
Available online at www.sciencedirect.com
www.elsevier.com/locate/gca

Geochimica et Cosmochimica Acta 75 (2011) 3501–3513
Evidence for aqueous activity on comet 81P/Wild 2 from
sulfide mineral assemblages in Stardust samples and CI chondrites

Eve L. Berger a,⇑, Thomas J. Zega b, Lindsay P. Keller c, Dante S. Lauretta a

a Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721, USA
b Naval Research Laboratory, Washington DC 20375, USA
c NASA Johnson Space Center, Houston, TX 77058, USA

Received 15 October 2010; accepted in revised form 16 March 2011; available online 22 March 2011
Abstract

The discovery of nickel-, copper-, and zinc-bearing iron sulfides from comet 81P/Wild 2 (Wild 2) represents the strongest
evidence, in the Stardust collection, of grains that formed in an aqueous environment. We investigated three microtomed
TEM sections which contain crystalline sulfide assemblages from Wild 2 and twelve thin sections of the hydrothermally
altered CI chondrite Orgueil. Detailed structural and compositional characterizations of the sulfide grains from both collec-
tions reveal striking similarities. The Stardust samples include a cubanite (CuFe2S3) grain, a pyrrhotite [(Fe,Ni)1�xS]/pent-
landite [(Fe,Ni)9S8] assemblage, and a pyrrhotite/sphalerite [(Fe,Zn)S] assemblage. Similarly, the CI-chondrite sulfides
include individual cubanite and pyrrhotite grains, cubanite/pyrrhotite assemblages, pyrrhotite/pentlandite assemblages, as
well as possible sphalerite inclusions within pyrrhotite grains. The cubanite is the low temperature orthorhombic form, which
constrains temperature to a maximum of 210 �C. The Stardust and Orgueil pyrrhotites are the 4C monoclinic polytype, which
is not stable above �250 �C. The combinations of cubanite and pyrrhotite, as well as pyrrhotite and pentlandite signify even
lower temperatures. The crystal structures, compositions, and petrographic relationships of these sulfides constrain formation
and alteration conditions. Taken together, these constraints attest to low-temperature hydrothermal processing.

Our analyses of these minerals provide constraints on large scale issues such as: heat sources in the comet-forming region;
aqueous activity on cometary bodies; and the extent and mechanisms of radial mixing of material in the early nebula. The
sulfides in the Wild 2 collection are most likely the products of low-temperature aqueous alteration. They provide evidence
of radial mixing of material (e.g. cubanite, troilite) from the inner solar system to the comet-forming region and possible sec-
ondary aqueous processing on the cometary body.
� 2011 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

In 2006, NASA’s Stardust mission successfully achieved
its goal of collecting cometary and interstellar particles
from Wild 2 and returning them to Earth. The captured
material has a diverse mineralogy, which includes olivines,
pyroxenes, sulfides, and oxides (Zolensky et al., 2006). This
mélange of minerals is evidence of a large degree of radial
mixing in the early solar nebula. For example, the presence
0016-7037/$ - see front matter � 2011 Elsevier Ltd. All rights reserved.

doi:10.1016/j.gca.2011.03.026

⇑ Corresponding author.
E-mail address: elberger@lpl.arizona.edu (E.L. Berger).
of refractory CAI-like components in the Stardust collec-
tion is evidence for mixing of material formed at high tem-
peratures from close to the early Sun out to the comet-
forming region (Zolensky et al., 2006). Complementary
information about low-temperature processes is furnished
by sulfide minerals, which are present in the Stardust collec-
tion (Zolensky et al., 2006).

There is a subset of minerals reported in the Stardust
collection (e.g. Brownlee et al., 2006; Flynn et al., 2006; Zo-
lensky et al., 2006; Wirick et al., 2007; Flynn et al., 2008;
Zolensky et al., 2008a; Burchell and Kearsley, 2009; Flynn
et al., 2009; Bridges et al., 2010; Stodolna et al., 2010) that
is similar to those found in the CI-chondrite suite (e.g. Fitch
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et al., 1962; Kerridge and Chatterji, 1968; Kerridge, 1970;
Macdougall and Kerridge, 1977; Kerridge et al., 1979; Ker-
ridge et al., 1980; Fredriksson and Kerridge, 1988; Bullock
et al., 2005; Zolensky et al., 2008b) including carbonates
([CaMg(CO3)2], CaCO3), magnetite (Fe3O4), pyrrhotite
[(Fe,Ni)1�xS], pentlandite [(Fe,Ni)9S8], and most impor-
tantly, cubanite (CuFe2S3), which has not been identified
in any other chondrite class. It is widely accepted that for
the CI chondrites hydrothermal activity is responsible for
the formation of these minerals and the phyllosilicates that
comprise the bulk of the matrix (Herndon et al., 1975;
Tomeoka and Buseck, 1988; Brearley, 2006), which consti-
tutes 99% of the volume of these meteorites (Tomeoka and
Buseck, 1988; Buseck and Hua, 1993; Weisberg et al.,
2006). A notable difference between CI- and Stardust miner-
alogy is the lack of phyllosilicates in the Stardust collection.
While observations of the debris plume from comet 9P/Tem-
pel created by the Deep Impact experiment suggest the pres-
ence of phyllosilicates (Lisse et al., 2006), none have been
reported from analyses of dust grains captured by the Star-
dust spacecraft from Wild 2. The lack of identified phyllosil-
icates in the Stardust samples may reflect diversity amongst
comets or, if they were present on Wild 2, they may not have
survived the capture process (Foster et al., 2008; Wozniakie-
wicz et al., 2010) or they may still be awaiting discovery in
the Stardust collection (Zolensky et al., 2008a).

