrix. The chromite grains are 0.5—
10 um in size and account for ~10% of the volume.
Additionally, there is some irregular troilite and a minor
amount of metal exhibiting a dendritic eutectic texture
(<30 pum) around the assemblages (Figure 2).

Maskelynite shows complete extinction under the
cross-polarized light of an optical microscope. The presence
of maskelynite indicates an S5 shock stage, but no
maskelynite grains are found in these H-chondrites. This is

confirmed by Raman investigation.

2.3 Shock veins and the phase transformation of
silicates

Shock melt veins and pockets are commonly observed in
the chondrite samples with shock stages higher than S3. Ten
of the H-chondrites were chosen for detailed examination.
The shock veins in these H-chondrites can be classified as
broad (=200 pm wide) or thin (<200 pm wide)!'?. The
widths of the shock veins are listed in Table 2, which
shows that two meteorites are identified as belonging in
the broad shock vein group. Two chondrite samples
(GRV 053196 and GRV 022469) are chosen to compare
the shock effects of the two groups in the following
discussion.
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Figure 2 A. reflected-light image of GRV 022641 showing a chromite-plagioclase assemblage. The size of chromite is about 0.5 um; B. metal-sulfide
eutectic showing dendritic-like texture in a shock-induced melt vein of GRV 022469.

Table 2 Widths of shock-induced melt veins

Meteorite Type Shock Width of shock
stage vein /um
GRV021592 H4 S2 65
GRV023047 H6 S2 25-50
GRV053363 H5 S2 30-200
GRVO053196 H5 S3 65185
GRV020266 H4 S3 50-150
GRV021877 H5 S4 100-200
GRV021902 H4 S4 250
GRV022856 H5 S4 35-65
GRV023267 H5 S4 85-200
GRV022469 H5 S5 250

Two shock veins cut across the thin section of GRV
053196, with one of the thin shock veins connecting with a
shock melt pocket. The melt pocket is near the fusion crust
and is 1.25 mm wide. The shock veins exhibit a
porphyroclastic texture. The porphyroclasts consist of
angular silicate fragments and round and/or irregular metal-

sulfide grains. The metal and sulfide of the porphyroclasts
in two shock veins usually have round boundaries and are
5-50 um in size, but their interiors have two types: compact
and dendritic eutectic (Figure 3). The silicate fragments of
porphyroclasts, which are 5-25 pum in size, are olivine and
low-Ca pyroxene. The matrix consists mainly of fine-grains
of silicates and metal-sulfide, which are smaller than a few
microns wide. EDS analyses show that the composition of
olivine in the shock vein boundary is Fayyg, and the
coexisting pyroxene has a composition of Fs,g;. The FeO
content of the silicates in the shock vein is slightly higher
than those of the host silicates (Fa;g, for olivine and Fs;4
for pyroxene), but still remains within the range of the H
group (Table 3).

The matrix of another shock vein in GRV 053196 is
mainly composed of fine-grains of pyroxene and metal-oxide
that are 1-2 pm wide. The metal and sulfides at the center
of the veins occur as granular droplets and/or thin veinlets
(20-70 pm wide). The fragments are mostly olivine and
pyroxene, which are round and 10-30 pum across (Figure
3B). The FeO values of olivine (Fay,) and pyroxene (Fs,49)

Figure 3 BSE images of two shock-induced melt veins in GRV 053196. A. Fragments of host chondrite fragments inside and outside the shock-induced
melt vein; B. Silicate fragments and silicate, metal-sulfide matrix in the vein. ol-olivine; py-pyroxene; wh-whitlockite.
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that are surrounded by eutectic metal and sulfide are higher
than those in the host rock, and also beyond the H group
range. No high-pressure phases are found in the Raman
spectra analyses.

The mineral assemblages in the shock veins of the other
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seven H-chondrites are similar to those of GRV 053196.
The matrix of shock veins is composed of fine-grained
(< 5 pum) metal-oxide, olivine and pyroxene, whereas the
coarse-grained (>10 pm) fragments surrounded by the
matrix are olivine and pyroxene.

