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Abstract: We summarize an experimental study of the kinetics and mechanism of
FeS formation by the reaction of H,S-H, gas mixtures with iron metal. Characteriza-
tion of the reacted samples by optical microscopy, X-ray diffraction, electron micro-
probe analyses, and gravimetric analyses provided detailed information on the Fe/S
ratio, microstructure and morphology, and formation kinetics of the iron sulfide lay-
ers. The Fe/S ratios of the iron sulfide layers varied from Fe,4S to FeS with tempera-
ture and gas composition, in agreement with models of gas-solid equilibrium. The
morphology, microstructure, and growth orientation of the sulfide layers also varied
with temperature and gas composition. Typically, sulfide layer growth proceeded by
the development of a compact, uniformly oriented scale which later cracked when it
could no longer plastically deform. Further reaction led to the growth of a finer grained,
randomly oriented, highly porous inner layer between the metal and original sulfide
scale. Initially sulfide layers grew linearly with time with the kinetics controlled by
chemical reactions at the gas-solid interface. However, upon reaching a critical thick-
ness, diffusion through the sulfide scale became the rate limiting step and layer growth
followed parabolic kinetics. The linear and parabolic rate constants for iron sulfide
growth were determined and then used to constrain FeS formation in the solar nebula.
FeS formation is rapid compared to estimated nebular lifetimes of 1-10 million years.
Our results also imply that the variations in the sulfur content of chondritic material
are due to removal of metal grains from contact with the gas (e.g., by accretion into
larger bodies) at temperatures above 400 K, where complete sulfur condensation oc-
curs, rather than by kinetic inhibition of gas-solid equilibrium between H,S gas and
iron metal grains.

1. Introduction

Nearly 50 years ago, Harold UReY began studying the origin and evolution of the
solar system and investigated the importance of chemical reactions between gas and
dust in the solar nebula for determining the compositions of the solid grains which even-
tually grew in size and were accreted to form the planets, asteroids, comets, and meteor-
ites in our solar system (UREy, 1952). Being a physical chemist, UREY applied chemical
thermodynamics to predict the course of chemical reactions as the solar nebula cooled
down. However, he realized that this approach, although quite powerful, was only the
first step needed to unravel the true course of events and he discussed thermodynamic
modeling of chemical reactions in the solar nebula as follows (URey, 1953): “Our data in
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this field give much information relative to possible reactions, and at higher tempera-
tures they certainly give us practically assured knowledge of the chemical situations due
to the high velocities of reactions, at least in homogeneous systems, providing the data
are adequate, which is unfortunately not always the case. At lower temperatures thermo-
dynamic equilibrium may not be reached even in periods of time that are long compared
to the age of the universe, and at these temperatures the kinetics of thermal reactions or
of photochemical reactions become important.”

Despite the powerful influence that UREY’s work had in shaping the new field of
cosmochemistry, his early recognition of the importance of chemical kinetics for model-
ing nebular chemistry was generally ignored until the 1980s when theoretical work be-
gan to be done on the kinetics of gas phase reactions in the solar nebula (e.g., LEwis and
PrINN, 1980; PrINN and FEGLEY, 1981, 1989; FEGLEY and PrINN, 1989). This work showed
that kinetics, and not equilibrium thermodynamics controlled the speciation of carbon
and nitrogen in the solar nebula gas. For example, CO and N, are predicted to be the
dominant carbon and nitrogen gases throughout the entire solar nebula, while CH, and
NH, comprise only very minor amounts of the total carbon and nitrogen in the solar
nebula.

