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Abstract—Perryite [(Fe,Ni)(Si,P),], schreibersite [(Fe,Ni);P], and kamacite (aFeNi) are
constituent minerals of the metal-sulfide nodules in the Sahara 97072 (EH3) enstatite
chondrite meteorite. We have measured concentrations of Ni, Cu, Ga, Au, Ir, Ru, and Pd
in these minerals with laser ablation, inductively coupled plasma mass spectrometry (ICP-
MS). We also measured their Fe, Ni, P, Si, and Co concentrations with electron
microprobe. In kamacite, ratios of Ru/Ir, Pd/Ir, and Pd/Ru cluster around their respective
Cl values and all elements analyzed plot near the intersection of the equilibrium
condensation trajectory versus Ni and the respective CI ratios. In schreibersite, the Pd/Ru
ratio is near the CI value and perryite contains significant Cu, Ga, and Pd. We propose that
schreibersite and perryite formed separately near the condensation temperatures of P and Si
in a reduced gas and were incorporated into Fe-Ni alloy. Upon further cooling, sulfidation
of Fe in kamacite resulted in the formation of additional perryite at the sulfide interface.
Still later, transient heating re-melted this perryite near the Fe-FeS eutectic temperature
during partial melting of the metal-sulfide nodules. The metal-sulfide nodules are pre-
accretionary objects that retain CI ratios of most siderophile elements, although they have
experienced transient heating events.

INTRODUCTION

The mineralogy and compositions of enstatite
chondrite (EC) meteorites pose questions regarding the
nature and homogeneity of the solar nebula where
chondrites formed. Unique mineralogy—enstatite with
low FeO content, Ca and Mg sulfides, and Fe-Ni alloy
containing up to 2.5 wt% Si—indicates ECs formed in
a highly reduced environment. Based on bulk chemical
analyses, several workers have proposed that ECs
formed from a nebular region depleted in refractory
elements (Kong et al. 1997; Hutson and Ruzicka 2000;
Grossman et al. 2008). The reduced mineral
assemblages and refractory element fractionation imply
significant chemical differences between the nebular
environment where the ECs formed and the formation
regions of ordinary and carbonaceous chondrites
(Kallemeyn and Wasson 1986; Grossman et al. 2008).

In the most unequilibrated EH3s, a large fraction of
opaque phases are incorporated into metal-sulfide
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nodules, most of which are dominated by kamacite. The
spheroidal metal-sulfide nodules in highly unequilibrated
EH3s such as Sahara 97072 (Fig. 1) and Qingzhen were
proposed to be pre-accretionary nebular objects that
experienced condensation/evaporation and transient
nebular melting events as well as several later
metamorphic episodes (Rambaldi et al. 1986; El Goresy
et al. 1988; Kimura 1988; Ikeda 1989; Lin and El
Goresy 2002; Weisberg et al. 2006). Schreibersite and
perryite were proposed to form by exsolution from Fe-
Ni alloy in EH3s (EI Goresy et al. 1988; Kimura 1988;
Ikeda 1989) and as condensates (Kallemeyn and
Wasson 1986; Lin and El Goresy 2002). To test these
hypotheses, we investigated the trace siderophile element
distribution in Sahara 97072 in which Ni is distributed
among kamacite (average 4 wt% Ni), perryite (average
69 wt% Ni), and schreibersite (average 13 wt% Ni).
Distributions of trace siderophile elements, as a result of
their varied volatility, diffusivity, and solid/melt
compatibility, have the potential to constrain formation

© The Meteoritical Society, 2010.
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Fig. 1. Backscattered electron images of metal-sulfide nodules in Sahara 97072 displaying a and b) concentric silicate rings; b, ¢,
f, i, g) graphite-schreibersite cores; d) massive kamacite; e and f) oldhamite-niningerite-troilite cores; a and h) oldhamite cores; c,
g, f) fine-grained troilite and other sulfides enclosing large grains of djerfisherite; h) a large grain of Fe-rich sphalerite.

c—graphite, d—djerfisherite, k—kamacite, o—oldhamite,

n—niningerite,

s—schreibersite, t—troilite, db—daubreelite,

z—sphalerite. The dashed ovals outline (e¢) reverse-zoned niningerite, and (f) normal-zoned niningerite. The white rectangle
highlights Fe-FeS myrmekitic-eutectic texture which is enlarged in Fig. 3. The small dotted circles represent laser ablation,
inductively coupled plasma mass spectrometry (LA-ICPMS) analyses.

processes of their carrier phases and therefore illuminate
the thermal history of the metal-sulfide nodules.

