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Abstract

Studies of the new growth and re-distribution of Cu-rich phases in chondrites of
different petrologic subtypes can potentially provide insights into post-accretionary
parent-body processes. We present a systematic study of the distribution of Cu-rich
phases and metallic Cu in Ornans-like carbonaceous chondrites (CO3) which
underwent little aqueous alteration or shock (most with shock stages of S1) but
exhibit a range of thermal metamorphism (subtype 3.0-3.7). A comparison to ordinary
chondrites (OCs), which have undergone a larger range of shock levels, allows to
constrain the relative roles of radiogenic and shock heating in the origin of Cu
distribution in chondrites. We found the Cu content of Ni-rich metal and calculated
bulk Cu content of CO3 chondrites (based on mass-balance calculation) show an
increase from CO3.0 to CO3.2 chondrites. We speculate that some unidentified
phases in the matrix account for a significant portion (nearly ~100 ppm) of the Cu
budget in bulk samples of CO3.00 chondrites, while Ni-rich metal is the main
Cu-carrier for C03.2-3.7 chondrites. Within CO3.2-3.7 chondrites, Cu and Ni
contents of Ni-rich metal are positively correlated, showing a systematic decrease
from lower to higher subtype (~0.41 wt% Cu and ~45.0 wt% Ni in CO3.2 Kainsaz,
~0.28 wt% Cu and ~38.8 wt% Ni in CO3.7 Isna). Metallic Cu grains were found in
every sample of CO3.2-3.7 chondrites, but not in any CO3.0-3.1 chondrites. Metallic
Cu is (1) present at metallic-Fe-Ni-pyrrhotite interfaces, (2) associated with fine

irregular pyrrhotite grains in Ni-rich-metal-pyrrhotite nodules, (3) associated with
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fizzed pyrrhotite (fine-grained mixtures of irregularly shaped metal grains surrounded
by pyrrhotite), (4) present at the edges of metallic Fe-Ni grains and (5) present as
isolated grains. In some metallic-Cu-bearing mineral assemblages, pyrrhotite has
higher Cu concentrations than adjacent Ni-rich metal and shows a drop in Cu
concentration at the interface between metallic Cu and Cu-rich pyrrhotite. This
implies that the precipitation of metallic Cu grains could be related to the local Cu
enrichment of pyrrhotite. We consider that radiogenic heating is mainly responsible
for the formation of opaque phases in CO chondrites based on the relatively slow
metallographic cooling rate (~0.1-5 °C/Ma), the increasing uniformity of Ni contents
in Ni-rich metal with increasing CO subtype (44.3 = 17.3 wt% in C0O3.00 to 38.8 +
34 wt% in CO3.7 chondrite), and the relatively narrow range of pyrrhotite
metal/sulfur ratios (~0.976-0.999). Metal/sulfur ratios of pyrrhotite grains in most
C03.2-3.7 chondrites (mean = ~0.986-0.997; except Lancé) are slightly higher than
those in CO3.0-3.1 chondrites (mean = ~0.981-0.987; except Y-81020), possibly
indicative of a release and re-mobilization of sulfur during progressive heating as
previously reported for type-3 chondrites. In this regard, we suggest most metallic Cu
grains in CO3 chondrites may have precipitated from Cu-rich pyrrhotite due to
sulfidation of Fe-Ni metal during parent-body thermal metamorphism. Locally, a few
metallic Cu grains associated with fizzed pyrrhotite could have formed during
transient shock-heating. Both thermal and shock metamorphism could be responsible

for the formation of metallic Cu.
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68 Although the systematic decrease in the Ni contents of Ni-rich metal from subtype-
69 3.2 to -3.8 also occurs in OCs, the average Cu contents of Ni-rich metal grains are
70 indistinguishable among type-3 OCs of different subtypes. The paucity of metallic Cu
71 in weakly shocked type-3 OCs could be related to (1) the relatively low bulk Cu
72 contents of OCs and/or (2) the relatively rapid metallographic cooling rates at
73 <500-600 °C (~1-10 °C/Ma for LL chondrites), possibly resulting from early
74 disturbance of OC parent bodies. The intergrowth of metallic Cu and irregular
75 pyrrhotite more commonly occurs in shocked type-4 to -6 OCs than in CO3 chondrites.
76 This could be due to S in type-4 to -6 OCs being more mobilized due to shock heating
77 than in unshocked CO3 chondrites. We predict that some other groups of carbonaceous
78 chondrites (e.g., CI and CM) are less likely to produce metallic Cu due to the (1)
79 relatively low amount of metallic Fe-Ni, (2) relatively low parent-body temperatures of
g0 ~100-300 °C, and (3) high mobility of Cu in solution for aqueously altered samples and
81 (4) the short heating duration for metamorphosed samples.

82

83 Key words: metallic Cu, CO3 chondrites, type-3 ordinary chondrites, thermal

84  metamorphism, Cu-bearing minerals
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88 Introduction

89 Copper is a moderately volatile element with a 50% condensation temperature of
90 1037 K (Lodders 2003) that exhibits chalcophile/siderophile behavior during
o1  planetary differentiation processes (e.g., Righter and Drake 2000; Chabot et al. 2009;
92 Williams and Archer 2011). Copper-bearing minerals could occur as different forms
93 in chondrites, which were formed during nebular processes, aqueous alteration and/or
94  metamorphism after accretion. For example, Cu could be hosted by cubanite (CuFe,Ss)
95 in CI chondrites and stardust during low-temperature (<210 °C) aqueous alteration
9%  (e.g., Berger et al. 2011); it can also enter into djerfisherite (K¢Nag(Fe,Cu)124S,6Cl) in
97 (the highly reduced) enstatite chondrites (e.g., El Goresy et al. 1988; Lin and El
98 Goresy 2002; Ebel and Sack 2013). Copper can also occur as metallic Cu grains in
99 chondrites that experienced complicated thermal histories (e.g., Rubin 1994, 2003;
100  Bennett and McSween 1996; Tomkins 2009; Komorowski et al. 2012). Among all
101 chondritic groups, ordinary chondrites (OCs) are the major group in which metallic
102 Cu has been observed. Metallic Cu is commonly associated with metallic Fe-Ni and
103 troilite in OCs (e.g., Duke and Brett 1965; Bryan and Kullerud 1975; Rubin and
104 Kallemeyn 1994). Rubin (1994) systematically studied metallic-Cu-bearing mineral
105 assemblages in OCs and suggested that metallic Cu precipitated from local
106 shock-melted S-rich metallic Fe-Ni liquids. Rubin (2004) proposed that metallic Cu
107 could be used as a shock indicator for OCs, indicative of shock levels reaching to at

108 least S3. Tomkins (2009) suggested metallic-Cu-bearing mineral assemblages formed
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109 from shock-induced metal-gas reactions. He suggested that post-shock liberated sulfur
110 gas reacted with metallic Fe-Ni to produce secondary troilite, taenite/tetrataenite and
111 metallic Cu during cooling. Other occurrences of metallic Cu in OCs, which have
112 been occasionally reported, may have different origins, such as nebular condensation
113 (metallic Cu associated with metallic Hg, Cu-sulfides and Hg-sulfides; Komorowski
114 et al. 2012) or low-temperature (<200 °C) solid decomposition of pentlandite on
115 parent bodies (metallic Cu intergrown with high-Co, low-Ni metal and pyrrhotite; El
116 Goresy 2006; Chennaoui Aoudjehane et al. 2007).

117 The Ornans-like (CO) carbonaceous chondrites are similar to type-3 OCs, in having
118 experienced only limited aqueous alteration during the initial stages of thermal
119 metamorphism (CO3.00-3.1 chondrites, indicated by the presence of magnetite and
120  Fe,Ni-carbide; Krot et al. 1997; Rubin, 2006; Simon et al. 2019). They also resemble
121 type-3 OCs in preserving a complete low-grade metamorphic sequence and exhibiting
122 gradual compositional redistribution and textural recrystallization during progressive
123 heating (McSween 1977; Grossman and Brearley 2005; Huss et al. 2005). The
124 petrologic subtypes 3.0 to 3.7 can be divided on the basis of the compositions of
125 olivine and kamacite (Scott and Jones 1990), petrographic characteristics of amoeboid
126  olivine aggregates (AOAs) (a.k.a. amoeboid olivine inclusions; e.g., Chizmadia et al.
127 2002) and structural grade of organic matter (Bonal et al. 2007). Subtypes 3.00-3.2
128 show systematic changes in the Cr,O; content of ferroan olivine (Grossman and
129 Brearley 2005; Grossman and Rubin 2006; Davidson et al. 2014; Rubin and Li 2019).

130  Thermoluminescence (TL) intensity was also used to classify CO chondrites (defined
6
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131 as subtype 3.0-3.9; Keck and Sears 1987; Sears et al. 1991; Sears 2016), which is
132 slightly different from those from Scott and Jones (1990) and Chizmadia et al. (2002).
133 Shock stages of carbonaceous chondrites can be assigned from S1 to S6 on the basis
134 of shock effects in olivine (e.g., S1: sharp optical extinction; S2: undulose extinction;
135 S3: planar fractures; Scott et al. 1992). Many CO3 chondrites are unbrecciated and
136 only weakly shocked (most with shock stages of S1; Scott et al. 1992).

137 Recently, we found metallic Cu, together with pyrrhotite (we call it pyrrhotite
138 hereafter due to the existence of Fe-site vacancies in some samples although they are
139 compositionally close to troilite) and metallic Fe-Ni grains, in a suite of CO3
140 chondrites (Rubin and Li 2019). Since the CO3 chondrites were only weakly shocked,
141 it seems that metallic Cu in CO3 chondrites could have formed by a process other
142 than shock. Here, we evaluate the possible origin of metallic-Cu-bearing mineral
143 assemblages in CO3 chondrites based on our new electron-probe data and X-ray
144 elemental mapping. For comparison, we also searched for metallic Cu in weakly
145 shocked type-3 OCs. We use these data to provide insights into secondary processes
146 on parent bodies of CO chondrites and further predict the formation of metallic Cu in
147 some other groups of carbonaceous chondrites.