The important role played by kinetics for gas phase chemistry in the solar nebula
naturally suggested that kinetics may also play an important role in gas-grain chemistry
in the solar nebula. Several papers in the late 1980s and early 1990s (e.g., PrINN and
FEGLEY, 1987, 1989; FEGLEY, 1988, 1993; FEGLEY and PrRINN, 1989) described theoretical
models of gas-grain kinetics using a simple collision theory (SCT) first presented by
FeGLEY (1988). This work predicted the rates of gas-grain reactions that form three im-
portant minerals found in meteorites: hydrated silicates, magnetite, and troilite. The SCT
calculations assumed that grains were monodispersed spheres comparable in size to in-
terstellar dust and fine-grained meteorite matrix (~0.1 ym radius), and used the kinetic
theory of gases and kinetic data from the materials science literature to estimate the
reactive fraction of collisions, and to calculate the chemical lifetime (¢,.,=—[¢]/d[i]/d¢
where [i] is the number density of species i) of the different reactions. Unless the ¢,.,,
value for a reaction is less than or equal to the nebular lifetime, the reaction is too slow
to take place during the nebular lifetime of 1-10 million years (Poposek and CASSEN,
1994). The SCT models predicted that the ¢, value for hydrated silicate formation is
about 4.5 billion years, that the ., for magnetite formation is about 320000 years, and
that the ¢,.,, for troilite formation is only 320 years (FEGLEY, 1988).

Although the SCT models provide important insights into the rates of gas-grain
reactions in the solar nebula, experimental studies of gas-grain reactions such as hy-
drated silicate formation, magnetite formation, or troilite formation are important to
understand the kinetics and mechanisms of these reactions. Because no prior experimen-
tal studies have been done, we started a program to investigate gas-grain kinetics under
temperature, composition (and eventually pressure) conditions relevant to the solar nebula.
Preliminary results of these studies were reported earlier (LAURETTA and FEGLEY, 1994a,
b, ¢; LAURETTA et al., 1995a, b).

Here we present some results of our study of the kinetics and mechanism of troilite
formation via the net thermochemical reaction:
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Fe(metal) + H,S(gas)=FeS(solid) + H,(gas). ()

We decided to study this reaction first for several reasons. The SCT models predict that
troilite formation is very rapid, and indeed we found that most experiments could be
done in hours to weeks. Also, sulfur is the tenth most abundant element in solar material
and is the second most abundant volatile element, after oxygen, in meteorites. Finally,
troilite is ubiquitous in meteorites, so an understanding of how it formed in the solar
nebula is important for interpreting the record of nebular chemistry preserved, with vary-
ing degrees of fidelity, in chondrites.

2. Experimental Procedures

High purity iron foils (Johnson-Matthey Puratronic grade 99.998% pure on a met-
als basis) that were ~1 cm? with nominal thicknesses of either 0.025 cm or 0.050 cm
were used in the experiments. Prior to being reacted, the foils were carefully weighed
and measured. The foils were then annealed in prepurified H, (>99.99%) for at least 20
hours at 750°C. The iron foils were cooled to the desired reaction temperature in the
prepurified H,, and were then isothermally heated in H,S-H, gas mixtures at atmospheric
pressure for varying time periods. The nominal H,S contents of the gas mixtures were
25, 50, 100, 1000, and 10000 parts per million by volume (ppmv). For reference, the
solar S/H elemental gbundance ratio (ANDERS and GREVESSE, 1989; DRrEiBus et al., 1995)
corresponds to ~33 ppmv H,S in the solar nebula where troilite forms. After heating, the
H,S-H, gas flow was replaced by prepurified N,, the samples were pulled into a cooled
gas tight fitting outside the furnace, and cooled down.
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Fig. 1. The Fe/FeS phase boundary (diago-
nal line) and the locations of the iron sul-
fide formation experiments (black dots). The
horizontal dashed line shows the expected
H,S/H, ratio in the solar nebula assuming
solar composition (ANDERS and GREVESSE.
1989; DreiBus et al., 1995). Chemical equi-
librium calculations of nebular chemistry

logyq (PP

predict that H,S is the major sulfur gas at
these low temperatures. The Fe/FeS phase
boundary was calculated using the latest
thermodynamic data for H,S(g) and iron
sulfides (CraASE et al., 1985; GronvoLD et al.,
1991; GronvorLD and StoLren, 1992). The
intersection of the two lines, at 713 K, is
the FeS formation temperature (from pure
Fe metal) in the solar nebula. 10,000T (K™)
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About 120 experiments were done to determine the effects of temperature and H,S/
H, ratio, and to determine if reaction rates were proportional to time (linear kinetics) or
proportional to time squared (parabolic kinetics). The black points on Fig. 1 show the
temperatures and H,S/H, ratios where the different series of experiments were done.
Additional details of the experimental and analytical procedures are given in LAURETTA
et al. (19964, b).

