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Abstract� GroveM ountains ( GRV) 051523 is a new ly iden tified eucrite, consisting

m ain ly o f coarse�gra ined pyroxene ( 62. 9 vo%l ) and p lag ioclase ( 34. 2 vo%l ), w ith

less abundant opaquem inerals ( 2. 7 vo%l ), m inor silica and tiny FeO�r ich o liv ine

( Fa75 ). Coarse�gra ined pyroxenes show exso lu tion of aug ite lamellae in p igeonite or

v ice versa. W idth ofm ost exso lution lam ellae in pyroxenes is 1�3 �m. Opaquem iner�
a ls are m ain ly chrom ite, ilm enite and su lfides. Them eteorite was heav ily shocked, as

ind ica ted by breccias andm elt veins. Coarse�gra ined pyroxenes comm only con tain a�
bundant tiny or needle�like chrom ite inclusions w ith orien tation, probab ly due to

heavy shock events. Pyroxenes in var ious petrographic occurrences exh ibit h ighly

homogeneous compositions, ind ica ting that GRV 051523 experienced intense thermal

m etamorph ism in the parent astero id 4 Vesta. GRV 051523 is classified as Type 5�6.
Th is new eucr ite w ill have add itiona l constra ints on chem ica l composition, m agm atic

differentia tion, m ulti�stage shock and therm al h istory o f Vesta.

Keywords� meteor ite, eucr ite, An tarc ticm eteor ite, therm alm etam orph ism, V esta.

1� Introduction

H oward ites, Eucrites and D iogen ites ( hereafter HED s) are the on ly extraterrestria l

basaltic rocks besides them artian and lunarm eteorites. HED s probably came from a same

parent body, as the fo llow ing lines of evidence: ( 1) whateverm ajor or trace elem ents ex�
hib it that howard ites are them ixture of eucr ites and diogen ites[ 1, 2] ; ( 2) The iden tical O�i�
sotop ic compositions of theHEDs ( �17O= - 0. 25[ 3] ) ; ( 3) HED s have iden tica lM n /Fe

ratios o f both pyroxenes and oliv ines, wh ich obviously higher than the values of the coun ter�
parts in the Earth, Moon andM ars[ 4, 5] . It is w idely accepted that theHED s p robab ly or ig i�
nate from astero id 4 V esta, based on their sim ilar op tica l reflectance spectra l features[ 6, 7] .

Eucrites are further d iv ided into ordinary, surface ( or lava�like ), cumu late and

polym ict subtypes
[ 8]
. In add ition, they experienced comp licated therm alm etam orph ism h is�

tory, accordingly classif ied in to petrograph ic type 1 to type 6 based on compositions, tex�
tures and m etam orph ism data of pyroxenes[ 9 ] . Based on the petrographic and m inera log ical

characters o fHED s, a layered�crustmodel o f the HED parent body w as proposed, consis�



ting o,f from top to bottom, su rface eucrites, ord inary eucrites, cumu late eucr ites and d io�
gen ites[ 8 ] .

GRV 051523 w as found in a moraine west to the m iddle segm ent o f the Gale Escarp�
m en,t G roveM ounta ins, Antarctica, by Y. T. L in dur ing the 22nd Ch inese An tarctic R e�
search Exped ition. Petrograph ic and m inera l chem istry of GRV 051523 was conducted in

th is study, in order to clar ify petrogenesis o f th ism eteor ite and to provide add itional con�
stra ints on evolutional history of the parent body, astero id�4 V esta.

2� Sample and experim ents

The m eteorite w as sawn into two halves using a d iamond thread saw w ithou t water or

any other cooling liqu id. The sam ller partw as then embedded in epoxy and cu t in to severa l

slices using a low�speed d iamond saw. O ne of the slices wasmade into a polished th in sec�
tion w ith a surface of ~ 0. 9 cm2.

