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ABSTRACT

Chromite composition in pallasites, mesosiderites, monomict pigeonite-plagioclase
achondrites (eucrites) and a few miscellaneous meteorites is reiated to meteorite classifica-
tion and oxygen fugacities; Feo/FeotMgo ratios in coexisting olivine and chromite in-
crease from pallasites (low oxygen fugacities) to monomict pigeonite plagioclase achon-
hrites and chassignites (high oxygen fugacities). The Mg-Fez+ distribution coefficients in
chromite-olivine pairs appear to be useful in estimating formation temperatures

Ilmenite, analyzed in 9 monomict pigeonite-plagioclase achondrites, shows close simi-
Iarities in major and minor element contents with ilmenite in 4 mesosiderites, but is difier-
ent from ilmenite in ordinary chondrites. Distribution of Mn and Mg between coexisting
ilmenite and chromite shows a preference for the ilmenite structure.

InrnolucrtoN

Composition of chromite in ordinary chondrites is related to the bulk
meteorite composition and chondrite classification as determined by
FeO/(FeO{ MgO) ratios in coexisting olivine-orthopyroxene (Snetsinger
et al., 1967; Bunch et al., 1967). Furthermore, composition of chromite
from sil icate-bearing inclusions in iron meteorites is related to FeO/FeO
*MgO ratios in coexisting olivine, orthopyroxene, and diopside (Bunch
et a|,., l97O), implying equil ibration between sil icates and chromite. Simi-
larly, in studies involving terrestrial rocks it has been shown that chro-
mite, despite its accessory nature, is a sensitive indicator of the physico-
chemical conditions under which the host rock formed (Thayer, 1946;
Irvine, 1967; Jackson, 1969). Jackson (1969) has suggested that com-
positions of coexisting olivine and chromite may be valuable in ascer-
taining relative formation temperatures. In the present study, chromite
in selected pallasites, mesosiderites, achondrites and a few miscellaneous
meteorites was analyzed with an electron microprobe in an effort to
determine what could be learned about the composition of chromite in
meteorites other than chondrites and silicate-bearing inclusions in iron
meteorites, the relationship between chromite and coexisting phases, and
the conditions under which it crystallized.

Ilmenite was also analyzed in monomict pigeonite-plagioclase achon-
drites (eucrites) and in a few mesosiderites (i lmenite is exceedingly rare
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in other non-chondrit ic types of meteorites). Recently, Snetsinger and

Keil (1969) reported that the composition of i lmenite in ordinary "equi-

librated" chondrites shows a relation similar to chromite with regard to

chondrite classification and it seemed promising to study whether similar

relationships hold for meteorites other than chondrites.

ANer-vrrcar Mnrnon

Analyses were carried out with an ARL-EMX electron microprobe

X-ray analyzer, using an accelerating voltage of 20 kV and a sample

current of approximately 0.02 prA. Correction procedures for chromite

analyses are similar to those employed by Snetsinger et al. (1967) and

Bunch et ot. (1967). Correction procedures f or ilmenite analyses followed

those used by Snetsinger and Keil (1969). Drift, background, dead-time,

mass absorption, secondary fluorescence by characteristic x-rays, and

atomic number correction were made for all elements. Data given in this

paper are averages of 10 analyses of 5 to 22 diffetent mineral grains per

meteorite.

CnnourrB

Generally speaking, chromian spinels typically contain the oxides

MgO, FeO, CrrOa, AlzOr, and FezOe. In addition, minor amounts of MnO,

TiOr, VgOa, ZnO, NiO, Ga2O3, and CoO have been found in many ter-

restrial chromites. The simplest chemical formula of a spinel mineral is

R2+R3+O+, where R2+ can be Fe, Mg, Mn, Zn, Ni, and Co, and R3+ can

be Cr, AI, V, Ga, and Tia+. Departures from the simplest formula (or

from the structural formula Rrz+ prua+grr) are common, with an excess

of R2+ being most common (Irvine, 1965). This excess is usually attrib-

uted to the ability of Fe2+ to coordinate either 4-fold or 6-fold. In micro-

probe analyses, where the oxidation state of the iron cannot be deter-

mined, total excess of cations above stoichiometric proportions (24.00

cations on the basis of 32 oxygens) indicates analytical error or the pres-

ence of Fe3+. A deficiency in cations usually means either analytical

error, cation defect structures, or change in valency of a trivalent cation

to the divalent state. The total number of cations per unit cell for bal-

anced chromite is 24.00, and most chromite analyzed in this work is close

to this number with a range of from 23.90 to 24.10, which is within the

analytical error. For microprobe analyses, this is taken to mean that

Iitt le or no Fea+ is present in chromite. A few chromites have cation totals

outside this range and their significance is discussed below.

