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Introduction:  Sulfides occur in a variety of plane-

tary materials. They have been identified in meteorites, 
interplanetary dust particles, cometary samples, and as-
teroidal materials [e.g., 1–4]. Their compositions, tex-
tures, and crystal structures can be sensitive to the con-
ditions under which they formed or last equilibrated. 
Thus, sulfides have been used to constrain a variety of 
processes including aqueous alteration, thermal meta-
morphism, impact shock, and crystallization as well as 
the oxygen and sulfur fugacities they record [e.g., 5–7].  

Here we report on several sulfide assemblages from 
the Vicência (LL3.2), Hamlet (LL4), and Appley Bridge 
(LL6) chondrites. This work is part of a broader effort 
to determine the microstructures and origins of sulfide 
grains in primitive meteorites. The goal is to use this in-
formation as context for inferring the origins of sulfides 
in other planetary materials [7,8] including those al-
ready returned from asteroid Itokawa or those we antic-
ipate will be returned by Hayabusa2 and OSIRIS-REx 
[9,10]. 

Samples and Methods:  Petrographic thin sections 
of the Vicência ASU 1996 (LL3.2), Hamlet ASU 
1194_C_2 (LL4), and Appley Bridge USNM614-3 
(LL6) chondrites were examined using optical micros-
copy and electron microprobe analysis (EMPA) to lo-
cate sulfide grains as well as determine petrography, 
shock stage, and major element composition [7]. One 
assemblage in each of the three samples was selected for 
more detailed examination based on representative sul-
fide morphology, compositions, and containing both 
pyrrhotite and pentlandite. Electron-transparent sec-
tions were created using the Thermo Fisher (formerly 
FEI) Helios G3 focused-ion-beam scanning-electron mi-
croscope (FIB-SEM) at the Lunar and Planetary Labor-
atory (LPL) with methods previously described [11]. 
Each FIB section was examined for its structure and 
composition using the 200 keV Hitachi HF5000 scan-
ning transmission electron microscope (S/TEM) located 
at LPL. The HF5000 is equipped with a cold field-emis-
sion gun, a 3rd-order spherical-aberration corrector for 
STEM mode, bright field (BF)- and dark-field (DF)-
STEM detectors, and an Oxford Instruments X-Max N 
100 TLE EDS system with dual 100 mm2 windowless 
silicon-drift detectors (Ω = 2.0 sr). 

Results: Numerous sulfide assemblages were iden-
tified via optical microscopy and EMPA. Many of the 
assemblages contain grains large enough for phase iden-
tification via EMPA and so are designated accordingly. 

The results of these analyzes are discussed in [7]. How-
ever, some grains are below the 3-µm excitation volume 
of EMPA and preclude proper compositional identifica-
tion. In particular, pentlandite exsolution in pyrrhotite is 
commonly below the interaction volume of the EMPA. 
We report details on three of them here. 

Vicência opaque assemblage number 2 (OA2) oc-
curs along the periphery of a type-II chondrule and con-
tains subhedral pyrrhotite and pentlandite. Hamlet OA2 
occurs on the edge of a type-II chondrule and contains 
subhedral pentlandite within pyrrhotite. Appley Bridge 
OA1 contains pyrrhotite and pentlandite along the edge 
of a taenite assemblage that contains metallic Cu and a 
Co-rich Fe,Ni metal phase [7]. The pentlandite contains 
a subhedral domain with mottled contrast, as revealed 
by backscatter-electron (BSE) imaging (Fig. 1a), sug-
gesting a mixture of pentlandite and pyrrhotite. Using 
FIB-SEM, we deposited protective capping layers of C 
on top of the assemblages in orientations that transect 
the pyrrhotite and pentlandite interfaces. Sections were 
extracted in situ and thinned to electron transparency for 
TEM analysis. 

STEM imaging shows that the section of Vicência is 
polyphasic. High-angle annular-dark-field (HAADF) 
imaging reveals that it is dominated by a high-Z material 
and contains smaller domains of relatively lower Z-con-
trast. STEM-EDS mapping indicates an Fe-Ni rich grain 
approximately 2.5 µm × 3 µm occurs at the surface. 
Measurement of a selected-area electron-diffraction 
(SAED) pattern is consistent with and indexes to pent-
landite [110]. The pentlandite is surrounded by poly-
crystalline pyrrhotite. SAED patterns acquired from the 
pyrrhotite are a best match to the 2C polytype. Silicates, 
from the matrix, occur on the edge of the section. 