Petrograph ic observations were ob ta ined w ith optica lm icroscope and scann ing electron
m icroscope ( SEM ) type LEO�1450VP. M inera l chem istry was detem ined by electron probe

m icroanalyzer ( EPMA ) type JEOL�JXA8100, using 15 kV accelerating voltage and 20nA

beam current ( 10 nA for plagioclase). A ll experim ents were carried ou t at the Institute o f
Geology and G eophysics, Ch ineseA cademy of Sciences, Beijing. S ilica tes and ox ides were

used as standards, and the results were treated using the Bence�A lbee method. The detec�
tion lim its are( 1 , w %t ): T iO

2
0. 03, A l

2
O

3
0. 01, Cr

2
O

3
0. 07, M nO 0. 07, CaO 0. 03,

M gO 0. 01, N a2O 0. 03, K2O 0. 03. M odal composition of the m eteor ite was calcu la ted
from surface areas of indiv idualm inerals in the back�scattered electron ( BSE) im ages.

3� Results

3. 1 � P etrog raphy

GRV 051523, 0. 8 g in w eigh,t has a peanut�like shape w ith most black fusion crust

remained. W h ite breccias of p lag ioclase can be seen on the exposed surface ( F ig. 1).

Fig. 1� Pho to of GRV 051523. Scale of th in gr id is 1mm.

� � GRV 051523 m ain ly consists o f pyroxenes ( 62. 9 vo%l ), p lag ioclase ( 34. 2 vo%l ),
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w ith less abundant opaque m inera ls ( 2. 7 vo%l ), m inor silica and tiny fine�grained oli�
vine. The opaquem inerals are chrom ite, ilmen ite and su lfides. It has two d ifferent tex tura l

parts: coarse�gra ined gabbro texture part ( F ig. 2) and fine�gra ined part recrysta llized from
shock�induced m elt ve ins ( F ig. 3a). The coarse�gra ined gabbro texture is prevailing, con�
sisting m ain ly of granular pyroxenes and p lagioclase ( ~ 1mm, w ith a few grains of p lag io�
clase up to 1mm  2. 3mm ). T iny inclusions of ch rom ite in pyroxenes are common ( F ig.
3b), and show orien ta tion. M any pyroxenes conta in exsolved lamellae, w ith augite lam ellae

in p igeon ite and vise versa ( F ig. 3b, 3c). The lamellae are usually 1�3 �m in w idth, w ith
a few up to 10 �m ( F ig. 3d). F ine�grained part ( w ith gra in size from 5 to 20 �m ) is prob�
ab ly recrystall ization of shock�inducedmelt ve ins, consisting of pyroxenes, plagioclase, and
less abundan t opaquem inerals ( su lfides, chrom ite and ilmen ite) and silica. The euhedral

to subhedral silica is rich in th is par,t and appears to coexist w ith tro ilite ( F ig. 4a). O li�
vine is also euhedral to subhedra,l w ith gra in size less than 10 �m ( F ig. 4a). Pyroxenes in
th is part rare ly show signs of exsolution ( F ig. 4a).

Fig. 2� Back�sca ttered e lectron ( BSE) mi age of GRV 051523. The silicates consist of py roxenes ( light grey),

p lag ioclase and silica ( dark grey ). Br ight sm all gra ins are ilm en ite, chrom ite and su lfides. The fine�
gra ined part is recrysta lliza tion of shock�inducedm elt ve in ( the cen ter) w ith the w idth up to 1mm. The

dash line reg ion represents the Fig. 3a.

� � GRV 051523 suffered in tense shock m od ification. Coarse�grained silicates are heavily

fractured ( F ig. 3a, 3b, 3c, 3d). Shock�induced m elt ve ins are common in th is section.

The larger one is abou t 1mm inw idth. Parts o f thematr ix o f the th in veins are cryptocrystal�
line. T iny spheru les are chrom ite.

