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Abstract� Shock effects o f 93 G rove M ounta ins ( GRV ) ord inary chondrites w ere

studied in thisw ork, inc luding fracture, va rious types o f ex tinction, and recrysta lliza�
tion of s ilicates observed under op tica lm icroscopy. Shock�induced ve ins and pockets
show variousm icrotextures, decomposition and phase transfo rmation o fm inerals. The

con firm ed h igh�pressure po lym orphs o f silicates are r ingw ood ite, ma jorite, pyroxene

g lass andm aske lyn ite. Based on the shock e ffects and assem blages o f h igh�pressure
m inerals, shock stages of a ll of 93 GRV chondrites w ere c lassified. In compar ison

w ith literature, theG roveMoun tains m eteor ites have a h igher frac tion ( 23 ou t o f 93)

of heav ily shocked samp les ( S4� S5). M ost o f the heav ily shocked m eteorites are L

group ( 22 out o f 23), except for oneH chondr ite. The distinct shockm etam orph ism

be tw een H and L groups m ay indicate d ifferent sur face properties of the ir paren t

bodies. In add ition, there is re la tionsh ip between petro log ic types and shock stages,

w ithm ost heav ily shocked sam ples observed in equ ilibrated ordinary chondrites ( es�
pec ia lly Type 5 and 6).

Keywords� Antarc tic, GroveM ounta ins, chondrites, shock m etam orphism, h igh�
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1� Introduction

Shock metamorph ism and brecciation resulting from hypervelocity collisions on their

parent bodies are themost common features ofm eteor ites
[ 1 ]
. Shock effects includ ing deform�

ation, melting and decom position of m inera l componen ts are recorded. M oreover, natura l

h igh�pressure polymorphs of rock�form ing m inerals were also d iscovered in heavily shocked

m eteor ites. S ince the high pressures and tem perature conditions dur ing shock events are
comparab le to those of Earth s transition zone, or the lower m antle, the study of shock

effects in meteorites is of great importance, not on ly to decipher the collisional and geolog�
ical h istory of their astero idal parent bod ies, but a lso to acqu ire the in form ation of the dy�
nam ics and properties of the deep Earth.

Based on the shock effects in silicatem inerals and shock�induced localizedm elting in

ord inary chondr ites, seven stages of shockm etamorph ism ( S1� S6 and shockm elted) were

classif ied by S t�ffler et al[ 2] , the P�T cond itions of every shock stage w ere given as wel.l



H owever, great improvements in h igh�pressure fie ld have been ach ieved in recen t ten years,
that sta tic h igh�pressure experim en ts w ere introduced to study the transform ation cond itions

of h igh�pressure m inera ls in shockedmeteorites, whereafter the P�T�t cond itions of shock e�
vents were m od ified. These developments provide new know ledge of the shock h istory of

parent body of meteorites, as well as the study of the constitu tes of the deep Earth[ 3�5 ] .

In th is study, we observed and described shock effects in 93 G roveM ounta ins ord inary
chondrites, which were recovered from G roveM ountains, A ntarctic in 2005. Shock stages

w ere classified, and the h istory of shock even ts were also discussed based on the h igh�pres�
sure polymorphs d iscovered in these samp les.

2� Sample and Experim ent

Polished th in sections of the 93 ordinary chondr ites w ere exam ined w ith an optica lm i�
croscope in transm itted and reflected ligh.t The shock�induced veins and pockets were care�
fully observed by an LEO 1450VP Scann ing E lectron icM icroscope ( SEM ). The major ele�
m ent composition of the m inera ls in the m elt ve ins and pockets were also checked for their

m ajor elem en t composition by energy dispersive spectroscopy ( EDX ) on the SEM.
A RM�2000 Laser R aman spectrom eter was h ired to identify the h igh pressu re poly�

morphs ofm inerals. The 514 nm excita tion beam from the A r+ laser was focused to 1 �m
spot on the selected gra ins. The accumu lations of the signal last 10s, partly 15 s. The
quantitative chem ical analysis o f the selected gra ins was conducted using a JEOL JXA �8100
electron m icroprobe at 15 kV accelerating voltage and 20 nA beam curren .t

