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Abstract: The ALH-77005 shergottite is a cumulate gabbroic rock consist
ing of brown olivine, low- and high-Ca pyroxene, plagioclase glass, Ti-poor and 
-rich chromite, ilmenite, whitlockite, and sulfides. Chromites in ALH-77005 
show four types of chemical zoning, and these types suggest multiple magma 
mixing. Some plagioclase glass has plagioclase rims, and the rims were produced 
from plagioclase melts by rapid crystallization. Ubiquitous occurrences of 
plagioclase glass and shock-melt pockets that were produced by in-situ melting 
indicate that ALH-77005 has experienced shock pressures ranging from 50 to 
80 GPa. 

1. Introduction 

The ALH-77005 meteorite (this name is used in Catalog of Japanese Collection 

of the Antarctic Meteorites, whereas ALHA 77005 is used in Antarctic Meteorite 

Newsletter) is a unique shergottite, showing a cumulative gabbroic texture, which 
differs in texture and mineral composition from other basaltic and doleritic shergot

tites (MCSWEEN et al., 1979a). It shows the most intense shock effects among all of 

the SNC meteorites, which are considered to have experienced varying degrees of 

shock impact when they were ejected from Mars (BOGARD et al., 1984; McSwEEN, 

1984, 1985). 

The petrology and shock features of ALH-77005 have already been studied by 
some authors (MCSWEEN et al., 1979a, b; MCSWEEN and STOFFLER, 1980; SHIH et 
al., 1982; SMITH and STEELE, 1984; OSTERTAG et al., 1984; STOFFLER et al., 1986; 

JAGOUTZ, 1989; LONGHI and PAN, 1989; LUNDBERG et al., 1990; BISCHOFF and 
STOFFLER, 1992). MCSWEEN et al. (1979a, b) showed that ALH-77005 has unique 
cumulate textures and mineral compositions different from other shergottites, but 

has a close genetic relationship with them. He suggested that ALH-77005 might be 
a cumulate that crystallized from a liquid parental to those from which the 

shergottites crystallized, or it might be a sample of the type of peridotite from which 

shergottite parent magmas were derived by partial melting. Their REE study also 

supported a genetic relationship between ALH-77005 and Shergotty (MA et al., 
1981). LUNDBERG et al. (1990) showed that ALH-77005 includes about 50% 
cumulus material ( olivine and chromite) and the intercumulus liquid crystallized as 

a closed system to form successively poikilitic low-Ca and high-Ca pyroxene, 
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followed by interstitial pyroxene, plagioclase, and whitlockite. Shock features in 
ALH-77005 were first studied by MCSWEEN and STOFFLER (1980); irregular 

shock-melt pockets and pseudotachylite veins comprise up to 20% by volume of the 

meteorite. The maskelynite has the lowest refractive index (l.530+0.002) among 

the shergottites, some maskelynite has been converted to single-crystal plagioclase 
with undulatory extinction, and the pyroxene and olivine exhibit strong mosaicism 

and a variety of planar deformation structures. These shock features in ALH-77005 

indicate that the degree of shock metamorphism requires shock pressures in the 

range of 35 to 50 GPa, with a probable equilibrium peak pressure of 45 GPa 

(MCSWEEN and STOFFLER, 1980). STOFFLER et al. (1986) concluded that the 

equilibrium shock pressure and post-shock temperature for ALH-77005 are 43 + 2 

GPa and 400-800
°
C, respectively. Brown colored olivine is characteristic of ALH-

77005 (MCSWEEN and STOFFLER, 1980), and approximately 4.5 wt% of the total 

iron of the olivine is trivalent ( Os TE RT AG et al., 1984). The color may be the result 

of shock-induced oxidation of the olivine crystals on the meteorite parent body 

(OSTERTAG et al., 1984). Recently, LEW88516, which is very similar to ALH-
77005, was found (HARVEY and McSwEEN, 1992), although the former is more 

ferroan than the latter. 
The purpose of this paper is to present more detailed petrography and mineral

ogy of the ALH-77005 shergottite, especially for chromite and "so called" maskelyn

ite to discuss the formation of the meteorite. 

2. Analytical Method 

Chemical compositions of minerals were obtained with an electron-probe 

microanalyzer (EPMA, JEOL-Superprobe-733), and corrections were made by the 

Bence-Albee method for silicates, oxides, and phosphates, and the ZAF method for 

sulfides. The bulk compositions of shock-melt pockets and veins were obtained using 

a broad beam EPMA technique; the beam was about 40 microns across. Beam spot 
analyses were performed to cover an entire pocket for shock-melt pockets, and four 

or five beam spots were averaged for veins. The broad beam analysis correction 
technique of IKEDA ( 1980) was applied to shock-melt pockets and veins. Represent

ative chemical compositions of minerals, shock-melt pockets, and veins are shown in 

Table 1, and those of sulfides in Table 2. 

3. Petrography and Mineralogy 

3.1. Overall petrographic features of ALH-77005 

ALH-77005 is a gabbroic rock consisting of olivine, low-Ca pyroxene, high-Ca 

pyroxene, plagioclase glass with or without plagioclase rims, chromite, ilmenite, 
whitlockite, and pyrrhotite with pentlandite inclusions. The normative composition 

(MA et al., 1981) is: 52% olivine, 26% low-Ca pyroxene, 11 % high-Ca pyroxene, 

10% plagioclase ( or plagioclase glass), and 1 % chromite. Two thin sections of 

ALH-77005 were used in this study, each being about 1 cm in diameter, and 



Table I. Representative chemical compositions of olivine, low-Ca pyroxene, augite, plagioclqse (Pl) glass, plagioclase, chromite, ilmenite (Ilm), 
whitlockite (Whl), shock-melt pockets (P-1, P-2, P-3), shock-melt veins, quenched olivine (Q-01), quenched orthopyroxene (Q-Opx), and 
quenched augite (Q-Aug). The capital letters in the second line for pyroxene, plagioclase and glass, and chromite correspond to those in 
Figs. 3, 4, and 7. The chemical compositions of shock-melt pockets and veins were obtained by a broad beam of an EPMA. 

