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YAMATO-8002: PARTIAL MELTING RESIDUE ON THE “UNIQUE”
CHONDRITE PARENT BODY
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Abstract: Yamato-8002 is classified as a “unique” meteorite having a
granoblastic texture with olivine and orthopyroxene and interstitial diopside,
plagioclase, spinel, kamacite schreibersite, troilite, and rare graphite. Olivine,
orthopyroxene, and clinopyroxene are homogeneous with respect to Mg and
Fe, but Ca in pyroxenes are zoned. Plagioclase and spinel are heterogeneous
within and among grains. Mineral compositions, particularly plagioclase,
spinel and trace elements in all minerals along with oxygen isotopic com-
positions suggest a genetic link to Y-74063, Y-75274, ALH77081, Y-791493,
Acapulco, and Lodran. They were derived from a common precursor through
different degrees of partial melting; Y-8002 and Y-75274 have the highest
Mg/ (Mg+Fe) ratios of olivine, pyroxenes, and spinel, the highest An mol%
of plagioclase, and the higest Cr/(Cr+4 Al) ratio of spinel, indicating
formation through the highest degree of partial melting. They were reduced
during melting, resulting in crystallization of extremely magnesian minerals.
Y-74063, ALH77081, Y-791493, Lodran, and Acapulco possess nearly primary
composition of the ferromagnesian minerals excepting that some have lost
and some have added partial melts. The partial melting model is supported
by the REE patterns; Y-74063 and ALH77081 are flat, Y-8002 and Lodran
are heavy REE enriched, and Acapulco is light REE enriched. Positive or
negative Eu anomalies are general in these meteorites, suggesting addition or
extraction of interstitial melt rich in plagioclase component. The precursor
is chondritic with higher Mg/ (Mg+ Fe) ratio and higher Cr and Mn contents
than ordinary chondrites, and is tentatively called a *“U(nique)” chondrite.
Y-74357, Y-78230, and MAC88177 are probably related to the “U” chondrite.
Oxygen isotopic heterogeneity of those meteorites may be due to weathering
on the Antarctic ice, and the effect of weathering was excluded by assuming
that all oxygen in Fe:O3; was from Antarctic ice. The calculated compositions
are similar to each other, suggesting their derivation from a common precursor.

1. Introduction

As part of a consortium study on Antarctic “unique” meteorites, Y-8002 was
petrologically studied. The ‘“‘unique” meteorites are characterized by essentially
chondritic composition (Fukuoka and Kimura, 1990) and the Fe/Mg ratio of
ferromagnesian minerals intermediate between H and E chondrites. Among them,
Y-74063 and ALH-77081 have relict chondrules suggesting an origin as a chondrite
(SCHULTZ et al., 1982; KIMURA, 1987; YaNnal and KoJiMma, 1991), but the others
do not have evidence for chondrite origin. The latter have granoblastic texture
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consisting of coarse-grained olivine, orthopyroxene, and Fe-Ni metal and lesser
amounts of clinopyroxene, plagioclase, troilite, spinel, and phosphates or phosphide.
Although ALH-77081 has relict chondrules, KRACHER (1988) suggested that metals
melted at the eutectic with sulfur on the basis of low Ni and Ge concentrations
in kamacite.

Genetic relationship among the “‘unique” meteorites and non-Antarctic unique
meteorites, such as Lodran (BILD and WAssON, 1976; FUKUOKA, et al., 1978; PRINZ
et al, 1978), Acapulco (PALME et al., 1981), and “primitive achondrites” (PRINZ
et al., 1983) has been proposed (SCHULTZ et al., 1982; KALLEMEYN and WASSON,
1985; NAGAHARA and Ozawa, 1986; NAGAHARA et al., 1990; Hirol and TAKEDA,
1991; KIMURA et al., 1991). Although genetic relationship between Lodran and
ureilites was proposed (BILD and WAassoN, 1976), mineralogy and oxygen isotopic
compositions (CLAYTON and MAYEDA, 1978, 1988; CLAYTON et al., 1984; MAYEDA
and CLaYTON, 1980, 1989; MAYEDA et al., 1987) distinguish the “unique” meteorites
from ureilites.

Y-8002 has previously been briefly described with a possibly paired meteorite,
Y-75274, by YANAI et al. (1984). Y-75274 was studied by MaTsumMoToO et al.
(1983), MorI et al. (1984), and YANAI et al. (1984). The Rb-Sr model age for
Y-8002 is 3.3+0.3 Ga (YAMAMOTO et al., 1991), and is different from 4.5+0.1 Ga
for the possibly related meteorite Y-74063, suggesting thermal disturbance for Y-8002
after crystallization. On the other hand, Y-74063 does not show thermal plateau
with respect to the ""Ar-*°Ar age (KANEOKA et al.,, 1991). These measurements
show that the “unique” meteorites have suffered complex thermal history (histories).

In order to investigate the origin of the ‘“unique” meteorites and their genetic
relationship to other meteorite groups, petrological study on Y-8002 was carried out,
and the results were compared with other ‘“‘unique” meteorites. On the basis of
the results, condition, formation process, and primary material of the “unique”
meteorites will be discussed. Those meteorites may be related to ‘“winonaites”
(Winona, Pontlyfni, Mount Morris, Y-74025, Y-75300, and Y-75305); however,
the relationship was not investigated in this paper mainly because of insufficient
published mineralogical data on ‘“‘winonaites”.

2. Analytical Methods

Polished thin section of Y-8002,51.2 (4 X7 mm?) were observed with a JEOL
JSM-840 scanning electron microscope equipped with an energy dispersive spec-
trometer LINK-SYSTEM AN10000 and chemical composition of minerals were
obtained with a JEOL JCXA-733 Mk-II electron microprobe at the Geological
Institute of University of Tokyo. Operating conditions for the SEM-EDS analysis
were an accelerating voltage of 15kV, sample current of 1nA, and counting time
of 100s, and those for EPMA analysis were 15 kV, 12 nA and 30 s, respectively.
Opaque mineral analysis was at the accelerating voltage of 25 kV, a current of
20 nA and the counting time of 30s. Standard ZAF corrections were applied for
both silicates and opaque minerals. Mapping analysis for elemental distribution
on the whole area of the thin section was carried out with an accelerating voltage
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of 15kV, a sample current of 120 nA, counting time of 60 .s, and pixel size of
SX5 pm?

3. Petrology of Y-8002

3.1. Texture

Y-8002 has granoblastic texture consisting of coarse-grained olivine, ortho-
pyroxene, and kamacite with smaller amounts of plagioclase, clinopyroxene, spinel,
troilite, graphite, and schreibersite (Fig. 1a). Olivine and orthopyroxene exhibit
almost equant euhedral to subhedral shapes, and are 0.5 to 2 mm in size. Olivine
and orthopyroxene have array of tiny kamacite and/or troilite inclusions (Figs. 1b and
¢), which is characteristic of ureilites and “unique” meteorites (BERKLEY et al., 1980;
NaGAHARA and Ozawa, 1986). The blebs may be metal-sulfide melt trapped during
crystallization. Orthopyroxene sometimes poikilitically encloses olivine, but the op-
posite is never the case, suggesting crystallization of olivine before orthopyroxene.
The only clinopyroxene grain present in the thin section occurs as an intergrowth
with kamacite having round plagioclase inclusions. Kamacite is smaller than olivine
and orthopyroxene, 0.5 to 1 mm, and is subrounded to irregular in shape. Kamacite
grains often have inclusions of graphite, which has ovoid, notched, or wedged shapes
(Fig. 1d). Occurrence of graphite in Y-8002 is suggestive of simultaneous crystalli-
zation of graphite and kamacite from melt. Kamacite with abundant graphite
coexists with schreibersite, but no schreibersite occurs as an isolated grain. Troilite
is small (10-50 ;m), subhedral, and often porous. The porous troilite transferred
into a vein running through an olivine grain (Fig. le), which suggests that troilite
melted in situ and the melt moved through pre-existing olivine. Only four spinel
grains are present in the thin section, which are very small (less than 10 pm)
except for one larger grain (50 ym). They are always associated with troilite
and do not occur as isolated grains or as inclusions in olivine as is often the
case in the related meteorites (e.g., in Y-791493: NaGaHARA and Ozawa, 1986).
Plagioclase occupies the interstices of other minerals and is distributed homogene-
ously over the thin section. There is no visible alignment or lineation of minerals
at last in thin section studied, which is the case in Y-791493 (NAGAHARA and
Ozawa, 1986). Plagioclase exhibits albite twinning (Fig. 1f).

