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Abstract 18 
The redox-sensitive, chalcophile and volatile Se stable isotope system offers new 19 

perspectives to investigate the origin and evolution of terrestrial volatiles and the roles of magmatic 20 

and recycling processes in the development of the redox contrast between Earth’s reservoirs. 21 

Selenium isotope systematics become more robust in a well-constrained petrogenetic context as 22 

can be inferred from Se–Te elemental signatures of sulfides and igneous rocks. In this study, we 23 

present a high-yield chemical sample processing method that allows the determination of Se–Te 24 

concentrations and Se isotope composition from the same sample digest of silicate rocks by 25 

hydride generation isotope dilution (ID) quadrupole inductively-coupled plasma mass 26 

spectrometry (ICP-MS) and double spike (DS) multicollector (MC)-ICP-MS, respectively. Our 27 

procedure yields ~80% Se–Te recoveries with quantitative separation of relevant interfering 28 

elements such as Ge and HG-buffering metals. Replicate analyses of selected international 29 

reference materials yield uncertainties better than 0.11‰ (2 s.d.) on δ82/76Se and 3% (r.s.d.) on Se 30 

concentration for DS MC-ICP-MS determinations for as low as ~10 ng sample Se. The precision 31 

of Se–Te concentration measurements by ID ICP-MS is better than 3% and 5% (r.s.d.) for total 32 

amounts of ~0.5–1 ng Se and ~0.2–0.5 ng Te, respectively. The basaltic reference materials have 33 

variable Se–Te contents, but their δ82/76Se values are rather uniform (on average 0.23 ± 0.14‰; 34 

2 s.d.) and different from the chondritic value. This altogether provides the methodology and 35 

potential to extend the limited dataset of coupled Se isotope and Se–Te elemental systematics of 36 

samples relevant to study the terrestrial igneous inventory. 37 

1. Introduction 38 
Selenium and tellurium are moderately volatile (Lodders, 2003) and chalcophile elements 39 

(Guo et al., 1999; Hattori et al., 2002). They are present in the mantle at 2–3 orders of magnitude 40 

higher concentrations than expected from metal–silicate partitioning experiments performed at low 41 

pressure (<20 GPa; Rose-Weston et al., 2009). The broadly chondritic S–Se–Te elemental ratios 42 

in fertile peridotites (Wang & Becker, 2013) have been attributed to late accretion (i.e. the late 43 

veneer; Kimura et al., 1974; Morgan, 1986; McDonough & Sun, 1995). However, the sub-44 

chondritic δ34S of the silicate Earth indicates that the mantle S budget probably records core 45 

formation with limited sulfide incorporation rather than a post-core formation accretionary S 46 

addition (Labidi et al., 2013, 2016; Labidi & Cartigny, 2016). Moreover, some authors argue that 47 

the observed Se–Te signature of fertile peridotites are not primitive features of the mantle because 48 



peridotites are generally affected by secondary magmatic processes (Harvey et al., 2015; König et 49 

al., 2014, 2015a, 2015b; Luguet et al., 2015). 50 

Systematics of Se isotopes may contribute to placing constraints on these possible 51 

scenarios. If the Se budget was dominated by late-accreted materials and if no subsequent Se 52 

isotope fractionation of the upper mantle occurred, a chondritic Se isotope composition (Labidi et 53 

al., 2018; Vollstaedt et al., 2016) would be expected for the upper mantle. However, the scarcity 54 

of data sets regarding Se isotopes in mantle-derived rocks limits reasonable conclusions regarding 55 

either process. In order to evaluate the origin of Se isotope signatures in igneous rocks, the Se–Te 56 

elemental systematics are very useful. This is because of the chalcophile behaviours of both Se 57 

and Te with complementary partitioning into residual monosulfide solid solution vs metasomatic 58 

sulfide liquid, respectively (Brenan, 2015; König et al., 2014). Using Se–Te elemental systematics 59 

thus helps interpret isotopic signatures of Se in a constrained petrogenetic context, including partial 60 

melting, magmatic differentiation and metasomatic addition of base metal sulfides (e.g., Harvey 61 

et al., 2015; Jenner et al., 2015; König et al., 2014; Lissner et al., 2014; Luguet et al., 2015). 62 

Therefore, a combination of the Se–Te abundances and Se isotope analysis of igneous rocks may 63 

be useful for investigating the intrinsic origin and budget of these elements in the silicate Earth 64 

and during evolution of its reservoirs. Yet, to date, no such combined studies exist. 65 

Following pioneering studies (Hertogen et al., 1980; Lorand & Alard, 2010; Morgan, 66 

1986;), analytical advancements for combined Se–Te elemental analyses of silicate rocks have 67 

been made by hydride generation (HG) isotope dilution (ID) inductively-coupled plasma mass 68 

spectrometry (ICP-MS) measurements coupled with chemical purification such as thiol cotton 69 

fiber/powder (TCF/TCP) chemistry (König et al., 2012) and ion exchange chromatography (Wang 70 

et al., 2013). Different sample digestion techniques have been used: (1) inverse aqua regia 71 

digestion in a high-pressure asher (HPA-S) for peridotites (König et al., 2012; Wang & Becker, 72 

2013, 2014; Wang et al., 2013), pyroxenites (Wang & Becker, 2015) and basalts (Wang et al., 73 

2013); (2) hotplate HF digestion in perfluoroalkoxy alkane (PFA) beakers for peridotites (König 74 

et al., 2012, 2014, 2015a; Luguet et al., 2015) and basalts (Forrest et al., 2009; König et al., 2014; 75 

Lissner et al., 2014); (3) HF digestion in HPA-S or pressure bombs for a wide range of matrices, 76 

including peridotites, basalts and Martian meteorites (Wang et al., 2015; Wang & Becker, 2017); 77 

(4) inverse aqua regia (HPA-S) digestion followed by a hotplate HF-desilicification for peridotites 78 

(Harvey et al., 2015; König et al., 2012). While there are several rather comprehensive studies 79 



regarding different chemical sample processing and associated limitations for analyses of highly 80 

siderophile element (HSE) abundances in mafic and ultramafic rocks (e.g., Dale et al., 2012; Day 81 

et. al., 2016; Ishikawa et al., 2014; Li et al., 2015; Meisel et al., 2003), few studies conducted 82 

comparative sample digestion experiments for Se–Te analyses (König et al., 2012, Wang & Becker, 83 

2014; Wang et al., 2015). 84 

Due to significant isotopic fractionation during Se oxyanion reduction (Krouse & Thode, 85 

1962; Rees & Thode, 1966), Se isotope measurements have received increasing interest in 86 

biogeochemistry (Clark & Johnson, 2010; Ellis et al., 2003; Herbel et al., 2000, 2002; Johnson et 87 

al., 1999; Schilling et al., 2011a) and paleoenvironmental studies (Kipp et al., 2017; Layton-88 

Matthews et al., 2013; Mitchell et al., 2012, 2016; Pogge Von Strandmann et al., 2015; Rouxel et 89 

al., 2004; Stüeken et al., 2015a, b; Zhu et al., 2014). Following important analytical advancements 90 

(Elwaer & Hintelmann, 2008; Layton-Matthews et al., 2006; Pogge von Strandmann et al., 2014; 91 

Rouxel et al., 2002; Stüeken et al., 2013; Zhu et al., 2008), Kurzawa et al. (2017) provided a precise 92 

and accurate measuring method for δ82/76Se with a consumption of as low as 5 ng Se, which allows 93 

the Se isotope determination of geological samples with low ng g−1 Se levels. To do so, it is 94 

necessary to establish a matrix-matched sample digestion and purification method that necessarily 95 

includes (1) complete Se extraction, (2) high chemistry recovery and (3) quantitative separation of 96 

HG-buffering transition metals and Ge that potentially causes significant isobaric interferences on 97 
74Se (e.g., Pogge von Strandmann et al., 2014; Stüeken et al., 2013). 98 

In this study, we aim to combine the instrumental protocol for Se isotope analysis described 99 

by Kurzawa et al. (2017) with Se–Te concentration determinations by ID ICP-MS from a single 100 

digest of igneous rocks. We report on a series of comparative experiments on the international 101 

basaltic reference material BHVO-2 and discuss some of the major issues regarding sample 102 

digestion, such as sample heterogeneity, Se–Te extraction efficiency, sample-spike equilibration 103 

and Se–Te volatility. We present a suitable sample digestion and refined chemical purification 104 

method with high Se–Te recoveries, which enables precise and accurate Se isotope and Se–Te 105 

elemental analyses from the same rock digest using small amounts of sample materials. Our 106 

ultimate goal is to extend the limited data set of Se isotope composition and Se–Te concentrations 107 

of mantle-derived rocks in order to place firm constraints on the behavior of these elements in 108 

magmatic processes and their message regarding the origin and evolution of Earth’s volatiles. 109 



2. Reagents, samples and method 110 

2.1. Reagents 111 
Hydrochloric, hydrofluoric and nitric acids (Emsure®, Merck) used in this study were 112 

distilled using Savillex DST-1000 sub-boiling Teflon stills. All diluted acids were prepared with 113 

18.2 MΩ·cm water and titrated on a molarity basis. All PFA vials were fluxed successively in 114 

reagent grade 3 M HCl, 5 M HNO3 and 18.2 MΩ·cm H2O at 120 °C for more than 48 h prior to 115 

use. The reducing solution for HG (0.1 M NaBH4 in 0.07 M NaOH) was prepared fresh before 116 

each analytical session by dissolving sodium borohydride (analytical grade, Merck) and sodium 117 

hydroxide monohydrate (Suprapur®, Merck) in 18.2 MΩ·cm H2O. Selenium standard solutions of 118 

NIST SRM 3149 and MH 495 (in 2 M HCl) were used for MC-ICP-MS analysis with 119 

concentrations of 15 or 30 ng mL−1. The standard solutions used for ID ICP-MS measurements 120 

were diluted from NIST SRM 3149 and NIST SRM 3156 stock solutions to 0.5 ng mL−1. A 121 

calibrated Se double spike (~52% 74Se and ~47% 77Se in 0.1 M HNO3; Kurzawa et al., 2017) and 122 