STEM-HAADF imaging of the section of Hamlet 
reveals minor Z-contrast variations. EDS mapping 
shows these variations to be Ni-rich and Ni-poor do-
mains measuring several µm in width. SAED patterns 
acquired from several areas in the Ni-poor domain show 
that it is polycrystalline pyrrhotite and measurements of 
one of the patterns match to the 2C polytype. The Ni-
rich domain is also polycrystalline but it is currently too 
thick for acquisition of SAED patterns.  Nonetheless, 
the EMPA data suggest the Ni-rich material is pentland-
ite. 

STEM-HAADF and BF imaging show that the sec-
tion of Appley Bridge is polycrystalline (Fig. 1b). 
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STEM-EDS mapping reveals that the section contains 
both Ni-rich and Ni-poor domains. The Ni-poor do-
mains occur as micron to sub-micron laths hosted within 
the Ni-rich material (Fig. 1c). SAED patterns acquired 
from one area of the Ni-rich material indexes to pent-
landite [111], whereas several from the Ni-poor material 
show consistency with pyrrhotite 2C. An additional Ni-
poor sulfide did not precisely match the 2C polytype but 
has reasonable fits to 3C and 6C. It is likely an Fe-defi-
cient pyrrhotite and additional analyses after further 
thinning will verify the polytype. 

Discussion: The FIB sections of all three meteorites 
contain predominantly troilite (the 2C polytype) and 
pentlandite, in agreement with our previous microprobe 
data [7]. The microstructures of the sulfide grains in 
each meteorite are intriguing. Those of the Vicência 
(LL3.2) and Hamlet (LL4) chondrites are subhedral to 
anhedral, whereas that of the Appley Bridge (LL6) 
chondrite is euhedral and lathic. Vicência is classified 
as shock-stage (S) 1, Hamlet as S3, and Appley Bridge 
as S3. In other words, the microstructures of Vicência 
and Hamlet appear to be somewhat similar and not par-
ticularly remarkable regardless of their different petro-
logic types and shock histories. This similarity is likely 
due to the fact that sulfides in both Vicência and Hamlet 
record equilibration temperatures ≤230°C [7]. How-
ever, the abundance of Ni in pentlandite is different be-
tween LL3 and LL4 chondrites. We [7] concluded that 
while sulfides in Hamlet (LL4) equilibrated after ther-
mal metamorphism, Vicência (LL3.2) may still contain 
primary sulfides although some low-temperature re-
equilibration of some sulfides on the LL chondrite par-
ent body could not be ruled out. The similarity of the 
microstructures of sulfides in Vicência and Hamlet we 
observe here may suggest the sulfides in Vicência were 
altered via low-temperature (≤230°C) metamorphism 
on the LL parent asteroid.  

 In comparison, the microstructure of Appley Bridge 
stands out in clear contrast to Vicência and Hamlet. We 
hypothesize that the lathic texture observed within the 
section of Appley Bridge (Fig. 1c) is a result of low-
temperature exsolution of the Ni-rich pentlandite from 
the Ni-poor sulfide (which is almost certainly pyrrho-
tite) during slow cooling (discussed by [7]). Sulfides in 
Appley Bridge equilibrated ≤230°C, perhaps between 
100 and 135°C [7]. We hypothesize that annealing led 
to the formation of this unique mottled pyrrhotite-pent-
landite texture and pentlandite laths at low tempera-
tures, which is why we did not observe it in the other 
LL3, LL4, LL5, or LL6 chondrites previously studied 
[7,8]. The presence of pentlandite, troilite, and Fe-defi-
cient pyrrhotite could be an indicator of this thermal his-
tory. Whether there are any orientational relationships 
between the two phases, information that can be 

provided by SAED patterns after additional thinning, 
could help test this hypothesis. 
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Fig. 1. EMPA and TEM 
data on Appley Bridge. 
(a) BSE image of Appley 
Bridge OA1. Pentlandite 
(Pn) and pyrrhotite (Po) 
occur with mottled con-
trast within a pentlandite 
bleb that has Cu metal 
and Co-bearing kamacite 
(Co-Ka) on its edge. The 
assemblage occurs along 
taenite (Ta). The FIB 
transect is indicated by 
the white line. (b) 
STEM-HAADF image 
of the FIB section. Po oc-
curs as two polytypes 
and one is more Fe defi-
cient (lower contrast) 
than the other. (c) 
STEM-EDS map of Ni 
Ka showing Po laths. 
Blue shows location of 
high Ni, i.e., Pn.  

2690.pdf51st Lunar and Planetary Science Conference (2020)