3� shock�induced effects

3. 1 � Undulose ex tinction

The w eakest observable shock effects in oliv ine are undu latory extinction, wh ich can
be easily d istingu ished under cross�polarized light from sharp, un iform extinction of un�
shocked oliv ine by the fact that the former, the extinction position of a single crystal varies
systematica lly across the grain, w ith the ro ta tion of the sam ple stage ( F ig. 1a).
� � W ith in increasing shock, the oliv ine crysta l structure ismessed up even further, form�
ing sm all ( only a few m icrometers) domains that d iffer in their ex tinction positions bym ore
than 3 to 5! of ro tation of the sam ple stage. Th is kind of mosaic ism extinction is a lso ob�
served in severa l severe ly shocked sam ples ( F ig. 1b).

3. 2 � Planar Fractures

A t the low est shock category, o liv ine crysta ls have irregu lar cracks. W ith increasing
shock pressure, the gra ins tend to develop p lanar fractures, wh ich are paralle l cracks lined

up in one d irection ( F ig. 2a). There are often m ore than one set o f fractu ring in a single

m inera l crysta ,l and the cracks are orien ted along crysta llograph ic p lanes ( Fig. 2b). Planar

fractures were considered to be themost important shock ind icators at moderate shock pres�
sures[ 2 ] .
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Fig. 1� ( a) Pho tom icrograph of o liv ine in GRV052610 under cross�po la rized ligh.t The coarse g rey to yellow

and red grains a re oliv ine. The grey�co lored gra in in the center o f the v iew exhib its undulatory ex tinction

and a set of p lanar fractures. The sca le bar is 1mm.

( b) Photom icrograph of o liv ine in GRV052610 under cross�po la rized ligh.t The grey grain o f o liv ine in

the center of the v iew show sm osa ic ex tinction. The sca le bar is 1mm.

Fig. 2� ( a) Pho tom icrograph o f oliv ine in GRV052448 under cross�po lar ized ligh.t The cyan la rge gra in in the

m idd le o f the v iew is o livine, display ing a set of p lanar fractures. The sca le bar is 0. 1mm.

( b) Pho tom icrograph of o liv ine in GRV051796 under plane�po larized ligh.t The large grain on the left is

o liv ine, exhibiting tw o se ts of planar fractures nearly perpend icular to each other. The sca le bar is 1

mm.

3. 3 � Shock�induced loca lized m elting

3. 3. 1 � M elting of m etallic F e�N i and su lf id e

GRV051773 ( L group ord inary chondr ite) conta ins a network of opaque veins wh ile

the silica tes in host rock exh ib it pervasive fractures and darken ing. The shock�induced
veins conta in silicate hostrock fragmen ts, from 10 to around 100 �m, in am atrix ofm etal�
sulfidem elt ( F ig. 3). The angular to rounded shapes of the silica te fragm en ts suggest that
they are cataclastic fragmen ts formed by extensive shear deform ation.

The matr ices of these veins consist o f iron su lfide that w as apparently liqu id. These
textures suggest thatm ost o f the veins in th is samp le were caused by fr ictional heating to

temperatures h igh enough to m elt the m etal�sulfide componen ,t bu t genera lly not h igh e�
nough tom elt the silicate. A ccord ing to the study of shockm etam orph ism in enstatite chon�
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drites by Rub in et al. the form ation of these opaque m etal�sulfide veins suggest a shock
stage of above S3[ 6] .

3. 3. 2 � Shock eff ects of silicates

The process of shock�induced localmelting genera lly involves simu ltaneous to ta lm elt�
ing of coexisting m inera ls, m ixing and homogen iza tion of the producedm elts and the subse�
quent crysta llization of imm iscib le silicate and sulfide/m etal melts. Shock�induced veins
appear as opaque veins or pocketsmacroscopically and in the polarizing m icroscope, w ith

w id ths ranging from m icrometer to m in im eter�sized ( F ig. 4). Several samp les are covered

by networks of interconnected shock veins. A few samp les were severe ly shocked and mol�
ten, w ith networks of opaque veins covering the whole th in sections.