3. Chemical Composition of Sulfide Layers

The sulfide layers on the reacted samples were chemically analyzed by X-ray dif-
fraction (XRD), electron microprobe (EMP) analysis, and gravimetric analysis by quan-
titative combustion to hematite. In many cases, electron microprobe traverses across the
sulfide layers were also done. Table 1 summarizes the analytical data for the bulk com-
position of the sulfide layers. There is good agreement between the results from the
three methods. A comparison of the observed Fe/S ratios to those predicted from the
defect thermodynamics model of LiBowitz (1972) shows that with a few exceptions (e.g.,
low temperature runs in 50 ppmv H,S gas mixtures), the observed Fe/S ratios are the
same within the analytical uncertainties as those predicted from gas-solid equilibrium
(LiBowitz, 1972; Rau, 1976). Also, cracking of sulfide layers in some 10000 ppmv runs
exposed fresh metal to gas leading to disagreements between predicted and observed Fe/

Table 1. Observed and predicted compositions of iron sulfides from kinetic experiments.

Temp. Fe/S atomic ratio
(K) XRD? Microprobe® Combustion? Mean Predicted A(%)P
50 ppm H,S
558 0.956 0.962 n.a. 0.959 0.994 -3.6
613 0.957 0.949 n.a. 0.953 0.997 -4.6
673 0.988 0.982 n.a. 0.985 0.998 -1.3
100 ppm H,S
558 0.972 0.988 n.a. 0.980 0.991 -1.1
658 0.997 0.996 n.a. 0.997 0.996 0.1
723 1.004 0.965 n.a. 0.985 0.998 -1.3
850 ppm H,S
673 0.990 0.986 n.a. 0.988 0.987 0.1
778 0.996 0.988 0.985 0.990 0.993 -0.3
848 0.999 0.979 0.989 0.989 0.995 -0.6
923 0.990 0.989 0.992 0.990 0.997 -0.7
10000 ppm H,S
558 0.926 0.967 0.936 0.943 0.954 -1.2
673 0.995 0.981 0.983 0.986 0.965 2.1
923 0.987 0.979 0.988 0.985 0.988 -0.3
1173 0.991 0.983 0.991 0.988 0.992 -0.4

@ Average uncertainties on XRD, microprobe, and combustion data are + 0.9-2.0%,
1.5% and 0.4% respectively.

> A=100 (Observed-Predicted)/Observed.

n.a.: not analyzed.
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S ratios. As discussed in Section 4 below, the sulfide layers crack when they cannot
plastically deform into the void space at the metal/sulfide interface. The electron micro-
probe traverses of many samples show decreases in the Fe/S ratios from the metal/sul-
fide to sulfide/gas boundaries (e.g., see Fig. 2 of LAURETTA et al. (1996b) in this vol-
ume). This gradient is present in samples that have either one or two sulfide layers and
there is no discontinuity across the boundary between the two layers. Such profiles are
expected from WAGNER’s (1951) model for diffusion controlled reactions forming com-
pact scale layers.

4. Microstructure and Morphology of Sulfide Layers

Experiments were done for different durations along several isotherms in all H,S-
H, gas mixtures to obtain information about the sulfide layer morphology produced from
the reactions between H,S gas and iron metal. This section describes the various sulfide
layer morphologies observed.

