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ABSTRACT

We describe the petrographic occurrences, abundances, and compositional
variations of symplectically intergrown Fe,Ni-sulfides and '"-'*O-rich magnetite (A'’O ~
90%o), named cosmic symplectites (COS; Sakamoto et al., 2007), from the Acfer 094
(C3.0) ungrouped carbonaceous chondrite. A total of 314 COS studied in two polished
sections of this meteorite are uniformly distributed in its matrix with ~600 ppm surface
area abundance. No COS have been identified in the Acfer 094 dark inclusions
(chondritic lithic clasts) which appear to have experienced extensive aqueous alteration
prior to incorporation into the host meteorite. The structure of COS can be arranged in a
hierarchy of four categories (from finer to coarser): (1) symplectite structure composed
of nanocrystalline magnetite and Fe,Ni-sulfides, (2) submicron-sized wormy structure
composed of nanocrystalline symplectites, (3) micrometer-sized irregular rope-like
structure composed of wormy structure, and (4) aggregates of the rope-like structure.
COS typically associate with fractured Fe,Ni-sulfides and lack Fe,Ni-metal. Most COS
studied have smooth surfaces; four grains contain abundant pores. In a single COS, the
pore-rich regions are depleted in sulfur and nickel relative to the pore-free regions,
indicating that the former are depleted in Fe,Ni-sulfides. Most COS studied contain
similar abundances of Fe,Ni-sulfides and magnetite, whereas Ni/(Fe+Ni) atomic ratio in
Fe,Ni-sulfides ranges from 0 to 0.4. The lack of Fe,Ni-metal associated with COS
supports the formation process proposed by Seto et al. (2008), i.e. oxidation of

FeNi-metal and sulfides by '"'®O-rich water vapor in the outer part of the



protoplanetary disk. The similar abundance ratio for Fe,Ni-sulfide and magnetite cannot
be simply explained by oxidation processes of Fe,Ni-sulfide precursors after
sulfurization of Fe,Ni-metal precursors for COS formation as proposed by Seto et al.

(2008).
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INTRODUCTION

Most chondrites consist of three major components — refractory inclusions,
chondrules, and fine-grained matrices. On a three-isotope oxygen diagram (3''O vs.
8'%0), compositions of the chondritic components in minimally altered meteorites
(petrologic type 3) plot along mass-independent fractionation line with a slope of ~1.
This line resulted from mixing of two isotopically distinct nebular reservoirs, '°O-rich
and '°O-poor relative to the Standard Mean Ocean Water (SMOW) (Clayton et al.,
1973; Yurimoto et al., 2008). The composition of the '°O-rich reservoir is constrained
by composition of the Sun (A0 = —28+2%) inferred from the solar wind returned by
the NASA Genesis mission (McKeegan et al., 2011) and by the compositions of several
anomalously '®O-rich (A0 ~ —35%o to —40%o) CAIs and a chondrule from CH
metal-rich carbonaceous chondrites (Kobayashi et al., 2003; Fujimoto et al., 2009;
Gounelle et al., 2009). The nature and composition of the '°O-poor reservoir are poorly
known. Aléon et al. (2005) described abundant anomalously ''*O-rich ('’0/'°0 and
180/'%0 ratios are ~0.1) silica-rich grains embedded in the organic residues from the
carbonaceous chondrites Orgueil (CI) and Murchison (CM), and attributed these
compositions to irradiation of the solar gas by high energy particles accelerated during
an active phase of the young Sun. Other researchers suggested that the '°O-poor
reservoir was dominated by '"'*O-rich water ice formed by CO self-shielding either in
the protosolar molecular cloud (Yurimoto and Kuramoto, 2004) or in the outer part of

the protoplanetary disk (Lyons and Young, 2005). Sakamoto et al. (2007) described



"180.rich magnetite-sulfide grains (A'’O ~ 90%o) in matrix of the ungrouped
carbonaceous chondrite Acfer 094 and named them cosmic symplectites (COS). These
authors suggested that COS formed by oxidation of Fe,Ni-metal — sulfide particles by
180-rich water vapor in the outer part of the protoplanetary disk.

Cosmic symplectites have a unique chemical composition with Fe:O:S atomic
ratio of ~4:4:1 (Sakamoto et al., 2007). A systematic search for COS, based on their
chemical compositions, showed that they are ubiquitous in the Acfer 094 matrix (Abe et
al., 2008). Mineralogical study of COS (Seto et al., 2008) revealed that they consist of
the symplectically intergrown magnetite and pentlandite (Fe5.7Ni3.3S8). Magnetite
forms column-shaped grains 10-30 nm in diameter and 100-200 nm in length, whereas
pentlandite occurs as worm-shaped grains or aggregates of 100-300-nm-sized grains
between magnetite crystals.