Fe-Ni alloy is thought to have condensed from the
solar nebula (Grossman 1972; Kelly and Larimer 1977,
Grossman and Wasson 1985; Campbell et al. 2001) or,
in some meteorites, to have formed by reduction of Fe-
rich silicates and FeS (Zanda et al. 1994; Campbell
et al. 2005b). As most siderophile elements are more
easily reduced to metal than Fe and are unlikely to have
fractionated into silicates (Larimer and Wasson 1988),
we assume that cosmic proportions of these elements in
a metal imply a condensation origin (Kelly and Larimer
1977) and recognize that later thermal processes may
have occurred. Subsequent oxidation or reduction of Fe

in Fe-Ni alloy would preserve trace element proportions
but shift them parallel to the CI element/Ni trend
(Kelly and Larimer 1977). In EH3s, Si and P in the Fe-
Ni alloy stabilize perryite and schreibersite as high-Ni
phases.

In Sahara 97072, perryite inclusions occur
throughout kamacite but are concentrated at the
interface of kamacite with troilite and near the edges of
the metal-sulfide nodules (Fig. 2). It is possible that
some perryite inclusions not appearing to be associated
with sulfides actually are when the third dimension of
thin sections is considered. The kamacite-perryite-troilite
assemblage was interpreted to be a product of
sulfidation of Fe-Ni alloy (Rambaldi et al. 1986; Lin



Metal-sulfide nodules in Sahara 97072 291

Fig. 2. a) Backscattered electron image of a metal-sulfide nodule. b) Ni Ko map of image in (a) showing perryite distribution.
Dark areas are perryite. The symbols are the same as in Fig. 1. The dotted circles represent laser ablation, inductively coupled

plasma mass spectrometry (LA-ICPMS) analyses.

and El Goresy 2002). The Ni concentration of kamacite
plus perryite in the most unequilibrated ECs is in the
range of the Ni concentration in kamacite alone in
higher petrologic types, implying that perryite dissolved
into kamacite during metamorphism (Easton 1986).
Therefore, perryite was proposed as a high-temperature
condensate (Kallemeyn and Wasson 1986).

Schreibersite occurs at or near the cores of metal-

sulfide nodules and as smaller spherules within
niningerite, oldhamite, troilite, and other sulfides
(Figs. la, lc, and 1h). Schreibersite spherules were

proposed to be an earlier condensate than oldhamite in
Qingzhen metal-sulfide nodules (Lin and El Goresy
2002), and oldhamite was interpreted as a high-
temperature condensate (Larimer and Ganapathy 1987).
Models of condensation sequences in a gas of solar
composition at 10E-3 bar predict that schreibersite
condenses before Fe-Ni alloy (Sears 1978) or just after
the Fe-Ni alloy (Petaev and Wood 2000; Lodders 2003).
Conversely, schreibersite was proposed to exsolve from
Fe-Ni alloy at about 1000 K (Romig and Goldstein
1980; Kimura 1988). However, exsolution from Fe-Ni
alloy can not explain the schreibersite spherules
enclosed within the sulfides.

In this study, we investigate competing hypotheses
for the formation of EH3 kamacite, schreibersite, and
perryite in order to constrain the history of the metal-
sulfide nodules. We consider the following hypotheses:

1. Condensation as a single phase with subsequent
solid-state decomposition.

2. Condensation as separate phases.

3. Formation of perryite as a byproduct of sulfidation
of Fe.

4. Re-crystallization of minerals after melting.

To test these hypotheses with trace elemental data
we performed a detailed analysis of siderophile elements
in Sahara 97072 by laser ablation, inductively coupled
plasma mass spectrometry (ICP-MS).

EXPERIMENTAL

SEM, Electron Microprobe Analysis (EMPA), and
Petrographic Microscopy

Five 13 X 24 mm rectangular polished thin sections
of Sahara 97072 were prepared without water. The thin
sections were first studied and photographed using
transmitted- and reflected-light petrographic
microscopy. Element maps were made of 13
representative metal-sulfide nodules using an FEI XL30
scanning electron microscope (SEM) with a field-
emission gun and energy dispersive spectroscopy (EDS).
Mapped elements include Fe, S, P, Ni, Co, Mg, Si, O,
C, Mn, Al, Cu, Cr, Ca, K, Na, N, and Zn. Minerals
were tentatively identified from element associations and
then, using these maps as guides, various minerals were
quantitatively analyzed for Fe, Ni, Co, Cr, S, P, Si, W,
Ti, Zn, Cu, Mn, Mg, Ca, Na, and K using a JEOL
JXA-8600 (JEOL Ltd., Tokyo, Japan) electron
microprobe. Standards were metal for Fe, Co, Cr, Ni,
Cu, and W, synthetic CrP for P, pyrite for S, sphalerite
for Zn, rutile for Ti, rhodochrosite for Mn, wollastonite
for Ca, albite for Na, olivine for Si, and orthoclase for
K. Co concentrations were corrected for Fe interference
by subtracting the average Co concentration detected in
pure Fe metal from the measured concentrations in
unknowns. Spot size was about 3 pum, with a 15 kV
accelerating voltage, a beam current of 15 nA, and 30 s
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counting time. Analyses corrected

conventional ZAF procedures.