Te single spike (~92% 125Te in 1 M HNO3; König et al., 2012) were used for our analyses. 123 

2.2. Samples 124 
Given the few studies regarding Se isotopes in mantle geochemistry, limited data of 125 

igneous reference materials measured by several working groups are available so far. In this study, 126 

we mainly used the international reference material BHVO-2 (Hawaiian basalt; splits #2375, 127 

#2481 and #3323) from the United States Geological Survey (USGS) for our sample digestion and 128 

chemical purification experiments because relatively consistent isotope dilution Se–Te 129 

concentration data are recently published for this material by different laboratories (König et al., 130 

2012; Wang et al., 2015). The newly established sample processing scheme was then applied to 131 

other reference materials such as BCR-2 (Columbia River flood basalt, USGS), BE-N (continental 132 

intraplate basalt, Service d'Analyse des Roches et des Minéraux, France), BIR-1a (Icelandic basalt, 133 

USGS) and W-2a (diabase, USGS) to allow inter-laboratory comparison of future studies on a 134 

larger number of natural samples. 135 

All reference materials used were supplied as finely ground powders. The BHVO-2 136 

standard has a fairly wide range of particle sizes (supporting information Figure S1). To compare 137 

the Se–Te extraction efficiency of the HPA-S digestion between sample powders with different 138 

particle sizes, we reground two independent BHVO-2 splits (~6 g each) using a micro mill (Fritsch 139 



Pulverisette 7 classic line). Particle size distribution of the reground material was determined using 140 

a laser particle sizer (Analysette 22 NanoTec) in the Application Laboratory of Fritsch, Germany. 141 

König et al. (2015a) demonstrated large whole-rock Se–Te concentration heterogeneities in 142 

peridotites. This was investigated for basalts in this study by analysis of BHVO-2 sieved fractions 143 

of <25 μm and >25 μm. Both fractions were further reground to preclude any potential sampling 144 

and digestion bias. All reground powders have particles ≤5 μm (supporting information Figure S1). 145 

2.3. Sample Digestion 146 
The extraction efficiency of the HPA-S technique for coupled Se isotope and Se–Te 147 

concentration analyses from the same sample digest was assessed using BHVO-2 under varying 148 

conditions, including sample size, acid volume, digestion temperature (supporting information 149 

Table S1) and particle size (supporting information Figure S1). A conventional hotplate HF 150 

digestion (König et al., 2012) was performed in parallel for comparison. We additionally carried 151 

out a series of extensive HF digestion experiments on BHVO-2 and BCR-2 following different 152 

protocols to evaluate some of the most common digestion related issues such as sample 153 

heterogeneity, sample-spike equilibration, effect of insoluble fluoride complexes and Se–Te 154 

volatility, with the aim to identify the most suitable digestion method for our routine analyses. 155 

2.3.1. HPA-S (inverse aqua regia) digestion 156 
The HPA-S (Anton PaarTM, Graz) digestion was performed following the basic procedure 157 

outlined by Kurzawa et al. (2017). Briefly, about 0.2–1.1 g of BHVO-2 powder (n = 31) together 158 

with Se DS or Te single spike solutions were weighed into quartz glass vials and mixed with 2.5–159 

10 mL inverse aqua regia (14.5 M HNO3 and 10.5 M HCl, molar ratio 3:1). The digestion was 160 

carried out at 100 bar and different temperatures (220, 280, 320 °C) with a constant duration of 16 161 

h. After the digestion, the supernatant was processed for Se–Te purification based on the protocol 162 

of Wang et al. (2013). The solid residue (n = 7) was analyzed for its Se content in order to assess 163 

Se extraction efficiency from the rock powder and potential Se degassing during ashing. To do so, 164 

the residue was first fluxed multiple (1–3) times with 18.2 MΩ·cm water in an ultrasonic bath for 165 

30 min. After centrifugation for 15 min, the supernatant water was discarded and the residue was 166 

then transferred to a PFA beaker and dried down at 65 °C. The dry residue was carefully weighed 167 

with Se DS and processed following the HF digestion protocols described below. 168 



2.3.2. Hotplate HF digestion 169 
Sample powders ranging in weight from 0.05–1.2 g were mixed with Se and Te spike 170 

solutions and digested using a HF–HNO3 mixture (1:5 volume ratio) in PFA beakers on a hotplate 171 

at 120 °C or 85 °C for 24 h. Solutions were subsequently evaporated at 65 °C. After this point, 172 

BHVO-2 and BCR-2 samples that were digested at 120 °C (n = 50 and 11, respectively) were 173 

processed following the protocol used by König et al. (2012) before the chemical purification. 174 

Briefly, the dry dissolved samples were taken up in 6 M HCl, heated at 100–130 °C for > 24 h, 175 

dried down at 65 °C and re-dissolved in 6 M HCl. The fluoride precipitates were removed via 176 

centrifugation and the supernatant solution was used for the subsequent TCF/TCP chemistry or 177 

chromatography. In order to examine the effect of insoluble fluorides for Se–Te analysis, 178 

additional HCl, HNO3 and HClO4 treatments were performed for several BHVO-2 (n = 4) in high-179 

pressure PTFE vials with pressure bombs in an oven at 190 °C for 48 h to fully dissolve fluoride 180 

complexes (Cotta & Enzweiler, 2012; Langmyhr, 1967; Yokoyama et al., 1999). All HCl and 181 

HNO3 solutions were evaporated to complete dryness at 65 °C. The HClO4 solution was 182 

evaporated at 130 °C until ~10% solution remained in order to avoid potential Se loss (Stüeken et 183 

al., 2013) and directly taken up in 4 M HCl before chromatographic purification. 184 

For all other samples that were digested at 85 °C, a modified protocol (i.e., our routine 185 

procedure) was used in combination with our ion exchange chromatography. The dry sample 186 

residues were dissolved and heated in 8 mL 6 M HCl at 130 °C on a hotplate for a minimum of 187 

48 h, during which they were treated twice in an ultrasonic bath for 30 min. No visible fluoride 188 

precipitates were inspected at this point (for up to 0.55 g sample). Samples were subsequently 189 

evaporated to dryness at 85 °C, followed by two successive dissolutions and complete 190 

evaporations with 1 mL 10.5 M HCl. Finally, samples were taken up in 5 mL 4 M HCl and 191 

centrifuged for 10 min to separate transparent silica gels (e.g., Luais, 2012; Rouxel et al., 2006) 192 

prior to chromatographic purification. 193 

In order to quantify and compare potential loss of Se–Te during the evaporation of HCl 194 

solutions, 7 BHVO-2 samples were digested and spiked only after the evaporation of 195 

8 mL 6 M HCl and 2 mL 10.5 M HCl solutions to complete dryness at 65 (n = 4) or 85 °C (n = 3). 196 



2.4. Chemical purification of Se and Te 197 

2.4.1. TCF and TCP chemistry 198 
Several BHVO-2 (n = 26) and BCR-2 (n = 4) samples with weights 0.25–1 g were digested 199 

with HF–HNO3 and used for Se separation via TCF or TCP chemistry. The TCF and TCP batches 200 

(n = 5 and 1, respectively) were prepared from commercially available medical-grade cotton fiber 201 

and powder with analytical-grade thioglycolic acid, acetic anhydride, acetic acid and sulfuric acid 202 

(Merck) based on the methods described by König et al. (2012). Selenium was purified through 203 

columns filled with 0.15–0.3 g TCF and TCP (depending on the sample size) following the 204 

procedure of Rouxel et al. (2002) and Vollstaedt et al. (2016), respectively. After the separation 205 

and evaporation at 65 °C, a dark residue was observed. It was repeatedly treated with ~200 μL of 206 

14.5 M HNO3 and 30% H2O2 to remove residual organic matter. This step was followed by 207 

dissolution of the Se fractions in 1 mL 2 M HCl and centrifugation for 15 min. The supernatant 208 

was passed through a pre-cleaned 0.45 μm syringe filter (Millex®, Merck) to further eliminate 209 

residual fine organic particles (Vollstaedt et al., 2016) and then measured for Se isotope 210 

composition. 211 

2.4.2. Ion exchange chromatography 212 
When comparing the Se–Te extraction efficiencies of the HPA-S (inverse aqua regia) and 213 

hotplate HF digestions, BHVO-2 samples were purified for Se and/or Te using the ion exchange 214 

chromatography developed by Wang et al. (2013). This method was recently demonstrated to be 215 

applicable to high-precision analysis of Se isotopes in shales and basalts after the HPA-S digestion 216 

(Kurzawa et al., 2017). In contrast to HPA-S (inverse aqua regia) digestion that produces a 217 

relatively simple matrix (only ~12 wt.% of the BHVO-2 powder was dissolved; n = 13; supporting 218 

information Table S1; also see Xu et al., 2012), HF digestion results in whole-rock dissolution, 219 

posing additional difficulties on the ion exchange chromatography in terms of Se–Te recovery and 220 

separation of interference elements.  221 

We tested existing purification protocols (supporting information Table S2) and propose 222 

an improved method in combination with our established HF digestion procedure. The new method 223 

utilized polypropylene columns (0.9 cm diameter and 8 cm bed height; Triskem, France) filled 224 

with 7 mL resin bed volume of Eichrom AG1-X8 (100–200 mesh chloride form) and Eichrom AG 225 

50W-X8 (100–200 mesh hydrogen form) anion and cation exchange resins, respectively. A fresh 226 



resin bed, pre-cleaned following a general laboratory procedure (e.g., successive cleaning with 227 

H2O, HNO3 and HCl), was used for each separation procedure. The columns were calibrated with 228 

7 mL resin for up to 0.45 g mafic matrix. A complete procedure and elution profiles of Se–Te from 229 

NIST SRM 3149 and 3156 as well as BHVO-2 for each individual fraction (2.5 mL) are shown in 230 

