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Abstract: Y32*./3, a new Martian meteorite from Antarctica, is composed of

coarse porphyritic olivine grains (up to ,mm) set in the groundmass of olivine and

pyroxene with abundant glassy mesostasis containing dendritic olivine and pyroxene.

The overall petrography of Y32*./3 is similar to those of olivine-phyric shergottites,

but the absence of plagioclase and Ca phosphates makes Y32*./3 unique. Because of

the absence of maskelynite, Y32*./3 is not a shergottite if we employ the classic

definition of shergottite. Both olivine and pyroxenes are extensively zoned. The

most magnesian olivine composition is Fo20 and the olivine compositions are related to

three di#erent occurrence types of olivine (large phenocrysts, groundmass, and

mesostasis). Pyroxenes have orthopyroxene cores (En2+Fs+1Wo,) mantled by

pigeonite with the rims of augite. The mineralogy of Y32*./3 suggests that rapid

crystallization of the parent magma caused significant undercooling and plagioclase did

not nucleate. Probably, rapid transport of the Y32*./3 parent magma from the depth

to the Martian surface crystallized olivine and pyroxene at first and eruption onto the

surface quenched the magma producing the glassy mesostasis. Because olivine and

pyroxene compositions of Y32*./3 are the most magnesian among Martian meteorites,

Y32*./3 would represent one of the most primitive Martian magmas and derive from

a highly reduced mantle. It seems that Y32*./3 contains no cumulus component,

suggesting that Y32*./3 is a melt. In this sense, Y32*./3 is similar to QUE3.,*+.
The similarity in mineralogy and chemistry between Y32*./3 and olivine-phyric

shergottites suggests derivation from a similar highly reduced mantle. However,

Y32*./3 was the only sample that directly erupted onto the Martian surface without

any accumulation processes.
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+. Introduction

Yamato 32*./3 (Y32*./3) is an 2+-gram meteorite recovered from the bare ice

field near the Minami-Yamato Nunataks, Antarctica during the -3th Japanese Antarctic

Research Expedition program (Kojima et al., ,***). A preliminary analysis of this

meteorite (Kojima and Imae, ,**,) shows that it is a new member of SNC

(Shergottites-Nakhlites-Chassignite) meteorites that are widely accepted to have
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originated from the planet Mars due to many pieces of evidence (e.g., Bogard et al.,

+32.; Pepin, +32/; McSween, +33.). As a result of the recent recovery of a number of

meteorites from Antarctica and desert areas, the total number of Martian meteorites

now reaches -* (Meyer, ,**-). Most of recently recovered Martian meteorites belong

to a “shergottite” group. Although the shergottite group has been divided into two

subgroups of “basaltic shergottites” and “lherzolitic shergottites” based on petrology

and mineralogy (e.g., McSween, +33.), the recent recoveries of desert Martian meteor-

ites have brought about recognition of another shergottite subgroup, “olivine-phyric

shergottite” (e.g., Goodrich, ,**-). Olivine-phyric shergottites are characterized by

the presence of large olivine grains set in the fine-grained basaltic groundmass of

pyroxene and plagioclase (now shock-transformed to “maskelynite”). This type of

rock has been important because recent Mars explorations have identified olivine at the

surface of Mars, which is probably derived from olivine-bearing basalt (e.g., Hoefen et

al., ,**-). Furthermore, olivine-phyric shergottites can be key samples to understand

petrogenetic relationships among di#erent types of shergottites because olivine-phyric

shergottites have several mineralogical similarities to both basaltic and lherzolitic

shergottites. The Y32*./3 meteorite is similar to olivine-phyric shergottites, but is

clearly distinct in several respects (Dreibus et al., ,**-; Greshake et al., ,**-; Ikeda,
,**-, ,**.; Misawa, ,**-, ,**.; McKay and Mikouchi, ,**-; Mikouchi et al., ,**-;
Nagao and Okazaki, ,**-; Okazaki and Nagao, ,**.; Shih et al., ,**-; Shirai and

Ebihara, ,**-, ,**.). Thus, the understanding of the formation of this new Martian

meteorite will o#er useful information to understand magmatic activity on Mars in

general. In this paper, we report mineralogy and petrology of Y32*./3 as a part of the

consortium study led by Dr. K. Misawa at National Institute of Polar Research (NIPR)

(Misawa, ,**-, ,**.). Then, we discuss its possible crystallization history and miner-

alogical relationships to other Martian meteorites.