were using

Laser Ablation, Inductively Coupled Plasma Mass
Spectrometry

Ni, Cu, Ga, Ru, Pd, Ir, and Au were measured
using laser ablation, inductively coupled plasma mass
spectrometry (LA-ICPMS) with a magnetic-sector,
single-collector Thermo-Finnegan Element 2 ICP-MS
(Thermo Scientific, Waltham, MA) coupled to a New
Wave Research UP213 (New Wave Research, Fremont,
CA) laser ablation unit. The mass spectrometer was
operated in a dynamic peak-hopping mode, with
mass/charge positioning achieved by a combination of
magnetic current shifts and voltage offsets of the
electrostatic analyzer (Hamester et al. 1999). The laser-
ablation system was operated in aperture-imaging mode
using a monochromatic beam of light at 213 nm, which
was generated from a frequency-quintupled, solid-state
Nd-YAG source. This beam was focused onto a sample
in a 3 cm?® ablation cell, which was continuously flushed
to the plasma source of the mass spectrometer with
about 1.1 L/min He gas. Minerals identified on element
maps using energy-dispersive spectrometry and the
electron microprobe equipped with wavelength-
dispersive spectrometry were targeted for spot analyses;
spot sizes varied from 8 to 40 um. The beam was
flashed on the sample at 7 Hz for approximately 40 s
after approximately 20 s of collecting background signal
with the shutter closed. The mass spectrometer collected
data for *’Fe, °Ni, ©Cu, ®Ga, '""'Ru, '°Pd, '°*Ir, and
97Au. Each analysis sequence consisted of two standard
reference materials run before and after the data
acquisition of 12 spots, except for the last sequence
where 18 unknown spots were analyzed. The iron
meteorites Filomena and Hoba were used as standards
(Walker et al. 2008).

All data were processed using the LAMTRACE
software (Achterbergh et al. 2001), which determines
element concentrations based on ratios of background-
subtracted count rates for samples and standards,
known concentrations in the standards, and an internal
standard for the unknowns. The internal standard for
kamacite analyses was the mean Fe concentration from
90 microprobe analyses of Sahara 97072 kamacite. The
internal standard for the schreibersite analyses was the
mean Fe concentration from nine microprobe analyses
of Sahara 97072 schreibersite.

Using Fe as the internal standard for the perryite
analyses required an estimation procedure as perryite Fe
is variable and most LA-ICPMS analyses included some
kamacite. Mean perryite Fe concentration from electron
microprobe analyses have relative standard error of 8%.

S. W. Lehner et al.

The mean Fe plus Ni concentration in perryite from
electron microprobe analyses is 86 wt%, with relative
standard error of 2%. One large perryite grain (labeled
b05 in Fig. 2 and Table 1) analyzed with LA-ICPMS
contains no kamacite. The internal Fe value for spot
b05 was adjusted by trial and error so the Fe plus Ni
concentration was 86 wt%. The other spots contain a
mixture of perryite and kamacite because of the small
size of the perryite grains relative to the laser spots. As
we did not know how much of each phase was in the
ablation product, we estimated the Fe plus Ni
concentration equaled about 95 wt%, allowing 5 wt%
for Si, Co, and P. As Ni is concentrated in perryite, the
Ni content thus calculated correlates with the perryite
percentage in the analysis and is a measure of the
reliability of the results. Relative error introduced by
this method is likely <10%.

The detection limits for the LA-ICPMS
measurements were set at the average background count
rate plus three times the standard deviation of the
background. All errors reported in this study are one
standard deviation (1o) of the counting statistics. Trace
siderophile elements are normalized to Ni when
compared with CI abundance.

RESULTS
Mineralogy and Shock Features

The mineralogy of Sahara 97096, which is paired
with Sahara 97072, has been described by Weisberg and
Prinz (1998). Metal-sulfide nodules in Sahara 97096 and
Kota-Kota were described by Weisberg et al. (2006). Our
results are consistent with these earlier descriptions.
Sahara 97096 is listed as shock stage S2 in The Meteoritic
Bulletin (Grossman 1998). We observe veins that appear
to be shock melted with kamacite and troilite intergrown
in myrmekitic-eutectic textures. These melt textures also
occur on the edges of some nodules (Figs. la and le;
Fig. 3). As also observed by Weisberg and Prinz (1998),
niningerite can be either reverse-zoned in FeS (Fig. le) or
normal-zoned (Fig. 1f). The normal-zoned niningerite
has Fe concentration ranging from about 13 wt% near
the edge with troilite to approximately 22 wt% in the
interior. The reverse-zoned grain (center of nodule
Fig. le) has Fe concentration ranging from about 17 wt%
in the interior to approximately 24 wt% near the
edge with troilite and about 21 wt% near the edge
with kamacite. The reverse-zoned niningerite may be
evidence of transient heating (Skinner and Luce 1971;
Ehlers and El Goresy 1988). Preservation of the layered
nodules as well as reverse and normally zoned
niningerite indicates a highly unequilibrated meteorite
with limited sulfide remobilization.
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Enstatite