Figure 1 and supporting information Table S3. 231 

In the first stage, the anion exchange resin was cleaned with 10 mL 18.2 MΩ·cm water and 232 

conditioned with 10 mL 4 M HCl. The sample solution (5 mL 4 M HCl) was then loaded onto the 233 

column, followed by an addition of 9 mL 4 M HCl. Tellurium and iron are strongly retained by 234 

the resin in ≥2 M HCl (Fehr et al., 2004; Fornadel et al., 2014; Loss et al., 1990; Yi et al., 1998), 235 

whereas selenium is not adsorbed at HCl molarities of 4–7 M (Schönbächler and Fehr, 2014; Wang 236 

& Becker, 2014; Wang et al., 2015). The Se fraction was collected in 14 mL 4 M HCl together 237 

with most matrix elements and subsequently evaporated at 85 °C to complete dryness. Rinsing the 238 

resin with 10 mL of 2 M HCl–5 M HF mixture eluted almost all Fe while assuring complete 239 

retention of Te, probably as chloro- and fluoro-complexes. The resin was further rinsed with 240 

4 mL 0.4 M HCl to elute residual Fe before collecting Te with 14 mL 0.4 M HCl. Separation of 241 

Fe may also be achieved by elution with 5 M HF only (Faris, 1960; Fehr et al., 2004; Wang et al., 242 

2013), but we found that in that case, large amounts of eluent (>25 mL of 0.4 M HCl or 1 M HNO3) 243 

were necessary to quantitatively elute Te. Besides, weak HCl was preferred over HNO3 for Te 244 

elution as the latter more readily destroys the persistent FeCl4− complex in the resin (Schoenberg 245 

& von Blanckenburg, 2005), resulting in more Fe in the Te eluate. Finally, the Te fractions were 246 

dried down at 85 °C to incipient dryness and directly taken up in 1 mL 2 M HCl for concentration 247 

analysis.  248 

Complete separation of Fe from Te eluate is crucial as Fe significantly inhibits H2Te 249 

formation during the analysis, reducing signal intensity (Yu et al., 1983). This effect was quantified 250 

by analyses of Fe-doped (ICP Fe standard solution, 1000 μg mL−1) NIST SRM 3156 solutions 251 

(0.5 ng mL−1), with Fe/Te mass ratio ranging between ~103 and 106 (supporting information Table 252 

S4). 253 

In the second stage, the dry Se fraction was dissolved in 5 mL 0.1 M HNO3 and placed in 254 

an ultrasonic bath for 30 min. When observed, insoluble fluorides were separated via 10-min 255 

centrifugation. Selenium was then purified through the cation column following the procedure 256 



established by Wang et al. (2015) with small modifications. Briefly, the resin was rinsed with 257 

water and conditioned with 0.1 M HNO3. The sample solution was then loaded onto the column, 258 

and Se was collected with another 9 mL 0.1 M HNO3. In these conditions, other species such as 259 

the HG-buffering transition metals Co2+, Ni2+, Cu2+ and Pb2+ (Vijan & Leung, 1980; Welz & 260 

Melcher, 1984; Yu et al., 1983) are quantitatively retained on the resin (Davies, 2012). The Se 261 

fractions were dried down at 85 °C, followed by another complete dry-down in 2 mL 10.5 M HCl 262 

to remove extant NO3−. Finally, they were taken up in 1 mL 2 M HCl, from which an aliquot 263 

(100 μL) was measured to verify that all Ge was removed (see Section 2.5.1). In case of remaining 264 

Ge, the dry-down step at 85 °C was repeated (1–2 times) until a final 1 mL 2 M HCl solution was 265 

ready for Se isotope analysis. Note that in dependence on PFA beaker size, hotplate heating 266 

increments and laminar flow cooling effects, the specific temperature settings required for 267 

adequate hotplate temperatures may slightly vary in different laboratories. At this stage, we 268 

emphasize that the optimum temperature window (between 85 and 90 °C) is crucial for eliminating 269 

Ge from the sample solution while minimizing Se loss (see Section 4.2). 270 

2.5. Instrumental analysis 271 

2.5.1. DS MC-ICP-MS analysis 272 
Analysis of Se isotope composition was performed on a ThermoFisher Scientific 273 

NeptunePlus™ MC-ICP-MS coupled with a HGX-200 (Cetac) hydride generator at the laboratory 274 

of the Isotope Geochemistry Group, University of Tübingen, Germany. Measurements were run 275 

in low-resolution mode with a Ni-Jet sample cone and Ni skimmer H-cone. Typical operating 276 

parameters, analytical procedure, interference corrections and double-spike inversion protocols 277 

were previously described in detail by Kurzawa et al. (2017). For most analyses in this study, ~10–278 

35 ng mL−1 sample Se was used, which generated 82Se signal intensities of ~350–1150 mV using 279 

a 1011 Ω amplifier resistor with an uptake rate of 0.181 mL min−1 under typical running conditions. 280 

The background level (typically ~3 mV on 82Se) was determined on pure 2 M HCl before each 281 

standard and sample solution for on-peak-zero corrections. Washout times were typically 5 min. 282 

Selenium isotope ratios are expressed in the δ-notation relative to NIST SRM 3149 as per mil (‰) 283 

deviation following: 284 

82/76
Sample82/76

Sample 82/76
NIST SRM 3149

Se
δ Se = 1000

Se










 285 



The δ82/76Se values of sample and inter-laboratory standard MH 495 are always corrected 286 

against the average δ82/76Se value of two bracketing (concentration-matched) NIST SRM 3149 287 

standards with 15 and 30 ng mL−1 Se. Kurzawa et al. (2017) reported a long-term external 288 

reproducibility of 0.11‰ (2 s.d.) on δ82/76Se using 15 ng mL−1 NIST SRM 3149 standard solution. 289 

The MH 495 standard analyzed together with the samples in this study yields mean δ82/76Se 290 

values of −3.24 ± 0.10‰ (2 s.d., n = 46) and −3.26 ± 0.06‰ (2 s.d., n = 32) for 15 and 30 ng mL−1 291 

solutions, respectively (supporting information Table S5). This is in accordance with the value of 292 

−3.27 ± 0.13‰ (2 s.d., n = 100; on 15 ng mL−1 solution) reported by Kurzawa et al. (2017) and is 293 

within the range of previously published values (Carignan & Wen, 2007; Vollstaedt et al., 2016; 294 

Zhu et al., 2008). 295 

Germanium is the main isobaric interference from the sample matrix in Se isotope analysis, 296 

but it cannot be fully separated from Se by our chromatography with the range of eluent molarities 297 

tested (e.g., 4–7 M HCl and 0.06–0.2 M HNO3; but see Schilling et al., 2011b, 2014). However, it 298 

is efficiently eliminated during the evaporation of all HCl solutions at 85 °C (see Section 4.2). As 299 

a result, we observed 72Ge/82Se signal ratios <0.0002 (i.e., Ge/Se <0.0001) from all sample 300 

solutions with digested sample sizes <0.45 g, allowing us to fully neglect a 74Ge interference 301 

correction. Note that the occurrence of As, Se and Br hydrides could also represent significant 302 

interferences (Pogge von Strandmann et al., 2014; Stüeken et al., 2013; Vollstaedt et al., 2016). 303 

However, all relevant hydride interferences are suppressed to undetectable levels by adding a 304 

controlled flux of methane in the plasma during the measurement (for details, see Floor et al., 2011; 305 

Kurzawa et al., 2017), and no further corrections were made after the on-peak-zero correction. 306 

2.5.2. ID ICP-MS analysis 307 
The Se and Te ID concentration measurements were carried out on a ThermoFisher 308 

Scientific iCAP-Qc quadrupole ICP-MS at the laboratory of the Isotope Geochemistry Group, 309 

University of Tübingen, Germany. For most analyses, aliquots of purified Se and Te fractions were 310 

prepared separately in 1 mL 2 M HCl to have 0.5–1.0 ng mL−1 Se and 0.15–0.5 ng mL−1 Te. Some 311 

sample unknowns were analyzed for Se concentrations directly after removing only Fe by the 312 

anion resin in order to swiftly obtain Se concentrations for adequate spiking for Se isotope analysis 313 

on new digests. The sample solutions were mixed with 2 M HCl and 0.1 M NaBH4–0.07 M NaOH 314 

in a hydrideICP HG system (ESI) to reduce Se4+ and Te4+ oxyanions to their hydride forms, which 315 



were transported by Ar (~1.08 L min−1) to the plasma through a quartz cyclonic spray chamber. 316 

Measurements were performed in the iCAP-Qc STD mode to maximize signal sensitivity on the 317 

analyte isotopes, due to the reduction in sensitivity that can accompany the use of He kinetic energy 318 

discrimination (Chew et al., 2014). Each individual analysis consisted of 420 measurements of 3 319 

points per peak of 77Se and 78Se for Se and 125Te and 126Te for Te with a dwell time of 0.03 s 320 

starting from the point of signal stabilization, which was usually achieved after ~1.2 min from the 321 

start of sample uptake. Every analytical session includes 4 standard solutions (0.5 ng mL−1 NIST 322 

SRM 3149 and 3156) measured before and after the sample unknowns. Under typical operating 323 

conditions with an uptake rate of ~0.41 mL/min, these standard solutions yield intensities of 324 

~40,000 cps on 78Se and ~55,000 cps on 126Te, whereas the reagent blank (i.e., pure 2 M HCl) 325 

generally yields less than 13% and 3% of the respective signals. Unlike the HPA-S vial blanks that 326 

can sometimes be up to ~1 ng (Kurzawa et al., 2017), total procedural blanks (n = 10) from our 327 

established sample preparation procedures always yielded Se–Te signals that are indistinguishable 328 

from the background level on pure 2 M HCl. Taking the detection limit of the quadrupole ICP-MS 329 

as three times the standard deviation for each measured isotope in the reagent blank (Long & 330 

Winefordner, 1983), the maximum detection limits of the isotope dilution analysis calculated 331 

following the approach of Yu et al. (2002) are ~0.05 and ~0.007 ng mL−1 for Se and Te, 332 

respectively (for the comparison of ID detection limits on an Element XR sector field ICP-MS, 333 

see Wang & Becker, 2014). 334 

A typical washout time of 2.5 min for solutions with Se concentrations of up to 335 