3. 2 � M ineral ch em istry

3. 2. 1 � Pyroxenes

Representative analyses of pyroxenes are given in T ab le 1. No sign ificant var iation in
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chem ical composition of p igeon ite has been found among the coarse grains (W o1. 7�11. 1

Fs
48. 1�59. 9 ) and fine gra ins in the recrysta llized melt ve ins (W o

1. 5�2. 5
Fs

56. 8�59. 2 ). In add ition,

EPMA profiles conducted on p igeon ite across lamella o f augite show no sign ificant variations
in FeO, M gO and CaO from cores to r im s. The average FeO /MnO ( w %t ) ratio o f

Fig. 3� BSE mi ages of GRV 051523. ( a) It show s two different tex tura l parts: fined�grained tex ture ( the left

part) and coarse�gra ined gabbro tex ture ( the right part). The large gra ins are pyroxenes ( Py) and p la�
g ioclase ( P l). The br ight g ra ins are opaquem inerals: chrom ite ( Chr), ilm en ite and sulfides. ( b) Ex�
so lution lamellae o f aug ite ( Aug ) in pigeon ite ( P ig). L ight grey gra ins are chrom ite. The anhedral p la�
g ioclases a re inte rstitia l to pyroxenes. T iny inc lusions o f chrom ite in pyroxene are comm on. ( c) Exsolu�
tion lamellae of low �C a pyroxenes ( Opx) in aug ite. O therm inerals: S iO2 ( S i); Chrom ite ( Chr); T ro i�
lite ( Tr). ( d) Th ick exso lution lam ellae o f aug ite in p igeon ite ( w idth o f lam ellae up to 15! 20 �m ).

F ig. 4� ( a) BSE mi age of the recrysta llization o f shock�induced m elt ve in ( a part o f the who le ve in). S ilica

system atica lly appears assoc ia ted w ith tro ilite. Recrysta llization o f silicate m inera ls rarely show signs o f

exsolution. ( b) Rapid ly coo ling o f shock�induced melt ve in. Parts o f the m atr ix are cryptoc rystalline.

T iny spherules are chrom ite. Abbrev iation: P ig ( P igeon ite ); Aug ( Aug ite); P l ( P lag ioclase ); O l

( O liv ine); Si ( S iO2 ); T r ( T ro ilite).
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Table 1. � Represen tative e lectronm icroprobe ana lyses of silicatem inerals in GRV 051523( w%t )

P igeonite

1∀ 2
# 3# 4#

Augite

5

Plag ioclase

6∀ 7
# 8# 9#

O liv ine

10 11

SiO2 51. 5 51. 4 51. 1 51. 4 51. 2 46. 5 45. 2 46. 1 47. 5 33. 1 32. 2

T iO2 0. 10 0. 12 0. 10 0. 13 0. 40 n. d n. d n. d n. d n. d 0. 05

A l2O3 0. 12 0. 12 0. 16 0. 19 0. 79 34. 6 33. 5 34. 0 33. 7 n. d n. d

Cr2O3 0. 11 0. 08 0. 08 0. 08 0. 66 n. d n. d n. d n. d n. d n. d

FeO 34. 6 33. 2 34. 5 33. 5 13. 4 0. 28 0. 04 0. 17 0. 23 55. 7 56. 0

M nO 1. 28 1. 15 1. 27 1. 14 0. 53 n. d n. d n. d n. d 1. 48 1. 37

MgO 12. 5 13. 2 12. 9 13. 8 11. 8 n. d n. d n. d n. d 10. 3 10. 2

CaO 0. 62 2. 16 0. 68 0. 68 20. 8 18. 3 18. 5 18. 3 17. 4 0. 04 0. 03

Na2O 0. 03 n. d 0. 04 n. d 0. 04 1. 04 0. 86 0. 98 1. 53 n. d n. d

K2O n. d n. d n. d n. d n. d 0. 08 0. 05 0. 07 0. 12 n. d n. d

Tota l 100. 86 101. 37 100. 80 100. 91 99. 57 100. 82 98. 17 99. 59 100. 42 100. 76 99. 89