Olivine 
low-Ca Pyroxene Augite Pl-glass Plagioclase Chromite 

A B C D E F V w X y A B C D 
Si02 37.51 55.20 54.29 53.11 53.65 52.87 50.70 53.40 53.75 54.05 54.23 0.03 0.00 0.01 0.00 
Ti0 2 0.00 0.05 0.23 0.54 0.80 0.30 1.50 0.05 0.00 0.04 0.03 0.80 1.18 0.86 1.33 '"C � -
Al203 0.02 0.42 0.72 1.02 1.01 1.46 2.28 27.60 27.49 28.06 28.30 7.37 9.11 5.68 8.03 .., 

0 

Cr203 0.00 0.46 0.46 0.41 0.30 0.90 0.85 0.00 0.00 0.00 0.02 57.11 54.35 60.54 57.40 .., 
i:.; 

FeO 25.15 13.10 13.64 17.03 14.60 8.09 7.83 0.48 1.54 0.77 0.61 28.54 28.40 24.99 25.22 ::r 
MnO 0.65 0.39 0.50 0.56 0.68 0.37 0.47 0.05 0.08 0.00 0.05 0.57 0.41 0.53 0.36 '< 

i:.; 

MgO 35.83 28.10 24.59 23.66 20.89 18.05 14.99 0.22 0.61 0.37 0.21 4.23 4.60 6.64 6.78 
CaO 0.10 1.72 4.83 3.30 8.26 16.66 19.65 10.49 8.01 10.25 11.62 0.02 0.00 0.00 0.00 '"C � 
Na20 0.02 0.07 0.04 0.10 0.20 0.20 0.38 5.61 5.82 5.55 5.13 0.03 0.00 0.03 0.00 -.., 

0 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.31 0.72 0.08 0.07 0.00 0.00 0.00 0.00 0 
P20s '< 
Total 99.28 99.51 99.30 99.73 100.39 98.90 98.65 98.22 98.02 99.17 100.27 98.70 98.05 99.27 99.12 

::r � 
> 

Chromite Shock-melt pockets t"'" 
Ilm Whl Vein Vein Q-01 Q-Opx Q-Aug ::r: 

E F G P-1 P-2 P-3 � 
-...J 

Si02 0.03 0.00 0.00 0.00 0.00 39.23 40.22 39.87 44.11 41.46 38.94 56.33 53.75 
TiOi 0.96 4.75 14.48 54.19 0.00 0.38 0.37 0.33 0.73 0.31 0.10 0.00 0.31 Vl 
Alz03 6.52 10.95 5.07 0.11 0.02 2.46 2.41 2.47 10.60 5.43 0.21 0.18 1.38 � .., 
Cr203 57.84 45.04 30.93 0.59 0.15 1.14 0.78 0.82 0.60 0.57 0.68 0.56 0.86 0 
FeO 28.72 31.06 42.92 37.99 0.84 23.60 21.61 22.88 15.04 20.54 15.18 9.53 8.26 a. 
MnO 0.45 0.50 0.46 0.67 0.00 0.43 0.40 0.44 0.23 0.32 0.24 0.39 0.32 � 
MgO 4.62 5.72 4.36 5.48 3.09 30.19 30.52 29.40 14.81 26.99 44.22 32.33 19.97 
CaO 0.01 0.10 0.00 0.00 47.13 2.13 2.94 3.02 8.15 3.15 0.22 0.56 14.85 
Na20 0.03 0.00 0.02 0.00 1.03 0.43 0.39 0.40 1.54 1.01 0.08 0.08 0.09 
K20 0.00 0.00 0.04 0.00 0.00 0.03 0.02 0.02 0.08 0.06 0.02 0.02 0.00 
P20s 46.66 0.25 0.36 0.34 
Total 99.18 98.13 98.24 99.03 98.92 100.27 100.02 99.99 98.52 100.03 99.89 99.98 99.80 

The FeO is total Fe as FeO. --
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Table 2. Representative chemical compositions of pyrrhotite (Pyrr}, and pyrrhotite including 
pentlandite grains (P+ P). 

Pyrr P+P 

Fe 60.48 5 1.60 
Ni 0.52 10.5 1 
Co 0. 18 0.58 
Cu 0.06 0.00 
Zn 0.04 0.00 
s 37.85 37.76 
Total 99. 13 100.45 

consisting of two portions bounded by a curvelinear or straight line: poikilitic and 
non-poikilitic portions. The poikilitic portion (Fig. la) comprises megacrystic 

low-Ca pyroxene grains, several mm in diameter, poikilitically including smaller 

corroded olivine grains, 0.1-1.0 mm across, with minor amounts of chromite, 

plagioclase glass, high-Ca pyroxene, and pyrrhotite. The non-poikilitic portion (Fig. 

le) consists of euhedral or subhedral olivine grains, 0.1-1.0 mm across, low- and 

high-Ca pyroxenes, and plagioclase glass, with minor amounts of chromite, ilmenite, 
whitlockite, and pyrrhotite. 

All of the olivine and pyroxene had suffered intense shock, and their crystal 

structures had been modified in varying degrees, showing mosaic extinction under a 

microscope (Fig. lb, d). Therefore, the constituent minerals are identified mainly by 

their chemical compositions. 

