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Abstract GRV 90027 is aM artian lherzolitic shergo ttites ( L S) conta in ing po ik ilit

ic, non po ikilitic, andm elted pocket com ponents. GRV 99027 ism ain ly composed o f

o live ( 55 vo%l ) and pyroxene ( 37. 5 vo%l ), w ithm inormaske lynite ( 6 vo%l ) and

chrom ite ( 1. 5 vo%l ), and trace white lock ite and tro ilite, ec.t In th is paper, the

m ineralogy and petro logy of GRV 99027 are reported; in add ition, the geochem ica l

character istics of theREEs andH isotopes in theGRV 99027 are a lso further investi

gated. The REE in GRV 99027 is re lative ly low; HREEs are enr iched in o liv ine

and pyroxene grains; LREEs are enriched in p lag ioclase w ith a high positive Eu a

nom aly. H igh REE va lue is found in rare m inera l wh itlockite ( less than 0. 2

vo%l ), LREE HREE, and w hitlock ite has a negative Eu anom aly. TheREE d istr i

bution patterns o f the whole rock o fGRV 99027 is smi ilar to but d ifferent from tha t o f

other L S M artian m eteo rites, indicating that they cam e from d iffe rent location o f

M ars. GRV 99027 has a h igh D va lue. D iffe rent wa ter bearing m inera ls g ive differ

ent contr ibution for D va lue. The D of phosphates genera lly does not correlate w ith

wa ter conten,t and D has a w eak nega tive corre la tion w ith wa ter conten.t GRV

99027 can be c lassified as an L SM artian m eteor ite based on m inera log ical assem

b lage patte rns, REE distribution pa tterns, and hydrogen isotope. The isotope data o f

S r, Nd, Pb, Os andREE from otherL SM artianm eteor ites were co llec ted to d iscuss

the form ation history o f the GRV 99027. Smi ilar to other L S M artian m eteo rites,

GRV 99027 or ig inated from part ofM ar sm antle; during one strong mi pac t event a
bout 4M years ago, the m eteor ites were e jected from deep m antle into space, and

trave led for a different dura tion in space ( ind icated by different cosm ic exposure

tmi e), and captured by theE arth la ter in d ifferen t tmi e, ultmi ate ly falling on theAnt

arctica as L SM artianm eteor ites.

Key words M artianm eteorite, GRV 99027, lhe rzo litic, REE, H ydrogen isotope.

1 Introduction

M ore than 33 of those 30000 p lus found m eteorites w ere iden tified asM artian meteor

ites. These include twen ty four p ieces of the Shergottites, seven p ieces of N akhlites, one

p iece of Chassign ite, and one p iece ofO rthopyroxen ite. Them ajority o f theM artianmeteor
ites were found from arid regions, on ly few pieces come from Antarc tica. M ost representive

M artian m eteorites ( SNC) w ere found early ( Shergotty, was found in India, A ugust 25 th,

1865; N akh la, in Egyp,t June 28, 1911; Chassigny, in France, O ctober 3rd, 1815; O r



thopyroxenite, ALH 84001, inA llanH ills o fAn tarctica in 1984). U ntil 1983, Bogard and
Johnson found the captured A r in the im pact m elted glass of Shergottite EETA 79001[ 1] .

Based on that the isotop ic compound and the rela tive abundance ofA r, a long w ith other no
ble gases, N

2
、CO

2
, match w ith these ofM ars atm osphere very wel,l the or ig in ofMars for

these meteoritesw ere confirm ed, and then, the research of the SNC m eteor ites set a founda
tion for the stud ies ofM ars and p lanetary sciences.

Am ong the SNC M artian m eteorites, Shergottites are div ided in two groups: one is the
Basaltic Shergottites, L ike Shergotty, Zagam ,i EETA 79001, and QUE 94201; another

group is Lherzo litic Shergottites, such asALH A77005, LEW 88516, and Y793605. GRV
99027, the firstM artianm eteorite found by Ch inese, is a new member of L S[ 2 7] . Th is pa

per first descr ibes th ism eteor ite s petro logy and itsm inera logy and chem istry characteris
tic, and then represen t the results o f the rare earth elemen t and the hydrogen iso tope geo

chem istry and its characteristics, and finally d iscusses the form ation conditions and the evo
lution h istory of the GRV 90027.

