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Abstract

We report results from an experimental study of sulfide chemistry during metamorphism on ordinary chondrite parent
bodies. Artificial LL-chondrite material, composed of silicate, iron metal, and sulfide grains, was placed in sealed, evacuated
silica tubes and heated to either 500°C or 900°C. These temperatures are representative peak metamorphic temperatures
experienced by type 3 and type 6 ordinary chondrites, respectively. Rapid sulfur mobilization occurs during heating and
results in the formation of sulfide rims around the metal grains and sulfur loss from the original sulfide crystals. The newly
formed sulfide rims have two distinct layers that incorporate nearby silicate grains. We also observe narrow sulfide trails that
follow silicate grain boundaries and connect separate sulfide-rimmed metal grains. The morphologies of the sulfide rims
suggest that vapor transport is the main mechanism for sulfur mobilization. Sulfur loss is observed along cracks and crystal
boundaries of the initial sulfide grains. After extensive reaction, patches of iron metal appear at the outer edges of the sulfide
crystals and large pore spaces form throughout the original sulfides. The experimental metal—sulfide assemblages resemble
those found in low metamorphic grade ordinary chondrites. This suggests metamorphism is mainly responsible for the
observed metal-sulfide textures in these chondrites. © 1997 Elsevier Science B.V.
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1. Introduction iron—nickel alloys in H,—H,S gas mixtures show
that the morphology, crystal orientation, and compo-

Sulfur is predicted to condense in the solar nebula sition of the resulting sulfide layers vary with tem-
by the gas—solid reaction: perature and H,S /H, ratio [1-3]. In addition, since
. : N sulfide growth is controlled by cation diffusion, Fe
FeNi(metal) + H,S(g) = (Fe.Ni)-.S + Hy(e) and Ni gconcentration gradients are present in the
(1) sulfide layers [1-3]. The magnitude of these concen-

between metal and H,S gas [1]. Previous experimen- tration gradients is a function of the temperature and
tal studies of the sulfurization of iron metal and sulfur fugacity during sulfide formation. Thus, iden-

tification and analyses of pristine nebular sulfide

condensates in chondrites could be a powerful tool
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We looked for evidence of nebular sulfides by
performing microscopic examination and electron
microprobe analyses of the metal-sulfide assem-
blages in the unequilibrated ordinary chondrite Allan
Hills 76004 (ALH-76004, 1L.L3.2/3.4 breccia) [1].
We found no concentration gradients in these assem-
blages indicative of gas—solid reaction in the solar
nebula. Instead, the morphology and bulk composi-
tion of these grains suggested that Fe, Ni, and S were
redistributed during a post-accretion heating event on
the LL-chondrite parent body [1]. This suggestion
implies that sulfur was mobilized during low temper-
ature metamorphism on the ordinary chondrite parent
body. This idea is supported by observations of
sulfur mobilization in a qualitative simulation of
metamorphism in carbonaceous chondrites [4]. How-
ever, detailed information is lacking on sulfur trans-
port mechanisms during low temperature metamor-
phism. Thus, we began a series of experiments to
study sulfide chemistry during metamorphic events
on LL-chondrite parent bodies.

2. Experimental procedure

The experimental charges consist of three compo-
nents: silicates, high purity iron metal, and sulfide
crystals. The silicate portion was prepared by fusing
a mixture of components having the same normative
mineralogy as the silicates in LL-chondrites [5]. The
composition of each component and the bulk silicate
mixture are given in Table 1. The well mixed silicate

Table 1
Composition of the silicate starting materials (wt%)
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components were heated for 2 h at 1550°C to fuse
the components together. The resulting silicate bead
was crushed with an agate mortar and pestle yielding
grain sizes <50 pm.

The iron used for the experiments was Fisher
Chemical certified pure iron metal powder (99.5%)
with an average grain size of ~ 50 pm. The sulfide
crystals were produced by sulfurization of iron metal
foil in an H,—-H,S gas mixture containing 1% H,S
at 900°C [2,3], yielding an average Fe/S ratio of
0.976 and an average sulfide grain size of ~ 500
pm.