3. 2. Olivine 
Olivine occurs as corroded grains in the poikilitic portion, and as euhedra] or 

subhedral grains in the non-poikilitic portion. Quenched olivine in shock-melt 

pockets and veins (Fig. li, k, m, n, q, r) shows various shapes; rhombohedral, 

spin if ex, lantern, or skeletal grains, of a few tens of microns in width and up to 100 

microns in length. Olivine in the bulk of ALH-77005 has a brownish color, whereas 

the quenched olivine in shock-melt pockets and veins does not. The chemical 
composition of brown olivine is homogeneous within each grain, but changes from 

grain to grain, ranging from Fo70 to Fo75• This homogeniety of olivine composition 

is considered to have been caused by re-equilibration with intercumulus liquid on 

cooling (LUNDBERG et al., 1990). The MnO content of brown olivine is 0.4---0.7 

wt% (Fig. 2). The quenched olivine in shock-melt pockets and veins shows 
remarkable chemical zoning from Fo86-Fo58 • 

3. 3. Pyroxene 
In the poikilitic portion of ALH-77005, low-Ca pyroxene occurs as large grains, 

about 5 mm across, including olivine grains (Fig. la). The large low-Ca pyroxenes 

show chemical zoning from CaO-poor magnesian cores (A in Fig. 3), via magnesian 
pigeonites (B in Fig. 3), to f erroan pigeonite rims ( C in Fig. 3). There appears to be 

a compositional gap between pyroxenes A and B (Fig. 3). Low-Ca pyroxene in the 
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Fig. 1. 
(a) Photomicrograph (transmitted light) of the poikilitic portion of ALH-77005. Note that 

brown olivine grains (01) with corroded outlines are included poikilitically in large 
low-Ca pyroxene grains (Px). Anhedral plagioclase glass (Pl, transparent) and euhedral 
chromite grains (black) occur in small amounts. Width is 2 mm. 

(b) The same figure as (a) under crossed Nicols. Note that olivine and pyroxene show mosaic 
extinction. 

(c) Photomicrograph (transmitted light) of the non-poikilitic portion of ALH-77005. Note 
that brown olivine occurs as subhedral grains sometimes just in contact with plagioclase 
glass, and is partly included in low-Ca pyroxene grains. Plagioclase glass, whitlockite 
(Wt/), ilmenite (Jim), and chromite (Chm) occur as interstitial grains. Width is 2 mm. 

(d) The same figure as (c) under crossed Nicols. Note that olivine and pyroxene show mo
saic extinction although plagioclase and whitlockite have no birefringence. 

(e) Photomicrograph (transmitted light) of plagioclase glass (Pl-gl) having plagioclase rims 
with compositional zoning (X. Y, and Z). Note that Becke's line between the plagioclase 
glass and the rims is clear, and that vesicles are found near the boundaries with the host 
olivine and pyroxene. Width is 150 microns. 

(j) Back-scattered electron (BSE) image of the zoning of a plagioclase rim. Note that zone Z 
consists of cryptocrystalline intergrowth of pyroxene and plagioclase, and that euhedral 
pyroxene grains grow in zone Z from the host pyroxene wall. Width is 38 microns. 
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Fig. 1. (Continued) 
(g) BSE image of whitlockite (Wt/) and ilmenite (llm) included in plagioclase glass (black), 

pyroxene (Px), and olivine (01). Note that the whitlockite grain has been broken, 
probably by a shock impact. Width is 450 microns. 

(h) BSE image of pyrrhotite (gray) including small exsolved pentlandite grains (white). 
Width is 45 microns. 

(i) Photomicrograph (transmitted light) of a shock-melt pocket. Note that the shock-melt 
pocket consists mainly of quenched olivine, which is coarser-grained in the center than in 
the periphery, and that olivine in the halo has lost the brownish color. Width is 3. 7 mm. 

U) The same figure as (i) under crossed Nicols. Note that the halo shows a concentric 
extinction. 

(k) Photomicrograph (transmitted light) of a halo surrounding a shock-melt pocket. Width is 
Imm. 

(I) The same figure as (k) under crossed Nicols. Note that the inner portion of the halo is 
more severely broken, resulting in a concentric structure. 
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Fig. 1. (Continued) 
(m) BSE image of a relic olivine grain in a shock-melt pocket. Note that the relic olivine 

grain consists of tiny ellipsoidal domains with chemical zoning from magnesian cores to 
ferroan rims, and that quenched euhedral olivine grains grow from the rim. Width is 450 
microns. 

(n) BSE image of a halo of a shock-melt pocket. Note that the inner portion of the halo 
shows a domain texture similar to that of relic olivine (m) in shock-melt pockets. Width 
is 210 microns. 

(o) BSE image of a shock-melt vein. Note that quenched olivine grains, with spinifex, 
lantern, or skeletal shapes, and small pyroxene grains (gray) are set in the crypto
crystalline groundmass. A relic olivine grain (upper center) and chromite grains (white) 
occur in the vein. Width is 300 microns. 

(p) BSE image of quenched augite grains (qAug) which grow directly from the host augite 
(Aug), suggesting that the quenched augite crystallized from an augite melt produced by 
"in situ" melting. Width is 170 microns. 

(q) BSE image of a shock-melt vein consisting of euhedral olivine grains and interstitial 
cryptocrystalline groundmass. The host olivine in contact with the vein shows a domain 
texture. Width is 160 microns. 