2 Sample and ana lysism ethods

The m eteor ite GRV 90027 was d iscovered and retrieved at An tarctica s blue ice re
gions in theG roveMoun ta ins during China s 16 thAntarctic exped ition ( 1999 /2000). The
m eteor ite weighs 9. 97 g, and it s shape is round and triangu lar. The majority o f its surface
is covered w ith th in b lack brown melt shell( 1 2 mm ). The petrography characteristics o f

GRV 90027 were investigated under Leitz Polarizingm icroscope andN ikonDXM1200 d ig it
a lm icroscope. Them inera l chem istry ingred ien t analysis is perform ed by using Japan s JE
OL JXA 8800M electronm icroprobe inN ationalM ineralD eposits Research K ey Laboratory,

N anjing Un iversity. The accelera tion voltage are 15 kV, beam flux 10 nA, the m easure

m ent characteristics of the peak time was 10 seconds, background value s tim e w as 5 s.
The S tandard Samp les from theUn ited States N ational Bureau of Standards are: H ornb lende

( N a, A ,l K, Ca, T i), fo rsterite (M g), fayalite ( S ,i Fe, M n), Cr ( Cr2O3 ) , phosphorite
( P); the standard for S i in pyroxene is using the hornb lende standard sam ple, and the

standard forA l inm askelyn iteA l is using anorth ite standard samp le. S ilicatem ineral analy
sis resu lts are got though the Bence A lbee compu tation, the ZAF ad justm entm ethod is used

too. The methods of debunch ing, beam fluxes w ith d iam eter of 2  m are used dur ing the a
nalysis ofM askelyn ite to reduce the loss o f volatile e lemen ts asmuch as possib le.

Phosphate hydrogen s isotope and itswater content ismeasured using IM 2 f iron probe
in A rizona S ta te Un iversity, U. S. Due to small cracks on the phosphate pelle,t very tiny

ion beam ( approx imate ly 2! 5  m ) Cs+ are used to avoid oxygen resin pollu tion. In order
to increase Secondary ion transm ission rate, the secondary ion signal are gathered after

pressu rized by 9 keV and passing through the aperture w ith 75  m grating. The accumula
tion of e lectric charge in sam ple s surface is neutralized by electron stream gun. Carr ies on

the instrumen t quality fractionation and the hydrogen background ad justm en tw ith the Earth
apatite standard sample and the GRV 99027 th in slice oliv ine, the samp le surface electric

charge accumu lates by the electron stream gun com es neutra.l Analyzing theD /H ratiow a
ter conten,t a lso is based on theEarth apatite standard samp le, and choosing P as the re fer

ence elem en.t In ourm easurem en,t the re lative water content error is approx imate ly 5% !
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18% . The princip le, m ethod and application of the ion probemeasurement o f hydrogen iso
tope p lease refer the re levant paper o f Xu et al. [ 6] .

3 GRV 99027M artian m eteorite s petro logical and m ineralogical characteristics

3. 1 L ithofacies characteristics

The area ofGRV 99027 s optica l slice is 1. 3 cm ∀ 0. 8 cm, its shape appears to be an
irregu lar trapezoid ( F igure 1). Endoscop ic iden tification of the meteorite shows that it is

free chondrules, re ferring to the whole granular crysta lline structure, granularity m ed ium.
It ism ain ly composed of o liv ine and the pyroxene, conta in ing sm all am oun ts o fM askel

yn ite. Them inorm inera ls are chrom ite, tro ilite, and phosphate. A pparently GRV 99027 is

an lherzolit ic shergotties, conta in ing characteristics of igneous d ifferen tia l tex tures, inclu
ding the basic three structures: Poik ilitic, non poik ilitic, melt pocke.t In the poik ilit ic sec

tion ( F igure 1 s Poi) , b rown id iomorph ic, , half euhedral o liv ine( 0. 05- 0. 10 mm ) and
black id iomorph ic chrom ite ( 0. 01! 0. 1 mm ) were enveloped by more volatile pyroxene

crysta l ( 2. 5! 4 mm ); small amount o f interstitia l melt fe ldspar like d istr ibu tion can be

seen in poik ilit ic 3 area ( F igure 1 s Poi3). In non poik ilitic area ( F igure 1 R igh t side),
larger o liv ine crysta ls ( 0. 1! 2. 5mm ) w ere aggregate crysta ls ( F igure 2b), or symb iosis

w ith pyroxene ( ~ 0. 05mm ). M askelyn ite, wh ite lock ite ( 0. 05! 0. 15mm ) are often ap
pear ing in irregu larly shaped interstitia l ( F igure 2c). Som e glass were form ed by shock in

# shock induced melt tex tures ∃ structu ra l zone ( F igure 1 left) . Som e of them were self
shaped, or half id iom orph ic oliv ine crysta lline w ith sub band characteristics ( F igure 2d).

GRV 99027 s decency degree is very low (W 1), w ith non limon ite veins developm en.t

Degree of shock metamorphism is around S4. GRV 99027 s m inera l assemb lage and the
structu re are sim ilar to o ther L S m eteorites, such as ALHA 77005, LEW 88516,

Y 793605[ 8 11] .

Fig. 1 Back Sca ttered E lectron ( BSE) mi age o f GRV 99027 show ing shock m elt texture on the left light gray

reg ion, po ikilitic texture ( Po i), and non po ikilitic tex ture in rest of the reg ion.

