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Abstract Petwgraphy andm neral chen istry of nnety-eight ord nary chondrites from
GwoveM ountains (GRV), Antarctica were presented and their W eatherng eflect
shock m etamorph isn and type d strbution pattems were d scussed in ths sudy A-
mong then, sk are unequilbrated ord nary chondrites ncliding3H3 and3 L3 and
92 meteorites are equilbrated ord hary chondrites nclhiding24 H-gwoup (13H4 10
HS 1H6), 64 L-goup (214 4415 18L6) and 4 LL-goup (3 LL4 1 LLS).
M ost GRV chondrites (> 90 ) displayed m nor weathering effect (W 1 and W 2).
Abouthalfof them eteorites experienced severe shock m etamoiphisn. They canm only
contain shock-inducedmelt veins and pockets These heavily shocked meteorites pro-
vide us with natural sanp les for study ofh igh-pressure polyn opphs ofm nemals In ad-
ditbn, the Grove M ountains collkction seans © have more abundant unequilbrated
and L group o hary chondrites compared b the US Antarctic meteorite collection
whichweremanmly found abng the T rmansan tarctic M ountains

Keywords ownary chondrites weatherng shock metanomphisn, type distrbu-
tion patterns Antarctica

1 Introduction

Since the first discovery of 9m eteorites on blue ice n Antarctica by the Japanese Ant
arctic R esearch Expeditbn in 1969''!, A ntarctica hasbecane themost in portantm eteor ite-
searching reg bn n theworld M any nev or rare types ofmeteorites have been found mAnt
arctica including lunarm eteorite, m artian meteorite 7, stone-ronm eteorite HED m ete
oritd ¥ and carbonaceous chondrites et al .

G roveM ountains consist of 64 nunataks and locate at the eastem Aniarctica' . Dur
ing 1998-1999 season te 15th Chnese Antarctic Research Expedition (CH NARE) cob
lected 4m eteorites on blie ice in this ared ™. This is the first discovery ofm eteorites n
Grove Mountans Subsequently, another 28 m eteorites were collected n the same sitg
suggestive of a new poten tialm eteorite-rich region' *'”. Another 4448 meteorites w ere cokt
lected fran  the sane region by the 19th Chnese A ntarctic R esearch, Expedition ( CH N-
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ARE)"'. In hispaper we report petrography and m neral chem istry of 98 ordinary chon-
drites fran these meteorites and their chemicatpetrographic types are assgned Further
more we discussw eatherng shock m etan orphisn of them. In additbn  our results are
canpared w ith other Antarctic m eteorites i order to characterize GRV meteorites and to
have hnts form eteorites concentrating processes and conditions n G roveM ountans reg bn

2 Samples and experiments

One polished thin section was prepared for each of the 98 ord nary chondrites T extural
observations were carried out usng an optical m icroscope and in back-scattered electron
(BSE) magemodel of an electronic probem icroanalyzer (EPMA) type JEOL 8800 n the
Laboratory of Electron M icroscopes Zhongshan University and type CAMECA SX51 n the
Institute ofG eology and Geophysics Chmnese A cademy of Sciences Beijing Quantitative
analyses ofm neralsw ere conducted using the san e EPM A. The operatng cond itions were
20 A and 15kV, and the standads were silicates and oxides Peak overlapping ofK, Ines
by K, lines of sane successive elaments were corrected such asV byTj andMn by Cr
A nalyses data were treated using the conventionalZAF method Except for 6 unequilibrated
ord nary chondrites the numbers of analyzed grans of olivine and pyroxene are 20— 30 ran-
dan grans Other 92 meteorites are equilbrated so ~ 8 randan grans of each olivine and
lov-Ca pyroxene in the individualm eteoriteswere analyzed M odal abundances ofm etal Fe-
Ni chondrule and m atrix were calculated fran surface areas of the phase n BSE mages of
the sections C lassificatbn of cham ical-petrographic types is manlyBased on refs ' e
degree of shock metanotphisn on ref ', and degree of weathering on ref %,

3 Petrography and m ineral chen istry

M neral chen ical can positions petrographic features shock metamophisn and de
gree ofw eatherng of all98 o inary chondrites fran the G roveM ountains are summ arized n
Table 1 6 of thesem eteorites are unequilb rated ord nary chondrites and the others are e
quilbrated chondrites mchidng 24 H-group 64 L-group and 4 LL-group