,. Samples and analytical techniques

We analyzed a polished thin section of Y32*./3 (Y32*./3,.+--) supplied from

NIPR by the following methods after we carefully observed it by optical microscope.

Backscattered electron (BSE) images were taken with a Hitachi S-./** (field emission

gun) scanning electron microscope with energy dispersive spectrometer (EDS) (Dept.

of Earth and Planet. Science, University of Tokyo). X-ray elemental distribution maps

were acquired by a JEOL JXA 23**L electron microprobe (Dept. of Earth and Planet.

Science, University of Tokyo). Accelerating voltage was +/ kV, and the beam current

was 0*�2* nA. Modal abundances of minerals were calculated by combination of Si,

Mg, Fe, Ca, Al, Ti, Na, and Cr X-ray maps of the 2�2mm area of the thin section.

Quantitative wavelength dispersive analyses were performed on a JEOL Superprobe 1--
electron microprobe (Ocean Research Institute, University of Tokyo) and a JEOL JCM

1-- mk II microprobe (Dept. of Earth and Planet. Science, University of Tokyo) by

using well-characterized natural and synthetic standards. Quantitative microprobe

analyses of most phases were obtained at +/ kV accelerating voltage with a beam current

of +, nA. A defocused beam (+* mm in diameter) and lower probe current (2 nA) were

employed for the analysis of glasses in the mesostasis and the magmatic inclusions to
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minimize volatile loss (e.g., Mikouchi et al., +333). The mineral compositions of

Y32*./3 were compared with those of other olivine-phyric shergottites using data from
Mikouchi et al. (,**+) (EETA13**+ and Dar al Gani .10), and Mikouchi and
Miyamoto (,**,) (Dhofar *+3).

Fig. +. (a) Optical photomicrograph (open nikol) of the Y32*./3 thin section (Y32*./3,.+--).
Note the presence of coarse olivine phenocrysts reaching ,mm in size and abundant dark

mesostasis areas. (b) Optical photomicrograph (open nikol) of the largest olivine grain and

the groundmass pyroxenes. Ol: olivine. Px: pyroxene. (c) Optical photomicrograph

(crossed nikols) of the largest olivine grain and the groundmass pyroxenes corresponding to

the same field of (b). Note the patchy extinction of the coarse olivine phenocryst and

polysynthetic twinning of pyroxenes.

Mineralogy and petrology of Y32*./3 15



-. Petrography

Y32*./3,.+-- shows a porphyritic texture mainly composed of coarse olivine grains
scattered in a fine-grained groundmass of pyroxene and olivine with abundant regions of

the dark glassy mesostasis (Fig. +). The modal abundances of minerals obtained by

combination of several di#erent elemental maps are .2� pyroxenes, ,0� olivine, ,/�

Fig. ,. (a) Mg X-ray map of Y32*./3. Olivine grains are colored from red to yellow due to the

presence of chemical zoning. Pyroxenes are green in this map. (b) Fe X-ray map of

Y32*./3. This map also indicates the presence of chemical zoning in olivine (grains showing

the blue cores to the yellow rims). Olivine shows thin rimming of Fe-rich olivine (red)

adjacent to the mesostasis. Also note the presence of small Fe-rich homogeneous olivine

grains.
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mesostasis and +� other phases.

The coarse olivine phenocrysts reach up to ,mm in size and show variable crystal

shapes from nearly euhedral grains to anhedral grains (Figs. + and ,). These coarse

olivines occur as individual single crystals rather than composite grains of a few crystals.