Fig. 3. Secondary electron image enlargement of the area in
the white rectangle from Fig. le showing kamacite and troilite
in myrmekitic-eutectic melt texture (Smith and Goldstein 1977;
Scott 1982; Rubin 1985) near the edge of the metal-sulfide
nodule. The bright areas near the bottom corners represent
charging of the enstatite.

Thirteeen metal-sulfide nodules were examined in
this work. They range from 150 to 800 um in diameter.
Most are predominantly kamacite with one or more
minerals in their centers and appear to be concentrically
zoned (Fig. 1). The core minerals are schreibersite,
oldhamite, niningerite, graphite, and less commonly
silica (Fig. 1). Troilite occurs near the core and in layers
at the periphery of the nodules. Some nodules appear to
be agglomerations of smaller spheroidal objects
(Figs. 1f, 1h, and 1i). Although some nodules are
predominantly sulfide, we chose nodules that were
representative of the different metal dominated types.
They contain: oldhamite cores (Figs. la and 1h),
concentric silicate rings (Figs. la and 1b), graphite-
schreibersite cores (Figs. b, 1c, 1f, 1g, and 1i),
primarily kamacite (Fig. 1d), and oldhamite-niningerite-
troilite cores (Figs. le and 1f). Some nodules contain
fine-grained  sulfides enclosing large grains of
djerfisherite (Figs. 1c, 1f, and 1g). In Qingzhen, the fine-
grained sulfides were interpreted as reaction products of
djerfisherite (El Goresy 1985). Several nodules contain
daubreelite enclosed in troilite with exsolution lamellae
having high Cr concentrations. One nodule contains a
large grain of high-iron sphalerite (Fig. 1h).

All 13 metal-sulfide nodules were mapped with
SEM EDS, all but one were studied with EMPA. We
analyzed 90 points in kamacite, 16 points in perryite, 9
points in schreibersite, and 19 points in troilite with
EMPA to obtain the averages in Table 2. Kamacite,
perryite, and schreibersite in seven of the nodules were
measured with LA-ICPMS for trace siderophile

295

Table 2. Average major element concentrations from
electron microprobe analyses.

wt% Kamacite  Perryite Schreibersite Troilite

Fe 929+25 173+14 705+12 58.6+2.6
Ni 40+14 68616 132+04 0.15+£0.25
P 0.1+04 37+03 16 £1.2 na

Si 25+04 11.5+0.2 0.18+£0.02 na

Co 0.4 +£0.03 0.1 £0.05 0.07 £0.02 na
Modal %?* 58.2 2.8 1.4 37.5

na = not analyzed.
#Calculated from mass balance equations and EPMA results.

elements, with the results given in Table 1. Shown in
Figs 1b, Ic, 1d, 1f, 1h, and 2 are the spots analyzed in
six of the seven nodules studied with LA-ICPMS. The
remaining nodule is not shown.

Electron Microprobe Analyses

The composition of kamacite near perryite and
schreibersite indicates that Ni concentration decreases
away from perryite and schreibersite consistent with Ni
diffusing out of the high-Ni phases. This observation
accords with the lack of perryite in EH4 and EHS
meteorites and the hypothesis that perryite is a primitive
mineral that was reabsorbed into kamacite during
metamorphism (Easton 1986).

The Ni versus Fe concentrations for all three
minerals plot near a line with slope of —1.3. (Fig. 4a).
Si versus Fe (Fig. 4b) as well as P and Si versus Ni
(Figs. 4c and 4d) are nearly linear for kamacite and
perryite but not for schreibersite. Kamacite averages
93 wt% Fe, 4 wt% Ni, and 2.5 wt% Si. Ni and Si are
concentrated in the perryite, and P is dominantly in
the schreibersite (Table 2). The average stoichiometry
of the perryites is (FeNi);4(SiP)s which is slightly more
metal-rich than the commonly accepted stoichiometry
of (FeNi)s(SiP), reported by El Goresy et al. (1988) in
Qingzhen and Yamato 691. The perryite formula has
also been reported as (FeNi)g(SiP); (Okada et al.
1991).