Modal abundances of minerals obtained by the point counting technique are
32.3% olivine (25.6% by YANAIl et al., 1984), 46.4% orthopyroxene (53.9), 1.3%
clinopyroxene (2.5), 10.3% plagioclase (11.7), 6.3% Fe-Ni metal (6.0), 0.3%
troilite (0.1), 0.4% graphite, 2.8% weathered area which may primarily have been
metal, and trace amounts of chromite (0.1) and schreibersite (0.1). The difference
of the analytical results between present work and YANAI et al. (1984) may be due
to difference in the thin section studied, which have small areas in spite of the
large grain size.

Textural and mineralogical characteristics are shown in elemental distribution
maps (Fig. 2), where olivine is shown by pink, orthopyroxene by green, and Ca-
pyroxene by blue (only one), where other phases shown by black are indistinguishable
(Fig. 2a). The distribution of Mg well shows that ferromagnesian minerals are very
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Fig. 1.

Photomicrographs

showing texture of Y-8002.

(a)

(b)

(c)

Texture of Y-8002. It con-
sists mainly of coarse-
grained olivine, ortho-
pyroxene with cleavages,
and opaque kamacite.
Transmitted light. Width
4 mm.

Array of tiny metal and/
or troilite grains (bright
or dark spots) in olivine.
This texture is typically
developed in the “‘uni-
que”  meteorites and
ureilites. Reflected light.

Width 0.6 mm.

Array of tiny metal and/
or troilite (black dots) in
orthopyroxene. The array
develops independently
of crystal structure (direc-
tion of cleavages), sug-
gesting formation dur-
ing crystallization. Trans-
mitted light. Width 0.6
mm.



Y-8002: Partial Melting Residue on the “U” Chondrite Body 195

(d) Graphite inclusions
(gray) in kamacite. This
kamacite is the grain
richest in graphite inclu-
sions. Dark areas are
voids. Reflected light.
Width 0.6 mm.

(e) Porous troilite and de-
rived troilite vein run-
ning through an olivine
grain  (dark  gray).
Grayish material adja-
cent to troilite is a weath-
ering product. Reflected
light. Width 0.6 mm.

(f) Twinning of plagioclase
showing  fairly  high
temperature crystalliza-
tion. Transmitted light.
Width 0.4 mm.
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Fig. 2. Elemental distribution maps of
Y-8002.

(a)

(b)

(c)

Distribution of Mg. Olivine
(pink) and orthopyroxene (green)
are euhedral, coarse-grained, and
highly homogeneous. Only one
clinopyroxene grain (blue, in the
lower right) is anhedral, sur-
rounding irregular kamacite.

Distribution of Fe. Kamacite
(white) is subhedral to anhedral.
Pink is weathered metal. Olivine
(green) and orthopyroxene (blue)
are penetrated by numerous veins.
Some of the veins are weathering
products, but some are troilite
vein derived from porous troilite
(see Fig. 1d).

Distribution of Ca. Orthopy-
roxene is zoned from calcic core
(yellow) to less calcic rim (blue).
Interstitial  plagioclase is also
zoned from calcic core (white) to
less calcic (pink) rim contacting
with other minerals. Clinopy-
roxene (white) is visible.
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homogeneous. Distribution of anhedral metal grains are shown by white color in
the map for Fe; pink is weathered material, green is olivine, and blue is ortho-
pyroxene (Fig. 2b). The map for Ca clearly shows the characteristics of the
meteorite: orthopyroxene is zoned from Ca-rich core shown by yellow to Ca-poor
rim shown by light-blue, plagioclase occupies almost all interstices of other phases
forming a network over the meteorite, and is also zoned from calcic core (white)
to less calcic rim (pink), and Ca-pyroxene (white) completely surrounds a kamacite
grain (black) (Fig. 2c).

3.2. Mineralogy

Olivine is highly homogeneous throughout the thin section studied, Fo being
between 96.5 and 97 (Fig. 3). Representative chemical compositions are listed in
Table 1. The MnO content of olivine is about 0.30-0.35 wt%, which is lower than
those in other related meteorites. Contents of other elements, such as CaO, NiO,
and Cr.O, are below 0.1 wt%, and they are homogeneously distributed within and

Table 1. Chemical composition of olivine, orthopyroxene, and clinopyroxene in Y-8002.

Ol(1) OI1(2) Ol(3) Ol4) Opx(5) Opx(6) Opx(7) Cpx(8) Cpx(9) Cpx(10)

SiO, 29 430 429 430 596 596 597 556 550 555
TiO, 002 004 002 000 022 023 023 08 093 081
ALO; 001 001 003 002 033 038 03 09 118 0.6
Cr,0; 002 003 001 002 019 024 022 038 051 037
V,0, 001 000 000 001 001 003 000 0.04 008 006
FeO 352 337 338 324 258 238 243 120 129  1.89
MnO 033 030 028 030 040 036 038 022 021 024
MgO 546 549 547 547 370 360 352 19.0 184  19.1
CaO 002 000 003 001 116 221 126 219 226 21.3
NiO 001 000 000 002 001 000 000 002 002 011
Na,O 000 000 000 000 004 007 003 054 058 0.3
Total 1014 1017 101.4 101.3 101.5 101.5 99.8 100.7 100.8  100.9
0=4 0=6
Si 1.006 1.005 1.006 1.008 1995 1999 2.025 1.984 1.969 1.982
Ti 0  0.001 0 0 0006 0006 0.006 0022 0025 0022
Al 0 0 0.001 0 0013 0015 0.014 0040 0050 0.041
Cr 0 0.001 0 0 0005 0.006 0.006 0011 0015 0011
Y 0 0 0 0 0 0.001 0 0001 0.002 0.002
Fe 0.069 0.066 0.066 0.064 0072 0067 0.069 0.036 0.039 0.056
Mn 0.007 0.006 0.006 0.006 0011 0.010 0.011 0.007 0.006 0.007
Mg 1.909 1916 1913 1913 1.844 1799 1780 1.011 0980 1.014
Ca 0.001 0 0.001 0 0042 0079 0.046 0.839 0.867 0.816
Ni 0 0 0 0 0 0 0 0.001 0 0.003
Na 0 0 0 0 0.03 0.005 0002 0.037 0040 0.037
Total 2992 2995 2993 2991 3.991 3.987 3.959 3.989 3.993 3.991
Mg/(Mg+Fe) 0965 0967 00967 0.968 0962 0964 0.963 0.966 0962 0.948
Wo (mol%) 215 406 243 445 460 433

(1) Average of 33 analyses, (2) core of a large crystal, (3) rim of a large crystal, (4) inclusion in
orthopyroxene, (5) average of 16 analyses, (6) core of a large crystal, (7) rim of a large crystal, (8)
average of 23 analyses, (9) most Wo-rich composition, (10) most Wo-poor composition.
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among grains. Olivine is rarely poikilitically enclosed by orthopyroxene, most of
which have the same composition as euhedral grains (Table 1).