Recently, two independent studies confirmed the presence of COS in Acfer
094 (Vollmer et al., 2011; Nittler et al., 2015). In addition, several researchers reported
COS-like materials in a primitive CO chondrite Miller Range 07687 (Nittler et al.,
2015), chondritic porous interplanetary dust particles possibly of cometary origin
(Keller and Messenger, 2011; Starkey et al., 2014), and samples of comet Wild2
returned by the NASA Stardust mission (Nguyen et al., 2014, 2015; Ogliore et al.,
2015). However, the mineralogical and petrographic characterizations of COS are still
limited. In this study, we performed systematic characterization of COS in Acfer 094 to

clarify their abundances, occurrences, chemical compositions, and origin.



SAMPLES AND EXPERIMENTAL PROCEDURES

1.1. SAMPLES

Acfer 094 is an ungrouped carbonaceous chondrite of petrologic type 3.0 with
mineralogical, petrological, nitrogen and oxygen isotopic affinities to the CM and CO
groups (Newton et al., 1995; Greshake, 1997). Bulk chemical composition of Acfer 094
is similar to those of CM chondrites, whereas bulk oxygen-isotope composition is
similar to those of CO chondrites. In contrast to CMs, Acfer 094 experienced incipient
aqueous alteration (Wasson and Rubin, 2010; Keller and Messenger, 2012; Hoppe et al.,
2015) as indicated by high abundance of presolar silicates, SiC, and diamonds (Newton
et al., 1995), and high abundance of amorphous material in its matrix (Greshake, 1997).
The meteorite has been subjected to mild terrestrial weathering: its weathering category
is W2 (Bischoff and Geiger, 1994).

We studied two polished thin sections of Acfer 094, #1 and #2, coated with a
carbon evaporation film of about 30 nm thickness. The section #1, 22x16 mm? in size,
was previously studied by Sakamoto et al. (2007, 2008), Seto et al. (2008), and Abe et
al. (2011). The section #2, 8<5 mm” in size, was previously studied by Abe et al. (2008,

2011).

1.2. PROCEDURES OF COS SURVEY

A field-emission scanning electron microscope (FE-SEM, JEOL JSM-7000F)

equipped with an energy dispersive X-ray spectrometer (EDS, Oxford INCA Energy) at



Hokkaido University was used for COS survey, which was performed by electron
microscopic observations and X-ray elemental mapping. COS grains can be identified
in backscattered electron images (BSE): they show intermediate brightness between
Fe,Ni-sulfide and magnetite. In order to identify COS more easily and systematically,
X-ray elemental maps of a suite of fifteen elements (C, O, Na, Mg, Al, Si, P, S, K, Ca,
Ti, Cr, Mn, Fe and Ni) were prepared for fifteen 1x1 mm?® areas of Acfer 094 (9 and 6
areas in section #1 and #2, respectively). The X-ray elemental maps and BSE images
were acquired simultaneously using 15 kV accelerating voltage and 10 nA probe current.
Although the X-ray elemental maps have a resolution of 0.2 pum/pixel, their spatial
resolution is about 1 pm due to the electron beam broadening in the thin sections.
Combined X-ray elemental maps in Fe (red), S (green), and O (blue) were used for the
COS survey. COS candidates appear orange in the Fe-S-O combined X-ray map (Abe et
al., 2008).

Because both high spatial resolution and broad area are needed for a
systematic COS survey, we created several 1x1 mm® mosaic maps, each composed of
more than four hundred 45x60 pm*-sized X-ray elemental maps. The smaller maps
were set to overlap within ten pixels on each edge. To generate a coordinate file, the
BSE images were merged using ‘“Photomerge”, a function of Adobe Photoshop CS
series. X-ray elemental maps were subsequently merged by the same coordinate

parameter as BSE images using a “Mosaic]”, a function of an ImageJ software.

1.3. PETROGRAPHIC TECHNIQUES



Quantitative analyses for COS grains were performed by FE-SEM-EDS
system using 15 kV accelerating voltage, 0.9 nA beam current, and 100 seconds
counting time. Analyses with totals outside the range 95-105 wt% and with elemental
contributions >2 wt% from the surrounding minerals (i.e. elements except for O, S, Fe
and Ni) were discarded.