Stardust sulfides run the gamut between unmodified
material to grains that appear to have been melted during
capture into the aerogel (Zolensky et al., 2006). Compari-
sons between the hydrothermally altered sulfides from the
CI chondrites and pristine sulfides from Wild 2 (i.e. those
that have not been altered by capture into the aerogel), re-
veal similarities. Detailed characterization of these grains,
which are sensitive to conditions and extent of alteration,
aids in unravelling formation history. The key to any rela-
tionship between the Wild-2 and CI-chondrite sulfides may
be the mineral cubanite. Prior to the Stardust mission,
extraterrestrial cubanite had only been found in CI chon-
drites. It has been reported in Orgueil, Alais, and Ivuna
(Macdougall and Kerridge, 1977; Kerridge et al., 1979;
Bullock et al., 2005) and, now, in the Stardust collection.
We directly compare the crystal structures and composi-
tions of sulfides from both collections.

2. SAMPLES AND ANALYTICAL TECHNIQUES

Electron microprobe analyses (EMPA) of CI-chondrite
samples were obtained using the Cameca SX-50 at the Uni-
versity of Arizona. Twelve thin sections of the CI chondrite
Orgueil were prepared from samples provided by the Vati-
can Observatory. Each thin section was imaged and X-ray
mapped for elements of interest. Sulfide grains were identi-
fied, analyzed for composition, and imaged. Analytical con-
ditions were 15 kV and 40 nA, 20 s on peak and 20 s on
background. Well-characterized standards were used and
an internal PAP correction routine was used to correct
for matrix effects. Detection limits (wt.%) are: P = 0.02,
S = 0.02, Fe = 0.09, Co = 0.06, Ni = 0.06, Cu = 0.14,
Zn = 0.18. Electron-transparent cross sections of an indi-
vidual cubanite grain and a cubanite/pyrrhotite assem-
blage, from the Orgueil thin sections, were prepared at
the Naval Research Laboratory (NRL) using an FEI Nova
600 focused ion beam (FIB) scanning electron microscope
based on previously described methods (Zega et al., 2007).

For the Stardust samples we obtained transmission elec-
tron microscope (TEM) grids with ultramicrotome thin sec-
tions of terminal particles that had been prepared at
Johnson Space Center (JSC) and the University of Washing-
ton. The microtome sections were of particles embedded in
epoxy, typically�70 nm thick. Most of the sections were rel-
atively complete, but several exhibited chatter and loss of
sample, so that some of the petrographic context was lost.
Of the 31 microtome sections we investigated, nine con-
tained sulfide melt droplets, and three, which we discuss in
detail herein, contained crystalline sulfide grains [(C2054-
5-26-1-16), (FC6-0-10-0-85), and (C2054-5-27-1-11)].

TEM analyses of CI-chondrite and Stardust sulfides
were performed using the JEOL 2500SE 200 keV field-emis-
sion STEM and the JEOL 2000FX 200 keV STEM at JSC,
and the 200 keV JEOL 2200FS at NRL. The JSC STEM is
equipped with a Noran thin window energy-dispersive X-
ray (EDX) spectrometer that enables rapid EDX mapping
of samples. The resulting images contain a high count
EDX spectrum in each pixel, enabling the determination
of quantitative element abundances in addition to display-
ing the spatial distribution of major and minor elements.
For the spectrum imaging, we rastered a 4 nm diameter
incident probe with a dwell time of 50 ls/pixel to limit
beam damage and element diffusion during the analysis.
The size of the rastered area was typically 256 � 204 pixels
at a magnification that was optimized to limit over- or un-
der-sampling with the 4 nm probe. Successive image layers
of the samples were acquired and combined in order to
achieve <10% counting statistic error for major elements
in each pixel. Spectrum images obtained on the NRL
STEM, which is also equipped with a thin-window Noran
EDX spectrometer, were done with 0.5–1.5 nm diameter
incident probes, dwell times of 50 ls/pixel, and rastered
areas of either 256 � 256 or 512 � 512 pixels. EDX spectra
were quantified using Cliff–Lorimer thin film techniques
with k-factors experimentally determined from well-charac-
terized standards.

Selected-area electron-diffraction (SAED) patterns were
acquired from grains of interest. SAED patterns from all
instruments were measured based on calibrated camera
constants, and comparisons with known structure types
were used to identify phases. Where feasible, phase identifi-
cation was based on both SAED patterns and EDX spectra.
However, the small sizes of some grains rendered SAED
patterns unobtainable, and in such cases, phase identifica-
tion was based solely EDX spectra.

3. RESULTS

3.1. Stardust samples

3.1.1. Track 26 cubanite

A cubanite grain, fractured during the sample prepara-
tion, occurs near the exterior of a terminal particle from
Stardust track 26 (C2054-5-26-1-16) (Fig. 1a and b) and is



Table 1
Stardust sulfide compositions.

Range or single value (at.%) Mean (at.%)

Track 26 cubanite*, n = 1
Fe 35.0 ± 0.5 –
Cu 15.3 ± 0.7 –
S 49.7 ± 0.5 –
Track 27 pyrrhotite, n = 5
Fe 45.0–46.7 45.8
Ni 0.0–0.2 0.2
S 53.0–55.0 54.1
Track 27 pentlandite, n = 2
Fe 22.0–22.5 22.2
Ni 26.0–26.1 26.0
S 51.4–52.0 51.7
Track 10 Ni-free pyrrhotite, n = 3
Fe 45.1–46.3 45.5
Ni b.d.l. –
S 53.7–54.9 54.5
Track 10 Ni-bearing pyrrhotite, n = 1
Fe 42.7 ± 0.5 –
Ni 3.7 ± 0.8 –
S 53.6 ± 0.5 –
Track 10 sphalerite, n = 2
Mn 1.1–1.2 1.2
Fe 21.9–24.3 23.1
Zn 21.9–24.6 23.2
S 52.3–52.7 52.5

* Si and O contributions from aerogel subtracted; n = # of grains
analyzed; b.d.l. = below detection limits.
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distributed over an area of �0.28 � 0.17 lm. The composi-
tion is consistent with stoichiometric CuFe2S3 embedded in
aerogel (Table 1). SAED patterns from three orientations
are consistent with low-temperature, orthorhombic cuban-
ite (Fleet, 1971). The pattern from the [10–2] zone axis
(Fig. 1c), along with Laue ring spacings in patterns from
two other orientations are diagnostic of cubanite.