148 Samples and analytical methods

149 Thin sections of 10 CO3 chondrites (CO3.00 DOM 08006, CO3.05 Yamato-81020,
150 CO3.1 DOM 08351, CO3.1 MIL 11213, C0O3.2 Kainsaz, CO3.4 Felix, CO3.5 Lancg,

151 CO3.6 Warrenton, CO3.6 Moss and CO3.7 Isna) and 12 type-3 OCs (LL3 Harper Dry
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152 Lake 001, LL3.00 Semarkona, LL3.2 DOM 10490, L3.6 NWA 6504, LL3.6 NWA
153 6696, LL3.6 NWA 094, LL3.7 NWA 980, LL3.7 NWA 5026, L3.8 NWA 481, L3.8
154 NWA 906, H3.8 NWA 1853 and LL3.8 NWA 6582) were examined at magnifications
155 of 50-500x with a Zeiss petrographic microscope in transmitted and reflected light to
156  identify metallic Cu grains (throughout the thin section) and their associated mineral
157 assemblages. Every opaque grain visible at this magnification was examined. We also
158 double checked the shock stages for each thin section, which are consistent with
159 previous studies. The petrologic subtypes, whole-rock shock stages,
160 metallic-Cu-bearing mineral assemblages, number of occurrences of metallic Cu,
161 surface areas of thin sections, modal abundances of metallic Cu, and detailed
162 information for the thin sections (number and institution that loaned them) are listed in
163 Table 1. Back-scattered electron (BSE) images were made with three instruments (1)
164 the TESCAN VEGA 3 scanning electron microscope (SEM) using a 20-keV
165 acceleration voltage at University of California, Los Angeles (UCLA), (2) the JEOL
166  JXA-8200 electron microprobe using an acceleration voltage of 15 keV, a 15-nA
167 current at UCLA and (3) the JEOL JXA-8230 electron microprobe using an
168 acceleration voltage of 15 keV, a 15-nA current at Purple Mountain Observatory
169  (PMO). X-ray elemental maps were obtained by an Oxford AZtec energy dispersive
170 X-ray spectrometer installed on Hitachi S-3400N SEM at PMO using a 15-keV
171 acceleration voltage. Three or four elemental maps (scanning maps) were acquired at
172 a resolution of 1024 x 768 pixels with 30 frames (~ 1 hour for each field) for each

173 CO3 chondrite sample. X-ray maps of Fe, S, O, Ni combined with BSE images were
8
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174 used to observe different opaque mineral phases (Fig. 1). Opaque mineral
175 compositions were characterized with the JEOL JXA-8200 electron microprobe at
176~ UCLA using an acceleration voltage of 15 kV, a 15-nA sample current, a focused beam
177 and 30-s counting times for Cu and 20-s counting times for other elements. The
178 standards were chromite for Cr, forsterite for Mg and Si, millerite for S, Ni-bearing
179 alloy NBS1156 for Ni, 99.99% pure-iron, cobalt and copper metal for Fe, Co and Cu,
180 respectively. Compositional profiles across metal and sulfide grains were made with
181 the microprobe using a 1-um-diameter electron beam with spacing of 1 um between
182 analyzed points. The Co concentrations in metallic Fe-Ni grains were corrected for the
183 overlap of the Fe-Kz peak on the Co-K,, peak after analyzing a 99.99% iron standard.
184 Detection limits are 0.02 wt% for Si, Mg and S, 0.04 wt% for Ni, Cr and Fe, and 0.06
185 wt% for Cu and Co.

186

187 Results

188 Petrography of opaque minerals and metallic-Cu-bearing mineral assemblages

189 CO03.0-3.1 chondrites. No metallic Cu grains were identified in CO3.0-3.1
190 chondrites. Metallic Fe-Ni and pyrrhotite grains occur both in and around chondrules
191 (mainly FeO-poor type-I chondrules), and in the matrix. Metallic Fe-Ni grains in
192 chondrules are spherical to ellipsoidal in shape and typically 5-60 pm in size. They
193 are commonly rimmed (and, in some cases, fully replaced) by pyrrhotite (2-50 pum)

194  and/or magnetite (2-80 pum), forming irregularly shaped to rounded nodules (Fig.

9
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195 la-b). These nodules also occur around some chondrules. Locally, porous
196 polymineralic (pyrrhotite, magnetite and metallic Fe-Ni) aggregates (within which
197 individual grains are <4 um) are present in chondrule rims (Fig. 1a-b). In the matrix,
198 pyrrhotite and metallic Fe-Ni grains (in some cases associated with irregular-to-round
199 1-80-pum-size magnetite grains) occur as spherical-to-irregular aggregates with sizes
200 up to 200 pum (Fig. la-b,2a). Nickel-rich sulfide grains (mainly pentlandite) are
201 typically associated with pyrrhotite, and, in some cases, with magnetite and Ni-rich
202 metal (including martensite, taenite, tetrataenite and awaruite) within the matrix or
203 inside chondrule rims in CO3.0 chondrites (Fig. 2b-c). Few Ni-rich sulfide grains

204 were identified in CO3.1 chondrites from X-ray elemental mapping (Fig. 1b).

205 CO03.2-3.7 chondrites. Metallic Fe-Ni and pyrrhotite grains in CO3.2-3.7
206  chondrites occur in chondrules and the matrix. They are irregular to round in shape,
207 present as intergrowths and isolated grains, and have larger grain sizes (up to 200-300
208  um) than those in CO3.0-3.1 chondrites (Fig. Ic-f). There are far fewer opaque
200 minerals lining chondrule surfaces in CO3.2-3.7 chondrites than in CO3.0-3.1
210 chondrites (Fig. 1c-f). X-ray elemental maps show few magnetite and Ni-rich sulfide
211 grains in CO3.2-3.7 chondrites (Fig. 1c-f), consistent with previous studies (e.g., Imae
212 and Kojima 2000; Rubin and Li 2019).

213 Metallic Cu grains occur in every sample of CO3.2-3.7 chondrites. Most are
214 associated with metallic Fe-Ni and/or pyrrhotite grains in chondrule rims (37%) and

215 within the matrix (47%); fewer grains occur in chondrule interiors (16%). Metallic Cu

10
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216 grain sizes range from 1 to 13 pm, and their modal abundances are about 24.6-136.9 X
217 10 vol% (Table 1). The classification of metallic Cu petrographic assemblages in CO
218 chondrites (e.g., Rubin 1994) can be divided into five types based on two-dimensional
219 BSE and optical microscopic images (Table 2). Assemblages 1-3, which have
20 relatively complex textures, are described in detail. It cannot be excluded that other
221 mineral phases or textures occur outside the plane of the section. The
222 metallic-Cu-bearing mineral assemblages were labelled as a dash and number after
223 sample name (e.g., Felix-8).

224 Assemblage 1: Metallic Fe-Ni-pyrrhotite interface. This metallic-Cu-bearing
225  mineral assemblage occurs in CO3.2 Kainsaz, CO3.4 Felix and CO3.6 Moss, in both
26  matrix and chondrule rims. In this assemblage, metallic Fe-Ni (2-272 pm) is generally
27  associated with or surrounded by pyrrhotite (6-100 pm in width), forming
28  metal-pyrrhotite intergrowths (Fig. 3a-b) or nodules (Fig. 3¢). Metallic Cu, generally
229 associated with tiny Ni-rich metal grains, occurs as 2-12-um-size irregular grains at
230  the interface between metal and pyrrhotite (Fig. 3a-c).

231 Assemblage 2: Associated with fine irregular pyrrhotite in Ni-rich
232 metal-pyrrhotite nodules. This metallic-Cu-bearing mineral assemblage occurs in
233 CO3.4 Felix and CO3.6 Warrenton, in both matrix and chondrules. Nickel-rich
234 metal-pyrrhotite nodules generally consist of Ni-rich metal (40-70 pum) and
235 surrounding pyrrhotite rims (1-42 pm in width) (Fig. 3d-f). Metallic Cu (1-12 pm) is
236  typically intergrown with Ni-rich metal, fine irregular pyrrhotite and kamacite (1-10

237 pm in width) (Fig. 3d-f). In Felix-8, the pyrrhotite rim penetrates metallic Fe-Ni,
11
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238 which may be interconnected with irregular pyrrhotite grains in three dimensions (Fig.
239 3d). Some voids occur in the metallic Fe-Ni (Fig. 3d).

240 Assemblage 3: Associated with fizzed pyrrhotite. The intergrowth of Ni-rich
241 metal, ragged or fizzed pyrrhotite (fine-grained mixtures of irregularly shaped metal
242 grains surrounded by pyrrhotite), and finely irregular kamacite occurs in the matrix of
243 CO3.7 Isna. Some phosphate grains seem to appear as irregular droplets and are
244 intergrown with Ni-rich metal; locally, Ni-rich sulfide grain also occurs. One metallic
245 Cu grain that contains a chromite inclusion is associated with fizzed pyrrhotite within
246  Ni-rich metal (Fig. 3g).

247 Metallic Cu also occurs at the edges of metallic Fe-Ni grains (Assemblage 4; Fig.
248 3h) or as isolated grains (Assemblage 5; Fig. 31). Assemblage 4 occurs in CO3.4 Felix,
249 CO3.5 Lancé, CO3.6 Moss and CO3.7 Isna, and exits in all textural settings (i.e.,
250  matrix, chondrule rims and chondrules); Assemblage 5 occurs in chondrule rims in
251 CO3.4 Felix.

252 Type-3 ordinary chondrites

253 Twelve ordinary-chondrite samples of shock stage <S2 were examined for metallic
254 Cu (Table 1). We confirm the absence of any metallic-Cu grains with sizes >1 pm.