Cations per form ula

S i 2. 021 2. 002 2. 010 2. 007 1. 960 2. 125 2. 122 2. 130 2. 171 1. 022 1. 009

T i 0. 003 0. 003 0. 003 0. 004 0. 011 0. 000 0. 000 0. 000 0. 000 0. 000 0. 001

A l 0. 006 0. 006 0. 007 0. 009 0. 035 1. 862 1. 853 1. 852 1. 815 0. 000 0. 000

C r 0. 003 0. 002 0. 003 0. 002 0. 020 0. 000 0. 001 0. 000 0. 000 0. 000 0. 000

Fe 1. 134 1. 083 1. 134 1. 093 0. 429 0. 011 0. 002 0. 007 0. 009 1. 439 1. 467

M n 0. 042 0. 038 0. 042 0. 038 0. 017 0. 002 0. 000 0. 000 0. 000 0. 039 0. 036

Mg 0. 733 0. 765 0. 754 0. 802 0. 672 0. 001 0. 000 0. 000 0. 000 0. 476 0. 475

Ca 0. 026 0. 090 0. 029 0. 028 0. 854 0. 895 0. 931 0. 907 0. 854 0. 001 0. 001

Na 0. 002 0. 000 0. 003 0. 000 0. 003 0. 092 0. 079 0. 088 0. 136 0. 000 0. 000

K 0. 000 0. 000 0. 000 0. 001 0. 000 0. 005 0. 003 0. 004 0. 007 0. 000 0. 000

Sum 3. 973 3. 990 3. 984 3. 984 4. 002 4. 992 4. 992 4. 989 4. 993 2. 977 2. 990

Fa /Fs /An 59. 9 55. 9 59. 2 56. 8 21. 9 90. 2 91. 9 90. 8 85. 7 75. 1 75. 5

Wo /Ab 1. 4 4. 7 1. 5 1. 5 43. 7 9. 3 7. 8 8. 8 13. 6

En/Or 38. 7 39. 5 39. 3 41. 7 34. 4 0. 5 0. 3 0. 4 0. 7

Note: n. d not detected, ∀rmi , #
core,

o
m inerals in melt ve in.

p igeon ite ( 28. 3 ∃ 1. 1) p lo t close to the re ference line ofHED s ( F ig. 5a).

� � Only a few of aug ite were analysed in this study. The composition of augite isW o
43. 7

Fs
21. 9

, w ith FeO /M nO ( w %t ) ra tio of 25 p lotted in the range ofHED s ( F ig. 5a). A ugite

con ta insm ore T iO
2
, A l

2
O

3
and Cr

2
O

3
, and less FeO andMnO in comparison w ith the host

p igeon ite.

3. 2. 2 � P lag ioclase

Representative analyses of plagioclase are also listed in T ab le 1. Coarse�grained pla�
gioclase is homogeneous ( A n90. 2�92. 2O r0. 2�0. 5 ) . O nly a few grains show sligh t decrease of

CaO from the core ( An92. 2 ) to the r im (A n90. 2 ) . The tiny gra ins in recrysta llizedmelt ve ins

have lower CaO ( An85. 7�90. 8 ) re lative to the coarse gra ins. H owever, a ll grains of p lag io�
clase in the section are CaO�rich ( An> 85. 7), and poor in K2O ( O r< 0. 7).
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3. 2. 3 � O thers

The tiny gra ins of o liv ine have homogeneous composition, and they con ta in h igh FeO

( Fa75 ) andM nO ( 1. 37! 1. 48 w %t ). The ra tio of FeO /M nO ( w%t ) ra tio varies from 38
to 41.

4� D iscussion

4. 1 � C lassif ica tion

The absence of Fe�N im etal phase and chondrules, and igneous textures ( F ig. 2 ) a ll
ind icate thatGRV 051523 is a differentiatedm eteor ite. It consistsmain ly of pyroxenes and

plagioclase w ith m inor chrom ite, ilm en ite, tro il ite and silica m inerals, w ith in the range of
basalts.