(r) BSE image of a shock-melt vein consisting of quenched olivine with lantern or spine/ex 
shapes and interstitial cryptocrystalline groundmass. Width is 300 microns. 
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Fig. 2. The MnO contents of the minerals in ALH-77005 are plotted against the total FeO. 
Symbols are: brown olivine (solid square), orthopyroxene (closed circle), pigeonite 
(open square), augite (asterisk), chromite (open triangle), and ilmenite (closed 
triangle). The composition of the ALH-77005 whole rock (open star; SHIH et al. , 
1982) is shown for reference. 

Mg 

Ca 

. 
B� 

A f"'W!lc; "' 
Olivine 

Pyroxene 

Fe 
Fig. 3. The chemical compositions (in atomic %) of pyroxenes (closed circles; A, B, C, D, 

E, and F) and the compositional range of brown olivine (rectangular) in ALH-
77005. 

non-poikilitic portion is mainly magnesian pigeonite B, and ferroan pigeonite C 
occurs as rims on pigeonite B or as isolated euhedral crystals included in plagioclase 

glass. Low-Ca pigeonite with high Wo contents (D in Fig. 3) occurs in contact with 

whitlockite or ilmenite. 

High-Ca pyroxene occurs in both the poikilitic and non-poikilitic portions and 
also shows chemical zoning from Ca-poor augite cores (E in Fig. 3) to Ca-rich 
augite rims (F in Fig. 3). Augite E often occurs in contact with pigeonite B, 
suggesting that they crystallized in close association with each other. There is no 

evidence for exsolution in pyroxenes. 

The MnO contents of low-Ca pyroxene (Fig. 2) are 0.4-0.6 wt% for pyroxene 
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A and 0.4-0.8 wt% for B, C, and D. Those of high-Ca pyroxene are 0.3-0.5 wt% 
(Fig. 2). 

3.4. Plagioclase glass (Pl-glass) and plagioclase 
Pl-glass is present as pseudomorphs of the original plagioclase grains. It has 

been described as maskelynite in the literature, but has refractive indices lower than 
those of maskelynites in other shergottites (MCSWEEN and STOFFLER, 1980; 
STOFFLER et al., 1986). As shown below, plagioclase rims crystallized after the 
formation of plagioclase melts by shock, and then the glass was quenched. There
fore, it is a glass rather than maskelynite ( maskelynite is a diaplectic glassy material 
produced from plagioclase by shock without melting). 

There are two types of Pl-glass, with and without plagioclase rims. Pl-glass 
without plagiolcase rims shows weak normal chemical zoning from anorthite (An)
rich cores (An50-An55) to An-poor rims (An45-An50), with an orthoclase (Or) 
content of about 1-2 mol%. Pl-glass with plagioclase rims tends to be located near 
shock-melt pockets, and one can easily recognize Becke lines between Pl-glass cores 
and plagioclase rims under a microscope (Fig. 1 e). The crystalline plagioclase is not 
isotropic, when viewed with crossed Nicols. Pl-glass with plagioclase rims has 
remarkable and unusual chemical zoning. The core of Pl-glass is rich in An content 
(zone Vin Figs. 4, 5; An5o-550r 1_ 2), and the An content rapidly decreases toward the 
rims, which are enriched in albite (Ab) and Or components (zone Win Figs. 4, 5; 
An40- 450r2.s-s.o) 

There is a compositional gap between Pl-glass cores and plagioclase rims. The 

, . 
so @[? �v 

X ti-... . 
,l .... • • • • • • 

w 

Fig. 4. Anorthite (An)-albite (Ab)-orthoclase (Or) mole ratios of plagioclase glass (closed cir
cle) and plagioclase rims ( open square) in ALH- 77005. The capitals correspond to 
those in Fig. 5. 
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Fig. 5. Compositional zoning profiles of plagio
clase glass with plagioclase rims in ALH-
77005. The profile with open circles is a 
traverse from the host pyroxene, via a 
plagioclase rim (zones Z, Y, and X), to the 
plagioclase glass (zones W and V), the other 
profile with closed circles is a traverse from 
the host olivine, via a plagioclase rim (zones 
Y and X), to the plagioclase glass (zones W 
and V), and the two traverses are separated 
by distance of about a few tens of microns in 
the same plagioclase glass grain. 

plagioclase rims change in composition from An-poor on their inner sides (zone X 
in Figs. 4, 5; An5(}-530r0_5) to An-rich on their outer sides (zone Y in Figs. 4, 5; 

An53_570r0_1 --0.s), resulting in reverse zoning. Sometimes the outermost sides of 

plagioclase rims, in contact with pyroxene grains, consist of cryptocrystalline 

intergrowths of plagioclase and pyroxene ( zone Z of Fig. 1 f). Rarely, zone Z 

includes small euhedral pyroxene grains which have grown inward from the host 

pyroxene wall (Fig. 1 f). The width of plagioclase rims varies from a few to 50 
microns, and zone Z is less than 20 microns in width. 

Vesicles, a few microns to several tens of microns across, are often found in 

Pl-glass or plagioclase rims near boundaries with surrounding minerals (Fig. 1 e). 

3. 5. Chromite 
Chromite occurs as euhedral to subhedral grains, ranging in size from a few 

tens of microns up to 150 microns across. Chemical compositions of all chromites 
studied here are plotted in Fig. 6. The compositions of chromites in ALH-77005 

follow a trend parallel to the tie line connecting the ulvospinel (Us) component with 

the chromite (Chm) and Al-spinel (Sp) components, but contain a small proportion 
of the magnetite (Mt) component (Fig. 6). 