F ig. 3 � BSE mi age of GRV051773, show ing a

shock�induced m eta l vein. The net�w ork
ve ins are m eta ,l and silicate fragm en ts

( no te their sharp edges) are o liv ine and

plag ioclase ( P l). The scale bar is 10

�m.

Fig. 4 � Pho tom icrograph o f shock�induced
ve in in GRV052174 under P lane�
polar ized ligh.t M atrix o f the shock�
induced vein is opaque, and large

s ilicate c lasts are rounded in shapes

w ith d iam eters o f 20� 60 �m. The

scale bar is 1 mm.

� � Two d istinct lithologies o f the shock�induced veins can be seen by m icroscope under

reflec ted ligh:t coarse�grainedm ineral aggregates and fine�grainedm atrix. The fine�gra ined
m atrix ismainly consist of granular silicates and abundant spheru les of eutectics of opaque

m inera ls ( Fe�N im eta,l sulfide, chrom ite etc). Cellu lar dendrites o f Fe�N im etal and tro i�
lite were observed in large spheru les. The opaquem inerals are usually dispersed into some

region s of a blocky or belt shape ( F ig. 5). On BSE image, the fine gra ined silicates inm a�
tr ix are id iom orph ic or needle�like crysta ls. The size ofm atrix gra ins is about 1�3 �m, and

exh ib it a decreasing trend from in the m idd le to the boundaries o f the veins ( F ig. 6 ). On

BSE im ages, br ight acicu lar crystals wh ich are enriched in FeO were noticed inside them a�
tr ix. The chem ical compositions of the idiom orph ic gra ins, wh ich are the main componen ts

o f the matr ix, were analyzed by the energy d ispersive x�ray spectroscopy ( EDS ) on SEM.

The resu lts show that they have a com position of pyroxene ( (M g, Fe) S iO3 ) . Ram an spec�
tra o f these gra ins ind icated they are m ajor ite�pyrope solid solution ( F ig. 8a) that were

crysta llized from shock�induced chondritic melt under h igh pressures[ 3, 7] .
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The large clasts and fragments enclosed in the shock�induced veins are rounded or o�
void ( F ig. 4 and 5), most o fwh ich d isp lay fu ll ex tinction cross�polarized ligh,t ind icative

of the transform ation of crysta l structures under h igh pressure.

Fig. 5� Photom icrog raph o f a shock�induced ve in in GRV052049 under reflected ligh.t Them elt ve in consists o f

fine�gra ined silica tes ( dark grey) and Fe�N im etal and tro ilite ( light g rey or wh ite spots), w ith num er�
ous rounded silicate fragm ents. The scale bar is 0. 1mm.

Fig. 6� Back�sca ttered e lectron ( BSE ) mi age of a shock�induced ve in in GRV052082. Them atrix o f the ve in

consists of garnet and needle�likem ajor ite�pyrope (Mp), w ith sm all spheru les or net�work o f Fe�N im et�
al and tro ilite interg row th. Coarse�gra ined o liv ines in them iddle o f the ve in have partia lly been trans�
form ed to ringwood ite ( Rg t). A lso note he terogeneousm arg ins o f oliv ine in contact w ith the ve in. The

scale bar is 20mm.

3. 4 � H igh�pressure polymorphs of O livine

O liv ine is one of the m ain constituent m inerals in ord inary chondr ites. The natura l
h igh�pressure polymorphs of o liv ine, wadsleyite and r ingwood ite, have been d iscovered in
severa l shocked m eteor ites. The (M g, Fe)

2
S iO

4
phase diagram at h igh P�T cond itions is

w ell estab lished from h igh�pressure experim en ts and show that o liv ine w ill transform in to

sp inel�structured r ingwoodite under 18� 23 Gpa, 1800� 1900∀ [ 8, 9] .
In th is study, oliv ine clasts are comm on ly observed in the shock�induced veins from

m ost o f the shocked samp les. The shapes of entra ined oliv ine fragments are ovoid, and con�
sist o f dark fiber�like cores ( Fe�poor) and brigh t r im s ( Fe�rich) on BSE image ( F ig. 7).
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Ram an analyses show that the dark cores are oliv ine, wh ile the bright r im s are r ingwoodite
( F ig. 8b). EMPA resu lts show a distinct d ifference in chem ical compositions between ring�
wood ite and co�existing oliv ine. The ringwoodite rim s are enriched in FeO, whereas the oli�
vine cores are enriched inMgO ( Tab le 1).