Table 3 EDAX results of minerals in shock-induced melt vein of GRV 053196 (Mol %)

Host Host Figure 3A Figure 3A Figure 3A Figure 3A Figure 3B Figure 3B
olivine pyroxene olivine pyroxene pyroxene pyroxene olivine pyroxene
(¢} 59.2 60.1 57.1 59.6 59.2 59.8 57.1 60.4
Si 13.6 20.2 14 20 20.3 20.1 13.8 19.4
Al 0.02 0.04 0.04 b.d. 0.08 0.04 0.05 b.d.
Mg 21.7 15.7 222 15.7 15.8 15.7 21.8 14.3
Cr b.d. b.d. b.d. b.d. 0.02 b.d. 0.01 b.d.
Fe 4.82 3.19 5.85 3.9 3.65 3.56 6.15 4.92
Mn 0.13 0.15 0.13 0.15 0.16 0.17 0.15 0.1
Ni b.d. 0.03 0.07 0.09 0.04 0.05 0.07 0.14
Ca b.d. 0.18 0.03 0.17 0.29 0.21 0.03 0.63
Na 0.46 0.4 0.47 0.27 0.35 0.33 0.54 b.d.
K b.d. 0.03 0.02 0.01 0.03 b.d. 0.05 0.08
P b.d. b.d. b.d. 0.02 b.d. b.d. 0.02 b.d.
S 0.05 0.02 0.2 0.08 0.06 0.04 0.34 0.15
Total 100 100 100 100 100 100 100 100
Fa 18.2 20.1 22
En 823 79.4 80.1 80.7 72.0
Fs 16.7 19.7 18.5 18.3 249
Wo 1.0 0.9 1.5 1.1 32

Notes: Analyses shown here correspond to Figures 3A and 3B, b.d.- below detection limit.

GRV 022469 has the widest shock vein observed in this
work. The vein has a generally porphyroclastic texture. The
porphyroclasts are mainly metal-sulfide nodules and host
silicate fragments, whereas the matrix consists of fine-
grained (<2 pm across) silicates. However, the grain sizes
and mineral distribution vary from the center to side of the
vein. On both sides of the shock vein, the metal-sulfide
nodules are much smaller (~2pm wide) with a eutectic
interior, whereas in the center the metal-sulfide nodules are
much bigger (10-30 pum across) and have a eutectic texture.
The coarse-grained mineral fragments are granular (20 um
wide) and consist mainly of olivine and pyroxene. The
metal is kamacite and the sulfide is troilite. The fine-grained
matrix mainly consists of metal oxide and pyroxene. The
fragments embedded in the matrix are olivine and pyroxene,
which are rounded and smooth (Figure 4A). The Fa value of
olivine in the shock vein is nearly identical to that in the
host rock olivine, and the Fs value of pyroxene fragment in
the shock vein is also similar to that of the host rock
pyroxene outside the shock vein.

Figure 4B shows a 2000-times enlarged BSE image of
the center of the shock vein. The olivine fragments (15 pm
across) embedded in the matrix are round. Using EDS
measurements, points 1 and 3 (pyroxene) have higher Fs
values than the average Fs value of the host rock pyroxene
(Table 4). Similarly, the olivine inside the shock vein is
more enriched in FeO than the olivine in the host rock
outside the vein. However, its Fa content (Fay4) is still in
the range of the H group. Raman spectra analyses show that
the matrix at the center of the GRV 022469 shock vein is
composed of polycrystalline aggregates of fine-grained
silicates.

The 712 cm™ and 920 cm™ peaks indicate that the aggre-
gates contain wadsleyite(Figure 5), a high-pressure phase of
olivine "7 The wadsleyite forms as a small round grain
with a smooth surface surrounded by fine-grained (~1 pm
across) pyroxene and metal oxides.

No high-pressure phases were found during the
observation and analysis of shock veins in other meteorites
in the study.
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Figure 4 BSE images of a shock-induced melt vein in GRV 022469. A. The general texture of shock-induced melt vein; B. The mineral assemblage
of fine-grained matrix in a shock-induced melt vein. ol-olivine; py-pyroxene; ka-kamacite; tro-troilite.

