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Introduction: The compositions, textures, and 

crystal structures of sulfides can be used to constrain 
oxygen fugacity of formation, shock stage, and aque-
ous-, thermal-, and cooling-histories of their host rocks 
[e.g., 1–6]. The most abundant sulfides in extraterres-
trial samples are the pyrrhotite group [(Fe,Ni,Co,Cr)1–

xS], which can occur with pentlandite [(Fe,Ni,Co,Cr)9–

xS8], FeNi metal, and oxides [e.g., 7,8]. The pyrrhotite-
group sulfides are largely non-stoichiometric, where x 
in Fe1–xS varies between 0 and 0.125, and occur in 
different polytypes sensitive to thermodynamic condi-
tions. Pyrrhotites can be described with a NiAs-type 
structure, where polytypes are described NC; the value 
of N designates the multiple of the superstructure in 
the c-axis dimension [e.g., 5]. The stoichiometric end 
members are 2C (troilite; FeS, hexagonal) and 4C 
(Fe7S8, monoclinic) pyrrhotite. There are also pyrrho-
tites of intermediate compositions with 0<x<0.125, all 
of which are hexagonal, and include the non-integral 
NC-pyrrhotites and the integral 5C (Fe9S10), 6C 
(Fe11S12), and 11C (Fe10S11) pyrrhotites [e.g., 9–11].  

Geothermometry of pyrrhotite-pentlandite inter-
growths in meteorites shows that most formed via pri-
mary cooling from high temperature or thermal meta-
morphism [e.g., 7,8,12]. Sulfides in the LL4 to LL6 
chondrites typically equilibrated between 600 and 
500°C, consistent with formation during cooling after 
thermal metamorphism [8]. However, geothermometry 
of pyrrhotite-pentlandite intergrowths from an LL5–6 
impact melt-breccia indicated that the sulfides were 
annealed at ≤230°C, likely after an impact event [7]. In 
comparison, analyses of Hayabusa particles have iden-
tified asteroid 25143 Itokawa as LL4 to LL6 chondrite 
material (~10% LL4 and ~90% LL5 to LL6) [e.g., 13–
16] that was thermally metamorphosed between ~780 
and 840°C [13]. Itokawa particles were found to record 
shock stages between S2 and S4, with most particles 
around S2 [17,18]. Sulfides in Hayabusa particles [e.g., 
13,19,20] may record additional and/or complementary 
information on the formation conditions of Itokawa. 
Our goal is to further constrain the formation and alter-
ation conditions of asteroid Itokawa via comparison of  
sulfide-bearing Hayabusa particles to LL3 through 
LL6 chondrite sulfides.  

Samples and Analytical Procedures:  We were 
allocated sulfide-bearing Itokawa samples RB-CV-
0234 and RB-QD04-0039 from the JAXA collection, 
which were provided as intact grains measuring 25.9 
µm and 53 µm in diameter, respectively. We embedded 

the grains in low-viscosity epoxy and prepared them 
with the hybrid ultramicrotome-focused ion beam 
(FIB) technique developed by [19], previously used on 
other Hayabusa particles [21,22]. We made ultramicro-
tome sections of the first few hundred nm of the grains 
and left the bulk for analysis and preparation using 
FIB. Electron-transparent cross sections of the particles 
were created using the FEI Helios NanoLab 660 fo-
cused-ion-beam-scanning electron microscope (FIB-
SEM) at the University of Arizona (UAz). In addition, 
we also extracted a FIB section of a pyrrhotite-
pentlandite grain from Chelyabinsk ASU1801_22_C1 
(LL5, S5). X-ray element maps and high-resolution 
images of the sulfides were obtained with the FIB-
SEM prior to extraction of ~10 × 10 µm sections, 
which were then thinned to electron transparency 
(<100 nm) following the methods of [23]. The FIB 
sections were then analyzed using the 200 keV aberra-
tion-corrected Hitachi HF5000 scanning transmission 
electron microscope (TEM) at UAz.  