3.1.2. Track 10 sphalerite and pyrrhotite

TEM analyses reveal that Stardust track 10 contains a
polycrystalline terminal particle measuring �2.7 � 1.8 lm
(FC6-0-10-0-85) (Fig. 2). It is predominantly Ni-free pyr-
rhotite, associated with a lm-sized grain of Ni-bearing pyr-
rhotite (�3.7 at.% Ni). The Ni-free and Ni-bearing
pyrrhotite compositions (Table 1) fall within the stability
field for 4C monoclinic pyrrhotite (Wang et al., 2006, and
references therein). The assemblage also includes a lm-
sized grain of Fe-rich sphalerite [(Fe,Zn)S], which contains
roughly equivalent amounts of Fe and Zn, and minor Mn
(<2 at.%). The sphalerite shows fine scale twinning on
(1 1 1) and is separated from the Ni-rich pyrrhotite by the
Ni-free pyrrhotite. Table 1 lists compositional data for
these minerals. SAED patterns from the Ni-bearing pyrrho-
tite (zone axis [0 �4 1]) and the Ni-free pyrrhotite (zone axis
[1 �1 0]) (Fig. 3) are consistent with 4C monoclinic pyrrho-
tite (Tokonami et al., 1972; Putnis, 1975; Posfai et al.,
2000).

3.1.3. Track 27 pyrrhotite and pentlandite

Pyrrhotite and pentlandite occur �1.2 lm apart in a
track 27 terminal particle (C2054-5-27-1-11) (Fig. 4). We in-
fer that prior to ultramicrotomy, the pyrrhotite and pent-
landite grains were in direct contact; the grains were
likely fragmented during sample preparation. The largest
pentlandite fragment measures �0.41 � 0.11 lm. The pyr-
rhotite fragments are more numerous and have an average
size of �0.30 � 0.10 lm. The pyrrhotite is essentially Ni-
free, and falls compositionally within the stability field for
4C monoclinic pyrrhotite (Wang et al., 2006, and references
therein). The pentlandite contains slightly more Ni than Fe
(Table 1). SAED patterns taken from three compositionally
equivalent pyrrhotite fragments and a pentlandite fragment
are consistent with the 4C monoclinic pyrrhotite (zone axes:
[1 �1 0], [11 24 �1] and [�1 18 �9]) and pentlandite struc-
Fig. 1. (a) Bright field image (BFI) of a terminal particle from Stardus
exterior. (b) Close-up BFI of a compositionally stoichiometric cubanite gr
from the [1 0 �2] zone axis, consistent with the low-temperature orthorho
been heated above 210 �C.
tures (zone axis [0 1 �1]), respectively (Pearson and Buer-
ger, 1956; Tokonami et al., 1972; Putnis, 1975; Posfai
et al., 2000).

3.2. CI chondrite samples

In Orgueil, cubanite occurs either as individual grains or
intimately associated with pyrrhotite. EMPA results
(ranges and means) for 107 pyrrhotite grains and 19 cuban-
ite grains (17 individual grains and 2 intergrown with pyr-
rhotite) are reported in Table 2. Ten of the pyrrhotite
grains have domains with higher than average Ni-contents.
TEM analyses were performed on FIB-prepared electron-
t track 26 (C2054-5-26-1-16) with a cubanite grain located on the
ain (CuFe2S3) (Table 1). (c) Selected area electron diffraction pattern
mbic polymorph of CuFe2S3, which indicates that the grain has not



Fig. 2. High angle annular dark field image of Stardust track 10
pyrrhotite/sphalerite assemblage (FC6-0-10-0-85). The sphalerite
and Ni-bearing pyrrhotite grains are indicated. The remainder of
the particle is Ni-free pyrrhotite. The compositions of the pyrrho-
tites (Ni-bearing and Ni-free) (Table 1) fall within the 4C
monoclinic pyrrhotite stability field.

Fig. 3. Selected area electron diffraction (SAED) pattern from
Stardust track 10 4C monoclinic pyrrhotite (zone axis [1 �1 0]). A
pattern collected from Stardust track 27 4C monoclinic pyrrhotite
is identical. This polymorph of pyrrhotite is not stable above
�250 �C.
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transparent sections from an individual cubanite grain
(Fig. 5) and an assemblage of cubanite overgrowing pyrrho-
tite (Fig. 6). Compositionally, TEM-EDX analyses agree,
within error, with EMPA results for both the cubanite grain
and the cubanite/pyrrhotite assemblage’s main crystals (Ta-
ble 3). The petrography and crystallography of the TEM-
investigated sulfides are discussed below.

3.2.1. Individual cubanite grain

TEM analyses of the cubanite FIB section
(�8.4 � 5.9 lm) reveal a single crystal crosscut by a vein
(Fig. 5a). SAED patterns obtained in three orientations
from the bulk cubanite (zone axes: [0 1 0], [0 1 �1], and
[1 2 �1]), both above and below the vein, are consistent
with the low-temperature orthorhombic form (Fleet,
1971). The composition of the grain is consistent with stoi-
chiometric cubanite. In comparison, the vein consists of
three amorphous layers (Fig. 5b). The outer layer contains
Cu, Fe, and S, with higher Cu:S and lower Fe:S ratios than
the adjacent cubanite. The interior layer contains an Fe-,
Ni- and O-bearing material. A Ca-, S-, and O-bearing mate-
rial occurs in the center of the amorphous region, although
not throughout the entire vein.

