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Abstract� W e report resu lts of petrolog ic and m inera log ica l stud ies o f 25 unequ ili�
b rated ord inary chondrites ( 19 Chinese Antarctic meteo rites) using electron m icro�
p robe, scanning e lectron m icroscopy ( SEM ) and energy�d ispersive X�ray spec trom e�
try ( EDS) techn iques. W ith increasing degree of therm al m etam orphism, chem ica l

zoning o f o liv ine was erased; p lessite w as transfo rm ed into in terg row ths o f coarser�
grained kam ac ite and N i�r ich m eta;l C r exso lved from ferroan o liv ine, produced nee�
dle�like crysta ls and coarsened into equant chrom ite grains; and fe ldspar crysta llized

during dev itrifica tion o f glass and recrysta lliza tion of m atr ix. These features can he lp

to identify differentm etam orph ic g rades. Based on the schem e by Sears et al ( 1982),

we subd iv ided type 3 Ch ineseAntarctic ordinary chondrites into petro log ic type 3. 3 to

4 ( 3 type 3. 3, 3 type 3. 4, 1 type 3. 5, 2 type 3. 6, 2 type 3. 7, 5 type 3. 8, 3 type

4). Th is c lassification schem e is a qu ite effective w ay to subdiv ide Antarctic meteo r�
ites. Add itionally, we propose to rev ise the chem ica l groups o f GRV 020032 and

GRV 020104 to L and H, respective ly.

Keywords� Antarctica, UOCs, therm al metam orphism, oliv ine, petro log ic type.

1� Introduction

The petro log ic type of prim itive meteorites helps to reveal thermal m etamorph ism
process and aqueous alteration h istory on their paren t bod ies. V an Schm us and W ood

( 1967) [ 1] first in troduced the concept of petrolog ic type and grouped chondrites into 6

types. Petro log ic types 3� 6 reflect increasing degree of therm al m etamorph ism, whereas
types 1 and 2 are used to designate meteorites that experienced d ifferent degrees of aqueous

altera tion. Type 3 chondrites, wh ich suffered the least thermalmetamorph ism and the low�
est aqueous alteration, are also called unequ ilibra ted chondrites.

Sears et al. ( 1980) [ 2] f irst used thermolum inescence ( TL) sensitiv ity as a strong in�
dicator o fmetamorph ic grade to subdiv ide type 3 into ten finer div isions: types 3. 0 th rough

3. 9. The TL sensitiv ity is dependent on the degree to wh ich feldspar crysta llizes out o f pri�
m ary chondru le glass andm atrix in response to therm alm etam orph ism [ 3 ] . The criteria used

for classification of petro log ic types also include many other param eters, such as the water

and carbon con ten t[ 1, 4] , the amoun t o f pr imord ial 36A r[ 5 ] , the composition of opaquem atrix



andm atrix o liv ine[ 6 ] , as w ell as som e parameters d iscovered recently, includ ing Cr d istri�
bution in ferroan oliv ine[ 7] , the chem ical compositions of sp inel groupm inerals[ 8] , and the

petrolog ic characteristics of Fe�N im etal[ 9] .
So far, TL sensitiv ity has been proven to be them ost useful param eter to subd iv ide un�

equ ilibra ted chondr ites. However, th is schem e is not practica l in classif ica tion of Ch inese

A ntarcticm eteorites becausem ost specimens have masses less than 1 g. In this work, we
perform ed petro log ic and m inera logical stud ies of 25 unequilibra ted ord inary chondrites

( UOCs) on th in or th ick sections. W e found that Fe�N im etal tex ture, Cr exsolu tion in oli�
vine, them atrix recrysta lliza tion and the abundance of secondary fe ldspar are good ind ica�
tors o f petrolog ic types ofUOCs. Fu rthermore, we analyzed the com position of o liv ine and
low�Ca pyroxene grains in all sam ples and app lied the classification scheme proposed by

Sears et al ( 1982) to subd iv ide petro log ic types of 25UOCs[ 10 ] . Th is methodwas proved to

be useful in An tarcticm eteor ites c lassification[ 11] .

2� Samples and experim entalm ethods

� � W e investigated polished th in or th ick sections of 19 An tarcticm eteorites collected by

Ch inese polar exped itions. 6 otherUOCs were also included for com par ison. A list of the
samp les analyzed in th is study is g iven in T ab le 1.