3. 2 GRV 99027 M ar tianM eteoritem ineral composition mod el

GRV 99027  s m inera ls includes majorly o liv ine ( 55 vo%l ), pyroxene ( 37. 5

vo%l ), maskelyn ite ( 6 vo%l ), chrom ite ( 1. 5 vo%l ), and otherm inorm inera ls, such as
wh itlock ite and tro ilite. A s can be seen from Table 1, them odel composition is extrem ely
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sim ilar to L S meteorite ALPHA 77005, LEW 88516, and Y793605. Th is type ofM artian
m eteor ite s o liv ine is abou t 40% 50% , pyroxene 35% 50% , p lagioclase is scarce ( <

10% ), pyroxenewh ich is w ith low calcium and h igh calc ium pyroxene character ized is the
L S oliv ine of theM artianmeteorite. N evertheless, o therT ypes ofM artianm eteorite sm in
era l composition m odels comb inations are different ( Table 1 ), N akh la ( N akhlite ) is

m ain ly composed of augite ( 78. 6% ); Chassigny( Chassign ite) ismain ly composed of o li
v ine ( 88. 5% ); Shergotty ( B S) ismainly composed ofmolten fe ldspar ( 23. 3% ), p igeo

nite ( 36. 3% ), augite ( 33. 5% ) as the defin ing character istics; ALH 84001 O rthopyrox
en ite) ism ain ly composed of orthopyroxene ( > 90% ).

a b

c d

Fig. 2 Pe tro logy o fM artianM eteorite, GRV 99027. a. po ik ilitic texture: euhedra l and subhedral o liv ine ( O l)

and euhedra l chrom ite ( Chm ) are poikitically enc losed by large p igeon ite ( Px), PPL; b. cumu la te tex

ture: oliv ines cumu lus, interstitia lm aske lyn ite (M sk), PPL; c. in terstitia l tex ture: m aske lyn ite, whit

lock ite and chrom ite fill in in terstitia ls of o liv ine and pyroxene, BSE; d. shock m elt pocke t tex ture:

m e lt g lass and o liv ine crysta llites, BSE ( the fie ld o f v iew o f figure is about 500  m ).

3. 3 Chem ical composition of m inerals

W e system ically investiga ted the chem ical composition of o liv ine, pyroxene, maskel

yn ite in the d ifferen t structure area ofGRV 22097 meteorite. One of its characteristic is the
hom ogeneity of the m ineral chem ical com position ( Tab le 2), and does not show chem ical

d ifferenta ion and any chem ical zonation. Poik ilitic area is rich inMg, N on poik ilit ic area is

r icher in calc ium. M inera l compositions are: o liv ine ( Fo69. 1 76. 6 Fa23. 4 30. 9, average Fo72. 4
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Fa27. 6 ) , p igeon ite ( En59. 3 75. 1 Fs20. 5 26. 9W o3. 1 14. 9, A verage En68. 6 Fs23. 5W o8. 0 ) , A ugite
( En

46. 6 53
Fs

13. 1 16. 1
W o

31. 9 37. 8
, A verage En

50. 7
Fs

14. 5
W o

34. 8
) , M askelyn ite ( A n

43. 6 59. 3

Ab40. 2 54. 6O r0. 5 1. 8, Average An52. 4Ab46. 7O r0. 8 ) , H omogeneous composition of phosphate,
chrom ite w ith r ichA ,l Mg, Fe, impactmelted pockets conta in basaltic g lass which are rich

in Ca, Fe, M g, Fe, and A .l They con ta in oliv ine crystall ite w ith strong zonation, too.

GRV 99027 sm inera l chem ical composition is sim ilar to L S meteorites ALHA 77005 and
GRV 020090, LEW 88516, Y 793605, YA 1075 and NWA 1950, but different from B S,

N akh lite、Chassign ite、O rthopyroxen ite sm ineral chem ical composition ( T ab le 2, Figure 3
and 4). GRV 99027 s whole rock chem ical composition and d iversity index Fe / ( Fe +
M g) is also sim ilarw ithM ars and other L S Martian m eteor ites, however is different from
B S, Nakh lite, Chassign ite, O rthopyroxen ite. ( T ab le 3, F igure 5).

4 The REE Geochem istry of GRV 99027M artian m eteorite

4. 1 The REE abundance and d istribution patterns of the GV 99027 m inerals

GRV 99027 s singlem ineral s REE abundance data is shown in Tab le 4 and F igure

6. O liv ine, Pyroxene, plagioclase s REE element abundance are very low ( REE 0. 35!
16. 40 ppm ), wh ite phosphorus has h ighest REE elem en t abundance ( REE 1410. 50

ppm ). LREE is rich in maskelyn ite ( LREE / HREE 15. 74), wh ile HREE are rich in
otherm inerals. O liv ine, m askelyn ite, andm elted glass have a positiveEu anomaly in addi

tion to maskelynite s abnormal sudden increase in Eu ( Eu 64. 70); fused glass does not
have Ce abnormalities ( Ce 1. 0), otherm inerals a lso have a negative anom aly, pyroxene

and oliv ine have a m ore pronounced negative Ce abnorm ity.

