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Abstract GroveM ountains (GRV) 051523 & a nev [y dentified eucritg conssting
mamly of coarse-gramned pyroxene (62 9 vo% ) and p lagioclase (34 2 vo% ), with
kss abundant opaquem merals (2 7 vo% ), m mor silica and tiny FeO-rich olvine
(Fas). Coarse-graned pymwxenes shav exsoluton of augite bmelhe in pigeonite or
vice versa W ith ofmost exsolution lanelke n pywxenes is 1-3 Bm. Opaquem ner
ak armanl chiomite imenite and sulfides Them eteorite was heavily shocked as
indicated by breccias and melt veins Coamsegraned pymwxenes canmonly con tain &
bundant tiny or needle-like chran ite nclisions w ih orientaton pwobably due to
heavy shock events Pyroxenes in varbus petwgraphic occurrences exh bit highly
homogeneous canpositbnsg  ind cating hat GRV 051523 experienced intense themal
metamorphisn i the parent asternd 4 Vesta GRV 051523 is classified as Type 5
This new eucrie w ill have add itional constraints on chan cal canpositbn, m agn atic
differentnton multi-stage shock and them alh story of Vesta
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1 Introduction

Hovardites Eucrites and D iogenites ( hereafter HED s) are the only extraterrestrial
basaltic rocks besides them artian and lunarm eteorites HED s probably cane fran a same
parent body as the follw ing lines of evidence (1) whatevermapr or trace elam ents ex
hibit that hovardites are them Kture of eucrites and diogenites* ; (2) The ilentical O-t
sotopic canpositions of the HEDs (A"O= — Q 23%); (3) HEDs have denticalM n/Fe
ratbs of both pyroxenes and olivihes which obviously higher than the valies of the counter
parts n the Earth Moon andM ard*”. It isw dely accepted hat the HED s probably origt
nate fran asteroil 4 Vesta based on their sin ilar optical reflectance spectral featured ® 7.

Fucrites are further divided nto ordinary surface ( or lava-like), cumulate and
polym ict subtypes[s] . In addition they experienced canplicated them alm etan orphign his
tory, accordingly classified nto petrographic type 1 to type 6 based on canpositions tex
tures and m etam orphian data of pyroxened®!. Based on the petrographic and m neralog ical
characters of HED s a layered- crustmodel of the HED parent body w,as proposed consis
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ting of fran top to bottan, surface eucrites ord nary eucrites cumulate eucrites and d -
genited®!.

GRV 051523 w as found in amorane west to the m iddle segnent of the Gale Escarpr
meni GroveM ountans Antarctica by Y. T. Ln durng he 22nd Chnese Antarctic R e
search Expedition. Petrographic and m neral cham istty of GRV 051523 was conducted n
this study i ower to clarify petrogenesis of this m eteorite and to provide additional con-
strants on evolutional history of the parent body asteroid-4 V esta

2 Sample and experinents

The m eteorite w as sawn nto wo halves using a diamond thread sav withoutwater or
any other cooling liquid The sam ller partw as then enbedded n epoxy and cut nto several
slices using a low-speed dianond sav. O ne of the slices wasmade nto a polished thin sec
tion w ith a surface of ~ Q 9 an’.

Petrograph ic observatbns were obtaned w ith opticalm icroscope and scanning electron
m icroscope ( SEM ) type LEO-1450VP. M mneral chen istry was detem ined by electron probe
m icroanalyzer (EPMA ) type JEOL-JXA 8100 using 15 kV acceleratng voltage and 20nA
bean current (10 nA for plagioclase). A 1l experm ents were carried out at the Institute of
Geology and G eophysics ChmneseA cademy of Sciences Beijing Silicates and ox tles were
used as standads and the results were treated using the Bence-A lbee method The detec
tion I its are(10, wto ): Ti0,0 03 ALO,Q 0, Cr0,0 07 MnO 0 07 Cd Q 03
MgO 0 0L NaO Q 03 K,O0 Q 03 M odal canposition of the m eteorite was caleulated

fran surface areas of ndividualm inerals n the back-scattered electron ( BSE) i ages
3 Results
3.1 Petrography

GRV 051523, Q 8 g nweight has a peanut lke shape with most black fusion crust

remaned W hite breccias of plag bclase can be seen on the exposed surface (Fig 1).
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Fig 1 Photo of GRV 051523 Scale of hin grd & 1 mm.