It is important to remember that troilite is the
iron-rich end-member of the pyrrhotite solid solution
series which extends from FeS to Fe,S;. Pyrrhotites
with Fe /S greater than 0.98 have the troilite unit cell
and are thus considered to be troilite [2,6]. However,
any sulfide that forms by reaction between metal and
S-bearing gas has a bulk Fe /S ratio less than unity
and a compositional gradient that extends from an
Fe-rich composition at the metal—sulfide interface to
a S-rich one at the sulfide—gas interface. This gradi-
ent is a function of temperature, sulfur fugacity, and
the reaction kinetics. Experimental studies of sulfide
formation under nebular conditions produce sulfides
ranging in composition from Feg 4, S to Feg oS [2].

The silicate, suifide, and iron metal grains were
mixed together in proportions similar to those found
in LL-chondrites. The fraction of sulfide added was
increased to allow easier investigation of the effects
of metamorphism. The normative mineralogy of the
experimental samples is compared to that of ordinary

Oxide Olivine Quartz Diopside Anorthite Feldspar Experimental samples LL-chondrite silicates®®
MgO 49.0 - 26.1 - - 38.6 30.6

FeO 10.0 - - - - 7.6 17.3

Si0o, 41.0 100.0 55.6 434 68.4 48.7 46.6

CaO - - 17.7 20.0 1.4 1.6 1.9

AL, O, - - - 37.0 18.7 25 26

K,O - - - - 4.0 0.4 0.1

Na,O - - - - 6.9 0.7 1.1

Total 100.00 100.00 99.4 100.4 99.4 100.1 100.2

Fraction® 0.755 0.070 0.060 0.017 0.098

“Normative mineralogy from [5].
°Assuming a Mg# of 0.79 [11].
“Refers to weight fraction added to make the silicate mixture.
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Table 2
Normative mineralogy of ordinary chondrites and experimental
samples (wt%)

Mineral Ordinary chondrites® Experimental samples®
H L LL
Troilite 547 5.80 5.85 9.73
Metal 18.02 8.39 3.59 4.10
Olivine 3504 4483 5192 4784
Hypersthene 26.15 2415 2144 2575
Diopside 4.11 4.97 5.34 347
Anorthite 1.70 1.59 1.55 2.21
Albite 7.30 8.07 8.11 4.90
Orthoclase 0.56 0.64 0.61 2.01
Itmenite 0.23 0.24 025 0.00
Chromite 0.76 0.78 0.80 0.00
Apatite 0.65 0.54 0.54 0.00
Total 99.99 100.00 100.00 100.01

*Values from table 4 of [5].
®Caiculated using the CIPW norm.

chondrites in Table 2. The goal of this work is to
understand the mechanisms of sulfur transport in the
primary system Fe-S during low temperature meta-
morphism of ordinary chondrites. Experiments de-
signed to study the behavior of nickel during ordi-
nary chondrite metamorphism are under way.

The mixture was pressed into pellets and placed
in sealed, evacuated silica tubes. Each silica tube
was attached to the end of a Pt—PtRh thermocouple
and placed in the hot zone of a horizontal muffle
tube furnace. The furnace was continuously flushed
with high purity N, gas (99.999%) to minimize
oxygen diffusion through the silica tube. Experi-
ments were done at either 500°C or 900°C, represen-
tative peak temperatures experienced by type 3 and
type 6 ordinary chondrites, respectively (see Table
3). The 900°C experiments were used to investigate a

Table 3
Metamorphic temperature of ordinary chondrites®

Metamorphic grade Temperature range

()
3 400-600
4 600-700
5 700--750
6 750950
7 > 950
*From [8].

larger extent of reaction compared to the 500°C
experiments. The furnace was brought up to the
desired temperature within 30 min and held there for
2 weeks. After heating, the samples were cooled to
room temperature and then removed from the silica
tubes. The samples were mounted in epoxy and
polished for analysis by optical and scanning elec-
tron microscopy, and electron microprobe. Electron
microprobe analyses were made using the Washing-
ton University JEOL-733 electron microprobe and
pyrite (FeS,) was used as a primary standard.