Trace Siderophile Elements from LA-ICPMS

In kamacite, ratios of Ru/Ir, Pd/Ir, and Pd/Ru
cluster around their respective CI values (Fig. 5a). Ru,
Ir, and Pd (Table 1) correlate with Ni and plot just
below and parallel to the CI ratio (Fig. 5b). Au, Ga,
and Co are enriched in kamacite relative to their
respective CI element/Ni ratios, whereas Cu is depleted
(Fig. 6). All elements plot near the intersection of the
equilibrium condensation trajectory for the elements
versus Ni and their respective CI ratios (Figs. 5 and 6).
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concentrations. Semi-linear plots of ¢) P and d) Si concentrations as a function of Ni concentrations. Solid lines represent the
solar ratio. The data point represented by the star is a schreibersite enclosed by perryite.

In schreibersite, the Pd/Ru ratio is near the CI
value (Fig. 5a), although Ru and Pd are slightly more
depleted relative to Ni and CI in schreibersite than in
kamacite (Fig. 5b). Cu is also more depleted relative to
Cl in schreibersite than in kamacite (Fig. 6). One
anomalously high Cu value was measured near
djerfisherite. Either beam overlap or analysis of
djerfisherite at depth is suspected here. Ga was detected
in only two of the 12 schreibersite analyses, and Ir and
Au are below detection limits (Table 1).

In perryite analyses containing some fraction of
kamacite, Cu (Fig. 6) and Pd correlate with Ni parallel
to the CI ratio. Ru, Ir, and Au are below detection
limits in the perryite (Table 1). The Ga concentration is
similar to kamacite.

DISCUSSION
Constraints from Sulfides
The FeS content of niningerite in contact with

troilite positively correlates with temperature (Skinner
and Luce 1971). Reverse zoning, with niningerite FeS

concentration decreasing toward the center, implies a
heating event (Skinner and Luce 1971; Ehlers and El
Goresy 1988). The occurrence of both reversely zoned
and normally zoned niningerite within the same Sahara
97072 thin section suggests the metal-sulfide nodules
experienced preaccretionary thermal events as proposed
for Qingzhen (Lin and El Goresy 2002) because the
zoning would have been homogenized by parent body
processes. A minimum  niningerite  formation
temperature of 730 K is suggested by extrapolating the
niningerite-troilite geothermometer using the average
FeS concentration (23 formula %, 38 microprobe
measurements), although linear extrapolation may be
misleading below 34 formula % FeS corresponding to
773K (Skinner and Luce 1971).

The djerfisherite in Sahara 97072 is associated with
breakdown products indicative of a metamorphic
reaction (El Goresy 1985). This reaction represents a
late parent-body thermal event at <630 K and
probably of short duration in Qingzhen and Yamato
691 (Lin and El Goresy 2002). In Sahara 97072,
evidence of a possible late thermal event can be seen by
comparing the Ni correlation of elements in the
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at 10 Pa total pressure; adapted from Campbell et al. (2005a).

kamacite with low diffusion coefficients (Ir and Pd) with
the more diffusive elements (Cu, Co, Ru, Au, and Ga)
which are not correlated with Ni (Figs. 5 and 6). It is
possible that element exchange between sulfides and
metal occurred during such an event. We will now
consider how our results accord with the hypotheses
listed in the introduction for the formation of kamacite,
schreibersite, and perryite.

Condensation as a Single Phase with Subsequent
Decomposition

To investigate whether a condensate precursor alloy
could have subsequently decomposed into kamacite,
perryite, and schreibersite we tested if their
compositions could be reasonably recombined with the
Fe in troilite to match CI chondrite proportions of
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siderophile elements. The concentrations of major
elements in such a hypothetical alloy were calculated
from the mean values measured with electron
microprobe (Table 2) weighted by modal percentage of
troilite, kamacite, perryite, and schreibersite. In this
simplified system, troilite is a proxy for all Fe
containing sulfides such as sphalerite, niningerite, and
djerfisherite. The modal percentages were calculated
from mass balance equations constrained by CI ratios.
We determined that an assemblage with
approximately 58.2 modal % kamacite, 2.8 modal %
perryite, 1.4 modal % schreibersite, and the Fe from
37.5 modal % troilite (Tables 2 and 3) could form a
precursor alloy with CI chondritic ratios (Lodders 2003)
of Co/Ni, P/Ni, and Fe/Ni. The non-sulfide portion of
the metal sulfide nodules would be about 93 modal %
kamacite, 4.5 modal % perryite, and 2.3 modal %
schreibersite consistent with our modal estimates of
these minerals. The modes are within the range for
individual metal-sulfide nodules from Yamato 691
(Kimura 1988) and similar to other estimates for EH
chondrites (McKinley et al. 1984; Kallemeyn and
Wasson 1986; Weisberg and Prinz 1998). Using the non-

sulfide percentages of kamacite, schreibersite, and
perryite produces an alloy in which the Fe/Ni ratio is
73% of CI, indicating about 27% of the Fe is in
sulfides and silicates, similar to the value of Fe in Fe-Ni
alloy for EH chondrites (Campbell et al. 2005b).

