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Abstract 7 

Element transfer from the solar nebular gas to solids occurred either through direct condensation or via 8 

heterogeneous reactions between gaseous molecules and previously condensed solid matter. The 9 

precursors of altered sulfides observed in chondrites are for example attributed to reactions between 10 

gaseous hydrogen sulfide and metallic iron grains. The transfer of selenium to solids likely occurred 11 

through a similar pathway, allowing the formation of iron selenides concomitantly with sulfides. The 12 

formation rate of sulfide however remains difficult to assess. Here we investigate whether the Se 13 

isotopic composition of meteorites contributes to constrain sulfide formation during condensation 14 

stages of our solar system. We present high precision Se concentration and G82/78Se data for 23 15 

chondrites as well as the first G74/78Se, G76/78Se and G77/78Se data for a sub-set of seven chondrites. We 16 

combine our dataset with previously published sulfur isotopic data and discuss aspects of sulfide 17 

formation for various types of chondrites. 18 

Our Se concentration data are within uncertainty to literature values and are consistent with 19 

sulfides being the dominant selenium host in chondrites. Our overall average�G82/78Se value for 20 

chondrites is –0.21±0.43 ‰ (n=23, 2 s.d.), or -0.14±0.21 ‰ after exclusion of three weathered 21 

chondrites (n=20, 2 s.d.). These average values are within uncertainty indistinguishable from a 22 

previously published estimate. For the first time however, we resolve distinct G82/78Se between ordinary 23 

(-0.14±0.07 ‰, n=9, 2 s.d.), enstatite (-0.27±0.05 ‰, n=3, 2 s.d.) and CI carbonaceous chondrites (-24 

0.01±0.06 ‰, n=2, 2 s.d.). We also resolve a Se isotopic variability among CM carbonaceous 25 

chondrites. In addition, we report on G74/78Se, G76/78Se and G77/78Se values determined for 7 chondrites. 26 

Our data allow evaluating the mass dependency of the �G82/78Se variations. Mass-independent deficits or 27 

excesses of 74Se, 76Se and 77Se are calculated relative to the observed 82Se/78Se ratios, and were 28 

observed negligible. This rules out poor mixing of nucleosynthetic components to account for 29 
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the�G82/78Se variability and implies that the mass dependent Se isotopic variations were produced in a 30 

once-homogenous disk.  31 

The mass-dependent isotopic difference between enstatite and ordinary chondrites may reflect 32 

the contribution of a kinetic sulfidation process at anomalously high H2S-H2Se contents in the region of 33 

enstatite chondrite formation. Experimental studies showed that high H2S contents favor the formation 34 

of compact sulfide layers around metallic grains. This decreases the reactive surface, which tends to 35 

inhibit the continuation of the sulfidation reaction. Under these conditions sulfide growth likely occurs 36 

under isotopic disequilibrium and favors the trapping of light S and Se isotopes in solids; This 37 

hypothesis provides an explanation for our Se isotope as well as for previously published S isotope 38 

data. On the other hand, high G82/78Se values in carbonaceous chondrites may result from sample 39 

heterogeneities generated by parent body aqueous alteration, or could reflect the contribution of ices 40 

carrying photo-processed Se from the outer solar system. 41 

 42 

 43 

1- Introduction 44 

Isotope variations among different classes of meteorites indicate that multiple sources have 45 

contributed to the origin of elements in the solar nebula. For example, mass independent isotopic 46 

signatures of chondrites for refractory elements such as chromium, zirconium or molybdenum 47 

(Tcondensation > 1300 K, (Lodders, 2003) reflect the contribution of multiple stellar sources to our proto-48 

planetary disk (Dauphas, 2017; Trinquier et al., 2009). Various isotopic signatures across chondrite 49 

groups also imply that chromium, zirconium and molybdenum (and other refractory elements) were 50 

poorly mixed before their incorporation in solids (Dauphas, 2017 and references therein). On the other 51 

hand, bulk chondrites show negligible mass independent isotopic signatures for elements with lower 52 

condensation temperature such as iron, zinc, or silicon (Tcondensation ≤ 1300 K) (Luck et al., 2005; 53 

Moynier et al., 2007; Savage and Moynier, 2013). This is remarkable since volatile elements were also 54 

provided by multiple stellar sources with mass-independent signatures (Bisterzo et al., 2011). The mass 55 

dependent patterns likely indicate that the more volatile elements have been homogenized in the proto-56 

planetary disk before their relatively late condensation. 57 

Nevertheless, chondrites display mass-dependent isotopic variations for moderately volatile 58 

elements (Luck et al., 2005; Moynier et al., 2007; Savage and Moynier, 2013). This requires isotopic 59 



fractionations to occur after mixing in the nebular gas, or during condensation itself (Moynier et al. 60 

2007). For instance, various chondrites groups show mass dependent zinc (Zn) isotopic variations. Zinc 61 

is carried in metals, sulfides and silicates, and since these phases have distinct Zn isotopic signatures, 62 

heterogeneous distribution (e.g. mineral sorting) can account for the isotope observation (Moynier et al. 63 

2007). The mass dependent isotopic variations of the volatile element sulfur (S) is another example: 64 

enstatite chondrites show depletions of heavy S isotopes relative to ordinary chondrites (Defouilloy et 65 

al., 2016; Gao and Thiemens, 1993b). This observation, however, is still poorly understood since S in 66 

ordinary and enstatite chondrites is almost exclusively hosted in sulfides, ruling out inter-mineral 67 

fractionation or sorting to account for the observed S isotopic variations. In contrast to most other 68 

elements, sulfur is trapped in solids not through direct condensation of a cooling nebula, but via a 69 

heterogeneous reaction (i.e. reaction between gas and solids) between gaseous H2S and iron grains in a 70 

given temperature range (between 700 and 500 K (Lauretta et al., 1996), following the reaction 1. 71 

Fe0+H2S=FeS + H2 (1) 72 

 This so-called sulfidation reaction allowed the first iron sulfides to form (Zolensky and 73 

Thomas, 1995), although they likely underwent subsequent modification by parent body processes 74 

and/or chondrule formation (Rubin et al., 2007; Tachibana and Huss, 2005; Zanda et al., 1995). A 75 

turbulent nebula (Ciesla and Sandford, 2012) could allow the physical separation of sulfide and metal 76 

grains before their accretion in the meteorite parent bodies: This would provide fresh metal surfaces for 77 

further reaction with the residual H2S reservoir, allowing the reaction 1 to occur as in a multitude of 78 

sulfidation events.  79 

Thermodynamic data predict that selenium (Se) is trapped in solids via a heterogeneous 80 

reaction analogous to sulfidation: Gaseous H2Se would react with metallic iron leading to the formation 81 

of iron selenides (Lodders, 2003) following reaction 2. 82 

Fe0+H2Se=FeSe+H2 (2). 83 

 This reaction is predicted to be efficient over a similar temperature range than sulfidation 84 

(Lodders, 2003) which would lead selenides to be hosted in the sulfides (Dreibus et al., 1995). Here, we 85 

investigate the Se isotopic composition of chondrites and discuss whether the Se isotopic systematic 86 

combined with pre-existing S isotopic data can help describing the completion of reaction 1 and 2.  87 

In the first report of Se isotope compositions of a range of undifferentiated meteorites, G82/78Se 88 

values were indistinguishable for the different chondrite groups within a 2 standard deviation (s.d.) 89 



external reproducibility of ±0.37 ‰ (Vollstaedt et al., 2016). Here, we report G82/78Se values for 23 bulk 90 

chondrites (H, L, LL, EL, EH, CO, CM, CV, and CI) and show that these objects display significant 91 

isotope variations outside our external reproducibility of ±0.10 ‰ (2 s.d.). We also report values for 92 

G74/78Se, G76/78Se and of G77/78Se for a subset of seven bulk chondrites and show that the Se isotopic 93 

variations are mass dependent within external reproducibility for these ratios.  94 