255 The systematic changes in grain size and types of opaque minerals in type-3 OCs
256 are similar to those in CO3 chondrites. In LL3.00 Semarkona, opaque minerals,
257 including metallic Fe-Ni, pyrrhotite and magnetite, occur as intergrowths or as
258 isolated grains in chondrule interiors, chondrule rims and matrix (Fig. 4a). Nickel-rich

259 sulfide in Semarkona has been reported by many authors (e.g., Taylor et al. 1981;
12
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260 Krot et al. 1997; Rubin 2006; Schrader and Zega 2019). In type-3.2 to -3.8 OCs,
261 relatively coarse metallic Fe-Ni and pyrrhotite grains occur mainly as isolated grains
262 and intergrowths in the matrix. Fewer grains are present around chondrules (Fig. 4b).
263 Magnetite also occurs in OCs of higher subtypes (3.2-3.8; Fig. 4c).

264 Mineral compositions

265 The centers of >1-um-size pyrrhotite (Table 3), kamacite (Supplemental Table S1)
266 and Ni-rich metal grains (Table 4) were analyzed randomly for all the CO chondrites
267 in this study as well as representative OCs (Table 5-6, Supplemental Table S1) to
268 yield rough estimates of the compositions of different subtypes. Individual analyses
260 are available in Supplemental Table S1-3. In addition, analyses were made for Ni-rich
270 sulfide grains that had been identified on X-ray elemental maps (Table 3,

271 Supplemental Table S2).

272 Pyrrhotite metal/sulfur ratios in type-3 chondrites. Pyrrhotite (Fe;S) is a
273 nonstoichiometric iron sulfide with x typically between 0 and 0.125. Pyrrhotite grains
274 from CO3 chondrites have average metal/sulfur ratios (M/S, M = nFe+nCo+nNi+nCu,
275 n in moles) of 0.975-1.000; M/S ratios of pyrrhotite grains in most CO3.2-3.7
276 chondrites (mean = ~0.986-0.997; except Lancé) are slightly higher than those in
277 CO3.0-3.1 chondrites (mean = ~0.981-0.987; except Y-81020). Pyrrhotite grains from
278 type-3 chondrites have average M/S ratios of 0.988-1.004; combined with the

279 pyrrhotite results in Semarkona from Schrader and Zego (2019), the M/S ratios of

13
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280  pyrrhotite grains in LL3.2-3.8 chondrites (mean = ~0.988-0.991) are slightly higher

281 than those in LL3.00 chondrites (mean = ~0.986).

282 Ni and Cu contents of Ni-rich metals in CO chondrites. The Cu concentrations
283 of kamacite, pyrrhotite and Ni-rich sulfide (which occurs only in the matrix of DOM
284 08006) are below the detection limit of ~0.06 wt% (Table 3, Supplemental Table S1);
285 the Cu contents of Ni-rich metals are above the detection limit (Table 4).

286 In the most primitive CO3.00 chondrite (DOM 08006), the Ni contents of Ni-rich
287 metals show a bimodal distribution with peaks at >56 wt% (tetrataenite and awaruite)
288 and <30 wt% (taenite and martensite) that exhibit relatively wide Ni-concentration
289 ranges with large standard deviations (Fig. 5a,6a). The petrologic subtypes versus
290  standard deviations of Ni contents in Ni-rich metal grains in CO chondrites are shown
291 in Supplemental Fig. S1. From subtype CO3.0 to CO3.1, the Ni contents of Ni-rich
292 metal gradually change, with the disappearance of <35 wt% Ni-rich metal and a
293 decrease in tetrataenite Ni content (e.g., peak at >56 wt% for CO3.00 DOM 08006;
294  peak at ~49 wt% for CO3.1 MIL 11213) (Fig. 5a-d,6a). The average Ni contents (and
295 the value of the Ni peaks) in Ni-rich metal grains show a systematic decrease from

296  CO3.2 to CO3.7 (Fig. 5e-j,6a).

297 Nickel-rich metals in CO3.00 DOM 08006 have low Cu contents (0.09 £+ 0.05 wt%
298 Cu), lower than those in CO3.05-3.1 chondrites (0.21 £ 0.07 wt% in CO3.05 Y-81020,
299 0.31 £0.03 wt% in CO3.1 MIL 11213, 0.22 £ 0.08 wt% in CO3.1 DOM 08351; Fig.

300 6a). In CO3.0-3.1 chondrites, the Cu contents of Ni-rich metal in each sample are
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301 relatively constant, and generally do not exhibit a significant correlation with the Ni
302 contents (except for a slight negative correlation in CO3.1 DOM 08351, Fig. 6a). In
303 C0O3.2-3.7 chondrites, the Cu and Ni contents are positively correlated in Ni-rich
304  metal: As Ni contents decrease, Cu contents decline from 0.41 + 0.07 wt% in CO3.2
305  Kainsaz to 0.33 £ 0.06 wt% in CO3.5 Lancé to 0.28 + 0.08 wt% in CO3.7 Isna (Fig.

306  6a).

307 Ni and Cu contents of Ni-rich metals in Type-3 ordinary chondrites. As in CO3
308 chondrites, Cu concentrations in type-3 OCs tend to be much higher in Ni-rich metal
309  (Table 5) than in kamacite and pyrrhotite (<0.06 wt%, Table 6 and Supplemental
310 Table S1).

311 LL3.00 Semarkona is dominated by Ni-rich metals with high Ni contents (mean =
312 59.3 + 3.1 wt%) and low Cu contents (mean = 0.08 + 0.04 wt%) (Fig. 6b and 7a).
313 Because of the limited number of analyses, some grains with relatively low Ni
314  contents (~10-50 wt%; Kimura et al. 2008) may have been missed. As in CO3
315 chondrites, Ni-rich metal grains in subtype 3.2-3.8 chondrites have lower Ni contents
316  (average compositional range: ~37.5-46.4 wt%) and higher Cu contents (~0.21-0.27
317 wt%) than in type-3.0 chondrites; the average Ni contents and Ni peaks of Ni-rich
318 metal grains show a systematic decrease from subtype 3.2 to 3.8 (Fig. 6b,7b-d).
319 Nevertheless, Ni-rich metal in subtype 3.2-3.8 OCs have indistinguishable average Cu

320  contents (Fig. 6b).
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321 Metallic-Cu-bearing mineral assemblages in CO3 chondrites. Several analyses
322 were made on representatives of Assemblages 1-3 (Table 7 and Supplemental Table
323 S4). We obtained 3.4-6.0 wt% Fe and 1.4-3.8 wt% Ni for most metallic Cu grains
324 with sizes >1 um. It is possible that the Fe contents are too high due to secondary
325 fluorescence by Cu-Ka of Fe radiation from the adjacent metallic Fe-Ni (Olsen 1973).
326  Kamacite grains (2.6-5.7 wt% Ni, 0.31-1.6 wt% Co) generally do not have any

327 detectable Cu; Ni-rich metals (taenite and tetrataenite) have ~0.2-0.6 wt% Cu.

328 In contrast, pyrrhotite grains in the metallic-Cu-bearing mineral assemblages have
329 variable Cu concentrations. Several compositional profiles were made traversing
330 pyrrhotite-Ni-rich metal or pyrrhotite-metallic Cu grains. Many pyrrhotite grains
331 contain little Cu and show no compositional variations across individual grains (e.g.,
332 Kainsaz-2, Fig. 3a and 8a; Warrenton-2; Fig. 3e and 8b). Nevertheless, there are
333 relatively high Cu concentrations in a few pyrrhotite grains, which can exceed those
334 in adjacent Ni-rich metal. The pyrrhotite Cu enrichment could occur (1) in the
335 pyrrhotite-Ni-rich metal (0.61 wt%; profile 1 of Felix-11; Fig. 3c and 8c) grain
336 boundary, (2) as irregular pyrrhotite grains enclosed by Ni-rich metal (1.0 wt%
337 Felix-8, Fig. 3d and 8d), and (3) as grains adjacent to metallic Cu (Cu contents
338 decrease gradually towards the far side of the pyrrhotite-metallic Cu boundary; profile
339 2 of Felix-11, Fig. 3c and 8e). Also, one irregular Ni-rich sulfide in Assemblage 3 of
340  Isna-2 has a relatively high Cu content of ~0.69 wt% (Fig. 3g). There is a Cu content

341 drop in the interface between metallic Cu and Cu-rich pyrrhotite in Felix-4 (Fig. 3b
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342 and 8f). Some pyrrhotite grains adjacent to Ni-rich metals have relatively high Ni
343 contents (up to ~1.0 wt%, Table 7) that gradually decrease to the far side (pyrrhotite

344 1n Fig.3c and 8e), possibly a result of diffusion.

345 The M/S ratios of pyrrhotite grains in the metallic-Cu-bearing mineral assemblages
346 are basically comparable with the randomly analyzed pyrrhotite compositions. The
347  irregular pyrrhotite grains in Ni-rich metal of Felix-1 are compositionally close to

348 troilite (M/S ratio ~1, Table 7).