Orthopyroxene is the most abundant mineral in Y-8002. It has well developed
cleavages in one or two directions. The Fe/Mg ratio of orthopyroxene is uniform
throughout the thin section (En 96 to 97) (Fig. 3), but the grains are zoned with
respect to Ca. The Wo content ranges from 3.7 mol% in the central portion to
1.2% in the outer rim. Calcium is homogeneously distributed in central portion
and decreases outwards within 50 ym of the rim, which is well shown by difference
in color in Fig. 2c. Orthopyroxene has numerous thin lamellae of clinopyroxene
which are visible under an optical microscope. Sometimes the lamellae are as thick
as 10 gm in width. The diffusion distance of Ca in orthopyroxene at subsolidus
temperatures was, thus, less than 10 ;m, indicating that the zonal structure of Ca
in orthopyroxene grains was formed during crystallization. Pyroxene compositions
are plotted on the quadrilateral with isotherms by LINDSLEY and ANDERSEN (1983),
which shows that they cooled from about 1200°C to 800°C assuming that ortho-
pyroxene and clinopyroxene crystallized simultaneously (Fig. 4). Orthopyroxene
contains considerable amounts of MnO (0.34-0.44%, average 0.40% ), AlO,
(0.28-0.39%, 0.33%), TiO. (0.18-0.29%, 0.22% ), and Cr.O, (0.16-0.22%,
0.19% ) (Table 1). Concentration of these elements roughly increases toward rim
of a grain. Contents of other elements are below 0.1 wt%.

The sole clinopyroxene is not so homogeneous as olivine and orthopyroxene
with respect to the Xy. (=Mg/(Mg+Fe) mol) ratio, ranging 0.94-0.98 (Fig. 3).
It is also heterogeneous as to Ca, the Wo content ranging from 43.2 to 46 mol%.
Trace element contents are fairly high: the Al.O. content ranging from 0.8 to

N
OL

R core %
10 - A rim 7

& incl. in opx

Fig. 3. Histogram of Xy, (Mgl(Mg+ Fe) mol ratio)
of olivine, orthopyroxene, and clinopyroxene of
Y-8002. Olivine (OL) and orthopyroxene (OPX)

S .

are highly homogeneous and there is no composi-

_ ' - M ['Lﬁ%j | Zztr;af) (izf);e;rznce in occurrence. Clinopyroxene is
93 95 97 99 rOgeneous.

Mg/(Mg+Fe)*100 .
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1.0 wt% (average of 23 analyses is 0.96 wt% ), TiO, from 0.7 to 0.9% (0.81),
MnO from 0.14 to 0.25 (0.22), Na,O from 0.5 to 0.6% (0.54), and Cr,O; from
0.3 to 0.5% (0.38) (Table 1). The composition of clinopyroxene plotted on the
LINDSLEY and ANDERSEN (1983) quadrilateral gives temperatures from 1150°C to
1000°C if two pyroxenes crystallized simultaneously (Fig. 4).

Plagioclase is relatively calcic when compared to those in ordinary chondrites,
and is zoned from Ca-rich (Anj,) central portion to Ca-poor margin (An,s) with
the Or content ranging from 1 to 2 mol% (Fig. 5, Table 2).

Spinel is highly chromian (64 to 69 wt% Cr,0;) and low in AL,O; (2-5 wt% );
they also have considerable amounts of MnO (1.2-3.3 wt% ), V (0.2-0.7 wt% as
V,0;) and ZnO (0.4 to 1.2 wt% ) (Table 2). The spinels are highly heterogeneous
from grain to grain. Figure 6 shows the Mg/(Mg+Fe) and Cr/(Cr+Al) ratios
of spinel, which shows that each spinel grain has a different composition. The higher
the Fe content, the higher the Mn and Zn and the lower the Mg and Cr contents.

Fig. 4. Composition of pyroxenes in Y-8002
plotted on the LINDSLEY and ANDERSEN
(1983) quadrilateral. The most Ca-rich and
Ca-poor compositions are shown for both
pyroxenes.

10

Fig. 5. Histogram showing composition of

plagioclase. Plagioclase is heterogeneous

within and among grains, although it is (A

difficult to define a grain because o fintercon- *

. . . 0 AV4 \/ AV4
nection. One point represents one analysis.
40 30 20
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Table 2. Chemical composition of plagioclase and spinel in Y-8002.

PI(1) PI2) PI(3) Sp(4) Sp(5) Sp(6) Sp(7) Sp(8) Sp(9)
SiO, 640 652 632
TiO, 0.06 0.07 0.05 049 069 068 0.58 0.09 0.09
ALO, 247 249 244 436 486 498 544 227 234
Cr,0, 0 0.01 0 674 679 669 644 672 644
V,0; 0 0 0.01 0.53 053 062 064 047 030
FeO 0.16 0.02 0.13 9.64 7.22 858 127 149 157
MnO 0.01 0 0.02 1.72 123 147 1.77 332 3.10
MgO 0.02 0 0.01 147 165 156 123 100 105
CaO 5.80 555 5.24
ZnO 068 049 066 076 1.04 1.17
Na,O 7.02 599 7.29
KO 027 034 020
Total 102.0 102.1 100.6 995 994 995 985 993 976

0=8 0=4
Si 2764 2796 2771
Ti 0.002 0.002 0.002 0.012 0.017 0.017 0.015 0.002 0.002
Al 1.259 1.258 1.258 0.169 0.186 0.192 0.217 0.093 0.097
Cr 0 0 0 1.763 1.748 1.734 1.717 1.842 1.796
\% 0 0 0 0.014 0.014 0.016 0.017 0.013 0.008
Fe 0.006 0.001 0.005 0.270 0.197 0.235 0.359 0.432 0.465
Mn 0 0 0.001 0.049 0.034 0.041 0.051 0.098 0.093
Mg 0.002 0 0 0.721 0.802 0.761 0.616 0.518 0.554
Ca 0.269 0.255 0.246
Zn 0.017 0.012 0.016 0.019 0.027 0.030
Na 0.588 0.498 0.619
K 0.015 0.019 0.011
Total 4905 4.829 4.913 3.015 3.010 3.012 3.011 3.025 3.045
Ca/(Ca+Na) 0.314 0339 0.284 Mg/(Mg+Fe)  0.728 0.803 0.764 0.632 0.545 0.206

Ca/(Ca+Na+K) 0.309 0.330 0.281 Cr/(Cr+Al) 0.913 0904 0901 0.888 0.952 0.949

(1) Average of 18 analyses, (2) most Ca-rich composition, (3) most Ca-poor composition, (4) average
of 10 analyses, (5) core of grain #1, (6) rim of grain #1, (7) grain #2, (8) grain #3, (9) grain #4.

Aluminum, Ti, and V contents are related to each other, but they are not related
to Mg and Fe.

Kamacite is homogeneous in the center of grains with Ni content of 5.0-
5.4 wt%, and is zoned within marginal 10 to 20 ¢m of grains where Ni content
decreases outward to about 4.5%. There is no compositional heterogeneity around
graphite inclusions. Schreibersite is weekly zoned from Ni-richer core (36 wt% )
to Ni-poorer rim (35% ) at the contact with kamacite. The Co content is about
0.5 wt% and the Si content is below the detection limit of the EPMA analysis.

3.3. Thermal history

Crystallization sequence of Y-8002 was estimated from the texture. Olivine
was the first because of its euhedral to subhedral shape and having no inclusion of
other phases, followed by orthopyroxene which is euhedral to subhedral with olivine
inclusions. Kamacite, schreibersite, and graphite crystallized next, which is shown
by the fact that kamacite is subhedral to anhedral against olivine and orthopyroxenc
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Fig. 6. The relationship between Mgl/(Mg+ Fe) and Cr/(Al+Cr) ratios
of four spinels in Y-8002. They are highly heterogeneous from
grain to grain. Grain #1 is coarse (50 um), but other three are
small (<10 um). All the grains are coexisting with troilite.
Compositions are shown in Table 2.

but is entirely enclosed by plagioclase and clinopyroxene. Plagioclase crystallized
prior to or simultaneously with clinopyroxene. Crystallization sequence of troilite
and chromite is hardly known because of their rare occurrence. During melting,
small amount of metal and troilite melts tends to be rounded because of strong
surface tension against silicate melt, which would not pervade olivine grains. The
porous troilite and veins may have been formed by a shock after solidification. This
event may be related to a thermal disturbance shown by the *Ar-'"Ar dating
(KANEOKA et al., 1991).