Figs. 2a-d. Reflected light optical photomicrographs illustrating the variation of sulfide layer thickness
and microstructure with time for four samples isothermally heated at 923 K in an H,S-H, gas
mixture nominally containing 1000 ppmv H,S. (a) 5 hours, (b) 12 hours, (c) 24 hours, (d) 48
hours. In each photograph the remaining metal lies along the bottom and the sulfide layer(s) lie
above it. The black material at the top of each figure is epoxy. The scale bar is 32 um in each
photograph.
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The initial sulfide layer consists of large compact crystals that are uniformly ori-
ented along a specific crystallographic plane (e.g. (300) for samples formed in ~50 ppm
H,S at 558 and 614 K). This crystal orientation changes with formation conditions but
this variation is not well characterized and the mechanism causing the change is still an
open question (Young, 1980). Figure 2 shows the variation of the sulfide layer thickness
and microstructure with time for a sample reacted at 923 K in an H,S-H, gas mixture
nominally containing 1000 ppmv H,S. The sulfide layers shown in Figs. 2a-2c show that
up to the point where 20% of the metal has reacted, only one layer of sulfide crystals is
present. However, as shown in Fig. 2d, a thin inner sulfide layer then begins to form.
This inner layer consists of small, randomly oriented sulfide crystals separated by a
large amount of void space. The thickness of the inner layer varies dramatically with the
formation conditions. In some cases it is completely absent, while in other cases the
inner layer can be as thick or thicker than the outer sulfide layer. A more detailed de-
scription of the observed variations in the thickness of the inner sulfide layer is given in
LAURETTA et al. (1996a).

The formation of this two layer structure is a direct result of the reaction mecha-
nism. Initially, H,S reacts with the iron metal at the metal/gas interface. Once the metal
is covered by sulfide, the layer grows by reaction of Fe?* ions, that diffuse to the solid/
gas interface, with sulfur (in the form of adsorbed H,S or another adsorbed species such
as HS or S). The outward diffusion of iron causes the metal surface to retreat back from
the metal/sulfide interface. In order to fill the resulting gap, the sulfide layer must de-
form plastically into the newly created void space. Eventually, the limit of sulfide defor-
mation is reached and vertical cracks form that extend from the outer edge of the sulfide
layer down to the metal. These cracks allow gas to penetrate directly to the metal surface
and form a new sulfide layer there. By this time, the metal surface has been roughened
by the earlier formation of sulfide and the sulfide crystals in the new inner layer grow in
random orientations. Eventually, the gap between the metal and sulfide is filled by the
growth of the second layer and the growth, by outward diffusion of Fe?* ions, of the
outer layer resumes.

5. Kinetics and Mechanism of FeS Formation

5.1. Linear kinetics

The rate of formation of the sulfide layer is intimately connected to its growth mecha-
nism. During the initial stages of the reaction, FeS formation is limited by the supply of
sulfur at the metal-gas interface. This can be the result of several different rate-limiting
mechanisms. The rate at which gas molecules collide with the metal surface, and the
fraction of these collisions which possess the necessary activation energy to initiate a
chemical reaction, may be the limiting factors. This is the case when the H,S partial
pressure is extremely low, and is the basis of the SCT model developed by FEGLEY (1988).
At higher H,S partial pressures, however, the rate of supply of gas molecules is no longer
rate-limiting. Instead, the rate at which the H,S molecules dissociate on the metal (or
sulfide) surface is the rate-limiting step. The adsorption of H,S and its subsequent disso-
ciation proceeds by a series of elementary chemical reactions such as the following se-
quence (WoRRELL and TURKDOGAN, 1968; WoORRELL, 1971):
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H,S(gas) + [J — H,S(adsorbed), (2)
H,S(adsorbed) — HS(adsorbed) + H(adsorbed), 3)
HS(adsorbed) — H(adsorbed) + S(adsorbed), 4)
S(adsorbed) — S + [, (3
2H(adsorbed) —* H,(gas), (6)

where the [] represents a vacant adsorption site on the metal (or sulfide) surface. WORRELL
and TurkDOGAN (1968) found that reaction (3) is the rate-limiting step for FeS formation
in H,S-H, gas mixtures containing 21% H,S. In contrast, we find that step (2) is rate-
limiting in 50-1000 ppmv H,S gas mixtures with H, (e.g., LAURETTA et al., 1996a).