  95 

 96 

2. Analytical Techniques 97 

2.1 Sample digestion and chemical purification of Se 98 

The 23 chondrites investigated in this study cover a range of alteration, metamorphism and 99 

oxidation features (Table 1). The sample set includes nine observed falls and two hot-desert finds for 100 

carbonaceous chondrites, seven observed falls and two hot-desert finds for ordinary chondrites, two 101 

observed falls and one hot-desert find for enstatite chondrites (Table 1). Samples were obtained as 102 

chips from the interiors of the meteorites taken well away from the fusion crust to minimize the effects 103 

of terrestrial contamination and modification during atmospheric entry. Between 100 and 500 mg of 104 

rock chips were crushed and ground to powder in an agate mortar (Schoenberg and Blanckenburg, 105 

2006; Schoenberg et al., 2016). About 5-50 mg of sample powder was weighed into quartz glass 106 

digestion tubes and digested in reverse aqua regia (3:1 HNO3:HCl molar ratio) for 16 h at 220 °C and 107 

100 bar in a high-pressure asher (Anton PaarTM). For the determination of stable Se isotope ratios an 108 

adequate amount of our 74Se-77Se double spike was weighted into the glass tubes together with the 109 

sample powder to achieve sample-spike equilibration during sample digestion. No spike was added for 110 

sample aliquots on which potential mass-independent effects were to be determined. The procedural 111 

blanks associated with the glass vessels were roughly 1ng Se, which is insignificant compared to the 112 

amounts of sample Se ≥ 100 ng. For some samples, duplicates were digested in 5 ml of reverse aqua 113 

regia in closed teflon beakers placed on a hot plate for 24h at 100°C, where the procedural blanks were 114 

below detection limit (<0.1 ng Se). 115 

After digestion, sample solutions were evaporated to dryness at 65 °C and further dried twice 116 

with 0.2ml 9 M HCl at 65 °C to ensure complete conversion of the residues to chloride form. Samples 117 

were then taken up in 4ml 6 M HCl and heated at 80°C for 2 hours to ensure quantitative conversion of 118 

Se6+ to Se4+ (Elwaer and Hintelmann, 2008; Pogge von Strandmann et al., 2014). Although solutions 119 



can be purified with the thiol cotton fiber method (Elwaer and Hintelmann, 2008; Rouxel et al., 2002; 120 

König et al., 2015), we followed a ion-exchange resin protocol recently developed (Kurzawa et al., 121 

2017). The solutions were loaded onto polypropylene columns containing 3 ml pre-cleaned Eichrom 122 

AG1-X8 (100–200 mesh) anion resin. The pre-cleaning involved treatment with 8 ml 1 M HNO3 and 123 

4 ml high-purity water (18 M: cm) followed by conditioning the resin with 8 ml 6 M HCl. Se4+ does 124 

not exchange with the resin and was directly collected during loading of the sample and elution of 125 

additional 8 ml of 6 M HCl. Our approach allowed quantitative elimination of iron from the solutions 126 

otherwise depressing the potential of hydride generation (see below and supplementary online 127 

material). Sample solutions were then evaporated to dryness at 65 °C and dissolved in 1 ml 2 M HCl. 128 

The solutions were then introduced to the MC-ICP-MS through a hydride generator which allows only 129 

hydride-forming elements to be transported to the instrument plasma source.  130 

2.2. Mass spectrometry  131 

A detailed description of our instrumental setup, data treatment and correction is given in the 132 

supplementary online file and in Kurzawa et al. (2017). Briefly, a CETAC HGX-200 hydride generator 133 

was used as sample introduction system, where acidic sample solutions (in 2 M HCl) were mixed with 134 

a reducing agent (0.2 M NaBH4 in 0.05 M NaOH). This allowed the production of volatile H2Se 135 

hydrides transported through the hydride generator with a ca. 0.2 – 0.3 l/min Ar gas flow. The yields of 136 

H2Se formation were measured on both standard and sample solution: once processed, residual sample 137 

solutions were collected from the excess liquid outlet of the hydride generator system and dried at 65 138 

°C. They were subsequently taken up in 1 ml 2 M HCl and treated as a fresh sample in a measurement 139 

session. For these solutions, signal intensities on the Neptune were always below detection limit, 140 

implying yields of H2Se formation in the first measurement to be roughly 100%.  A 74Se-77Se enriched 141 

tracer solution (~ 52 % 74Se and ~ 47 % 77Se, other Se isotopes accounting for < 1 %) previously 142 

calibrated against a NIST SRM 3149 standard was used. The double spike deconvolution involved the 143 

masses 74Se, 77Se, 78Se and 82Se. For each measurement session, a NIST SRM 3149 standard solution 144 

was prepared with a 15 ng/ml Se concentration and sample analytes were diluted accordingly. At this 145 

concentration the 82Se voltage was 450-500 mV using a 1011 : resistor. Samples and standards were 146 

measured for 40 cycles, each with an integration time of 4.194 seconds. Data is reported as relative per 147 

mil difference to the international Se reference material NIST SRM 3149 in the G-notation according to 148 

equation 3: 149 



 150 

G82/78Sesample = [(82/78Sesample / 82/78SeSRM3149) -1] x 1000    (3) 151 

 152 

At each double-spike measurement session, the NIST SRM 3149 standard and a Se in-house solution 153 

(MH-954) were measured to ensure reproducibility and accuracy. The average values and external 154 

reproducibility of G82/78Se for NIST SRM 3149 and MH 954 during the course of this study were 155 

0.00±0.06 ‰ (n=54) and -2.14±0.03 ‰ (n=7, both 2 s.d.), respectively. This is consistent with recently 156 

published values of MH-954 obtained via double-spike measurements of -2.23 ± 0.04 ‰ (Zhu et al., 157 

2014) and -2.12±0.08‰ (2 s.d., n=100, Kurzawa et al. 2017). 158 

For seven chondrites, a sample-standard bracketing approach was chosen to investigate the 159 

potential presence of mass-independent Se isotope effects. The bracketing standard was the NIST SRM 160 

3149 solution. Complete removal of tracer memory from previous double spike Se runs was evaluated 161 

by monitoring the 77Se/78Se and 74Se/78Se ratios while the experimental apparatus was flushed with 2M 162 

HCl and (NIST) SRM 3149 solutions. Rinse out of spike memory took roughly three hours until Se 163 

isotopic ratios in the74/78Se vs. 77/78Se space returned to the mass-dependent trajectory determined for 164 

unspiked NIST SRM 3149 standards. To enhance signal intensities on the minor isotopes 74Se (~0.89 165 

mol %), 76Se (9.4 mol %) and 77Se (~ 7.6 mol %), measurements were performed with solutions at a 166 

concentration of 50 ng/ml. At this concentration, measured signals at 1011 : resistance were 1300-1600 167 

mV on 82Se and 170-200 mV on 74Se. Sample solutions were prepared to match the signal intensity of 168 

the standard within 10%. Samples and standards were measured for 100 cycles each with an integration 169 

time of 4.194 seconds. The in-house Se standard (MH-954) was repeatedly measured during 170 

measurement session (table 2) and yield average δ82/78Se of -2.11 ± 0.02 ‰ (2σ, n = 4, table 2) relative 171 

to the NIST SRM 3149 bracketing solution, which is indistinguishable from our double-spike estimate 172 

(-2.14±0.03‰, 2σ, n=7). Data for mass-independent isotope effects are reported as 'n/78Se values (n is 173 

77, 76 or 74), according to equation 4: 174 

 175 

∆nSe = δn/78Se – 1000 * ((δ82/78Se/1000 + 1)
En

 − 1)   (4) 176 

 177 



The exponent E is the ratio of reduced isotope masses (Young et al., 2002), e.g. E77 = (1/m78 – 178 