Because COS consist of nanocrystalline aggregates of Fe-bearing phases —
magnetite and Fe,Ni-sulfides (Seto et al., 2008), an (Fe+Ni)/S ratio of sulfides cannot be
determined by the low-spatial resolution EDS analysis. In this study, we assumed
(Fe,Ni)S stoichiometry of sulfides in COS. All of S and Ni were assigned to (Fe,Ni)S;
the remaining iron was assigned to magnetite, which in COS is Ni-free (Seto et al.,
2008). Because Fe,Ni-sulfides in COS consist of pentlandite ((Fe,Ni)oSg) and pyrrhotite
(Fe1xS) (Seto et al., 2008, 2010), this assumption can potentially introduce a systematic
error of about 10% for the estimated abundances of Fe,Ni-sulfide and magnetite. The
error, however, is not sensitive for the discussion in this study.

The number and sizes of COS, Fe,Ni-metal, and sulfide grains, and matrix
abundance were measured using 1x1 mm® X-ray elemental maps. The grains were
selected from the Fe-S-O combined X-ray elemental maps by color threshold setting by
each phase using ImageJ. Because many grains have irregular shape, we assumed that
their surface areas correspond to volume abundances. The number and size of selected
grains were calculated using “Analyze Particles”, a function of the ImageJ. Grains with
nine or fewer pixels were discarded as artifacts of the method. Matrix was defined as

grains <50 pum in diameter, which is the same definition as that of previous study



(Newton et al., 1995). Grains larger than 50 pm were masked and removed for

subsequent image analysis using Photoshop.

RESULTS AND DISCUSSION

1.1. ABUNDANCE OF COS

Figure 1 is a BSE image of the section #2. White squares outline 1x1 mm’
X-ray elemental mapped regions. Positions of COS identified using Fe-S-O combined
X-ray elemental maps and BSE images are indicated by yellow and red circles,
respectively. Figure 2a shows one of the 1x1 mm’-sized Fe-S-O combined X-ray
elemental maps, #2-2 (top left outlined region in Fig. 1). The enlarged BSE image and
Fe-S-O map (field of view is 80x80 pm?) of one of the square regions outlined in
Figure 2a are shown in Figures 2b and 2c, respectively.

In Fe-S-O maps, chondrules, CAls and amoeboid olivine aggregates (AOAS)
have dark-blue color. Fe,Ni-metal grains, which occur in chondrules, AOAs and as
isolated matrix grains, appear red. They are mainly elliptically-shaped and have several
tens micrometers in diameter. Fe,Ni-sulfide grains have similar sizes to those of
Fe,Ni-metal grains, and appear yellow-green. Iron hydroxides, products of terrestrial
weathering, have purple color and occur in veins with/without cracks, and around
Fe,Ni-metal grains (Fig. 2a). Magnetite in Acfer 094 is rare; it occurs only in the matrix
and shows more reddish and purple color than iron hydroxide. No magnetite except

COS magnetite is observed in Figures 2b and 2c under the spatial resolution used.



Matrix filling interstices between large chondritic components appears blue-green.
Greshake (1997) reported that the fine-grained matrix of Acfer 094 consists of
amorphous material enclosing tiny grains of forsteritic olivine (200-300 nm), enstatitic
pyroxene (300400 nm), and Fe,Ni-sulfides (200-300 nm). Therefore, the blue-green
color of fine-grained matrix regions resulted from a mixture of silicates and
Fe,Ni-sulfides.

Arrows in Figure 2a show positions of COS identified in the map. Orange
region with the size of about 20 pm in the left side of Figure 2¢ corresponds to a COS.
The grain consists of smaller irregular grains of few micrometers in width (Fig. 2b).
Tochilinite in CM chondrites, like COS, also consists mainly of Fe, S and O (e.g., Fuchs
et al., 1973; Tomeoka and Buseck, 1985). However, because tochilinite contains higher
sulfur content than COS, it has dark-green color. Tochilinite-serpentine intergrowths in
CM chondrites have color varying from dark-green to purple, depending on the
proportion of tochilinite. Therefore, using Fe-S-O maps, COS can be distinguished from
other meteorite components.