We determined the apparent linear rate constants for FeS formation from the weight
gain and the fractional thickness change of the Fe foils. The two methods show excellent
agreement and the derived rate constants are listed in Table 2. These rate constants are
measurements of the net FeS formation rate for reaction (1) and are given by:

d(Aw/A)/dt=d(FeS)/dt=R;—R =k, (7)

where Aw is the measured weight gain, A is the geometric area of the Fe foil, 7 is time, R,
is the rate of the forward or reverse reaction and %, is the apparent linear rate constant. As
described by LAURETTA et al. (1996a) we also calculated the forward and reverse rate
constants for reaction (1) by making use of the fact that FeS formation in H,S-H, gas
mixtures is an opposing first order reaction (WoRRELL and TURKDOGAN, 1968; WORRELL,
1971). In the case of an opposing first order reaction (BEnson, 1960), eq. (7) can be
rewritten as:

d(FeS)/dt=R;~R =k Py s—k Py, (8)

where k, are the forward and reverse rate constants for FeS formation (with units such as
cm hour'atm™') and P, is the partial pressure of gas i. At the Fe-FeS phase boundary the
net reaction rate is zero (d(FeS)/dr=0) and therefore R;=R,. For rate measurements in gas
mixtures with H,S/H, ratios much greater than the equilibrium ratio at the Fe-FeS bound-
ary, eq. (8) reduces to:

d(FeS)/dt~kPy 5, %)

and k; is directly determined. Our kinetic data in the nominal 100 and 1000 ppmv H,S
gas mixtures at several temperatures met this condition and we derived:

k=5.6(£1.3)exp[-27950(x£7280)/RT], (10)
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where the activation energy is ~27950 J mole™'. The reverse rate constant k, was then
calculated from the equilibrium constant (K,,) for reaction (1) and the forward rate con-
stant k; as k=(k/K.,):

k=10.3(x1.0)exp[-92610(+350)/RT]. (11)

TAcHIBANA et al. (1995) studied troilite evaporation in H,(g), for which eq. (11) should
be valid, but do not give any rate constants to which we can compare our results.

Experiments done in gas mixtures containing 50 ppmv H,S show a drastic increase
in reaction rate at temperatures of 613 K and lower. This may be due to a change in the
growth orientation of the sulfide crystals (see Table 2) or to vacancy ordering in the
sulfide at low temperatures (BARKER and PArks, 1986). Therefore, the reaction rates mea-
sured at temperatures less than 613 K in 50 ppmv H,S are a factor of two higher than
predicted by eqs. (10-11). The preliminary rate data obtained in 25 ppmv H,S are pre-
sented in Table 2. However, each value was obtained from a single experimental sample
and the errors are uncertain. As a result these data were not used in the calculation of k;
and k, in eqs. (10) and (11).

Table 2. Apparent linear rate constants.

Temperature Apparent rate constant k Temperature  Apparent rate constant k
(K) (cm/hour)¢ (X) (cm/hour)?
25 ppm H,S 850 ppm H,S
558 (33)10°® 673 (3.14+0.23)103
6132 (5.0010°® 778 (6.85+2.48)103
6432 5.H10* 848 (1.26x1.23)10*
923 (1.05+0.54)10*
50 ppm H,S 10000 ppm H,S
558° (1.50+0.49)10°¢ 558 (1.87+0.51)1075
613° (2.66+0.50)107¢ 673 (2.35+1.94)10°°
643¢ (1.84+0.80)1077
673¢ (5.64+5.33)107
100 ppm H,S
558 (3.88+2.50)107
658 (1.59+0.14)10°
723 (4.62+3.45)10¢

2Only one data point. *Growth along a-axis.
¢Growth along c-axis. ¢Errors are +1 sigma.