349 Sulfidation states

350 Method 2 from Mengason et al. (2010) (based on the chemical compositions of
351 sulfide) was adopted to calculate the sulfur fugacity for CO3.1-3.7 chondrites that
352 could have been redistributed during parent-body processes. The sulfur fugacity of
353 CO3.0 chondrites that were considered the most primitive was not calculated
354 (Davidson et al. 2019). Those of C0O3.2-3.7 and CO3.1 chondrites were calculated in
355 the temperature range of ~300-600 °C (Jones and Rubie 1991; Sears et al. 1991; Huss
356 and Lewis 1994; Bonal et al. 2007; Imae and Nakamuta 2018) and ~100-300 °C
357 (Zolotov et al. 2006), respectively. Sulfur fugacity is referenced to the iron-troilite (IT)
358 buffer. Many CO3.2-3.7 chondrites (except Lancé) have slightly lower AIT values
359 (IT+0.82~2.34 for most CO3.2-3.7 chondrites at ~300-600 °C) than that in CO3.1
360 chondrites (IT+2.31~2.91 for CO3.1 chondrites at ~100-300 °C). The sulfur fugacity

361 relative to the iron-troilite buffer is listed in Supplemental Table S5.
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32 Metallographic cooling rate

363 The metallographic cooling rates of CO chondrites and type-3 OCs at ~500 °C
364  were evaluated by measuring the Ni concentrations at the center of taenite grains and
365 the distance to the nearest grain boundary (Wood 1967; Willis and Goldstein 1981).
366  CO3.6 Warrenton, CO3.7 Isna and LL3.8 NWA 6582 were used to calculate cooling
367 rates because their peak temperatures could have equilibrated above ~500 °C
368 (500-600 °C for CO3.6-3.8/3.9 chondrites, Keck and Sears 1987; and 600-700 °C for
369 type-3.7 to -3.8 OCs, Wlotzka 1987; McCoy et al. 1991). Supplemental Fig. S2 shows
370  the central Ni concentrations of Ni-rich metal grains vs. distance to the nearest grain
371 boundary. The resulting metallographic cooling rates of C03.6-3.7 chondrites
372 (Warrenton and Isna) and LL3.8 NWA 6582 are ~0.1-5 °C/Ma and ~1-10 °C/Ma,
373 respectively.

374 Mass balance calculations

375 C03.00 DOM 08006, CO3.1 DOM 08351 and CO3.2 Kainsaz were used for mass
376  balance calculations. Modal abundances referred from Rubin and Li (2019) were
377 normalized to 100 vol% after excluding 0-0.45 vol% limonite; the volume ratios
378 between kamacite and Ni-rich metal were determined by X-ray elemental maps. First,
379 modal compositions were calculated from vol% to wt%; then, the mass balance of Cu
380 was estimated from the modal abundances (wt%) and Cu concentrations of
381 constituent phases. The bulk Cu contents of CO3.00 chondrite based on mass
382 calculation are around 32 ppm; the bulk Cu content of CO3.2 Kainsaz is ~135 ppm,

383 five times higher than that of C0O3.00 chondrites; the bulk Cu contents of CO3.1
18
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334 DOM 08351 (~52 ppm) is in between that of CO3.00 and CO3.2 chondrites. The
385 mass balance results are shown in Supplemental Table S6.

386

387 Discussion

388 The genesis of metallic-Cu-bearing mineral assemblages in CO3 chondrites

389 Could metallic Cu be a nebular product? Previous studies found moderately
390  volatile Cu became enriched in chondrule rims and matrix (Alexander 1995; Brearley
391 et al. 1995) due to volatilization-recondensation (Alexander 1995) or metal/sulfide
392 physical separation and reaccretion (Bland et al. 2005) during chondrule formation. In
393 CO3 chondrites, most metallic Cu grains occur along with metallic Fe-Ni and/or
394  pyrrhotite grains in chondrule rims (37%) and matrix (47%); relatively few grains of
395 metallic Cu are present in chondrule interiors. Komorowski et al. (2012) reported
396  metallic Cu together with metallic Hg, Cu-sulfides and Hg-sulfides in the matrix of
397  H/L3.6 Tieschitz, and interpreted these phases as having formed by condensation
398  followed by rapid accretion at low temperatures. Thus, a nebular origin for some
399 metallic Cu grains seems plausible. However, we suggest that most metallic Cu grains
400 in CO3 chondrites were formed after parent-body accretion because no metallic Cu
401 grains were found in the most primitive CO3.0-3.1 chondrites. In this regard, we will
402 explore Cu-bearing phases in CO chondrites as potential sources for metallic Cu.

403 Matrix — a Cu reservoir in the most primitive type-3 chondrites. In our study,
404  pyrrhotite and metallic Fe-Ni grains (>1 um) in the chondrules and matrix of CO3.00

405 DOM 08006 have low Cu concentrations (pyrrhotite, <0.06 wt% Cu; Ni-rich metal,
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406  ~0.09 wt% Cu; kamacite, <0.06 wt% Cu). Also, Ni-rich sulfide (identified by
407 elemental X-ray maps) contains little Cu (<0.06 wt%) and possibly formed during
408 chondrule cooling from high temperatures (Schrader et al. 2016), sulfidation of
409  kamacite in the solar nebula (Lauretta et al. 1998) and/or as a product of
410 low-temperature aqueous alteration (Brearley 2006; Rubin 2006). Overall, no opaque
411 minerals (>1 um) clearly enriched in Cu were observed.

412 Bulk compositions of the CO3 chondrites were calculated by mass balance, and
413 reveal that (1) the bulk Cu content of CO3.00 chondrite is five times (~32 ppm) lower
414  than that of CO3.2 Kainsaz (~135 ppm), while the calculated bulk Cu contents of
415 CO3.2 Kainsaz is comparable with previous Instrumental Neutron Activation
416  Analysis (INAA) results (~125 ppm; Wasson and Kallemeyn 1988); (2) there is a
417 corresponding increase in the Cu contents of Ni-rich metal from C0O3.00 (~0.09 wt%)
418 to CO3.2 (~0.41 wt%) chondrites. This implies that some unidentified phases account
419 for a significant portion (nearly ~100 ppm) of the Cu budget in bulk CO3.00
420  chondrites, and provide Cu for Ni-rich metal during progressive parent-body heating.
421 As previously mentioned, moderately volatile Cu is concentrated in the matrix and
422 chondrule rims. Previous studies found a positive correlation between Cu and S
423 and/or Cu and Ni in matrix or chondrule rims, and suggested Ni-rich sulfide grains
424  could be the main hosts for Cu in the most primitive CO3 chondrites (Brearley 1993;
425  Alexander 1995). This is consistent with the possible decomposition of Ni-rich sulfide
426  during progressive heating, based on more Ni-rich sulfide grains in CO3.0 chondrites

427  than in CO3 chondrites of higher subtypes (Zanda et al. 1997; Bonal et al. 2007; this
20
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428  study). However, the Cu contents in Ni-rich sulfide in our study are below the
429  detection limit. Here, we speculate that some Cu-rich nanometer-size Ni-rich sulfide
430  grains (or some similar but unknown phases), possibly embedded in matrix in CO3.0
431 chondrites, could provide Cu for Ni-rich metal during progressive heating. Further
432 high-resolution studies of fine-grained matrix in CO3.0 chondrites are required.

433 Nickel-rich metal — the main Cu-carrier in type 3.2-3.7 chondrites. Copper
434 tends to partition strongly into Ni-rich metal rather than into kamacite. The partition
435 coefficient of Cu between taenite and kamacite increases with the Ni content of
436 taenite (Mullane et al. 2004; Corrigan et al. 2009; Danielson et al. 2009; Meftah et al.
437 2016). These observations suggest that metallic Fe-Ni with higher Ni contents is
438 capable of incorporating more Cu than metal grains with less Ni (Danielson et al.
439 2009). This property could be a function of ionic radius (Hirata and Nesbitt 1997;
440  Meftah et al. 2016), electron configuration of the elements, or the crystal structure
441 (Hsu et al. 2000). It is supported by our electron microprobe results that Ni-rich metal
442 grains with >45 wt% Ni have the highest Cu contents in C0O3.2-3.7 chondrites (up to
443 ~0.58 wt% Cu; Fig. 6a). The Ni-rich metal compositions of lower petrologic subtypes
444 (C0O3.05-3.1) are between those of C0O3.00 and CO3.2-3.7 chondrites and show an
445 unobvious or slightly positive correlation between Cu and Ni contents (Fig. 6a); this
446 implies Ni-rich metal grains in CO03.05-3.1 chondrites begin to adjust their
447 compositions at relatively low temperatures (<300 °C; Zolotov et al. 2006), although
448 the diffusion of Cu seems to be incomplete. Metallic Cu grains in C0O3.2-3.7

449 chondrites are commonly associated with metallic Fe-Ni and pyrrhotite grains. If
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450 metallic Cu was formed by precipitation directly from Ni-rich metal, there should be
451 local enrichments or depletions in Cu; however, our data show that Ni-rich metal
452 grains within metallic-Cu-bearing mineral assemblages have Cu contents comparable
453 to those analyzed randomly.

454 Metallic Cu grains may have precipitated from pyrrhotite. Although the
455 partition coefficient of Cu between solid metal and S-bearing metallic liquid metal in
456  Fe-Ni-S system is below 1 (Chabot et al. 2009), pyrrhotite grains (~50-355 ppm;
457 Sutton et al. 1987) in iron meteorites and OCs (~300 ppm; Widom et al. 1986) have
458 lower Cu contents than that in Ni-rich metal (2000-6900 ppm; Sutton et al. 1987;
459 Kong and Ebihara 1996; Kong et al. 1998), which could be caused by subsolidus
460  re-equilibration (Sutton et al. 1987; Kong et al. 1998). The same process may also
461 affect CO3.2-3.7 chondrites in our study (Cu contents of pyrrhotite: <0.06 wt%; Cu
462 contents of Ni-rich metal: ~0.28-0.41 wt%).

463 Nevertheless, pyrrhotite grains within metallic-Cu-bearing assemblages have
464  variable Cu contents. Some pyrrhotite grains show a gradual Cu decrease from the
465 metallic-Cu/Ni-rich-metal-pyrrhotite interface toward the far side (Fig. 8e). Previous
466  studies have not reported the diffusion rate of Cu in pyrrhotite. Assuming the
467  diffusion rate of Cu in pyrrhotite is comparable to that in chalcopyrite (Chen and
468 Harvey 1975), we speculate that the Cu compositional gradient in these pyrrhotite
460 grains could be due to diffusion because the diffusion rate of Cu is 10°-10* times
470  faster than that of Fe at ~500 °C. Nevertheless, some pyrrhotite grains that are not

471 directly in contact with metallic Cu have higher Cu contents than neighboring Ni-rich
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472 metal grains (e.g., Felix-8; Fig. 8d). This implies that these pyrrhotite grains most
473 likely kept their pristine elemental distributions rather than having acquired them via
474 diffusion from surrounding Ni-rich metal. Local enrichment in Cu concentration,
475 which typically occurs on pyrrhotite-metallic-Fe-Ni grain boundaries (e.g., Felix-11
476 profilel; Fig. 8c), may facilitate the formation of metallic Cu. This is also consistent
477 with the drop in Cu concentration at the interface between metallic Cu and Cu-rich
478 pyrrhotite in Felix-4 having formed after the precipitation of metallic Cu (Fig. 8f).
479 Thus, the local Cu enrichment of pyrrhotite could facilitate the precipitation of
480 metallic Cu grains.