BLLLES

GRV 051523 manly consists of pyroxenes (62 9 vo¥% ), plagioclase (34 2 vobo ),
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w ith less abundant opaque m nerals (2 7 vobo ), m nor silica and tny fine-grained olr
vine The opaquem inerals are chran it ilmenite and sulfdes It has o different textural
parts coarse-graned gabbro texture part (Fi 2) and fne-grained part recrystallized fran
shock-induced melt vens ( F i 3a). The coarse-graned gabbro texture is prevailing con-
sistingm amnly of granular pyroxenes and plagioclase ( ~ 1 mm, with a fev grains of plag -
clase up to Imm X2 3mm). Tiny inclusons of chranite n pyroxenes are canmon ( Fig
3b), and show orientation M any pyroxenes contain exsolved lanellag with augite lam ellae
in pigeonite and vise versa (Fig 3 3c¢). The lanellae are usually 1-3 Pm n width w ith
a few up to 10 Pm ( Fig 3d). Fine-grained part (with gran size fran 5 to 20 Bm) is prob-
ab ly recrystallization of shock- nducedmeltvens consisting of pyroxenes plagioclase and
less abundant opaquem mnerals ( sulfides chram ite and imenite) and silica The euhedral
to subhedral silica is rich in this part and appears to coexistw ith woilite (Fig 4a). Olr
vie is also euhedral to subhedra] with grain size less than 10 Hm (F i 4a). Pyroxenes n
this part rarely show signs of exsoluton (F g 4a).

Fs

GRV 051523

I
1.0 mm

Fig 2 Back-scattered electon (BSE) mage of GRV 051523 The silicates consist of pywxenes ( light grey),
phgbclase and silica (dak grey). Bright snall grans are imenite chran ite and sulfides The fine-
grained part is reciystallization of shock-induced melt ven ( the center) w ih the widh up o Imm The
dash lne region represents the Fig 3a

GRV 051523 suffered ntense shock m odification Coarse-grained silicates are heavily
fractured (Fi 3a 3h 3¢ 3d). Shock-nduced melt vens are canmon in this sectbn
The larger one is about Imm inwidth. Paris of thematrx of the thin veins are cryptocry stak
lne Tiny spherules are chram ite

3.2 M ineral chenistry

3.2. 1 Pyroxenes

Representatve analyses of pyroxenes are given, nTable 1L, No significant variatbn n
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chan ical canposition of pieonite has been found among the coarse grains (Wo, 7,
Fsyg 1599) and fine grans in the recrystallized meltvens (Wo, o, ;Fs, 45 ,). Inadditbn
EPMA profiles conducted on pigeonite across lanella of augite show no sgnificant variations

in FeO, M

e

B3

Fig 3 BSE mages of GRV 051523 (a) I shows wo different textumal parts fined-grained texture( he left

.
5

Fig 4 (a) BSE mage of the reciystallizaton of shock-nduced melt ven ( a part of the whole vemn). Silica
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part) and coarse-grained gabbw texwre ( the right part). The laige grains are pymwxenes ( Py) and p la
gioclase ( Pl). The bright grains are opaquem nerals chran ite (Chr), imenite and sulfdes (b) Ex-
solitbn hmelhe of augite (Aug) i pigeonite ( Pig). L ight grey grams are chiomite The anhedral p la
gioclases are ntestitial to pywxenes Ty inclisbns of chran ite n pyroxene are common ( ¢) Exsolu-
ton bmelhe of lov-Ca pywxenes (Opx) n augite O therm nerals SO, (S); Chwmite (Chr); Twor
lite (Tr). (d) Thik exsolutbn lanellae of augite in pigeonite (w dih of lanellae up to 15—20 Hm).