3.1 Unequilibrated ordinary chondrite

GRV 020016 020162 020166 020106 020164 and 020165 are unequilibrated or
dinary chondrit¢ ncluiding 3 H3( GRV 02001 020162 and 020166) and 3 L3 ( GRV
020106 020164 and 020165). In all 6 unequilibrated chondrite chondrules show very
shape outlned and clear texture Prmary glass n chondrules is lght brovn n color and de
vitrified M atrx of the chondrite is opaque n transm itted light indicating little recrystak
lized FeN imetal and woilile occur as opaque m neral assemblages M etallic FeN i and
troilite have three occurrences (1) as rounded nodules (2) sanall grans around chon-
dules and (3) large ndividual grains or fragments A ll of these features are typical of
type 3 chondrites It is noticed that small grans opaque m mnerals are predan nant n H -
group  however nodules or large ndividual grains are predom inant n L-group

These 6 meteorites show hehly heterogeneousm meral chem istry ,such as can position-
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al mning of olvine and pyroxene and w ide canpositional ranges of m inerals in the sam em e
teorites Table 1 shows the sunm ary of EPMA data The average of fayalite(Fa) content of
olivine varies fran 15 6 t0 24 3 mo%, with a large percent of mean standard deviation
(PMD) of21. 4% — 58%; that of ferrosilite (Fs) cotent of bw-Ca pyroxene falls in a
range 0of 13. 1—20 1mo%, with an even larger PMD up to 80 &% . PMD of low-Ca py
roxene n GRV 020165 is2 4 fall n the range of equilbrated ord nary chondrite because
of these grans are so sanll that reflect the analyzed data

The average Fa content of olivhe of GRV 02001 020162 and 020166 (13 6—18 9
mobb ) arew ithn the range of H-group In GRV 020106, 020164 and 020163 Fa of olr
vie varies fran 22 3 t0 24 3mo%, fall in the range of L-group Base onm neral chenr
cal canpositbns and petrographic features GRV 020016 020162 and 020166 are classt
fied asH3 and GRV 020106 020164 and 020165 are classified as .3 (Fig 1).

GRYV 020106 and 020165 are rather fresh w ith only few grans ofm etallic Fe-N i and
roilite slightly weathered Their weathering degrees are classified as W 1. GRV 020016
020162 020166 and 020164 are more significantly weathered with metallic FeN i and
troilite close to the fusion cust and cracks nartially wmed into oxides San e silicates show
stans i lght brown. The an ount of the weathered products is 20—40% of opaque pha
ses hence their weatherng degrees areW 2. In the 6 meteorites onl GRV 020016 show
significant features of shock m etan orphigm ( S2), such as ntense fracturing and undulose
extnction Shock m etanorphisn of the other 5 meteorites is weak and referred to as Sl
stage based on the absence of undulose extnctim and less fracturing( Table 1).

Table 1.  Chenicaktpetrograph ic types and major features of 98 GRV ord nary chondrites
O livine Lov-Ca pywxene

. FeNi Troilite Chondmule W eahering Shock
M eteorite  Type (Voo ) (Voo ) Mean Fa IMD Mean Fs IMD Outlne phase  degree
(mobo) Mo (mobo) Mo