3. Experimental results

All of our experimental samples show evidence of
sulfur mobilization during heating. One line of evi-
dence is the formation of sulfide crystais on the
initially present iron metal grains. Fig. la is a back-
scattered electron image of a metal grain in the
sample heated at 500°C. Small sulfide crystals are
observed in the pore spaces and along the outer edge
of the metal grain. Sulfide formation in pore spaces
penetrating the interior of metal grains indicates that
sulfur vapor transport is the main mechanism for
moving sulfur through the sample. The sulfide crys-
tals are small (< 1 pm diameter) and are not abun-
dant, suggesting only limited reaction in this sample.

Fig. 1b is a back-scattered electron image of two
sulfide-rimmed metal grains in an experimental sam-
ple that reacted at 900°C. The extent of reaction in
this sample is much larger than that seen in the
sample that reacted at 500°C. The pore spaces ini-
tially present in the metal are now completely filled
with sulfide. Sulfide rims surround the metal grains
and incorporate nearby silicates. The assemblage on
the left of Fig. 1b is partly surrounded by two
distinct sulfide layers. The inner layer is composed
of large sulfide crystals near the metal and the outer
layer contains a continuous sulfide band that also
surrounds several silicate grains. The thickness of the
sulfide layers is variable. This is probably due to
sulfide growth in initially porous regions near the
metal. The sulfide grew rapidly in directions with a
lot of pore space while only thin layers formed in
regions where the metal was in contact with silicate
grains. This is further evidence of vapor transport of
sulfur through pore spaces.
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Fig. 1c is a back-scattered electron image from
the same experimental sample as shown in Fig. 1b
(900°C). A thin sulfide rim is visible around the
large metal grain at the left edge of the image. A
small metal grain above this has been extensively
sulfurized and a thick sulfide rim surrounds it. In
addition, several smaller metal grains at the right
edge of the image have been sulfurized to a lesser
extent. The most interesting feature in this image is
the thin band of sulfide that extends around neigh-
boring silicate grains and connects the sulfide rims.
The sulfide trail follows silicate grain boundaries and
in several places encloses small silicate crystals. It is
possible that these sulfide trails form by sulfurization
of Fe-bearing silicates. However, if sulfurization of
Fe from silicate took place, we should observe sul-
fide rims around silicate grains. Since the trails
connect separate metal grains and Fe diffuses rapidly
in sulfide [7], we suggest that the trails grow outward
from the metal grains and that the Fe is supplied by
diffusion from the metal through the sulfide trail.

Evidence of sulfur mobilization is also seen in the
original sulfide grains added to the experimental
samples. Fig. 2 shows a series of back-scattered
electron images of the sulfides in our experimental
samples. Fig. 2a is a pressed pellet assemblage be-
fore heating. The large grain in the center of the
image is a 500 pm sulfide crystal. The sulfide grain
has a hexagonal crystal structure and well defined
crystal boundaries. Several cracks are visible
throughout the grain but it is otherwise very compact
with no apparent porosity. These are all common
features of sulfides formed by gas—solid reactions
[1-3]. The smaller white grains near the sulfide in
Fig. 2a are iron metal and average about 50 pm in
diameter. The metal grains are irregular and porous.
The dark grains surrounding the metal and sulfide
are silicates ranging in size from <1 wm to 50 pm.

Fig. 2b is a back-scattered electron image of a
sample heated at 500°C. The large sulfide in the
center of this image shows evidence of sulfur loss as
a result of heating. Sulfur was predominantly lost
from high surface energy regions, such as the corners
of the sulfide and along cracks and crystal edges.
The corners are now rounded and uneven. The cracks
have widened and there are no longer any sharp
angles along the crystal boundaries. Numerous pores
have formed throughout the sulfide.

Fig. 2c is a back-scattered electron image of a
sample heated for 2 weeks at 900°C. A large sulfide
grain is in the center of the image. The sulfide has
been extensively corroded by heating. All of the
evidence of sulfur loss seen in the previous sample
(Fig. 2b), such as rounded corners, widening of
cracks and crystal boundaries, and the formation of
pores, are more developed in this sulfide. In addi-
tion, so much sulfur has been lost from this grain
that iron metal has formed along its edge and large
pores penetrate the grain.

Further evidence of sulfur loss from the sulfide
grains is obtained from their composition. Fig. 3
shows the distribution of Fe /S ratios in the experi-
mental sulfides as measured by electron microprobe.
The composition of the unreacted sulfide grain (Fig.
2a) has a Gaussian distribution with Fe /S ratios that
vary from 0.967 to 0.988 and have an average value
of 0.976.