Pall,asi,tes. The grain size ((1-3 mm) of chromite in pallasites tends to

be larger than in other types of meteorites and the grain shape ranges
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Teer,r 1
Electron Microprobe Anal l 'ses ( in Weight Percent) and SLructural  Formulae of Chromite Pinal lasi tes
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from euhedral to anhedral. Chromite in these rocks is characterized by
very low amounts of TiOz (0.18 wt. /e average) and grain-to-grain homo-
geneity. Variations in composition from grain-to-grain are within the
precision of the method for all elements but aluminum, a situation similar
in this respect to "equilibrated" chondrites (Bunch et al., 1967).

Chromium and aluminum are the most variable elements in chromite
from different pallasites, ranging from 60.5 to 69.0 wt. 70 CrzOs and 1.5
to 9.1 wt. 7o AlrOt (Table 1) while other elements show little variation.
In the latter respect chromite is similar to coexisting olivine which ex-
hibits a narrow compositional range (Buseck and Goldstein, 1969).

The regular distribution of Mg and Fe2+ between coexisting olivine
and chromite suggests equilibration of the two phases. Jackson (1969)
has shown a dependence of the concentration of elements in these two
coexisting phases on temperature of crystall ization. Calculated distribu-
tion coefficients and temperatures of formation, using Jackson's equa-
tions, are given in Table 2. The formation temperature for pallasite

Tl'rl-n 2
Cation Fractions of Coexisting Olivine and Chromite in Pallasites,

Distribution Coefncients, and Temperature of Formation
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Tnsln 3
Electron Microprobe Analyses (in Weight Percent) and

Structural Formulae of Chromite in Mesosiderites
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chrornite-olivine pairs ranges from 1143" to 1359oC and are similar to
the temperature range of chromite-olivine pairs in silicate inclusions
(Bunch et  a l . ,1970).

Mesosiderites and Achondr'ites. Chromite in both these meteorite types is
very similar in composition, compositional variabil ity, and grain shape
(subhedral). Chromite in mesosiderites, on the average, contains slightly
less TiOz and FeO and more AlzOa and MgO than chromite in achondrites
(Tables 3 and 4). Grain-to-grain variabil it ies of major oxides in chromite
from achondrites of up to 86 percent of the amounts present are common,
with TiO2 being the most variable oxide. Compositional variability is less
for chromite in mesosiderites, with major oxides showing variabilities up
to 13 percent oi the amounts present, and TiOz again being the most
variable component. Within-grain compositional variabil ity is common

Tlsln 4

Eleclron Microprobe Analyses (in Weight Percent) and
Structural Formulae of Chromite in Achondrites
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in most achondrite chromite, particularly for t itanium and aluminum.
Chromite in achondrites coexists with rutile and rarely ilmenite. Al-
though statistics are poor owing to lack of samples, some chemical dis-
tinction can be made between chromite in monomict pigeonite-plagio-
clase achondrites (higher TiO2, FeO and VzOa) and chromite in bronzite
achondrites (higher in AlzOa and MgO) . A unique, shock-f ormed chromite
that contains very low CrzOs (31.4 wt. /) and large amounts of TiOz
(17 .6 wt. /) was f ound in glass of the C achari achondrite. This unusual
chromite is interpreted to have formed from shock-melting of a chromite-
i lmenite intergrowth followed by suli iciently rapid cooling to prevent
exsolution of a titanium-rich phase. Unshocked chromite in Cachari is
similar in composition to chromite from other monomict pigeonite-
plagioclase achondrites and is closely associated with i lmenite.