GRV 020016 H3 1 31 185 219 147 317 very clar S2 w2
GRV 020162 H3 Q0 6 13 189 443 15 45 S1 w2
GRV 020166 H3 0 2 1 15 6 58 177 385 S1 w2
GRV 020106 L3 Q1 13 236 233 157 806 S1 W1
GRV 020164 L3 Q5 19 243 214 131 42 S1 w2
GRV 020165 L3 03 17 23 254 201 24 S1 W1
GRV 020007 H4 45 39 17 38 158 37 clkar S2 w2
GRV 020008 H4 2 8 17 18 L1 16 1 L6 S2 W1
GRV 020042 H4 16 26 82 16 162 26 S1 w2
GRV 020066 H4 Q7 26 174 41 165 47 S1 W3
GRV 020070 H4 2 4 184 08 a4 16 S3 WO
GRV 020088 H4 21 3 86 17 17 L3 S2 W1
GRV 020091 H4 300 31 18 2 1 164 Q6 S2 w2
GRV 020108 H4 1.3 01 18 5 1 16 5 L6 S1 w2
GRV 020109 H4 23 31 186 06 16 5 L6 S2 w2
GRV 020110 H4 2 6 47 18 7 L5 a6 11 S2 w2
GRV 020130 H4 1 8 15 186 08 a6 17 S1 w2
GRV 021492 H4 3 6 6 4 18 1 L3 16 Qa7 S2 W1
GRV 021576 H4 15 19 18 7 L1 a9 09 S1 wo
GRV 020071 H5 QO 8 19 82 17 166 08 easily- S2 W3
GRV 020087 H5 L2 12 18 4 1 8 166 L4 dstinguishable S2 w2
GRV 020089 H5 35 5 18 7 1.3 16 9 L1 S2 W3
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GRV 020092 H5 26 2 4 184 23 16 65 06 S4 W1
GRV 020123 H5 29 33 19 2 L2 172 13 S1 w2
GRV 021517 H5 L6 2 4 18 9 13 17 2 S2 W3
GRV 021518 H5 L8 36 189 038 a5 22 S2 w2
GRV 021611 H5 L4 19 18 L1 16 Q5 S2 w2
GRV 021715 H5 (0 2 1 174 39 54 19 S4 w2
GRV 021795 H5 29 06 85 07 a6 09 S2 w2
GRV 021522 H6 2 6 4 4 17. 3 L7 156 2 d'stirflg?lnild-qable S4 W1
GRV 020038 L4 16 15 257 08 22 038 clar S2 W1
GRV 021643 L4 2 27 24 L3 204 13 S2 w2
GRV 020040 L5 24 38 244 14 21 L9 easily- S2 w2
GRV 020068 L5 L3 22 246 06 21.2 1 2 dstinguishable S4 w2
GRV 020069 L5 L1 4 244 15 208 Q7 S2 W1
GRV 020107 L5 Q2 16 242 09 207 Q8 S4 w2
GRV 020125 L5 L5 2 4 249 06 2.4 11 S4 w2
GRV 020127 L5 0 4 12 247 L9 18 7 L3 S1 W1
GRV 020163 L6 1L 7 37 247 08 21 a8 S4 w2
GRV 021495 L5 L8 21 24 2 11 20 8 L1 S4 w2
GRV 021499 L5 L7 212 231 a7 97 a7 S2 W1
GRV 021500 L5 L3 26 237 11 20 8 3 S4 w2
GRV 021501 L5 L1 1 4 24 L5 207 Q8 S3 W1
GRV 021548 L5 L2 12 24 1 a7 209 L3 S2 w2
GRVO021582 L5 21 32 242 21 205 L3 S4 w2
GRV 021586 L5 L8 16 244 15 21 L1 S2 W2
GRV 021587 L5 L9 138 242 27 205 1 S2 w2
GRV 021614 L5 L3 138 234 11 20 2 1 S4 w2
GRV 021724 L5 L4 19 234 14 202 Q9 S4 w2
GRV 021794 L5 Q01 01 242 19 209 Q5 S3 w2
GRV 022024 L5 Q7 11 234 21 201 Q8 S2 W1
GRV 022026 L5 L5 138 235 L4 20 2 2 S2 w2
GRV 022027 L5 L3 2 234 12 2001 L1 S4 w2
GRV 022028 L5 09 12 239 L6 204 17 S2 w2
GRV 022126 L5 L3 138 235 1 205 26 S2 w2
GRV 022127 L5 Q9 15 239 13 207 26 S4 w2
GRV 022128 L5 Q9 19 236 18 204 Q9 S4 w2
GRV 022141 L5 (8 15 236 24 205 21 S4 W1
GRV 022142 L5 L6 33 24 35 208 26 S4 w2
GRV 022143 L5 L2 22 234 16 201 Q7 S4 W2
GRV 022146 L5 1 16 237 28 20 4 1 S4 w2
GRV 022159 L5 Q1 01 234 27 20 08 S4 w2
GRV 022160 L5 L6 16 237 138 204 46 S4 W2
GRV 022161 L5 33 25 24 138 20 6 1 S4 w2
GRV 022177 L5 L4 17 236 15 202 11 S4 w2
GRV 022185 L5 L6 21 23 8 L6 205 L2 S2 W2
GRV 022186 L5 24 25 235 L1 204 08 S2 w2
GRV 022190 L5 29 31 226 08 202 13 S2 w2
GRV 022206 L5 27 2 23 7 L6 208 08 S2 w2
GRV 022207 L5 21 26 234 08 20 LS5 S4 w2
GRV 022210 L5 Q7 13 233 1 204 11 S4 W1
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GRV 022211 L5 17 2 25 1 202 12 S2 w2
GRV 022212 L5 Q8 14 239 35 204 27 S2 w1
GRV 022284 L5 L5 17 24 L2 207 13 S2 w2
GRV 022285 L5 1.8 23 238 Q8 204 Q9 S2 w2
GRV 022287 L5 12 19 234 29 202 L1 S4 w2
GRV 021578 L6 2 2 243 08 21 1 hard- S2 w1
GRV 021649 16 1 1 14 23 28 201 L4 dstinguihable  S4 w2
GRV 21714 16 12 17 234 18 202 L6 S4 w2
GRV 021722 1.6 13 18 237 14 204 1 S4 w2
GRV 021723 1.6 1 14 233 1.6 201 L8 S4 w2
GRV 021796 1.6 Q5 05 237 L6 204 17 S4 w2
GRV 021797 1.6 16 17 235 L1 202 11 S3 Wi
GRV 021799 L6 Q6 09 232 L3 201 17 S4 w2
GRV 022025 L6 Q4 09 235 28 202 15 S2 w2
GRV 022114 1.6 Q9 1 221 16 199 14 S4 w2
GRV 022129 1.6 Q8 1 26 09 204 Q7 S4 w2
GRV 022145 1.6 L2 21 235 1 199 09 S2 Wi
GRV 022158 1.6 Q09 06 236 2 2006 44 S4 w2
GRV 022162 L6 Q9 09 241 L7 207 1 S3 w2
GRV 022178 1.6 13 22 237 L4 203 1 S4 w2
GRV 022237 1.6 Q6 14 245 04 207 08 S4 w3
GRV 022282 1.6 L4 19 241 13 206 L5 S2 W2
GRV 020021 114 Q5 17 275 34 237 42 clear S1 w2
GRV 020037 LI4 Q8 2 224 12 238 46 S1 WO
GRV 020041 LI4 12 29 281 Q9 237 4 S1 w2
GRV 020019 LL5 Q1 05 3.6 23 272 36 . easily- S2 w2
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Fig 1 The correcton of Faofolivine and Fs of lov -C a py oxene w ith chem ical goups Note A - unequilb rat-
ed ordinary chondritg [J- equilbrated ord naty chondrite
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3.2 FEquiibrated odinary chondrites