481 Thermal metamorphism

482 Radiogenic heating and shock heating are the two main heat sources thought
483 responsible for thermal metamorphism of asteroids. Radiogenic heating plays a major
484 role in the thermal history of chondritic parent bodies shortly after accretion
485 (Tachibana and Huss 2005; Henke et al. 2013). Shock heating could have produced
486  diverse shock and thermal effects on chondritic parent bodies throughout solar-system
487 history (Swindle et al. 2014; Stoffler et al. 2017). CO3 chondrites constitute one of
488 the least shocked chondrite groups with almost all samples being shock-stage S1
489 (Scott et al. 1992). Metallic-Cu-bearing Assemblages 1, 2, 4 and 5 occur in both
490  shocked (only Felix) and unshocked (the others) CO3 chondrites. It seems likely that
491 metallic occurrences of Fe-Ni and pyrrhotite in all the CO chondrites (including Felix)
492 were not strongly affected by shock heating because: (1) They follow the trend of

493 Ni-rich metal becoming compositionally more uniform during progressive heating
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494  (Fig. 5 and Supplemental Fig. S1); (2) CO3.6 Warrenton and CO3.7 Isna have slow
495 metallographic cooling rates of ~0.1-5 °C/Ma at ~500 °C, consistent with the results
496  (~0.1-1 °C/Ma) from Keck and Sears (1987); (3) Shock heating may lead to a large
497  variation of M/S ratios in pyrrhotite of OCs (M/S ratios of 0.93-0.99 for pyrrhotite
498 grains from Smyer; Rubin 2002a); in contrast, the pyrrhotite grains within each CO3
499 chondrite do not show large compositional variations (standard deviations of M/S
so0  ratios ~0.005-0.013). These observations suggest that shock heating is not essential
sor  for the formation of metallic Cu in CO3 chondrites. Instead, radiogenic heating
502 appears to be mainly responsible for the formation of metallic-Cu-bearing mineral
503 assemblages in CO3 chondrites.

504 Although recent studies found that many sulfides in CO3 and LL3 chondrites were
505 crystallized during chondrule cooling prior to accretion, the role of low-temperature
506  annealing and metamorphism cannot be ruled out (Schrader et al. 2016; Davidson et
507 al. 2019; Schrader and Zego 2019). Heating experiments on OCs suggest that sulfur
508 could mobilize during thermal metamorphism: it can be released from pyrrhotite,
500 especially from regions with high surface energy (crystal corners and cracks), and
sto  then react with metallic Fe-Ni to form newly grown pyrrhotite (Imae 1994; Lauretta et
st al. 1997a). These experiments are consistent with the observed redistribution of
si2 sulfide during progressive heating in type-3 ordinary and CO3 chondrites, with
513 numerous tiny sulfides transforming into fewer and larger sulfide grains
514 (Bourot-Denise et al. 1997; Grossman and Brearley 2005; Huss et al. 2005) and less

515 Ni-rich sulfide grains in CO3.1-3.7 chondrites (possibly decomposed to troilite and
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st6  Ni-rich metal; Lauretta et al. 1997b) than in CO3.0 chondrites (Zanda et al. 1997;
517 Bonal et al. 2007; this study).

518 C03.2-3.7 chondrites probably reached temperatures in the range of ~300-600 °C
519 (Jones and Rubie 1991; Sears et al. 1991; Bonal et al. 2007; Kimura et al. 2008; Imae
520 and Nakamuta 2018), higher than those in CO3.1 chondrites (~100-300 °C; Zolotov
521 et al. 2006). Abundant metallic Fe-Ni grains in CO3.2-3.8 chondrites were
52 decomposed from magnetite that could have formed during parent-body aqueous
523 alteration in CO3.0-3.1 chondrites (Krot et al. 1997; Imae and Kojima 2000); this
524 could be caused by increases in temperature and the H,/H,O ratio in the gas (Zolotov
525 et al. 2006). The slightly higher M/S ratios and correspondingly lower AIT values in
526  C0O3.2-3.7 chondrites (M/S = 0.986-0.997, AIT = +0.82~2.34 for most C0O3.2-3.7
527 chondrites at ~300-600 °C) than those in CO3.1 chondrites (M/S = 0.986-0.987, AIT =
58 +2.31~2.91 at ~100-300 °C, Supplemental Table S5) support previous studies that
529 pyrrhotite could transform into troilite by releasing sulfur in chondrites (Lauretta et al.

530 1997a; Tomkins 2009):

531 Pyrrhotite — Troilite + Sulfur (1)

532 The troilite-iron buffer is bounded by the reaction:

533 Troilite— Metallic Fe-Ni + Sulfur (2)

534 Small amounts of sulfur, occurring either as S, or H,S gas, can react with metallic

535 Fe-Ni, extract Fe for pyrrhotite or troilite, and leave Ni-rich metal (Tomkins 2009).
536 The possible reaction proposed by Tomkins (2009) is:

537 Metallic Fe-Ni + Sulfur — Pyrrhotite/troilite + Ni-rich metal (3)
25
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538 The irregular sulfide grain in Felix-1 (Table 7), with a higher M/S ratio (M/S ~1;
539 compositionally consistent with troilite) than the average M/S ratios of pyrrhotite in
sa0  Felix (~0.986), is supposed to form during reaction (3). The newly formed
s41  pyrrhotite/troilite grains, probably locally enriched in Cu (Fig. 8d), were not in
542 equilibrium. As the reaction proceeded, metallic Cu precipitated from pyrrhotite.
543 Then, the boundary of pyrrhotite (adjacent to the precipitated grains of metallic Cu)

544 would be locally depleted in Cu relative to the surroundings (Fig. 8f).

545 Shock-related origin

546 Intergrowths of fizzed or ragged pyrrhotite and Ni-rich metal shown in Assemblage
547 3 (Isna-2; Fig. 3g) have been reported in many chondrites (e.g., Scott 1982; Bennett
s and McSween 1996; Tomkins 2009); these features are likely formed by a process
540 involving rapid melting and cooling. This mechanism is consistent with the
550 occurrence of phosphate droplets and minor chromite in Ni-rich metal. During heating,
ss1 P and Cr originally incorporated in phosphate and chromite grains are reduced and
ss2 dissolved into a Fe-Ni-S melt. Phosphate and chromite grains precipitate together with
553 metal-pyrrhotite during cooling. Because of the chalcophile character of elemental Cu
ss4  and Cr (Chabot et al. 2010; Semenenko and Perron 2010), it seems probable that
555 metallic Cu was formed by crystallization from a S-rich metal melt (Rubin 1994),
ss6  most likely together with chromite (Fig. 3g). This is supported by the relatively high
557 Cu contents (0.69 wt%) in Ni-rich sulfide from Isna-2 as well as in OCs that

sss  experienced relatively high-temperature processes (e.g., up to 0.88 wt% Cu in
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559 pyrrhotite from LLS5 Chelyabinsk; up to 0.66 wt% Cu in pyrrhotite from LL6 Appley
seo  Bridge; Schrader and Zega 2019). The formation of the fizzed texture could be related
s61  to post-shock metamorphism after melting (>850 °C; Tomkins 2009) or
se2  recrystallization of a metallic glass (Scott 1982) formed during a shock-related
563 melting process (Scott 1982; Rubin 1994). The occurrence of fizzed texture in CO3.7
se4  Isna (shock-stage S1, cooling rate of ~0.1-5 °C/Ma) and CO3.5 Lancé (shock-stage
565 S1; Scott et al. 1992) implies that local transient heating may have been common on
se6  the CO parent asteroid.

567 A comparison of metallic Cu growth between CO3 chondrites and OCs

568 Lack of metallic Cu in weakly shocked type-3 OCs. It is widely accepted that
569 type-3 ordinary and CO chondrites experienced similar metamorphic effects, recorded
570 by a sequence of petrologic subtypes ranging from 3.00 to 3.7 or 3.8 (Grossman and
571 Brearley 2005). The occurrence of magnetite in some type-3 ordinary and CO
572 chondrites, especially in low subtypes, suggests these chondrites experienced aqueous
573 alteration and oxidation at a very early stage of thermal metamorphism (Choi et al.
574 1997; Krot et al. 1997). During progressive heating, these rocks underwent textural
575 recrystallization, increases in the FeO contents of mafic minerals, decreases in the Cr
576 contents of olivine, and mobilization of S and alkalis (Scott and Jones 1990; Grossman
577 and Brearley 2005). They also exhibit increasing coarsening of Ni-rich-metal grains,
578 reductions in grain-number density (Kimura et al. 2008), increases in kamacite Ni

579 contents, decreases of Ni-rich-metal Ni contents, and homogenization of Fe-Ni metal
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ss0  compositions (McSween 1977; Nagahara 1982; Scott and Jones 1990; this study).
581 These trends are broadly consistent with changes in the composition and abundance of
sg2 metallic Fe-Ni during heating as shown in the Fe-Ni binary phase diagram (Reisener
583 and Goldstein 2003). Type-3.7 to -3.8 OCs were likely heated up to ~600-700 °C
s8¢ (Wlotzka 1987; McCoy et al. 1991); CO chondrites probably reached temperatures in
585 the range of ~300-600 °C for CO3.2- to -3.7, equivalent to those of type-3.2 to -3.5 OCs
s86  (Jones and Rubie 1991; Sears et al. 1991; Huss and Lewis 1994; Bonal et al. 2007; Imae
587 and Nakamuta 2018).