ot f s M R S
systan atically appears assochted with troilite Recrystallzation of silicate minerals rarely show signs of
exsolutbn (b) Rapdly woling of shock-induced melt vein Parts of the matrk are cryptocystalline
T iny spherules are chran ite Abbreviatior Pig (P eonite); Aug (Augie); Pl (Phgoclase); Ol
(Olivine); Si(SD,); Tr(Twilite).
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Table 1. Representative election m icropmwbe analyses of silicatem nerals in GRV 051523 (w o )
P igeonite Augite Plagioclase O lvne

1 7 3° 4° 5 6 7 8° 9° 10 11
SO, 515 514 511 514 512 465 452 461 475 331 322
TO, Q10 012 010 013 0 40 nd nd nd nd nd 005
ALO; 012 012 016 019 079 346 335 340 337 nd nd
CrO; Q11 008 008 008 0 66 nd nd nd nd n d n d
Fe&O 346 332 345 335 13 4 028 004 017 023 557 560
M O L28 L15 127 114 053 nd nd nd nd 148 137
MO 25 132 129 138 1. 8 nd nd nd nd 103 102
C 062 216 068 068 20, 8 183 185 183 174 004 003
NaO Q03 nd 004 nd 0 14 08 098 153 nd nd
K,0 n d n d n d n d n d 008 Q05 Q07 Q12 n d n d
Total 100 86 101 37 100 80 100. 91 99.57 100 82 98 17 99.59 100 42 100 76 99 89
Cations per fom ula

007 1 960 2125 2122 2130 2 171 L 022 1 009
004 0011 0 000 000 Q 000 0 000 Q0 000 Q 001
009 0035 1 862 853 1852 1 815 Q 000 Q 000
002 0 020 0 000 001 Q 000 Q 000 0 000 Q 000
093 0429 0011 002 Q 007 0 009 L 439 1 467
038 0017 0002 000 Q 000 0 000 0 039 O 036
802 0672 0 001 000 Q 000 0 000 0476 Q 475
028 0 854 0 895 931 0907 Q84 0 001 Q 001
000 0 003 0092 079 0 088 0 136 Q 000 Q 000

K 0 000 0 000 0 000 001 0 000 0 005 003 Q 004 Q 007 Q0 000 Q 000

Sum 3973 3990 3 984 984 4 002 4 992 992 4989 4 993 2977 2990
Fa/Fs/An59.9 559 592 568 21. 9 90 2 908 837 751 735
Wo/Ab 14 47 15 LS 43 7 93 78 8 8 13 6
En/Or 387 395 393 417 34 4 Q5 Q3 Q4 07

Note n dnotdetected rin ' core " m nerals n melt vein

Si 2021 2002 2010
Ti 0003 0003 Q003
Al 0006 Q006 Q 007
Cr 0003 Q002 Q003
Fe 1134 1083 1 134
Mn Q042 Q038 Q 042
Mg Q733 Q765 Q754
Ca 0026 Q09 Q 029
Na 0002 Q000 Q003

S el el =N =<l
A~ O OO0 O OO0 O~ O

\O
—
O

pigeonite (28 3 X1 1) plot close to the reference lne of HEDs (Fig 5a).

Only a few of augite were analsed n this study. The canposition of augite isW o, ,
Fs, oo with FeO M 1O (wto ) ratio of 25 plotted n the range of HEDs (Fig 5a). Augite
contansmore T O, ALO, and C,0,, and less Fe€O andMnO in canparison with the host
p Eeonite

3.2.2 Plagioclase

Representatwe analyses of plagioclase are also listed in Table 1. Coarse-grained pla
gioclase is hanogeneous (A .9, 0% 25). Only a few grans show slight decrease of
Ca& fran the core (Ang, ,) to the rin (Ang,). The tiny grans in recrystallizedmelt vens

have lower Ca) ( Angs 7405) relatve to the coarse grans However all grains of plag -

clase n the section are CaO-rich (An> 83 7), and poor nK,0 (Or< Q 7).
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3.2.3 Others

The tny grains of olivihe have hanogeneous canpositon  and they contan hih FeO
(Fajs) andMnO (1L 37— 1 48wt ). The ratio of F€O M 1O (w%% ) ratio varies fran 38
to 41.