A total of 314 COS grains from two sections of Acfer 094 have been
identified using X-ray elemental maps and BSE images: 160 and 154 grains in sections
#1 and #2, respectively. In fifteen 1x1 mm’ X-ray elemental maps acquired, we
identified 157 COS grains. Therefore, the abundance of COS in Acfer 094 is ~10
grains/mm?; their size distribution is shown in Figure 3. The sizes of COS grains range
from 0.6 um® to 931.5 pm’. The minimum size of COS is consistent with spatial

resolution of X-ray elemental maps used in this study. Smaller COS grains are more



abundant and the size distribution appears to follow a power law.

The matrix area in X-ray elemental mapped regions (~15 mm?) was calculated
to be 9.2 mm’, corresponding to 61.0% of a total area. The similar matrix fraction,
~62.5%, was previously estimated by Newton et al. (1995). An average matrix
normalized volume abundance of COS is 611+49 ppm. Nittler et al. (2015) reported the
volume abundance of COS as ~230 ppm from the area of 5x10° pm® which is almost
equivalent to the 1x1 mm? area in this study. The abundance of COS for 1x1 mm? areas
ranges from 55 ppm to 2514 ppm. Therefore, the result by Nittler et al. (2015) is in the

range of abundance variation within sub millimeter area.

1.2. STRUCTURE OF COS GRAINS

The structure of COS grains can be arranged in a hierarchy of four categories:
(1) Symplectite structure composed of nanocrystalline magnetite and Fe,Ni-sulfides
(Fig. 5 in Seto et al., 2008). The magnetite crystals have a columnar shape with 10-30
nm diameter and 100200 nm length; the Fe,Ni-sulfides, 100-300 nm in size, fill the
interstices between magnetite crystals. (2) Wormy structure, 100-200 nm in width,
composed of symplectites (Fig. 4a). The wormy structure are clearly visible on an ion
beam sputtered surface of COS grains. It looks similar to cloudy zone microstructure in
iron meteorites formed by a spinodal phase transformation around 300°C during cooling
of meteorite parent bodies (e.g., Goldstein et al., 2009). (3) Irregular rope-like structure,
few micrometers in width, composed of wormy structure (Fig. 4b). (4) Aggregate of the

rope-like structure (Fig. 4c). Texturally, a rope-like structure in the upper part of Figure



4c is similar to COS grain in Figure 4b.

1.3. OCCURRENCES OF COS GRAINS

Figure 5 shows typical occurrences of isolated COS grains or their aggregates
embedded in the silicate matrix. COS are often accompanied by Fe,Ni-sulfide grains
with a characteristic fractured texture and sometimes are surrounded by them (Fig. Se).
COS attached to Fe,Ni-metal or magnetite have not been observed. About half of COS
grains identified are attached to or occurred within iron hydroxide veins formed by
terrestrial weathering (Fig. 5g). The textures and chemical compositions of COS in the
veins appear to be identical to those in the matrix, suggesting that COS are not easily
destroyed by terrestrial weathering. Therefore, the estimated abundance of COS in
Acfer 094 of ~600 ppm is probably close to their primary abundance.

In two Acfer 094 thin sections studied, we found eighteen chondritic lithic
clasts (dark inclusions (DIs)), ranging from few tens micrometers to 500 pm in diameter
(Fig. 6). The mineralogy and petrography of the DIs differ from those of the Acfer 094
matrix: they consist mainly of phyllosilicates, Fe,Ni-sulfide, and magnetite with various
morphologies — framboidal, radial, and plaquettes (Figs. 6c,d), suggesting they
experienced extensive aqueous alteration prior to incorporation into the host meteorite.
In contrast to the virtually anhydrous Acfer 094 matrix containing ~600 ppm of COS,
no COS have been identified in the Acfer 094 DIs with a total area of ~0.3 mm®. The
apparent lack of COS in DIs suggests that either COS were initially absent or were

efficiently destroyed by aqueous alteration on the DIs parent body(ies).



1.4. CHEMICAL COMPOSITIONS OF COS

Representative chemical compositions of COS are listed in Table 2.
Assuming (Fe,Ni)S stoichiometry of sulfides in COS, the estimated ratios of
Fe,Ni-sulfide to magnetite range from 0.95 to 1.07 with an average value of 1.02, which
is consistent with the previous studies (Sakamoto et al., 2007; Seto et al., 2008). Nickel
content of Fe,/Ni-sulfide in COS is variable (0—7.3 wt%), corresponding to 0 <
Ni/(Fe+Ni) atomic ratio < 0.41 with an average value of 0.17.