1/m77)/(1/m78 – 1/m82)=-0.2655. 179 

 180 

3. Results 181 

Selenium concentrations and isotopic composition of chondrites are given in tables 1 and 2. Note that 182 

for Se content and G82/78Se values, uncertainty was taken as the external reproducibility obtained on 183 

repeated measurements of the shale standard SGR-1 (table 1). We obtain an average G82/78Se of -184 

0.11±0.09‰ (n=6, 2 s.d.) and a Se concentration of 3.5±0.5 ppm (n=6, 2 s.d.). Both Se isotopic 185 

composition and concentration are in agreement with the previously published value of -0.05±0.13‰ 186 

and 3.8±0.3 ppm (n=9, 2 s.d., Kurzawa et al. 2017, see also Pogge van Strandmann et al., 2014 and 187 

references therein). Note that all chondrite duplicates except Sahara 97072 yield a 2s.d. uncertainty 188 

better than 0.09‰ (Table 1). When no duplicates were measured, a conservative 0.09‰ external 189 

reproducibility determined for SGR-1 was used. For 7 chondrites, we performed conventional standard-190 

sample bracketing measurements and determined values for ∆74Se, ∆76Se and ∆77Se. Uncertainties are 191 

1.50, 0.14 and 0.10 ‰ (2 s.d.), respectively. 192 

3.1 Selenium concentrations 193 

The average Se concentration obtained with the double-spike inversion for all carbonaceous 194 

chondrites studied here is 12±14 ppm (2s.d., n=11) whereas the average for falls only is 14±13 ppm 195 

(2s.d., n=9). Our CI meteorite samples Alais and Orgueil yield Se contents of 22±1 ppm and 21±1 ppm 196 

respectively, whereas the CM yield 13±1 ppm (Murchison) and 24±1 ppm (Mighei). Ornans and Lancé 197 

CO meteorites display homogeneous Se content of 8±1 ppm. In CV meteorites, Se contents range 198 

between 11±1 ppm Se (Mokoia) and 4±1 ppm Se (Axtell). When finds are excluded, the Se contents of 199 

CVs vary only between 11±1 ppm Se (Mokoia) and 9±1 ppm Se (Kaba). The only EH3 studied here, 200 

Sahara 97072, yields a Se content of 21±3 ppm Se (average of 3 duplicates), whereas Eagle and 201 

Atlanta, two EL6, yield Se contents of 10±1 and 9±1 ppm Se respectively. Ordinary chondrites show 202 

more restricted Se contents, with values ranging from 6±1 ppm for Dar Al Gani 298 (LL4) and 10±1 203 

ppm for Borkut (L5) and Dhurmsala (LL6). The average Se content for all the ordinary chondrites is 204 

8±3 ppm Se (n=9, 2 s.d.), whereas it is 9±2 ppm Se when only falls are considered (n=7, 2 s.d.).  205 

For ordinary (OC), enstatite (EC) and carbonaceous chondrites (CC) no resolvable differences 206 

for Se concentrations were observed whether samples were digested at 100 or 220 qC (Table 1). Note 207 



also that for all the chondrite classes analyzed here except Mighei, our data are consistent with 208 

previously reported Se contents in meteorites, whether data were acquired with neutron activation 209 

analysis (Dreibus et al. 1995) or wet chemistry followed by MC-ICP-MS measurements (Vollstaedt et 210 

al. 2016). This indicates that in contrast with earlier observations (Pogge von Strandmann et al. 2014), 211 

neither ashing at 220 qC nor hotplate digestion at 100 qC led to detectable Se losses. 212 

3.2 Selenium content in carbonaceous chondrites matrices 213 

In carbonaceous chondrites, the matrix is the main carrier of volatile elements and sulfides 214 

(Alexander et al., 2007; Bland et al., 2005; Huss et al., 2003; McSween and Richardson, 1977; Rubin et 215 

al., 2007). Hence, using literature data of matrix abundances in carbonaceous chondrites, we estimated 216 

the Se concentration in the matrices of our samples: We normalized the bulk Se contents [Se]bulk to 217 

matrix contents (McSween, 1977a, b; McSween and Richardson, 1977; Simon et al., 1995; Wasson et 218 

al., 2013; Zanda et al., 2006) to obtain Se contents in matrices [Se]matrix. This approach was not 219 

extended to OC and EC since their chondrules contribute significantly to the volatile element budget of 220 

these meteorites (Alexander, 2005). As CIs consist of matrix alone, they show [Se]bulk=[Se]matrix that we 221 

estimate at 21±1 ppm (n=2, 2 s.d.). For other CC falls, [Se]matrix range between 16±3 ppm (Kaba) and 222 

40±3 ppm (Mighei). When these two samples are excluded, all [Se]matrix estimates are similar to the CI 223 

estimate, with values ranging between 19±4 ppm (Murchison) and 26±3 ppm (Mokoia), with an 224 

average of 22±5 ppm (n=7, 2 s.d.).  225 

Note that we observe systematically lower [Se] for CV hot-desert finds relative to CV falls: 226 

Axtell displays a [Se]bulk of 4±1 ppm and [Se]matrix of 9±3 ppm Se. There is no available data for matrix 227 

content in Say al Uhaymir 085 but if the average matrix content in CV (44 vol%, Zanda et al. 2006) is 228 

used as a rough estimate, a concentration of 13 ppm Se is predicted for [Se]matrix. Note that Kaba has a 229 

[Se]matrix of 16±3 ppm Se, somewhat lower than the average for CC (22±5, n=7, 2 s.d.). 230 

Finally, we obtain 24±3 ppm Se for Mighei (2 s.d., n=4). This was duplicated using two 231 

independent digestion approaches (table 1). Mighei [Se]bulk value is significantly higher than the CM 232 

averages derived by Dreibus et al. (1995) of 13.5±2.8 ppm (n=10, 2 s.d.) or than the average of 233 

12.9±1.5 ppm (n=2, 2 s.d.) by Vollstaedt et al. (2016). Our obtained Se content for Mighei is the 234 

highest reported so far for a CM and is within uncertainty indistinguishable from CI or EH chondrites. 235 

 236 

3.3 Isotopic results  237 



The G82/78Se values range between –0.97±0.07‰ (Axtell, average of 2 duplicates, 2 s.d.) and 238 

+0.13±0.09‰ (Murchison, average of 5 duplicates, 2 s.d., Fig. 1) and average at -0.21±0.43‰ (n=23, 2 239 

s.d.). Excluding 3 weathered chondrites (see below), the average is -0.14±0.21 ‰ (n=20, 2 s.d.). This is 240 

similar to the previous estimate of -0.20±0.26‰ (2 s.d., n=14, Vollstaedt et al. 2016). Although 241 

extending to lower values, our average for chondrites is within uncertainty to terrestrial silicate melt 242 

reference materials. Two studies provided data for basaltic reference materials and report average 243 

values of +0.36±0.22‰ (2 s.d., n=5, Rouxel et al. 2002) and +0.18±0.02‰ (2 s.d., n=1, Kurzawa et al. 244 

2017). Dedicated studies are needed to address the relationship between the bulk silicate Earth and 245 

chondrites and to further assess terrestrial accretion scenarios using Se isotopes in addition to elemental 246 

Se systematics (Wang and Becker, 2013; König et al., 2014). 247 

Ordinary chondrites show remarkably homogeneous G82/78Se, with values ranging between -248 

0.20±0.09‰ (Dar Al Gani 300, H3-5) and -0.09±0.06‰ (Bath, average of 3 duplicates, 2 s.d., Fig. 1). 249 

The average G82/78Se for all ordinary chondrites is -0.14±0.07‰ (n=9, 2 s.d.). We observe no systematic 250 

variations of Se content or G82/78Se between L, LL and H chondrites, or across various metamorphic 251 

grades of a given type. In addition, we observe no difference between falls and finds. For example, the 252 

hot desert find Dar Al Gani 300 (H3-5), with a Se concentration of 8±1 ppm Se and G82/78Se of -253 