Aside from these coarse olivine phenocrysts, there are smaller grains of olivine in the

groundmass with sizes ranging from +* mm to /** mm (Figs. , and -). These ground-

mass olivines also show variable grain shapes, but composite grains are common, unlike

with the coarse olivine phenocrysts (Fig. -). It is di$cult to distinguish texturally

these two types of olivine because there are olivine grains showing an intermediate size

(� +mm). Some olivine grains contain abundant spherical glassy magmatic inclusions

whose diameters are usually a few tens of mm, but some inclusions are present as

irregular shapes (Fig. .). There is a possibility that irregular-shaped inclusions are

injection of the residual melt into the fractures of olivine. Magmatic inclusions are

Fig. -. BSE images showing the

groundmass minerals in Y32*./3.
(a) Note the presence of small

olivine grains as large as pyroxenes.

(b) Note the presence of composite

olivine grains in the groundmass.

Olivine is enriched in Fe where it is

in contact with the mesostasis. Ol:

olivine. Px: pyroxene.
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Fig. .. BSE images showing the

magmatic inclusions in olivines

from Y32*./3. (a) This olivine

contains abundant magmatic inclu-

sions of two di#erent shapes: spherical
and irregular-shaped (indicated by

arrows). (b) A rounded magmatic

inclusion in olivine. This inclusion

is faulted probably caused by shock.

(c) An ovoid-shaped inclusion in

olivine. This inclusion contains

areas where crystallization of olivine

and/or pyroxene started. Ol: olivine.
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common in large olivine grains, but not all, and some small groundmass olivines contain

magmatic inclusions. Thus, the abundance is quite heterogeneous. Chromite is some-

times enclosed in olivine. Many olivine grains show patchy or undulose extinction,

probably due to a shock event (Fig. +c).
Pyroxenes are present in the groundmass as prismatic euhedral to subhedral grains

(Figs. +, , and -). In many cases, pyroxenes are interstitial to coarse olivine grains

(Fig. /). The maximum pyroxene size is �/** mm. Polysynthetic twinning is

Fig. /. BSE images showing the petrographic relation between the groundmass and the mesostasis in

Y32*./3. (a) A pyroxene grain grows on the large olivine phenocryst. A small groundmass

olivine is also present. Although olivine has thin Fe-rich rims adjacent to the mesostasis, the

olivine-pyroxene boundaries do not show such Fe-enrichment. (b) The olivine grain located

in the mesostasis shows a swallow-tail-like texture elongated into the mesostasis. Ol: olivine.

Px: pyroxene.
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common in pyroxene probably due to shock as observed in other Martian meteorites

(Fig. +c). Magmatic inclusions are rare in pyroxene, unlike olivine.

The mesostasis areas are dark-colored and glassy (Fig. +). They are interstitial to

both olivine and pyroxene grains (Figs. - and /). The mesostasis contains dendritic

grains of olivine and pyroxene, which cause the mesostasis to appear opaque (Figs. / and

0). Some olivine grains in the mesostasis area are present as long blades reaching a few

hundreds mm long. The distribution of olivine and pyroxene in the mesostasis is

heterogeneous (Fig. 0). In some areas olivine is dominant, while in others pyroxene is.

There are also areas where both olivine and pyroxene crystallized, and others where few

if any crystals are present, although these areas are smaller than the previous three types

of area. In many cases, pyroxene grew slightly larger than olivine in the mesostasis

(Fig. 0). Except for these two major phases (olivine and pyroxene), other phases

observed in the mesostasis are minor Fe sulfide spherules.

Fig. 0. BSE images showing hetero-

geneous crystallization of olivine

and pyroxene in the mesostasis of

Y32*./3. (a) In this mesostasis

area, abundant pyroxenes crystal-

lized, while olivine is rare. (b) In

this mesostasis area, olivines are

dominant. (c) Both olivine and

pyroxene crystallized in this area in

similar abundances. (d) The en-

larged portion shown in (c).

Pyroxenes (darker gray) are slightly

larger than olivines (brighter gray).