Although most COS have smooth surfaces, four grains contain abundant tiny
pores, <200 nm in diameter (Fig. 7). Fe-S-O maps show that the pore-free regions of the
COS have homogeneous orange color similar to those shown in Figure 5. On the other
hand, the pore-rich regions appear red-purple in the Fe-S-O map (Fig. 7d), suggesting
depletion in sulfur relative to the pore-free regions. In addition, the S-poor regions are
also depleted in nickel (Fig. 7c). Because magnetite in COS does not contain nickel, the
S-poor regions must be depleted in Fe,Ni-sulfides. The texture and chemical
composition suggest that the pore-rich COS may be a transit stage towards
decomposition of COS by aqueous alteration. If so, nano-magnetite particles genetically
related to COS may have survived in matrices of weakly aqueously altered

carbonaceous chondrites and could be identified as '"'*O-rich phase in the future.

1.5. SIZE DISTRIBUTIONS OF COS

Size distributions of COS, Fe,Ni-metal, and Fe,Ni-sulfides in the Acfer 094

10



matrix were obtained from fifteen 1x1 mm?® X-ray elemental maps. We identified 157
grains of COS, 1294 grains of Fe,Ni-metal, and 32181 grains of Fe,Ni-sulfide. Based on
the textural appearance, Fe,Ni-sulfides in Acfer 094 can be classified into two
categories: fractured and unfractured. Out of 32181 Fe,Ni-sulfide grains, only 374
(~1%) belong to the category of fractured grains.

Figure 8 shows a relative cumulative size distribution of COS, Fe,Ni-metal,
unfractured (normal) Fe,Ni-sulfide, and fractured Fe,Ni-sulfide in the Acfer 094 matrix.
The cumulative frequency of unfractured Fe,Ni-sulfides defines a straight line
throughout all size range from 1 to 1000 pm? indicating that the number of smaller
grains increases according to a power law. The distribution of Fe,Ni-metal grains
follows an arch. The distribution of COS grains in the range of 10 to 200 pm” follows a
straight line with a slope steeper than that of Fe,Ni-metal and more gentle than that of
unfractured Fe,Ni-sulfide. The distribution of fractured Fe,Ni-sulfide grains is different
from that of unfractured Fe,Ni-sulfide, and for the grains in the range of 10200 pm’
appears to follow a straight line with a slope similar to that of COS. Because COS are
thought to have formed by oxidation of Fe,Ni-sulfides+Fe,Ni-metal (Sakamoto et al.,
2007; Seto et al., 2008), the similar occurrences and grain size distributions of the

fractured Fe,Ni-sulfides and COS imply their genetic relationship.

1.6. IMPLICATION FOR THE ORIGIN OF COS

Seto et al. (2008) proposed a formation process of COS based on their

crystal-chemical properties. These authors suggested that one of the possible COS
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precursors was martensitic Fe,Ni-metal condensed from a gas of solar composition at
temperature and pH,S/pH, ratio corresponding to a segment AB in Figure 9.
Subsequently the Fe,Ni-metal was sulfurized by H,S gas to form Fe,Ni-sulfides with
wormy textures by cooling from 700 K to 360 K (B — C in Fig. 9) with a cooling rate
of ~100 K/day. Because nickel solubility in mss decreases with a temperature decrease
(Mirsa and Fleet, 1973; Naldrett, 2004), the excessive nickel was exsolved as
pentlandite, and a lamellar texture composed of mss and pentlandite was developed. At
~360 K, the mineral assemblage consisted of troilite, pentlandite, and +Fe,Ni-metal
(point C in Fig. 9). Below ~360 K, troilite and Fe,Ni-metal were oxidized by water
vapor to form magnetite (Urey, 1952; Fegley, 2000; Sakamoto et al., 2007) (point D in
Fig. 9); pentlandite survived the oxidation. As a result, the exsolution texture of
troilite-pentlandite ~ assemblage changed to a  symplectite texture of
magnetite-pentlandite assemblage. This process is consistent with apparent lack of
Fe,Ni-metal in COS grains studied.