All chromite grains in ALH-77005 are chemically zoned. There are four types 

of zoning, which correspond to different textural settings. Chromite inclusions in 

olivine are Ti-poor, and are zoned from Cr-rich cores (A in Fig. 7a; Chm81Spw 

Us2Mt3 , the Mt component is obtained from stoichiometry) to Cr-poor rims (B in 
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Ti 

Mg+Fe+Mn Sp,Chm Al+Cr 
Fig. 6. The Ti-(Al +Cr)-(Mg +Fe + Mn) ratios (in atomic %) of chromites (closed circle) 

and ilmenites (closed square) in ALH- 77005. Chromites and titanomagnetites from 
other SNC meteorites are shown for reference; EETA 79001 litho/ogires A and B (EA 
and EB, open star), Chassigny (CHAS, open triangle), Shergotty (S, open square), 
and Nakhla and Lafayette (N and L, open circle). The compositional ranges of 
chromites from Lunar basalts (Lunar Sp) and Hawaiian basalts (Hawaiian Sp) are 
also shown. Abbreviations: Sp (Al-spine/), Chm (chromite), Us (ulvospinel), Mt 
(magnetite), and Jim (ilmenite). Data sources: BUNCH and REID (1975), FLORAN et 
al. (1978), STOLPER and MCSWEEN (1979), MCSWEEN and JAROSEWICH (1983), 
and Basaltic Volcanism Study Project (1981). There is a compositional gap between 
Ti-rich chromite and titanomagnetite. 

19  

Fig. 7a; Chm74Sp 1 9Us4Mt3 ) ,  although one chromite grain in olivine has a Ti-rich rim 
(Fig. 7a) . Chromite in magnesian low-Ca pyroxene is also Ti-poor but Cr-richer 
than chromite in olivine, ranging from Cr-rich cores ( C in Fig. 7b; Chm83Sp 1i-

''U s2Mt3 ) to Cr-poor rims (D in Fig. 7b; Chm78Sp 16Us3Mt3), although one chromite 
grain in magnesian low-Ca pyroxene has a rim slightly enriched in Al and Ti (Fig. 
7b ) .  Chromite in ferroan low-Ca pyroxene, high-Ca pyroxene, and Pl-glass ranges 
from Ti-poor cores (E in Fig. 7c; Chm8o-82Sp 1 3- 14Us2-3Mt3) to Ti-rich rims (G in Fig. 
7c; Chm44-46Sp 1o- 1 3Us3&-4 1Mt5) .  However, one chromite grain in ferroan low-Ca 
pyroxene has unusual zoning; one half of the grain shows a main trend from a 
Ti-poor core (E in Fig. 7c) to a Ti-rich rim (G), but the' other half has zoning from 
a Ti-poor rim (E) to a Ti-Al-rich rim (F) . 

The MgO contents of chromite A-B are nearly constant at 3. 5-5.0 wt% (Fig. 
8b ). Chromites C-D are also nearly homogeneous in MgO in each grain, but differ 
from grain to grain, ranging from 5 to 7 .5 wt% MgO (Fig. 8b) . The MgO contents 
of chromites E-G are nearly constant at 4-5 wt%, although MgO in chromites E
F increases from core at 4.5 wt% to rims at 5 . 5  wt% (Fig. 8a) .  The MnO contents 
of chromite are 0.3--0. 8 wt% (Fig. 2) . 

3. 6. Ilmenite, phosphate, and sulfide 
Ilmenite occurs in the non-poikilitic portion in close association with Pl-glass 

and whitlockite (Fig. lg), or as rims on Ti-rich chromite grains. It contains 4. 5-6. 5 
wt% MgO and 0.6-1.0 wt% Cr203 . The MnO content of ilmenite is 0. 6--0. 9 wt% 
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Fig. 7. 

(Fig. 2). 

Y. IKEDA 

Cr Cr Cr 

N o S  

50 E8 2Ti 

The atomic ratios of Cr (chromite), Al (Al-spine/), and 2Ti (ulvospine/) for chro-
mites ( closed circle and open squares) in ALH- 77005. ( a) Chromites with zoning 
from A to B, included in brown olivine, (b) chromites wi th zoning from C to D, 
included in magnesian low-Ca pyroxene, and (c) chromites with zoning from E to G, 
included in plagioclase glass, ferroan pigeonite, and/or augite. A chromite grain 
(open square), included in ferroan pigeonite, shows unusual zoning from the core 
(E) to the rim (G and F). The compositional trends of chromites in EETA 79001 (A) 
(EETA, open star) and Chassigny (CHAS, open triangle), and the compositions of 
titanomagnetites in EETA 79001 ( A and B) ( EA and EB, open star), Shergotty (S, 
open square), and Nakhla (N, open circle) are shown for reference. Data sources are 
the same as those in Fig. 6. 

The phosphate in ALH-77005 is whitlockite; large whitlockite grains are 

partially decomposed but seem to have not fused by shock (Fig. lg). On the other 

hand, small whitlockite grains, about 10 microns across, included in Pl-glass are not 

broken. 

Sulfide grains, 100 microns in diameter or smaller, occur as inclusions in 
olivine, pyroxene, and Pl-glass. They are mainly pyrrhotite, and include small 

pentlandite grains ( about 1 micron across) which may have exsolved from the host 

pyrrhotite (Fig. 1 h). 

3. 7. Shock-melt pockets and veins 
Shock-melt pockets (Fig. li), 0.5-3 mm in diameter, are irregular or rounded in 

outline, and have a halo (Fig. li, k) of less than 1 mm width. Shock-melt veins (Fig. 
lq, r) are found, especially near the shock-melt pockets, and the width is less than 

0.5 mm. 
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Fig. 8. The MgO contents of chromites in ALH- 77005 are plotted against the Cr/(Cr +Al + 
2 Ti) mole ratios. (a) Chromites with zoning of E-G and G -E -F correspond to those 
in Fig. 7c, (b) chromites with zoning of A -B (open square) and C -D (closed circle) 
corrrespond to those in Figs. 7a, b, respectively. The compositional zoning trends for 
EETA 7900l (A) (EETA; MCSWEEN and JAROSEWICH, 1983) and Chassigny (CHAS, 
FLORAN et al., 1978) are shown for reference. 