� � Back�scattered electron ( BSE) imaging and m inera l analyses were ob ta ined using the
H itach i S�3400N II scann ing electron m icroscope ( SEM ) equ ipped w ith energy�d ispersive

X�ray spectrom etry ( EDS). M inera l chem ical analyses were performedw ith the JEOL 8100
electron m icroprobe at Ch inaU n iversity ofG eosciences. The operating cond itions are 15 kV

accelera ting voltage and 20 nA beam curren.t Peak and background coun ting times are 10 s

and 5 s formost elem ents, respectively. N atura l and syn thetic standardsw ere used, and all
data were reduced by ZAF procedure.

3� Results

3. 1 � Petrog raphy

3. 1. 1 � Fe�N i m etal tex tures

A ccording to K imu ra[ 9 ] , there are th ree k inds of petrograph ic occurrences of Fe�N i

m etal in ord inary chondr ites: w ith in chondru les, around chondrules and in them atrix. They
are called chondru le in terior meta,l chondrule surfacem etal and iso la ted m atrix meta,l re�
spectively. Chondru le interiorm etal is generally spherica l in shape and 10� 50 �m in di�
ameter, whereas the la tter two are irregu larly shaped andm uch larger up to 100 �m in size.
� � In Sem arkona ( LL3. 01 ), chondru les common ly con ta in meta l spheru les of kam acite

and sub�m icrometer N i�rich meta l ( F ig. 1a). Th is meta l was interpreted to be a plessitic
intergrow th of kamacite and te trataen ite by R eisener and Goldste in[ 13] . In type 3. 2� 4. 0

chondrites, Fe�N im etal in chondru le in teriors are much coarser�gra ined and do not show

the plessitic intergrow th like that of Semarkona ( F ig. 1b, 1c and 1d). In K rym ka ( LL
3. 2), a few N i�richm etal gra ins are severalm icrom eters ( F ig. 1b), and most are around
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Table 1. � List of the samp les in order o f increasing petro log ic type as determ ined in th is w ork

Sam ple Group
#

Group
&

Type Type
�

Shock W eather ing F ind /Fa ll Year

Sem arkona LL 3. 01
@

S2
 - fa ll 1940

K rymka LL 3. 2 S3
 

- fa ll 1946

GRV 020035 L 3 3. 3 S2 W 2 find 2002

GRV 020032 LL L 3 3. 3 S2 W 1 find 2002

GRV 020006 L 3 3. 3 S2 W 1 find 2002

Sharps H 3. 4 S3 - fa ll 1921

Cha inpur LL 3. 4 S1
 - fa ll 1907

GRV 020011 L 3 3. 4 S2 W 2 find 2002

GRV 020137 L 3 3. 4 S2 W 1 find 2003

GRV 020104 LL H 3 3. 4 S2 W 1 find 2003

GRV 020169 L 3 3. 5 S2 W 1 find 2003

GRV 052191 H 3 3. 6 S3 W 3 find 2006

GRV 050009 H 3 3. 6 S2 W 1 find 2006

Julesburg L 3. 6 S3
$ find 1983

D mi m itt H 3. 7 find 1942 /1981

GRV 050016 H 3 3. 7 S1 W 1 find 2006

GRV 052722 H 3 3. 7 S2 W 2 find 2006

GRV 020034 LL 3 3. 8 S2 W 1 find 2002

GRV 020054 H 3 3. 8 S4 W 1 find 2003

GRV 020105 LL 3 3. 8 S1 W 2 find 2003

GRV 022921 H 3 3. 8 S2 W 2 find 2006

GRV 020036 LL 3 3. 8 S2 W 1 find 2002

GRV 022455 L 3 4 S4 W 1 find 2003

GRV 021528 H 3 4 S1 W 2 find 2003

GRV 022410 H 3 4 S2 W 2 find 2006

- : show ing no sign ificant signs of w eather ing; # prev ious chem ical group c lassification; & rev ised chem ica l
g roup in th is paper;

@
petro log ic type de term ined by [ 9];

�
c lass ification results in th is paper;

 
quo ted from

[ 7];
$

quo ted from [ 12].