Fig. 7� Back�scatte red electron ( BSE ) mi age o f a shock�induced ve in in GRV052049, show ing two round

gra ins consisting of fiber�like o liv ine cores and r ingw ood ite ( Rgt) rmi s. The r ingw ood ite is Feo�r ich
( ligh�grey), wh ile o liv ine is FeO�poor ( dark grey). The sca le bar is 20 �m.

Fig. 8� Ram an spectra o fm inera ls in shock�induced ve ins. ( a) M p: m ajor ite�pyrope, M j:t ma jorite, G :l py�
roxene g lass; ( b) Rg:t r ingwood ite, O :l O liv ine.

3. 5 � H igh�pressure polymorphs of Pyroxene

Ovoid pyroxene clasts were found in the shock�induced veins from GRV050418,
GRV051674, GRV051876, GRV052082, GRV052174 and GRV052049. The clasts are

composed of polycrysta lline and am orphous areas, wh ich d isp lay d ifferent br ightness on BSE

im age ( F ig. 9). The M icroprobe analyses show there is no sign ifican t d ifference among

chem ical compositions of the dark and brigh t areas from one single gra in.

� � The polycrysta lline parts can be indentified asm ajorite ( noncub ic garne ,t one of the

h igh�pressure polym orphs of pyroxene) by the strong typ ical peak around 930 cm - 1 ob�
served by Ram an spectroscopy ( F ig. 8b). R aman spectra of the smooth amorphous parts
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con ta in two broaden peaks around 670 and 970 cm - 1 ( F ig. 8a) that are in agreem ent w ith
the iden tification of (Mg, Fe) S iO

3
glass in previous study[ 11�13] . (Mg, Fe) S iO

3
glass were

observed to coexist w ith low�Ca pyroxene and major ite in a single clas.t C lear boundaries

can be seen on BSE im ages betw een (M g, Fe) S iO3 glassy phase and m ajor ite, as the for�
m er are usually sm ooth and homogenous, whereas the la tter o ften occur as sub�m icron

gra ins in decomposed rim s of the clasts. EMPA resu lts show that the chem ical compositions

of (Mg, Fe) S iO3 glass are the sam e as low�Ca pyroxene in host rock.

Table 1. � Se lec ted E lectronM icroprobeAnalyses o f r ingw ood ite and oliv ine in m elt zones ( w%t ). Rg:t r ing�
w ood ite, O :l o liv ine

Gra inM ineral S iO2 T iO2 A l2O3 C r2O3 FeO MnO MgO C aO Na2O K 2O P2O 5 Tota l Fa