2 1  

Shock-melt pockets consist mainly of quenched olivine and interstitial crypto
crystalline materials (Fig. l i, k, m, n) .  The quenched olivine is often needle-shaped 
crystals but sometimes small rhombohedral crystals in cores of some shock-melt 
pockets (Fig. lm) .  The interstitial cryptocrystalline materials are similar in texture 
to zone Z of the plagioclase rims, mentioned in Section 3.4, and comprise both 
plagioclase and pyroxene components. 

Relict olivine grains are often observed in shock-melt pockets, and have an 
unusual texture; they look like spherulitic or sheaf-like aggregates under a micro
scope and are more magnesian (Fo75-Fo80) on average than the brown olivine. 
Back-scattered-electron (BSE) images (Fig. lm) show small olivine domains, a few 
microns across, arranged to form a spherulitic or sheaf-like texture. Each small 
domain is zoned from a magnesian core to a ferroan rim. Small euhedral olivine 
grains grow outward from the rims of relict olivine grains (Fig. lm) . 

In halos surrounding shock-melt pockets, the crystal structures of olivine and 
pyroxene are severely modified (Fig. lj, 1, n), and the brownish color of olivine is 
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lost there. The inner portions of the halos show a domain texture similar to that of 
relic olivine grains (Fig. lm). 

In a brecciated portion in contact with a shock-melt pocket, long spinifex or 

lantern-shaped olivine crystals (Fig. lo) , up to 80 microns in length and about 10 

microns in width, and small ( < 10 microns) grains of pyroxene are observed in 

cryptocrystalline materials. Near a shock-melt pocket, quenched augite crystals, 20-

40 microns in length, grow from the original augite (Fig. l p). 
Shock-melt veins also consist mainly of quenched olivine and interstitial 

cryptocrystalline materials with minor relic minerals. The quenched olivine is 

sometimes small euhedral crystals (Fig. 1 q) or needle crystals; sometimes they show 

a lantern or skeletal texture (Fig. lr) . The interstitial cryptocrystalline materials 

seem to consist of pyroxene and plagioclase. 

4. Discussion 

4. 1. Crystallization sequence and conditions 
ALH-77005 is a cumulate gabbroic rock and its crystallization sequence is 

summarized in Fig. 9, which is consistent with the sequence obtained by LUNDBE RG 
et al. ( 1990). Olivine grains are included in magnesian low-Ca pyroxene in the 

poikilitic portion, and may have been the liquidus phase. The olivines often show 
rounded outlines, suggesting that they reacted with their coexisting magma to have 

produced the host low-Ca pyroxene. However, olivine in the non-poikilitic portion 

has euhedral or subhedral forms and it seems to have grown without detectable 
reaction with the coexisting intercumulus liquid. 

Ol ivine I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -_ Opx ( A )  
I mPig ( B ) fPig ( C , D )  

A ug ( E )  A ug ( F )  
P lagioclase 

Chromite I A-B  )_))'1-----(-c_-_o_) __ .J,)�"""--I-E_-_F_) I_E_-_c_) ... 
I I lmen ite 
Whit lock ite 

Pyrrhotite 
Fig. 9. The sequence of the ALH- 77005 crystallization from the left hand side to the right 

hand side. The capitals in parentheses correspond to those in Fig. 3 for pyroxenes 
and those in Fig. 7 for chromites. 
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Fig. JO. Schematic phase relation for pyroxenes in ALH- 77005. 
The capitals (A, B, C, D, E, and F) correspond to those in Fig. 
3. Stable fields of hypersthene (H), pigeonite (P), augite (Aug), 
and liquid (Liq) are shown. Abbreviations: temperature ( T), 
enstatite (En), ferrosilite (Fs), diopside (Di), and hedenbergite 
(Hd). 

T 

En-Fs 

23 

Di-Hd 

Pyroxene grains in ALH-77005 show chemical zoning, as shown in Fig. 2; the 
first crystallizing pyroxene is CaO-poor low-Ca pyroxene (Fig. 2) and may have 
been orthopyroxene (ISHII et al., 1979) as suggested in Fig. 10. Pigeonite followed 
orthopyroxene and changed in composition to magnesian pigeonite B (Figs. 2, 10), 
where CaO-poor augite E (Figs. 2, 10) joined with pigeonite B. Pigeonite B and 
augite E crystallized together and changed to pigeonite C and augite F (Figs. 2, 10), 
respectively. Some pigeonite grains seem to have crystallized metastably toward D 
in Figs. 2 and 10. The pyroxene geothermometry (LINDSLEY and ANDERSON, 1983) 
gives an equilibrium temperature of about 1200°C for pairs of pigeonite (B in Figs. 
2, 10; Table 1) and augite (E in Figs. 2, 13; Table 1) which are in contact, and it is 
slightly higher than the temperature ( 1 160°C) obtained by ISHII et al. ( 1979) .  The 
existence of pigeonite indicates that ALH-77005 has experienced rapid cooling after 
the crystallization of pigeonite to prevent the inversion to orthopyroxene and 
formation of exsolution lamellae in pyroxenes. A possible geological setting for this 
meteorite is as a cumulate ,rock in a lava lake. 