Miscelloneous Meteorites. Chassigny chromite is similar in composition
to chromite from monomicl pigeonite-plagioclase achondrites, but the
total cation content of 24.39 suggests the presence of ferric iron (Table 5).
Recalculation of the structural formula to give a cation total of 24.00 by
converting sufficient FeO to FezOe indicates an apparent FezOe content
of 5.0 weight percent. This amount of ferric iron is greater than that
found in chromite of any other meteorite, indicating it is probably the
most oxidized meteorit ic chromite studied to date. Chromite in the
Steinbach siderophyre is indistinguishable in composition from chromite
in pallasites. Putnam and Bagdad are the only iron meteorites we have
studied that contain chromite dispersed in the metal phase, and their
compositions closely approach the theoretical end-member FeCrzOa.
Fredriksson and Mason (1967) reported that the Shoza meteorite has an
unusual composition and structure for a chondrite. Similarly, the chro-
mite composition is different from any chromite in chondrites previously
studied, and is also dissimilar to chromite in other meteorites (Table 5).
Fredriksson and Mason (1967) also found that the formation tempera-
ture based on the diopside-enstatite solvus was unusually high for a

T,c.er,n 5
Electron Microprobe Analy*s (in Weight Percent) and

Structural Formulae of Chromite in Miscellaneous Metorites
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chondrite (1100" C). Calculation of a formation temperature based on
Fe2+ and Mg distribution between olivine and chromite and trivalent
element content of chromite also gives a high formation temperature
(11000 C) and adds support to their conclusions.

IrueNtrB

Ilmenite is essentially FeTiOa in composition, with minor amounts of
Mg, Mn, and Ca substituting for Fe2+ and Cr and Al substituting for Ti;
V is commonly concentrated in coexisting spinel phases. The total the-
oretical cation content of ilmenite is 4.00 on the basis of 6 oxygens, with
the number of divalent cations approximately equal to the number of Ti
cations.

Achondrites. Ilmenite in monomict pigeonite-plagioclase achondrites
(Table 6) coexists with chromite in all specimens as individual grains,
irregular intergrowth of ilmenite-chromite grains, exsolution lamellae in
chromite, or as grains of alternating ilmenite-chromite bands. No ilmenite
was found in the two bronzite achondrites studied. Minor grain-to-grain
compositional variability and zoning were noted in many of the analyzed
grains. Ilmenite in achondrites is enriched in FeO, CaO, and AlzOa and
depleted in MnO and MgO compared to ilmenite in ordinary chondrites
(Snetsinger and Keil, 1969).

Mesosi.d.erites. Ilmenite in the four mesosiderites studied is very similar

TAst-o 6

Electron Miuoprobe Analyses (in Weight Percent) and Structural Formulae
of llmenite in Achondrites and Messiderites
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T,q,nln 7
Average Electron Microprobe Analyses of Chromite from

Different Meteorite Classes (in Weight Percent)
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to i lmenite in achondrites; the only apparent compositional differences
are slightly higher MgO, MnO, and Cr2OB and lower FeO contents in
mesosiderite i lmenite (Table 6). Three of the four mesosiderites contain
ilmenite with analytical totals between 98 and 99 weight percent. These
low totals may be attributed to the presence of minor amounts of ferric
iron, defect structures, or analytical error. Within-grain compositional
variabil ity is rather small and only a few grains show slight chemical
zoning. Grain-to-grain variabil ity is about the same compared to i lmenite
in achondrites.

Several specimens contain i lmenite with very small inclusions of ruti le.
Exsolved ilmenite lamellae in chromite, parallel to (111), were observed
in both achondrites and mesosiderites, but were not analyzed because of
very small grain size (<5 p-).

DrscussroN

The summary Table 7 indicates that chromite composition is related
to meteorite classification and hence to the bulk composition. This rela-
tionship is further i l lustrated in Figure 1, which shows a close correlation
of FeO/FeO*MgO in chromite and coexisting olivine. This correlation
is both a function of total iron content in the meteorite (sil icate portion)
and the amount of oxidation. The FeO/FeOf MgO ratio in coexisting
olivine and chromite is lowest in sil icate inclusions and reaches a maxi-
mum in Chassigny. Olivine composition in achondrites and mesosiderites
was not measured, but if the FeO/FeO*MgO ratio of olivine and chro-
mite would show a regular distribution, as it does in other meteorite
types, then on the basis of the FeO content of chromite the highest
FeO/FeOf MgO ratios would be in pigeonite-plagioclase achondrites.
This is consistent with the very high FeO/FeO* MgO ratios in pyroxenes
of the "basaltic achondrites" (Duke and Silver, 1967).