Another possible precursor of COS considered by Seto et al. (2008) consisted
of pentlandite and troilite. Troilite was subsequently oxidized by water vapor to form
magnetite; pentlandite and some troilite survived the oxidation. Because
Fe,Ni-sulfide/magnetite ratio in COS grains studied is about 1 and the highest
Ni/(Fe+Ni) ratio in Fe,Ni-sulfides is 0.41 which is COS #17 of Seto et al. (2008), the
estimated pentlandite/troilite ratio in COS precursors is about 1/3 (Fig. 10). The
sulfide/magnetite ratio may vary if troilite partly survived the oxidation as indicated by

a dashed line in Figure 10. In fact, pyrrhotite-pentlandite-magnetite assemblage was

12



reported in Ni-poor COS grains (Seto et al., 2010). Ni/(Fe+Ni) ratio of Fe,Ni-sulfides in
COS grains studied ranges from 0.41 to 0, whereas Fe,Ni-sulfide/magnetite ratio is
nearly constant, ~1 (Fig. 10). Based on these observations, we infer that Fe,Ni-sulfide
precursors of COS had variable Ni/(Fe+Ni) ratios and were oxidized to about 75% to
form magnetite. The similar oxidation degrees among COS grains suggest that COS
formation occurred in a condition with a unique oxygen fugacity. Chemical analysis of
individual nano-grains of Fe,Ni-sulfides of COS would be helpful to infer the oxygen

fugacity.

CONCLUSIONS

1. We have identified 314 COS grains in two thin sections of Acfer 094. 157 grains of
these were identified using X-ray elemental maps acquired with a 1 pum spatial
resolution. COS grains are ubiquitously distributed in the Acfer 094 matrix with ~600
ppm surface area abundance.

2. The structure of COS grains can be arranged in a hierarchy of four categories: (1)
symplectic structure composed of nanocrystalline magnetite and Fe,Ni-sulfide, (2)
submicron-sized wormy structure composed of the symplectite structure, (3) irregular
rope-like structure with micrometer width composed of the wormy structure, and (4)
aggregates of the rope-like structure.

3. COS grains riddled with dark pores are very rare (only 4 grains studied belong to this
category). Pore-rich regions of the COS grains are depleted in Fe,Ni-sulfide components.

This texture may have formed by eroding of the COS grains. The effect of terrestrial
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weathering on COS might be very limited because the texture and chemical
composition of COS grains found in terrestrial weathering veins were similar to those of
COS in the matrix. The lack of COSs in the heavily aqueously altered Acfer 094 dark
inclusions suggests that either COS were decomposed during aqueous alteration
experienced by the dark inclusions on their parent body(ies), or the dark inclusions
initially lacked COS. If the former is the case, the presence of pore-rich COS may
represent the initial stages of decomposition of COS by aqueous alteration.

4. Most COS studied contain similar abundances of Fe,Ni-sulfides and magnetite,
whereas Ni/(Fe+Ni) atomic ratio in Fe,Ni-sulfides ranges from 0 to 0.4. The lack of
Fe,Ni-metal associated with COS supports the formation process proposed by Seto et al.
(2008), i.e. oxidation of Fe,Ni-metal and sulfides by ''®O-rich water vapor in the outer
part of the protoplanetary disk. The similar abundance ratio for Fe,Ni-sulfides and
magnetite cannot be simply explained by oxidation processes of Fe,Ni-sulfide
precursors after sulfurization of Fe,Ni-metal precursors for COS formation as proposed

by Seto et al. (2008).
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Table 1. Abundance of COS in the Acfer 094 matrix estimated from X-ray elemental

maps of 1x1 mm? area.

. Matrix Frequency Average size Abundance
secion: Map o) (county  (um2)  (ppm)
#1 1 48.9 9 16.6 306

2 44.2 8 29.2 548
3 64.3 5 14.4 116
4 68.0 19 27.6 732
5 58.5 2 16.6 55
6 67.9 13 134.0 2514
7 71.9 10 29.1 425
8 64.6 18 21.1 578
9 51.0 4 12.2 95
#2 1 65.5 10 233 344
2 63.2 15 41.7 956
3 60.4 14 16.2 382
4 66.2 5 121.6 945
5 59.2 14 14.6 342
6 60.8 11 24.5 423
total 61.0 157 35.9 611
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Table 2. Chemical composition of COS