Table 4 EDS results of minerals in shock-induced melt veins in GRV 022469 (Mol%)

87

Figure Figure Figure Figure Figure Figure Figure Figure Figure Host Host
4A 4A 4A 4A 4B 4B 4B 4B 4B
Kamacite  Troilite Olivine Pyroxene  Olivine Pyroxene' Pyroxene’ Pyroxene® Pyroxene' Olivine  Olivine
(0] 14.1 16.4 57.6 60.0 56.1 60.4 58.4 56.4 59.5 572 59.0
Si b.d. 0.46 14.2 19.0 14.4 20 20.7 16.7 20.5 14.3 20.8
Al b.d. b.d. b.d. b.d. 0.03 b.d. 0.02 b.d. b.d. b.d. 0.04
Mg 0.29 0.83 22.6 15.8 22.9 133 16.2 13.8 14.7 22.7 16.1
Cr b.d. 0.02 b.d. 0.15 0.02 0.09 b.d. 0.09 0.1 b.d. 0.02
Fe 77.6 38.8 4.82 3.35 5.86 4.75 3.89 8.99 4.02 5.06 3.11
Mn b.d. 0.03 0.16 0.09 0.15 0.1 0.14 0.09 0.09 0.13 0.14
Ni 6.4 0.48 0.08 0.07 0.06 b.d. 0.03 0.19 b.d. 0.12 0.04
Ca b.d. 0.03 0.03 0.76 0.03 1.12 0.25 1.01 0.82 b.d. 0.28
Na 0.54 0.4 0.43 b.d. 0.51 b.d. 0.34 b.d. b.d. 0.49 0.36
K 0.05 0.05 0.03 0.05 0.02 0.09 0.02 0.1 0.07 0.02 0.05
P b.d. b.d. b.d. b.d. 0.03 b.d. b.d. b.d. b.d. b.d. b.d.
S 1.02 425 0.05 0.81 0.08 0.11 0.07 2.64 0.21 0.08 0.07
Total 100 100 100 100 100 100 100 100 100 100 100
Fa 17.6 20.4 18.2
En 793 69.4 79.6 58 75.2 82.6
Fs 16.8 24.8 19.2 37.8 20.6 16
Wo 3.8 5.8 1.2 4.2 4.2 1.4

Notes: these analyses correspond to Figures 3A and 3B, b.d.-below the detection limit.
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Figure 5 BSE image and Raman spectrum of olivine and wadsleyite polycrystalline aggregates from the shock-induced melt vein in GRV022469.
Both 712 cm™ and 920 cm™ positions indicate the presence of wadsleyite. O- olivine, W- wadsleyite. The width of the BSE image is 120 um.

2.4 Classification of shock stages

Based on Stoffler’s (1991) criteria of shock stages for
ordinary chondrites (i.e., extinction, fractures, melting,
recrystallization and mineral assemblages of host silicates)
combined with Feng’s (2009) parameters for the S5
classification of the ordinary chondrites from the Grove
Mountains!"®), the shock stages of the 47 chondrites
presented here are classified into: S1 (5), S2 (19), S3 (14),
S4 (8) and S5 (1). The detailed results are listed in Table 1.

3 Discussion

3.1 Distribution of shock metamorphic stages for
H-chondrites

Comparing the GRV H-chondrites in this work, with
non-Antarctic H-chondrites in the Meteoritical Bulletin

" Data from: http://tin.er.usgs.gov/meteor/metbull.php

Database (MBD)* and the results of Stoffler(1991)*! and
Feng(2009)"® (Table 5), we found the following features of
shock metamorphism in H-chondrites.

(1) Except for one meteorite (S5) in this work,
H-chondrites have lower shock stages, usually less than S4.

(2) Relatively speaking, H-chondrites from Grove
Mountains have a greater proportion of higher shock stages
than non- Antarctic H-chondrites, whereas the higher shock
stages of non-Antarctic H-chondrites account for a lower
proportion of 4% with S4.

(3) The shock stages of H-chondrites are concentrated at
S2 to S3, which in total account for more than 70%.

(4) The L-chondrite parent body appears to have
experienced higher shock metamorphism, since it has a
large proportion (56%) of high shock stage (more than S4),
whereas the ratio for H-chondrites is 14%.