15 �m. InGRV 020032, the grain size ofN i�r ichm eta l is up to 40 �m ( F ig. 1d). H owev�
er, chondrule surfacem eta l and iso latedmatrix meta l in all samples are genera lly associa ted

w ith tro ilite and do not show plessit ic intergrow th textures. In add ition, tiny inclusions of
chrom ite and phosphate, less than a few m icrom eters, are commonly observed in m eta l

spherules of chondrules in type 3. 2� 4. 0 chondr ites ( F ig. 1d). Zanda[ 14] expla ined that

Cr, P, S ,i d isso lved inm eta l gra ins of type 3. 0 chondr ites, ge t ox idized to form chrom ite,
phosphates and silica due to weak m etam orph ism.

3. 1. 2 � Cr exso lution fea tures in olivine

Cr d istribution in oliv ine of type II chondru les is d ifferen t among ord inary chondrites

w ith different petro log ic types. In Semarkona ( LL3. 01), oliv ine grains in type II chon�
dru les are Cr�r ich ( 0. 5 w %t Cr2O3 ) , and show core�to�r im Cr zon ing, consisten tw ith ig�
neous fractionation[ 7] . In K rym ka ( LL3. 2 ), oliv ine gra ins common ly show streaks of Cr�
r ich exsolution or iented along crysta llograph ic axes ( as ind icated by crystal faces). W e ob�
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served two k inds of streaks: sub�paralle l ( F ig. 2a) and paralle l ( F ig. 2b). Both of them
are needle�like gra ins < 50 nm w ide and up to 15 �m long, show ing a strong Cr peak on

EDS spectra. In type ! 3. 3 chondrites, o liv ine grains in type II chondru les are un iform ly

low in Cr and are surrounded by a th in Cr�rich rim ( F ig. 2c and 2d). Moreover, o liv ine
cores conta in scattered equant chrom ite gra ins ( F ig. 2d). A llA ntarcticUOCs in th is study

show Cr�d istribution pattern s sim ilar to those of type !3. 3 chondrites. H ow ever, it shou ld

be noted here that not every oliv ine gra in in type II chondrule presen ts th is exsolution fea�
ture.

Fig. 1� Backscattered electron ( BSE) mi ages of chondrule interior m eta.l a) A fine�gra ined plessitic in ter�
grow th of kamac ite and sub�m icrometerN i�rich m eta l in Sem arkona ( LL3. 01) . b) A coarse�gra ined in�
terg row th o f kam ac ite and m icrom ete rN i�rich m eta l in Krym ka ( LL3. 2). c) A m eta l spherule consis�
ting o f kam ac ite and coarse�gra ined N i�rich m etal in GRV 020035 ( L3. 3). d) A m etal spherule w ith

tiny inc lusions o f chrom ite in GRV 020032 ( LL3. 3). K am: kam ac ite; N i�m e:t N i�rich m eta;l Chro:

chrom ite; Tro :i tro ilite.

3. 1. 3 � M atrix and secondary feldspar g rains

N umerous stud ies ofm atrix were done to identify a ser ies of changes in optical proper�
ties, m inera logy, and degree of chem ical equ ilibration due to thermalm etamorph ism [ 6, 7, 15] .
Furthermore, developm en t o f secondary fe ldspar in them atrix is responsib le for the increase

in b lue cathodolum inescence ( CL) as a function of metamorph ic grade[ 3] . W e exam ined

the m atrix of a ll samp les under the scann ing electron m icroscope and found that w ith in�
creasing petro log ic type, the abundance and grain size of secondary feldspar increase ( F ig
3, Table 2).

� � In Sem arkona ( LL3. 01), the matr ix m ineral grain is extrem ely fine and contains nu�
m erous sub�m icrometer gra ins of sulfide and Fe�N im etal ( F ig. 3a), consisten tw ith the ob�
servation by N agahara[ 15 ] . InK rym ka ( LL3. 2), them atrix experiencedm ild thermalm eta�
morph ism w ith gra ins slightly coarser than Sem arkona ( F ig. 3b). A s the recrysta llized
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Fig. 2� BSE mi ages of a) num erous sub�para llel streaks o fC r�rich exso lutions o riented a long crystallog raph ic ax�
es of the o liv ine grain in Krymka; b) paralle l streaks of C r�rich exso lutions in ano ther chondru le o f

K rymka; c) o liv ine gra ins are surrounded by a Cr�r ich rmi in GRV 020169; d ) C r�rich rmi s and Cr�
rich exso lution products in the core o f an o livine in GRV 020169.

gra ins in m atr ix becomes more abundan,t the rem ain ing opaque matr ix becom es coarser,
less friab le, and increasingly dep leted inm inu tem etallic Fe�N imetal and su lfide gra ins[ 6] .