1 Rgt
O l

33. 8
41. 85

0. 02
0. 029

0. 046
0. 006

0. 287
0. 05

48. 977
7. 948

0. 06
0. 175

16. 42
50. 57

n. d
0. 031

n. d
n. d

n. d
0. 014

n. d
n. d

99. 613
100. 67

62. 6
8. 1

2 Rgt
O l

36. 71
40. 79

n. d
n. d

n. d
n. d

0. 051
0. 097

35. 282
9. 984

0. 026
0. 566

27. 93
47. 75

n. d
0. 025

0. 02
0. 002

0. 001
0. 012

n. d
n. d

100. 02
99. 227

41. 5
10. 5

3
Rgt
O l

33. 18
41

n. d
0. 015

0. 003
n. d

0. 033
0. 024

56. 37
11. 603

0. 057
0. 363

9. 931
46. 66

n. d
0. 046

0. 006
n. d

0. 003
n. d

n. d
n. d

99. 581
99. 711

76. 1
12. 2

4
Rgt
O l

38. 28
41. 38

n. d
0. 001

0. 044
n. d

0. 007
n. d

33. 108
9. 769

0. 048
0. 132

29. 44
48. 74

0. 011
0. 001

0. 015
n. d

n. d
n. d

n. d
n. d

100. 95
100. 02

38. 7
10. 1

5 Rgt
O l

36. 43
40. 76

0. 042
n. d

0. 933
0. 004

0. 34
n. d

36. 8
9. 503

0. 206
0. 39

24. 67
49. 51

0. 354
0. 041

0. 355
0. 017

0. 01
n. d

n. d
0. 021

100. 14
100. 25

45. 6
9. 7

6 Rgt
O l

35. 23
41. 52

n. d
n. d

n. d
n. d

0. 076
0. 042

44. 4
6. 366

0. 041
0. 429

21. 6
51. 7

n. d
0. 031

0. 03
n. d

n. d
n. d

n. d
n. d

101. 37
100. 09

53. 6
6. 5

7
Rgt
O l

37. 4
40. 19

n. d
0. 018

0. 117
n. d

0. 024
0. 021

27. 27
8. 315

0. 119
0. 268

35. 47
51. 57

n. d
0. 018

n. d
0. 007

n. d
0. 007

0. 006
n. d

100. 4
100. 41

31. 0
8. 3

8
Rgt
O l

35. 74
40. 67

n. d
n. d

0. 11
n. d

0. 087
0. 047

36. 28
8. 352

0. 029
0. 194

28. 08
51. 5

n. d
n. d

0. 024
0. 004

0. 019
0. 007

n. d
n. d

100. 37
100. 77

42. 0
8. 3

Fig. 9� ( a) Back�scattered e lectron ( BSE) mi age of a shock�induced ve in in GRV052049, show ing a large py�
roxene gra in be ing transfo rmed intom ajo rite (M jt) and g lass ( G l). The sca le bar is 10 �m.
( b) Back�scattered e lectron ( BSE ) mi age o f a shock�induced ve in in GRV052049. The clast consists

o f py roxene ( Px), m a jo rite (M jt) and pyroxene g lass ( Gl). The sca le bar is 20 �m.

3. 6 � H igh�pressure polymorphs of p lag ioclase

Large gra ins of p lag ioclase have been observed in h igh�equ ilibra ted samp les of type 5
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or 6. The p lagioclase are genera lly pure wh ite transparen t crysta ls w ith clear ou tlines. In
heavily shocked sam ples, some p lagioclase gra ins exh ib it complete extinction under cross�
polar ized ligh,t wh ich ind icates that the texture of these gra ins were destroyed during the

shock pu lse and transform ed in to isotropic g lass.

Coarse�gra ined p lagioclase w ere also found in host�rock fragmen t en trained in shock�
induced veins. These gra ins, wh ich disp lay fu ll ex tinction under cross�polarized ligh,t are

sm ooth and lack of cleavage, cracks, and fractures on BSE im age. They commonly coexist
w ith r ingwood ite and m ajorite. R aman analyses on these gra ins reveal thatmost o f them are

m askelyn ite. However, Ram anm ode around 760 cm - 1 was detected in a few grains, wh ich

revealed the existence of lingun ite, a h igh�pressure modification of fe ldspar that possesses

the tetragonal holland ite structure. Natura l occurrence of lingunite was first reported in S ix�
iangkou m eteor ite, ind icative of the P�T cond itions of 21� 24 GPa at 2000∀ .

4� D iscussion

4. 1 � H igh�pressurem inerals and P �T history

H igh�pressure m inera ls and assemblages w ere observed in 17% of sam ples. The

coarse�gra ined oliv ine aggregates in the shock�induced veins are partially transformed in to
r ingwoodite w ith h igh Fa contents, wh ile the coex isting oliv ine gra in s always exh ib it low er

Fa contents than that o f the oliv ine in the host rock. The shocked samp les are all h igh ly e�
qu ilibrated type 5 or 6, the host rock silicates exh ib iting re lative ly homogeneous chem ical

compositions. The w ide compositional gap betw een r ingwood ite and coexisting oliv ine sug�
gests that under the homogeneous pressures, the cation d iffusion between oliv ine and ring�
wood ite are h ighly contro lled by the temperature grad ients in the gra ins ( low temperature in
interiors and h igh temperatu re in r ims), and requ ires a long duration time of the h igh pres�
sures and temperatu res after the pu lse of shock wave.