Fig. 3 Fo Fa of o liv ine and En FsW o of pyroxene in GRV 99027. Fo, Fa m eans forste rite and fayalite, En,

Fs, W om ean ensta tite, fe rropyroxene and w ollaston ite.

F ig. 4 Fo Fa of o liv ine and En FsW o of pyroxene in ALHA 77005 ( L S) . Data a re from
[ 8] [ 32, 33]

.
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Fig. 5 The S iO 2 M gO FeO ( w%t ) compositions of GRV 99027, o therM artianm eteor ites, E arth andM ars.

F ig. 6 CI normalized REE patte rns of m inera ls in GRV 99027. Symbols w ith vertica l lines rep resent REE a

bundances and standard dev ia tions ( !); Po,i po ikilitic; Np, non po ik ilitic; O ,l o liv ine; P ig, pigeo

n ite; Aug, Aug ite; M sk, maske lynite; M t g,l m e lt g lass; W h,t wh ite lockite.

( 1) O liv ine The oliv ine ofGRV 99027 has the sam eHREE abundance level as o ther

L S m eteor ite s o liv ine[ 9, 33, 36 ] , such asALHA 77005, LEW 88516, and Y 793605. H ow

ever, GRV 99027 s o liv ine LREE abundance level ismuch h igher than ALHA 77005 s.
GRV 99027 s oliv ine also show s it has positive Eu abnorm ity ( Eu, ~ 1. 93) and negative
Ce abnorm ity ( Ce, ~ 0. 46), suggesting that GRV 99027 has suffered severe Terrestria l

w eathering. Because the REE abundance level in oliv ine inM artian meteorites is pretty low

in genera,l w ith in the error lim its, it is d iff icu lt to exp la in why GRV 99027 has h igh LREE

in oliv ine, . LEW 88516 and Y793605 oliv ine s LREE were not shown in F igure 7.
( 2) Pyroxene The d istr ibu tionREE pattern of theGRV 99027 pyroxene: The d istri

bution pr imar ily concen trates by the heavy rare earth elemen.t W ith in the indiv idual pyrox

ene particle, the REE abundance levels are homogenous. H igh calc ium augite possesses

h igher abundance of the REE than low calc ium pyroxene. For p igeon ite and augite, their

REE abundance levels in the non poik ilitic are h igher than in poikilitic. ( T ab le 4, F igure

8). GRV 99027 pyroxene s REE abundance and d istribution patterns are sim ilar ( F igure

9) to o ther L S m eteor ite s[ 33, 9, 36] . H owever, the other L S meteorite s negative Eu is
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clearly abnorm ity ( Eu, 0. 39 0. 91).

( 3)M askelyn ite LREE in maskelyn ite is characterized by its enrichmen t ( LREE /

HREE 15. 74), it a lso conta ins h igh, positive Eu anom aly ( Eu, 64. 70) ( F igure 10).

It has basically the sam e abundance as ALHA 77005, LEW 88516, and Y 793605 s
m askyelyn ite REE.

( 4)W h itelock ite Themainly phosphatem ineral is wh ite lock itew ith highREE abun

dance ( REE 1410. 50 ∀ 10- 6 ) , and is rich in HREE in partition pattern ( LREE /

HREE 0. 35), wh ile the slope of theHREE line is extrem ely gentle ( T ab le 4 F igure 11).

It has a strong, negative Eu abnormality ( Eu, ~ 0. 48). The REE d istribution pattern is

basica lly para lle l w ith the wh ite lock ite s d istribu tion patterns of ALHA 77005 and LEW

88516, andHREE ismore enriched, and negative Eu abnormality is clearer.

( 5) Impactm olten glass Impactm olten glass s REE d istr ibution pattern is paralle l
w ith ALHA 77005 s whole rock s d istribu tion pattern ( F igure 12 ). H ow ever, the abun

dance is sign ificantly h igher ( 3! 5 x), ind icating that the impactm olten glass was form ed

by the partialmelting of thewhole rock. The REE d istribution pattern ofLEW 88516 andY

793605 s impactmolten glass are also near ly para llel w ith GRV 99027 s, however, their

REE abundance level are sligh tly lower.