Px: pyroxene.
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One of the most notable petrographic observations of Y32*./3 is that no plagio-

clase crystals were found, unlike in other Martian meteorites. Similarly, phosphates

are absent in Y32*./3. The possible reason for the absence of these minerals is

discussed in the following section.

The e#ect of shock metamorphism is moderate to extensive in Y32*./3 as suggested

by the presence of undulose or patchy extinction of olivine and pyroxene (Fig. +c).
Rare shock melt pockets are present in the section studied (Fig. 1), but Greshake et al.,

(,**-) reported no shock melt in the section they examined. Because the shock melt

pocket partially melted olivine and pyroxene in the mesostasis, the shock event clearly

post-dated the final crystallization of Y32*./3. These observations are consistent with

Greshake et al. (,**-), which estimated the shock degree of Y32*./3 as ,*�,/GPa.

Fig. 0 (continued).
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.. Mineral chemistry

..+. Olivine

Most olivine grains show extensive chemical zoning (Fig. ,). The zoning pattern

is normal from the magnesian core to the ferroan rim in most large grains, but some

grains show irregular zoning patterns. The compositional range of large olivine

phenocrysts is Fo20�03 (Table +, Fig. 2). Smaller olivine grains in the groundmass are

more Fe-rich and most of them show irregular zoning patterns. The compositional

range of these small olivine grains is Fo13�1-. There is thin rimming of Fe-rich olivine

at the edge of all olivine grains adjacent to the mesostasis. Some parts of these rims

show a swallow-tail-like texture elongated into the mesostasis (Fig. /b). The chemical

composition of these olivine rims is Fo1-�.*. The dendritic olivine grains in the

Fig. 1. BSE images of the shock

melt pocket in Y32*./3. (a) The

shock melt pocket has a hetero-

geneous composition with relict grains

of pyroxene. (b) The enlarged

portion shown in (a). Both olivine

and pyroxene in the mesostasis

partly melted at the contact to the

shock melt pocket. Px: pyroxene.
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Fig. 2. The chemical zoning profile of the atomic Fe/(Fe�Mg) content (Fa content) of one of the
coarse olivine phenocrysts in Y32*./3.

Fig. 3. (a) Variation of Fa and Ca contents of olivine in Y32*./3. (b) Variation of Fa and Cr

contents of olivine in Y32*./3. Olivine compositions are clearly divided into three clusters

and they correspond to three di#erent types of olivine occurrences (coarse phenocryst,

groundmass, and mesostasis).
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mesostasis are too thin or small to be precisely analyzed by electron microprobe.

However, the BSE images show nearly equal brightness to that of the olivine rims (Fig.

0), suggesting that they have similar compositions. Thus, there are three compositional

clusters for olivine in Mg-Fe contents, corresponding to three occurrence of olivine:

large phenocryst, groundmass, and mesostasis. Minor element contents of olivine also

show similar behavior to the Fe-Mg contents (Fig. 3). The CaO contents in the coarse

olivine phenocryst, groundmass olivine, and the mesostasis olivine are *.+/�*.,wt�, *.,�
*.-wt� and *.-�*..wt�, respectively (Fig. 3a). Similarly, the Cr,O- contents are

*../�*.,wt�, *.-/�*.+/wt� and *.+/�*wt�, respectively (Fig. 3b).

..,. Pyroxenes

Pyroxenes are also extensively zoned (Fig. /, Table +). The core is in the

orthopyroxene compositional range (En2*Fs+2Wo,) and usually systematically zoned to

the pigeonite composition (En1*Fs,-Wo1) (Figs. +* and ++). Then, the rim is mantled

by augite (En./Fs,/Wo-*) (Figs. +* and ++). The pyroxene in the mesostasis is more