3.2.2. Cubanite/pyrrhotite assemblage

The �10.7 � 7.3 lm FIB section of this assemblage
(Fig. 6) consists of four crystalline areas separated by a
crosscutting vein: larger cubanite and pyrrhotite grains to
the upper left and right, respectively, and smaller grains
of pyrrhotite and a Cu–Fe sulfide located centrally towards
the bottom of the section. The large cubanite grain is com-
positionally homogenous at the nm-scale and congruently
oriented both above and below the vein. Measurements of
cubanite SAED patterns from two orientations are consis-
tent with the low-temperature orthorhombic polymorph
(Fleet, 1971). The pattern from the [3 �1 0] zone axis
(Fig. 7a) has faint reflections which echo the brighter ones
in two directions and doublets in one direction, while the
[2 �1 0] zone axis pattern has faint spots in one direction,
but no doublets. The small Cu–Fe-sulfide grain that occurs
between the pyrrhotite grains is depleted in Cu and S and
enriched in Fe relative to the main cubanite crystal. Its
SAED pattern (only obtained from one orientation) is con-
sistent with cubanite ([3 �1 0] zone axis).

Measurements of the interplanar spacings and angles
from SAED patterns of the large pyrrhotite grain are con-
sistent with the 4C monoclinic structure, zone axis [�1 0 1].
The crystal is homogenous in composition and orientation.
The smaller pyrrhotite grain is a twinned 4C monoclinic
pyrrhotite crystal ([0 1 0] and [1 1 0] zone axes, Fig. 7b)
(Tokonami et al., 1972; Putnis, 1975; Posfai et al., 2000)
that is oriented differently from the main pyrrhotite grain,
although it is within 1 at.% of the composition of the other
pyrrhotite grain. And, like the Stardust pyrrhotites, the
Orgueil pyrrhotite composition falls within the stability
field for 4C monoclinic pyrrhotite (Wang et al., 2006, and
references therein).

The vein material is similar to that described above. The
vein cross-cutting the largest cubanite grain is free of Ca-
bearing material, whereas that between the main cubanite
and pyrrhotite crystals contains all three layers. In addition,
Hg-sulfide grains are dispersed in the area between the
small pyrrhotite grain and the small Cu–Fe-sulfide, as well
as below the main cubanite grain.



Fig. 4. Bright field image and X-ray maps of the Stardust track 27 terminal particle (C2054-5-27-1-11). The pyrrhotite grains are
compositionally equivalent (Table 1), and fall within the 4C monoclinic pyrrhotite stability field. The pentlandite grains are compositionally
equivalent to one another.

Table 2
Orgueil sulfide compositions.

Range or single value (at.%) Mean (at.%)

Cubanite, n = 19
Fe 32.8–33.9 33.4
Cu 15.8–16.8 16.3
S 49.4–51.0 50.3
Pyrrhotite, n = 107
Fe 44.2–46.7 45.8
Co b.d.l. –
Ni 0.0–1.1 0.8
Cu 0.0–0.1 0.0
S 52.6–54.9 53.4
Ni-rich domains within pyrrhotite grains, n = 10
Fe 24.0–45.2 37.4
Co 0.0–0.9 0.4
Ni 1.4–27.3 10.9
Cu 0.0–0.1 0.0
S 47.5–53.5 51.5

n = # of grains analyzed; b.d.l. = below detection limits.
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4. DISCUSSION

EMPA and TEM analyses reveal similarities between
the Wild-2 sulfides and those from the hydrothermally al-
tered CI-chondrite Orgueil. Distinctive structural character-
istics (e.g. irreversible phase transitions, vacancy ordering)
allow for the placement of constraints on formation condi-
tions. In turn, these constraints have implications for when
and where formation and alteration occurred. They speak
to both radial mixing of material forming at lower temper-
atures than CAIs and to the possibility for hydrothermal
alteration on a cometary body.

4.1. Constraints from structure, composition, and

comparative mineralogy

4.1.1. Wild-2 and CI-chondrite cubanite

Cubanite (CuFe2S3) has been found in terrestrial ore
deposits, CI chondrites, and in the Stardust collection; it
has not been reported in other chondritic meteorites. There
are two polymorphs of CuFe2S3: cubanite, the low-temper-
ature orthorhombic form and isocubanite, the high-temper-
ature cubic form. Cubanite undergoes an irreversible phase
transition to isocubanite at 210 �C (Fleet, 1971; Cabri,
1973; Szymanski, 1974; Caye et al., 1988). Upon cooling be-
low 210 �C, isocubanite does not revert to cubanite, but
rather exsolves or breaks down to chalcopyrite (CuFeS2)
and pyrrhotite (Cabri, 1973; Putnis, 1977; Kaneda et al.,
1978; Pruseth et al., 1999). As detailed above, SAED pat-
terns from the Stardust track 26 CuFe2S3 are consistent
with low-temperature, orthorhombic cubanite. The irre-
versibility of the structural transformation establishes that
the Wild-2 cubanite must have formed at low temperature,
did not experience temperatures above 210 �C prior to or
during its residence on Wild 2, and it was not significantly
heated during capture into aerogel.



Fig. 5. (a) High angle annular dark field (HAADF) image of the
FIB-prepared thin section of a single crystal of Orgueil cubanite.
(b) Close-up HAADF image of the cross-cutting vein which post-
dates the formation of the cubanite. The Cu–Fe–S vein layer is
depleted in Fe and enriched in Cu relative to the cubanite. Material
in all vein layers is amorphous.
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4.1.2. Wild-2 and CI-chondrite pyrrhotite

The metal deficient Fe sulfide pyrrhotite, like cubanite,
exists in more than one structural form (e.g. monoclinic
or hexagonal), and ordering of the Fe vacancies (i.e. stack-
ing of layers) can also vary (e.g. Dodony and Posfai, 1990;
Posfai and Dodony, 1990; Posfai and Buseck, 1997;
Makovicky, 2006). While there is not an irreversible phase
transition between the different polytypes and polymorphs,
there are compositional and thermal regions of stability for
each (Wang et al., 2006, and references therein). As dis-
cussed above, the presence of cubanite evidences tempera-
tures below 210 �C. Likewise, the presence of 4C
monoclinic pyrrhotite, on its own, is indicative of low tem-
peratures; it is not stable above �250 �C (Wang et al., 2006,
and references therein). The 4C monoclinic structure is bet-
ter able to stabilize Fe vacancies than the other pyrrhotite
polymorphs (Fleet, 1968; Tokonami et al., 1972; Putnis,
1975). Experimental work by Hall and Yund (1966) showed
that as temperatures decrease, monoclinic pyrrhotite be-
comes more Fe deficient; they attained an Fe content for
pyrrhotite of 46.3% at 70 �C (albeit in the presence of pyr-
ite) similar to the total metal content (Fe + Ni) of our
Orgueil and Stardust pyrrhotites (Tables 1 and 2). Lastly,
monoclinic pyrrhotite has been synthesized under low-tem-
perature aqueous conditions (Sugaki and Shima, 1965) that
do not exclude the formation of cubanite.