The probab le sources for extra terrestr ial basalts are theM ars, theMoon and theHED�
s parent body ( V esta ). P lagioclase of shergottites has lower CaO, w ithin the range of

andesine. GRV 99027 and GRV 020090 were classif ied as lherzo lit ic shergottite e jec ted

from theM ars[ 10, 11] . Plag ioclases in both m eteorites conta in An42�61 and An36. 6�57. 3, respec�
tively. In comparison, plagioclase ofGRV 051523 ismore CaO �enr iched ( An

85. 7�92. 2 ) , d is�
tinct from those of them artianm eteorites. In addition, silicates of GRV 051523 areM nO�
r ich, w ith the FeO /M nO ratios o f pyroxenes and oliv ine sign ificantly low er than those of

m artian m eteor ites ( F ig. 5a, 5b). A lthough the composition of p lag ioclase in GRV 051523
is w ith in the range of lunar basalts ( An

85�100 ) , lunar basalts are poor in M nO w ith FeO /

M nO ratios o f pyroxenes and oliv ine much h igher than those of GRV 051523 ( F ig. 5a,

5b). On the other hand, the Fe/M n ratios ( 24. 8! 30. 5, m o%l ) o f pyroxene and oliv ine,
and anorth ite content of p lagioclase ( 85. 7! 92. 2, m o%l ) o f GRV 051523 are p lo tted in

the range ofHEDs ( F ig. 6).

Table 2. � Com parison betweenGRV 051523 and GRV99018 in petrography andm ineral chem istry

Sam ple
Pyroxene
( vol% )

P lag ioc lase
( vo l% )

Opaquem inera ls
( vo l% )

Plag ioc lase
An ( m ol% )

Pyroxenes FeO /
MnO( in w eight)

GRV051523 62. 9 34. 2 2. 7 85. 7�92. 2 ~ 28
GRV99018 50. 5 44. 2 5. 2 77. 4�89 ~ 31

Note: The modal com positions o f GRV 051523 refer as
[ 12]

.

� � The modal composition, anorth ite con ten ts o f p lagioclase, and FeO /MnO ratios of py�
roxenes inGRV 051523 all are sim ilar toGRV 99018 ( see Table 2) thatwas also found in
G rove Moun ta ins, A ntarctica, andw as classified as an ordinary eucr ite[ 12] . H ow ever, their

d ifferences in modal composition dem onstrate that GRV 051523 is not paired w ith GRV

99018.

4. 2 � P etrog raphic type

GRV 051523 has no obvious cumu late tex ture. The ferrosilite ( Fs) contents o f low�Ca
pyroxenes ofGRV 051523 are d istinctly h igher than those of cumu late eucr ite, and p lo tted

in the range of ordinary eucrite ( F ig. 7). The fayalite ( Fa) content o f o liv ine of GRV
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051523 ( Fa75 ) is clearly lower than that o f cumu late eucr ite ( Fa98�90 ), and alsow ith in the
range of ord inary eucrite too. A ccord ingly, GRV 051523 is classified as an ord inary eu�
crite.

Fig. 5� ( a) FeO versusM nO plot o f py roxenes in GRV 051523. Bo th p igeon ite and aug ite p lo t on the line o f

HED. Average of FeO /M nO ra tios o f basa ltic pyroxenes from the E arth, M oon, andM ars are show n as

references
[ 12]

. ( b) FeO versusMnO plot of o liv ine in GRV 051523. The FeO /MnO ratios o f oliv ine o f

GRV 051523 are obv iously be low those o f the Earth, M ars andM oon
[ 5 ]
.

F ig. 6� Fe/Mn of pyroxene ( px) and o liv ine ( o l) versusAn% of p lag ioclase for p lanetary basa lts. TheFe /M n

of pyroxene andAn% of plag ioc lase of GRV 051523 p lo t in the range o fHED. The compositional ranges

represen t one standard dev iation from the m ean values
[ 5]
.

� � The hom ogeneous com position of the coarse�gra ined host pyroxenes ( mg# ~ 39! 47,

mg# =M g  100 /(Mg+ Fe), atom ic), and thew ide exsolved lamella of pyroxenes ( usually

1! 3 �m, a few up to 10 �m, see F ig. 3d) in GRV 051523 all dem onstrated that th ism e�
teorite experienced in tense thermalm etam orph ism ater crysta llization. Takeda and G raham
( 1991) define six types of eucrite based on petrograph ic criteria and m inera l chem istry.