EMPA resu lts show that the FeO�enriched crystall ites ( < 1 �m) embedded in the grey

m atrix have chem ical compositions of o liv ine. On BSE im age, they d isp lay the sam e brigh t�
ness as r ingwood ite, wh ich ismuch h igher than the oliv ine in the host rock. H ow ever, no

typ ical ringwood ite peak was detected by R am an spectrom eter, probab ly due to the tiny size
of the ringwood ite crystall ites, or the back�transformation of ringwoodite in to oliv ine, wh ile

remain ing the h igh FeO con ten .t

M askelynite cou ld be found in both host rock and shock�induced veins, whereas the

m askelyn ite in the shock�induced veins exh ib its an allom orph ic outline, thatm askelyn ite u�
sually fills frac tu res and cracks in other nearby silicate m inera ls. Ch rom ite inclusions were

comm on ly observed in m askelyn ite. Due to the polygonal ou tlines of the trapped chrom ite,
and h ighermelting point of chrom ite than plagioclase ( 2000∀ vs. 1100∀ ) , it s very un�
like ly that the chrom ite inclusions were crysta llized from m elt wh ich were form ed during

shock event from orig inal ch rom ite and d issolved in to fe ldsparmel.t B rick le chrom ite gra ins

w ere easily to be broken into p ieces by impac,t wh ich were captured by them elted p lag io�
clase glass. These featu res suggest that the m askelyn ite in shock�induced vein is not d ia�
plectic p lagioclase glass form ed by solid�state transform ation, bu t a dense quenched glass
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from plagioclase m elt that formed at ~ 20 GPa, > 1100∀ .
A ccording to the resu lts of shock�load ing experim en ts in A llende m eteorite, the ring�

wood ite + (M g, Fe) S iO3�M ajorite assemb lages observed in several samp leswere form ed at

18� 23Gpa, 1800� 1900∀ . Besides, (M g, Fe) S iO3 �glassw ere identif ied in a few heav�
ily shocked samp les. The occurrence of (M g, Fe) S iO

3
�glassy phase in th is study is iden ti�

cal to that reported from Su izhou meteorite, which was considered as vitr if ied perovsk ite

during the decompression stage due to a h igh pos�shock temperature. Pyroxene cou ld trans�
form into perovsk ite a t high pressures but a re latively low temperature ( 23� 25 Gpa,
2000∀ ) . However, the heating experim en ts and the m olecu lar� and lattice�dynam ics cal�
cu lations ind icated that the crysta lline MgS iO3 perovsk ite wou ld be decompressed to an a�
morphous phase near the am bient pressure from its h igh�pressure stab ility fields at modest
temperatures. The vitr if ica tion ofM gS iO

3
perovsk ite beg ins above 127∀ and is comp lete by

477 ∀ at amb ient pressure[ 13] . A fter the peak of shock pu lse, the post�shock tem perature

in these samp lesmust have been h igher than 477 !C inducing a rapid vitrification of crystal�
line perovsk ite into (M g, Fe) S iO3�glass. Therefore, the existence of v itrified perovsk ite in�
dicates that the peak pressure in the shock veins exceeds 23 GPa.

4. 2 � Classif ica tion and d istribution of Shock S tages

A petrgraph ic classification of progressive stages of shock metamorph ism of ord inary

chondrites w ere pu t forward by S t�ff ler et al. andw idely used afterwards. A ccording to h is

c lassif ication, seven stages of shock ( S1�S6 and shockm elted) were defined based on the
shock effects in the main silica te components as recogn ized by th in section m icroscopy. A

shock pressure calibration for the S1�S6 stages was also proposed ( T able 2), in wh ich the

occurrence of h igh�pressure polymorphs as ringwood ite, m ajorite, m askelyn itew ere taken as
an ind icator o f shock stage S6, and a extrem ely h igh pressure of 75� 90 GPa.