4. 2 GRV 99027  swhole rock REE d istribu tion pa ttern

According to GRV 99027 s m inera l com position ( o liv ine 55 vo%l , pyroxene 37. 5

vo%l , m askelyn ite 6 vo%l ) ( Tab le 1 ) and its single m inera l s REE abundance level

( T ab le 4), whole rock s REE abundance level can be calcu la ted. T ab le 5 listedwh ite loc
kite s calcula ted value as ~ 0. 2vo%l . For comparison purposes, w e used curren tly found
L Sm eteor ite s averagem inera l composition ( o liv ine 50 vo%l , pyroxene 38 vo%l , maske
lyn ite 9 vo%l , molten glass 11 vo%l , [ 34] ) to calcu la te REE abundance level o f thewhole
rock of L Sm eteorite. Both patterns of thewhole rock s REE distribution give us the sim i
lar resul.t For com par ison, the tab le also listed som e other sign ificant REE abundance level

for theM artian m eteor ite s whole rock.
The whole rock s d istribu tion pattern of GRV 99027 s REE element are the same as

L S m eteor ite ALHA 77005 and LEW 88516 s, however, it is sligh tly h igher than

Y793605 s. Compar ing w ith whole rock REE d istribution patterns of the other types of
M artian meteorite s shows that the GRV 99027 s whole rock REE d istr ibu tion pattern is

comp lete d ifferent from that of Shergotty ( B S), N akh la ( N akhlite) , Chassigny ( Chassig

nite ), andALH 84001 ( O rthopyroxen ite). GRV 99027 s whole rock REE has a tendency
of increasing from LREE to HREE; how ever, Shergotty has very gentle whole rock s REE
d istribution pattern, w ith h igh REE abundance leve.l N akh la and Chassigny have clearly a

trend of decreasing from LREE toHREE, from Nd to Lu, Chassigny s whole rock REE a
bundance level is much lower than that of GRV 99027. The REE distribution level s
change ofALH 84001 ismoderate. It gets h igher on the r ight side of theHREE, its REE a

bundance level is c learly lower than that o fGRV 99027 s.
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Fig. 7 CI normalized REE patte rns of o liv ines in GRV 99027 and other L SM artian meteo rites. Symbols w ith

vertica l lines represent REE abundances and standard dev iations ( ! ); core represents core o f o liv ine

gra in; the data of ALHA 77005 are from [ 33]; LEW 88516 from [ 9]; Y 793605 from [ 36].

F ig. 8 CI normalized REE patterns of pyroxenes in GRV 99027. Sym bols w ith vertica l lines rep resent REE a

bundances and standard dev iations ( !); Po ,i po ik ilitic; Np, non po ikilitic; P ig, pigeon ite; Aug, Au
g ite.

F ig. 9 CI normalized REE patterns of pyroxenes in ALHA77005. Lpx rep resents low Ca pyroxene; H px, h igh

Ca pyroxene; data are from [ 33].
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Fig. 10 C I norm alized REE patterns o fm olten p lag ioclases in GRV 99027 and o therM artianm eteorites. Sym

bolsw ith vertica l lines rep resen t REE abundances and standard dev ia tions ( !); the data of ALHA

77005 are from [ 33]; LEW 88516 from [ 9]; Y 793605 from [ 36].

F ig. 11 C I norm alized REE patterns o f phospha tes in GRV 99027 and o therM artian m eteorites. Symbols w ith

vertica l lines rep resent REE abundances and standard dev iations ( !); the da ta of ALHA77005 are

from [ 33] ; LEW 88516 from [ 9].

F ig. 12 C I norm alized REE patterns of m olten glasses in GRV 99027 and o therM artian m eteor ites. Symbols

w ith vertica l lines rep resent REE abundances and standard dev iations ( ! ); the da ta of LEW 88516

are from [ 9]; Y 793605 from [ 36]; ALHA 77005 who le rock (WR) from [ 25] .
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Fig. 13 C I norm alized REE patterns o f who le rocks in GRV 99027 and o ther L SM artianm eteor ites. The da ta

of ALHA 77005 and LEW 88516 are from [ 25]; Y 793605 from [ 37].

F ig. 14 C I norm alized REE patterns of whole rocks in GRV 99027 and other SNCM artianm eteo rites. The da ta

of Shergotty are from [ 38]; the data o fNakh la, Chassigny, andALH 84001 are from [ 25].

5 GRV 99027 hydrogen iso tope geochem istry

5. 1 GRV 99027  sH isotope

The H isotope data fo GRV 99027 phosphate is obta ined from six phosphate gra ins.

SEM identif ied the m inera ls as wh ite lock ite ( Ca
9
MgH ( PO

4
)
7
) and apatite ( Ca

5
( PO

4
)
3

( F, OH, C l) ) , o r theirm ixture ( F ig. 15). The ion probe resu lts are shown in T ab le 6 and

figu re 16, D values ranges from + 1300 to + 4700% , and water con tents ranges from 0.

04! 0. 43w%t .