Ca-, Fe-rich (En/*Fs-*Wo,* to En,/Fs.*Wo-/) and they are mostly augite. Some

mesostasis pyroxenes were even more Fe-rich, up to En+/Fs1*Wo+/. The Al and Ti

contents monotonously increase both in low-Ca pyroxene (Wo�,/) and augite (Wo�,/)

as atomic Fe/(Fe�Mg) (fe#) increases (Figs. +,a and +,b). Al,O- and TiO, are

particularly enriched in augite in the mesostasis, ranging from .�3 wt� and +�, wt�,

respectively. The Na content shows a similar behavior. The Na,O content is �*.*/
wt� in the orthopyroxene and it increases up to *.-wt� in mesostasis augite. In

contrast, the Cr content shows di#erent behavior because Cr is a compatible element,

showing a decrease as the magma evolves (Fig. +,c). The Cr content of orthopyroxene

is *.-�*.2wt� Cr,O-. Pigeonites have a slightly higher Cr content of up to +..wt�
Cr,O-, but augite is poor in Cr and the Cr,O- content is less than *./wt�.

Fig. +*. Pyroxene quadrilateral of Y32*./3. Pyroxene in Y32*./3 shows systematic chemical

zoning from orthopyroxene to pigeonite in the cores and the rims are augite. Low-Ca and

high-Ca pyroxenes are defined by their wollastonite contents of lower than ,/ and higher

than ,/, respectively.
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..-. Mesostasis and other phases

The mesostasis glass has a slightly heterogeneous composition depended upon

crystallizing phases nearby. In the mesostasis where abundant olivine grains are

present, the glass has /- wt� SiO, and +1 wt� Al,O-, but the mesostasis with abundant

pyroxene has a slightly lower Si (/+ wt� SiO,) and Al (+/ wt� Al,O-) glass composi-

Fig. ++. Fe and Ca X-ray maps of

Y32*./3. Pyroxenes have thin

augite rims as the Ca map shows

clear red-colored areas surrounding

low-Ca pyroxene cores (purple to

blue). The field of view is +mm.

Ol: olivine. Px: pyroxene.
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Fig. +,. (a) Al variation of pyroxenes in Y32*./3 versus the fe# variation. (b) Ti variation of

pyroxenes in Y32*./3 versus the fe# variation. Both Al and Ti show monotonous increase

as fe# increases. (c) Cr variation of pyroxenes in Y32*./3 versus the fe# variation. In

contrast to Al and Ti, Cr shows a di#erent behavior. Cr shows increase at around fe# of

*.-/, but shows decrease as fe# increases. Low-Ca and high-Ca pyroxenes are defined by

their wollastonite contents of lower than ,/ and higher than ,/, respectively as Fig. +*.
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Table +. Representative mineral compositions of major phases in Y32*./3.

+. Coarse olivine phenocryst (core). ,. Coarse olivine phenocryst (rim). -. Groundmass olivine (core).

.. Groundmass olivine (rim). /. Fe-rich olivine rim. 0. Orthopyroxene core. 1. Pigeonite

mantle. 2. Augite rim. 3. Fe-rich augite in the mesostasis. *Fe#�Atomic Fe/(Fe�Mg).

n.d.�not determined.

Table ,. Representative compositions of minor phases in Y32*./3.
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tion (Table ,). In general, the mesostasis glass is enriched in P (+wt� P,O/) and

alkali elements (,wt� Na,O) (Table ,). The magmatic inclusion in olivine has a

more Si-, Mg-rich (/1�0-wt� SiO, and ,�.wt� MgO) and Al-, Fe-poor (++�+,wt�
Al,O- and 0�2wt� FeO) composition than the average mesostasis composition (Table ,).

Chromite in Y32*./3 is poor in Ti (up to +wt� TiO,) and its Al content has a

range of /�3wt� Al,O- (Table ,). Fe sulfide in the mesostasis contains up to ,wt� Ni.

We also analyzed fusion crust and impact melt in Y32*./3 (Table ,) and found
that they are similar to the bulk composition of this meteorite reported by Misawa

(,**-).