588 Unlike the occurrences of metallic Cu in CO03.2-3.7 chondrites,
589 unshocked-to-weakly shocked type-3 OCs contain few metallic Cu grains. Only Prairie
590  Dog Creek (H3.6, S2) and Tieschitz (H/L3.6, weakly shocked) were reported to contain
so1  metallic Cu (Rubin 1994; Komorowski et al. 2012). Even so, the genesis of some
592 occurrences of metallic Cu in Tieschitz may be related to nebular condensation
593 (Komorowski et al. 2012). It may be the case that thermal metamorphism did not
so4  generally facilitate the growth of metallic Cu in type-3 OCs.

595 The presence of metallic Cu is related to the bulk Cu content of the chondrites. The
596  bulk Cu content of OCs (~80-90 ppm) is lower than that of CO chondrites (~125 ppm;
597 Wasson and Kallemeyn 1988). These differences in bulk Cu are reflected in the
598 somewhat lower Cu contents of Ni-rich metal grains in type-3 OCs (up to ~0.38 wt%;
599 Fig. 6b) compared to those in CO chondrites (up to ~0.58 wt%; Fig. 6a). The relatively
600  low Cu concentration of Ni-rich metal in type-3 OCs prevented pyrrhotite that was

601 formed during metallic Fe-Ni sulfidation from reaching Cu saturation to precipitate
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602 metallic Cu. In addition, type-3 OCs tend to have faster metallographic cooling rates at
603  ~500°C (e.g., ~2-20 °C/Ma for H chondrites, Scott et al. 2014; ~1-10 °C/Ma for LL
604  chondrites, this study) than CO3 chondrites (~0.1-1 °C/Ma, Keck and Sears 1987; ~2-5
605  °C/Ma, Krot et al. 2014; ~0.1-5 °C/Ma, this study). The relatively rapid cooling rate at
606  <500-600 °C for type-3 OCs, possibly caused by early disturbance of parent bodies
607  (Taylor et al. 1987; Blackburn et al. 2017), may also be responsible for the incomplete
608  reaction between sulfur and metal and the precipitation of metallic Cu in type-3 OCs. In
609  comparison, metallic Cu in CO3 chondrites can be produced by prolonged interaction
610 between sulfur and metal through a relatively slow cooling rate (consistent with *°Al

611 as the major heat source; Krot et al. 2014).

612 Growth of metallic Cu in type-4 to -6 OCs. CO3 chondrites in this study and
613 previously studied OCs (Rubin 1994, 2004; Tomkins 2009) have similar
614  metallic-Cu-bearing mineral assemblages, which are basically produced by reaction (3)
615 (except Assemblage 3 of this study). Nevertheless, the most abundant metallic
616  Cu-bearing mineral assemblages are different: metallic Cu grains most commonly (39
617 out of 100 grains) occur adjacent to small troilite grains inside Ni-rich metal
618  (equivalent to Assemblage 2 in this study) in many type-4 to -6 OCs (Rubin 1994,
619 2002b, 2004); however, most metallic Cu grains in CO3 chondrites occur along grain
620 interfaces or grain edges (Assemblages 1, 4 and 5; 14 out of 19). Rubin (2004)
621 suggested that metallic Cu occurs in many type-4 to -6 OCs that may have been

622 shocked to shock stage >S3. It seems that shocked OCs that could have experienced
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623 post-shock metamorphism with slow cooling are more likely to have metallic Cu than
624  quickly cooled ones. For example, Rose City, a quickly cooled H-chondrite
625 impact-melt breccia with abundant martensite grains (Rubin 1990), does not contain
626  metallic Cu (Rubin 1994); nevertheless, LL6 MIL 99301 (which could have reached
627 ~S4 and experienced post-shock annealing) contains myrmekitic plessite with
628 abundant metallic Cu (~1.8 x 10 vol%). Tomkins (2009) suggested that reaction (3)
629  could have occurred at high temperatures (beyond 800 °C, but below the Fe-FeS
630  melting temperature) during post-shock metamorphism, to account for the migration
631 of sulfur and formation of pyrrhotite and metallic Cu grains inside metallic Fe-Ni. The
632 fast kinetics of metal-sulfide reactions make them sensitive to thermal changes, and
633 the shock wave propagation-caused metal defects further promote sulfur diffusion.
634  This would lead to a relatively quick growth of metallic Cu in shocked OCs during
635 post-shock metamorphism (Tomkins 2009). In contrast, sulfur in CO3 chondrites, less
636 mobilized at low temperature during thermal metamorphism than in shocked OCs,

637  could limit the extent of reaction (3) and generally restrict it to the grain interface.

638 Implications

639 The majority of metallic Cu grains in CO chondrites are supposed to form (1) during
640  reaction between mobilized sulfur and a certain amount of metallic Fe-Ni, (2) at
641 temperatures >300 °C and (3) without the assistance of aqueous alteration that may
642  oxidize the metal. The relatively high bulk Cu contents in CO chondrites may further

643 facilitate the formation of metallic Cu; the lack of metallic Cu in weakly shocked type-3
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644  OCs is likely caused by the relatively low bulk Cu contents and/or relatively rapid
645 cooling rates (~1-10 °C/Ma for LL chondrites). Both thermal and shock metamorphism
646 could be responsible for the formation of metallic Cu. Most metallic Cu in CO3
647  chondrites were formed during thermal metamorphism, and the growth of metallic Cu
648 in OCs seems to be related to shock heating and post-shock metamorphism.

649 Studies of the growth and re-distribution of Cu-rich phases for chondrites of
650  different groups and petrologic subtypes can potentially provide insights into
651 parent-body processes. It seems that some other groups of carbonaceous chondrites
652 (e.g., CI and CM), containing comparable or slightly lower bulk Cu contents than that
653 of CO chondrites (CI chondrites ~121 ppm and CM chondrites ~115 ppm, Wasson
6s4 and Kallemeyn 1988), are less likely to produce metallic Cu due to the (1) relatively
655 low amount of metallic Fe-Ni, (2) relatively low temperatures of ~100-300 °C and (3)
656 high mobility of Cu in solution during aqueous alteration. For example, CI chondrites,
657  the most heavily hydrated chondritic group with ~11 wt% bulk H,O, consists mainly
6s8  of fine-grained phyllosilicates (e.g., Fe-Mg serpentines and saponite), sulfides,
659  carbonates and sulfates with essentially no metallic Fe-Ni (e.g., Tomeoka and Buseck
660  1988; Scott and Krot 2005; King et al. 2015); they did not form above 210 °C based
661 on the occurrence of cubanite (CuFe,S;), an important Cu-bearing mineral in CI
662  chondrites (e.g., Berger et al. 2011, 2015). CM chondrites (very low amount of
663  metallic Fe-Ni, most <0.25 vol%; Rubin et al. 2007) show diverse degrees of aqueous
664  alteration, with the occurrences of phyllosilicates (serpentine-tochilinite intergrowths),

665  carbonates (diverse Ca, Mg, Fe and Mn proportions) and magnetite (e.g., Browning et
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666 al. 1996; Zolensky et al. 1997; Rubin et al. 2007; Howard et al. 2015). The alteration
667  temperature for CM chondrites is around 50-300 °C (e.g., Zolensky et al. 1993;
668  Verdier-Paoletti et al. 2017; Singerling and Brearley 2020). The occurrence of
669  tochilinite (2(Fe,Ni,Cu);xS.n(Fe,Mg)(OH),, containing ~0.23 wt% Cu) suggest that
670 Cu had been oxidized to Cu?" (Palmer and Lauretta 2011). There are a few
671 metamorphosed CM chondrites (e.g., Y-86720 and B-7904, >400-700 °C)
672 characterized by the dehydration of phyllosilicates and the occurrence of opaque
673 assemblages consisting of kamacite, Ni-Co-rich metal and pyrrhotite (Tomeoka et al.
674 1989; Kimura et al. 2011; Harries and Langenhorst 2013; Tonui et al. 2014). The
675 rapid cooling rate with short heating duration (1-100 hours at 890 °C or 10-10° days at
676 700 °C based on experimental studies, Nakato et al. 2008) could result in the paucity

677 of metallic Cu grains in metamorphosed CM chondrites.
678
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1029  Figure captions

1030  Fig. 1. Representative BSE images of CO3 chondrites (upper part) and their
1031 corresponding combined X-ray maps (lower part). All scale bars are 250 um. Colors
1032 for opaque minerals in X-ray maps: green-yellow refers to kamacite; bluish green
1033 refers to magnetite; blue refers to pyrrhotite; orange (relatively Ni-poor) or red
1034  (relatively Ni-rich) refer to Ni-rich metal; purple refers to Ni-rich sulfide. Some

1035 purple grains in the lower left corner of Fig.la and lower right corner of Fig.1f are
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weathering products, verified by electron probe. Po = pyrrhotite; Mag = magnetite;

Kam = kamacite.

Fig. 2. BSE images of (a) magnetite and (b-c) Ni-rich sulfide in CO3.00 DOM 08006.
(a) An opaque nodule in the matrix consists of cores of metallic Fe-Ni and
surrounding magnetite (Mag) and minor pyrrhotite (Po). Ni-rich sulfide grains are
associated with pyrrhotite (b) and, in some cases, with magnetite (c) within the

matrix.

Fig. 3. BSE images of metallic-Cu-bearing mineral assemblages in CO chondrites.
The red arrows in BSE images represent the location of the compositional profiles of
Fig. 8 and Table S4. Po = pyrrhotite; Nm = Ni-rich metal; Kam = kamacite; Pho =

phosphate; Chr = chromite; Cu = metallic Cu.