5. 2 Martianm eteoriteH isotope s geochem istry

5. 2. 1 H igh values of D inM ar tian meteorites

GRV 99027 s D value of phosphate is h igh. It is sim ilar toM artianm eteor itewhole

rock s D character istic ( N akhlites for ~ + 250% to + 900% , Sp lendor Boliv ia chon

drites ~ + 1200% to + 2100% , ALH 84001 for ~ + 800% [ 39] ) . Com pared to M artian

m eteor ite phosphate s D ( F igure 16), GRV 99027 phosphate s D is sim ilar to the D of
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apatite o fQUE 94201 and Zagam .i EETA 790012B s D is+ 146 & 25% , ALHA77005 s
D is+ 22 & 15% , wh ich is sign ifican tly lower. It can be inferred from F igure 16 that there

are no correlation betweenM artian m eteor ite phosphate D and its water con ten .t O nly in

B S m eteor ite QUE94201 that D and w ater conten t con ta ins valid corre lation. In GRV
99027 there on ly exists w eak and negative corre lation.

Fig. 15 Phospha tem inera ls in GRV 99027. O l rep resents oliv ine; Px, pyroxene; Chm, chrom ite; W h,t wh it

lock ite; Ap, phospha te.

Table 6. IonM icrop robe resu lts o fD /H and water contents o fGRV 99027 phosphates

Sam ple Analysis D ( % ) & 2! H2O( w%t )

Par tic le1 Wht 4745 & 309 0. 04

Partic le2, a Wht 2179 & 246 0. 10

Partic le2, b Wht 2153 & 251 0. 07

Par tic le3 Wht 2387 & 271 0. 06

Par tic le4 W ht+ Ap 1902 & 167 0. 24

Par tic le5 W ht+ Ap 1326 & 193 0. 10

Par tic le6 Ap 4064 & 283 0. 43
Note: Wh ,t Ap, respec tive ly, are wh ite lockite, apatite, ! is the standard dev ia tion.

M artian meteorites have character istics of a high value D is due to w ater gas in the

M artian atmosphere w ith a h igh value of D ( D= + 4200 & 200% [ 44] ). The continen ta l
w ater s D is about 5. 2 tim es of that o f ocean water s D vau le on the Earth ( the D is a

bout - 440% ! + 100% [ 45, 46] ). An exchange between the D rich w ater inM ars atmos

phere and the storage near theM artian surface, resulting of isotope fractionation in the stor
age spaces. H isotope of water bear ing m inerals in the M artian meteorite exchanged w ith

storage. It caused the formation ofM artian meteorite w ith h igh D /H values. The im pact e

ventm ay also resu lt in im planta tion of theM artian atmosphericm ateria ls into the mel.t The
volatiliza tion of elem en ts by the im pact wou ld sign ificantly reduce the water content of the

m eteor ite, resulting a m elt rich w ith D. H owever, they cannot cause huge enrichm en t o f D

in phosphatem inera ls. Som eM artianm eteor ites have a low D value, genera lly be believed
to be resulted by either contam ination by the Earth mater ials or due to the M ars magma
componen.t
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Fig. 16 The re lationsh ip of D ( % ) and w ater content in GRV 99027 andM artianm eteor ites
[ 41 43]

.

5. 2. 2 Contribution to the D value by wa ter bearing m inerals of theMartianm eteorites

F igure 17 show s thatM artianm eteor ites w ater bearing m inera ls enr ich in heavy D, its

D value is sign ificantly higher than that of the Earth s' water, tend to m ove to the M artian

atmosphere s h igh D value. D ifferentw ater bearingm inerals ( phosphate, b iotite, kaersu
tite) , the ir con tr ibu tion to M artian m eteor ite s D are differen;t however, D is largely

concentra ted in two zones. B iotite and kaersu tite are concentra ted in the low value area

( + 510% ! + 1900% ) ; wh ile, phosphate s D value varies a lot ( - 20% ! + 4700% ) ,
m ain ly concen trated in the h igh values( > + 2800% ) . GRV 99027 s phosphate D is

+ 1300% ! + 4700% , clearly h igher than b iotite, kaersu tite s D value, ind icating that

phosphate s D value ismuch higher than that o f o therw ater bear ing m inera ls. Th is is char
acteristic o fM artian m eteor ite phosphate m inera l s[ 47, 40, 48] .

Fig. 17 H istogram com parison o f D value o fw ater bearingm inerals in GRV 99027, QUE 94201, Chass igny,

Shergo t,t and Zagam .i Based on[ 47] .

GRV 99027 s phosphate has a h igh D value, wh ich is sim ilar to the otherM artian
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m eteor ite sH isotope analysis, a lso confirm s again GRV 99027 com e fromM ars and theH
isotop ic exchange had occurred betw een phosphate in GRV 99027 andM ars in terchangeab le

shell storage, such asM ars atomosphere.