5 ng mL−1 Se efficiently flushed the HG system. On the contrary, efficiency of Te washout was in 336 

some cases compromised by memory effects after ~10 samples. Elevated background levels may 337 

occur (up to 10 times the initial level), especially when Te fractions contain residual Fe after the 338 

purification. Note that our refined chromatographic protocol for Fe separation (by a HF–HCl 339 

mixture) efficiently addressed this issue (see Section 2.4.2). When still necessary in some cases, a 340 

prolonged >45 min washout was performed. Fehr et al. (2005) also reported long washout times 341 

of up to 60 min during Te isotope analysis using a desolvating nebulizer system. The primary 342 

source of the memory was identified as Te accumulation on the quartz injector and torch, which 343 

were cleaned with 0.1 M of HNO3 or 0.5 M HCl for ~24 h after every 2 analytical sessions in order 344 

to ensure Te concentration data quality. 345 



Selenium and tellurium concentrations of the samples were calculated using 77Se/78Se and 346 
125Te/126Te ratios obtained after on-peak-zero and instrumental mass bias correction using the 347 

measured and natural ratios (Meija et al., 2016) of the NIST SRM 3149 and 3156 solutions. 348 

Although the Se and Te concentrations of these standards (both 0.5 ng mL−1) in some cases do not 349 

overlap with the full range of sample concentrations (0.5–1.0 ng mL−1 Se and 0.15–350 

0.5 ng mL−1 Te), we did not observe any associated uncertainty propagation on the corrected 351 

isotopic ratios, although the blank levels on each of the monitored masses are different. This might 352 

be due to the high washout efficiency for both Se and Te (with <10 samples in a session). The Se–353 

Te analysis may in theory be affected by multiple isobaric and polyatomic interferences at 354 

monitored masses, but no further corrections were considered necessary. This is because any 355 

existing matrix-based oxides (e.g., 62Ni16O, 109Ag16O, 110Pd16O and 110Cd16O) are prevented from 356 

entering the plasma by the hydride generator, whereas interferences from the carrier gas, analyte 357 

and cones (e.g., 40Ar37Cl, 40Ar38Ar, 78Kr, 86Kr40Ar, 126Xe and 62Ni16O) are considered to be constant 358 

over the course of a session and hence eliminated by the on-peak-zero correction. To evaluate the 359 

quantities of potential hydride interferences such as 76GeH, 77SeH, 124SnH and 125TeH, we 360 

monitored signal intensities at m/z 82, 83, 130 and 131 for 82Se, 82SeH, 130Te and 130TeH in 3 361 

standard and BHVO-2 solutions containing 0.5–1.5 ng mL−1 Se and Te. The signals obtained at 362 

m/z 83 and 131 were identical to background levels within the Se and Te concentration range 363 

tested. Assuming SeH+/Se+ = GeH+/Ge+ and TeH+/Te+ = SnH+/Sn+, our results suggest that 364 

negligible interferences are generated from these hydrides. 365 

The precision of the Se–Te concentration analyses is evaluated by replicate analyses of 366 

BHVO-2 with a wide range of sample sizes (~0.08–1.10 g) from different HF digestion batches 367 

(n = 61 and 24 for Se and Te, respectively) and chemical separation procedures (Figure 2 and 368 

supporting information Table S6). Despite these different methods applied, BHVO-2 yields 369 

consistent Se–Te concentrations with an average of 169 ± 3 ng g−1 Se (1 s.d., n = 61) and 370 

14.2 ± 0.3 ng g−1 Te (1 s.d., n = 24; Figure 2). Based on these replicate analyses, the intermediate 371 

precision of our method for Se–Te concentration determination is estimated to be ~2% (expressed 372 

in r.s.d.). For comparison, some Se concentrations were determined on both quadrupole ICP-MS 373 

(by ID) and MC-ICP-MS (by DS inversion) using aliquots from the same sample digest and show 374 

excellent agreement (within ~3% variation) for all samples (supporting information Figure S2). 375 



3. Results 376 

3.1. Recoveries of Se and Te 377 
Selenium and tellurium recoveries for BHVO-2 at different stages after digestion and 378 

chemical purification procedures are determined by the ID approach and/or comparing signal 379 

intensities against NIST SRM 3149 and 3156 standard solutions. Results are listed in supporting 380 

information Table S2. Selenium recoveries from the TCF and TCP chemistry are systematically 381 

low for BHVO-2 (<20%, n = 26) as well as BCR-2 (<15%, n = 4). Only Se concentrations were 382 

analyzed for these samples. Although this purification chemistry has the advantage of 383 

quantitatively separating Ge from Se (Rouxel et al., 2002), this technique was not pursued for 384 

subsequent Se isotope analysis due to the poor and variable Se recoveries obtained for basalts by 385 

several TCF and TCP batches (n = 5 and 1, respectively). 386 

Selenium recoveries for BHVO-2 (digested with HF–HNO3) from the new 387 

chromatographic purification procedure are 73–87% (n = 5) and 92–100% (n = 5) from the anion 388 

and cation exchange column, respectively, with a total procedural recovery of 70–83% (n = 16). 389 

The observed and expected signal intensities from samples relative to NIST SRM 3149 standard 390 

solutions show that the H2Se formation efficiency exceeds 90% for all sample solutions after the 391 

2-stage purification, indicating a near-quantitative removal of HG-buffering metals.  392 

For Te in BHVO-2, we obtain 85–93% (n = 5) and 68–89% (n = 11) column chemistry and 393 

overall recovery, respectively. The lower overall recovery is mainly caused by the residual Fe that 394 

in some cases was not fully separated from Te, thereby inhibiting H2Te formation. Analysis of Fe-395 

doped standard solutions (see Section 2.4.2) shows that Te signals are highly sensitive to the 396 

amount of Fe: up to 40% signal loss can occur with Fe/Te = 5000 (Figure 3 and supporting 397 

information Table S4). Based on the difference between the (anion) column and overall recovery 398 

(i.e., ~15% signal suppression), an average Fe/Te ratio of ~1000–2000 is estimated for the BHVO-399 

2 Te fraction. Low Te recoveries (10–30%) from peridotites observed by Wang et al. (2013) might 400 

also be due to the incomplete separation of Fe. 401 

Overall, total procedural recoveries of Se and Te for all other samples (<0.45 g) are ~80% 402 

and ~75%, respectively. The Se and Te elution peaks can shift in the presence of matrix (see NIST 403 

SRM 3149 and 3156 versus BHVO-2 in Figure 1). However, in comparison to pure standard 404 

solution, the Se recoveries for BHVO-2 are only ~10% lower after anion and identical after cation 405 



column chemistry. The Te column recovery is even identical between standard and matrix-bearing 406 

solutions (supporting information Table S3). This tentatively suggests that our chromatographic 407 

purification method is only slightly (if any) matrix-dependent. 408 

As for the HCl evaporation experiments (see Section 2.3.2), we obtain 99–103% (n = 4) 409 

and 87–91% (n = 3) Se recoveries (determined by the ID method) from BHVO-2 when performing 410 

the evaporation at 65 and 85 °C, respectively. Two BHVO-2 samples spiked after the evaporation 411 

with ~10% Se loss at 85 °C yield higher δ82/76Se (0.42 ± 0.04‰; 2 s.d.) compared to our average 412 

value of BHVO-2 that are spiked prior to the digestion (Table 1). We obtain Te recoveries of ~100% 413 

at both evaporation temperatures for BHVO-2 (n = 5), as well as NIST SRM 3156 standard 414 

solutions (n = 5). 415 

3.2. Se–Te concentrations 416 
The BHVO-2 supplier and reground powders from the HPA-S digestions were analyzed 417 

for Se isotopes (hence also Se concentrations) or Te concentrations in order to evaluate Se and Te 418 

extraction efficiencies (supporting information Table S1). They yield average concentrations of 419 

129 ± 8 ng g−1 Se (1 s.d., n = 25) and 12.5 ± 0.3 ng g−1 Te (1 s.d., n = 6). The reground powder 420 

alone yields 136 ± 5 ng g−1 Se (1 s.d., n = 6) and 12.7 ± 0.3 ng g−1 Te (1 s.d., n = 3), 421 

indistinguishable from the HPA-S total averages. These values display higher variations and are 422 

distinctly lower compared to the values from the HF-based digestions of BHVO-2 with average 423 

concentrations of 169 ± 3 ng g−1 Se (1 s.d., n = 61) and 14.2 ± 0.3 ng g−1 Te (1 s.d., n = 24; 424 

Figure 2). Note that the Se concentration of the solid residue after the HPA-S procedure is on 425 

average 37 ± 3 ng g−1 (1 s.d., n = 7; supporting information Table S1). When added to the HPA-S 426 

extracted fractions, this yields 173 ± 7 ng g−1 (1 s.d., n = 7), which matches the bulk BHVO-2 427 

average (169 ± 3 ng g−1; 1 s.d., n = 61) obtained from the HF digestion. 428 

The Se–Te concentrations of reference materials obtained after the newly established 429 

sample digestion and purification protocols are listed in Table 1. Additional Se–Te concentration 430 

data for BHVO-2 and Se concentration data for BCR-2, BE-N, and W-2a from the HF-based 431 

digestion experiments using different purification protocols can be found in supporting 432 

information Table S6. The calculated uncertainties (r.s.d.) on all samples are better than ~3% and 433 

~5% for Se and Te concentrations, respectively. Despite limited literature data, our BHVO-2 Se–434 

Te concentrations overlap with the values of ~170 ng g−1 Se and ~11.9–14.4 ng g−1 Te reported by 435 



König et al. (2012) and Wang et al. (2015). The reason why these two studies obtained similar Se 436 

(169 ± 3 ng g−1 and 170 ± 22 ng g−1; 1 s.d.) but different Te concentrations (11.9 ± 0.7 ng g−1 and 437 

14.4 ± 0.3 ng g−1; 1 s.d.)  for BHVO-2 remains unclear. We therefore compared our data with the 438 

combined range of these published data. Overall, our Se–Te concentrations of most samples are 439 

fairly comparable to the published data, but some significant differences are also observed 440 