To calculate the precursor metal composition, the
elemental sulfur was eliminated from the troilite modal
percentage and the resulting low total was then
normalized to 100%. The hypothetical precursor
composition is 5.35 wt% Ni, 91.83 wt% Fe, 0.46 wt%
P, 2.11 wt% Si, and 0.25 wt% Co (Table 3). This model
assumes the precursor alloy later reacted with gas
species such as H,S to form sulfide.

Applying our calculated modal percentages as
weighting factors to recombine the average trace
element compositions measured with LA-ICPMS in
kamacite, perryite, and schreibersite yields a Fe-Ni alloy
(Table 3) in which Pd is enriched compared with Ru
and Ir, consistent with EC bulk analyses (Horan et al.
2003) showing refractory element depletion relative to
Ni (Larimer and Wasson 1988; Hutson and Ruzicka
2000). In the hypothetical Fe-Ni alloy, the Ir/Ru,
Ga/Cu, Au/Pd, Cu/Pd, and Ga/Pd ratios are closer to
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Table 3. Composition of mean EH magnetic fraction,

kamacite hypothetical alloy, Cl, and bulk EH
chondrite.

EH

magnetic Hypothetical Bulk
Element® fraction® Kamacite alloy CI° EH¢
Ir (ppm) 2.1 1.3 0.8 0.5 0.6
Ru (ppm) 3.5 2.1 1.2 0.7 0.9
Ni (wt%) 6.0 4.0 5.3 1.1 1.8
Co (wt%)  0.34 0.36 0.25 0.05  0.09
Fe (wt%) 90 93 92 18 29
Pd (ppm) 3.7 1.8 1.4 0.6 0.9
Si (wt%) NA 2.5 2.1 11 17
P (wt%) NA 0.1 0.5 0.1 0.2
Au (ppm) 1 .4 0.9 0.6 0.1 0.3
Cu (ppm) 316 123 115 127 200
Ga (ppm) 59 56 34 10 14
Selected ratios
Ir/Ru 0.6 0.6 0.7 0.7 0.7
Cu/Pd 85 69 81 228 222
Pd/Ir 1.8 1.3 1.7 1.2 1.5
Pd/Ru 1.1 0.9 1.1 0.8 1.0
Ga/Pd 16 31 24 17 16
Fe/Co 265 262 370 360 321
Au/Pd 0.4 0.5 0.4 0.3 0.3
Ga/Cu 0.2 0.5 0.3 0.1 0.1
Co/Ni 0.06 0.09 0.05 0.05 0.05

“Listed in reverse order of volatility.
"Kong et al. (1997).

“Lodders (2003).

dWasson and Kallemeyn (1988).

the CI value than in the kamacite (Table 3), but the
Pd/Ru and Pd/Ir ratios are higher and closer to bulk
EH and mean EH magnetic fraction (Figs. 5 and 6). Au
and Ga are not enriched over CI (normalized to Ni) as
they are in the kamacite (Fig. 6), although Au is
enriched in EC bulk analysis (Larimer and Wasson
1988; Wasson and Kallemeyn 1988). Otherwise, the
composition of the hypothetical precursor alloy

resembles the composition of mean EH magnetic
separates with additional Fe (Kong etal. 1997)
(Table 3).

If we consider that schreibersite and perryite are
decomposition products formed as the cooling precursor
alloy became saturated in Si and P, we can account for
the distribution within the kamacite of perryite and
possibly schreibersite. More complexity is required to
explain the schreibersite spherules enclosed within the
sulfides or the perryite at the interface of kamacite and
troilite. In addition, the ratio of Ru/Pd in schreibersite
is close to the CI ratio (1.05 in schreibersite from this
study versus 1.07 in CI chondrites from Lodders [2003])
(Fig. 5a). A CI Ru/Pd ratio in schreibersite that formed
by decomposition of an alloy would require that the
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two elements have similar diffusive behavior in a
kamacite-schreibersite  system. However, diffusion

experiments in Fe-Ni alloy reveal that Ru has a
diffusion constant three orders of magnitude higher
than Pd which results in a significant difference in their
diffusive behavior at temperatures below 1523 K
(Righter et al. 2005), making CI proportions of these
elements unlikely to have resulted from decomposition.
Perryite  exsolution from kamacite is also
problematic in that perryite contains significant Cu, Ga,
and Pd. In Fe-Ni alloy Pd has a diffusion constant
three orders of magnitude lower than Ga and 10 times
lower than Cu (Righter et al. 2005). However, the
element/Ni ratios in the hypothetical alloy lie on or
near their condensation trajectories (Campbell and
Humayun 2004; Campbell et al. 2005a) (Figs. 5 and 6)
indicating such an alloy is plausible. Whether perryite
formed at high temperature or at low temperature by
exsolution is unresolved. We next consider the
hypothesis that schreibersite and perryite condensed
separately and agglomerated into the Fe-Ni alloy.