6 The form ation and evolution history

6. 1 GRV 99027 meteoritem ineral crystalliza tion sequence

According to the study ofm eteor iteGRV 99027 s petrography andm ineral chem istry,
REE abundance and d istr ibution patterns, as well asH, O stab le isotope vaules, a ll are sil
im ar to the characteristics o fM artian meteorite L S. Therefore, we th ink that GRV 99027

belongs to the L S meteorite group, and shares the sim ilar crysta lliza tion h istory. The con

tinuous change of the prim ary and secondary elem ents o fL S meteorite s pyroxene[ 9, 11, 14, 36 ]

are consisten tw ith the progressive frac tional crystall izationmodel o f the closure system of a

single m agm a reservoir s. It can be separated into two stages ( F igu re 18), the first stage

the oliv ine and chrom ite in the poik ilit ic area begin to crystall ize and accumulate. The sec

ond stage, calcium low pyroxene ( p igeon ite) starts to crystallize, grow ing into main poik il
itic, creating an inclusion of the new ly formed oliv ine and chrom ite. Th is process is fo l

lowed by augite and plagioclase s crysta lliza tion, m ain ly happened in non poikilitic reg ion;
finally, ch rom ite ( T itan ium iron spar) , ilmen ite, wh ite lock ite and etc. , formed by melted
residuals, as a in terstit ialm ateria ls.

Fig. 18 C rysta lliza tion sequence o f them inera ls in GRV 99027. T mi e rep resents crysta llization tmi e; O ,l oli

v ine; Opx, o rthopyroxene; P ig, p igeonite; Aug, Aug ite; Chm, chrom ite; P lg, p lag ioc lase ( molten

plag ioc lase); Ilm, ilm enite; Wh,t whitlock ite.

The chem ical compostion of them inerals ofGRV 99027 is homogeneous comparedw ith

the other L S m eteor ites. S ilicate m inera l basically does not have elem ent zonation ( F igure

2, 5, 6), and this shows that in its paren t body, it has su ffered strong therm alm etam or

ph ism, and experienced extensively sub solid phase re equilibrium processes.

6. 2 Physicochem ical cond itions of the form ation of GRV 99027 m eteorite

In GRV 99027, there exist two types of pyroxenes: p igeon ite and augite. When the

tw o compounds were projected on to the pyroxene thermom eter [ 49] , the resu lt shows that the

crysta llization pressurewas < 2 kbar at the equ ilibrium temperature of about 1000! 1190∋
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( F igure 19 ); GRV 99027 s equ ilib rium temperature dur ing crysta llization is consisten t
w ith that of ALHA 77005 s 1160 (C, 1200 (C[ 9, 11, 20, 50, 51] , Y 793605 s 1220 (C[ 14 ] .

GRV 99027 has experienced the strong shock effects, wh ich include fractured oliv ine

and pyroxene; wavy extinction of sil ica tes under polar ized ligh;t para llel planar fractures in
oliv ine gra ins, maskelyn ite transformation from p lagioclase, and also the appearance of par

tia l impact induced m elt pocke.t The shock degree ( S4) is smaller than L Sm eteoriteAL

HA 77005, LEW 88516 ( S6) and Y 793605 ( S5) [ 8, 14] . The shock pressure of ALHA
77005, LEW 88516, Y 793605 was estim ated as abou t 30! 55 GPa, temperatu re after the

impact ~ 600(C[ 14, 20, 52 ] . G reshake[ 53 ] believe that the when p lag ioclasew ere shocked in to
glass, the peak shock pressure m ight be in range of 28! 45 GPa. S im ilarly, the shock
pressu re exper ience by GRV 99027 is around 30! 45 GPa.

Fig. 19 The therm om etry profiles based on three pyroxenes in GRV 99027. Pressure < 2 kbar; the data are

from [ 49] , Po i represents po ikilitic; Np, non po ikilitic; Lpx, low C a pyroxene; H px, h igh Ca pyrox

ene.

6. 3 GRV 99027  s paren t body

The Sr, Nb, Pb and O s isotope system and its REE d istribution pattern of theM arti

an m eteor ites suggests thatM artian m eteor ites com e from d ifferent source regions. M artian

m eteor ite s Rb Sr, Pb isotopemodel ages are ~ 4. 5 Ga years ( figure 20), wh ich suggests
that an early m agm atic d ifferen tiation ( ~ 4. 5 Ga ago) occurred on M ar s parent body
when nebu lar accelera ted into p lanetesim al nuclear. Sr Pb iso tope map ( F igure 20) speci

fiedM artianm eteor ite s d ifferent source storages: B Sm eteor ites ( Shergotty, Zagam ,i Los
Angeles) have h igher Rb /Sr and U /Pb ratios, ind icating they came from the p lanet shel;l

N akh lite, Chassigny and some B S meteorites ( D aG, QUE 94201, SaU ) have very low

Rb /Sr andU /Pb ratios, represen ting the or ig in of the dep leted mantle; other L S meteor
ites, such asALHA77005, LEW 88516, and Y793605 havem ed ium Rb /Sr and h ighU /Pb

ratios, ind icating they are from the orig inal un d ifferentiatedmantle reservoir, or from areas

comb ined w ith com ponents o f crust and the lossmantle.
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Fig. 20 Rb Sr Pb isotope o fM artianm eteor ites. Data a re from [ 54].