The compositions of the original sulfides heated
at 500°C (Fig. 2b) are distributed bimodally, with
one peak centered at Fe /S = 0.995 and the other at
Fe /S = 1.0025. Since the Fe /S ratio of troilite can-
not exceed unity, these data suggest that small grains
of iron metal are present throughout these sulfides.
The bimodal distribution reflects analyses of spots
that contain metal versus those that do not. The
average Fe /S ratio of these sulfides is 0.995, indicat-

Fig. 1. Back-scattered electron images of altered metal in our experimental samples. {a) An experimental sample heated at 500°C. Small
sulfides have formed in the pore spaces and along the outer edge of the metal. Sulfide growth in regions devoid of silicates suggests that
sulfur is transported as a vapor. (b) An experimental sample that reacted at 900°C. Often, two sulfide rims surround metal grains. In some
areas there are several distinct sulfide crystals near the metal and a continuous band of sulfide beyond them. Notice how the sulfide layer
will grow around and incorporate nearby silicate grains. (c) A back-scattered electron image from the same sample as (b). A well developed
sulfide rim is seen around a metal grain and a sulfur trail connects the sulfide rims around several smaller metal grains. The trail foliows
silicate grain boundaries and in several places surrounds small silicate crystals. Sulfur trails such as these are also seen in ordinary

chondrites.
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ing that they have lost sulfur relative to the starting
sulfide composition.

The compositions of the original sulfides heated
at 900°C (Fig. 2¢) have a Gaussian distribution. The
compositional range is greater than that in the initial
sulfide and the Fe/S ratios extend from 0.956 to
0.995. The average Fe/S ratio of these sulfides is
slightly higher than that of the initial sulfides (0.980
vs, 0.976). However, large grains of iron metal have
exsolved along the sulfide edges indicating that the
bulk Fe/S ratios of the metal-sulfide assemblages
are much higher than those of the initial sulfides.

The sulfide rims that formed on the metal grains
at 900°C (Fig. 1b,c) are sulfur-rich compared to both
the initial sulfide and the reacted sulfides in this
sample. The Fe /S ratios of the newly formed sulfide
rims range from 0.937 to 0.974 and have an average
value of 0.961. Such sulfur-rich compositions imply
that the sulfur fugacity present while these rims were
forming was well above that in equilibrium with
metal-troilite (see Fig. 4). The large variation in
Fe /S ratios indicates that different local equilibria
existed and global equilibrium was not reached.

4. Reaction mechanisms

Ordinary chondrites are divided into several meta-
morphic grades depending on the maximum tempera-
ture they experienced on their parent body. Table 3
shows the range of peak metamorphic temperatures
estimated for each chondrite class [8]. Since sulfur is
a moderately volatile element [9], it quickly responds
to an increase in the temperature of chondrite parent
bodies.

Thermal metamorphism drives isolated, non-equi-
librium metal and sulfide grains towards equilibrium

metal—sulfide assemblages. This approach to equilib-
rium is directly responsible for sulfur mobilization.
However, equilibrium is a dynamic state in which
the rate of sulfide formation in equal to that of
sulfide decomposition. Thus, sulfur will continue to
evaporate and recondense even after equilibrium is
attained. There are three steps controlling the move-
ment of sulfur during metamorphism of ordinary
chondrites, each of which depends upon the meta-
morphic temperature. These are the supply, trans-
port, and consumption of sulfur. Each of these pro-
cesses is discussed in greater detail next.