Crystallization temperature of olivine should have been above 1200°C, which
is the temperature recorded in pyroxene. Pyroxene thermometry shows that the
meteorite cooled from 1200°C to 800°C continuously. Cooling history of Y-8002
below 700°C is hardly known, because of absence of minerals having lower tem-
perature information. Spinel is present in Y-8002, but the grains are associated
with troilite, not included in olivine, making the olivine-spinel thermometry
(FABRIES, 1979; ROEDER et al., 1979) or speedometry (Ozawa, 1984) difficult.
The exchange distribution coefficient of Mg and Fe between orthopyroxene and spinel
(MUKHERJEE nad BuLraTov, 1989) gives a temperature of 870°C, which is roughly
consistent with the closure temperature of Mg-Fe interdiffusion in olivine and
pyroxenes.

The lower temperature records are generally obtained from metallic phases, but
the absence of taenite in Y-8002 makes it impossible to estimate lower temperature
cooling rate of the meteorite. Taenite is not present in the thin section studied,
but low Ni content in kamacite (5.5 wt% in the center of grain and 4.8% at the
contact between schreibersite) and high Ni content in schreibersite (35% at the
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contact with kamacite) predict that taenite should be present in the meteorite and
that the zoning profile was achieved during cooling at low temperatures (<400°C)
(GoLpsTEIN and DoaN, 1972; RomiGc and GOLDSTEIN, 1981).

4. Mineralogical Comparison with Other “Unique” Meteorites

Y-8002 is related to Y-74063, Y-75274, ALH-77081, Y-791493, and probably
Y-74357 and Y-78230 on the basis of mineralogy, particularly trace element contents
in pyroxenes and composition of plagioclase and spinel. They may be further related
to non-Antarctic “unique” meteorites, Lodran and Acapulco. In order to investigate
genetic relationship and origin of unique meteorites, mineral compositions are com-
pared. The average compositions are used for comparison, when available. About
half of the compiled data are averages of more than 10 or 20 analyses, but half
of the literature data are either representative or arbitrarily chosen ones. The
compiled data are listed in Table 3. As far as Y-78230 is concerned, there are
too little data up to now, so it will be eliminated in the following discussion
although it may be related to the meteorites studied here.

MACS88177 is considered to be a new type of achondrite (PRrRINZ et al., 1991;
TAKEDA et al., 1991; WARREN and KALLEMEYN, 1991), but its literature data on
texture, mineralogy, and oxygen isotopic compositions are within the range of the
“unique” meteorites studied here. The olivine composition of Foy. is the same as
most of the “unique” meteorites. Oxygen isotopic compositions (07O =0.47%a,
00 =3.25%0, PRINZ et al., 1991) are close to Y-8002. It essentially lacks metal-
troilite and plagioclase (although a small amount of melt is present), suggesting that
it may be the residue of a small degree of partial melting of the common precursor
material with the “unique” meteorites from which metal-troilite and melt were almost
completely fractionated. Detailed mineralogical data will be required for comparison.

4.1. Magnesium and iron in olivine, pyroxenes, and spinel

Figure 7 shows the Xy, relationships among olivine, orthopyroxene, clino-
pyroxene, and spinel of the ‘“unique” meteorites. Equilibrium has been achieved as
to Mg and Fe among olivine, orthopyroxene, clinopyroxene, and spinel except for
those of Y-74357. Olivine in Y-74357 is much more magnesian than coexisting
pyroxenes, which is because Y-74357 olivine was reduced at subsolidus temperatures
resulting in an appearance similar to ureilites (YANAI et al., 1984; Hirol and
TAKEDA, 1991). Although olivines in Lodran and Y-791493 are also reduced as
shown by “reverse zoning” (BILD and WAsSsSON, 1976; NAGAHARA and Ozawa,
1986), the effect of reduction is restricted to rims of grains. The effect of reduction
at subsolidus temperature is, thus, not significant in almost all the meteorites studied.
Since the Mg/Fe distribution between olivine and orthopyroxene has been known
to be independent of temperature at high temperatures (>1000°C) (LARIMER,
1968), the different Mg/Fe ratios of the meteorites represent different bulk com-
position of silicate portions (Fig. 7a). Olivines and clinopyroxenes in those
meteorites have a nearly constant Mg-Fe distribution coefficient, and they should
have been in equilibrium down to about 700-800°C for most meteorites, again



Table 3. Mineralogical comparison among the “unique” meteorites and ordinary chondrites.

Sample Y-8002 Y-8002 75274 75274 791493 791493 77081 74357 74063 78230 Acapulco Lodran  H L LL
Data source [ 21 [ [2 2] Bl 4S5 [ 56 (7 8] [9,10] [11-15] [11-15] [11-14]
OI(Fo) 97 9% 96 96 88 87 89 92 8 90 88 87 81 75 7
OI(MnO) 0.33 0.37 0.56 048 0.5 048 0.56 047 050  0.47
Opx(Xpmg) 97 9% 96 96 87 88 90 8 87 90 86 86 83 79 74
Opx(MnO) 04 034 043 048 053 056 053 052 0.55 0.6 051 052 048  0.44
Opx(TiO,) 022 019 025 027 008 02 018 0.14 0.18 018 0.19 02 021
Opx(Cr,05) 019 046 038 047 035 035 024 043 021 02 039 009 0.1 0.14
Cpx(Xpg) 97 98 97 98 93 99 92 8 92 92 88 89 86 83
Cpx(MnO) 022 026 022 03 037 03 032 041 029 037 032 023 0.21 0.22
Cpx(TiO,) 081 081 097 075 04 035 053 031 065 0.49 048 045 0.46
Cpx(Cr,05) 038 077 084 074 137 1 141 125 114 135 1.08  1.55 059 0.6 0.6
PI(An) 31 28 28 18 9 16 15 15 14 15 12 10 11
Sp(Xnmg) 0.73 026 0.49 0.33 037 034 013 0.1 0.08
Sp(Cr/(Al+Cr)) 0.90 0.87 0.87 0.86 087 087 087 088  0.87
Sp(MnO) 1.72 136 1.25 1.23 134 1.1 0.94 074  0.65
Sp(TiO>) 0.49 066 1.2 1.22 136 1.16 233 2.81 3.23
Sp(Cr,05) 67 62 60 60 62 60 57 56 54

Oxides (wt%), XMg=Mg/(Mg+Fe)A7
[1]: this study, [2]: YANAI et al. (1984), [3]): NAGAHARA and Ozawa (1986), [4]: ScuLtz et al. (1982), [5]: KiMURA (unpubl. data), [6] YANAI and KosiMa
(1991), [7] Hirol and TAKEDA (1991), [8]: PALME ez al. (1981), [9]: PriNz etal. (1978), [10]: BiLb and WassoN (1976), [11] VAN Scumus (1969), [12] BuNncH

et al. (1967), [13] BuncH and Oisen (1973), [14] RusIiN (1990), [15] NocGucHi (unpubl. data)
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Fig. 7. Xuyg  relation-
ships between Fo con-
tent of olivine and (a)
orthopyroxene, (b) cli-
nopyroxene, and (c)
spinel. Composition of
minerals are averages of
more than 10 or 20
analyses or representa-
tive value listed in litera-
tures. Composition and
data source are listed in
Table 3. Y-8002 (1) and
Y-75274 (1) are from
present study, Y-8002
(2), Y-75274 (2), and
Y-791493 (1) are from
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NAGAHARA and OzAwA
(1976).
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except for Y-74357 (Fig. 7b). Olivine and spinel are plotted on a similar distribu-
tion line although the data of ALH-77081 show a little scatter (Fig. 7c), and give
similar “‘equilibration” temperatures (800-900°C). As will be discussed later, highly
magnesian nature of Y-8002 and Y-75274 is due to reduction during melting at
high temperatures.