Table 2. � C lassification o f Shock Stages o f Ord inary Chondr ites ( Base on lite rature [ 2] )

Shock
Stage

S ilicates

O liv ine Pyroxene P lag ioc lase
Local effects

Shock pressure
( Gpa)

S1 sharp optical ex tinction, irregu lar fractures none < 4� 5

S2 undu lose ex tinction, irregular fractures none 5� 10

S3 p lanar fractures
undu lose ex tinction, irregular fractures

opaque shock ve ins,
inc ip ient fo rm ation of

melt pocekts
10� 15

S4 p lanar fractures
w eak mosaic ism partia lly iso trop ic

opaque shock veins and
melt pockets
interconnecting

25� 30

S5
p lanar fractures

strongm osa icism m aske lyn ite
pervasivem elt pocke ts

and shock veins 45� 60

S6
in or near the shock induced�veins, so lid

state recrysta llization o f silica tes
r ingw ood item ajo rite norm al g lass

pervasivem elt pocke ts
and shock veins

75� 90
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� � W ith the developmen t o f h igh�pressu re exper iments and study in shockm etamorph ism
inm eteorites, m od ification and correction were made on the P�T�t conditions and formation

h istory of h igh�pressure m inera ls in m eteor ites. A ccord ingly, m od ification and revise are

needed for the curren t classification and pressure calibration system of shock stages in ordi�
nary chondr ites. In th is study, we have classif ied the shock stages of 93 G roveM ounta ins
ord inary chondrites ( resu lts listed in Table 3). The classification w asmainly on the basis

o f S t�ffler s scheme, wh ile shock effects includ ing optica l properties o f sil ica tes, shock�in�
duced localizedmelting and h igh�pressure transition ofm inera ls were also taken in to consid�
era tion.

Table 3. � shockm etam orph ism grades o fG roveM ounta ins ordinary chondrites( Base on literature [ 2] )

Shock
Stage

S ilicates

O liv ine Pyroxene P lag ioc lase
Local effects Resu lts

S1 sharp optical ex tinction, irregu lar fractures none 6

S2 undu lose ex tinction, irregular fractures none 47

S3
p lanar fractures

undu lose ex tinction, irregular fractures
( a few r ingw ood ite)

opaque shock ve ins,
inc ip ient fo rm ation o fm elt

pocekts
17

S4
p lanar fractures
weakmosa ic ism

r ingw ood item askelyn ite

opaque shock ve ins andm elt
pocke ts inte rconnecting

18

S5

p lanar fractures
strongm osa ic ism

ringwoodite majorite m aske lyn ite
( a few (M g, Fe) S iO3 �g lass)

pervasivem elt pockets and
shock veins

5

S6
in or near the shock induced�veins, so lid

state recrysta llization o f silica tes
pervasivem elt pockets and

shock veins 0

� � W e now compare the var ious frequency d istributions of shock stages w ith in d ifferen t

chem ical groups and petrolog ic types of the samp les in th is study ( F ig. 10).

A conspicuous d ifferen ce between L andH group can been seen. L chondrites appear
to have a larger fraction of shocked sam ples, as there arem ore the L chondrites shocked to

S3�S5 than the weak ly or unshocked ones ( 34 vs. 22), wh ile the shock m etam orph ism is

not so extensively developed in H group chondr ites. M ost of H chondr ites were weak ly

shocked ( 29 of 43 samp les), except for on ly one sam ples w as classified as S4.