0.20±0.09‰, is indistinguishable from all other OC sample.  254 

Enstatite chondrites show homogeneous G82/78Se values, with values ranging between 255 

-0.36±0.20‰ (Sahara 97072, EH3, 2 s.d.) and -0.24±0.09‰ (Eagle, EL6, Fig. 1). The average G82/78Se 256 

for enstatite chondrites is -0.29±0.12‰ (n=3, 2 s.d.). Note that the value for Sahara 97072 is an average 257 

of two measurements obtained from two different digests. One is -0.29±0.09‰ (19±1 ppm Se), 258 

obtained at 220 qC (High-Pressure Asher digestion), whereas the duplicate digested at 100 qC (tabletop 259 

digestion) yields -0.43±0.09‰ (22±1 ppm Se, Table 1). The data are inconsistent with incomplete Se 260 

extraction at 100 qC, and the marginally distinct G82/78Se values for Sahara 97072 duplicates could 261 

reflect sample heterogeneity. The average G82/78Se for enstatite chondrites is -0.27±0.05‰ when only 262 

220 qC digestions are included (n=3, 2 s.d.). We observe no significant variations of G82/78Se values 263 

between EL6 (n=2) and EH3 (n=1, Fig. 1) or between EC falls and finds. This is the first report of 264 

distinct G82/78Se values between EC and OC meteorites, EC displaying heavy Se isotope depletion 265 

relative to OC (Fig. 1).  266 



Carbonaceous chondrites show the largest G82/78Se range, with values between –0.97±0.07‰ 267 

(Axtell, average of 2 duplicates, 2 s.d.) and +0.13±0.09‰ (Murchison, average of 5 duplicates, 2 s.d.). 268 

The average G82/78Se for all CC is -0.24±0.59‰ (2 s.d., n=11). The three CV Axtell, Say al Uhaymir 269 

085 and Kaba with low Se contents also have the lowest G82/78Se among carbonaceous chondrites and 270 

are not plotted in Fig. 1. As shown in Fig. 2, these chondrites show a positive correlation between 271 

G82/78Se and [Se]matrix, indicating Se loss during terrestrial weathering associated with an isotopic 272 

fractionation (section 4.2). Allende and Mokoia show less variable G82/78Se values of -0.13±0.09‰ 273 

(Allende) and -0.20±0.09‰ (Mokoia). The average G82/78Se value for these CVs is -0.17±0.08‰ (n=2, 274 

2 s.d.). Excluding 3 weathered CV with low Se contents (fig. 2), the average estimate for carbonaceous 275 

chondrite is -0.12±0.30‰ (2 s.d., n=9). CV and CO (-0.14±0.06‰, n=2, 2 s.d.) falls remain 276 

indistinguishable from our OC estimate but we resolve relatively high G82/78Se values in CI objects (-277 

0.01±0.06‰, n=2, 2 s.d., Fig. 1) and heterogeneity among CM meteorites: Mighei yields a G82/78Se of -278 

0.20±0.07‰ (average of 4 replicates, 2 s.d.) similar to OC, whereas Murchison shows the highest 279 

G82/78Se of our dataset: +0.13±0.07‰ (average of 5 replicates, 2 s.d., Fig. 1).   280 

We present the first G74/78Se, G76/78Se, G77/78Se and G82/78Se values for chondrites via the use of 281 

standard-sample bracketing (Table 2). The low abundance of 74Se leads to internal uncertainties for 282 

G74/78Se to be ~ 1.5‰ (2 s.d., 2 s.e.m.=0.15‰). For G76/78Se, G77/78Se and G82/78Se, internal uncertainties 283 

are 0.2% (2 s.d.) for standard and sample solutions. Over the measurement campaign, the Se solution 284 

MH-495 was used as an in-house standard. The solution was produced from the digestion of reagent-285 

grade Se0 pellets (Johnson et al., 1999). Our sample-standard bracketing measurements yield average 286 

δ82/78Se of -2.11 ± 0.02 ‰ (2σ, n = 4, table 2) versus the NIST SRM.3149 standard, which is 287 

indistinguishable from our double-spike value (-2.14±0.03‰, 2σ, n=7, see section 2.2) and from a 288 

recently published value obtained with the same double-spike procedure (-2.12±0.08‰, 2σ, n=100, 289 

Kurzawa et al.2017). In the absence of standards defining the Earth composition for Se isotopes, we 290 

here use the values of '74Se, '76Se and '77Se of this well-characterized solution as an anchor for the 291 

Earth. Note that similarly to G82/78Se, '74Se, '76Se and '77Se data lie on the NIST SRM 3149 scale: by 292 

design, a value of 0.0‰ for '74Se, '76Se and/or '77Se for a given sample reflects indistinguishable Se 293 

isotopic mass-dependence from the NIST SRM 3149 standard. 294 



The average values of '74Se, '76Se and '77Se of the MH-495 solution (referred to as Earth 295 

standard in Fig. 4) are 0.0±0.1‰, -0.06±0.13‰ and 0.01±0.04‰ (all 2 s.d., n=4), respectively. This 296 

directly implies that the isotopic difference between MH-495 and NIST SRM 3149 (-2.11 ± 0.02 ‰ in 297 

G82/78Se) follows strict mass-dependent laws for all the Se isotopic species.  All the ∆74Se, ∆76Se and 298 

∆77Se values for chondrites are found within uncertainty indistinguishable from MH-495 (fig. 4). For 299 

∆74Se, values range between +1.3±1.5‰ (Ornans) and -0.7±1.5‰ (Mighei) and average at 0.3±1.5‰ 300 

(2 s.d., n=7). For ∆76Se, values range between +0.22±0.25‰ (Soko Banja) and -0.01±0.14‰ (Mighei) 301 

and average at +0.09±0.14‰ (2 s.d., n=7). For ∆77Se, values range between +0.27±0.30‰ (Soko 302 

Banja) and +0.04±0.10‰ (Murchison) and average at +0.12±0.15‰ (2 s.d., n=7). Data for both 303 

individual samples and chondrite averages overlap with terrestrial standards at 1 and 2 s.d. level. This 304 

is evidence that chondrites record mass-dependent Se isotopic signatures relative to both MH-495 and 305 

NIST SRM 3149. Although we report ∆74Se data in table 2, our discussion is focused on ∆76Se and 306 

∆77Se. The ∆76Se and ∆77Se data remain statistically indistinguishable from our terrestrial standards but 307 

studies with lowered uncertainties and more various standards are needed to explore potentially subtle 308 

variations (Fig. 4).  309 

 310 

4. Discussion 311 

4.1 Sulfides as major host of Se in chondrites 312 

Duplicated Se contents and G82/78Se are similar within uncertainty regardless of the amount of 313 

digested powder (ca. 5 - 50 mg, Table 1). For example, powders for aliquots Murchison 2 and 3 (both 314 

digested at 220 qC) weighed 12.9 and 33.1 mg, respectively. These aliquots yield 13±1 and 12±1 ppm 315 

Se and G82/78Se are 0.10±0.09‰ and 0.19±0.09‰, respectively (Table 1). In contrast, other heavy stable 316 

isotope systematics such as Si, Fe, Cu, Ni, and Zn only yield reproducible isotopic signatures for 317 

chondrites if more than 100 mg of sample powder are digested (e.g. Luck et al. 2005, Moynier et al. 318 

2007). This is because multiple phases such as sulfides, metals, silicates and refractory inclusions host 319 

these respective elements. Our data support the idea that in contrast to other elements, Se is hosted in 320 

one phase only.  321 

The acids used for digestion are a mixture of HNO3 and HCl (reverse aqua regia, 3:1 322 

HNO3:HCl molar ratio) and no results presented here involved the use of hydrofluoric acid. The 323 

obtained Se concentrations are similar to results obtained with neutron activation analysis (Dreibus et 324 



al. 1995). This indicates that the Se host phase in meteorites is quantitatively dissolved in acids at 100 325 