#014 #015 #017 #019 #020 #021

#022 #024 #025 #027 #062 #068 #070

Weight %
FeO* 21.7 213 229 223 222 216 220 21.6 222 225 21.8 221 222
Fe,05* 48.1 474 51.0 49.6 494 480 488 48.0 493 50.1 484 49.1 494
Na,O *nd. nd nd nd nd nd nd nd nd nd nd 02 nd
MgO nd. 04 nd nd 02 02 nd nd nd 02 02 05 nd
AlLO, nd. nd nd nd 02 nd nd nd nd nd 01 nd nd
SiO, 0.3 1.1 nd 05 nd 03 nd nd nd nd 04 06 04
CaO 0.2 nd 0.1 02 nd nd nd nd nd nd 02 nd nd
Fe 163 161 99 140 122 17.1 13.8 13.1 119 132 160 155 15.1
Ni 10 05 73 27 55 07 36 47 52 35 22 27 28
S 99 95 97 95 100 102 99 101 97 95 104 104 10.2
total 97.5 963 1009 98.8 99.7 981 981 975 984 99.0 99.8 101.1 100.2
Oxidized atom # (assumed O = 4)
Fe 293 3.00 3.16 3.15 297 284 297 286 3.06 3.17 281 285 292
Sulfurized atom # (assumed S = 1)
Fe 094 097 059 084 070 096 0.80 0.75 0.71 0.80 0.88 0.86 0.85
Ni 0.06 0.03 041 0.16 030 0.04 020 025 029 020 0.12 0.14 0.15
(Fe,Ni)S/Fe;0, 1.02 1.00 095 095 1.01 1.06 1.01 1.05 098 095 1.07 1.05 1.03
#071 #075 #084 #090 #091 #097 #100 #106 #107 #111 #112 #116 #119
Weight %
FeO* 219 223 223 21.8 21.6 221 220 21.5 21.6 220 222 21.1 221
Fe,O;* 48.6 495 49.6 48.5 48.1 492 488 477 479 489 493 469 49.1
Na,O nd. nd nd nd nd nd nd nd nd nd nd nd nd
MgO nd. nd nd nd nd 06 =nd 02 03 03 nd nd nd
AlLO, 02 nd nd nd nd nd nd nd nd 02 nd nd nd
SiO, 03 04 04 04 03 .t 03 03 07 06 02 07 03
CaO nd. nd nd nd nd nd nd nd 02 nd nd 01 nd
Fe 164 11.8 125 159 17.6 123 163 150 162 13.6 129 146 159
Ni 1.8 57 51 1.6 nd 44 15 24 09 42 49 29 20
S 104 99 100 100 10.1 95 101 99 9.8 10.1 10.1 10.0 102
total 99.6 99.6 99.9 982 97.7 993 989 97.0 97.5 999 99.6 963 99.6
Oxidized atom # (assumed O = 4)
Fe 2.82 3.01 3.00 292 287 312 290 289 295 292 295 283 289
Sulfurized atom # (assumed S = 1)
Fe 091 0.69 0.72 091 1.00 0.75 092 087 095 0.77 0.73 0.84 0.89
Ni 0.09 031 028 0.09 000 025 0.08 0.13 005 023 027 0.16 0.11
(Fe,Ni)S/Fe;0, 1.06 1.00 1.00 1.03 1.04 096 1.03 1.04 1.02 1.03 1.02 1.06 1.04

*molar ratios of FeO/Fe,0; is assumed as unity because Fe-oxides contained in magnetite phase.

*n.d.: not detected
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Fig. 1. Backscattered electron image of the entire thin section of Acfer 094#2. Red and
yellow circles show COS positions identified by the electron microscope observation
and by the X-ray elemental mapping technique, respectively. White squares correspond
to the X-ray elemental mapped regions of a 1x1 mm area. The squares are named as
Acfer 094#2-2, 2-3, 2-1 and 2-4 from left to right.

23



Fig. 2. (a) RGB color composite map assigned red to Fe, green to S and blue to O
(Fe-S-O map) for Acfer 094#2-2. Arrows show the positions of COS grains. The grains
of Fe,Ni-metal, iron sulfide and COS appear red, yellow-green and orange color in the
Fe-S-O map, respectively. Enlarged (b) backscattered electron image and (c) Fe-S-O

map of the square region in (a).
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Fig. 4. Morphology of COS. (a) High-magnification secondary electron image of the
rectangle region in (b) showing a surface of COS #15 after Cs" ion sputtering by SIMS.
(b) Backscattered electron (BSE) image after the ion sputtering for entire grain of COS
#15 showing a rope-like structure. (c) BSE image for aggregate of rope-like structures

on polished surface.
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Fig. 5. Typical occurrences of COS in the Acfer 094. (a,c,e,g) Backscattered electron
images. (b,d,f,h) RGB color composite map assigned red to Fe, green to S and blue to O
(Fe-S-O map). Fe/Ni-metal, Fe,Ni-sulfide and COS appear red, yellow-green and
orange color in the Fe-S-O map, respectively. (a,b) COS grain independently embedded
in the matrix silicate. (c,d) Aggregate of COS grains. (e,f) COS grain surrounded by