The m atrices of GRV 020035 ( L3. 3), GRV 020032 ( L3. 3) and GRV 020006 ( L3. 3)

are finer gra ined than that o f Chainpur ( Fig. 3c�f ) , wh ich is a type 3. 4 UOC. GRV
020032 and GRV 020006 are classified as type 3. 3. In add ition, w e d id not observe any

secondary feldspar gra ins in them atrices ofUOC w ith a petro log ic type ∀ 3. 3 ( F ig. 3a�e).
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Fig. 3� BSE mi ages o fm atr ices of pe tro log ic type 3. 01 ( Sem arkona) to type 4 ( GRV 022455). In Sem arkona,

them atrix consists o f extremely fine grained silicates, su lfides and Fe�N imeta.l W ith increasing thermal

m etamorph ism, the m atr ix m inera l g ra ins are large r and the secondary a lb ite nuc leates and grow s. In

GRV 022455 ( L4), them atrix is comp letely recrysta llized.

Table 2. � The features of the matr ix and fe ldspar g ra in of som e representative samp les

Sam ple Type M atrix g ra in size Fe ldspar gra in

Sem arkona 3. 01 ex trem ely fine gra ined no

K rymka 3. 2 very fine grained no

GRV 020035 3. 3 fine gra ined no

GRV 020032 3. 3 fine gra ined no

GRV 020006 3. 3 fine gra ined no

Sharps 3. 4 less fine grained no

Cha inpur 3. 4 less fine grained few, up to 5 �m

GRV 020011 3. 4 less fine grained few, up to 6 �m

GRV 020137 3. 4 less fine grained som e, up to 10 �m

GRV 020104 3. 4 less fine grained som e, up to 8 �m

GRV 020169 3. 5 less coarse gra ined som e, up to 10 �m

GRV 052191 3. 6 coarse gra ined m any, up to 20 �m

GRV 050009 3. 6 coarse gra ined m any, up to 10 �m

Julesburg 3. 6 coarse gra ined som e, up to 10 �m

GRV 050016 3. 7 coarse gra ined som e, up to 10 �m

GRV 052722 3. 7 coarse gra ined m any, up to 10 �m

GRV 020105 3. 8 coarse gra ined som e, up to 12 �m

GRV 020036 3. 8 coarse gra ined som e, up to 6 �m

GRV 022455 4 very coarse gra ined m any, up to 20 �m

GRV 022410 4 coarse gra ined som e, up to 8 �m

� � In type 3. 4UOCs, m atrices becom e less fine�gra ined ( F ig. 3,f g) and characteristics
o f secondary feldspar gra ins are com plica ted. No feldspar gra ins were observed in Sharps,
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wh ile a few grains up to 6 �m were found in Chainpur and GRV 020011. H owever, GRV
020137 andGRV 020104 con ta in som e feldspar gra ins inm atrices. Above petro log ic type~
3. 5, m atrix becomes more coarse�gra ined and feldspar gra ins are commonly presen t ( F ig.
3h�l) . The gra in size ofm atrix is coarse to very coarse and feldspar is up to 20 �m. Bu t
there is no good corre lation between the petro log ic type and the abundance and grain size of
fe ldspar in m atrix between types 3. 5� 4. 0.

3. 2 � M ineral ch em istry

In each specimen, 80� 120 oliv ine and pyroxene gra ins ( > 15 �m in size) were ana�
lyzed by energy�d ispersive X�ray spectrometry, using a very sim ilar grain�selection m ethod
as descr ibed by Dodd[ 4] . Points were selected by traversing 500 �m steps along and 1000
�m apar.t Smaller intervals w ere used for sm all samp les. If there was no silicate gra in at a
poin,t or if there was a visib le imperfec tion ( inclusion, crack, or gra in boundary) at the
poin,t the samp le was moved as much as 20 �m to reach a silicate grain[ 4 ] . For zoned
grains, w e analyzed the core and the rim, respective ly. EDS R esu lts o f o liv ine and low�ca
pyroxene gra ins in all samp les are listed in Tab le 3.