GRV 99027 s single m inera l REE abundance and d istribution pattern ( F igures 6-
12) are basically the sam e as that of o ther L S m eteor ite ALHA 77005, LEW 88516, and

Y793605[ 9, 33, 36] . TheREE d istr ibu tion pattern of GRV 99027 s wh itelock ite is a lso sim ilar
to the d istribu tion pattern ofL Sm eteor ite smolten glass and whole rock s. GRV 99027 
sm ineral and whole rock s REE abundance and distribution pattern are sim ilar to o therL
Sm eteor ites, especially ALHA 77005, LEW 88516. Therefore, GRV 99027 is a L Sm ete

orite, it countainsmateria ls from the same source region, com e from loss LREE of part o f
M ar sman tle, and experienced sim ilarm agm atism as otherL Sm eteor ites. GRV 99027 s
o liv ine and pyroxene show s negative Ce anom aly ( Ce 0. 32! 0. 71), ind icating that after
land ing in An tarctica, it suffered a certain terrestria lweathering.

6. 4 The history of formation and evolution of GRV 99027

GRV 99027 and L S meteorites, such as ALHA 77005, LEW 88516, Y 793605 are

found on d ifferent ice sheet areas, where Y amato mountain area is 3000 km away from A l
lan hills and 2500 km away from Lew is C lif.f It s d istance from G roveM ounta ins is 1000

km, there fore, it is probab le that the deb ris did not land in one event ( unpaired). U sing
activ ities o f m any d ifferent radioactive elem ents, such as 3H e, 10Be, 21Ne, 26A ,l 36C,l
38A r, 81K r, the calculable cosm ic ray exposure age and residential age are slightly d ifferen t

o fALHA 77005, LEW 88516, Y 793605; however, their escape age fromM ars is sim ilar,
abou t 4M a ( T ab le 7, F igure 21). Kong and others[ 55] calcu latedGRV 99027 s cosm ic ray
exposure age as 4. 4 & 0. 6 M a accord ing to 10Be s con ten .t GRV 99027 and other L S
M artianm eteor ite contain sign ifican tly consisten t escaped age, show ing that theym igh t have

experienced the sam e im pact even ,t ever since its escaped out o fM ars, it has experienced
d ifferent levels of exposure to cosm ic rays in space, then, captured into the Earth s orb i,t
land ing in An tarctica, its residence time in the ice sheet slightly differs.
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Table 7. The ages of L SM artianm eteor ites

M eteor ites ALHA 77005 LEW 88516 Y 793605

The crysta llization age

Rb Sr: 187 & 12M a,
154 & 6M a, 185 & 11M a
Sm Nd: 173 & 6M a
U Th Pb: ~ 170M a

Rb Sr: 183 & 10M a
Sm Nd: 166 & 16M a
U Th Pb: ~ 170M a

Rb Sr: 173 & 14M a,
165 & 10M a

U Th Pb: 4433 & 9M a,
212 & 62M a

Cosm ic exposure tmi e

2. 5 & 0. 3M a;
2. 8 & 0. 6M a;

2. 9 & 0. 17M a; ~ 2. 6M a;
3. 4M a; 2. 87 & 0. 2M a

3. 0M a; 4. 1 & 0. 4M a;
3. 6M a?

4. 4 & 1. 0M a; ~ 4M a;
5. 4 & 0. 3M a;

3. 9M a; 3. 9 & 0. 5M a

Terrestr ia l age 190 & 70 ka; 210 & 80 ka 21 & 1 ka 35 & 35 ka

E jection age
3. 06 & 0. 2M a;
3. 8 & 0. 7M a

3. 94 & 0. 4M a;
3. 9 & 0. 4M a 4. 7 & 0. 5M a

Reference Ref [ 56! 66] Re f [ 8, 57, 59, 67! 69] Ref[ 70! 76]

A ccord ing to systematic characteristic o f the L Sm eteor ite sm ajor and trace elem en ts
and rad io isotopes, and the com parative study of the sim ilarM artian meteorite, w e can gen

erally in fer GRV 99027 s form ation steps: ( 1) ~ 4. 5G a ago, the consecutive gravita tion
al accretion of the solar nebu la caused the formation of theM ars planetesim a;l ( 2) ~ 180

M a, M ars had its in itial g lobal d ifferentiation, theM artian magma crysta llized qu ick ly and

formed the different m aterial source area. ( 3 ) ~ 4 M a, strong collision of astero ids oc

curred onM ars, theM artian man tle der ived mater ia l was ejected and escaped into space,
and was sub jected to different durations of exposu re to cosm ic rays; ( 4) later, captured by

Earth s gravity and orb ited the Earth, and finally landed in different ice sheets o fAn tarcti
ca in d ifferen t time, form ing L SM artianm eteor ites. GRV 99027meteorite, landed inAn t
arctica s G rovem ounta ins area, experienced a certa in degree ofweather ing alteration.

Fig. 21 The m ean ejection ages ofM artian meteo rites
[ 77! 79]

.
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