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Introduction: The enstatite chondrites (EC) have
important implications for the evolution of the Earth,
inner Solar System and asteroid belt. They represent
extremes in the conditions that resulted in the proper-
ties of chondrites. Their silicate, sulfide, and metal
compositions record highly reducing conditions [e.g.,
1, 2]. They are the only chondrites with oxygen as well
as Cr, Ti, Ni and Zn stable isotope compositions simi-
lar to the earth and moon [3-5], but Si isotopes differ,
supplying evidence against a direct relationship be-
tween E chondrites and the Earth [6, 7]. Most ECs are
completely dry, lacking any evidence of hydrous altera-
tion; the only exception are EC clasts in the Kaidun
breccia which contain hydrous minerals [8]. Thus, ECs
likely formed within the snow line and are good candi-
dates to be building blocks of the inner planets [9].

Metal and sulfide in both EH3 and EL3 chondrites
are present as decrete nodules with complex mineral
assemblages. EH3  metal-sulfide  assemblages
wereshown to contain a variety of primary and second-
ary sulfides [e.g., 10] and to have complex, in some
cases layered mineral asseblages that include minor
amounts of silicates (enstatite and silica). These lay-
ered objects were interpreted to have formed through
progressive condensation in a reduced nebula [11, 12].
Studies of textural relationships in chondrules and sili-
ca-sulfide-rich assemblages suggest that reaction with
an external S-rich gaseous reservoir under conditions
of high fS, during melting played a role in EH
chondrite history [13]. In EL3 chondrites, metal-sulfide
nodules are texturally and mineralogically distinct from
those in EH3 [14, 15]. The EL3 nodules are about 200-
300 um in size and about 10 vol% of EL3 chondrites.
They have sharp boundaries with matrix and enclose
complex assemblages of enstatite, albitic plagioclase,
silica, schreibersite (FeNiP), troilite, daubreelite and/or
graphite. Enstatite in the metal occurs as needles and
laths. The origins of both EL3 chondrites and the metal
nodules they contain have been controversial. They
have been interpreted to be breccias with regions of
impact melt and the metal nodules with their enstatite
intergrowths have been interpreted to be products of
impact melting with mobilization of the metal and in-
jection into the pores of the EL3 regolith [14, 16]. Al-
ternatively, it has been argued that the EL3 metal nod-
ules are primary early Solar System materials [13].

Here we present a study of metal-sulfide nodules in
the ALH 81189 EH3 chondrite, selected because it is

probably one of the most primitive EH3 chodrites [17].
Thus, it may provide an important window into the
formation of metal-sulfide-silicate assemblages in EH3
chondrites and the role of reduction and/or sulfidation
in the formation of EC components.

Results: We studied 10 metal-sulfide nodules in
thin section ALH 81189, 3, supplied by ANSMET and
MWG. The nodules are generally sharply bound, round
to sub-round in shape with smooth to ragged or lobate
edges (Fig. 1, 2) and range up to ~500um in size (avg.
size = 340um). They range from being Si-bearing FeNi
metal-dominated to FeS (troilite)-dominated. Some
troilite is associated with small amounts of daubreelite
[FeCr,S4], possibly a subsolidus exsolution from the
troilite. Both FeNi metal and troilite contain small (1-2
pum-size) grains of shreibersite [(FeNi);sP] and some
metal is associated with perryite [(Ni,Fe)s(Si,P),] (e.g.,
Fig. 2). The perryite generally occurs as small grains
within or as fine intergrowths with the metal. Some
perryites may be condensates trapped in metal or it co-
crystallized with or exsolved from metal. One of the
troilite-dominated nodules contains a 70um area of
sphalerite [(Zn,Fe)S].

One of the intrguging aspects of the metal-sulfide
nodules is that some contain lithic silicate fragments.
Silica and enstatite are common in the metal-sulfide
nodules in the Sahara 97096 EH3 chondrite, in some
cases occurring as a fine layer in multi-layered nodules
[11, 12]. In EL3 metal nodules silica and enstatite gen-
erally are present as small blades [14, 15]. However, in
the ALH 81189 (EH3) nodules, the silicates are com-
monly lithic fragments consisting of assemblages of
enstatite, silica and Na-,Ca-feldspar and/or glass (Fig.
1) with mineral compositions typical of EH3
chondrules and matrix. The silicate fragments are gen-
erally irregular in shape and have textures that suggest
they are chondrule fragments. However, some of the
fragments are dominated by silica and some consist of
sub-micron-sized silicate grains, which is unlike typical
EH chondrules. One unusal object appears (in thin sec-
tion) to be a semi-ring of metal surrounding a mixture
of chondrule fragments (Fig. 2).

Discussion: The metal-sulfide nodules are sharply
bound primary objects that accreted together with the
chondrules to form the EH chondrites. They were free-
floating objects in the nebula: a kind of chondrule.
Layered metal-sulfide nodules in the Sahara 97096
EH3 chondrite have mineral assemblages and crystalli-
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zation sequences consistent with condensation from a
Solar gas under reducing condtions [11]. Study of trace
elements in the metal, shreibersite and perryite in met-
al-sulfide nodules indicate they are preaccretionary
objects that retain Cl ratios of siderophile elements
[12]. However, nodules were likely modified by vari-
ous degrees of melting and possibly sulfidation [12].
We propose that the nodules in ALH 81189 formed by
partial melting of sulfide-metal rich precursor assem-
blages. Some perryite in contact with troilite has been
interpreted to be a product of sulfidation of FeNi metal
[e.g., 12,18]. However, in the nodules we studied,
perryite generally does not occur in contact with troilite
and therefore we interpret it to be relict condensate
grains trapped in cooling metal, co-crystallized with
the FeNi metal or formed by exsolution from the metal.

The presence of silicate-rich, chondrule-like frag-
ments in the metal-sulfide nodules in ALH 81189 sug-
gests that the metal-sulfide nodules postdate or are
contemporaneous with chondrule formation. We did
not observe any direct evidence of sulfidation in the
nodules we studied but, in a sulfidation scenario [12]
the silicate fragments in the nodules could be interpret-
ed to be remants of silicate material that survived
sulfidation. However, the textures suggest a mechanical
process is more likely. The silicates appear to be relict
chondrule fragments that were incorporated into sul-
fide-metal liquids possibly during the transient heating
events of chondrule formation. Thus the metal-sulfide
nodules were likely assemblages of metal and sulfide
grains that were melted, partially melted or re-melted
(recycled) during chondrule formation, trapping broken
fragments of an early generation of chondrules.
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Fig. 1 Backscattered electron image of M10 in ALH 81189.
M10 is dominated by FeNi with lesser amounts of troilite,
minor daubreelite and schreibersite and contains silicate
inclusions that appear to be chondrule fragments.
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Fig. 2. Backscattered electron images of metal nodule M7 in
ALH 81189 (top) and enlargement showing the rim (bottom).
M7 consists of an interior portion consisting of FeNi, FeS
and chondrule frgaments. The outer layer (rim) consists of a
fine integrowth of FeNi and perryite.