The other92 ordinary chondrites experienced sgnificant them alm etan orphisn n their
parent bodies which hanogenized m neral chemistry made matrix recrystallized and
blurred outlines of chondrules Both PMD of Fa contentofolivihe and PMD of F's content of
low-Ca pyroxene n these meteorites are < 3% (Table 1). Cam positions of olivine and py
roxene of these equilbrated ordinary chondrites are plotted m Fiz 1 with 24 m eteorites n
H, 64 in L and 4 n LL ranges

Group H There are 24 m eteorites of this group M ean Fa valies of olivhe n these
m eteorites range 17 2—19. 2mo%, andm ean Fs valies of lov-Ca pyroxene range 15 4—
17 2mo% . Both Fa and Fs values are withn the ranges of group H.  These 24 meteorites
experienced significantly themmalmetanormphisn. Outlines of chondrules n both meteorites
are clear and the fine-grained matrix is only partly recrystallized which appears locally
transparent Brown-colored glass has been found n a few chondrules Low-Ca pyroxene is
manlymonoclnic Accordngly 13m eteorites (GRV 020007 ezal ) are classified asH 4
Chondrules in 10m eteorites (GRV 020071 etal ) are ready to recognize but them atrix is
well recrystallized M ajority of low-Ca pyroxene is orthothanbic These 10 m eteorites are
assigned as H5. GRV 021522 is highly metanomphosed Onl a few chondrules are re
maned with very blurred outlines Thewr matrx iswell recrystallized and pyroxene is or
thorhanbic GRV 021522 classified asH 6