The relationships shown above indicate that the meteorites are highly equilibrated
as to Mg and Fe, that the equilibration temperature is almost the same although
the Mg/Fe ratio varies widely, and that they suffered a similar cooling history at
subsolidus temperatures. The Mg/Fe ratio of ferromagnesian minerals were controlled
by the bulk composition (Mg/Fe ratio) of the rock.

4.2. Manganese, chromium and titanium in olivine, pyroxenes, and spinel

The relationships between Fo content of olivine and MnO contents of olivine,
pyroxenes, and spinel are shown in Fig. 8. The MnO contents of olivine, ortho-
pyroxene, and clinopyroxene increase with decreasing Fo content, which is general
in most geochemical processes although it is not the case for ureilites where the
effect of reduction at subsolidus temperatures is large (GOODRICH and BERKLEY,
1985; GoobDRICH et al., 1987). The MnO content of spinel shows the opposite
relation in that the MnO content increases with increasing Fo content. This is due
to high MnO content of Y-8002 spinel, but it is doubtful whether the value is
representative of Y-8002 spinels or not. If we take the MnO content of the
large spinel grain (1.2 wt% ) instead of the average value, which is shown by a
diamond in Fig. 8d, the MnO content of spinel in the ‘“‘unique” meteorites makes
an inverse relationship with the Fo number, being consistent with the relationships
of olivine and pyroxenes. Further analysis for big spinels coexisting with silicates
will be required. In spite of the uncertainty of internal relationship, the MnO
contents of spinels in the ‘“‘unique” meteorites are a little higher than those of
ordinary chondrites.

The TiO. contents of orthopyroxene are weakly related to the Fo contents
(Fig. 9a) and those of clinopyroxenes are positively related to the Fo contents
(Fig. 9b). On the contrary, those of spinels are negatively correlated (Fig. 9c).
The TiO, contents of orthopyroxene are nearly the same level as those in the
ordinary chondrites, those in clinopyroxene are much higher, and those of spinels
are significantly lower.

The Cr.,O, contents of orthopyroxene are scattered in the diagram (Fig. 10a),
and it is difficult to see any internal relationship. The Cr.O, content of clinopyroxene
is negatively related to the Fo content (Fig. 10b), suggesting the same trend for
orthopyroxene. If it is the case, the Cr.O, data for Y-75274 and Y-8002 except
for the present study (large solid square) are too high. The Cr.O, contents of
spinel are inversely related to the Fo content (Fig. 10c), which are significantly
higher than those in ordinary chondrites.

4.3. Plagioclase
The An content of plagioclase is positively related to the Fo content of olivine
(Fig. 11a), and is higher than that of ordinary chondrites. The An contents of
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Fig. 8. The relationships between Fo contents of olivine and MnO contents of (a) olivine, (b)
orthopyroxene, (c) clinopyroxene, and (d) spinel in the “unique” meterorites. P.M. shows the
partial melting.trend of the “unique” meteorites and C.F. shows the cosmochemical fractionation
trend responsible for the origin of chemical group of ordinary chondrites. The MnO contents of
olivine, orthopyroxene, and clinopyroxene decrease with increasing Fo contents of olivine. See
discussion in text for spinel. Primary compositions of clinopyroxene and spinel in the precursor are
richer in MnO than those in ordinary chondrites. P.M. trends for spinel based on the “average”
composition of Y-8002 (black solid) and that based on composition of the spinel #1 (diamond) are
shown (Fig. 8d)

plagioclase, as well as X, of ferromagnesian minerals, are classified into two
groups: Y-8002 and Y-75274 have calcic plagioclase, and those in other meteorites
have less calcic plagioclase. The An content of plagioclase is positively related to
the Xy, of pyroxenes and spinels and the Cr.O, content of spinel (Fig. 11b).
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4.4. Oxygen isotopic compositions

The oxygen isotopic compositions of the “unique” meteorites have been reported
(CLAYTON et al., 1984; MAYEDA et al., 1987, MAYEDA and CLAYTON, 1989), and
are summarized in Fig. 12a. They are plotted in a wide area on the three isotope
plot below the terrestrial fractionation line. There is no clear relationship between
mineralogy and oxygen isotopic composition, but Y-8002 and Y-75274, which
were formed through high degree of partial melting as will be discussed later,
and Y-74357, which was reduced at subsolidus temperatures, in the lower portion
of the three isotope plot than other meteorites.

The problem is similar to the oxygen isotopic compositions of ureilites (CLAYTON
and MAYEDA, 1988). Oxygen isotopic compositions of ureilites are plotted around
the “Allende mixing line” with slope of 1 with significant scatter. CLAYTON and
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Fig. 10. The relation-
ships between Fo con-
tents of olivine and
Cr,0; contents of (a)
orthopyroxene, (b) cli-
nopyroxene, and (c)
spinel in the “unique”
meteorites. Cr,O; in
orthopyroxene does not
show a clear trend, that
in clinopyroxene de-
creases, and that in
spinel increases with in-
creasing Fo content. De-
crease in Cr,0j in clino-
pyroxene with increas-
ing Fo content may be
due to  crystalliza-
tion of highly chromian
spinel.
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Fig. 11. The relationships between the An contents of plagioclase and (a)
Fo contents of olivine and (b) Cr,Oj3 contents of spinel in the
“unique” meteorites. L.S. and M.B.G. in (a) show the trends
parallel to the fractional crystallization trends of gabbros in the
Layered Series (L.S.) and Marginal Border Group (M.B.G.) of
Skaergaard Intrusion. Absolute compositions of L.S. and
M.B.G. are different from the trends shown in the figure, but the
slope are the same. They are more gentle slope than the P.M.
trend by the “unique” meteorites. Average composition is shown
for M.B.G. Data from WAGER and BROWN (1968) and HOOVER
(1989).

MaYeDA (1988) concluded that the diversity of oxygen isotopic compositions of
ureilites originated in nebular processes, which was not homogenized through igneous
processes in the parent body. GOODRICH et al. (1991), however, on the basis of
Sm-Nd and Rb-Sr dating, proposed a mixing of thc ureilite parent body with a
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Fig. 12. (a) Oxygen isotopic compositions of the Antarctic and non-

Antarctic “unique” meteorites and ureilites. The “unique”
meteorites are plotted along a line with a slope of 1/12 with large
scattering, and reduced meteorites, Y-8002, Y-75274, and Y-
74357, are plotted below the line. Data from CLAYTON and
MAYEDA (1978, 1988), CLAYTON et al. (1984), and MAYEDA and
CLAYTON (1980, 1989) and MAYEDA et al. (1987).
(b) Oxygen isotopic compositions of the calculated values for
Y-74063, Y-74357, Y-75274, and Y-791493 (see text for calcula-
tion), data for bulk Lodran and Acapulco along with original
data for Y-78230, Y-8002 and ALH-77081. They plot in a narrow
area, suggesting derivation from a common precursor.

material like carbonaceous chondrites matrix after igneous differentiation.

The reason for the great diversity of oxygen isotopic compositions of the “unique”
meteorites may be partial oxidation of metallic iron in Antarctica, which moves the
isotopic compositions toward the lower left of the T. F. line. We can estimate the
primary oxygen isotopic compositions of Y-74063, Y-74357, Y-75274, and Y-791493
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assuming that all oxygen in Fe.O, obtained by the wet chemical analysis was derived
from Antarctic ice through weatehring processes. The published and unpublished
Fe.O, contents in those meteorites are 0.91, 7.55, 2.8, and 6.0 wt%, respectively
(HARAMURA et al., 1983; NaGAHARA and Ozawa, 1986; YaNnal and KoJsiMma, 1991;
HARAMURA unpub. data). From these values, we get 3.45%. of 0'*O (3.01 before
recalculation) and 0.98%, of 6'"O (0.76) for Y-74063, 426 (1.52) and 0.94
(—0.43) for Y-74357, 3.3 (2.4) and 0.53 (0.08) for Y-75274, and 3.2 (1.19)
and 0.73 (—0.28) for Y-791493, respectively. The calculated oxygen isotopic com-
positions are shown in Fig. 12b with those of bulk compositions for Lodran and
Acapulco (MAYEDA et al., 1987; CLAaYTON, unpublished data) instead of mineral
data. They plot in a narrow area; thus the meteorites could be derived from a
common parent body.