While the cubanite and pyrrhotite crystal structures pro-
vide temperature constraints, the petrographic context of
the combination of pyrrhotite and cubanite in the CI-chon-
drites provides more detailed information about potential
formation mechanisms. Petrologic evidence suggests that
the cubanite in Orgueil formed after the pyrrhotite (e.g.
Fig 6a); examples of cubanite overgrowths on pyrrhotite
have also been reported in the CI chondrite Alais (Bullock
et al., 2005). Pyrrhotite and cubanite do not form a stable
assemblage on the 200 �C Cu–Fe–S ternary diagram (Yund
and Kullerud, 1966; Kullerud et al., 1969). They do, how-
ever, have a tie line between them in an extrapolated
25 �C Cu–Fe–S ternary (Vaughan and Craig, 1997)
(Fig. 8). The combination of pyrrhotite and cubanite indi-
cates lower temperatures than either mineral alone. The
structural and compositional data for these sulfides are in
line with the petrologic evidence that cubanite formed at
a later stage than pyrrhotite by precipitating from an aque-
ous fluid as the parent body cooled (Bullock et al., 2005).

While pyrrhotite has not been identified in conjunction
with cubanite in the Stardust collection, we have identified
it in multiple tracks. The track 10 and 27 pyrrhotites’ struc-
tures (4C monoclinic) not only imply temperatures below
�250 �C, but also indicate that the grain was not heated sig-
nificantly during capture into the aerogel. Quenching of
monoclinic pyrrhotite, from temperatures of 500 �C, pro-
duces hexagonal pyrrhotite (O’Reilly et al., 2000), rather
than the more ordered monoclinic structure, which maxi-
mizes the distances between Fe vacancies (Fleet, 1968;
Tokonami et al., 1972; Putnis, 1975). Cooling rates of
�10 �C/min would be required to retain the monoclinic
structure (O’Reilly et al., 2000). Additionally, the transition
from hexagonal to monoclinic pyrrhotite requires pro-
longed annealing at 150–200 �C (Yund and Hall, 1969;
O’Reilly et al., 2000). So, as in the case of the cubanite,
the 4C pyrrhotite found in these Stardust samples is pristine
cometary material that has not been altered by the capture
process.
4.1.3. Wild-2 and CI-chondrite pentlandite

The combination of pyrrhotite and pentlandite has been
observed in both the CI-chondrite and Stardust collections.
The Ni contents of the track 27 pentlandite and pyrrhotite
grains fall within the average values reported for CI chon-
drites (Bullock et al., 2005), providing another link between
CI-chondrite and Stardust minerals. Pentlandite and pyr-
rhotite in the CI-chondrite collection often occur in direct
contact (Kerridge et al., 1979; Bullock et al., 2005), and
the track 27 pyrrhotite and pentlandite were likely in phys-



Fig. 6. (a) Back scattered electron image of an Orgueil cubanite grain overgrowing pyrrhotite. (b) Secondary electron image taken during the
FIB preparation of electron transparent cross-section. (c) High angle annular dark field image of the FIB-prepared thin section of the
cubanite/pyrrhotite interface with X-ray maps superimposed. The main cubanite crystals (Cb) are stoichiometric cubanite, CuFe2S3. The
pyrrhotite (Po) grain compositions fall within the 4C monoclinic pyrrhotite stability field. The “Cb?” is depleted in Cu and enriched in Fe
relative to CuFe2S3, but crystallographically indexes to cubanite in one orientation. The vein material is amorphous. Note: The dark space at
the bottom of 5c is epoxy.

Table 3
TEM-investigated CI-chondrite sulfide compositions.

at.% ± 2r

Individual cubanite grain

Fe 33.2 ± 0.4
Cu 16.3 ± 0.2
S 50.5 ± 0.4
Assemblage cubanite grain

Fe 33.1 ± 0.4
Cu 16.4 ± 0.2
S 50.5 ± 0.6
Assemblage pyrrhotite grain

Fe 45.4 ± 0.3
Ni 1.0 ± 0.1
S 53.6 ± 0.3
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ical contact prior to capture into the aerogel but were dis-
rupted during the sample preparation procedure. By itself,
pentlandite is a sign of low-temperature aqueous alteration
(Zolensky and Thomas, 1995; Bullock et al., 2005; Zolensky
et al., 2008a), but the combination of pentlandite and pyr-
rhotite yields more detailed constraints than either phase
alone. Their association is significant because the 100–
135 �C Fe–Ni–S phase diagram (Fig. 9) has tie lines be-
tween the sulfides that are not present on the 250 �C phase
diagram (Naldrett, 1989), indicating a low equilibration
temperature (Bullock et al., 2005).

4.1.4. Wild-2 and CI-chondrite sphalerite

The track 10 assemblage includes a lm-sized grain of
Fe-rich sphalerite with minor Mn in direct contact with
pyrrhotite. Sphalerite grains with minor Mn have also been



Fig. 7. (a) A cubanite selected area electron diffraction (SAED) pattern from the Orgueil cubanite/pyrrhotite assemblage. Bright spots are
consistent with the [3 �1 0] zone axis of cubanite. The orthorhombic crystal structure indicates a maximum temperature of 210 �C. Fainter
spots (e.g. vertical columns between brighter columns) and doublets (e.g. spots indicated by the arrow) in the diffraction pattern are suggestive
of structural variations due to vacancy ordering or a cation superlattice. (b) SAED pattern from the Orgueil 4C monoclinic pyrrhotite
containing twinned [1 1 0] and [0 1 0] zone axes. This polymorph of pyrrhotite is not stable above �250 �C.