4.1. Sulfur evaporation

Sulfur evaporates from sulfide grains and recon-
denses as sulfide rims on exposed metal. The driving
force for this sulfur transport is the variation in
sulfur fugacity throughout the experimental charge.
Prior to heating, the sulfur fugacity in the sample is
very small. When the temperature is increased the
sulfur fugacity in equilibrium with a sulfide grain
increases. As shown in Fig. 4, the sulfur fugacity in
equilibrium with a sulfide grain (either pyrrhotite or
troilite) is always greater than that in equilibrium
with a metal—troilite assemblage. The equilibrium
sulfur fugacity varies with the composition of the
sulfide that is evaporating as well as with tempera-
ture. This variation is given as:

OGY

1

RT

In fSl.pyrrholite =2 ln(l - XFeS) + ]I‘l‘ys -

(2)

In this equation X is the Fe/S ratio in the
pyrrhotite, AG; is the Gibbs free energy of pyrrhotite

Fig. 2. Back-scattered electron images showing the alteration of sulfides in our experiments (a) An experimental sample before it was
heated. The large grain in the center is a sulfide crystal. Notice the hexagonal crystal structure and the well defined crystal boundaries. The
crystal is cracked but not porous. The smaller white grains near the sulfide are iron metal whose shapes are irregular and contain much pore
space. The dark material surrounding both the metal and sulfide are silicates. (b) A sulfide that has clearly been altered by heating at 500°C.
There are no sharp angles on the crystal boundary. Cracks and crystal boundaries show evidence of loss of material. The cracks are larger
and pores have started to form throughout the sulfide. (c) A sulfide that was heated for 2 weeks at 900°C. The sulfide has been extensively
altered. The most obvious feature is the iron metal which has formed all along the edge of the sulfide crystal. The pores have become so
large that some of them extend through the entire grain. The sulfide boundaries are rough and no sharp crystal edges are visible.
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Fig. 3. Histograms of sulfide compositions given as Fe /S ratio.
Fe /S ratios greater than 0.98 indicate troilite. {(a) Composition of
the unreacted sulfide grain shown in Fig. 2a. The Fe/S ratios
display a gaussian distribution and range from 0.967 to 0.988 with
an average value of 0.976. (b) The composition of the sulfide
grain reacted at 500°C (Fig. 2b). The Fe /S ratios are distributed
bimodally with one peak at Fe /S = 0.995 and the other at Fe /S
=1.0025. The latter peak is probably due to small grains of Fe
metal contained within the sulfide. (c) The composition of the
sulfide grain reacted at 900°C (Fig. 2c). The Fe/S ratios also
display a gaussian distribution but have a wider range of composi-
tions than the unreacted grain (0.956-0.995). The average Fe/S
ratio is 0.980. This sulfide has grains of Fe metal along its edge,
yielding a bulk Fe /S ratio above the starting composition. (d) The
composition of sulfide rims that formed at 900°C (Fig. Ib.c).
These sulfide are very sulfur-rich, with Fe /S varying from 0.937
to 0.974.

evaporation, R is the gas constant, T is temperature,
and In g is the activity coefficient for S in pyrrhotite
[10]. The sulfur fugacities in equilibrium with two
different pyrrhotites (Fegyq0S, FegosS), a troilite
(Fe, 4,S), and coexisting iron metal and troilite (Fe—
FeS) are plotted as a function of temperature in Fig.
4.

When the silicate—sulfide—metal mixture is
heated, sulfur is lost from sulfide grains in the form
of sulfur vapor. The sulfur fugacity above the sulfide
is related to its initial composition. Sulfides release
sulfur via the net reaction:

Fe, ,S—0.99Fe, .S +0.005S, (3)

4.99

Temperature (°C)
300 400

500 600 700 800 1000

log,, f82

Sulfide condensation temperature
in the solar nebula (713 K)

| | | 11 |
500 600 700 800 900 1000 1200

Temperature (K)

Fig. 4. A graph showing the variation of the sulfur fugacity with
temperature and sulfide composition (Fe/S =0.90, 0.95, and
0.99). The fg, curves for coexisting metal and troilite and a solar
gas are also shown. In every case the fg  in equilibrium with a
sulfide grain is higher than that in equilibrivm with a metal—troi-
lite assemblage. The range of metamorphic temperatures for each
class of ordinary chondrites is shown by the bars at the top.
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Fig. 5. A cartoon showing the loss of sulfur from a sulfide grain.
The large circles represent sulfur atoms. The small dots represent
iron atoms. A vacancy in the solid is represented by a dashed
circle. (a) A sulfur atom is removed from the crystal lattice and
becomes an adsorbed atom on the crystal surface. (b} Two ad-
sorbed sulfur atoms react to form an S, molecule. (¢} A void is
formed in the crystal due to the loss of the sulfur atom. The S,

molecule desorbs from the crystal surface. (d) The final assem-
blage is a more iron-rich sulfide and a gaseous S, molecule.
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which occurs by a series of elementary reactions
such as:

Fe,_,S+ 0O - 0.99Fe,_,S + 0.01 S(ad) (4)

0.99

2S(ad) — S,(ad) (5)
S,(ad) — S,(gas) + O (6)
In these equations O represents a vacant surface site
on the sulfide, and (ad) refers to a species adsorbed

on the surface of the sulfide.
Fig. 5a shows the loss of a sulfur atom from the

sulfide crystal lattice. The sulfur atom breaks free of
the bond with iron and becomes a single atom
adsorbed on the crystal surface. Fig. 5b shows two
sulfur atoms that have been liberated from the crystal
lattice joining together to form an adsorbed S,
molecule. In Fig. 5c the adsorbed S, molecule des-
orbs from the surface of the sulfide leaving behind a
vacant surface site. Fig. 5d shows the final result of
sulfur loss. The sulfide crystal is now smaller and
more iron rich while the S, molecule is in the gas
phase and moving away from the sulfide. This series

Fe,,S/S, 1 at=t,
Fe/FeS -
Fe,, S| Fe |
metal
Fe,x5/8; b.t=t,
Fe/FeS -
2
[+]
©
= Fe, S| [ Fel
= metal
r=]
=
9 Fe, SIS, c.t=t,
FelFeS \__\
Fe, S| [Fe/Fes|
Fe,, SIS, 1 d.t=t,
Fe/FeS
Fe/Fes| [Fe/FeS|

Distance from Evaporating Sulfide

Fig. 6. Cartoons showing the fg (y axis) as a function of distance from an evaporating sulfide (x axis). Two values for fg_ are labeled on
the y axis. The label Fe,_,S/S, represents the sulfur fugacity in equilibrium with the initial pyrrhotite composition while Fe /FeS
represents the sulfur fugacity in equilibrium with coexisting iron metal and troilite. (a) The fs, is described by a diffusion profile away from
the grain. The fg_ near the grain is determined by Fe,_,S/S, equilibrium. An iron metal grain is present some distance away from the
sulfide. (b) The sulfur fugacity is still described by a diffusion profile. Loss of sulfur has caused the Fe /S ratio in the sulfide to increase,
leading to a lower equilibrium sulfur fugacity near the sulfide. (c) The metal grain begins to sulfurize and the sulfur fugacity is fixed at
Fe /FeS at the edge of the metal. A diffusion profile still describes the sulfur fugacity in regions between the sulfide and the iron metal but
the sulfur fugacity beyond the metal grain is at Fe /FeS or less. (d) Equilibrium is reached throughout the sample. The sulfur fugacity is in
equilibrium with coexisting metal and sulfide and is uniform throughout the sample.
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Fig. 7. A cartoon showing elementary chemical reactions for
sulfur condensation on an iron grain. The large circles represent
sulfur atoms. The small circles represent iron atoms. (a) An S,
molecule is adsorbed on the metal surface. (b) The S, molecule
dissociates to form two sulfur atoms. (c) One of the sulfur atoms
reacts with an iron atom to form iron sulfide. (d) The final
assemblage.

of sulfide decomposition reactions will proceed until
the f near the sulfide reaches the S, vapor pressure
in equilibrium with the sulfide.

4.2. Sulfur transport

Sulfur diffuses along sulfur vapor concentration
gradients that are established throughout the sample
between evaporating sulfide grains (Fe,_ S-S,
equilibrium) and sulfide rims condensed on metal
(Fe—FeS-S, equilibrium). The transport of sulfur
vapor prevents the equilibrium sulfur fugacity from
being reached near the sulfide. Thus, throughout
metamorphism sulfides continuously evaporate to re-
place sulfur vapor that diffused away and condensed
on metal. Eventually enough sulfur is lost and iron
metal exsolves from the sulfide and the sulfur fugac-
ity near the original sulfide is also buffered by
Fe—FeS equilibrium.