(Table 1). For example, W-2a in this study yields Se concentration (107 ± 1 ng g−1; 1 s.d., n = 8) 441 

that is significantly different from the published value of 5.2 ng g−1 (Forrest et al., 2009) but similar 442 

to the average value of 91 ± 13 ng g−1 (1 s.d.) from Savard et al. (2009). Also, BE-N Te 443 

concentration (1.02 ± 0.05 ng g−1) is ~25–30% higher than those published by Lissner et al. (2014) 444 

and König et al. (2014). About ~7% relative difference is observed for BCR-2 Te data between 445 

this study and Lissner et al. (2014). 446 

The BHVO-2 grain separates of >25 μm and <25 μm analyzed after the HF digestion yields 447 

distinct concentrations: 134 ± 2 and 200 ± 5 ng g−1 Se and 10.6 ± 0.4 and 18.9 ± 0.5 ng g−1 Te (all 448 

1 s.d.; supporting information Table S7). Mass balance calculation of the bulk-rock Se–Te 449 

concentrations using weight fractions of these separates yields 167 ± 3 ng g−1 Se (1 s.d.) and 450 

14.8 ± 0.3 ng g−1 Te (1 s.d.), in agreement with the average measured concentrations. 451 

3.3. Se isotopic composition 452 
The Se isotope compositions of BHVO-2 analyzed using the HPA-S and HF digestion 453 

techniques are listed in Table 1 and supporting information Table S1 and presented in Figure 4. 454 

Although the ID concentrations are significantly different as mentioned above, the δ82/76Se values 455 

for the bulk-rock BHVO-2 from the HF digestion and extracted fractions from the HPA-S 456 

digestion are indistinguishable: 0.18 ± 0.10‰ (2 s.d., n = 8) and 0.22 ± 0.10‰ (2 s.d., n = 12), 457 

respectively. 458 

The bulk-rock Se isotope compositions of all international reference materials processed 459 

following the newly established sample processing scheme are listed in Table 1 and presented in 460 

Figure 5. Existing literature data for silicates, chondrites and troilites are also shown for 461 

comparison (Kurzawa et al., 2017; Labidi et al., 2018; Rouxel et al., 2002; Vollstaedt et al., 2016). 462 

The 2 s.d. uncertainties on δ82/76Se estimated over at least 5 different sample digestion batches 463 

are ≤0.11‰ for all samples. When the 82Se signal is below 200 mV (~6.5 ng mL−1 Se), the internal 464 

precision (2 standard error, 2 s.e.) becomes higher than the analytical uncertainty. However, a 465 



minimum of 6.5 ng Se still permits a high-precision Se isotope analysis (e.g., Kurzawa et al., 2017). 466 

In this study, more than 15 ng Se (up to 40 ng) was used for most analyses and the internal 467 

precision of a sample run is generally better than 0.06‰ (over 40 cycles). The δ82/76Se values of 468 

these reference materials range between −0.09 ± 0.11‰ (W-2a; 2 s.d., n = 6) and 0.29 ± 0.10‰ 469 

(BCR-2; 2 s.d., n = 5). The δ82/76Se value obtained for BE-N is 0.15 ± 0.10‰ (2 s.d., n = 5), similar 470 

within uncertainties to the previously published value of 0.37 ± 0.32‰ (relative to NIST SRM 471 

3149; 2 s.d., n = 1; Rouxel et al., 2002; for the conversion, see Carignan & Wen, 2007). After HF 472 

digestion, BCR-2 yields comparable δ82/76Se within uncertainty to that obtained from HPA-S 473 

(inverse aqua regia) digestion (0.18 ± 0.03‰; 2 s.d., n = 3) by Kurzawa et al. (2017). The diabase 474 

W-2a yields distinctly lower δ82/76Se that does not overlap with any basaltic values. 475 

4. Discussion 476 

4.1. Comparison of the HPA-S (inverse aqua regia) and hotplate HF digestion 477 

4.1.1. Se–Te extraction efficiency 478 
Selenium and tellurium are chalcophile elements and considered to be primarily hosted by 479 

base metal sulfides and platinum group minerals in mantle rocks (Guo et al., 1999; Hattori et al., 480 

2002; Lorand & Alard, 2010; König et al., 2015a). As these accessory phases are easily dissolved 481 

in inverse aqua regia at high temperature (e.g., Day et al., 2016; Li et al., 2015), a complete 482 

extraction of Se–Te from peridotites would be expected after HPA-S digestion. Despite 483 

heterogeneous distribution of sulfides in peridotites, several authors reported similar Se and/or Te 484 

abundances for peridotites using HPA-S or HF-based digestions (König et al., 2012, 2014, 2015a; 485 

Lissner et al., 2014; Wang et al., 2013, 2015; Wang & Becker, 2014). It is noteworthy that these 486 

groups analyzed UB-N (serpentinized lherzolite, SARM) as a reference material and obtained 487 

similar Se–Te abundances within uncertainties, regardless of whether silicate phases were 488 

dissolved by HF. This observation, together with the analytical results of a harzburgite sample 489 

(König et al., 2012), strongly argues for the quantitative control of the peridotite Se–Te budget by 490 

sulfides. In chondrites, Se also appears to be fully hosted by sulfides (Labidi et al., 2018; Vollstaedt 491 

et al., 2016; and references therein). The HPA-S (inverse aqua regia) digestion thus has been 492 

employed as an ideal digestion technique for combined determination of S–Se–Te and HSE 493 

abundances of mantle rocks, bulk chondrites and components of chondrites (Kadlag & Becker, 494 

2015, 2016; Wang & Becker, 2013). 495 



On the other hand, few comparative digestion experiments have been done on basalts. The 496 

basaltic reference material BHVO-1 (no longer commercially available from USGS) yields similar 497 

Se–Te ID concentrations from HPA-S (inverse aqua regia) and HF-based digestions (Makishima 498 

& Nakamura, 2009; Wang & Becker, 2014; Wang et al., 2015). Two previous studies (Kurzawa 499 

et al., 2017; Lissner et al., 2014) and this study obtain similar Se ID concentrations within 500 

uncertainty for another basaltic reference material BCR-2 (USGS) using these digestion techniques. 501 

However, basalts can have crystalline and glassy components. Selenium and tellurium, similar to 502 

sulfur, may be exsolved in sulfides and/or dissolved in the glassy matrices (e.g., Wykes et al., 2011, 503 

2015). In this case, liberation of the dissolved Se–Te fractions requires HF-desilicification. 504 

Relative to our BHVO-2 Se–Te concentrations obtained from HF digestion, the HPA-S 505 

digestion extracted 76 ± 5% and 88 ± 3% (1 s.d.) of the bulk-rock Se and Te, respectively (Figure 506 

2). Note that the Se concentrations of the solid residue and extracted fractions of BHVO-2 after 507 

the HPA-S procedure sum up to the BHVO-2 bulk-rock average obtained after hotplate HF 508 

digestion (Section 3.2). The extraction efficiency of the HPA-S for Se seems independent from the 509 

sample size (~0.08–1.1 g), acid volume (2.5–10 mL) and ashing temperature (220–320 °C; see 510 

supporting information Table S1). Some sulfides can be enclosed in coarse silicate grains and 511 

remain shielded from acid digestion (Day et al., 2016). However, we observed nearly identical Se–512 

Te extraction efficiency on both the supplier and reground powders (Figure 2 and supporting 513 

information Figure S1). This suggests that the population of exposed sulfides does not increase 514 

with decreasing particle sizes of the powder. Unless the sulfide grains are systematically smaller 515 

than silicate grains in the reground powder that ranges between 0.5 and 5 μm (Moore & Calk, 516 

1971), our observation might suggest that most sulfides in BHVO-2 are quantitatively dissolved 517 

during the digestion. Similarly, all oxide phases are sufficiently dissolved in inverse aqua regia at 518 

high-temperature (Li et al., 2015). Therefore, we suggest that the unextracted portions of Se and 519 

Te from BHVO-2, which systematically represent ~25% and ~12% of the bulk-rock budget, are 520 

either dissolved in the glass matrix or hosted in the crystal lattice of silicate minerals (also see 521 

Chau & Riley, 1965; Hall & Pelchat, 1997a). 522 

The results of this study support that the extraction of Se and Te from basalts using inverse 523 

aqua regia may depend on the sample matrix and partitioning of these elements between silicate 524 

phases (crystals and glass) and sulfides (e.g., Brenan, 2015; Kiseeva & Wood, 2017; Kiseeva et 525 

al., 2017), as previously suggested for some HSEs (e.g., Dale et al., 2012; Ishikawa et al., 2014; 526 



Li et al., 2015). Therefore, the HPA-S (inverse aqua regia) digestion without HF-desilicification 527 

has to be used with caution for analyses of bulk-rock Se–Te concentrations and/or Se isotope 528 

composition of basalts and potentially other silicate melts. 529 

4.1.2. Effect of insoluble fluorides during HF digestion 530 
A typical disadvantage associated with HF-based digestion compared to the inverse aqua 531 

regia digestion is that many elements tend to coprecipitate with fluorides (e.g, Cotta & Enzweiler, 532 

2012; Meisel et al., 2003; Takei et al., 2001; Yokoyama et al., 1999). Some authors speculated that 533 

Se and Te do not coprecipitate with fluorides but are dissolved in the supernatant HF solution as 534 

oxyanions (Makishima & Nakamura, 2009). Indeed, we did not observe any measurable Se or Te 535 

from fluoride precipitates (n = 5) that were separated and completely dissolved by multiple HCl 536 

treatments. Moreover, the low uncertainties and consistency of the BHVO-2 Se–Te ID 537 

concentrations obtained between different HF digestion procedures (see Section 2.3.2) seem to 538 

suggest a complete sample-spike equilibrium in the presence of fluoride precipitates, supporting 539 

that Se and Te do not coprecipitate with fluorides. 540 

4.2. Volatile loss of Se–Te during the sample processing 541 
Accurate determination of Se–Te and other volatile elements (such as S, Ge, As and Sb) in 542 

silicate rocks can be compromised by evaporative loss during solution treatment as hydride or 543 

halide species (Makishima et al., 2009). Formation of these species can be suppressed by the 544 

addition of strongly oxidizing HCl–HNO3 or HBr–HNO3 mixtures to the digestion acid (e.g., Hall 545 