5.2.  Parabolic kinetics

During the later stages of FeS formation the behavior of the growth kinetics changes.
This change takes place when the sulfide layer reaches a critical thickness and Fe?* dif-
fusion through the sulfide layer becomes slower than the rate of chemical reactions at
the gas-solid boundary. Once diffusion is rate-limiting, FeS growth follows parabolic
kinetics and the rate law becomes:
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(AwlAY=kt, (12)

where k,, is the parabolic rate constant with units of g cm™ hour™'. We determined the
critical sulfide layer thickness for transition from linear to parabolic kinetics at five dif-
ferent temperatures (558, 673, 773, 848, and 923 K) and also calculated the parabolic
rate constants from the measured weight gains of the samples. Because of the exponen-
tial dependence of reaction rates and diffusion coefficients with temperature the critical
layer thickness (f.) for the linear — parabolic transition is given as (LAURETTA et al.,
1996a):

t,=1033(360)exp[-2580(£295)/T|um. (13)

The kinetic data for samples formed in 1000 ppmv H,S are shown in Fig. 3. The data are
plotted as FeS layer thickness vs. time to illustrate the thickness at which the transition
from parabolic to linear kinetic behavior occurs as a function of time at a given tempera-
ture. Figure 3 shows that the critical thickness varies from ~1510 um at 673 K to
64£15 um at 923 K.

The parabolic rate constants are listed in Table 3. As Table 3 shows, we did not
observe parabolic kinetics at all gas compositions and temperatures studied. This is be-
cause the sulfide layers formed at low temperatures in the lower concentration H,S gas
mixtures never reached the critical thicknesses where the transition to parabolic kinetics
occurs. Presumably this would happen if the samples were reacted for much longer times,
but these experiments are impractical for the lowest temperature runs in gas mixtures
~ with very low H,S concentrations.

Earlier in Section 3 we discussed a mechanism for the formation of bifurcated
sulfide layers. This two layer structure probably explains why the rate constants at some
temperatures and compositions have larger uncertainties than others. The general trend
is that thicker outer layers form when growth of the sulfide is rapid, as is the case in the

~ 120 673K 778 K
E L T 1
=2 -
@ 90 A
I 7
E 60 r- )z —
N :
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Fig. 3. Plots of FeS layer thickness versus time 2 o
along four isotherms (673, 778, 848, and 923 848 K
K) for samples formed in ~1000 ppmv H,S. E 120 71
The dashed lines show linear growth of the = //
FeS layers with time. The solid lines show § %0 - B
parabolic (i.e., diffusion controlled) growth %
of the FeS layers with time. The intersection E
of the two lines is the critical thickness at %
which FeS growth changes from linear to {n"
parabolic kinetics. The critical thicknesses i A T T
0 20 40 60

vary from 1512 uym at 673 K to 64+15 um
at 923 K. Reaction Time (hours) Reaction Time (hours)
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Table 3. Parabolic rate constants.

Temperature Apparent rate constant k Temperature  Apparent rate constant k
(K) (cm*hour) (K) (cm*hour)
850 ppm H,S 10000 ppm H,S
673 (9.83+9.83)10# 558 (4.58+0.43)10®
778 (1.29+£0.79)107 923 (9.31+£3.61)10-¢
848 (5.34+3.30)107 11732 (5.7710°
923 (4.94+0.37)107
Activation energy: 38+13 kJ/mole Activation energy: 63+1 kJ/mole

?Only one point.

higher temperature runs in gas mixtures with larger H,S concentrations. It may be that
higher temperatures allow the sulfide layer to deform more easily, thus preventing cata-
strophic fracturing of the outer layer. The final morphology of the sulfide layer and the
kinetic behavior are affected by the environment in which the sulfide formed, and a
sulfide layer divided into two parts does not always form on the samples.