The variation in the sulfur fugacity with distance

from the evaporating sulfide can be described by a
simple diffusion profile. A simplified model of the
evolution of sulfur fugacity with distance from an
evaporating sulfide is shown in Fig. 6. The y axis in
Fig. 6 qualitatively displays the sulfur fugacity in
equilibrium with pyrrhotite (Fe,_ ,S) and coexisting
metal-troilite. As illustrated in Fig. 4, the f; in-
creases with decreasing Fe/S ratio in the suifide.
Thus, the f5 over pyrrhotite is larger than the f.
over coexisting metal—troilite. The x axis in Fig. 6
represents the distance from the evaporating sulfide
grain. One location at which a sulfide grain forms
from an initially present metal grain is also shown.
Fig. 6 is a series of ‘snapshots’ at four different
times, ranging from an initial time, t,, to a final
time, t;, of the f; profile as a function of distance
in a sample heated at constant temperature.

Fig. 6a shows the variation in f; at the initial
time (t,). There is a steep variation in f; with
distance from the evaporating sulfide grain. The f_
in the neighborhood of the grain is equal to that in
equilibrium with the sulfide. Chemical potential and
pressure gradients lead to S, diffusion away from the
evaporating grain which is being depleted in sulfur,

Fig. 6b shows the f; variation at an intermediate
time (t,). As the sulfide grain continues losing sulfur
it becomes more Fe-rich and the fg in the neighbor-
hood of the grain decreases accordingly. The varia—
tion in fg  with distance is less steep and the fs, 1
higher at greater distances from the evaporating grain.
Sulfur vapor reaches an Fe metal grain in the sample,
but does not yet react with it since the f; at the
metal grain is still less than the fg over coexisting
metal—troilite. )

Fig. 6¢c shows the change in the fg variation
when FeS first begins to form on a metal grain (t,).
The composition of the evaporating sulfide is ap-
proaching FeS and the f; at this location continues
to decrease. The fg_ continues to increase at greater
distances from the evaporating sulfide grain and has

Fig. 8. Reflected light images of metal-sulfide assemblages in ALH-76004. The field of view in all of the photographs is 500 pm. (a) A
sulfide rim that closely resembles those seen in the experimental samples surrounds a metal grain. The sulfides extend around and
incorporate nearby silicate grains. Two distinct sulfide rims are present in several places as well (photo from [3]). (b) This image shows two
sulfide-rimmed metal grains connected by a thin trail of iron sulfide. Such features were also observed in the experimental samples. {c) This
sulfide-rimmed metal grain shows evidence of sulfur loss similar to that seen from the sulfides in the experimental samples. A thin rim of
iron metal partially surrounds the sulfide. In addition, the sulfide is very porous and contains several wide cracks.
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reached the f; in equilibrium with coexisting
metal—troilite at the location of the Fe metal grain.

Fig. 6d shows the sulfur fugacity in the sample
when equilibrium is reached (t;). The fs, is the
same throughout the sample. The initial sulfide grain
has converted into Fe and FeS. The dynamic equilib-
rium between the two metal-troilite assemblages
leads to continuous sulfur evaporation, transport, and
recondensation. However, as demonstrated by the
sulfide compositions, equilibrium was not reached in
our samples.

4.3. Sulfur condensation

Sulfide will condense on a metal grain when the
sulfur fugacity is at or above that in equilibrium with
coexisting metal and troilite. From the above argu-
ments we know that the sulfur fugacity in equilib-
rium with the evaporating sulfides is above that for
coexisting metal and troilite. In addition, the sulfur
fugacity decreases with distance from the evaporat-
ing sulfide. This implies that at some distance away
from the evaporating sulfide grain the sulfur fugacity
will be equal to or greater than that in equilibrium
with metal—troilite. If there is a metal grain present
at this location then the sulfur vapor condenses on
the metal grain to form a sulfide rim.

Sulfide formation on the iron metal grains in this
system occurs via the net reaction:

(I —x)Fe+1/2S, > Fe,_,S (7)

This reaction can be broken up into a series of
elementary chemical reactions such as:

S,(gas) + O — S,(ad) (8)
S,(ad) > 2S(ad) (9)
(1 —x)Fe + §(ad) » Fe,_, S+ O (10)

This series of reactions is shown schematically in
Fig. 7.