/. Crystallization history of Y32*./3

The petrography and mineralogy of Y32*./3 suggest that a simple crystallization
process can explain the formation of Y32*./3. We propose the following crystalliza-

tion history for Y32*./3 (Fig. +-). Olivine and chromite crystallized from a parent

melt. Probably, chromite crystallization was prior to olivine crystallization because

chromites are usually enclosed in olivines. The estimated liquidus temperature of

Fig. +-. Schematic illustration showing the formation history of Y32*./3. (a) Olivine crystallized

from a magma probably with chromite. (b) Pyroxene started co-crystallization with olivine

at some time. (c) Continuous crystallization of olivine and pyroxene trapped the interstitial

melts. (d) Crystallization of dendritic olivine and pyroxene in the mesostasis. Ol: olivine.

Px: pyroxene. Meso melt: interstitial mesostasis melt. Meso: mesostasis.
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Y32*./3 is +./*�C (Koizumi et al., ,**.). As olivine continued crystallizing, some
early phenocrysts became megacrysts. At some point, pyroxene started co-crystallizing

with olivine. Koizumi et al. (,**.) estimated that pyroxene started crystallizing with
olivine at +-0*�C using the MELTS software. We suggest that this point was marked
by compositional kinks of Ca and Cr in olivine around Fo13 (Fig. 3). The olivine in
equilibrium with the most magnesian pyroxene (fe#�*.+0) is Fo2* if we assume the

kD fe#
olivine/low-Ca pyroxene of +.,. which is employed from our crystallization experiments on

shergottites. The obtained olivine composition is close to the groundmass olivine core

composition (Fo13). This is also predicted in the calculation result by MELTS

(Koizumi et al., ,**.). Then, the mesostasis minerals crystallized from a residual
melt. Because the degree of undercooling was extremely significant, only olivine and

pyroxene crystallized in the mesostasis and neither plagioclase nor Ca phosphates

nucleated. The Al abundance in pyroxene monotonously increases (Fig. +,a), which
suggests no crystallization of plagioclase unlike other shergottites (Fig. +.c) (e.g.,

Mikouchi et al., +333). The pyroxene zoning sequence is from low-Ca pyroxene to
high-Ca pyroxene and low-Ca pyroxene never crystallized again at late stages unlike

other shergottites (e.g., QUE3.,*+) experiencing significant undercooling (Mikouchi et

al., +332). This also suggests no crystallization of plagioclase. Thus, we believe that
“coarse olivine phenocrysts” in Y32*./3 are true phenocrysts that crystallized from the
parent melt of Y32*./3 having a similar composition to the bulk composition of this
meteorite. This also means that Y32*./3 is a melt that contains neither xenocrystic nor
cumulus components. The presence of abundant mesostasis area also suggests that an

accumulation process was not significant.

Koizumi et al. (,**.) and McKay et al. (,**.) performed crystallization experi-
ments using the bulk composition of Y32*./3 and they found that olivine crystallized as
a liquidus phase and its composition (Fo2-�2.) is close to that measured in Y32*./3
(Fo20). Koizumi et al. (,**.) also found that pyroxene compositions in their ,./�C/hr
cooling experiment nearly match with those in Y32*./3. Furthermore, the MELTS
calculation result by Koizumi et al. (,**.) is also consistent with those by crystalliza-
tion experiments. Thus, these experimental results support the idea that Y32*./3 is a
melt.

Another issue relating the crystallization of Y32*./3 is whether two-stage cooling
history is necessary to grow large olivine under a slow cooling condition at first and then

followed by fast cooling to form the glassy mesostasis. Greshake et al. (,**-) and
McKay et al. (,**.) pointed out that some quenching process is necessary to produce
a glassy mesostasis texture observed in Y32*./3. If this is the case, the possible
scenario is that crystallization of olivine and groundmass grains occurred at depth and

eruption onto the Martian surface caused quenching with the formation of the glassy

mesostasis. However, extensive chemical zoning of olivine and pyroxene suggests that

their crystallization started near the Martian surface. According to the cooling rate