C, without the use of hydrofluoric acid. Under these conditions, most silicates and oxides are refractory 326 

to quantitative digestion, whereas sulfides are readily dissolved (Burkhardt et al., 2012; Luck et al., 327 

2005; Reisberg et al., 2009; Schönbächler et al., 2005). In addition, Vollstaedt et al. (2016) performed 328 

sequential Se extractions in chondrites involving a HF step. They showed that Se was not significantly 329 

associated with silicates. Taken together, available data indicate that Se is hosted in a sulfide phase.  330 

 331 

4.2 Terrestrial weathering 332 

Dreibus et al. (1995) compared Se contents of CC falls and finds. They observed significant 333 

Se depletions in hot-desert finds compared to falls that were interpreted as indication for terrestrial 334 

sulfide weathering under oxidizing conditions. Among our studied chondrites, Kaba is a highly 335 

weathered fall (Choi et al., 2000; Krot et al., 1998), whereas Say al Uhaymir 085 and Axtell are two 336 

hot-desert finds. These meteorites display low [Se]matrix (≤ 16 ppm) compared to the CC average (22±5 337 

ppm Se). In addition, the G82/78Se values of these chondrites are relatively low (<-0.4‰, Table 1) and 338 

positively correlated with [Se]matrix (Fig. 2). These data are consistent with Se loss during weathering. 339 

Further, the correlation observed in Fig. 2 is consistent with an isotopic fractionation associated with 340 

this Se loss. This would occur during oxidative weathering on Earth. The direction of the isotopic trend 341 

indicates preferential loss of isotopically heavy Se. Since light Se isotope would be preferentially lost 342 

during normal kinetic isotope fractionations (e.g. Young et al. 2002), our data rather indicate 343 

thermodynamic equilibrium. The data presented in Fig. 2 are best explained with an open-system Se 344 

loss that we could model assuming a Rayleigh distillation and a Se isotopic fractionation between fluid 345 

and rock '82/78Sefluid-rock = G82/78Sefluid-G82/78Serock = 1.10‰ (Fig.2). This isotope fractionation was 346 

determined as the best fit of the data in Fig. 2.  347 

Oxidation of selenides (Se2-) to selenites (Se4+) or selenates (Se6+) could account for this 348 

isotopic fractionation. We note however that so far, all existing data indicate Se4+ or Se0 oxidation to 349 

Se6+ at T< 50 C to be associated with negligible isotope fractionations (Johnson, 2004). Only selenium 350 

reduction seems to be associated to significant isotope fractionations (1 to 5‰, Johnson, 2004). Based 351 

on this existing literature, a complex sequence of Se oxidation followed by partial reduction and re-352 

precipitation could accounts for the data. However, evidence exists only for oxidative, not reductive, 353 

weathering of chondrites on Earth (Bland et al., 2006; Gounelle and Zolensky, 2001). Hence, Se 354 



reduction is considered rather unlikely. Instead, we note that so far, the isotope fractionation during Se2- 355 

oxidation has not been investigated. It is thus conceivable that the ~ 1‰ fractionation required to 356 

account for the variations seen in Fig. 2 illustrate a fractionation between selenide and oxidized Se 357 

compounds. Theoretical or experimental studies on Se2- oxidation and/or on sulfide weathering are 358 

needed to further assess this scenario.  359 

Two OC (Dar Al Gani 298, LL4, and Dar Al Gani 300, H3-5) and two EC (Sahara 97092, 360 

EH3, and Atlanta, EL6) studied here are also hot-desert finds. These meteorites have 6±1 and 8±1 ppm 361 

Se, respectively, in the range of other OC (average value of 8±3 ppm, n=9, 2 s.d., this study). The 362 

G82/78Se values of Dar Al Gani 298 (LL4) and Dar Al Gani 300, (H3-5) are -0.19±0.09‰ and -363 

0.20±0.09‰, respectively. These values are statistically indistinguishable from all other OC meteorites 364 

analyzed here (Table 1). In contrast to the hot-desert CV finds, this argues against Se loss during 365 

terrestrial weathering. This suggests that terrestrial weathering did not affect Se systematics of OC-EC 366 

and CC similarly. Selenium in carbonaceous chondrites is mainly hosted in sulfides, themselves 367 

occurring in the matrix (Bullock et al., 2005; Rubin et al., 2007). In contrast, sulfides in OC tend to 368 

occur in chondrules (Zanda, 2004) and have been argued to significantly contribute to the Se budget in 369 

OC (Alexander, 2005). We tentatively suggest that chondrules would have prevented significant 370 

removal of Se from OC (and EC) meteorites, whereas the matrix sulfides in CC meteorites were 371 

unshielded from terrestrial weathering. 372 

  373 

4.3 Varying kinetics of sulfide formation in the early solar system 374 

We resolve a G82/78Se difference between ordinary and enstatite chondrites, with respective 375 

average G82/78Se values of -0.14±0.07‰ and -0.27±0.05‰ (Table 1). A student t-test was performed 376 

between these two groups to evaluate the statistical significance of the G82/78Se distinction. The 377 

fractional probability that the two sets are identical is represented by a P value of 0.0003, indicating a 378 

>99.9% probability that they represent different populations. The ∆76Se and ∆77Se values for Soko 379 

Banja and Sahara 97072 remain indistinguishable from terrestrial standards (table 2), likely indicating 380 

that Se isotopic variations between EC and OC are mass dependent. The stellar contributors to the Se 381 

budget in the solar system carry mass independent isotope signatures (Bisterzo et al. 2011, see section 382 

4.4). Observation of Se isotope mass dependent signatures (Fig. 4, Table 2) implies that the disk must 383 

have been mixed, presumably while Se was in the gas phase. Mass dependent differences exist between 384 



enstatite and ordinary chondrites for other, but not all isotopic systematics. For example, the Zn 385 

isotopic composition of type 3 EC and OC are indistinguishable (Moynier et al., 2007; Moynier et al., 386 

2011). On the other hand, EC show mass dependent depletion of heavy S isotopes relative to OC (by 387 

~0.3‰, Gao and Thiemens, 1993b). Our G82/78Se averages for EC and OC are plotted against literature 388 

G34S values in figure S1, where the low G82/78Se value for EC is shown to be associated to a low G34S 389 

value, relative to OC.  Hence, it can be argued that similar to S, Se isotopic fractionation occurred 390 

concomitantly during sulfide formation. 391 

One explanation involves the condensation of refractory sulfides in the region of enstatite 392 

chondrite formation. Exotic sulfides like oldhamites (CaS) are observed in EC (Kong and Ebihara, 393 

1997; Larimer, 1968; Larimer and Ganapathy, 1987) and generally contribute between 1 to 10% of the 394 

bulk sulfide budget (DeFouilloy et al., 2016). These sulfides show 50% condensation temperatures > 395 

1400 K (Lehner et al., 2013) whereas troilites are formed at temperatures between 700 and 500 K 396 

(Lauretta et al. 1996). In a cooling disk, oldhamites would therefore be formed before iron sulfides. If it 397 

is posited that oldhamites carry lower 34S/32S and 82Se/78Se ratios than iron sulfides, they could account 398 

for the relatively low 34S/32S and 82Se/78Se values observed in EC. However, the only available S 399 

isotope data on EC leachates indicate that oldhamite carry rather high 34S/32S ratios (DeFouilloy et al. 400 

2016), consistent with oldhamites representing evaporative residues (Larimer and Ganapathy, 1987, 401 

DeFouilloy et al. 2016) after the sulfidation of ferroan silicates (Lehner et al. 2013). Unless oldhamites 402 

carry low 82Se/78Se (light Se) together with high 34S/32S ratios (heavy S), we rule out their contribution 403 

to explain the significantly low G82/78Se values observed in EC.  404 

Troilite evaporation would fractionate both 82Se/78Se and 34S/32S ratios: Troilite dissociation 405 

experiments leave residual troilite enriched in 34S relative to evaporated S0 (McEwing et al., 1980), 406 

consistent with the kinetic theory of gases (Richter and Davis, 2004). Troilite formed in the OC region 407 

could have experienced partially evaporation, or could have experienced more evaporation than 408 

sulfides in the EC forming region. This would preferentially enrich the OC sulfides in heavy isotopes 409 