The calculated compositions except for those of Y-74357 and Y-8002 are along
a line with slope of 1. The diversity is 0.8%¢ for '*O, 0.54%. for 6''O, and —0.93
to —1.19 for ¢'°O, which are no larger than twice of those for mineral separates
from Lodran and Acapulco (0.4 to 0.7%. for 6O, 0.4%, for 67O, and —0.8 to
—0.94 for 6'"O) (CrAayTON and MAYEDA, 1978; MAYEDA and CLAYTON, 1980).
Since those meteorites are coarse-grained, small amount of samples provided for
oxygen isotopic analysis can result in apparent large diversities, which is well shown
in the data for mineral separates from Lodran and Acapulco. The relatively large
diversity of Y-74357 may be due to overestimation of effect of weathering and that
of Y-8002 to data of which effect of weatehring has not been evaluated. Therefore,
the “unique” meteorites including Lodran and Acapulco have similar oxygen isotopic
compositions, which is a strong evidence for their derivation from a common
precursor.

5. Genetic Relationships among the “Unique” Meteorites

Major and minor elemental relationships among olivine, pyroxenes, spinel, and
plagioclase in the “unique” meteorites can be explained by 1) fractional crystalliza-
tion in a common parental body, or 2) partial melting in a common parental body.
NAGAHARA and Ozawa (1986) discussed that Y-791493, ALH-77081, Lodran, and
Acapulco were formed through different degrees of partial melting (difference in
temperature) from a common chondritic precursor material in a small body where
metal-troilite separation from silicates hardly took place but extraction of partial
melt easily occurred. The present study supports their conclusion; the difference in
mineralogy of the “unique” meteorites can be well understood by the difference in
degree of partial melting. A model of multiple parent bodies may be possible, but
the similar oxygen isotopic compositions of those meteories (Fig. 12b) prefer a
single parent body. Accordingly, there is no necessity to consider a multiple parent
body model in this paper.

Experimental studies have shown that X,. of olivine, orthopyroxene, and Ca-
pyroxene becomes higher with higher degree of partial melting although the dis-
tribution coefficient is nearly constant over a wide compositional, temperature, and
pressure range (e.g., DUKE, 1976; LONGHI ¢t al., 1978; JAQUES and GREEN, 1980;
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TakaHAsHI and KusHIRO, 1983). In this scheme, Y-8002 and Y-75274 are thought
to have been formed through the highest degree of melting and the others have
suffered lower degree of melting. There should be a relationship between relative
abundances of silicates and metallic phases and degree of partial melting (that is,
Xug of mafic minerals or An content of plagioclase), if the meteorites were formed
through different degrees of partial melting. However, as mentioned before, modal
compositions or bulk compositions of those meteorites are not representative because
of very small sample sizes in spite of fairly coarse grain sizes of the constituent
minerals. The MnO distribution between olivine and melt or between pyroxenes
and melt have been well studied for various systems and at various temperatures
and pressures. With increasing temperature, the MnO contents of olivine and clino-
pyroxene decrease (e.g., WATsoON, 1977; IrRvING, 1978; LiNnDsTROM and WEILL,
1978; JaAQUEs and GREEN, 1980; RAy et al., 1983; DUNN, 1987). The relationship
between MnO contents of olivine, orthopyroxene, and clinopyroxene and Fo contents
in the “unique” meteorites support the idea that Y-8002 and Y-75274 were formed
through higher degree of partial melting and that the others were formed through lower
degree of partial melting. As stated before, the MnO content of spinels appears to
be inconsistent with the partial melting model, but it may be due to unrepresentative
data of Y-8002 spinel.

The TiO. contents in orthopyroxenes and clinopyroxenes in the ‘“‘unique”
meteorites are positively related to the Fo content of olivines (Fig. 9a, b), on the
other hand that of spinel is inversely related (Fig. 9c). Experimental works have
shown that distribution of Ti in Ca-pyroxene becomes smaller with increasing tem-
perature (LINDSTROM and WEILL, 1978; RAY et al., 1983) or constant (DUKE,
1976; DuUNN, 1987), which contradicts the partial melting model for the “unique”
meteorites. The reason for this discrepancy is not known, but may be due to
crystallization under highly reducing conditions where all or part of Ti was reduced
to T*" and behaved as a compatible element.

Experimental results by JAQUES and GREEN (1980) showed that the Cr/(Cr+
Al) ratio of residual spinel increases and that the Cr.O; content of orthopyroxene
increases with increasing degree of partial melting. Aluminum is highly compatible
with melt, is lost from the residue, and the residual minerals become enriched in Cr.
The relationship between Fo content and Cr,O; contents of spinel in the “unique”
meteorites is consistent with the partial melting model, though that between Fo and
Cr,O; in clinopyroxene is not. This inconsistency may be due to crystallization of
highly chromian spinel prior to clinopyroxene, which reduced the concentration of
Cr in silicate melt.

Plagioclase compositions of the “unique” meteorites can be explained also by
the partial melting model. It is evident from texture that plagioclase was an inter-
stitial phase, that is, it was liquid during melting. Melt was almost completely lost
from Lodran. Extraction or movement of partial melt is easy in a short time
laboratory experiments (e.g., TAKAHASHI, 1983), and is also easy under the presence
of temperature gradient in the system (WALKER et al., 1988). Very small amount
of melt was lost from others. On the contrary, it is difficult to retain partial melt
at high degree of melting which is estimated to be more than 10% from modal
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composition of plagioclase. Existence of interstitial melt implies that the meteorite
melted in a place where gravitational separation of liquid was not effective. 1t does
not favor a large magma chamber, and rather prefers a small melt stream, which
will be discussed later.

When a chondritic material melts in a closed system, the melt composition
should become more calcic with increasing degree of melting because Na is much
more compatible with melt than Ca. The Fo content of olivine and the Cr.O;
content of spinel are positively related to the An content of plagioclase in the
“unique” meteorites (Fig. 11), showing that Y-75274 and Y-8002 were formed
through the highest degree of melting, followed by Acapulco, Y-791493, ALH-7781,
Y-74063 and Lodran, of which relative order is not resolvable. This order appears
to be partly inconsistent with textural observation; Y-74063 and ALH-77081 have
relict chondrules; on the contrary, Y-791493 and Lodran are coarse-grained
magmatic rocks like terrestrial peridotites. Furthermore, Lodran does not have
plagioclase. This discrepancy comes mainly from heterogeneity of plagioclase (up
to Smol% An content in Y-8002) although the average values are shown in Fig.
11. The literature data for degree of heterogeneity of plagioclases of other samples
are 1-2 mol%, but further detailed study will be required. The discrepancy comes
also from uncertainty of the compiled mineral data where relative error among
laboratories may be 1 mol% for Fo and Xy, of other ferromagnesian minerals,
from small sample sizes which makes analytical uncertainty larger, and from
insensitivity of mineral compositions against partial melting with low degree of partial
melting. Thus, the unclear relationship among Fo content of olivine, An content
of plagioclase, and texture of Y-74063, Y-78230, Y-791493, ALH-77081, Acapulco,
and Lodran is due to quality of the compiled data.

The REE patterns of the “unique” meteorites (Fig. 13) support the idea that
the “unique” meteorites were produced through different degrees of melting from a
common precursor which were estimated from mineralogical data. We should be
careful in interpreting the REE patterns of those meteorites. At first, although
the meteorites are residue of partial melting, partial melts were not completely lost,
but yet melt (plagioclase) remained in the interstices in most meteorites. This is
probably because melt extraction was not effective in a small body due to small
gravity and melting in a small melt stream. It means that the stage of crystallization
of cumulus phases and interstitial phases were not the same; it shows a possibility
that melt network transported interstitial melt after solidification of cumulus phases,
which is general for cumulate rocks. Furthermore, the samples provided for REE
analyses arc not necessarily representative of bulk composition of rocks because of
small size, as well as modal compositions and major elemental compositions.