Fig. 4. BSE images of type-3 OCs. (a) Opaque mineral grains (bright white grains in
BSE images) present in chondrule interiors, chondrule rims and matrix within
type-3.0 OC. (b) Opaque mineral grains mainly present in the matrix of type-3.2 to

-3.8 OCs. (¢) Magnetite (Mag) around metallic Fe-Ni in type-3.2 to -3.8 OCs.

Fig. 5. Histograms of Ni contents for Ni-rich metal in CO chondrites. Number
represent the number of grains analyzed. In CO3.00 DOM 08006, the Ni contents of

Ni-rich metals show a bimodal distribution with peaks at >56 wt% and <30 wt%;
42
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1058 subtype CO3.0-3.1 chondrites gradually show a disappearance of <35 wt% Ni-rich
1059  metal and a decrease in tetrataenite Ni contents; the values of the Ni peaks decrease

1060  from ~48 wt% in CO3.2 to 38 wt% in CO3.7 chondrites.

1061

1062 Fig. 6. Cu vs. Ni contents for individual analyses of Ni-rich metals for (a) CO and (b)
1063 ordinary chondrites. Plots of the mean are shown as insets in the top right corner. In
1064  the plots of mean CO chondrites, blue, green and red circles refer to C0O3.00,
1065 CO3.05-3.1 and 3.2-3.7 chondrites, respectively, and a trend line directing to the
1066  increasing of metamorphic grade is shown. Because of the limited number of analyses,
1067 it is likely that some grains with relatively low Ni contents in Semarkona (~10-50

1068 wt%, Kimura et al. 2008) were missed.

1069

1070 Fig. 7. Histograms of Ni contents for Ni-rich metal in type-3 OCs. Number represent
1071 the number of grains analyzed. Type-3.00 Semarkona grains are dominated by Ni-rich
1072 metals with high Ni contents (~59 wt%). Some grains with relatively low Ni contents
1073 of ~10-50 wt% (Kimura et al. 2008) are missing in Semarkona probably due to the
1074  limited number of analyses. The values of the Ni peaks decrease systematically from

1075 46 wt% in type-3.2 to 38 wt% in type-3.8 OCs.

1076

1077 Fig. 8. The compositional profiles along a traverse (marked as red arrows in Fig. 3, data

1078 in Table S4) across opaque grains in metallic-Cu-bearing mineral assemblages.
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1079 Different minerals labelled by red letters are separated by a black dashed line. Fig. 8a-b
1080 show pyrrhotite grains with little Cu contents; relatively high Cu concentrations could
1081 occur in a few pyrrhotite grains adjacent to Ni-rich metal (Fig. 8c), grains enclosed by
1082 Ni-rich metal as irregular crystals (Fig. 8d), and adjacent to metallic Cu (Fig. 8e). Fig.
1083 8f'shows a Cu content drop in the interface between metallic Cu and Cu-rich pyrrhotite.
1084  Po = pyrrhotite; Cu = metallic Cu; Kam = kamacite. Concentrations of Cu in Fig. 8a-d
1085 have been multiplied by a factor of 20-40 (e.g., shown as Cu [x30] in Fig. 8a).

1086

1087

1088  Appendix

1089  Table S1 Mean compositions (with 1o standard deviation) and individual analyses of

1000  kamacite (wt%) in CO3 and ordinary chondrites.

1001 Table S2 Individual analyses of sulfide (wt%) in CO3 and ordinary chondrites.

1002 Table S3 Individual analyses of Ni-rich metal (wt%) in CO3 and ordinary chondrites.

1003 Table S4 Compositional profiles (wt%) of coexisting metallic Fe-Ni/Cu and pyrrhotite
1004 in CO3 chondrites. Location of the compositional profiles are shown in Fig. 3 and
1095 compositional profiles are plotted in Fig. 8. Measurements were conducted across
1096  grain boundaries. The step size is 1 um. The length of profiles: 13 pm for Kainsaz-2
1097 (Fig. 8a); 34 um for Warrenton-2 (Fig. 8b); 21 um for Felix-11 profilel (Fig. 8c); 15
1008 um for Felix-8 (Fig. 8d); 15 um for Felix-11 profile 2 (Fig. 8e); 13 um for Felix-4

1099 (Fig. 8f).
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1100  Table S5 Calculated sulfur fugacity (AIT) for CO3 chondrites at different

1101 temperatures.

1102 Table S6 Mass balance calculation of Cu contents in CO3 chondrites.

1103 Fig. S1. Standard deviation of Ni contents in Ni-rich metal from CO chondrites vs.
1104  CO subtype. The standard deviation is listed in Table 4, and the subtypes of CO

1105 samples are listed in Table 1.

1106 Fig. S2. Plots of central Ni content vs. distance to the nearest edge for Ni-rich metal
1107 grains in CO3 chondrites and type-3 ordinary chondrites. The CO3.6 Warrenton,
1108 CO3.7 Isna and LL3.8 NWA 6582 were adopted to calculate cooling rates because
1109 their peak temperatures could have equilibrated above ~500 °C. Cooling curves are

1110 from Willis and Goldstein (1981).

45

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.

DOI: https://doi.org/10.2138/am-2021-7689. http://www.minsocam.org/

Table 1 Metallic Cu in CO3 chondrites and type-3 ordinary chondrites

) . shock . ) modal abundances
sample subtype thin section number metallic Cu assemblage no. mm . -
stage in vol% x 10
DOM 08006 C03.00 14 31 N 39
Yamato-81020 C03.05 NIPR 56-4 S1 N 102
DOM 08351 CO3.1 6 S1 N 208
MIL 11213 CO3.1 8 S1 N 216
Kainsaz C0O3.2 UCLA 1870 S1 Y 1 2 273 26.4
Felix CO34 USNM 235-1 S3 Y 1,2,4,5 10 380 103.2
Lancé CO3.5 UCLA 350 S1 Y 4 1 158 253
Warrenton CO3.6 USNM 43-4 S1 Y 2 1 122 24.6
Moss CO3.6 UCLA 2386 S2 Y 1,4 3 84 136.9
Isna C03.7 USNM5890-2 S1 Y 3,4 2 273 385
Harper Dry Lake UCLA 823
001 LL3 S2 N
Semarkona LL3.00 USNM 1805-3 S2 N
DOM 10490 LL3.2 11 S2 N
NWA 6504 L3.6 UCLA 2137 S2 N
NWA 6696 LL3.6 UCLA 2108 S1 N
NWA 094 LL3.6 UCLA 936 S2 N
NWA 980 LL3.7 UCLA 1413 S2 N
NWA 5026 LL3.7 UCLA 1936 S2 N
NWA 481 L3.8 UCLA 1064 S2 N
NWA 906 L3.8 UCLA 1404 S2 N
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NWA 1853 H3.8 UCLA 1740 S1 N
NWA 6582 LL3.8 UCLA 2068 S2 N

DOM and MIL samples from NASA — Johnson Space Center, Houston; Yamato-81020 from the National Institute of Polar Research, Japan; USNM
sections from the Smithsonian Institution, Washington, D.C.; UCLA samples from University of California, Los Angeles

Petrologic subtypes from the following sources: Meteoritical Bulletin Database (MBD) — Moss, Harper Dry Lake 001, Semarkona, NWA 6696, NWA
094, NWA 980, NWA 5026, NWA 481, NWA 906, NWA 6582, DOM 10490; Davidson et al. (2014) — DOM 08006; Chizmadia et al. (2002) —
Kainsaz, Lancé; Krot et al. (2019) — Yamato-81020; Sears (2016) — Felix, Isna, Warrenton; Rubin and Li (2019) — DOM 08351, MIL 11213; This
study - NWA 6504, NWA 1853

shock stages from the following sources: Scott et al. (1992) — Yamato-81020, Kainsaz, Felix, Lancé, Warrenton; MBD — Moss, Harper Dry Lake 001,
NWA 6504, NWA 6696, NWA 094, NWA 980, NWA 481, NWA 906, NWA 1853, NWA 6582; Stoffler et al. (1991) — Semarkona; This study — Isna,
DOM 08006, DOM 08351, MIL 11213, DOM 10490, NWA 5026.

metallic Cu: Has metallic Cu been observed? Y=yes; N=no.

assemblage: the classification of metallic Cu-bearing assemblage refers to Table 2.

no.: number of occurrences of metallic Cu grains in each sample.

mm’: surface area of available thin sections.

Table 2 Petrographic assemblages of metallic Cu

ID assemblage number of occurrences

1 metallic Fe-Ni-pyrrhotite interface 7
associated with fine irregular pyrrhotite in Ni-rich
metal- pyrrhotite nodule

associated with fizzed pyrrhotite

at the edge of metallic Fe-Ni grain

(O I VA I S
—_ N = N

isolated metallic copper
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Table 3 Mean compositions (with 1o standard deviation) of sulfide (wt%) in CO3 chondrites

subtype C03.00 C03.05 CO03.1 CO03.1 C03.2
sample DOM 08006 Yamato-81020° MIL 11213 DOM 08351 Kainsaz
mineral pyrrhotite Ni-rich sulfide pyrrhotite pyrrhotite pyrrhotite pyrrhotite
no. of

grains 7 11 3 7 5 9

Cr <0.04 <0.04 <0.04 <0.04 <0.04 0.04 = 0.02
Si 0.02 £ 0.01 0.02 £ 0.02 0.02 £ 0.01 <0.02 0.05 =+ 0.02 <0.02

S 36.7 £ 0.2 33.2 £ 04 36.1 + 0.3 36.5 = 0.2 365 = 0.3 362 = 03
Ni 0.10 £ 0.10 18.8 £ 1.5 <0.04 0.04 = 0.03 0.08 =+ 0.02 0.07 == 0.08
Fe 62.6 £ 03 46.2 £ 1.5 62.8 + 0.3 62.6 = 0.3 625 = 02 628 = 04
Co 0.08 £ 0.02 0.39 £ 0.12 — 0.07 = 0.03 0.07 =+ 0.01 0.06 = 0.02
Cu <0.06 <0.06 <0.06 <0.06 <0.06 <0.06