& Pelchat, 1997a, b; Makishima & Nakamura, 2009). A combination of the inverse aqua regia 546 

digestion in HPA-S and the ID method may thus promote sample-spike equilibration and minimize 547 

analytical bias associated with the effects of Se–Te loss (König et al., 2012; Wang & Becker, 2014). 548 

In our experiment, the Se concentrations of the dissolved phases and residue of BHVO-2 from the 549 

HPA-S procedure sum up to 97 ± 6% (1 s.d., n = 7) of the bulk-rock Se concentration by ID. This 550 

suggests that Se degassing, if any, is efficiently prevented before equilibration of the dissolved 551 

sample fraction and spike. 552 

Following HF digestion, Se and Te are probably present as aqueous oxyanions of Se4+ 553 

and/or Se6+ and Te4+ in the solution (Hall & Pelchat, 1997a; Kuldvere, 1989; Stüeken et al., 2013). 554 

During subsequent evaporation at 65 °C, these species may not be prone to degassing as volatile 555 

fluorides in the presence of rock matrix and HNO3 (Marin et al., 2001; Makishima & Nakamura, 556 



2009; but see Yi et al., 1998). Note that our HCl evaporation experiment conducted at 65 °C (after 557 

the evaporation of HF–HNO3) yields full Se–Te recoveries from BHVO-2. This observation, 558 

together with the intermediate precision of our BHVO-2 Se–Te concentration data (r.s.d. = ~2%; 559 

Figure 2), suggests that both elements are not subject to evaporative losses following the HF 560 

digestion. 561 

As for the subsequent HCl treatment for dissolving insoluble fluorides and converting total 562 

Se to Se4+ (Hill et al., 1995; Hall & Pelchat, 1997a), Se loss may indeed occur (Chau & Riley, 563 

1965). This might be due to the formation of (1) volatile Se compounds such as hydride (H2Se) 564 

and chlorides (Kurzawa et al., 2017; Schirmer et al., 2014; Vollstaedt et al., 2016) and/or (2) 565 

insoluble Se0 (Langner, 2000; Marin et al., 2001; Tokunaga et al., 2013) that is unreactive with 566 

NaBH4 during the analysis (Hall & Pelchat, 1997a). It has been suggested that evaporation of HCl 567 

solutions needs to be conducted below 80 °C to prevent Se loss (Layton-Matthews et al., 2006; 568 

Rouxel et al., 2002). However, despite the potential Se losses, we necessarily dried down all HCl 569 

solutions to complete dryness at 85 °C in order to quantitatively eliminate Ge as volatile GeCl4 570 

(boiling point 84 °C; see Lopez-Molinero et al., 2001; Luais, 2012; Makishima & Nakamura, 2009; 571 

Rouxel et al., 2006). Note that the double spike approach corrects for any isotopic fractionation 572 

associated with loss of Se as detailed by Kurzawa et al. (2017). We observed between negligible 573 

and up to 10% Se losses from BHVO-2 after multiple evaporations of HCl solutions at 65 and 574 

85 °C, respectively (see Section 3.1). Kurzawa et al. (2017) reported large Se losses (up to 51%) 575 

from NIST SRM 3149 solution even at 65 °C. This indicates that the behavior of Se species in HCl 576 

in fact largely depends on the presence of sample matrix. On the other hand, we observed 577 

negligible evaporative Te losses from both standard (NIST SRM 3156) and BHVO-2 matrix 578 

solutions at 65 and 85 °C, reflecting different chemical behaviors of Se and Te in aqueous solutions 579 

(McPhail, 1995). 580 

4.3. Sample heterogeneity 581 
The reproducibility of HSE analysis is known to be compromised by sample heterogeneity 582 

(Meisel & Horan, 2016; and references therein). Similarly, based on the literature, Se–Te 583 

concentrations for a given sample can show large variabilities between replicate digestions (e.g., 584 

Forrest et al., 2009; König et al., 2012; Wang et al., 2015). This is more pronounced in peridotites 585 

even with a large sample size (up to 3 g; König et al., 2012). Furthermore, grain size experiments 586 



on a harzburgite showed that coarse and fine fractions have quite different Se–Te concentrations 587 

and Se/Te ratios, emphasizing the importance of the mineralogy and sample size selection for 588 

precise Se–Te determinations in peridotites (König et al., 2015a).  589 

The Se–Te concentrations of our BHVO-2 sieved fractions of >25 μm and <25 μm illustrate 590 

a similar sample heterogeneity in this basaltic reference material (supporting information Table 591 

S7). The Se/Te ratio of the fine fraction (10.6 ± 0.4) is lower than that of the coarse fraction 592 

(12.6 ± 0.5) and the bulk rock (11.9 ± 0.7; all 1 s.d.). For peridotites, the complementary Se/Te 593 

ratios in different grain separates are explained by the predominant stabilization of metasomatic 594 

Te-rich phases (e.g., tellurides) along interstitial grain boundaries after melt depletion (König et 595 

al., 2015a). In the case of basalt BHVO-2, it probably indicates predominant settling of tellurides 596 

or other high Te-bearing host phases (with lower Se/Te) along grain boundaries during cooling 597 

and crystallization of the melt. 598 

Despite the heterogeneous distribution of Se–Te rich phases within the matrix, the 599 

variabilities of Se–Te concentrations obtained for bulk-rock BHVO-2 powders are always lower 600 

than ~3% (r.s.d.) at a range of sample sizes (~0.08–1.1 g; see supporting information Table S6 and 601 

Figure 2). Although the level of heterogeneity is predicted to be sample specific (Wang et al., 602 

2015), low variabilities are also observed under intermediate precision conditions for the measured 603 

Se–Te concentrations (r.s.d. <5%) and δ82/76Se values (2 s.d. ≤0.11‰) in all reference materials 604 

with a wide range of Se–Te contents (~15–170 ng g−1 Se and ~1–14 ng g−1 Te). This suggests that 605 

the effect of sample heterogeneity might not be significant in Se–Te analysis of a melt-like matrix 606 

with digestion of down to 0.1 g sample powder. 607 

4.4. The Se isotopic composition of igneous rocks 608 
Identical δ82/76Se values after the HPA-S (inverse aqua regia) and hotplate HF digestions 609 

might indicate a Se isotopic homogeneity within a basaltic matrix (e.g., BHVO-2), despite 610 

seemingly different Se host phases as indicated by systematically lower and relatively variable Se 611 

concentrations obtained after the HPA-S digestion (Figure 4). However, for accurate analyses of 612 

combined Se isotope and Se concentration of bulk basalts, the use of HF is required to achieve 613 

complete Se extraction (see Section 4.1.1). 614 

With the method presented, the δ82/76Se values of all analyzed reference materials are 615 

indistinguishable within 2 s.d. uncertainties from the previous estimate for the igneous silicate 616 



Earth (0.33 ± 0.32‰; 2 s.d. analytical precision; Rouxel et al., 2002; Figure 5). Based on the 617 

basaltic reference materials and refined analytical precision (~0.11 ‰; 2 s.d.), we obtain an 618 

estimate of 0.23 ± 0.14‰ (2 s.d. of the mean). Interestingly, the basalts displaying this narrow 619 

range of δ82/76Se are from diverse geodynamic settings (e.g., ocean islands, plume-influenced mid-620 

ocean ridges and continental settings). Despite markedly different Se–Te elemental systematics of 621 

these basalts (Table 1), their similar Se isotopic compositions overlapping with those of a peridotite 622 

(Rouxel et al., 2002) and basaltic glasses (from a lava lake near the Lucky Strike hydrothermal 623 

field; Rouxel et al., 2004) may either reflect their isotopically homogeneous source or secondary 624 

processes (e.g., Lissner et al., 2014; Jenner et al., 2015) that result in similar Se isotope and 625 

different Se–Te elemental signatures. On the same note, we point out that the resolvable 626 

differences of δ82/76Se values between these basalts and a diabase (W-2a) as well as a diorite (DR-627 

N; Rouxel et al., 2002; Figure 5) require further investigation of different types of igneous rocks 628 

in order to assess if and how the respective emplacements or subtle petrogenetic differences have 629 

an effect on Se isotopes.  630 

Despite some overlap within uncertainties, we note that the average δ82/76Se of basalts 631 

analyzed so far are higher than the average chondritic values of −0.30 ± 0.39‰ (2 s.d.; Vollstaedt 632 

et al., 2016) and −0.21 ± 0.31‰ (2 s.d.; Labidi et al., 2018). Perhaps more significantly, some 633 

basalts (BHVO-2 and BE-N) show δ82/76Se values similar to the estimate for carbonaceous 634 

chondrites (−0.01 ± 0.09‰; 2 s.d.), but all basalts show Se isotope signatures significantly 635 

different from those of ordinary and enstatite chondrites (−0.21 ± 0.10‰ and −0.40 ± 0.07‰, 636 

respectively; 2 s.d.; Labidi et al. 2018). However, a substantially extended data set on terrestrial 637 

melts and mantle rocks is still required to fully understand Se isotope variations in magmatic 638 

systems before constraining the isotopic composition of the bulk silicate Earth (BSE). This is a 639 

prerequisite for understanding the Se isotope and Se–Te elemental perspective on the origin and 640 

evolution of the Earth’s volatiles. 641 

5. Conclusion 642 
This study presents a new and simplified chemical sample processing scheme that enables 643 

combined high-precision analyses of Se stable isotopes and Se–Te elemental abundances from the 644 

same rock digest of significantly small sample amounts using as low as ~6.5 ng Se by DS MC-645 