Table 3. � EDS Resu lts of a ll samp les

Sam ple Group Type
O l( Fa)

M ean CoV # Range no#

Px ( Fs)

M ean CoV Range no

Sem arkona LL 3. 01 12. 4 57. 1 0. 8�33. 4 74 11. 5 62. 8 1. 2�29. 1 34

K rymka LL 3. 2 15. 3 63. 9 0. 4�41. 3 70 11. 6 70. 5 1. 6�31. 9 70

GRV 020035 L 3. 3 19. 5 58. 6 0. 1�38. 6 85 9. 6 80. 5 0. 2�31. 2 72

GRV 020032 L 3. 3 20. 1 57. 1 1. 7�37. 6 73 9. 3 87. 3 1. 0�29. 8 70

GRV 020006 L 3. 3 19. 8 52. 2 0. 6�38. 9 72 12. 7 79. 2 0. 9�37. 0 68

Sharps H 3. 4 16. 3 56. 9 0. 5�36. 7 76 8. 5 75. 1 0. 8�22. 1 60

Cha inpur LL 3. 4 14. 1 51. 5 0. 1�33. 8 76 7. 5 89. 2 1. 2�26. 9 48

GRV 020011 L 3. 4 21. 3 51. 2 0. 5�36. 7 72 11. 6 67. 4 1. 2�31. 7 64

GRV 020137 L 3. 4 21. 3 51. 7 0. 5�33. 1 72 11. 7 66. 4 0. 1�32. 3 68

GRV 020104 H 3. 4 19. 3 53. 3 0. 6�33. 9 72 13. 2 56. 5 1. 0�24. 5 72

GRV 020169 L 3. 5 22. 9 43. 0 2. 7�36. 5 72 15. 3 69. 9 0. 8�45. 2 64

GRV 052191 H 3. 6 18. 6 31. 0 0. 9�41. 0 52 17. 0 21. 8 4. 2�29. 5 52

GRV 050009 H 3. 6 17. 0 31. 0 1. 4�21. 7 72 15. 5 33. 4 2. 3�23. 4 70

Julesburg L 3. 6 21. 5 31. 8 3. 1�37. 3 72 12. 1 53. 7 1. 7�26. 2 40

D mi m itt H 3. 6 17. 9 39. 8 0. 8�26. 9 72 14. 4 46. 0 1. 9�29. 3 55

GRV 050016 H 3. 7 20. 3 28. 8 2. 1�30. 6 70 14. 2 36. 6 2. 2�20. 0 54

GRV 052722 H 3. 7 20. 4 27. 6 1. 6�28. 8 72 13. 0 56. 8 2. 5�30. 5 40

GRV 020034 LL 3. 8 27. 3 18. 3 6. 8�29. 9 52 20. 0 25. 3 7. 8�26. 1 40

GRV 020054 H 3. 8 19. 3 18. 3 4. 5�32. 3 52 16. 2 24. 1 6. 3�20. 9 40

GRV 020105 LL 3. 8 27. 0 17. 9 1. 6�37. 0 100 15. 0 45. 4 3. 4�22. 8 50

GRV 022921 H 3. 8 19. 1 12. 8 7. 0�23. 7 52 15. 6 19. 5 2. 3�17. 1 40

GRV 020036 LL 3. 8 27. 6 11. 8 5. 0�28. 6 52 15. 3 46. 5 2. 5�31. 5 50

GRV 022455 L 4 24. 8 2. 8 23. 9�28. 2 52 19. 2 13. 9 11. 9�28. 6 40

GRV 021528 H 4 19. 9 2. 6 18. 6�21. 9 52 19. 7 19. 5 3. 6�26. 1 40

GRV 022410 H 4 20. 9 2. 3 18. 9�21. 4 56 17. 1 24. 3 7. 2�21. 1 50
#
: coeffic ient of var iation ( percen t standard dev iation);