Group L: There are 64 meteorites of L-group and all of then are equilbrated The
mean Fa values of olivne range 23—23 7mo% , and mean Fs values of bw-Ca pyroxene
range 18 7—22moPo. Both Fa and Fs tally with the ranges of L-group Of these L. chon-
drites GRV 020038 and 021643 experienced the lowest degree of themalm etan orph ism,
as indicated by the presence ofwelloutlined chondrules the occurrence of prinary glass n
a fev chondrules GRV 020038 and 021643 are classified as 4 40 m eteorites are m ore
strong ly them alm etan orphosed and all of them belong to LS M ost of their chondrules re
man as fragnents but ready to recognize M atrix is highly recrystallized m aprity of low-
Ca pyroxene are orthothan bic In the other 18 meteorites there are only a few chondmles
and/or chondwle relics with highly blurred outlnes Low-Ca pyroxene is orthothanbic
The m atrix is highly recrystallizedl These 18 meteorites are classified as 1.6

Group LL: Only 4 chondrites belong to this group 1 e GRV 020019 020021,
020037 and 020041 Canm positions of olivne (mean Fa 27. 5—31 6 mo% ) and low-Ca
pyroxene (mean Fs 23 7—27. 2mo% ) mndicate a LL-group of these meteorites GRV
020019 experienced much stronger them alm etanorphisn than the other 3 meteorites In
GRV 020019, there are only a fev chondrule are ready to recognize In contrast in GRV
020021, 020037 and 020041 chondrules are clearly outlined them atrix is only partly re
crystallized W e classify GRV 020021, 020037 and 020041 as LL4 and GRV 020019 as
LLS

21 GRV meteorites are rather fresh, with only a fev grains ofmetallic FeN i and tror
lite slghtly weathered Their weatherng degrees are classifed as W 1. GRV 020070
021576 and 020037 are the most fredh and their weathering degrees are classified as

W Q 69 meteorites aremore sign ificantly w eathered than above The anount of the weath-
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ered products is 20—40% of opaque phases hence theirw eatherng degrees are W2 I
GRV 020066 020071, 020089 021517 and 022237 amass ofweaherng veins scatter
in allwhole section and most of metallic FeN i and troilite are rep laced by the weathered
products They is strongly weathered and the weatherng grade isW 3

15 m eteorites have little mpact effects e g less canmon fracturng of silicates and
lack or rareness of undulose extnction of pyroxene and olivne Their shock m etamorphisn
degrees are classified as SI. 38 meteorites show sgnificant features of shock m etan or
phisn, such as ntense fracturing and undulose extncton of silicates suggesting shock
m etan orphisn degrees of S2 8 meteorites arem ore ntensely shocked classified as S3. In
these meteorites besiles obvbus undulose extinction and high degree of fracturng of silr
cates thin shock-induced vens ( < 30 Hm) are observed Anoher 37 meteorites are he
m ost heavily shocked They have shock- nducedm elt pockets and veins and shock black-
ing is canm on especially along these pockets and vens D egrees of shock m etan orphisn of

these 4 m eteorites are S4(Table 1).
4 Discussion
4.1 Weathering and shock m etam orphisn

W eatherng degrees 0f 98 GRV 02 ord inary chondrites areW O( 3 m eteorites), W 1( 21
m eteorites), W 2( 69 m eteorites) andW 3( 5 meteorites), respectively A 1l ord nary chon-
drites consisting of predan mant weathering degrees of W 1 andW 2 (> 90% ), suggesta
less w eathered anong GRV meteorites than its collected fran desert In canparison w ith
GRV 98 and 99 m eteorite collections there are a hgher proportbn of significantly weat-
ered sanples n GRV 02m eteorites Sixty-nne of 69 meteorites studied n this work have a
weatherng degree of W 2 and 5 meteorites ismore heavily weathered (W 3). In contrast
all 27 ord nary chondrites of GRV 98 and 99 collections are little weathered classified as
W 1'? ' except for one meteoritew ith a w eathering grade of W 3'*". The sin ificantly differ
entw eatherng features of GRV 02 collection than GRV 98 and 99 m eteorites coul be due
to their differentm eteorite-collecting sites AIIGRV 98 and 99 m eteorites were collected on
blue icg whereas more meteorites of GRV 02 collection w ere found n moraine than those

. 18
on blue icé ™.