ICP-MS (Kurzawa et al., 2017) and ~0.5 ng Se and ~0.15 ng Te by ID (quadrupole) ICP-MS. The 646 



method includes a hotplate HF digestion and refined chromatographic purification that yields low 647 

blanks and high procedural recoveries of Se and Te (~80%). A complete separation of isobarically 648 

interfering Ge from Se is achieved via evaporation of HCl solutions at 85 °C. At the same time, 649 

previous equilibration of sample and 77Se–74Se double spike enables correction for any Se isotopic 650 

fractionation associated with minor Se losses. Low variability under intermediate precision 651 

conditions was obtained for each sample over at least 5 digestion batches, with calculated 652 

uncertainties better than ~0.11‰ (2 s.d.) on δ82/76Se and 3% and 5% (r.s.d.) on Se and Te 653 

concentrations, respectively. The selected reference materials (BHVO-2, BIR-1a, BCR-2, BE-N 654 

and W-2a) are therefore considered to be rather homogeneous when digested strategically and 655 

recommended as Se isotope reference materials in future studies concerning igneous systems.  656 

Although an identical δ82/76Se value of BHVO-2 is observed using the HPA-S (inverse 657 

aqua regia) and HF digestion techniques, the former cannot fully extract Se and Te depending on 658 

the sample matrix and has to be used with caution in bulk-rock Se isotope and/or Se–Te abundance 659 

analyses of basaltic matrices. The presented sample preparation procedure in this study is 660 

optimized for basalts, but may be readily applied to other silicate matrices (e.g., ultramafic samples 661 

with resistant alloys) by employing HPA-S digestion followed by a hotplate HF-desilisification.  662 

The basalts analyzed in this study have markedly distinct Se and Te contents, yet their Se 663 

isotopic compositions fall within the range of the igneous silicate Earth previously estimated by 664 

Rouxel et al. (2002) but exhibit a smaller variation with an average of 0.23 ± 0.14‰ (2 s.d.). 665 

Despite the demonstrated differences of δ82/76Se between these basalts and main chondrite groups 666 

(Labidi et al., 2018; Vollstaedt et al., 2016), more systematic studies are required to investigate 667 

natural Se isotope variations in igneous systems in order to place firm constraints on the BSE and 668 

planetary-scale processes. At this point, the observed δ82/76Se variations indicate the potential of 669 

Se isotopes as a future tracer for the origin and evolution of volatiles in the mantle. 670 
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Figure Captions 1046 
Figure 1. Elution profiles for Se (black line) and Te (blue line) from (a) standard solutions NIST 1047 

SRM 3149 and 3156 and (b) BHVO-2 after the hotplate HF digestion using 7 mL of AG1-X8 and 1048 

AG 50W-X8 anion and cation resins (100–200 mesh) following the newly established protocol in 1049 

this study. The dashed lines represent the eluent we used. The relative fractions of Se and Te were 1050 

determined at each 2.5 mL eluent (for 2 M HCl–5 M HF and 1 M HNO3, 5 and 8 mL of fractions 1051 

were collected, respectively) using ID method (supporting information Table S3). The Se–Te 1052 

yields were determined twice on some collection cuts and the yield repeatabilities are <1% (r.s.d.). 1053 

The Te elution with 1 M HNO3 (Fehr et al., 2004; Wang et al., 2013) was additionally performed 1054 

to check the complete desorption of Te from the resin during the column calibration. 1055 

Figure 2. BHVO-2 Se and Te concentrations analyzed from the HPA-S (inverse aqua regia) and 1056 

different hotplate HF digestion procedures over the course of 18 months. These samples cover a 1057 

wide range of sample sizes (~0.08–1.1 g). The sample size distributions are reported in supporting 1058 

information Tables S1 and S6. Note that the reground sample powder shows the same Se and Te 1059 

extraction efficiencies from the HPA-S digestion with the original/supplier powder, although they 1060 

show quite distinct particle size distributions (supporting information Figure S1). 1061 

Figure 3. Effect of Fe on the hydride (H2Te) formation efficiency in the hydride generator. The 1062 

H2Te formation yields of Fe-doped solutions are calculated by comparing signal intensities against 1063 

those of pure NIST SRM 3156 standard solutions (0.5 ng mL−1). It shows that H2Te formation is 1064 

highly sensitive to the amount of coexisting Fe. Based on this, the purified Te fraction from 1065 

BHVO-2 (~15% difference between the column and overall recovery) is estimated to have residual 1066 

Fe with Fe/Te mass ratio of ~1000–2000, which mainly accounts for the ~15% signal suppression. 1067 

Figure 4. The δ82/76Se value and Se concentrations of BHVO-2 obtained from the HPA-S (inverse 1068 

aqua regia) and hotplate HF digestions. Horizontal error bars are internal precisions (2 s.e.) on 1069 

δ82/76Se for a single analysis (40 cycles). The horizontal dashed lines and shaded fields represent 1070 

average ID concentrations ± 1 s.d. obtained using each digestion method (Figure 1). The vertical 1071 

dashed line and shaded field represent the bulk-rock average δ82/76Se value ± 2 s.d. that is obtained 1072 

from HF digestions. Despite the systematically low Se extraction efficiency of the HPA-S 1073 



digestion (~76% relative to the HF digestion), the extracted fraction yields identical δ82/76Se value 1074 

to that of the bulk rock. 1075 

Figure 5. The δ82/76Se values of reference materials analyzed using our newly established HF 1076 

digestion and chromatographic purification protocols. Also shown for comparison are literature 1077 

data for silicate rocks (Kurzawa et al., 2017; Rouxel et al., 2002, 2004), chondrites and troilites 1078 

(Rouxel et al., 2002; Vollstaedt et al., 2016), as well as each chondrite group (Labidi et al., 2018). 1079 

Literature data is converted to δ82/76Se relative to NIST SRM 3149 (Carignan & Wen, 2007). 1080 

Horizontal error bars on our data represent 2 s.d. uncertainties estimated over at least 5 digestion 1081 

batches and are well within our analytical precision of ~0.11‰. The grey shaded box represents 1082 

the range for δ82/76Se values of analyzed basalts (0.23 ± 0.14‰), which is smaller but still falls in 1083 

the previously constrained range (light-yellow shaded field) for the igneous silicate Earth 1084 

(0.33 ± 0.32‰; Rouxel et al., 2002). Note that the range conservatively takes into account the 2 s.d. 1085 

of the mean or, where larger, 2 s.d. analytical uncertainty. 1086 

Table 1.  1087 
Combined selenium isotope compositions and Se–Te concentrations of selected international 1088 

reference materials analyzed from the same sample digests following the newly established 1089 

hotplate HF digestion and chromatographic purification protocols in this study. 1090 

Samples  
Se 

concentrationa 
(ng g−1) 

Se 
analyzed 

(ng) 
δ82/76Se (‰) 2 s.e.b (‰) 

Te 
concentration 

(ng g−1) 
BHVO-2 (basalt)  171 14 0.21 0.06 14.3 

  170 36 0.26 0.04 14.3 
  167 12 0.18 0.11 14.3 
  168 35 0.10 0.04 14.1 
  168 37 0.14 0.04 14.2 
  166 9 0.20 0.11 14.0 
  166 20 0.16 0.06 14.1 
  166 23 0.16 0.06 14.4 
 Average 169  0.18  14.2 
 Uncertaintyc 3  0.10  0.3 

König et al. (2012)  169 ± 3    11.9 ± 0.7 
Wang et al. (2015)  170 ± 22    14.4 ± 0.3 

       

BCR-2 (basalt)  76 15 0.28 0.06 2.50 
  77 14 0.31 0.07 2.53 
  78 13 0.36 0.07 2.46 



  78 16 0.23 0.06 2.66 
  77 17 0.25 0.06 2.52 
 Average 76  0.29  2.54 
 Uncertaintyc 1  0.10  0.08 

Makishima and Nakamura (2009) 82 ± 7    3.20 ± 0.04 
Lissner et al. (2014)  78 ± 3    2.73 ± 0.06 
Kurzawa et al. (2017)  71 ± 4  0.18 ± 0.03   

       

BE-N (basalt)  65 19 0.18 0.06 1.06 
  66 20 0.16 0.05 1.04 
  66 20 0.14 0.06 1.05 
  65 20 0.20 0.05 1.03 
  65 19 0.07 0.06 0.94 
 Average 66  0.15  1.02 
 Uncertaintyc 1  0.10  0.05 
       

Rouxel et al. (2002)  57  0.37 ± 0.32d   

Savard et al. (2009)  70 ± 9     

Lissner et al. (2014)  65 ± 1    0.82 ± 0.01 
König et al. (2014)  67 ± 3    0.78 ± 0.10 

       

BIR-1a (basalt)  14.9 18 0.25 0.08 5.86 
  14.5 10 0.31 0.08 5.81 
  15.4 18 0.28 0.08 5.85 
  15.5 19 0.22 0.07 5.62 
  14.5 12 0.36 0.08 5.98 
 Average 15.0  0.28  5.82 
 Uncertaintyc 0.5  0.11  0.13 

Yi et al. (1998)      5.70 ± 0.15 
Forrest et al. (2009)  11–11.2    3.5–5.3 
König et al. (2012)  14.2 ± 1.0    4.79 ± 0.17 

       

W-2a (diabase)  107 21 −0.04 0.05 1.64 
  108 27 −0.13 0.04 1.67 
  108 41 −0.09 0.04 1.68 
  107 30 −0.10 0.04 1.69 
  108 18 −0.15 0.07 1.83 
  106 24 0.00 0.05 1.75 
 Average 107  −0.09  1.71 
 Uncertaintyc 1  0.11  0.07 

Yi et al. (1998)      1.84 ± 0.05 
Savard et al. (2009)  91 ± 13     

Forrest et al. (2009)   5.2       1.6 



Italics refer to the average Se and Te concentrations and 1 s.d. calculated using the data in this table and all the 1091 
additional Se and/or Te concentrations analyzed in this study from supporting information Table S6. 1092 
aSelenium concentrations in this table are obtained from the double-spike inversion. 1093 
bInternal precision of a sample run (over 40 cycles) is reported as 2 standard error (2 s.e.). 1094 
cAll uncertainties are 2 s.d. and 1 s.d. for the average δ82/76Se and Se–Te concentrations, respectively. 1095 
dδ82/76Se data from Rouxel et al. (2002) is converted relative to NIST SRM 3149 following the approach of Carignan 1096 
and Wen (2007). 1097 
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Figure S1. Comparison of particle size distribution of BHVO-2 between the supplier 
powder (provided by Stephen A. Wilson, USGS) and reground powder (analyzed using a 
laser particle sizer, Analysette 22 NanoTec, in the Application Laboratory of Fritsch, 
Germany). Note that all the reground powders have particles ≤5 μm. Although the 
particle size distribution is significantly different between these two rock powders, the 
same Se–Te extraction efficiency is observed from the HPA-S (inverse aqua regia) 
digestion. 
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Figure S2. Comparison of Se concentrations (± 1 s.d.) determined by hydride generation 
DS MC-ICP-MS and ID quadrupole ICP-MS using aliquots from the same sample digest 
(Main text Table 1 and supporting information Table 6S). For all samples, the results are 
in excellent agreement (within ~3% variation) between both instruments. Note that the 1 
s.d. uncertainties for BCR-2, BE-N and W-2a Se data are all smaller than the symbol 
size. The intermediate precision of our method is obtained from repeated analyses of 
BHVO-2 (75 analyses from 61 digestions) and is estimated to be ~2% (r.s.d.). 
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Table S1. Se–Te concentrations and/or Se isotope compositions analyzed for BHVO-2 
supplier and reground powder with different sample sizes using HPA-S (inverse aqua 
regia) digestion conducted at 100 bar for 16 h. Also shown are Se concentrations 
analyzed for the undigested residue after the HPA-S procedure using HF digestion. 
 