estimate for Dar al Gani .10 and EETA13**+ olivines (Mikouchi et al., ,**+), Y32*./3
olivine would also crystallize at a similar cooling rate (*.*-�/�C/hr). Thus, the burial
depth of Y32*./3 at the time of initial olivine crystallization was up to -m. This will
suggest that single rapid cooling history is responsible for the crystallization of Y32*./3.
Because a single-stage crystallization process with fast cooling rate can form a porphy-
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ritic or vitrophyric texture with glassy matrix (e.g., Koizumi et al., ,**-), there is a
possibility that Y32*./3 cooled rapidly from the beginning with a single-stage rapid

cooling history. The presence of glassy magmatic inclusions in olivine phenocrysts also

suggests rapid crystallization at the early stage of olivine crystallization. One of the

possibilities to explain the cooling history of Y32*./3 is that rapid crystallization

occurred during eruption from the depth to the Martian surface. The crystallization of

olivine started during transport from the depth and final solidification occurred when the

magma was at the Martian surface. Because a high liquidus temperature would

promote crystallization of most phases of Y32*./3 at high temperatures, this may
explain the quenching nature of this meteorite.

0. Relationship to other Martian meteorites

Y32*./3 is an unusual Martian meteorite in several respects. First of all, the

absence of plagioclase and Ca phosphates is unique. This is the first shergottite

meteorite that contains no plagioclase. However, texturally speaking, Y32*./3 is not a
“shergottite” sensu stricto, because the classic definition of shergottite is a rock with

pyroxene and maskelynitized plagioclase (Prior, +3,*). From this point of view,

Y32*./3 is more similar to nakhlites than shergottites because nakhlites are igneous
rocks mainly composed of pyroxene and olivine (e.g., McSween, +33.). However,

olivine and pyroxene mineralogy of Y32*./3 clearly shows a closer relationship to
shergottites than nakhlites. Except for the presence of the mesostasis, the overall

mineralogy is especially similar to that of olivine-phyric shergottites. This is also

supported by geochemical similarities in major and trace elements (Dreibus et al., ,**-;
Shirai and Ebihara, ,**-, ,**.; Shih et al., ,**-). As discussed above, the absence of

plagioclase is explained by the failure of nucleation due to the rapid cooling history of

this meteorite. Thus, Y32*./3 probably experienced the fastest cooling rate among
shergottites and is the first sample categorized into a new Martian meteorite group. If

Y32*./3 had cooled more slowly, the crystallization of plagioclase would have occurred
and overall texture could be similar to other olivine-phyric shergottites.

Another characteristic of Y32*./3 is its extremely magnesian composition. Such

a magnesian composition of Y32*./3 shows that the parent magma of Y32*./3 had an
exceptionally high liquidus temperature reaching nearly +./*�C (Koizumi et al., ,**.;
McKay et al., ,**.). Combined with the rapid cooling history of this meteorite, it is

unusual that such high magmatic temperature is accompanied with crystallization near

the Martian surface. Thus, prompt transport of the magma from the depth to the

Martian surface is required to achieve the formation of Y32*./3.
As more depleted samples are more reduced and less depleted samples are more

oxidized among shergottites, trace element/isotopic signatures and the redox state of

shergottites show a clear correlation (Wadhwa, ,**+; Herd et al., ,**,). McKay et al.

(,**.) pointed out that crystallization of Y32*./3 occurred under reducing condition
around log fO,�IW�+ according to the spinel chemistry of this meteorite. Dreibus et

al. (,**-), Shirai and Ebihara (,**.) and Shih et al. (,**-) reported that Y32*./3 has
a highly LREE-depleted pattern similar to other olivine-phyric shergottites, especially

Dar al Gani .10 and Sayh al Uhaymir meteorites (Zipfel et al., ,***; Wadhwa et al.,
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Fig. +.. (a) Olivine compositions of Y32*./3, Dar al Gani .10 (DaG.10), Dhofar *+3 and lithology

A of EETA13**+ (EETA13**+ lith. A). (b) Pyroxene compositions of Northwest Africa

+*02 (NWA+*02), Dhofar *+3, and DaG .10. The dotted area shows the composition of

the Y32*./3 pyroxenes. (c) Fe# versus Al content of pyroxenes of Y32*./3 along with

those from DaG .10, lithology A of EETA13**+ (EETA13**+A), and Dhofar *+3. Unlike

other olivine-phyric shergottites, no Al decrease is observed for Y32*./3 pyroxenes.