(5) The difference between H and L groups is more strik-
ing at higher shock stages (S5-S6). 16% of L-chondrites
were classified as S5, which is much higher than for
H-chondrites (2%).
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Table 5 Comparison of shock stages between H and L group chondrites

H L
VTVE;IS( I/{e;/toe AEZrnc_tic I/{e:/tﬂe Feng I}a;/toe Stoffler I/{e;/toe Summary I/{e;/toe Feng I/{e;/toe Stoffler I/{e;/toe Summary I/{e;/toe
S1 5 11 4 16 4 10 2 6 15 10 2 4 1 4 3 4
S2 21 45 9 36 29 74 4 11 63 43 20 36 3 11 23 27
S3 12 26 10 40 5 13 22 63 49 34 12 21 8 29 20 24
S4 8 17 2 8 1 3 6 17 17 12 18 32 7 25 25 30
S5 1 2 1 1 4 7 6 21 10 12
S6 1 3 1 1 3 11 3 4

3.2 Petrology of shock veins in H-chondrites and
constraints on their shock history

The shock veins in GRV H-chondrites are mostly thin, with
the widest vein only about 250 pum in width. Thin shock
veins should cool down much more quickly, therefore they
can easily preserve high-pressure phases. However, except
for GRV 022469, in which the high-pressure phase
wadsleyite is found, the other GRV H-chondrites do not
contain any high-pressure phases in their shock veins.

The coarse-grained porphyroclasts (>10 pum across) of
shock veins in GRV H-chondrites are mainly composed of
host-rock fragments and a lesser proportion of crystals from
silicate melt, whereas the fine-grained matrix (<1-5 pm
across) crystallized from silicate melt mainly consists of
granular pyroxene, eutectic droplets of kamacite and troilite,
and lesser amounts of other oxides. The mineral assemblage
of the shock veins in the H-chondrites consists mostly of
low-pressure phases, including olivine, low-Ca pyroxene,
and small amounts of whitlockite and chromite. In contrast,
the high-pressure phases, e.g., ringwoodite, majorite, and
wadsleyite, usually occur in shock veins in L-chondrites!”
13 Y1 Therefore, based on the mechanics of high-pressure
phases” ' we suggest a scenario for the history of the
H-chondrite parent body. Consider that the duration of a
shock event in the H-chondrite parent body could be much
shorter than that of an L-chondrite parent body, and the
pressure could be released more quickly. As a result, the
high-pressure phases should be more easily preserved.
However, because the duration of high temperatures after
the impact of shock event could be much longer than in the
L-chondrite parent body, the high-pressure phases may have
retro-metamorphosed and converted to the low-pressure
minerals.

The fine-grained matrix of shock vein in GRV 053196 is
composed of pyroxene (low-Ca pyroxene and diopside) and
oxides crystallized from silicate melt, without majorite-
pyrope being crystallized from the chondritic melt under
high pressure, different from that of Yamato 751000 (H6,
S6, by Tomioka et al.”*’) and other heavily shocked
L-chondrites with matrices that contain a series of

high-pressure minerals including a solid solution of
majorite-pyrope or magnesiowiistite. GRV 053196, which
does not contain any high-pressure features, is also different
from Yamato 75267 (H6) in which both the high- and
low-pressure regions were observed by Kimura®. The Fa
and Fs values of olivine and pyroxene fragments in the
GRV 053196 shock vein are slightly higher than those of
the host olivine and pyroxene outside the shock vein, but
their crystallographic structure didn’t change. Based on the
low-pressure assemblage of olivine and pyroxene in the
shock vein, the shock pressure is estimated to have been
less than 15 GPa'*!.

3.3 Constraints on the shock history of ordinary
chondrite parent bodies by shock vein assemblages

Wadsleyite is a polymorph of (Mg,Fe),Si0O,, the B-olivine,
or an intermediate phase between olivine and ringwoodite.
The structure of wadsleyite is similar to ringwoodite, but
wadsleyite was not found during the conversion process of
olivine to ringwoodite in high-pressure experiments'**. The
conversion of olivine to ringwoodite needs a great deal of
energy, whereas the conversion of olivine to wadsleyite
needs less energy. Based on the results of high-pressure
experiments, wadsleyite may be formed during a shock
event by first converting the olivine to ringwoodite then
later transforming it into olivine. Whether ringwoodite will
be transformed to wadsleyite or olivine depends on the
amount of energy. Since the temperature is very high after
H-chondrite is compacted, the high-pressure minerals are
easier to convert into low-pressure minerals when the shock
pressure was released.