 
Figure 1. Composite TEM X-ray element map of RB-CV-
0234 FIB Section 1; po = pyrrhotite and pn = pentlandite.  

Results: RB-CV-0234: X-ray maps of the surface 
of the microtomed particle reveal that it is composed 
entirely of pyrrhotite. However, X-ray element maps of 
the extracted FIB section, determined via TEM analy-
sis, show a single grain of pyrrhotite and a buried pent-
landite grain (4.8 × 1.3 µm; Fig. 1). Selected-area elec-
tron-diffraction (SAED) patterns of the pyrrhotite and 
pentlandite grains at the same goniometer tilt angle 
index to the [110] zone axis for both 2C pyrrhotite 
(troilite) and pentlandite.  
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RB-QD04-0039: X-ray maps of the surface of the 
microtomed particle show that it is primarily composed 
of olivine that displays planar fractures, with minor 
amounts of low-calcium pyroxene, plagioclase, and a 
single grain of pyrrhotite (5.5 × 2.7 µm). TEM analysis 
revealed the FIB section contains olivine and at least 
two distinct grains (indicated by arrows in Fig. 2) of 
2C pyrrhotite that are each polycrystalline on sub-
micron scales.  

 
Figure 2. RB-QD04-0039 contains two grains of polycrystal-
line pyrrhotite (po), in contact with olivine (ol). 

Chelyabinsk (LL5, S5): An X-ray map shows that 
the FIB section is dominated by pyrrhotite and con-
tains a grain of pentlandite. TEM analysis revealed 
each grain consists of polycrystalline 2C pyrrhotite and 
polycrystalline pentlandite (on ~micron scales).  

Discussion: RB-CV-0234: The preliminary results 
from the FIB section from RB-CV-0234 are most con-
sistent with it being a sulfide from an LL6, S2 chon-
drite, as it is similar to sulfides from Saint-Séverin 
studied by [24]. We infer this because, based on results 
from the LL3 to LL6 chondrite sulfides we have stud-
ied via FIB-TEM [24,25,this study], only sulfide grains 
in Saint-Séverin (LL6, S2 [26]) contain a similar pent-
landite/pyrrhotite morphology (i.e., blocky pentlandite 
in pyrrhotite) and 2C pyrrhotite (troilite) with pent-
landite [24]. The other LL chondrites we studied con-
tained either a distinct morphology (e.g., pentlandite 
lamellae), multiple polytypes of pyrrhotite, and/or pol-
ycrystalline pyrrhotite [24,25,this study]; perhaps indi-
cating higher degrees of shock as troilite in ordinary 
chondrites is known to display shock indicators, such 
as fizzed and polycrystalline troilite [e.g., 6].  

RB-QD04-0039: The preliminary results from the 
FIB section from RB-QD04-0039 are most consistent 

with it being a sulfide from an LL5, S5 chondrite, as it 
is similar to the sulfides from Chelyabinsk (LL5, S5) 
analyzed here. We infer this because of the LL3 to LL6 
chondrite sulfides we have studied via FIB-TEM 
[24,25,this study], only Chelyabinsk contains polycrys-
talline 2C pyrrhotite. This is consistent with RB-
QD04-0039 containing; (1) polycrystalline troilite, 
indicating ≥S3 according to the scheme of [6]; and (2) 
olivine with planar fractures, indicating ≥S3 by the 
scheme of [27]. 

These conclusions are consistent both with the pet-
rographic types represented in Hayabusa particles 
(10% LL4 and 90% LL5 to LL6 [13,15,16]) and the 
observed shock stages of Hayabusa samples (S2–4; 
[17,18]). FIB section extractions from new LL chon-
drites and additional sections from RB-CV-0234 are in 
progress. TEM analyses of these new sections will 
allow us to verify these conclusions and investigate if 
the sulfide from RB-CV-0234 contains any evidence of 
space weathering [e.g., 20].  
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