Base on th is criterion, GRV 051523 can be classified as type 5! 6.
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F ig. 7� Pyroxenes quadr ilateral fo rGRV 051523. P igeon ites in the coarse�gra ined b recc ia and the re�
crysta llizedm elt ve in have smi ilar compositions. Ranges o f cum ulate eucrites ( do tted line)

and ord inary eucrite ( line) after
[ 8]
.

4. 3 � P etrog enesis of GRV 051523

The ord inary eucrite shou ld crysta llized at depth between the cum ulate and surface

types of eucr ites according the layered�crust model proposed by T akeda[ 8] . The orig inal

composition of pyroxenes is calcu lated from the compositions of exsolved lam ellae of p igeo�
nite and augite and their vo lume percentages ( F ig. 7). Based on the two�pyroxene ther�
mom eter[ 13] , the analyses ( F ig. 7) g ive the crysta llization temperature of 1100% , which is

consisten tw ith that o f o ther ord inary eucr ites[ 14 ] . A fter crystalliza tion, the rock experienced

slow cooling at a certa in depth in order to form the exsolved lam ellae of pyroxenes ( F ig. 3b,

c, d). The equ ilibr ium temperature of pyroxenes can be determ ined from the composition of

exsolved lam ellae and converted host rock ( F ig. 7) using the two�pyroxene therm om eter,
and it is about 600% . The cooling ra te can be calcu lated from thew idth and the zon ing pro�
file o f Ca conten t ( EPMA profile) in exsolved lamellae and host rock[ 15] . The w idth of ex�
so lu tion lam ellae of pyroxenes of GRV 051523 is close to that of GRV 99018 and Ib itira,

wh ich have a cooling rate 0. 02% /year[ 12, 16] . So it can conclude that the cooling rate o f

GRV 051523 is abou t 0. 02% /year.

The parent body ofGRV 051523 suffered intense shock even ts, producing the breccia�
tion and shock�induced melt ve ins. Recrysta llization of the m elt ve ins ind icates that th is

m eteor ite was reburied after them ain shock event and subsequently cooled slow ly. It is no�
ticeab le that there are other th inm elt ve ins w ith opaque spheru les in cryptocrysta llinem atrix

( F ig. 4b). They ind icate another la ter shock even,t fo llow ed by a rap id post�impact cooling

h istory. A s d iscussed above, GRV 051523 recorded mu ltip le shock and thermal events o f

the surface ofV esta. F inally, GRV 051523 was ejected from Vesta into space by another

impact even ,t and fell on the ice sheet o fA ntarctica.

5� Conclusion

GRV 051523 m ain ly consists of pyroxenes, plagioclase and w ith less abundan t chro�
m ite, ilmen ite and su lfides, m inor silica and tiny FeO �r ich oliv ine. The calcic plagioclase

and h ighMnO /FeO ratios o fFe�M g silicates exh ib it thatGRV 051523 is a new eucr ite. The
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hom ogeneou s composition of the host pyroxenes and the w ide exsolved lam ella demonstra ted
that GRV 051523 exper ienced in tense therm almetamorph ism ( type: 5�6), and it is further

c lassif ied as an ord inary eucrite.

GRV 051523 probab ly started to crysta llize from liqu id at ~ 1100% , fo llowed by a
slow cooling process after so lidification. The equ ilibrium temperature of pyroxenes

is ~ 600% accord ing to the two�pyroxene thermom eter, and the cooling rate is abou t

0. 02% /year. GRV 051523 experienced intense shock even ts, producing the breccia tion
and shock�inducedm elt ve ins. R ecrysta llization of themelt ve ins ind icates that th ismeteor�
ite was reburied after the main im pac.t Subsequently, GRV 051523 suffered another shock

event and form ed other th in melt ve ins. H owever, a fter th is shock event GRV 051523 was
not buried by th ick crus,t and itm ay exposed to the surface or ejected from Vesta.
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