Fig. 8. 25 �C Cu–Fe–S ternary diagram (after Vaughan and Craig,
1997) with Stardust track 26 cubanite and CI-chondrite cubanite/
pyrrhotite assemblage compositions plotted. The tie line that
appears between cubanite and pyrrhotite in this ternary diagram is
not present in the 200 �C ternary, indicating that the combination
of cubanite and pyrrhotite form a stable assemblage at low
temperatures.

Fig. 9. 100–135 �C Fe–Ni–S ternary diagram (after Naldrett, 1989)
with Stardust track 27 pyrrhotite and pentlandite and CI-chondrite
sulfide compositions plotted. Tie lines between pyrrhotite and
pentlandite are not present in the 250 �C Fe–Ni–S ternary diagram,
indicating this assemblage has a low equilibration temperature.
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reported in the interplanetary dust particle (IDP) Attilla
(Christoffersen and Buseck,1986), although the IDP’s
sphalerite has a much lower Fe content than the track 10
sphalerite. Attilla also contains multiple pyrrhotite grains
with an order of magnitude less Ni than the Ni-rich pyrrho-
tite grain in the track 10 assemblage. The Stardust pyrrho-
tite/sphalerite assemblage does not have an exact analogue
in the aqueously altered CI-chondrite suite. However,
sphalerite is commonly found in terrestrial hydrothermal
ore deposits with pyrrhotite and/or pyrite (Kullerud et al.,
1969), so it is not surprising that some CI-chondrite pyrrho-
tites contain Zn. The elemental abundance of Zn in CI
chondrites is >300 ppm (Anders and Grevesse, 1989). Trace
element analyses of CI-chondrite pyrrhotites reveal a large
degree of variability in Zn content: from 0 to 181 ppm (Gre-
shake et al., 1997). Preliminary laser-ablation inductively
coupled mass spectrometry measurements suggest the pos-
sibility of sphalerite inclusions within Orgueil pyrrhotite
grains. Work is ongoing to determine the relationship be-
tween these phases in CI chondrites.

4.1.5. CI-chondrite minor phases

Hydrothermal activity is responsible for the minor
phases in the Orgueil TEM sections: Hg-sulfide and the vein
material, which postdates the formation of the sulfides. The
Fe depletion in the outer layer of the vein is consistent with
Fe being preferentially removed (vis-à-vis Cu) from Cu–Fe-
sulfides during oxidation or weathering (Vaughan and
Craig, 1997). The Ca-, S-, and O-bearing material is
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presumably a sulfate which could have formed in situ on the
parent body or may be a product of terrestrial weathering
(Gounelle and Zolensky, 2001; Airieau et al., 2005). Mer-
cury-sulfide in CM chondrites is the product of low temper-
ature aqueous alteration on the parent body (Lauretta et al.,
1999); its presence in Orgueil is indicative of an analogous
process on the CI-parent body. (The small size of the Orgu-
eil HgS grains precluded phase identification via SAED.)
Modeling of hydrous asteroids (CM- and CI-like) predicts
alteration temperatures of 50–150 �C (Zolensky et al.,
1989) and data from oxygen isotopes suggest an alteration
temperature of�150 �C (Clayton and Mayeda, 1999). Thus,
the predicted low-temperature alteration for the CI-chon-
drite parent body is supported by the presence of mercury
sulfide, 4C monoclinic pyrrhotite, and cubanite.

4.1.6. Alteration of sulfides during capture into the aerogel

Sub-micron Fe–Ni–S melt droplets, many of which con-
sist of Fe–Ni cores surrounded by sulfide rims, and sulfide
melt on the edges of particles, have been modified by cap-
ture into the aerogel, and are common in the Stardust col-
lection. We have identified them in nine microtome
sections: Track 26 Ada, C2017-2-99-1-7, C2017-2-99-2-8,
C2017-2-100-3-12, C2054-5-27-1-1, C2063-1-154-1-10,
C2081-1-108-2-9, C2081-1-108-20-3, and C2092-7-81-2-2.
They have also been reported by: Brownlee et al., 2006;
Keller et al., 2006; Zolensky et al., 2006; Ishii et al., 2008;
Leroux et al., 2008; Nakamura et al., 2008; Rietmeijer
et al., 2008; Tomeoka et al., 2008; Leroux et al., 2009; Sto-
dolna et al., 2009; Velbel and Harvey, 2009. In contrast,
and as mentioned above, the sulfides we report on here were
not significantly modified during capture. Like the track 57
sulfide grain, investigated by Brownlee et al. (2006), our
track 27 pyrrhotite and track 10 cubanite grains were part
of larger mineral conglomerates, which may have protected
the sulfides from being melted during capture. Additionally,
larger sulfide grains may also have been spared from signif-
icant modification. Similar to the track 36 crystalline sulfide
reported on by Zolensky et al., 2008a, our unmodified track
10 pyrrhotite, while not part of a conglomerate, is relatively
larger than the track 26 and 27 sulfides.

4.1.7. Comparison to IDPs and AMMS

Comparison to pyrrhotites found in hydrated IDPs
strengthens the case for Wild-2 sulfide formation by aque-
ous processing. A broad survey of sulfides in IDPs shows
that pyrrhotites in anhydrous IDPs typically contain
<2 at.% Ni while those in hydrated IDPs can contain up
to �15 at.% Ni (Zolensky and Thomas, 1995). This obser-
vation is supported by other studies of sulfides in individual
IDPs (Tomeoka and Buseck, 1984; Christoffersen and Bu-
seck, 1986; Dai and Bradley, 2001; Rietmeijer, 2004). How-
ever, Dai and Bradley (2001) report pyrrhotite with >2 at.%
Ni among the anhydrous IDP population, although the Ni-
content of most of the hexagonal pyrrhotite grains that they
analyzed falls well below 2 at.%. In general, Ni-bearing pyr-
rhotite grains appear to be common in hydrated IDPs and
rare in anhydrous IDPs.