Y-74063 and ALH-77081 are primitive as shown by flat chondritic patterns
(ScHULTZ et al., 1982; YaAMAMOTO et al., 1991); Y-8002 is residue of partial
melting where small amount of melt rich in plagioclase component was added after
extraction of partial melt, resulting in enrichment of heavy REE with small positive
Eu anomaly (YaMAMOTO et al., 1991). Acapulco is rich in a melt component
with significant light REE enrichment and flat heavy REE (PALME et al.,, 1981).
Lodran is primitive having weak heavy REE enrichment and minor depletion of Eu
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Fig. 13. REE patterns of the Antarctic and non-Antarctic “unique” meteorites.
Y-74063 is flat, suggesting that it is primitive, ALH77081 is similar to
Y-74063 with slight addition of plagioclase, Y-8002 and Lodran are
residue with slight enrichment or loss of plagioclase (melt), and
Acapulco is enriched in melt fraction. Data from FUKUOKA et al.
(1978), PALME et al. (1981), ScHLUTZ et al. (1982), and YAMAMOTO et
al. (1991).

(Fukuoka et al., 1978). The REE concentration of Y-8002 is higher than Lodran.
Although this is consistent with the fact that Lodran does not have interstitial
plagioclase and that Y-8002 has abundant plagioclase, it is inconsistent with the
model of higher degree of partial melting for Y-8002 than Lodran. The reason
for this discrepancy is known.

FUKUOKA et al. (1978) proposed disequilibrium melting for the origin of REE
pattern of Lodran. PALME et al. (1981) also suggested “some disequilibrium
melting” for the origin of Acapulco REE pattern. However, disequilibrium melting
would not be the only one possibility for the Lodran and Acapulco REE patterns.
They assumed melting in closed systems; however, the systems should have been
open as mentioned before. The chemical compositions of plagioclase and REE
patterns suggest that the abundance of interstitial melt changed during melting. The
modal composition of these meteorites does not show the degree of melting because
both melt extraction and addition took place.

Mineralogical and textural characteristics of the “unique” meteorites can also
be achieved through a fractional crystallization process. Generally, it is not easy
to distinguish the effect of fractional crystallization and partial melting, as has been
debated for the origin of the HED parent body. Bulk compositions of eucrites plot
near the peritectic point of the system olivine-pyroxene-plagioclase, which is sugges-
tive of formation of eucrites as a partial melt (STOLPER, 1977; STOLPER et al.,
1979; Sack et al., 1991). Partial melting model, however, did not well explain
the compositional continuum from diogenites to eucrites, which is rather favorable
to the fractional crystallization model (IKEDA and TAKEDA, 1985; HEwINs, 1986;
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WARREN, 1985). In the case of the “unique” meteorites, we have residues but do
not have meteorites corresponding to a melt fraction, which makes the understanding
of the origin ambiguous.

The compositional relationship between olivine and plagioclase may distinguish
the process of partial melting and fractional crystallization. In the process of
fractional crystallization, change of Fo content is larger than that of An content at
the early stage of fractionation when olivine and plagioclase crystallize simultaneously;
with progress of fractional crystallization, the An mol% decreases more slowly
than Fo mol% although the absolute Fo and An content are dependent on magma
compositions. The lines labelled LS or MBS in Fig. 1la are the trends of the
Layered Series (LS) and Marginal Border Series (MBS) of the Skaergaard gabbroic
Intrusion (WAGER and BrRowN, 1968; Hoover, 1989). These lines have more
gentle slope than the line defined by the “unique” meteorites, which suggests that
the “unique’” meteorites were not formed through fractional crystallization, although
plagioclase of the Skaergaard Intrusion is cumulus and those in the ‘“unique”
meteorites are interstitial.

The largest problem for the fractional crystallization model is that Y-74063
and ALH-77081, which have the lowest Xy, of ferromagnesian minerals, have
chondritic texture. If they were formed through fractional crystallization from more
magnesian precursor, they should have igneous texture. This excludes the possibility
of fractional crystallization for the origin of “unique” meteorites.

Formation of the “unique” meteorites through partial melting does not neces-
sarily mean crystallization in a large magma chamber. Abundant concentration of
rare gases in those meteorites (TAKAOKA and YosHIDA, 1991) is inconsistent with
melting and crystallization in a big magma chamber which should have caused loss
of rare gases. They should have formed in a small melt pocket or melt stream in
a fairly short time. NAGAHARA and Ozawa (1986) discussed on the basis of olivine
petrofabric analysis that Y-791493 melted in a small melt stream. Olivine in Y-
791493 has a fabric of Y(c) concentration, which suggests formation in a magmatic
laminar flow rather than by crystal accumulation in a stagnant magma chamber.
Petrofabric analysis for Y-8002 has not yet done, but a preliminary result shows
that Y-74063 olivine also shows the Y(c) concentration (TSUCHIYAMA, private
communication ), supporting the conclusion that the “unique” meteorites melted in
a small magma stream. Heterogeneous melting in a parental body may be important
for the origin of the “unique” meteorites.

6. Precursor Material of the “Unique” Meteorites

As discussed in the previous chapter, the ‘“unique” meteorites were formed
through partial melting from a common precursor. Compositional relationships
among minerals in the ‘“‘unique” meteorites and those among ordinary chondrites
make it possible to estimate the primary composition of the ‘“unique” meteorites
before melting. Since mineral compositions from meteorites with different degrees
of partial melting are linearly related to each other (Figs. 7-11), the precursor
composition before melting should be on the extension of the lines. The line
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defined by minerals in the “unique” meteorites were formed during partial melting,
and it will be called “partial melting trend (P.M.)”, hereafter. Data of Y-74357
were not used, because of reduction of olivine.

Although the “unique” meteorites shows various textures, the chondritic texture
with relict of chondrules in ALH-77081 (ScHULTZ et al., 1982) and in Y-74063
(Yanar and KoJiMa, 1991) indicates that the precursor was a kind of chondrite
and that the equilibrium Fo content should be 87. The precursor chondrite is
tentatively called as an “U(nique)” chondrite. The relationships among X, and
the Mn, Ti and Cr contents of ordinary chondrite minerals are investigated (Fig.
7-11). The trends are linear, which should have been established through cosmo-
chemical fractionation by which chemical group of ordinary chondrites were achieved.
Tine will be called “cosmochemical fractionation line (C. F.)”, hereafter. If the
composition of minerals in “U” chondrite are on the extension of the C. F. lines, it
means that the “U” chondrites were formed in a similar region in the solar nebula
as ordinary chondrites where a common cosmochemical fractionation process played
a role on the bulk composition of the precursor materials.

X, of ortho- and clinopyroxene at Fo.; on the P.M. are 0.87 and 0.92,
respectively, which are on the extension of C. F. Xy, of spinel (0.3) is higher than
that at Fo.. on C. F. (0.15). Other compositions thus obtained are: An of plagio-
clase 15, MnO in olivine 0.5, MnO in orthopyroxene 0.58, MnO in clinopyroxene
0.34, MnO in spinel 1.18, TiO. in orthopyroxene 0.15, TiO. in clinopyroxene 0.42,
TiO. in spinel 1.3, Cr.O, in orthopyroxene 0.3, Cr.O, in clinopyroxene 1.3, and
Cr.O, in spinel 60. The An contents of plagioclase (Fig. 11a), and the MnO
contents of orthopyroxene (Fig. 8) on P. M. and C. F. cross at Fo,;, but those for
X of spinel (Fig. 7) and MnO of clinopyroxene and spinel (Fig. 8), TiO. and
Cr.O, in pyroxenes and spinel (Figs. 9 and 10) do not. The estimated values are
summarized in Table 5. Numbers in parenthesis are the values estimated from the
cosmochemical fractionation which formed the chemical group of ordinary chondrites.