In our study of H-chondrites from the Grove Mountains,
only one meteorite, GRV 022469, was found to contain
wadsleyite, which is surrounded by fine-grained pyroxene
and oxides and shows no chemical zoning. These features
suggest that the wadsleyite was converted through a solid
state process. The wadsleyite in GRV 022469 could be
formed by reverse transformation from ringwoodite. Based
on the phase diagram of Allende!®”, its shock peak pressure
should be 15-18 GPa.

There are very few reports of high-pressure minerals
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found in H-chondrites, except for Yanzhuang, Yamato
75100 and Yamato 75267. Two occurrences of ringwoodite,
large fragments formed by solid-solid state transformation
and fine-grained matrices crystallized from melt, have been
found by Yanzhuang'®. In Yamato 75100 and Yamato 75267,
high-pressure phases, including ringwoodite, a solid-
solution of majorite-pyrope, hollandite, and lesser amounts
of akimotoite, are found. The ringwoodite was formed by
solid-solid state transformation, whereas the majorite-
pyrope solid solution formed by crystallization from
melt'® "2 In GRV 022469, the only high-pressure phase,
wadsleyite, is also considered to be the result of solid-solid
state transformation, but no other high-pressure phase that
crystallized from melt was found.

No chemical zoning is found in the high-pressure phases
of the four H-chondrites described above. In contrast,
chemical zonation in the ringwoodite aggregates (Mg-rich
in the core, Fe-rich in the rim) is obvious in Peace River
(L6)7). The wadsleyite in GRV 022469 was transformed as
a solid®* %, which is similar to ringwoodite in Tenham
(L6), but different from the high-pressure phases in
Sixiangkou, which were formed by non-continuous
crystallization". The mineralogical and petrological fea-
tures of these wadsleyite samples indicate that they are
possibly transformed from olivine in solid-solid state under
the high pressure caused by shock waves during impact
events on the parent body.

4 Conclusions

(1) Based on shock metamorphic features, the shock
stages of 47 GRV H-chondrites are classified as S1 (5), S2
(19), S3 (14), S4 (8) and S5 (1). Of the 47 H-chondrites
from the Grove Mountains, GRV 022469 is the first
H-chondrite in the Chinese Antarctic meteorite collection to
be found with a high-pressure phase, and also only the
fourth H-chondrite to be found anywhere on Earth with
high-pressure phases.

(2) The shock stages of H-chondrites are lower, usually
less than S4. H-chondrites from the Grove Mountains have
a higher proportion of high shock stages (S4) than
non-Antarctic meteorites, but have a lower proportion of
high shock stages (higher than S4) than L-chondrites.

(3) The shock veins in H-chondrites are slightly narrower
than those in L-chondrites. By comparing the mineral
assemblages of these shock veins, a scenario for the general
lack of high-pressure phases in H-chondrites is proposed.
The duration of shock events in an H-chondrite parent body
could be much shorter than in an L-chondrite parent body,
resulting in a faster release of pressure and the easier
preservation of high-pressure phases. However, the parent
bodies of H-chondrites may have maintained high
temperatures for a longer time after a shock event, so the
high-pressure phases formed by solid transformation may
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be retro-metamorphosed to low-pressure ones, and its peak
pressure is estimated to be less than 15 GPa.

(4) The wadsleyite observed in the shock vein in GRV
022469, combined with the mineralogy and petrology of
high-pressure minerals found in other H-chondrites,
indicates that wadsleyite in H-chondrites is formed by a
shock-wave induced solid-state transformation resulting
from a shock event in the H-chondrite parent body. This
occurs during an intermediate process in the conversion of
ringwoodite to olivine, with a peak pressure estimated to be
around 15-18 GPa.
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