Condensation as Separate Phases

Schreibersite

Lin and El Goresy (2002) proposed that
schreibersite spherules were molten drops at the time of
oldhamite and niningerite condensation and that
schreibersite was the earliest phase to condense in
Qingzhen metal-sulfide nodules. Schreibersite spherules
too small to analyze with LA-ICPMS methods used in
this study also occur in sulfides of Sahara 97072 metal-
sulfide nodules and large schreibersite grains within the
kamacite have a Ru/Pd ratio close to bulk CI,
indicating no fractionation has occurred between these
two elements.

The condensation hypothesis for the origin of
schreibersite requires an explanation for the lack of Ir
which is below detection limits in schreibersite. The
fractionation of Ir from Ru and Pd between
schreibersite and both taenite and kamacite was
observed in CAI fremdlinge EM1 in Efremovka CAI
Efl (Campbell et al. 2003), where the reported Ru/Pd
ratio in schreibersite was at least 10 with Pd under
detection limits. Ir concentration in the schreibersite,
also under detection limits, was at least three orders of
magnitude below Ru concentration which may suggest
Ir is incompatible in the schreibersite structure.

As explained by Munir Humayun (personal
communication), “since Fe and Ni are condensed before
P, the condensation reaction that forms schreibersite is
one of P(vapor) + Fe(metal) = Fe;P(solid). Thus, the
schreibersite will tend to inherit refractory elements
from the metal. If diffusive equilibrium can be
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maintained between phosphide and metal, then the
metal may be depleted in Ru relative to Ir by
preferential partitioning of Ru into phosphide. The
temperature dependence of the partitioning must be
known to distinguish between condensation reactions
and subsolidus metal exsolution.” This idea could be
investigated by carefully measuring Ru and Ir in
kamacite near schreibersite inclusions. The depletion of
Ru relative to Ir was not evident in our kamacite
analyses (Fig. 5).

Perryite and Kamacite

For perryite, Kallemeyn and Wasson (1986)
suggested a condensation origin citing the lack of
equilibrium in the EH3s. Dambaev and Ulyanov (1998)
cite textural evidence to suggest perryite formed before
daubreelite exsolution from troilite at 1253 K in PCA
91085 (EH3). Condensation with partial isolation
calculations (Petaev and Wood 1998) suggest that Si
begins to condense into metal around 1200 K. Our
results provide no indication whether or not perryite
was an early condensate.

In kamacite, the near CI proportions of Ir, Ru, and
Pd suggest a condensation origin. The Ni normalized
enrichment of Co, Ga, and Au (Fig. 6) in kamacite
results from Ni being sequestered in perryite and Fe in
troilite, although it is unclear whether perryite formed
before or after the alloy condensed. All elements in
kamacite plot where the condensation trajectories
coincide with the CI ratio implying the alloy remained
in equilibrium with a cooling nebular gas down to at
least Ga condensation temperature about 970 K
(Lodders 2003) (Figs. 5 and 6). Therefore, an origin as
separate condensates for kamacite, schreibersite, and
perryite is possible.

Formation of Perryite by Sulfidation of Fe

Rambaldi et al. (1986) proposed perryite to be a
product of sulfidation of Fe-Ni metal, citing its
occurrence at the interface of kamacite and sulfides. It
is plausible that much perryite was formed at cooler
temperatures when the sulfidation of the Fe
(approximately 650-700 K) (Lauretta et al. 1997)
concentrated Ni and Si in kamacite. This perryite is
concentrated at the kamacite interface with troilite and
sulfides including djerfisherite and sphalerite. However,
the sulfidation hypothesis requires more complexity to
explain perryite inclusions in kamacite (Fig.2) not
associated with sulfide and ubiquitous perryite near the
outside edge of the metal-sulfide nodules in contact with
silicate matrix and chondrules. Some of these perryites
may have been associated with sulfides which were in
the material removed when making the thin section.

S. W. Lehner et al.

Laser ablation, inductively coupled plasma mass
spectrometry analyses indicate perryite contains Cu, Ga,
and Pd with no Ir or Ru. Because of spot size
limitations, these analyses were of the larger perryite
inclusions which tend to be near the edges of the metal-
sulfide nodules and near the kamacite interface with
sulfides. Pd is a siderophile element with a very low
diffusion constant in Fe-Ni alloy and its presence is
inconsistent with inadvertent ablation of sulfides as a
source of the high Cu and Ga measured in perryite. The
Cu, Ga, and Pd measured in large perryite grains
suggest later processing, as discussed below.