#
: number of po ints ana lyzed.
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� � Chem ical group results are based on the classification scheme by V an Schm us and
W ood[ 1] . A s oliv ine composition is not a reliable indicator forUOC w ith a low petro log ic

type ( < 3. 5) [ 16 ] , we measu red the m ean size of all chondru les through the whole section

using scann ing electron m icroscope and calcu lated the model abundance ofm etal based on
the BSE im age ( T ab le 4). A ccord ing toW eisburg[ 16] , them ean chondrule size ( �m ) and

m etal abundance ( vo%l ) are 300, 700, 900 and 8, 4, 2 for H, L, LL respective ly.
Therefore, we group GRV 020035, GRV 020032, GRV 020006, GRV 020011, GRV

020137 andGRV 020104 into L, L, L, L, L, H respective ly. Among them, GRV 020032

( L) and GRV 020104 (H ) are different from their previous reports ( LL). The chem ical
group results o f o therUOCs ( type!3. 5), includ ing Ju lesburg and D imm it,t are consisten t

w ith their previous resu lts.

Table 4. � Them ean chondrule size and m eta l abundance of UOC s

Sam ple Chondrule size ( um ) M etal abundance( vo%l ) Chem ical group

GRV 020035 607 4. 1 L

GRV 020032 674 5. 1 L

GRV 020006 696 5. 3 L

GRV 020011 � 4. 8 L

GRV 020137 � 5. 6 L

GRV 020104 452 8. 5 H
�: no tm easured.

� � W e analyzed them ostM g�rich and Fe�r ich oliv ine and pyroxene gra ins in every sam ple
using electronm icroprobe ( Tab le 5 and 6).

� � O liv ine com positional var iation is a strong indicator of m etam orph ic grade ( F ig. 4).

Sears[ 10 ] compared oliv ine heterogeneityw ithTL sensitiv ity and proposed a scheme to subdi�
vide the petro log ic type of UOCs based on the coeffic ient o f variation ( CoV, defined by

Scot,t 1984 as the standard deviation of m o%l Fa or Fs expressed as a percen tage of the

m ean). Based on th is defin ition, resu lts of petro log ic types of samples are presented in ta�
ble 3. It should be noted that th is defin ition is not sensitive for petro log ic types between 3. 0

and 3. 4 ( F ig. 4). Those UOCs of type 3. 0�3. 4 in tab le 3, w ith CoV value more than 50,
are subd iv ided according to other param eters, including Fe�N imetal features, Cr�exsolu tion

features in oliv ine as well as m atrix and secondary feldspar features. W ith the CoV being

31. 8, Ju lesburg is subd iv ided into type 3. 6, consisten t w ith prev ious study[ 12] . A s for
D imm it,t it consists o f ( in vo.l % ) 40% H4 and H 5 chondrite c lasts, 3% impact melt

rock clasts, 0. 5% shocked H chondrite clasts, 1. 5% exotic clasts ( includ ing carbona�
ceous and LL5 chondrites) , and 55% gas�rich matr ix[ 17] . Based on the CoV value 39. 8,
D imm itt belongs to type 3. 6, slightly d ifferent from previou s type 3. 7[ 17] . H owever,

B ischoff[ 18 ] pointed out that the CoV value has no real mean ing for a sub�classification of

chondritic b reccias. In GRV 022455, GRV 021528 and GRV 022410, their o liv ine gra ins
are almost equ ilibrated w ith CoV values of 1. 3�2. 8, corresponding to PMD values 1. 0�
2. 2. Dodd[ 4 ] defined ord inary chondr ites w ith the percen tmean deviation of FeO measured

in oliv ine ( PMD�ol) less than 5% to be type 4. Therefore, we classify these three ord inary
chondrites in to type 4, though their pyroxenes are still qu ite heterogeneous in composition

( tab le 3).
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4� D iscussion

4. 1 � Petro log ic types

Extensive stud ies have been m ade over the last 30 years since Sears[ 2 ] first used TL

sensitiv ity to subdiv ide petrolog ic types of type 3. Subdiv ision is used to iden tify the least

m etam orphosed chondrites and to ind icate the in tensity of therm almetamorph ism. W ith in�
creasing m etam orph ic grade: d iffusion homogen izes Fe and M g in oliv ine; the texture of

m etalw ith in chondru les changes; Cr�rich phrase separa tes from ferroan oliv ines; and fe ld�
spar increasingly crystall izes dur ing devitrification of g lass and recrystall ization ofm atrix.

Fig. 4� H istogram s show ing faya lite con tent o f o liv ine in chondrites. The distr ibution becom es systematica lly

narrow er w ith increasing pe tro log ic type. For type 3. 6 to 4, the o liv ine has equilibrated at them ean fay�
alite value for the bulk meteo rite.