4 D iscussion
4.1 Classification

The absence of FeN im etal phase and chondrules and gneous textures (Fig 2) all
indicate hatGRV 051523 is a differentiated m eteorite It consists manly of pyroxenes and
plagioclase w ith m nor chranitg ilnenitg toilite and silicam inerals within the range of
basalts

The probab le sources for extraterresirial basalis are theM ars the M oon and the HED’
s parent body (Vesta). Plagioclase of shergottites has lowver Cd), within the range of
andesine GRV 99027 and GRV 020090 were classified as lherzolitic shergottite e pcted
fran theM ard'® """, Plagioclases in both m eteorites contan An,q and Any 4575, Tespec
tively In canparison, plagioclase of GRV 051523 ismore C&O -enriched (Ang ., ,), dis
tinct fran those of them artianm eteorites In addition silicates of GRV 051523 areM nO-
rich with the FeO M nO ratios of pyroxenes and olivine sgnificantly low er than those of
m artian m eteorites (F g Sa 5b). Although the canpositbn of plag bclase in GRV 051523
iswithin the range of inar basalts (Ang, ), lunar basalts are poor n MnO with FeO/
MO ratbs of pyroxenes and olvine much higher than those of GRV 051523 (Fig 5a
5b). On the otherhand the FeM n ratios (24 8—30 § moblb ) of pyroxene and olivineg
and anorthite content of plagioclase (85. 7—92 2 mo% ) of GRV 051523 are pbtted n
the range ofHEDs ( Fig 6).

Table2 Canparison betveen GRV 051523 and GRV 99018 in petrography and m ineral chem istiy

San ol Pyroxene Phgoclase  Opaquem mnemls Plagiclase Pyroxenes FeO /

anple (vol% ) (vol% ) (vol% ) An (mol% ) MnO( in weight)
GRV 051523 629 342 27 85 7922 ~28
GRV99018 50 5 44 2 52 77 4-89 ~31

Note The modal can positions of GRV 051523 refer ad ™,

The modal canposition anorthite contents of plagioclase and FeD MnO ratios of py-
roxenes m GRV 051523 all are sm ilar toGRV 99018 ( see Table 2) thatwas also found n
Grove Mountansg A ntarctica andw as classified as an ordinary eucritd . However their
differences in modal canposition dem onstrate that GRV 051523 is not paired with GRV

99018
4.2 Petrographic tpe
GRYV 051523 has no obvbus cumulate texture The ferosilite ( F's) contents of low-Ca

pyroxenes of GRV 051523 are distinctly higher than those of cumu late eucrite and plotted
in_the range of ordinary eucrite (Fi 7)., The. fayalite (Fa) content of olivhe of GRV
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051523 (Fa;s) is clearly bwer han hatof camulate eucrite ( Fayq ), and alsow ithin the
range of ord nary eucrite toa A ccordingly GRV 051523 is classified as an ordinary eu-

crite
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(a) FeO versusM nO plot of pyroxenes n GRV 051523 Both pigeonite and augite pbt on the lne of
HED. Average of FeO M 10 mts of basaltic pywxenes from the Earh Mooy andM ais are shovn as

[
references

GRV 051523 are obvbusly belw those of the Earth M ars and M oon'”.