In Fig. 7a an S, molecule is adsorbed on the
metal surface. Fig. 7b shows the dissociation of the
S, molecule into two sulfur atoms. One of the sulfur
atoms reacts with an iron atom to form a small
region of FeS in Fig. 7c. Since FeS has a larger
molar volume than Fe, the sulfide extends above the
original sulfide surface, as shown in Fig. 7d. Sulfide
formation on the iron metal grains will continue until

equilibrium between the metal—sulfide assemblages
and the gas is reached.

5. Comparison with meteoritic metal—sulfide as-
semblages

The morphologies of the metal-sulfide assem-
blages in the experimental samples are strikingly
similar to those found in low metamorphic grade
chondrites. Fig. 8a is a reflected light photomicro-
graph of a metal-sulfide assemblage from the LL3
unequilibrated ordinary chondrite ALH-76004. The
sulfide layers surrounding the metal grain resemble
those formed by sulfurization of iron or iron—nickel
alloys in H,-H,S gas mixtures. However, the mete-
oritic sulfide does not contain a nickel concentration
gradient and is thus different to the monosulfide
solid solution formed by the reaction of H,S with
FeNi metal, as expected for pristine nebular sulfides
[1]. Therefore, we argue that the composition of the
sulfide rim in Fig. 8a was most likely established
during a heating event on the chondrite parent body
[1]. This argument is supported by similarities be-
tween the metal—sulfide assemblages in ALH-76004
and the sulfide-rimmed metal grains formed in our
metamorphism experiments. In both the meteoritic
and the experimental metal-sulfide assemblages the
metal grains are surrounded by at least two distinct
sulfide layers which incorporate neighboring grains
(Fig. 1b,c and Fig. 7a,b). The thickness of the sulfide
rims vary, with the widest rims present in regions
devoid of silicates.

Sulfide trails connecting several sulfide-rimmed
metal grains were observed in the experimental sam-
ples (Fig. 1c). These features are also seen in ordi-
nary chondrites. Fig. 8b shows analogous features in
ALH-76004. In this figure there are two sulfide-
rimmed metal grains of roughly equivalent size. A
thin trail of sulfide connects the two assemblages.
This is further evidence that metamorphism of the
LL-chondrite parent body caused extensive sulfur
mobilization.

Fig. 8c is a photomicrograph of another sulfide
grain from ALH-76004. In this case, a band of iron
metal is present along the outer edge of the sulfide.
In addition, the sulfide is porous and contains wide
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cracks. These features are also observed in the sul-
fide grains in our experiments (Fig. 2¢) as a result of
sulfur loss due to heating. Thus, the features indica-
tive of sulfur mobilization in our experimental sam-
ples are present in the LL3 chondrite ALH-76004.
Several of these features are unique to the metamor-
phic process including: the growth of sulfide layers
around neighboring silicate grains, the presence of
thin sulfide trails, and the formation of iron metal at
the outer edge of sulfide crystals. We conclude that
significant sulfur mobilization occurred on the parent
body of ALH-76004 as a result of thermal metamor-
phism.

6. Summary

We report the first results of an experimental
study of sulfide chemistry during metamorphism of
the LL-chondrite parent body. Our experiments cor-
respond to metamorphic temperatures experienced
by type 3 and type 6 ordinary chondrites. Sulfide
grains formed on metal after only 2 weeks of reac-
tion at 500°C while extensive sulfide rims formed
after 2 weeks at 900°C. The morphologies of the
sulfide rims suggest that suifur is transported through
the silicate matrix as a vapor, most likely S,. The
original sulfide grains, which are compact and have
well defined crystal boundaries, become extensively
altered within short time periods. Sulfide grain
boundaries, corners, and cracks in the crystals show
loss of sulfur. Large pores form within the sulfide
grains and, after extensive reaction, iron metal ap-
pears along the sulfide grain boundaries. The experi-
mental metal-sulfide assemblages bear a striking
resemblance to metal-sulfide assemblages seen in
the LL3 chondrite ALH-76004. Our work shows that
sulfur mobilization and alteration of nebular sulfides
probably occurred in even the lowest metamorphic
grade ordinary chondrites. It is uncertain whether

information about the solar nebula recorded in nebu-
lar sulfide condensates can survive this process.
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