(34S and 82Se) and could explain the observed isotopic difference between EC and OC for both S and Se 410 

isotope systematics. Chondrule formation could be the process responsible for the temperature increase 411 

above the evaporation point of troilite. However, this process would affect both OC and EC forming 412 

regions (Zanda, 2004), not accounting for any discrepancies between these meteorite groups. 413 



Furthermore, chondrule formation has been shown to leave the 34S/32S ratio unchanged (Tachibana and 414 

Huss, 2005), inconsistent with the observations.  415 

A plausible alternative is that Fe-sulfides were formed out of equilibrium in the EC forming 416 

region. In the solar system, iron sulfides are formed by Fe0 sulfidation as in reaction 1, and Se is 417 

trapped in sulfides through the concomitant reaction 2 (Lauretta et al. 1996, Lodders, 2003). In contrast 418 

to direct condensation, reactions 1 and 2 are heterogeneous and kinetically inhibited below a 419 

temperature threshold (Lauretta et al. 1996, Lodders, 2003): at a solar H2S/H2 ratio (33 x 10-6, Lodders, 420 

2003), reaction 1 rate is maximum at ~ 700 K but remains significant down to ~ 500 K (Lauretta et al. 421 

1996).  422 

Lauretta et al. (1996) have shown that at a given Fe0 grain size, increasing H2S content have 423 

multiple impacts on the rate of reaction 1. At a H2S/H2 ratio of 33 x 10-5, the temperature at which 424 

reaction 1 is maximum becomes ~ 850 K (Lauretta et al. 1996). More importantly, the rate decreases 425 

more rapidly with time as a result of compact sulfide layers forming around metal cores (Lauretta et al. 426 

1996). As opposed to a linear kinetic regime at standard H2S content, the reaction becomes driven by a 427 

parabolic kinetic behavior. The latter would lead to the preferential incorporation of light isotopes of 428 

both S and Se in sulfides, as predicted by the kinetic theory of gases (Richter and Davis, 2004). We 429 

suggest that the EC forming region was carrying a super-solar H2S/H2 ratio. If constant S/Se ratios of 430 

chondrites indicate constant H2S/H2Se ratios in the forming regions of OC and EC (Wang and Becker, 431 

2013), the forming region of EC would be equally enriched in H2Se. In such a H2S-H2Se rich nebular 432 

region, the non-linear kinetic regime of reactions 1 and 2 could have been triggered, leading to the 433 

preferential incorporation of light S and Se isotopes in EC sulfides. This would also account for the 434 

0.15‰ and 0.30‰ depletions of the 82Se/78Se and 34Se/32Se ratios, respectively. While OC and EC 435 

forming regions would be both characterized with multiple/continuous sulfidation events, the H2S-H2Se 436 

enrichment in the EC forming region would produce the observed isotope disequilibrium. Note that 437 

independent observation from the EC trace element compositions tend to confirm that silicates and 438 

metals were exposed to an ‘extreme sulfidizing environment’ in the EC forming region, requiring a 439 

super-solar H2S/H2 ratio (Jacquet et al., 2015).  440 

Considering H2Se and H2S and using the square root of molecules involved during 441 

condensation (Richter and Davis, 2004), first order estimates for the kinetic isotope fractionations of 442 

82Se/78Se and 34Se/32Se ratios are ~25‰ and ~30‰ respectively. If these theoretical fractionations are 443 



relevant to the early solar system, simple mass balance (assuming either open or closed system) require 444 

less than 1% Se and S escaped sulfidation in the parabolic kinetic regime to account for the observed 445 

0.15-0.30‰ isotope shift between EC and OC. Note however that during condensation, re-equilibration 446 

processes lead theoretical fractionations closer to zero (Davis et al., 1990). These re-equilibration 447 

processes tend to scale with the partial pressure of the element of interest in the gas phase and/or with 448 

the total gas pressure (Richter and Davis, 2004). If similar re-equilibration processes are relevant to 449 

reactions 1 and 2, the amount of S and Se escaping sulfidation could not be constrained without 450 

experimental evidence, but would likely remain < 1%. Future experimental studies on S and Se isotopic 451 

fractionations associated with reactions 1 and 2 will help to quantify the magnitude of isotope 452 

fractionation (or re-equilibration, if any) as a function of the H2S/H2 and H2Se/H2 ratios in the gas 453 

phase. This could provide quantitative constraints on the H2S/H2 and H2Se/H2 ratios of the EC forming 454 

region. 455 

 456 

4.4. The case of CC meteorites: a contribution from the external solar system? 457 

 We report on the Se content and isotopic composition of carbonaceous chondrites of the 4 458 

main types (CI, CM, CV and CO, table 1). The Se content in CC matrices is constant across the types 459 

investigated here (Fig. 3). This supports the idea of a CI-type matrix with a given Se content (22±5 460 

ppm) distributed to CC asteroids and heterogeneously mixed with Se-depleted chondrules and 461 

inclusions. Our observation contrasts with earlier reports (Bland et al. 2005) and rather supports the so-462 

called two component model (Alexander, 2005; Anders, 1964). According to this model, the budgets of 463 

volatile elements in CCs are largely accounted for by volatile-rich matrices, whereas the contribution of 464 

volatile-depleted chondrules and refractory inclusions is negligible. It is also noteworthy that our 465 

samples span a range from highly altered chondrites (CI) to meteorites significantly less altered (CO 466 

and CV). Constant Se concentration in matrices (Table 1, Fig. 3) argues for aqueous alteration on the 467 

parent body to be a closed system for Se. This is consistent with chondrites altered on the parent body 468 

(as opposed to terrestrial weathering) showing no evidence for losses of soluble elements when 469 

compared to their unaltered counterpart (Bland et al., 2009). This was taken as evidence for closed 470 

system aqueous alteration where silicates are hydrated and converted to phyllosilicates (Browning and 471 

Bourcier, 1996; Rubin et al., 2007), but water flows are not significant enough to allow mobilization of 472 

soluble elements (Na, Ca, and others, Bland et al. 2009). Note that Mighei shows anomalously high Se 473 



content (Fig. 3). We tentatively explain the observation by sample heterogeneity in terms of sulfide 474 

distribution sampled by our allocated rock. An alternative possibility would be that this meteorite 475 

records an extra sulfidation event in the proto-planetary disk (e.g. reaction 1 and 2 pushed to 476 

completion). To our knowledge, the sulfur contents of this meteorite is unknown and needs to be 477 

determined in order to test the above hypotheses.  478 

We derive G82/78Se for CO (-0.14±0.06‰) and CV (-0.17±0.08‰) indistinguishable from OC 479 

meteorites. ∆74Se, ∆76Se and ∆77Se values for these meteorites all remain indistinguishable from 480 

terrestrial standards (Fig. 4). On the other hand, CIs show a G82/78Se of -0.01±0.06‰, distinct from OC. 481 

In addition, we resolve differences among CM meteorites: Mighei yields a G82/78Se of -0.20±0.07‰ 482 

(average of 4 replicates, 2 s.d.) similar to the OC estimate, whereas Murchison shows the highest 483 

G82/78Se of our dataset: +0.13±0.07‰ (average of 5 replicates, 2 s.d.).  We here discuss the high G82/78Se 484 

values observed in Orgueil, Alais and Murchison (Fig. 1). 485 

The roughly constant [Se]matrix rules out alteration-derived fractionations. We concur with 486 

Vollstaedt et al. (2016) that parent body evaporation-condensation processes do not account for the Se 487 

isotopic composition of chondrites: Such processes would likely produce G82/78Se variations correlated 488 

with [Se]matrix that are not observed (Fig. 3). A speculative heterogeneous distribution of phases 489 