Pentlandite grains in IDPs also correlate with the hydra-
tion state of their host particle. In general, pentlandite is
found almost exclusively in hydrated IDPs (Tomeoka and
Buseck, 1984; Zolensky and Thomas, 1995; Dai and Brad-
ley 2001; Rietmeijer, 2004). Like our track 27 pentlandite,
the Ni:Fe ratio is >1 for some hydrous IDP pentlandites
(Tomeoka and Buseck, 1984; Zolensky and Thomas,
1995). The comparison between pentlandite in the Stardust
collection and those in IDPs provides further support for
our aqueous formation mechanism hypothesis.

Despite chemical similarities between the IDP and Star-
dust sulfides, the populations are crystallographically dis-
tinct. The track 10 and 27 pyrrhotites have the same 4C
monoclinic structure as CI chondrite pyrrhotites. In con-
trast, the reported crystal structures of the IDP pyrrhotites
are hexagonal (Tomeoka and Buseck, 1984; Christoffersen
and Buseck, 1986; Dai and Bradley, 2001) and ‘spinel-like’
cubic (Dai and Bradley, 2001). The hexagonal structure
may be the result of secondary heating processes (Dai and
Bradley, 2001; Bradley, 2010) that occur during atmo-
spheric entry of the IDPs (Brownlee, 1978). As suggested
by Bradley (2010), the differing crystal structures of chon-
dritic and IDP pyrrhotites indicate different formation envi-
ronments. We suggest monoclinic Stardust and CI-
chondrite pyrrhotites formed in an environment distinct
from that of the IDP sulfides.

Troilite, pyrrhotite, and pentlandite occur in the Antarc-
tic micrometeorite (AMM) collection (Engrand et al., 2007;
Dobrică et al., 2009). These sulfides, which may partially
derive from cometary sources (Liou and Zook, 1996), span
a wide range of Ni-concentrations (Engrand et al., 2007;
Dobrică et al., 2009). However, most Fe–Ni-sulfides in
these samples contain <3 at.% Ni (Dobrică et al., 2009).
The AMM pentlandite occurs in partially melted grains,
suggesting alteration during a flash-heating event associ-
ated with atmospheric entry (Dobrică et al., 2009). A direct
comparison between AMM and Stardust pyrrhotite crystal
structures would be useful in delineating the relationship
between the 2 populations.

4.2. Implications for solar system history

The combination of compositional and structural simi-
larities between the track 10 and 27 pyrrhotites and CI-
chondrite pyrrhotite is suggestive of hydrous processing
for both populations. Overall, the CI-chondrite and Star-
dust sulfide suites are very similar: cubanite, 4C monoclinic
pyrrhotite, pentlandite. The similarities are not only in
composition and mineral associations, but also in structural
detail. These similarities suggest equivalent formation
mechanisms and conditions. The polymorphs and poly-
types of cubanite and pyrrhotite are consistent with low-
temperature, aqueous processing, as is the presence of the
high-Ni phases (pentlandite and Ni-bearing pyrrhotite).

The most robust constraint from the mineral character-
izations is that neither the cubanite in the Stardust collec-
tion nor that in the CI-chondrite collection has seen
temperatures above 210 �C. The other sulfide associations
suggest aqueous processing at significantly lower tempera-
tures. If the Stardust sulfides formed via the same aqueous
mechanisms as they did on the CI-chondrite parent body,
they represent remnants of aqueous alteration on a come-
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tary body. Where that alteration took place cannot be
determined from the Stardust collection, since there is no
petrologic context for the individual minerals. There are a
number of possible pathways that culminate with low-tem-
perature sulfides on comet Wild 2, some more probable
than others. We focus on cubanite as we explore three pos-
sible scenarios below.

The first option is the formation of cubanite via nebular
condensation or sulfidation of nebular condensates, fol-
lowed by incorporation onto a parent body. Metal alloys
that formed in the early solar system play host to many sid-
erophile elements, including Ni and Cu (Lodders, 2003),
which can partition into a sulfide phase during nebular cor-
rosion. Troilite (FeS) can form quickly via corrosion of Fe
alloy by H2S gas in a nebular environment (Lauretta et al.,
1996a,b, 1997, 1998; Lauretta, 2005; Pasek et al., 2005).
However, it is unlikely that cubanite formed via corrosion
of a Cu-bearing Fe alloy. First, neither cubanite nor isocu-
banite occur in any primitive type-3 chondrites, which are
most likely to retain nebular signatures. Second, cubanite’s
formation below 210 �C suggests that its reaction kinetics
would be too slow under nebular conditions.

The second and third alternatives involve the formation
of cubanite via aqueous alteration on a parent body. The
main precursor for the CI-chondrite sulfides is troilite
(FeS) (Bullock et al., 2005). Once FeS is incorporated onto
the CI-chondrite parent body, it is oxidized via aqueous
activity to magnetite, pyrrhotite, pentlandite, and cubanite
(e.g. Herndon et al., 1975; Bullock et al., 2005). Stardust
cubanite could have formed in situ on Wild 2 via a similar
process, or it could be a remnant from a CI-chondrite-like
parent body that was delivered out to the comet-forming re-
gion. Both possibilities are explored below.

If the Stardust cubanite formed on a CI-chondrite-like
parent body, and the parent body was subsequently dis-
rupted, the cubanite could have been delivered to the co-
met-forming region as part of a larger CI-conglomerate.
Delivery of material to the comet-forming region requires
large-scale mixing in the early nebula, and any mechanism
invoked to radially transport the cubanite must keep it be-
low 210 �C. The Stardust collection contains fragments of
CAI- and chondrule-like material (e.g. Zolensky et al.,
2006), high temperature nebular components that formed
over timescales of tens of thousands (MacPherson et al.,
2010) to �100,000 years and 4 million years (Apai and Lau-
retta, 2010), respectively. Radial migration models demon-
strate that these high-temperature solids can be moved
beyond 20AU on timescales of �100,000 years (e.g. Bocke-
lee-Morvan et al., 2002; Ciesla, 2009).