Re-Crystallization of Minerals after Melting

Cu, Ga, and Pd are incompatible in a solid/liquid
Fe-Ni alloy system and Ir and Ru are compatible
meaning they prefer the solid phase (Kelly and Larimer
1977; Chabot and Jones 2003; Chabot et al. 2006;
Walker et al. 2008). Therefore, to estimate the
plausibility of perryite crystallizing from a melt in the
presence of solid kamacite we reviewed the following
ternary phase diagrams: Fe, Ni, Si (Ackerbauer et al.
2009); Fe, Ni, S (Waldner and Pelton 2004); and Fe, Ni,
P; Fe, P, Si; and Fe, P, S (Raghavan 1988a, 1988b).

In the Fe-Ni-P system, a phase similar to perryite,
NisP,, is in equilibrium with liquid, Fe,P, and
schreibersite at approximately 1243 K. In the Fe, Ni, Si
system a perryite-like phase, Ni3;Si;»/NisSi,, containing
up to 20 atomic % Fe melts between 1386 and 1423 K.
The melting temperature of perryite [(FeNi);4 (SiP)s,
this study] is likely to be lower that these pure Ni — Si
phases because melting experiments of Indarch (EH4),
show Fe-Ni alloy and sulfide were liquid by 1270 K in
the form of an immiscible Si-rich melt and two sulfide
melts (McCoy et al. 1999).

In the Fe-Ni binary system, Fe-Ni alloy of kamacite
composition (<7 wt% Ni) melts at approximately
1790 K depending on minor element concentration
(Raghavan 1988b). However, there is a eutectic melting
reaction with FeS at approximately 1250 K (Kullerud
and Yoder 1959; Raghavan 1988a) and therefore,
recrystallization of perryite from Si-rich melt could have
occurred at the interface of Fe-Ni alloy and troilite if
the metal-sulfide nodules were briefly heated to
approximately 1300 K. Textural evidence, such as the
three nodules molded into one, (Fig. 1h) or kamacite
and troilite in eutectic melt texture near the edges of the
nodules (Figs. la, le, and 3) suggests the metal-sulfide
nodules may have been exposed to eutectic temperatures
and partially melted.

Information is not available on partitioning
behavior of siderophile elements between solid kamacite
and liquid of perryite composition but the Fe, Ni, P;
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Fe, P, Si; Fe, P, S, and Fe, Ni, S ternary phase
diagrams from metallurgical studies suggest such a
system is possible (Raghavan 1988a, 1988b; Waldner
and Pelton 2004). Perryite formed at this interface by
earlier sulfidation may have been melted, and these
circumstances could explain why the Cu, Ga, and Pd,
which are incompatible in a solid/liquid Fe-Ni alloy
system are incorporated into perryite with no
measurable compatible elements (Ru and Ir) (Table 1).

The schreibersite which we analyzed was not close
to the kamacite-troilite interface and does not appear to
have formed from a melt. Partitioning experiments show
that Ru partitions into P-rich liquid in a solid/liquid
Fe-Ni-P system and Pd partitioning is unaffected by
P content (Corrigan etal. 2009), and therefore
schreibersite precipitation from a melt would not likely
preserve a Ru/Pd ratio close to CI as observed.

In kamacite analyzed away from the interface with
troilite, the correlation of Ir with Pd implies that most
kamacite was not melted because Ir and Pd which have
similar diffusive behavior (Righter et al. 2005) have
opposite solid/liquid partitioning behavior in metal
systems with low concentrations of P, S, and C (Kelly
and Larimer 1977; Campbell and Humayun 2005;
Chabot et al. 2006; Walker et al. 2008).

In summary, some perryite at the interface of
kamacite and troilite appears to have re-crystallized
from melt near the Fe—FeS eutectic temperature which
may have been depressed by the presence of Si and
other sulfides (Fogel et al. 1989). This hypothesis is
consistent with metal-sulfide nodules as preaccretionary
objects experiencing short nebular heating events similar
to silicate chondrules as proposed by Rambaldi et al.
(1986) for Qingzhen.

CONCLUSIONS

We consider the hypotheses that kamacite,
schreibersite, and perryite in Sahara 97072 metal-
sulfide nodules formed by decomposition of a
precursor Fe-Ni alloy, by condensation as separate
minerals, that perryite formed by sulfidation of Si-rich
Fe-Ni alloy and from Si-rich melt in transient heating
events. The trace element signature of the kamacite-
perryite-schreibersite assemblage is consistent with their
origin from nebular gas with solar proportions of
siderophile elements. Communication of Fe-Ni alloy
with this gas continued down to temperatures where
substantial fractions of Cu and Ga condensed. We
propose that schreibersite and perryite formed
separately near the condensation temperatures of P
and Si in the reduced gas and were incorporated into
Fe-Ni alloy. At cooler temperatures, preferential
sulfidation of Fe in kamacite contributed to formation

of additional perryite that was subsequently processed
by brief melting of the metal-sulfide nodules. The
metal-sulfide nodules are pre-accretionary objects that
retain a record of their origin in nebular gas
overprinted by transient heating events.
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