(sulfides, metals, silicates, etc) is also ruled out, as Se is likely hosted only in sulfides (section 4.1). In 490 

principle, the Se isotopic variations could be attributed to the sampling of a poorly mixed disk after the 491 

injection of multiple nucleosynthetic components. Based on the astrophysical models discussed in 492 

Bisterzo et al. (2011), a 0.04% s-process deficit or 0.14% r-process excess sampled in Murchison 493 

relative to OC could account for the observed G82/78Se difference between these objects. If correct, 494 

∆76Se and ∆77Se of Murchison are predicted to be +0.25‰ and +0.33‰ according to the computation 495 

by Bisterzo et al. (2011). This is not observed; Our Murchison average over three digestions yields 496 

∆76Se and ∆77Se values of +0.06±0.03‰ and +0.07±0.06‰ (2 s.d., n=3, Fig. 4), inconsistent with the 497 

above computation. The values are statistically indistinguishable from terrestrial standards (Fig. 4), 498 

confirming that the Se isotopic variations recorded in chondrites are strictly mass dependent within our 499 

uncertainty.  500 

Chondrites of CI and CM types meteorites show evidence for more water interaction than 501 

other chondrites, indicating a higher contribution of ice water (Clayton and Mayeda, 1999). As 502 

observed for sulfur (Gao and Thiemens, 1993a), aqueous reactions could have generated partial 503 



oxidation of Se. If an isotopic fractionation is associated with selenide oxidation (section 4.2) and if the 504 

oxidation products and residues have distinct mobility, simple heterogeneous distribution of Se-bearing 505 

phases could generate spatial Se isotopic variability. This idea would require that for CI and CM 506 

objects, different pieces of a given meteorite would yield different Se isotopic composition. A similar 507 

conclusion was reached to explain the variable S isotopic composition of Orgueil (Gao and Thiemens, 508 

1993a). 509 

An alternative possibility relies on the specificity of the reaction 2. If this reaction were 510 

incomplete (as suggested for reaction 1, Labidi et al. 2017 and references therein), H2Se would be left 511 

in the gas phase of the disk at T < 500 K after the main sulfidation event(s). This molecule would 512 

remain gaseous until the condensation of water ices at T < 170 K (Hoffmann and King, 2010; Irvine et 513 

al., 2000). If this residual gas were carrying Se isotopic variations, its signature would be transferred to 514 

the CI and CM during ice delivery (Clayton and Mayeda, 1999). One way to produce Se isotopic 515 

heterogeneity in the residual gas is through photo-processing. It has been shown that H2Se absorbs light 516 

in the UV domain (Zhang et al., 2013). This gas can therefore be photodissociated by UV light emitted 517 

by the young sun (Zahnle and Walker, 1982). Evidence exist that both ices and gases that they carry 518 

have residual signatures resulting from UV irradiation (Ciesla and Sandford, 2012; Labidi et al., 2017). 519 

H2Se photodissociation by UV light may be associated to mass-dependent Se isotopic fractionations. 520 

Similar with the photodissociation of H2S under wavelengths higher than 200 nm (Farquhar et al. 521 

2000), H2Se photodissociation may generate a product and a residue carrying distinct Se isotopic 522 

compositions with mass dependent signatures. The isotopically enriched H2Se would have been 523 

captured in icy components and subsequently transferred to the meteorite parent bodies through ice 524 

accretion.  Fluid/rock reactions would occur after ices melted, leading to parent body alteration (e.g. 525 

Clayton and Mayeda, 1999). As required by S isotope data in carbonaceous chondrites (Labidi et al. 526 

2017), the transfer of isotopically heavy Se to chondrite matrices would occur through the formation of 527 

a second generation of sulfides: observations of the least altered CM meteorite Paris support the idea 528 

that metal grains were available in the first alteration reactions (Hewins et al., 2014). Therefore, the 529 

reactions 1 and 2 would also occur in solution on the parent body (Labidi et al. 2017), leading to the 530 

formation of a second generation of sulfides. In this scenario, the icy-component would provide the 531 

high G82/78Se values to the secondary sulfides. Since our Se extraction protocol cannot distinguish 532 



between the two generations of sulfides, the carbonaceous chondrites would display bulk Se with high 533 

G82/78Se values relative to OC objects. 534 

There are multiple possibilities to discriminate between Se isotopic heterogeneities generated 535 

by Se mobility during aqueous alteration or by sulfide formation after the contribution of H2Se-bearing 536 

ices. Systematic studies on the Se isotopic compositions of Orgueil, Alais and Murchison are needed, to 537 

further investigate this hypothesis. This will be crucial to test whether alteration processes generated Se 538 

isotopic heterogeneities in these rocks. Photodissociation experiments on H2Se will be essential to 539 

describe the latter hypothesis. If this process can produce the Se isotopic variations observed here, 540 

variations for Se isotope compositions of other carbonaceous chondrite could be used as a proxy of ice 541 

accretion to asteroids.  542 

 543 

5. Conclusion 544 

For the first time, we resolve G82/78Se variations in chondrites. We show that OC (-545 

0.14±0.07‰, n=9, 2 s.d.), EC (-0.27±0.05‰, n=3, 2 s.d.) and CI (-0.01±0.06‰, n=2, 2 s.d.) are 546 

distinct. In addition, whereas CO (-0.14±0.06‰, n=2, 2 s.d.) and CV (-0.17±0.08‰, n=2, 2 s.d.) 547 

remain indistinguishable from our OC estimate, we resolve heterogeneity among CM meteorites. 548 

Mighei yields G82/78Se of -0.20±0.07‰ (average of 4 replicates, 2 s.d.) similar to the OC value, whereas 549 

Murchison shows the highest G82/78Se of our dataset: +0.13±0.07‰ (average of 5 replicates, 2 s.d.).  550 

These G82/78Se variations are associated with negligible '76Se and '77Se variations, indicating that 551 

chondrites display mass dependent Se isotopic signatures. 552 

We observe no G82/78Se variations as a function of metamorphism in OC samples, indicating 553 

that the Se isotope ratios remain constant throughout the heating processes experienced by asteroids. 554 

Only CC finds show evidence for Se isotope fractionation produced during terrestrial weathering, 555 

which we suggest is a consequence of Se being hosted in matrix sulfides, whereas it also occurs in 556 

chondrule-hosted sulfides in OC or EC samples.  557 

The G82/78Se differences in unweathered chondrites likely reflect the history of sulfide 558 

formation in the proto-planetary disk. The low G82/78Se values in EC might reflect the contribution of a 559 

kinetic sulfidation process occurring under high H2S-H2Se content in the forming region of EC bodies. 560 

Our data will allow future experimental studies to quantify the amount of H2S-H2Se in the EC forming 561 

region. On the other hand, high G82/78Se values in CC may reflect sample heterogeneities generated by 562 



parent body alteration, or the contribution of ices carrying photo-dissociated Se from the outer solar 563 

system. Distinct predictions can be made for these two scenarios and further studies are needed to 564 

discriminate the proposed models.  565 
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 573 

Figure Captions 574 

Fig. 1 575 

G82/76Se data obtained with the double spike technique. Uncertainty for individual measurements is 576 

0.09‰, as the 2s.d. uncertainty for SGR-1 obtained here over 6 replicate measurements. The shaded 577 

area represents the average value ±2s.d. of the ordinary chondrite.  578 

 579 

Fig. 2 580 

The Se isotopic composition of CV chondrites plotted against [Se]matrix. The positive trend is 581 

consistent with Se loss associated with isotopic fractionation during terrestrial weathering. The 582 

direction of the trend indicates that the heavy Se isotopes were preferentially lost. Isotope fractionation 583 

is here modelled under an open system loss of Se. The data are best fitted for a fractionation 584 

'82/78Sefluid-rock = G82/78Sefluid-G82/78Serock = 1.10‰, but acceptable values range between 0.55 and 1.50‰ 585 