2 (b) FeO versusMnO plot of olvine m GRV 051523 The FeO /MnO ratos of olvine of
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Fig 6 Fe/Mn ofpyroxene (px) and olivine (ol) versusA% ofphgbclase for p hnetary basalts TheFeMn
of pyoxene and Ao of plagioc hse of GRV 051523 pbt in the range ofH ED. The compositbnal anges

L s
represen tone standard devation from the m ean values

The han ogeneous can position of the coarse-graned host pyroxenes (mg ~ 39— 47
mg =M gx 100/(Mg+ Fe), atam ic), and thew ide exsolved lanella of pyroxenes (usually
1—3 Pm, a few up to 10 Pm, seeFig 3d) in GRV 051523 all dem onstrated that thism e
teorite experienced ntense hemalm etan orphisn ater crystallizatbon Takeda and Grahan
(1991) defne sk types of eucrite based on petrographic criteria and m neral chem istry
Base on this criterion, GRV 051523 can be classified as type 5—6
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Fig 7 Pymwoxenes quadrilateral HrGRV 051523 Pigeonies in the coarse-grained brecci and the re-

crystallizedmelt vein have sin ilar compositons Ranges of cmulate eucrites ( dotted line)

and ord nary eucrite ( line) after ™.

4.3 Petrogenesis of GRV 051523

The ordnary eucrite should crystallized at depth between the cunulate and surface
types of eucrites according the layered-crust model proposed by Takedd®. The orighal
canpositbn of pyroxenes is calculated fran the canpositbns of exsolved lan ellae of pigeo
nite and augite and their volume percentages (Fig 7). Based on the wopyroxene ther
manetet 7, the analyses (Fig 7) give the crystallizatbn temperature of 1100°C, which is
consistentw ith that of other ord nary eucrited*!. A fier crystallization the rock experienced
slow cooling at a certan depth in order to fom the exsolved lan ellae of pyroxenes ( Fig 3h
¢ d). The equilbrum temperature of pyroxenes can be detem ned fran the canposition of
exsolved lan ellae and converted host rock (Fig 7) using the wo-pyroxene them am eter
and it is about 600°C. The coolng rate can be calculated fran thew idth and the zon ing pro-
file of Ca content ( EPMA profile) in exsolved lanellae and host rock' . The width of ex-
solition lam ellae of pyroxenes of GRV 051523 is close to that of GRV 99018 and Dbitirg
which have a cooling rate Q 02C /year '
GRV 051523 is about Q 02°C /year

The parent body of GRV 051523 suffered intense shock events producing the breccix

tion and shock-induced melt vens Recrystallization of the melt vens ndicates that this

So it can conclude that the coolng rate of

m eteorite was reburied after them ain shock event and subsequently cooled slowly. It is no-
ticeab le that there are other thhmelt vensw ith opaque sphewles in cryptocrystallnem atrix
(Fig 4b). They indicate another later shock event follow ed by a rapid post mpact coolng
history As discussed above GRV 051523 recorded muliple shock and themal events of
the surface of Vesta Fially GRV 051523 was ejected fran Vesta nto space by another

mpact event and fell on the ice sheet of A ntarctica

5 Conclusion

GRV 051523 manly consists of pyroxenes plagioclase and with less abundant chro-
m itg ilmenite and sulfides m mor silica and tny FeO-rich olvine The calcic plagioclase
and highMnO /Fe0 ratios of FeM g silicates exhbit thatGRV 051523 is a new eucrite The
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ham ogeneous canposition of the host pyroxenes and the wide exsolved lan ella demonstrated
that GRV 051523 experienced ntense them almetanorphisn (type 5-6), and it is further
classified as an o nary eucrite

GRV 051523 probably started to crystallize fran Iquid at ~ 1100C, follwed by a
slow cooling process after solidification The equilibriim temperature of pyroxenes
is ~ 600C accordng to the wopyroxene themaneler and the coolng rate is about
0. 02C /year GRV 051523 experienced intense shock events producng the brecciation
and shock-inducedm elt vens R ecrystallizatbn of themelt veins indicates that his meteor
ite was reburied after the main mpact Subsequently, GRV 051523 suffered another shock
event and fomed other thin melt vens However after this shock event GRV 051523 was
not buried by thick crust and itmay exposed to the surface or ejected fran V esta
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