S t�ffler et al have studied the shock metamorph ism in 35H group, 27 L group and 14
LL group chondr ites. Their resu lts showed that the d ifferences in the frequency d istribu tion

of shock stages inH, L and LL groups are m inor; besides, the shock effects and the se�
quence of progressive ly increasing degrees of shockm etam orph ism are very sim ilar. H owev�
er, the investiga tion of theM eteor it ica l Bulle tin Database suggests that the frequency d istri�
butions of shock stages betw een L andH groups are d ifferen.t There are 23 L group chon�
drites o f all the chondrites thatw ere shocked to S4� S6, whereas the number ofH group is

9. It s evident that the L group chond rites have experienced stronger shockm etamorph ism

thanH group, wh ich is in consisten t w ith our results in th is study.
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The frequency of shock stagesw ith in d ifferen t petro log ic types ( F ig. 10b) reveals some
sim ilar varia tions. W ith increasing petro log ic type, the frequency of shock stages S3, S4,

and S5 increases. Shock stage S2 is the most abundant in nearly all petrolog ic types. It ap�
pears that type 3 ord inary chondr ites are deficient in shock stages S3 to S5. There is a lack
of shock stages S4 and S5 in petro log ic type 3 and 4 chondr ites in con trast to type 5 and 6

chondrites,

Fig. 10� H istogram s o f shock grades of GroveM ounta ins ord inary chondrites, based on

( a) chem ica l g roups, and ( b) petrographic types.

� � The tendency between petro log ic types and shock stages, that heavily shocked samp les

are m ost likely to be observed in h ighly equilibra ted ord inary chondr ites, may be attribu ted

to the d ifferen t physical properties of all the types of chondrites in the unshocked state.

H igh equ ilibrated samp les ( type 5 /6 chondr ites) are essen tia lly coherent nonporous rocks,

in wh ich the h igh pressures and temperatures are easier to be retained for a longer tim e dur�
ing shock even,t wh ile the unequ ilibrated chondrites ( type 3 /4) arem ore porous and r icher

in volatiles wh ich aremore possible to be crushed by the impac,t therefore the h igh pressure

w ou ld be released. In another aspec,t since d ifferent groups of chondr ites com e from d iffer�
en t parent bod ies, the d iverse d istribu tion of frequencies of shock stages betweenH and L

groups may resu lt from the d ifferent physical properties o f the su rfaces of their paren t

bod ies, for examp le, the th ickness of so il layer, the petro log ic type of rocks on the surface

etc. As we d iscussed above, th ick and porou s soil layer is not favorab le to reserve h igh

pressu re and tem perature cond itions. A n analogous case can be seen on the moon and

M ars. The form er is covered by a layer of lunar regolith of 2� 10m in depth, wh ileM artian

soil is not so abundant on the surface ofM ars, especially in the Tharsis bu lge region. Cor�
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respond ingly, h igh�pressure transitions w ere not commonly reported to be d iscovered in lu�
nar meteorites wh ich exh ib it shock effects, wh ile h igh�pressure polymorphs as maskelyn ite
and stishov ite w ere found in severa l shergottyM artian meteorites.

5� Conclusion

Shock effects o f 93 G roveM ounta ins ordinary chondrites were stud ied and described.

H igh�pressurem inerals asR ingwood ite, maskelyn ite, majorite, m ajorite�pyrope solid solu�
tion and (Mg, Fe) S iO3 glass, wh ich is supposed to be vitrified (Mg, Fe) S iO3 perovsk ite,
w ere iden tified in shock�induced veins. Based on the coex istence of h igh�pressure poly�
morphs, the peak pressure of the shock even t was up to 23 GPa, wh ile the temperatures

m ay have exceeded 2000∀ . The oliv ine clasts enclosed in the shock�induced vein were
partly transformed in to ringwood ite. There is obvious enr ichmen t or deple tion in Fe andM g

con ten ts betw een ringw ood ite and coexisting oliv ine, respectively, whichm ay represen t the

d iffusion of e lements during the shock even,t and a long duration of the h igh pressure
pu lse.

O n the basis of the observed shock effects, shock stages of the 93 G roveM ounta ins or�
dinary chondrites were classif ied. There are 6 of shock stage S1, 47 of S2, 17 of S3, 19 of
S4 and 4 of S5. Comparison the frequencies of shock stages w ithin different chem ical groups

shows a d iverse frequency d istribution of shock stages betweenH and L groups, wh ich m ay
represen t the d ifference between physical properties o f the surfaces of their paren t bod ies.

Besides, it appears w ith increasing petro log ic type, the frequency of shock stages S3, S4,

and S5 increases.
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