Pyroxene compositions of EETA13**+A are from phenocrysts grains in the groundmass.

Y32*./3 has the most magnesian compositions for both olivine and pyroxene.
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,**+; Goodrich, ,**-). Thus, Y32*./3 is a depleted sample formed under reducing
condition, matching with the above correlations. Y32*./3 probably represents one of
the most primitive Martian magmas and would derive from a highly reduced mantle

(Borg et al., +331; Herd et al., ,**,).
The mineral compositions of olivine and pyroxene are generally similar to those of

olivine-phyric shergottites (Fig. +.), which is consistent with the depleted chemistry of
this meteorite (Dreibus et al., ,**-; Shirai and Ebihara, ,**.; Shih et al., ,**-).
However, Y32*./3 has more Mg-rich core compositions for both olivine (Fo20) and

pyroxene (En2+Fs+1Wo,) (Fig. +.). Thus, Y32*./3 is the most magnesian Martian
meteorite so far found. Y32*./3 appears to be a rock that directly crystallized from
the magma without any accumulation processes, which is in contrast to other olivine-

phyric shergottites that are cumulate rocks (e.g., Mikouchi et al., ,**+). Although

Y32*./3 and olivine-phyric shergottites derived from a similar highly reduced mantle,
only Y32*./3 directly erupted onto the Martian surface without any accumulation
processes. In contrast, other olivine-phyric shergottites experienced accumulation

processes at some points during their crystallization. In this sense, Y32*./3 is similar
to QUE3.,*+, which is a sample directly crystallized from the magma without accumu-
lation (e.g., Mikouchi et al., +332). QUE3.,*+ is similar to Y32*./3 in that it is a
depleted sample formed under reducing condition. Because these two meteorites have

similar crystallization ages around -**Ma (Borg et al., +331; Shih et al., ,**.), they
may represent a contemporary igneous event on Mars. In fact, their ejection ages are

also similar (,.+�,.2Ma) (Eugster et al., ,**,; Nagao and Okazaki, ,**-; Okazaki and
Nagao, ,**.).

1. Conclusions

Y32*./3 is a new maritian meteorite showing several mineralogical similarities to
olivine-phyric shergottites. However, there are clear di#erences between them. The

two most significant characteristics of Y32*./3 are the absence of plagioclase and highly
magnesian mineral compositions. Y32*./3 is the first shergottite that contains no
late-crystallization phases including plagioclase. The rapid crystallization of Y32*./3
parent magma caused significant undercooling of the magma, which brought about

failure of plagioclase nucleation. The most plausible scenario for the formation of

Y32*./3 is that rapid transport of the Y32*./3 parent magma from the depth to the
Martian surface crystallized olivine and pyroxene and eruption onto the surface

quenched the magma producing the glassy mesostasis. The olivine and pyroxene

compositions of Y32*./3 are the most magnesian among Martian meteorites. Thus,

Y32*./3 is the most primitive Martian meteorite. It seems that Y32*./3 contains no
cumulus component, suggesting that Y32*./3 is a melt as supported by experimental
results by Koizumi et al. (,**.) and McKay et al. (,**.). Because Y32*./3 has
characteristics of depleted chemistry, it probably represents one of the most primitive

Martian magmas and would derive from a highly reduced mantle. Although Y32*./3
and olivine-phyric shergottites derived from a similar highly reduced mantle, Y32*./3
was the only sample that directly erupted onto the Martian surface without any

accumulation processes. In this sense, Y32*./3 is similar to QUE3.,*+ as they are
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depleted samples formed under reducing condition.
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