Shock metanorphisn degrees 98 GRV 02 chondrites are S1( 15 m eteorites), S2( 38
m eteorites), S3( 8 meteorites) and S4( 37 meteorites), respectively W e found S2 is pre
dan nant m H -group chondrites and S4 is predan mant n L-group chondrites however
S1 is predan nant in [L-group chondrites Itm eybe partly reflects parent bod ies of various
chem ical groups have various shock m etan orphisn characrters A bout half of the chondrites
(45/98) experienced severe shockm etan orphism, and degree of the shock m etamorph isn
ranges fran S3 to S4 In contrast no GRV 98 or 99 m eteorites have a shock m etanorph isn
grade higher than S2'* "', The heavily shocked m eteorites provide usw ith natural sanp les
to study high-pressure polynorphs ofm nerals and to clarify shock m etan orphisn on aster
odalbodies



222 DaiDequ et al

4.2  Type distribution patterns of GRV meteorites

Figure 2 shows distrbutbn pattern of chem icalpetographic types of these 98 ord nary
chondrites canpared with that fran Transcontnental regions A ntarctica The relatve &
bundance of unequilbrated ord nary chondrites (i e type 3) fran GroveM ountains is usu-
aly hgh (6 1% ), whereas it accounts for only 3. 3% ofmore than 8200 ordinary chon-
drites collected fran T ranscontmnental reg bns by American teans Abundance ratb between
H: L: LL is27. 6 68 4 4 for Grove Mountans different fran that of T ranscontinental re
gions( 42 48 10). It is obvbus that the GRV m eteorites have m ore L-group and less H -

group and LL-group n canparison w ith T ranscon tnental regions m eteor ites
70
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Fig 2 Distribution pattems ofm eteorite goups fran GroveM ountains and Transcon tinental regbns Note W -
G oveM ountansmeteorites [1- T ranscontinental regbnsmeteorites Abbreviaton uneqrunequilb rat-
ed, Ach-achondrites CC-catbonaceous chondrites EC-enstatite chondrites Data fran A ntarcticM ete
orite Newsletters Vol 19-25

W e canpared type distribution pattern of these GRV 02 chondrites w ith previous re
sults based on the GRV 98 and 99 collectbns ™!, 100 The relative abundance of unequilr
brated ordinary chondrites ismuch lower n GRV 02 collection (6 1% ) than n GRV 98
and 99 collections (21 7% ), suggesting that the unusually hih abundance of unequilr
brated ordinary chondrites m GRV 98 and 99 collections ismainl a result of statistics be
cause of a sm all number of sanples However statistics error can t be excluded because of

the large deviatbn beween GRV 02 collectbn and GRV 98 and 99 m eteor ites
S Conclusions
Petrography and m ineral chem sty of 98 ordmnary chondrites selected fran Grove

M ountanswere studied and their chen icalpetrographic types were assgned They areH -
chondrites (3H3 13 H4 10HS5 and 1H6), 67 L-chondrites ( 3.3 , 2.4, 44 L5 and 18
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L6) and 4 LL-chondrites (3 LIL4 and 1 LL5).

A 1l ordnary chondrites consisting of predam nant weathering degrees of W 1 and W 2
(>90% ), suggesta little weathered anong GRV meteorites The proporton of weatherng
grade of W 2 is hgher in these m eteorites than that of GRV 98 and 99 collectbns This is
probably due to a very hgh proportbn of GRV 02 meteorites found n moranes In con-
trast all GRV 98 and 99 meteorites w ere collected on blie ice

Shock metanorphisn degrees are various n varbus chem ical groups n these meteor
ites Itmeybe partly reflects parent bodies of varbus chen ical groups have various shock
m etan orphisn characrters A bout half of the chondrites( 45 /98) experienced severe shock
m etan orphism ( S3—S4).

The GRV m eteorites have m ore unequilbrated ord nary chondries L-group and less
H-group LL-group in canparison w ith Transcontnental regions m eteorites
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