fractured Fe,Ni-sulfide grains. (g,h) COS grain attached to terrestrial weathering vein.
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Fig. 6. (a) Backscattered electron (BSE) image and (b) Fe-S-O composite map of a dark
inclusion in the Acfer 094. The yellow dashed line marks approximate boundary of the
dark inclusion. BSE images of magnetite (Mgt) grains showing (c) framboidal, radial

and (d) plaquettes shapes observed in the Acfer 094 dark inclusions.
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Fig. 7. (a) Backscattered electron (BSE) image of COS grain with abundant dark pores.
(b) BSE image, (c) Nickel X-ray map and (d) Fe-S-O composite map of the rectangle
region in (a). (¢) BSE image of the COS grain having abundant dark pores for whole

surface. (f) BSE image of the rectangle region in (e).
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Fig. 9. Phase diagram of Fe-metal, troilite (FeS) and magnetite (Fe;O4) system after
Sakamoto et al. (2007). Arrows indicate the path of the COS formation scenario
proposed by Seto et al. (2008).
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APPENDIX

Fig. 11. Backscattered electron image of the entire thin section of Acfer 094#1. White

squares correspond to the X-ray elemental mapped regions of a 1x1 mm area.
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Fig. 12. Procedure of image analysis. (a) Backscattered electron image (b) Fe-S-O
composite map (c¢) masked map of a COS grain. (d) Mineral masks overlaid on
backscattered electron image of Acfer 094#2-2. Red and green areas show Fe,Ni-metal
and sulfide, respectively. Non-matrix areas (grains >50 pm in diameter) are masked as

yellow color.
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Fig. 13. Backscattered electron image and Fe-S-O map of Acfer 094#1-1. Yellow

circles show the positions of COS grains.
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Fig. 14. Backscattered electron image and Fe-S-O map of Acfer 094#1-2. Yellow

circles show the positions of COS grains.
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Fig. 15. Backscattered electron image and Fe-S-O map of Acfer 094#1-3. Yellow

circles show the positions of COS grains.
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Fig. 16. Backscattered electron image and Fe-S-O map of Acfer 094#1-4. Yellow

circles show the positions of COS grains.
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Fig. 17. Backscattered electron image and Fe-S-O map of Acfer 094#1-5. Yellow

circles show the positions of COS grains.
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Fig. 18. Backscattered electron image and Fe-S-O map of Acfer 094#1-6. Yellow

circles show the positions of COS grains.
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Fig. 19. Backscattered electron image and Fe-S-O map of Acfer 094#1-7. Yellow

circles show the positions of COS grains.
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Fig. 20. Backscattered electron image and Fe-S-O map of Acfer 094#1-8. Yellow

circles show the positions of COS grains.
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Fig. 21. Backscattered electron image and Fe-S-O map of Acfer 094#1-9. Yellow

circles show the positions of COS grains.
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Fig. 22. Backscattered electron image and Fe-S-O map of Acfer 094#2-1. Yellow

circles show the positions of COS grains.
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Fig. 23. Backscattered electron image and Fe-S-O map of Acfer 094#2-2. Yellow

circles show the positions of COS grains.
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Fig. 24. Backscattered electron image and Fe-S-O map of Acfer 094#2-3. Yellow

circles show the positions of COS grains.
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Fig. 25. Backscattered electron image and Fe-S-O map of Acfer 094#2-4. Yellow

circles show the positions of COS grains.
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Fig. 26. Backscattered electron image and Fe-S-O map of Acfer 094#2-5. Yellow

circles show the positions of COS grains.
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Fig. 27. Backscattered electron image and Fe-S-O map of Acfer 094#2-6. Yellow

circles show the positions of COS grains.

49



Fig. 28. Backscattered electron images of all COS grains in this study.
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Fig. 28. (continued)
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Fig. 28. (continued)
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Fig. 28. (continued)
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Fig. 28. (continued)
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Fig. 28. (continued)
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Fig. 28. (continued)
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Fig. 28. (continued)

64
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Fig. 28. (continued)
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Fig. 28. (continued)
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Fig. 28. (continued)
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Fig. 28. (continued)
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Fig. 28. (continued)
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Fig. 29. Backscattered electron images of chondritic lithic clasts (dark inclusions) in the
Acfer 094.
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