 586 

Fig. 3 587 

Values for G82/78Se in unweathered carbonaceous chondrites plotted against [Se]matrix. The 588 

constant [Se]matrix value is consistent with a model where budgets of volatile elements are largely 589 

accounted for by a volatile-rich matrix, whereas the contribution of volatile-depleted chondrules and 590 

refractory inclusions is negligible (the so-called two-component model, Anders 1964, Larimer and 591 

Anders 1967, 1970, Alexander 2005). Evaporation-condensation processes are ruled out to account for 592 



the variable G82/78Se values as they would likely produce G82/78Se variations correlated with [Se]matrix 593 

that are not observed. 594 

 595 

Fig. 4 596 

'76Se and '77Se data obtained with the conventional sample-standard bracketing. 'nSe (n is 77, 76 597 

or 74) is calculated as ∆nSe = δn/78Se − 1000((δ82/78S/1000 + 1)
E

 − 1). The exponent E is the ratio of 598 

reduced isotope masses (Young et al. 2002). The shaded area represents the average value ±2s.d. of the 599 

terrestrial standard MH-495. 600 

 601 
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Table 1
Se content and isotopic data of meteorite aliquot obtained with the double spike method

sample type

Digestion 
temperature 
(°C)

amont 
digested 
(mg) Aliquot ID

chondrit
e type d82/78Se (‰)

[Se]bulk 

(ppm)
[Se]matrix 

(ppm)
shale standard 220 11.9 SGR1 -0.14 3.9
shale standard 220 11.9 SGR2 -0.06 3.6
shale standard 220 13.4 SGR3 -0.12 3.3
shale standard 220 66.4 SGR4 -0.09 3.2
shale standard 220 74.3 SGR5 -0.06 3.5
shale standard 220 92.5 SGR6 -0.18 3.5

average -0.11 3.5

fall 220 10.1 Alais 1 CI1 -0.03 21.7
fall 220 3.9 Alais 2 CI1 -0.04 19.9

average -0.03 20.8 20.8

fall 220 5.7 Orgueil 1 CI1 -0.03 21.5
fall 100 24.3 Orgueil 2 CI1 0.05 20.9

average 0.01 21.2 21.2

fall 220 9.2 Mighei 1 CM2 -0.18 23.3
fall 220 6.6 Mighei 2 CM2 -0.20 24.7
fall 220 6.4 Mighei 3 CM2 -0.18 23.0

100 20.6 Mighei 4 CM2 -0.25 26.1
average -0.20 24.3 39.8

fall 220 15.6 Murchison 1 CM2 0.09 13.4
fall 220 12.9 Murchison 2 CM2 0.10 13.3
fall 220 33.1 Murchison 3 CM2 0.19 12.2
fall 220 26.8 Murchison 4 CM2 0.17 10.4

100 19.9 Murchison 5 CM2 0.11 11.7
average 0.13 12.2 19.1

fall 220 14.7 Allende 1 CV3 OxA -0.13 8.0
fall 220 11.2 Allende 2 CV3 OxA -0.13 9.0
fall 220 8.8 Allende 3 CV3 OxA -0.15 8.6

100 36.8 Allende 4 CV3 OxA -0.17 6.6
average -0.15 8.0 20.1

fall 220 10.1 Mokoia 1 CV3 OxB -0.22 10.8
fall 220 6.6 Mokoia 2 CV3 OxB -0.18 11.4

average -0.20 11.1 26.9

fall 220 22.3 Kaba 1 CV3 OxB -0.45 8.3
fall 220 9.0 Kaba 2 CV3 OxB -0.35 8.9

average -0.40 8.6 16.2

find 220 16.8 Sayh al uhaymir 085 1CV3 -0.55 5.5
find 220 15.8 Sayh al uhaymir 085 2CV3 -0.49 5.8

average -0.52 5.6 12.8

find 220 15.6 Axtell 1 CV3 OxB -0.94 4.0
find 220 15.1 Axtell 2 CV3 OxB -0.99 4.1

average -0.97 4.0 10.0

fall 220 12.5 Ornans 1 CO3.4 -0.11 7.1
fall 100 18.8 Ornans 2 CO3.4 -0.13 8.6

average -0.12 7.9 18.3

fall 220 17.3 Lancé CO3.5 -0.16 8.4 24.0

find 100 15.0 Sahara 97072 2EH3 -0.43 22.1
220 6.2 Sahara 97072 1EH3 -0.29 18.5

average -0.36 20.3

fall 220 9.6 Eagle EL6 -0.24 10.0

fall 220 9.6 Atlanta EL6 -0.28 9.0

find 220 26.3 Dar Al Gani 300H3-5 -0.20 8.0

fall 100 19.2 Bath 3 H4 -0.11 6.5
fall 220 36.6 Bath1 H4 -0.06 8.0
fall 220 36.0 Bath2 H4 -0.11 7.9

average -0.09 7.5

fall 220 19.1 Djoumine H5-6 -0.13 9.2

fall 220 10.5 Homestead L5 -0.12 8.7

fall 220 10.6 Mt Tazer L5 -0.14 8.8

fall 220 29.9 Borkut L5 -0.15 9.6

find 220 11.5 Dar Al Gani 298LL4 -0.19 5.9

fall 220 48.6 Soko Banja 1LL4 -0.12 6.8
fall 100 20.4 Soko Banja 2LL4 -0.11 7.1

 average -0.11 7.0

fall 220 30.5 Dhurmsala LL6 -0.13 9.8

Table 1
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Table 2
Se isotopic data of m

eteorite aliquot obtained w
ith the sam

ple-standard bracketing m
ethod. 

See table 1 for corresponding d82/78Se value obtained w
ith the double-spike technique.

In
tern

al u
n

certain
ties in

 2
 s.d

. are 0
.2‰

 fo
r  d

82/78Se, 1
.5

‰
 fo

r D
74Se, 0

.14‰
 fo

r D
76Se an
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 0
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For soko Banja and Ornans, uncertainties w
ere higher (see text) due to low

 Se am
ount available for analysis

For a given aliquot, d
82/78Se o

b
tain

e
d
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ith

 stan
d

ard
-sam

p
le b

racke
tin

g m
easu

rem
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n
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e
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on average than w
ith the double spike approach. This is because the solutions experienced 5-30%

 Se evaporative  
loss as described in Kurzaw

a et al. (2017).  W
hile by design, such fractionations are corrected by the double-spike 

deconvolution, they are observed w
ith the standard-bracketing approach. Since evaporative fractionations are 

m
ass-dependent, w

e only discuss the m
ass-independent variations of 74Se, 76Se and 77Se at a given 82Se/ 78Se ratio, 

q
u

an
tified

 as ∆
74Se, ∆

76Se an
d

 ∆
77Se in per m

il (see equation 4).  

d
82/78Se

d
74/78Se

d
76/78Se

d
77/78Se

D
74Se

D
76Se

D
77Se

M
H-954

-2.10
2.42

1.01
0.59

0.1
-0.12

0.03
M

H-954
-2.11

2.40
1.03

0.56
0.1

-0.11
0.00

M
H-954

-2.11
2.34

1.14
0.57

0.0
0.00

0.01
M
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-2.12

2.30
1.14

0.54
-0.1

-0.01
-0.02

soko banja 2
0.83

-0.64
-0.23

0.05
0.3

0.22
0.27
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0.21

-0.86
-0.01

0.07
-0.6

0.10
0.13

M
ighei 4

0.08
-0.77

-0.05
0.03

-0.7
-0.01

0.05
Ornans 2

1.22
-0.10

-0.51
-0.19

1.3
0.15

0.13
orgueil 2

-0.03
0.86

0.07
0.08

0.8
0.05

0.07
Allende 4

0.86
0.19

-0.42
-0.08

1.1
0.04

0.15
M

urchison 5
0.53

-0.41
-0.24

-0.05
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0.05
0.09
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