Chromite grains occur in olivine, pyroxene, and plagioclase, indicating that 
they crystallized at all stages of the ALH-77005 crystallization, except for the very 
last stage when ilmenite crystallized instead of chromite (MCSWEEN et al ., 1979a) .  
Chromite included in olivine has A-B zoning, but that in magnesian low-Ca 
pyroxene has C-D zoning (Figs. 7, 8 ) .  In spite of the earlier crystallization of 
chromite A-B than chromite C-D, the latter is more enriched in Cr203 and MgO 
than the former. This may be explained by the hypothesis that magma mixing took 
place in a magma reservoir. First, a magma rich in MgO with a high Cr/Al ratio 
intruded into a magma reservoir which was crystallizing olivine and chromite A-B. 
This Mg-rich magma crystallized chromite C-D, and reacted with olivine to 
produce megacrystic magnesian low-Ca pyroxene grains. These composite olivine
chromite aggregates then settled to the bottom of the reservoir (lave lake) to form 
the poikilitic portion of ALH-77005. At the same time, olivine including chromite 
A-B and small (smaller than 1 mm) low-Ca pyroxene including chromite C-D 
settled to form the non-poikilitic portion, with more abundant interstitial liquid 
from which chromites E-G or E-F crystallized. An alternative hypothesis is that 



24 Y. IKEDA 

crystallization conditions changed abruptly between the crystallization of chromites 

A-B and C-D. Perhaps a magma was crystallizing olivine and chromite A-B in a 

deep magma chamber. Then, it erupted to the surface, lost its vapor components, 

and crystallized chromite C-D and magnesian low-Ca pyroxene instead of olivine 

and chromite A-B. Then these crystal aggregates settled with intercumulus liquid 

from which chromite E-G or E-F crystallized. The second hypothesis may not be 

what happens in the case of ALH-77005, because olivine in ALH-77005 crystallized 
rapidly (JAGOUTZ, 1989). 

From the intercumulus liquid, plagioclase crystallized together with ferroan 

pigeonite, augite, and chromite E-G. The plagioclase glass without plagioclase rims 

in ALH-77005 is An45-An550r,_ 2 (mainly An50-An55), which is similar to, but 

narrower in compositional range than, those of EETA79001(A) (An50-An65 Or0 _5-
0r2 _0; MCSWEEN and JAROSEWICH, 1983). The original compositions of ALH-
77005 plagioclase may have had a wider compositional range than that of the 

plagioclase glass without plagioclase rims, and may have been homogenized 

during melting by shock. The chromites in ALH-77005 have the same magnetite 

content as those in EETA7900l (A) (Fig. 6), which is lower than that in Chassigny 

and higher than those in Lunar basalts (Fig. 6). The oxygen fugacity for ALH-
77005 may have been the same as that for EETA79001 (the QFM buffer; MCSWEEN 
and JAROSEWICH, 1983). The E-G trend for ALH-77005 chromite is similar to the 

trend for EETA 79001 (A) chromite (Fig. 7c ), although the MgO contents of the 

former are slightly higher than those of the latter (Fig. Sb). A chromite grain with 

both E-G and E-F zonings (Fig. 7c) is included in ferroan pigeonite. The E-F 

zoning may have been due to a local phenomena where Al203 was enriched locally 
by rapid crystallization of ferroan low-Ca pyroxene grains surrounding the E-F 

chromite grain. An olivine grain includes a chromite grain having zoning similar to 

the earlier half of E-G zoning (Fig. 7a), suggesting that olivine might have 

crystallized locally from the interstitial liquid in the non-poikilitic portion. Adcumu

lative growth processes of olivine and/or pyroxene might have taken place in the 

cumulate. Whitlockite and ilmenite were products of the latest stage crystallization 

(MCSWEEN et al., 1979a). Pyrrhotite occurs in olivine, pyroxene, and plagioclase, 

and seems to have crystallized throughout the ALH-77005 crystallization. Pentlan

dite was produced by exsolution of Ni-bearing pyrrhotite, probably under a sub

solidus condition. 

JAGOUTZ ( 1989) found silica-rich inclusions trapped in brown olivines, sug
gesting a rapid growth origin of the brown olivines. Therefore, ALH-77005 was 

produced as autolithic cumulus phases with the intercumulus liquid. The brown 

olivines, magnesian low-Ca pyroxene, and Ti-poor chromites in ALH-77005 were 

originally cumulates which may have been produced by fractionation and mixing of 

basaltic magmas in a rapid cooling condition at a shallow level. The crystallization 
age is about 150-160 Ma (JONES, 1986; JAGOUTZ, 1989). 

4.2. Zonation of plagioclase glass and the rims 
After the consolidation, ALH-77005 experienced the most intense shock effects 
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among all of the SNC meteorites (LAMBERS, 1985; BISCHOFF and STOFFLER, 
1992). The original plagioclase grains were changed to plagioclase melts by the 

intense shock, and plagioclase crystallized from some plagioclase melts near shock

melt pockets (MCSWEEN and STOFFLER, 1980; JAGOUTZ, 1989); plagioclase nucle

ated at the boundaries with the surrounding olivine or pyroxene, grew inward to 
form the plagioclase of zone Y (Fig. 5) at the outermost rims, and then the 

plagioclase of zone X (Fig. 5) crystallized inside zone Y, resulting in the plagioclase 

nms. 

During rapid crystallization of An-rich plagioclase rims, the Ab and Or 
components of the melts accumulated just inside of crystallization front of the 

plagioclase rims to form zone W in the plagioclase melts, resulting in the V-W 

zoning of the melts (Fig. 5). The rapid cooling of ALH-77005 has caused the melts 

to have quenched to form the zoned Pl-glass. The An component of plagioclase X 

( about An50) which crystallized from plagioclase melt W ( about An40) is too low in 

comparison with those (about An75) crystallizing in equilibrium with such a melt, 

indicating that the plagioclase rims crystallized under a supercooled condition. 