A limiting factor in the timing of the migration is the
formation of Jupiter and the clearing of gas from the neb-
ula. Once Jupiter formed, mid-plane migration of small
particles out to the comet-forming region was no longer
possible (Ciesla, 2009). Estimates for the timescale of Jupi-
ter’s formation are on the order of several million years
(e.g. Hersant et al., 2001; Hubickyj et al., 2005; Lissauer
et al., 2009). Using 53Mn data, it has been shown that aque-
ous alteration on the Orgueil parent body started �3 Ma
after solar system formation (anchored to the angrite
LEW 86010) and continued for several million years (Hop-
pe et al., 2008). The timing of this alteration is either co-
temporal or postdates the estimates for the timing of Jupi-
ter’s formation (e.g. Lissauer et al., 2009). Thus, the turbu-
lent processes invoked to radially transport the CAIs and
other high-temperature assemblages (e.g. Bockelee-Morvan
et al., 2002; Ciesla, 2009) cannot be used to transport
cubanite and the other low temperature sulfides from a
CI-chondrite parent body to the comet-forming region.
However, sulfide precursor material (FeS) could be moved
out to the comet-forming region well within the time-scale
mandated by Jupiter’s formation. Modeling of nebular troi-
lite formation predicts that it starts forming �500,000 years
after solar system formation, between 1 and 1.6 AU at
690 K, and that smaller metal grains could be sulfidized
to troilite at distances up to at least 6 AU (Pasek et al.,
2005). The same turbulent processes that move the CAIs
and chondrules outward could also be responsible for mov-
ing FeS out to the comet-forming region. Any troilite dis-
covered in the Wild-2 collection is likely to be nebular in
origin.

Once at the comet, pockets of liquid with fluid condi-
tions (e.g. Eh, pH, T, S-fugacity) analogous to those on
the CI-chondrite parent body could convert the troilite
and remnant metal to the suite of sulfides we see in Star-
dust. Fink et al. (1999) observed elevated NH2 in Wild 2’s
coma, allowing for the possibility of a water-ammonia
brine. The ammonia-water system has a eutectic tempera-
ture of �100 �C (Lewis, 2004), requiring less heat input
for a liquid phase than a pure water system. Pockets of li-
quid could form on the comet due to heating from low-
velocity collisions (McSween and Weissman, 1989; de
Bergh et al., 2004; Lisse et al., 2006) which could occur
throughout the comet’s lifetime or short-lived radionuclides
(if comets formed rapidly enough to accrete chondritic lev-
els of 26Al) (McSween and Weissman, 1989), which would
be limited to the comet’s early lifetime. Liquid, whether
pure water or ammonia-water would not have to be long-
lived, because aqueous formation of sulfides is rapid, even
at low temperatures (McSween and Weissman, 1989). The
advantage of this third scenario is that the radial transport
mechanisms are not hindered by the low-temperatures
(<210 �C) mandated by cubanite, nor are they precluded
by the formation of Jupiter. If aqueous alteration occurred
on the comet, then models of comet formation and process-
ing need to account for the heat source, which could help
constrain availability of short-lived radionuclides in the
outer nebula.

Regardless of the mechanisms invoked to mix material
in the nebula, the fate of minerals forming at temperatures
lower than those at which CAIs and chondrules form must
be considered. The mineralogy of comet Wild 2 requires ra-
dial mixing of materials, from the high temperature regime
of CAI-like materials to the temperatures of Fe-sulfide for-
mation or the low-temperature stability limits of the ob-
served sulfide assemblages. In either case it is clear that
comets preserve evidence of aqueous processes in the early
Solar System. Unravelling the location and extent of this
alteration requires samples that preserve the petrographic
context, such as those obtained by a comet surface sample
return mission.
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5. CONCLUSION

We investigated sulfides from the Stardust and CI-chon-
drite collections via TEM and EMPA; in particular, Star-
dust samples: C2054-5-26-1-16 (cubanite), C2054-5-27-1-
11 (4C monoclinic pyrrhotite and pentlandite), and FC6-
0-10-0-85 (sphalerite, Ni-bearing and Ni-free 4C monoclinic
pyrrhotite), as well as a cubanite grain and a cubanite/4C
monoclinic pyrrhotite assemblage from the CI chondrite
Orgueil. These sulfides and their associations are similar
across the sample sets. The compositions, crystal structures,
and phase relationships of these grains reveal that they
formed via low-temperature aqueous processes.

To date, sulfides represent the strongest evidence of
aqueous processes on Wild 2. The constraints afforded by
the sulfides help to unravel the pathways by which they
came to reside on Wild 2. We suggest that the most likely
scenario resulting in the presence of cubanite on Wild 2
starts with radial mixing of nebular troilite out to the co-
met-forming region. After incorporation onto the cometary
body, heating from low-velocity collisions or short-lived
radionuclides provides energy to form pockets of liquid in
which troilite and associated metals are converted into the
suite of sulfides we see in the Stardust collection. If alterna-
tively, the Wild-2 sulfides formed in the inner solar system
and were subsequently delivered to the comet-forming re-
gion, the cubanite requires transport mechanism that is
not hindered by the formation of Jupiter, and operates at
temperatures below the upper stability limit of cubanite.

The in-depth characterization of Stardust sulfide grains
and their CI-chondrite analogs furnishes constraints not
only on the history of these particular grains, but also on
large-scale processes that occurred in the early nebula,
including heat sources and aqueous alteration on a come-
tary body, as well as mechanisms and extent of radial mix-
ing of material. Taken together with information afforded
by other minerals (e.g. CAIs) we can begin to assemble a
more complete picture of early Solar System evolution.
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