6. Applications to Troilite Formation in the Solar Nebula

6.1. Updated condensation calculations

We recalculated the troilite formation temperature and sulfur condensation in the
solar nebula because of the recent publication of improved thermodynamic data for troi-
lite and pyrrhotites (CeMic and KLEppa, 1988; GrRoNvOLD and ST@LEN, 1992; GR@NVOLD et
al., 1991) and because DRrEIBUS et al. (1995) recently revised the solar system abundance
for sulfur. Troilite formation via reaction (1) occurs at 710 K from a metal alloy with the
solar Fe/Ni ratio and at 713 K from pure iron metal. The 50% condensation temperature
is 674 K, and sulfur is completely condensed into troilite by ~400 K. Hydrogen sulfide
gas is the dominant sulfur gas over this temperature range, except at extremely low pres-
sures (10" bars and below), that are implausible for the chondrite formation region in
the solar nebula. Molecular S, becomes increasingly important at these very low pres-
sures.

The sulfur condensation curve is illustrated in Fig. 4, which also shows the CI
chondrite normalized S/Si ratios in the major chondrite groups. The S/Si ratios are tabu-
lated in Table 4 which also gives the data sources used in the calculations. The well
known variations in the sulfur content of chondritic material could be due to a number of
factors such as the incomplete condensation of sulfur into grains in the solar nebula, the
later loss of sulfur from these grains during subsequent heating in the solar nebula, or
sulfur loss from chondrite parent bodies. Below we use our kinetic data to briefly dis-
cuss some of these alternative scenarios.

6.2. Rate of troilite formation in the solar nebula

Our kinetic data constrain the rate of iron sulfide formation in the solar nebula as a
function of temperature, pressure, H,S/H, ratio, and iron grain size. In Fig. 5 we plot the
thickness of FeS layers formed on spherical Fe grains as a function of the extent of
reaction of Fe to FeS. In the case of a 10 um radius Fe grain, complete conversion to FeS
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of temperature in the solar nebula. The sulfur X 20 |- H
condensation curve is pressure independent
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Table 4. S/Si ratios in chondrites.

Group  Ref. S (Wt%)  Si(wt%) S/Si (SISi)/(S/Si)g
CI a 5.41 10.5 0.515 =1.000
cM a 3.21 12.9 0.249 0.483
co a 2.28 15.9 0.143 0.278
cv a 225 15.6 0.144 0.280
H b 2.0 16.9 0.118 0211

L b 2.2 18.5 0.119 0.212
LL b 2.3 18.9 0.122 0217
EH b 5.8 16.7 0.347 0.618
EL b 33 18.6 0.177 0.316

a: DRrEIBUS et al. (1995), b: Wasson and KALLEMEYN (1988).

yields 15.2 um radius sulfide grain, while 50% conversion to FeS yields a metal-sulfide
grain with a 7.94 um radius metal core covered by a 5.17 um thick FeS layer. The FeS
layer thickness is independent of the rate at which the sulfide forms.

Overlain on the plot in Fig. 5 is the range of critical thickness values, determined
from our experimental data, for the transition from linear to parabolic kinetic behavior.
The extent of reaction at which the kinetic behavior changes from linear to parabolic is
determined by the intersection of the FeS layer thickness curves with the observed range
in the critical thickness values. Thus, FeS formation on small iron grains less than 10 yum
in radius will always follow linear kinetics because, after complete conversion to FeS,
the grains are smaller than the critical FeS thickness at which diffusion becomes the rate
limiting step. Conversely, FeS formation on larger iron grains greater than 1000 um
radius will follow parabolic kinetics after only ~3% reaction because the FeS layers
formed exceed the critical thickness after this small extent of reaction.

KERRIDGE (1993) used measurements of metal and silicate grain sizes in chondrites
and interplanetary dust particles to infer grain sizes of metal and silicate in the solar
nebula. The largest metal grains observed in type 3 and 4 chondrites are >400 um in size
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Fig. 5. The calculated FeS layer thicknesses on spherical iron grains of different
sizes as a function of the extent of reaction is compared to the critical
sulfide layer thickness at which a transition from linear to parabolic kinet-
ics occurs. Iron sulfide formation from small metal grains, with radii of 10
um and below always follows linear kinetics. Iron sulfide formation from
larger metal grains initially follows linear kinetics until the critical thick-
ness is reached, and then diffusion becomes rate limiting and parabolic
kinetics is followed. The sulfidation of the largest metal grains, ~1000 um
in radius, begins to follow parabolic kinetics after only ~ 3% of the metal
has been converted to FeS.