Zone Z is sometimes observed between plagioclase rims and the surrounding 

pyroxene, and consists of a cryptocrystalline mixture of plagioclase and pyroxene 
(Fig. lf). The zone may have been produced from a melt having both pyroxene and 

plagioclase components, which was produced by fusion of the pyroxene in direct 

contact with plagioclase melts; the melt crystallized small euhedral pyroxenes which 

grew from the surrounding pyroxene wall (Fig. lf), and then a cryptocrystalline 
mixture was produced by parallel growth (Fig. 1 f), resulting in zone Z prior to the 

crystallization of zone Y. 

Melting of plagioclase requires more than 50--60 GPa shock pressures, which 

·correspond to peak-shock temperatures of 1700--2700
°
C (BISHOFF and STOFFLER, 

1992), and the post-shock temperature may have been higher than the melting point 

of ALH-77005 plagioclase· (about 1450
°
C). Pl-glass in ALH-77005 is commonly 

associated with small vesicles near the boundaries with the surrounding silicates 
(Fig. le), and these vesicles may have formed by such high temperatures. However, 

the shock pressures of 50--60 GPa, estimated for formation of plagioclase melts, 

correspond to peak-shock temperatures of about 600--800
°
C for forsteritic olivine 

(BISHOFF and STOFFLER, 1992), suggesting that most of the olivine and pyroxene 
could not be fused by such a shock pressure. This is consistent with the facts that all 

of the original plagioclase changed to melt without remarkable melting of olivine 
and pyroxene in ALH-77005, except for shock-melt pockets and veins, and that 

most of the plagioclase melts that were produced quenched as glass. 

4. 3. Shock-melt pockets and veins 
Chemical compositions of shock-melt pockets (Fig. 11) are enriched in the 

olivine component in comparison with the ALH-77005 whole rock composition, but 

have a constant plagioclase content similar to that of the whole rock composition. 

This suggests that shock-melt pockets were produced locally and preferentially from 
olivine-rich portions; shock impact energy had locally concentrated in small por-
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Pyx 

01 Pl 
Fig. 1 1. Normative compositions (in mole %) of shock-melt pockets (closed star) and veins 

( open triangle) in ALH-77005. Pyx, 01, and Pl are normative pyroxene (Wo + En 
+Fs), olivine (Fo +Fa), and plagioclase (An +Ab +Or) components. The compo
sition of the ALH-77005 whole rock (SHIH et al. , 1982) is shown for reference. 

tions enriched in olivine, a few mm or small in diameter, with minor amounts of 

plagioclase and pyroxene, and they were fused to produce shock-melt pockets, 

whereas pyroxene-predominant portions were not fused enough to produce shock

melt pockets. Bulk melting of olivine with minor plagioclase and pyroxene requires 

shock pressures of about 80 GPa (MCSWEEN and STOFFLER, 1980; BISHOFF and 
STOFFLER, 1992), which may have been due to localized stress concentration. The 

halos surrounding shock-melt pockets (Fig. lk, 1, n) present evidence for the in-situ 
melting; the halos have experienced more intense shock than the host surrounding 

the halos (Fig. 11, n) . The domain texture of olivine in halos consists of small 

elliptical domains, and each domain has normal zoning (Fig. ln) .  Shock experi

ments for dunite chips (HEYMANN and CELLUCCI, 1988) revealed that high shock 
pressures of about 60 GPa formed olivine glass with a considerable degree of 

three-dimensional Si-0-Si linkage, having scattered domains. Therefore, the domain 

texture of olivine in halos near shock-melt pockets and veins in ALH-77005 may be 

due to the high shock pressure of about 60 GPa. An augite grain in contact with a 

shock-melt pocket has been fused at the rim to produce an augite melt, and the melt 
crystallized quenched augite crystals (Fig. lp) , supporting the in-situ melting. 

Shock-melt veins in ALH-77005 have a wide compositional range in compari

son to shock-melt pockets (Fig. 11 ); some portions of veins are dominated by 

pyroxene components, and others by olivine components with varying amounts of 
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plagioclase. They also may have been produced by local stress concentration, but the 
chemical compositions of the veins do not necessarily correspond to the host 

minerals intercalating the veins (Fig. lr), suggesting that the vein melts moved 

slightly prior to the final consolidation. 

The shock pressures of 50-80 GPa which are required for melting of ALH-
77005 plagioclase and the formation of shock-melt pockets correspond to impact 

velocity of 3-6 km/s for a basaltic ( or dunitic) target-basaltic ( or iron) projectile 
pair (STOFFLER et al. ,  1988). ALH-77005 may have been ejected from Mars by the 

shock. The shock age of ALH-77005 is less than 20Ma (JAGOUTZ, 1989), and the 

exposure age is 2. 7 Ma (NISHIIZUMI et al . ,  1986). 

5. Conclusions 

( 1) Chromite in ALH-77005 has four types of chemical zoning, which 

correspond to the differences in occurrence. The compositional discontinuity among 
the zoning types may suggest magma mixing in a shallow magma reservoir such as 

a lava lake on Mars. 

(2) Plagioclase glass has sometimes plagioclase rims, and these rims were 
produced from plagioclase melts by rapid crystallization. 

(3) Shock-melt pockets were produced by in-situ melting of olivine-rich 

portions, where shock stress was concentrated locally. The ubiquitous occurrence of 

the shock-melt pockets and plagioclase melts requires shock pressures ranging from 

50-80 GPa. 
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