� � W e analyzed major e lement compositions (M g, S,i Ca, Fe, O ) of o liv ine and pyrox�
ene gra ins of 25 UOCs and list silicate heterogeneity as CoV in table 3. The CoV values of
Sem arkona, K rymka, Sharps and Chainpur are all larger than 50, consisten t w ith the as�
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signm en ts by Sears[ 10] . Sears suggested that TL sensitiv ity corre lates w ith oliv ine heteroge�
neity becausem etam orph ism hom ogenized the mafic silicate com position and also devitrified

fe ldspath ic glass to produce the TL phosphor, crysta lline fe ldspar. H owever, the corre la tion

breaks down in the m ost h igh ly unequ ilibrated chondr ites ( type 3. 0� 3. 4 ). It m igh t be

possib le that hom ogen ization of silicate compositions, wh ich requ ires atom ic diffusion over

d istances of several hundred �m, is a less fac ile process than devitrification of feldspath ic

glass wh ich requ ires atom d isplacements over a few � distance
[ 10]

. A s seen in the tab le 3,
the classification schem e by Sears[ 10] is a qu ite e ffective way to subd iv ideA ntarcticmeteor�
ites.

In a given unequ ilibra ted chondr ite, the chem ical varia tion of pyroxene is o ften greater

than that o f o liv ine. Pyroxene appears to be m ore resistan t to thermal metamorphism than

oliv ine. Even in type 4 chondrite ( tab le 3), the CoV value of Fs could be as h igh as 24.

For th is reason, G rossman [ 19] suggested that type 4 chondr ites w ith h igh PMD�Fs are pre�
sum ab ly near the type 3 border and those w ith low PMD�F s shou ld be near the type 5 bor�
der.

4. 1. 1 � T hermal h istory of Fe�N im eta l

The texture of Fe�N im etal is a sensitive m etamorph ic ind icator for chondr ites o f sub�
types 3. 00� 3. 2, sin ce d iffusion in meta l is much faster than in oxides[ 20] . Sem arkona
chondrule m etal shows pervasive fine�gra ined plessitic in tergrow ths. K imura[ 9] observed

m anym artensite in the prim itive chondr iteA cfer 094 ( ungrouped carbonaceous chondrite,

type 3. 00) and poin ted out that th is prim itive meta lm artensite was quenched in the solar

nebu la from h igh temperatures w ith in chondru les before accretion to its parent body. Reis�
ener[ 21] suggested that if the or ig inal taen ite cools a t >> 5K /day, it transform s tom artens�
ite, wh ich subsequently decomposes in to a taen ite + kam acite in tergrow th dur ing 1 year a t

temperatures as low as 573 K. That is to say, the p lessit ic intergrow ths of meta l in Se�
m arkona chondru le interiors resulted from m ildmetamorphic heating ofmartensite under low

temperature cond itions in the parent body. During therm alm etam orph ism, p lessite is trans�
form ed in to intergrow ths of coarser�grained kam acite andN i�r ichmeta;l gra in size ofN i�rich
m etal increases and number density decreases. In K rymka ( LL3. 2), a few N i�r ich m eta l

gra ins are severa lm icrom eters ( F ig. 1b). M ostm etal gra ins are coarse�grained aggregates
o f kam acite and N i�rich m etal up to 15 �m. A ll other chondrites in th is work show such

coarse�gra ined aggregates w ith N i�richm etal up to 40 �m, so we assign them to be type>

3. 2.

4. 1. 2 � Cr exso lution in olivine

In type 3. 0 chondrites, o liv ine gra ins of type II chondru les are rich in Cr. In sligh tly
m etam orphosed types 3. 1�3. 2 chondrites, o liv ine gra ins show abundan t homogeneous nu�
cleation of a Cr�r ich phase, producing fine, need le�like precip itates a ligned along preferred

crysta llograph ic orien tations. A pparen tly, continued heating to form h igher�petro log ic�type

chondrites resu lted in the coarsen ing of Cr�r ich precipita tes in oliv ine cores, presum ab ly to

m in im ize their surface energy, to the point where they formed much larger, equan t gra ins

( F ig. 2d). It is still no t actually known whether the fine Cr�rich precip itates are ch rom ite
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and the valence state and site occupancy of Cr in chondr itic o liv ine are notw ell known[ 7, 22] .
H owever, what is certa in is that o liv ine gra ins in type I chondrules have low Cr con tents and

never show Cr exsolution in the cores, regard less o f petro log ic type.