Total 99.6 £ 03 98.6 £ 05 99.0 + 0.4 99.2 = 0.3 99.2 = 0.2 992 = 05
M/SP 0.981 £ 0.005 1.115 = 0.017 0.999 £ 0.008 0987 £ 0.007 098 = 0.011 0997 = 0.008
subtype C034 C03.5 C0O3.6 C03.6 C03.7

sample Felix Lance Moss Warrenton Isna
mineral pyrrhotite pyrrhotite pyrrhotite pyrrhotite pyrrhotite

no. of

grains 7 3 5 9 11

Cr <0.04 <0.04 <0.04 <0.04 <0.04

Si 0.05 £ 0.09 <0.02 0.03 £ 0.04 002 = 0.01 <0.02

S 36.4 £+ 04 36.7 £ 0.2 36.0 + 0.1 36.5 = 0.3 364 = 03

Ni <0.04 <0.04 0.04 £ 0.04 004 = 0.07 0.04 = 0.03
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Fe 62.4 £ 04 62.3 £ 0.1 62.4
Co 0.07 £ 0.03 0.08 £ 0.02 0.09
Cu <0.06 <0.06 <0.06
Total 99.0 £ 05 99.1 £ 03 98.6
M/SP 0.986 £ 0.013 0976 <+ 0.005 0.998

H

H

H

0.2
0.01

0.1
0.006

62.6 = 0.3

0.07 = 0.03
<0.06

992 = 0.4

0.988 0.008

H

629 = 0.1
<0.06

<0.06

93 =+ 04
0.993 =+ 0.010

*Co content not detected for pyrrhotite in Yamato-81020.
® M/S refers to metal/sulfur ratio.

Mg contents for all spots below detection limit and not listed here.

Table 4 Mean compositions (with 1o standard deviation) of Ni-rich metal (wt%) in CO3 chondrites

subtype C03.00 C03.05 CO03.1 CO03.1 C0O3.2
sample DOM 08006 Yamato-81020 MIL 11213 DOM 08351 Kainsaz
no. of
, 18 10 21 21 30
grains
Cr 0.05 £ 0.05 0.11 £ 0.17 0.26 £ 0.25 0.34 £ 0.37 0.12 £ 0.16
Si 0.04 £ 0.04 0.02 £ 0.02 0.07 £ 0.12 0.03 £ 0.02 0.02 £ 0.02
Ni 443 £ 173 49.5 £+ 73 45.6 £ 35 51.5 £ 69 45.0 £ 49
Fe 53.6 £ 174 49.8 £ 75 533 £ 33 46.8 £+ 7.0 54.4 £ 52
Co 1.4 £ 0.8 0.86 £ 0.80 0.14 £ 0.07 0.87 £ 0.72 0.08 £ 0.04
Cu 0.09 £ 0.05 0.21 £ 0.07 0.31 £ 0.03 0.22 £ 0.08 0.41 £ 0.07
Total 99.5 £ 0.6 1005 = 0.8 99.7 £ 0.6 99.8 £ 0.8 1000 = 0.7
subtype C034 C03.5 C03.6 C03.6 C03.7
sample Felix Lancé Moss Warrenton Isna
no. of
i 24 29 19 23 22
grains
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0.09 £ 020
0.02 £ 0.02
44.4 £ 47
55.0 £ 5.1
0.24 £ 0.13
0.34 £ 0.06

100.1 =+ 0.8

0.21
0.02
42.8
55.8
0.18
0.33
99.3

H oK K K K K H

0.26
0.02
5.2
54
0.07
0.06
0.6

<0.04
0.02
43.1
55.8
0.15
0.35
99.5

e L

0.01
5.0
53

0.05

0.07
0.6

0.12
0.02
41.7
57.3
0.44
0.30
99.8

0.16
0.01
5.7
5.9
0.29
0.07
0.8

B oW H K K KR
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0.07
<0.02
38.8
60.5
0.31
0.28
99.9

H

e e

0.14

34
3.6
0.21
0.08
0.6

Mg contents for all spots below detection limit and not listed here.

Table 5 Mean compositions (with 1o standard deviation) of Ni-rich metal (wt%) in type-3

ordinary chondrites

subtype LL3.00 LL3.2 LL3.6 LL3.8
sample Semarkona® DOM 10490 NWA 6696 NWA 6582
no. of

) 11 28 25 22

grains

Cr <0.04 0.07 =+ 0.11 0.04 = 0.07 0.04 = 0.06
Si <0.02 0.03 =+ 0.01 002 =+ 001 <0.02

Ni 593 = 3.1 464 = 4.8 423 = 108 375, = 58
Fe 40.0 = 3.1 528 + 49 577 = 107 620 = 6.2
Co — 0.16 =+ 0.05 0.18 + 0.10 0.17 = 0.08
Cu 008 + 004 027 = 0.05 022 = 0.08 021 = 0.07
Total 94 = 06 997 == 0.7 100.5 =+ 0.6 999 = 038

? Co content not detected for Semarkona.

Mg contents for all spots below detection limit and not listed here.
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Table 6 Mean compositions (with 1o standard deviation) of pyrrhotite (wt%) in type-3 ordinary chondrites

subtype LL3.00 LL3.00 LL3.2 LL3.6 LL3.8
sample Semarkona® Semarkona” DOM 10490 NWA 6696 NWA 6582
no. of
grains 4 37 9 10 7
Cr <0.04 004 = 0.02 <0.04 <0.04 <0.04
Si <0.02 003 =+ 003 004 = 0.01 0.03 = 0.01 0.02 =+ 0.01
S 36.0 = 03 367 £ 03 366 = 0.2 37.0 £ 03 367 = 03
Ni 006 =+ 0.08 011 = 0.19 <0.04 004 =+ 003 0.04 =+ 0.05
Fe 629 =+ 03 63.0 = 04 63.0 = 04 63.6 =+ 03 632 =+ 09
Co - <0.09 007 =+ 0.02 006 =+ 002 007 =+ 0.02
Cu <0.06 <0.12 <0.06 <0.06 <0.06
Total 99.0 =+ 0.1 999 =+ 05 998 =+ 0.5 100.8 = 0.3 1000 = 0.8
M/S¢ 1.004 =+ 0.010 0986 = 0.010 0989 =+ 0.005 0988 =+ 0.010 0.992 =+ 0.019

* Pyrrhotite data of Semarkona in this study, Co content not detected.

® Combined pyrrhotite data of Semarkona in this study and those from Schrader and Zego (2019), detection limit refers to Schrader and Zego (2019).
¢ M/S refers to metal/sulfur ratio.

Mg contents for all spots below detection limit and not listed here.
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Table 7 Representative mineral compositions (wt%) in metallic-Cu-bearing mineral assemblages in CO3 chondrites

mineral metallic Cu kamacite Ni-rich metal
assemblage® 1 1 2 1 3 1 2 2 3 3
location Kain-1 Felix-11 Felix-1 Kain-2 Isna-2 Felix-11 Felix-1 War-2 Isna-2  Isna-2
profile 1
spot 1 in irregular spot 5 in
Fig. 3a inclusionin | Fig. 3c and
and 8a Fig. 3g 8¢
Cr 0.11 <0.04 <0.04 0.07 <0.04 0.45 <0.04 0.06 <0.04 0.49
Si <0.02 0.05 0.10 0.03 0.06 0.11 0.09 0.06 <0.02 0.05
Ni 1.4 2.3 3.8 3.8 2.6 40.3 443 37.6 40.5 32.6
Fe 5.9 5.0 6.0 96.4 96.6 58.8 54.0 61.5 59.0 65.7
Co <0.06 <0.06 <0.06 0.38 1.1 0.22 0.24 0.27 0.41 0.53
Mg 0.07 <0.02 <0.02 <0.02 0.04 <0.02 <0.02 <0.02 <0.02  <0.02
Cu 933 87.7 90.6 <0.06 <0.06 0.24 0.49 0.22 0.24 0.20
Total 100.8 95.0 100.4 100.7 100.4 100.1 99.2 99.8 100.1 99.6
mineral pyrrhotite
assemblage® 1 1 1 2 2 2 2 3 3
location Kain-2 Felix-11 Felix-11 Felix-8 Felix-11 Felix-1 War-2 Isna-2 Isna-2
profile 2 profile 2 profile 1
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spot 9 in spot 15in  spot 8 in irregular  spot4in irregular ragged

Fig. 3a spot 5in Fig. Fig.3cand Fig.3d spot12inFig. inclusionin Fig.3e inclusion rimsin

and 8a 3cand 8e 8e and 8d 3cand 8c Fig. 3f and 8b in Fig. 3g Fig. 3g

Cr <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
Si 0.04 0.07 0.12 0.10 0.13 0.13 0.13 0.06 0.08
S 35.7 35.7 36.0 36.1 35.7 36.4 36.5 33.1 36.3
Ni 0.15 0.33 0.06 0.49 0.34 0.88 0.15 5.1 0.67
Fe 64.1 61.5 61.6 61.1 59.7 62.4 62.3 59.4 62.8
Co <0.06 0.07 0.08 0.10 0.08 <0.06 <0.06 0.11 <0.06
Mg <0.02 <0.02 0.02 <0.02 <0.02 <0.02 <0.02 0.02 0.02
Cu <0.06 0.96 0.07 1.0 0.61 0.06 <0.06 0.69 <0.06
Total 100.0 98.7 98.0 98.9 96.6 99.9 99.0 98.5 99.9
M/SP 1.033 1.008 0.984 0.993 0.974 0.998 0.982 1.115 1.003

* assemblage numbers refer to those in Table 2.

> M/S refers to metal/sulfur ratio.

abbreviation: Kain = Kainsaz; War = Warrenton
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