while the smallest grains in the matrix of unequilibrated ordinary chondrites are ~0.05
um. Our experimental values for the critical thickness at which diffusion of Fe** be-
comes the rate limiting step imply that sulfurization of Fe grains smaller than 10 gm in
radius will always proceed via linear kinetics. Using our experimentally determined lin-
ear rate constants (eqs. (10) and (11)) we calculate that a 10 um grain will be completely
converted to iron sulfide in ~200 years at 700 K and 10~* atm. Similarly, sulfurization of
an Fe grain with a radius of 1000 um will follow parabolic kinetics after a very small
extent of reaction. Using our experimentally determined parabolic rate constants (Table
3) we calculate that a grain of this size will be completely converted to FeS in ~500
years at 700 K in a gas of solar composition. Furthermore, if collisions with other grains
lead to cracking and/or removal of the sulfide layer, the freshly exposed metal will then
react with the H,S gas via linear kinetics. Thus, the parabolic time constants (e.g., S00
years for a 1000 um grain) are best regarded as upper limits to the actual time required
for FeS formation.

The linear rate constants measured in our experiments at ambient atmospheric pres-
sure imply that the rate controlling mechanism at low H,S mixing ratios (<1000 ppmv)
is H,S adsorption on the metal or sulfide surface. However, at the low pressures expected
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for the solar nebula, the supply of H,S molecules at the surface of the grain may limit the
reaction rate. This is the mechanism modeled by FEGLEY’s (1988) SCT model and we
used a modified version of this model to provide a second estimate for times required to
convert Fe to FeS in the solar nebula. Our experimentally determined value of ~28 kJ/
mole for the activation energy of iron sulfide formation was used in the calculations. In
addition, we considered the depletion of H,S due to consumption during FeS formation.
We modeled FeS formation in this manner for two extreme cases of spherical iron grains
with radii of 0.1 um (Fig. 6a) and 1000 um (Fig. 6b). At each temperature considered the
Py,s/ Py, ratio starts at the solar value and decreases to the equilibrium value at the Fe-
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FeS phase boundary where FeS formation stops. The point at which this occurs is repre-
sented as a black dot on the isothermal curves in Figs. 6a and 6b. The black dots for each
isotherm in Figs. 6a and 6b correspond to the percent sulfur condensed in FeS that is
plotted in Fig. 4.

Thus at 700 K, Fig. 4 shows that FeS formation proceeds until ~22% of the H,S has
condensed as FeS and ~78% remains as H,S gas. Figure 6a shows that FeS formation
(consuming 22% of all available sulfur) takes ~3500 s (~1 hour) by reaction with 0.1 um
radius Fe grains and ~10%°° s (~11.33 years) by reaction with 1000 um radius Fe grains.

Likewise, Fig. 4 shows that 100% of all H,S condenses into FeS by 400 K. Figures
6a and 6b show that the reaction of H,S with Fe grains at 400 K takes ~107% s (~2.8
years) for 0.1 um radius Fe grains and ~10'*% s (~10%2 years) for 1000 um radius Fe
grains. With the exception of H,S reacting with 1000 umradius Fe grains at 400 K, all of
these times are less than the 100000 year lower limit given by Poposek and CASSEN
(1994) for the lifetime of the solar nebula.

Thus, it is unlikely that sulfur condensation into troilite was kinetically inhibited
in the solar nebula. Our conclusions agree with the earlier result of FEGLEY (1988) who
used the SCT model to argue that FeS formation was an extremely rapid process in the
solar nebula. The rapid formation of troilite in turn implies that S/Si ratios lower than
the CI value resulted from incomplete sulfur condensation due to removal of the solid
grains from continued reaction with the nebular gas. While our data are not directly
relevant to the question of sulfur loss by vaporization, PALME et al. (1988) have pre-
sented arguments against evaporative loss of volatile elements from chondritic material.
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