4. 1. 3 � T hermal effects in ma trix

Sem arkona, wh ich w as affected least by metamorph ism, contains numerous sub�m i�
crom eter su lfides d istr ibu ted in the extremely fine gra inedmatrix ( Fig. 3a). Th isw as noted
as a distinctive fea tu re of type 3. 0 by Dodd[ 4 ] . W ith increasing degree of therm alm etam or�
ph ism, gra in grow th resulted in the form ation of recrystall izedm atrix and caused coarsen ing

of the rem ain ing opaquem atrix, accom panied by elemen ta lm igration ( e. g. coalescence of

the m inutem etallic FeN i and su lfide gra ins from the opaquem atrix) and nucleation of fe ld�
spar in the recrysta llizedmatr ix. For type 4 chondrites ( GRV 022455, GRV 021528, GRV

022410), the m atrix consists entire ly translucent to transparen t crysta ls, a lthough it can

still be identif ied by gra in size, m orphology and location.
A s m entioned above, nucleation and grow th of p lagioclase has been confirm ed by

m easurem ents of TL sensitiv ity. The h igher the TL sensitiv ity, the more abundan t p lag io�
clase inm atrix. W e d id not observe any feldspar gra ins in the matr ix o fUOCs of types ∀
3. 3, wh ich may be expla ined that they have not been annealed sufficiently to produce crys�
ta lline feldspar[ 10 ] . Above petrolog ic type~ 3. 4, m atrix begins to show strong blue CL[ 3 ]

and the alkali conten t again r ises, ind icating that secondary fe ldspar gra ins have begun to

grow[ 7 ] .

4. 2 � Chem ical g roups

The chem ical classification schem e curren tly in common use is that o fVan Schmus and
W ood [ 1] , mainly based on Fayalite content o f o liv ine in ord inary chondrites. A ccord ing to

V an Schmus andW ood, the Fa values forH, L, LL are 16� 20, 22�26; 27� 31, respec�
tively. H ow ever, oliv ine com position is not reliable for classify ing the chem ical groups of

UOCs of types< 3. 5[ 16] , since Fe tends to be more reduced compared to that in the equ ili�
brated chondr ites. Consequen tly, we checked the chondru le size and the m etal abundance

to help to classify their chem ical groups. A s shown in tab le 3, mean Fa values of Sem arko�
na, k rymka, and chainpur are obviously inconsisten t w ith their correspond ing chem ical

groups, bu t they are very close to resu lts o fD odd[ 4] . R esu lts have proved that it is feasib le

to classify A ntarcticm eteorites by using EDS. In add ition, we suggest that gra in selection

m ethods as in Dodd shou ld always be used for classification ofUOCs.

5� Conclusions

� � W e stud ied the petrology and m inera logy of 25 unequ ilibra ted ordinary chondr ites ( 19

Ch inese A ntarcticm eteor ites). W ith increasing m etam orph ic grade: d iffusion homogen ized

Fe andM g in oliv ine; plessite in prim itive chondrites was transform ed into intergrow ths of

coarser�gra ined kam acite andN i�richm eta ;l C r exsolved from ferroan oliv ine, form ing nee�
dle�like precip itates and then coarsened into equan t chrom ite gra ins; and fe ldspar increas�
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ing ly crysta llized during devitr if ica tion of g lass and recrysta llization ofm atrix.
W e subd iv ided 19 An tarctic meteorites into petrolog ic type 3. 3� 4 ( 3 for type 3. 3, 3

for type 3. 4, 1 for type 3. 5, 2 for type 3. 6, 2 for 3. 7, 5 for 3. 8, 3 for type 4). R esu lts

in th is work ind icate that the classification schem e proposed by Sears[ 10] is a qu ite e ffective

w ay to subdiv ide An tarcticmeteorites. In add ition, we propose to revise chem ical groups of
GRV 020032, GRV 020104 to L, H, respectively and suggest that gra in selectionm ethods

as in Dodd[ 4 ] are reasonable in classify ing An tarcticm eteor ites.
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