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Introduction: The occurrence of troilite and FeNi
metal is a useful indicator of shock and thermal meta-
morphic processes experienced by chondrites [1]. Ru-
bin and Arnold [2] recently reported that some regions
in the Smyer H-chondrite melt breccia consist largely
of troilite surrounding unmelted, crushed silicate
grains.  The authors suggested that the troilite formed
by reaction between metallic Fe and S, which vapor-
ized from sulfides and condensed as S2 in fractures
during a shock event.  We found troilite- and silicate-
rich assemblages in the Bishunpur LL(3.1) chondrite
that may be related to the troilite-rich regions in
Smyer.  The texture and mineralogy suggest that the
assemblages represent unequilibrated chondritic mate-
rial that was affected by shock metamorphism prior to
incorporation into Bishunpur.

Petrographic Description:
Troilite-silicate-metal inclusions  Subrounded to ir-

regularly shaped, macroscopically almost opaque in-
clusions (0.3-1.5 mm in diameter) were observed in
petrographic thin sections of Bishunpur (Fig.1).  The
inclusions typically consist of ~50 vol. % silicates, ~45
vol. % troilite, and ~5 vol. % FeNi metal.  They con-
tain numerous angular to subrounded silicate grains of
various sizes (<1-100 µm in diameter) that are indi-
vidually surrounded by troilite (Fig.2).  The relatively
coarse silicate grains are apparently fragments of
chondrules typical of petrologic type-3 chondrites;
they consist mainly of olivine (Fo55-98), low-Ca py-
roxene (En78-98), Ca-rich pyroxene (En48-68Wo11-
32), and glass (~65 wt. % SiO2, ~15 wt. % Al2O3, ~10
wt. % FeO, ~5 wt. % Na2O).  Mg-rich olivine grains
are enriched in Fe at their edges.  Cracks and intersti-
ces between silicate grains in each chondrule fragment
are filled with troilite.  Kamacite (3.1-4.3 Ni wt. %)
and tetrataenite (44-51 Ni wt %) occur as grains (10-50
µm in diameter) in troilite.  The kamacite is signifi-
cantly richer in Ni and Co (1.6-2.0 Co wt. %) than that
from other regions of Bishunpur (2.1-4.0 Ni wt. %,
0.2-1.3 Co wt. % [3]).

Troilite-silicate-metal rims around chondrules
Some chondrules in Bishunpur are partly or totally
surrounded by rims (10-100 µm in thickness) that are
similar in texture and mineralogy to the troilite-
silicate-metal inclusions described above.  Approxi-
mately one per thirty to forty chondrules has such rims.
There is no systematic difference in type and size be-
tween the rimmed and unrimmed chondrules.  A part

of the silicate grains in each rim have mineralogy
similar to that of the enclosed chondrule, suggesting
that they are derived from the chondrule.  In places
troilite intrudes into cracks and grain boundaries in the
peripheral portions of the rimmed chondrules.  The
kamacite in the rims is rich in Co (1.0-1.9 Co wt. %).
These rims may correspond to the “thick high-S rims”
described by Rambaldi and Wasson [4].

Fine-grained silicate-rich rims  Some of the troil-
ite-silicate-metal inclusions have discontinuous rims
composed of fine-grained silicates (Fig. 1).  Similar
fine-grained rims are observed at outside of the troilite-
silicate-metal chondrule rims.  Bulk compositions indi-
cate that these rims consist mainly of Fe-rich olivine
and minor Al-bearing silicate(s).  Some chondrules in
Bishunpur also have such fine-grained rims, which
have been studied by previous workers [5, 6]. Fine-
grained silicate-rich rims occur in many type-2 and -3
chondrites, and are widely regarded to have formed by
accretion of fine materials onto the chondrule surfaces
[e. g., 7].

Shock grade of Bishunpur  In order to estimate the
degree of shock metamorphism experienced by
Bishunpur, olivine grains in chondrules were observed
under an optical microscope.  Most grains show sharp
optical extinction and irregular fractures, although
some show undulatory extinction and, less commonly,
sets of parallel planar fractures.  Olivine grains in the
chondrules surrounded by troilite-silicate-metal rims
commonly show undulatory extinction.  Based on the
classification suggested by Stöffler et al. [8], S2 or S3
is applicable to Bishunpur.

Discussion: The troilite-silicate-metal inclusions in
Bishunpur texturally resemble the troilite-rich regions
in Smyer H-chondrite melt breccia [2], suggesting that
they have a similar origin.  However, in contrast to the
silicates in Smyer, silicates in the Bishunpur inclusions
range widely in composition.  They were presumably
derived from unequilibrated chondritic material.
Neighboring chondrule fragments show different tex-
tures and mineralogy, apparently having been derived
from different types of chondrules (Fig.2).  If troilite
formed by in situ reaction between metallic Fe and S2

as suggested for Smyer [2], another process is required
to collect various kinds of silicate fragments together
before precipitation of S2.  Rather, it appears that the
silicate fragments were transported during an impact-
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induced compaction, having been mixed with mobi-
lized troilite.

High Ni and Co contents in FeNi metal in the troil-
ite-silicate-metal inclusions may have been established
when metallic Fe reacted with S2 to form troilite [2, 9].
Such metal compositions could also result from break-
down of (Fe, Ni, Co)S to FeS, Ni-and Co-rich metal
and S2 vapor during thermal metamorphism [10].  In
any case, the high temperatures needed to mobilize
troilite did not continue for a long time, because small,
unequilibrated grains of Mg-rich olivine and low-Ca
pyroxene are still present within the troilite (Fig. 2).
McSween et al. [11] experimentally heated the
Krymka L3 chondrite at 500-1000˚C for one week.
They showed that at 900˚C and 1000˚C troilite and
metal were mobilized and filled all cracks and many
grain boundaries, while silicates show little composi-
tional change.  The presence of the troilite-rich inclu-
sions in Bishunpur provides additional evidence that S
is easily mobilized during an impact event, even if the
metamorphism is mild and does not affect silicate
compositions substantially.

Although the texture suggests an impact origin for
the troilite-silicate-metal inclusions, other regions of
Bishunpur appear to have escaped major shock meta-
morphism.  We suggest that the inclusions are xeno-
liths that formed elsewhere and were later incorporated
into Bishunpur.  It has been suggested that porous and
volatile-rich unequilibrated chondrites are subject to
shock-induced dispersal of the shocked and melted
material into small particles [8, 12].  The troilite-
silicate-metal inclusions are probably fragments from
such a shocked primitive asteroid.

It is of particular interest that similar troilite-
silicate-metal assemblages occur surrounding chon-
drules, as distinct rims.  The rims are different in tex-
ture and mineralogy from the fine-grained silicate-rich
rims, and apparently predate the fine-grained rims.
The troilite-silicate-metal rims are ubiquitous, although
not abundant, suggesting that formation of such as-
semblages was common.  The rims and the surrounded
chondrules were presumably fragments from the same
shocked asteroid.  It is possible that the precursor was
a part of the Bishunpur parent body itself.  The frag-
ments as well as other chondrules probably acquired
fine-grained accretionary rims during (re)accumulation
of the Bishunpur parent body.
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Fig. 1  One of the troilite-silicate-metal inclusions in
Bishunpur (BEI).  The inclusion has a discontinuous
fine-grained rim (arrows).

Fig. 2  An enlarged image of the boxed area in Fig. 1.
Tro: troilite, En: enstatite, Ol: olivine, Kam: kamacite.
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