The higher P. M. values of MnO and particularly Cr.,O, contents at Fo.; than
C. F. values at Fog; should reflect higher contents of those elements in the “U”
chondrite. High Cr content in Acapulco has been previously pointed out by PALME
et al. (1981) and that of Y-791493 by NAGAHARA and OzawA (1986). ScHULTZ
et al. (1982) thought that the high Cr content of ALH-77081 is due to insufficient
sample allocated to the bulk chemical analysis in which chromite is heterogeneously

Table 4. Estimated mineral compositions of the “U” chondrite.

ng or An MnO Ti02 Cr203
Olivine 87 0.5
Orthopyroxene 86 0.58 0.15(0.18) 0.3(0.1)
Clinopyroxene 92 0.34(0.23) 0.42(0.48) 1.3(0.6)
Spinel 0.3(0.16) 1.18(1.08) 1.3(1.8) 60(58)
Plagioclase 15

Numbers in parenthesis are values estimated from the cosmochemical fractiona-
tion trend responsible for chemical group of ordinary chondrites
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distributed. They should have agreed to the high concentration of Cr if they investi-
gated the high abundance of Cr in pyroxenes and spinel. High concentration of
moderately volatile siderophile elements, P, Mn, Zn, and Ga as well as Cr, have
been pointed out for Y-791493 (NaGaHARA and Ozawa, 1986), Acapulco (PALME
et al., 1981) and for ALH-77081 (SCHULTZ et al., 1982). Although there is not
sufficient analytical data for the “unique” meteorites, the data for Y-74063 (FUuKUOKA
and KiMURrA, 1990) show also high concentration of Mn. The Cr concentration
is, however, unexpectedly low, which is even lower than that of ordinary chondrites.
This may be actually because of insufficient sample allocated to bulk analysis. The
MnO data for Y-74063 by YanNal and KoJsiMa (1991) seems to be too low; the
MnO contents in olivine, pyroxenes, and spinel shown in their paper are higher
than the bulk data. The data are also inconsistent with the analytical result by
Fukuoka and KiMuRa (1990). Thus the MnO content of the precursor of the
“unique” meteorites is higher than the value reported for Y-74063. Difference in trace
element concentrations in the “U” chondrite and ordinary chondrites exhibits that
the “U” chondrites were formed at the different region in the solar nebula where
ordinary chondrites were formed. This is supported by difference in oxygen isotopic
compositions of the “unique” meteorites from those of ordinary chondrites (Fig. 12).

High abundance of rare gases in both the “unique” meteorites (PALME et al.,
1981; ScHULTZ et al., 1982; TAKAOKA and YosHIDA, 1991) and ureilites (GOBEL
et al., 1978) is a problem. Recent study on rare gases have revealed that rare gases
are enriched not in grain boundary but in all minerals including olivine, pyroxenes,
kamacite, and troilite in Y-74063 (TAKAOKA et al., 1991) and in a magnetic separate
in Acapulco (MARTI et al., 1991). This enabled the high abundance of rare gases
even after magmatic processes, but the duration of melting should have been short
enough to retain gases.

7. Role of Reduction

The compositions of minerals indicate that Y-8002 and Y-75274 should have
formed through a high degree of partial melting from a precursor “U” chondrite
with a composition similar to Y-74063. The distribution of Mg and Fe between
melt and olivine, however, shows that Fo,. olivine cannot be formed from Foy, of
Y-74063. It has been well established that distribution of Mg and Fe between
olivine and melt (K,=(Fo/Fa)-(X}Y/X}9) is about 0.3 regardless of the com-
position of the system and temperature and pressure (ROEDER and EMSLIE, 1970;
LONGHI et al., 1978; TakaHAasHI, 1978). The most magnesian olivine which can
be formed from Foy, olivine is calculated to be Fo,; ;, which is a little less magnesian
than Fo,; of Y-8002 and Y-75274. Or conversely, the Mg/(Mg+Fe) ratio of the
melt which coexists with Fo,; olivine is 0.91, which is more magnesian than the
0.87 of the “U” chondrite. This means that olivine in Y-8002 and Y-75274 cannot
be formed even through total melting of the “U” chondrite. Reduction of the
liquid during melting would be important for the origin of highly magnesian olivine.
The model of crystallization of Y-8002 and Y-75274 under reducing conditions is
consistent with the presence of graphite inclusions in kamacite in Y-8002 and Y-
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75274. Forsterite 95 olivine can coexist with orthopyroxene and metallic iron at
101-10"7 atm f,, at magmatic temperatures (1000°-1200°C) (NiITsaN, 1974).
Graphite is stable at this f,, even at 1 bar, and will be stable at higher pressure
plausible for a magma stream in a small body. The estimated f,, is a little above
the measured f,,-T curve for pallasites which is in turn a little higher than that for
EL6 chondrites (BRETT and Sato, 1984). This f,, condition is 1 to 1.5 orders of
magnitude lower than that for ordinary chondrites.

Reduction of liquid during partial melting should have been quite different from
that at subsolidus temperatures. Reduced metal could have been separated from
silicate liquid by dissolving into metallic Fe-Ni, resulting in the apparent absence of
evidence for reduction in solid phases.

Reduction of partial melt may affect the Mg-Fe distribution between minerals.
The relationship between Fo content of olivine and Cr.O, content of spinel of the
“U” group meteorites is inconsistent with previous studies on peridotite melting
(JaQues and GREeeN, 1980; Dick and BULLEN, 1984). Partial melting largely
changes the Cr/Al ratio of spinel, but changes slightly the Mg/Fe ratio of olivine
when the degree of melting is not extremely high (>50%). The Cr/(Cr+ Al)
ratio of spinel varies from 0.87 of Y-74063 and ALH-77081 to 0.91 of Y-8002,
on the contrary, the Fo content from 0.87 to 0.97. Variation of Fo content is too
big compared to that of spinel Cr/(Al+Cr) ratio, which may be also due to
crystallization of highly magnesian olivine.

8. Conclusions

Petrological study of Y-8002, a ‘“unique” meteorite, has shown that it is a
group of non-classified meteorites which includes Y-74063, Y-75274, ALH-77081,
Y-791493, Acapulco, and Lodran. Y-74357, Y-78230, and MAC88177 may belong
to this clan, though data are insufficient to be conclusive. Xy, of pyroxenes and
spinel, the An content of plagioclase, and the Cr,O; contents of spinel and ortho-
pyroxene in these meteorites are positively related to the Fo content of olivine, and
the MnO and TiO, contents of pyroxenes and spinel are inversely related to the
Fo content. These relationship are formed through a partial melting process and
the differences in mineral compositions are due to the difference in degree of partial
melting from a common precursor. Y-8002 and Y-75274 were formed through a
high degree of melting under low f,, conditions intermediate between ordinary
chondrites and pallasites, resulting in crystallization of highly magnesian olivine,
pyroxenes, and spinel. The other meteorites were formed through lower degrees of
partial melting. This model is consistent with the REE patterns. Extraction of a
partial melt was effective during melting because of an easily formed melt network.
Melting took place in flows of melt heterogeneously in a parent body, rather than
in a stagnant floor of a magma reservoir. The precursor is a kind of chondrite
having chondrules with composition more magnesian than any ordinary chondrites
but less magnesian and E chondrites. Because of unique composition of minerals,
the precursor chondrite is tentatively called as “U” chondrite. Mineral composition
of the “U” chondrite was estimated from the mineral trends during partial melting.
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The “U” chondrite is richer in Cr and Mn than the composition estimated from
fractionation trends responsible for chemical group of ordinary chondrites, thus,
precursor material of the “U” chondrite was formed in a different region in the
solar nebula from ordinary chondrites. Oxygen isotopic compositions of the “U”
meteorites plot in a narrow range below the terrestrial fractionation line, supporting
their formation in a location different from that for ordinary chondrites.
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