Other element contents in chromite also tend to show the desree of
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Frc. 1. Fe2+(Fe2"*MS) ratios in chromite plotted against those in coexisting olivine.
Chromite and olivine compositions in silicate inclusions from Bunch et al., 1970; pallasite
fron Buseck and Goldstein, 1969; chromite in ordinary chondrites and olivine averages
(H, L, LL) Irom Bunch et al., 1976.

oxidation; Cr, Mn, audZr' are highest in the reduced meteorites (srl icate
inclusions) and Al and Ti tend to be highest in the most oxidized meteor-
ites (monomict pigeonite-plagioclase achondrites). Although bulk VzOr
content for most of the meteorites used in this study has not been mea-
sured, it is apparent that vanadium is enriched in the chromite phase.
Electron microprobe analyses of other phases reveals none contain de-
tectable vanadium (i.e.,200 ppm).A similar result was found for chro-
mite in chondrites (Bunch et al., 1967). The regular distribution of Mg
and Fe2+ between chromite and coexisting sil icates and the enrichment
of various elements (V, Ti, Zn, Cr) in chromite make it a sensitive indi-
cator of the physicochemical characterislics of meteorite environments.

Average bulk TiOr content vs. the average TiOr content of chromite
is plotted in Figure 2. Although limitations in precision and accuracies
are recognized in the bulk TiOz data due to inhomogeneous distribution
of major titanium-bearing phases in meteorites, it appears that nearly
linear relationships exist between TiOz content in chromite and bulk TiOz
(and FeO) in the silicate portions of pallasites, silicate inclusions in iron
meteorites, bronzite achondrites, mesosiderites, and monomict pigeonite-
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0 t 2 3 4
WEIGHT PERCENT OF Ti02 lN CHROMITE

Frc. 2. Weight percent TiO2 in chromite compared to the bulk content. Ap: monomict

pigeonite plagioclase achondrites, average 5 (Duke, 1967) ; M: mesosiderites, average of 5
(Ben Powell, personal communication) ; Ab : bronzite achondrites, average of 2 (Urey and

Craig, 1953) ; SI: silicate inclusions, average of 3 (Bunch et aL, 1970); P: paliasite, average

of 3. Only those meteorites in which chromite rvas analyzed and where bulk analyses were

available u'ere used.

plagioclase achondrites. A similar relationship is observed tor H, L, and
LL group chondrites, although small differences in bulk TiOz content
make this relationship somewhat more uncertain (it is also uncertain
whether the pallasites belong to the H, L, LL group trend or to the Sl,
Ab, M, Ap trend).It could be postulated that these relationships indicate
a degree of differentiation of one or two parent magmas for chondrit ic
and non-chondrit ic sil icate meteorites with an increase of TiOz and FeO
in the residual l iquid. Such increases are common in terrestrial rocks
(Wager and Mitchell, 1951; Kuno, 1968); there are, however, many
arguments against postulating a direct genetic relationship between
pallasites, sil icate inclusions, mesosiderites and monomict pigeonite-
plagioclase i lmenite.

Distribution of manganese between coexisting i lmenite and chromite
in monomict pigeonite-plagioclase achondrites and mesosiderites shows
that manganese is concentrated in i lmenite (Figure 3). Similarly, mog-
nesium shows a preference for the ilmenite structure relative to chromite
(Figure 4). The ratio
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Frc. 3. Mole percent Mn in coexisting ilmenite and chromite. chondrite ilmenite data
from Snetsinger and Keii (1969); Chondrite chromite data from Bunch et a1,.,1967.

may be useful in evaluating equilibration temperatures of the various
meteorites discussed here. Buddington (1964), in a study of the MnO
distribution between coexisting ilmenite and spinel (magnetite), found
that the r atio

MnO ilmenite

MnO magnetite

increased from a low in diabase and gabbro to higher values in syenite
and granite, with the highest ratios in high-grade metamorphic rocks,
which correspond to a decrease in equilibration temperatures. In general,
Figure 3 shows an increase in the ratio

MnO ilmenite
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MnO chromite
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MESOSIDERITES
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l-rc. 4. Mole percent Mg in coexisting ilmenite and chromite

from monomict pigeonite-plagioclase achondrites, mesosiderites and
L-LL-group chondrites to .E/-group chondrites, thus implying that
.t/-group chondrites equilibrated at lower temperatures (the other types
have similar ratios, thus similar equilibration temperatures). These ratios

are dependent primarily on temperature, pressure, and bulk element
concentration (Kretz, 1961), with the most important factor being tem-
perature (Buddington, 1964). To our knowledge there are no data per-

taining to distribution of elements between coexisting ilmenite and

chromite; however, it seems reasonable to assume that this mineral pair
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would behave in a similar manner to i lmenite and masnetite and if so
could be a useful temperature indicator.
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