(Uploaded separately) 
 
 
 
 
 
 
 

Table S2. Selenium and tellurium recoveries of BHVO-2 that are determined in this 
study from different chemical purification procedures following different sample 
digestion protocols. 

Purification chemistry Chromatography 
protocol useda 

HPA-S inverse aqua regia 
digestion Hotplate HF–HNO3 digestion 

  Se recovery Te recovery Se recovery Te recovery 
TCF and TCP Chemistryb  - - <20% (n = 26) - 

      
Ion exchange chromatography      

Anion column chemistryc      

 A/B 55–81% (n = 15) - 28–64% (n = 6) 54–58 % (n = 2) 
 C - - - - 
 new column 

chemistry - - 73–87% (n = 5) 85–93% (n = 5) 

Cation column chemistryd      
 A/B 42–78% (n = 8) - - - 

 new column 
chemistry or C - - 92–100% (n = 5) - 

Overall procedural recoverye      
 A/B 39–57% (n = 15) <10% (n = 6) <20% (n = 6) <20% (n = 15) 
 C - - - ~50% (n = 2) 

  new column 
chemistry - - 70–83% (n = 16) 68–89% (n = 11) 

aChromatographic purification protocols for Se and/or Te: A = Kurzawa et al. (2017); B = Wang and Becker 
(2013); C = Wang et al. (2015). Each protocol was followed exactly as described in the original literature. 
bSee the text in detail for the protocol applied. In total, five TCF and 1 TCP batches (freshly-prepared before the 
purification) were used. 
cDetermined by ID when the sample is spiked after the anion column chemistry. 
dDetermined by signal comparison against NIST SRM 3149 solutions when (1) the sample is spiked after the anion 
column chemistry or (2) the sample is spiked prior to digestion and Se is measured separately from aliquots after 
anion- and cation-column chemistry. 
eDetermined by signal comparison of the final solution against NIST SRM 3149 and 3156 standard solutions for 
Se and Te, respectively. Note that it includes Se–Te recoveries from HCl evaporation at 85 °C, 2-stage column 
purification and hydride formation. 
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Table S3. Chromatographic separation of Se–Te using our newly established protocol 
from NIST SRM 3149 and 3156 mixture and BHVO-2 (after the HF digestion), and the 
relative recovery fractionsa at each 2.5 mL eluent, which were used to obtain the elution 
profiles in Figure 1 in the main text. 

Elution Step Eluent Volumeb 
(mL) 

Cumulative 
volume (mL) Se (%) Te (%) Se (%) Te (%) 

Eichrom AG1-X8     NIST SRM 3149 and 3156 
mixture BHVO-2 

1 4M HCl 2.5 2.5 -  -  

2 4M HCl 2.5 5.0 25.9  6.0  

3 4M HCl 2.5 7.5 47.2  34.5  

4 4M HCl 2.5 10.0 22.3  34.0  

5 4M HCl 2.5 12.5 1.0  11.3  

6 4M HCl 2.5 15.0 0.1  1.6  

7 4M HCl 2.5 17.5 -  - - 
8 2M HCl–5M HF 5.0 22.5 <0.1 <0.1 - <0.1 
9 2M HCl–5M HF 5.0 27.5 <0.1 -  0.7 
10 0.4 M HCl 4.0 31.5 - 0.2  - 
11 0.4 M HCl 2.5 34.0  0.3  - 
12 0.4 M HCl 2.5 36.5  3.7  - 
13 0.4 M HCl 2.5 39.0  58.1  22.4 
14 0.4 M HCl 2.5 41.5  35.2  67.6 
15 0.4 M HCl 2.5 44.0  0.5  5.0 
16 0.4 M HCl 2.5 46.5  -  1.0 
17 1 M HNO3

c 8.0 54.5  -  - 
Recovery    96.5 97.9 87.4 95.0 

        

Eichrom AG 50W-X8     NIST SRM 3149  BHVO-2  

1 0.1 M HNO3 2.5 2.5 3.61  0.2  

2 0.1 M HNO3 2.5 5.0 49.1  28.2  

3 0.1 M HNO3 2.5 7.5 43.3  48.5  

4 0.1 M HNO3 2.5 10.0 1.3  20.2  

5 0.1 M HNO3 2.5 12.5 <0.1  0.8  

6 0.1 M HNO3 2.5 15.0 -  -  

Recovery       97.4   97.9   
aThe relative recovery fractions were determined using ID method by spiking each individual eluent fraction after 
collection. The Se–Te yields were determined twice on some collection cuts and the yield repeatabilities 
are <1% (r.s.d.). 
bThe eluent fraction was collected at each 2.5 mL for 4 M HCl, 0.4 M HCl and 0.1 M HNO3, 5 mL for 2M HCl–
5M HF and 8 mL for 1M HNO3. 
c1 M HNO3 was used  to check if Te was completely eluted from the resin after the collection of 0.4 M HCl (see 
Fehr et al., 2004; Wang et al., 2015). 
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Table S4. The hydride (H2Te) formation efficienciesa in the presence of different amount 
of Fe in 0.5 ng mL−1 NIST SRM 3156 standard solutions. 

Fe/Te mass ratio Hydride formation efficiency (%) 
1000 82 
2000 81 
5000 62 

10000 49 
100000 49 

1000000 43 
aEfficiency of H2Te formation in the hydride generation system (hydrideICP, ESI; 0.1 M NaBH4–0.07 M NaOH 
and 2 M HCl) is calculated relative to Fe-free 0.5 ng mL−1 standard solutions. 
 
 
 
 
 
 
 
 

Table S5. The δ82/76Se value of the inter-laboratory standard MH 495 
(15 and 30 ng mL−1 Se) measured together with the samples in this study. 

 
(Uploaded separately) 

 
 
 
 
 
 
 

Table S6. Compilation of Se and/or Te concentrations of BHVO-2, BCR-2, BE-N and 
W-2a that were measured using DS MC-ICP-MS and/or ID quadrupole ICP-MS from HF 
digestions using purification protocols existing in the literature and newly established in 
this study (see Figure 1 for details) over the course of 18 months. 
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Table S7. Se–Te concentrations of BHVO-2 sieved grain separates analyzed by ID 
quadrupole ICP-MS after the HF digestion and our newly established purification 
procedure. 

BHVO-2 particle 
separates 

Sieved weight 
fractiona   Se (ng g−1) Te (ng g−1) 

coarse particles 
(>25 μm) 49%    

   131 11.1 
   135 10.3 
   134 10.6 
   132  
   136  
  Average concentration  134 ± 2b  10.6 ± 0.4b 
  Se/Te  12.6 ± 0.5b 

fine particles 
(<25 μm) 51%    

   197 18.8 
   203 19.3 
   196 19.4 
   193 18.2 
   200  
   202  
   208  
  Average concentration  200 ± 5b  18.9 ± 0.5b 
  Se/Te  10.6 ± 0.4b 
     
  Calculated bulk-rock concentration 167 ± 3b  14.8 ± 0.3b 
  Measured bulk-rock concentrationc 169 ± 3b  14.2 ± 0.3b 

    Measured bulk-rock Se/Te  11.9 ± 0.7b 
aNormalized to 100%. 
bAll uncertainties are 1 s.d. for the average Se–Te concentrations and the calculated Se/Te ratios. 
cIt is taken from Table 1 in the main text. 
 



Table S1

Se–Te concentrations and/or Se isotope compositionsa analyzed for BHVO-2 supplier and reground powder with different sample sizes 

using HPA-S (inverse aqua regia ) digestion conducted at 100 bar for 16 h. Also shown are Se concentrations analyzed for the 

undigested residue after the HPA-S procedure using HF digestion.

Sample 
size (g)

Acid 
volumeb 

(mL)

Digestion 
temperature 

(°C)

Se 
concentration 

(ng g−1)
δ82/76Se (‰) 2 s.e.c (‰)

Te 
concentration 

(ng g−1)

Dissolved 
powder 
fraction

Residue Se 
concentration 

(ng g−1)
Supplier 
powder

1.088 10.0 320 125
0.517 10.0 320 122
0.618 10.0 320 124
0.247 2.5 320 137
0.251 2.5 320 139
0.246 2.5 320 125
0.250 4.0 320 121
0.250 4.0 320 122
0.246 4.0 220 118
0.299 4.0 220 135
0.301 2.5 220 132
0.201 2.5 220 118
0.246 2.5 220 121
0.252 2.5 320 128 0.17 0.09
0.251 2.5 220 129 0.27 0.09
0.250 2.5 220 133 0.19 0.06
0.250 2.5 220 133 0.15 0.08
0.257 2.5 220 124 0.21 0.08
0.307 2.5 220 114 0.22 0.08 15% 41
0.763 10.0 280 12.2 9%
0.745 7.5 280 12.2 10%
0.753 7.5 280 12.7 10%

Average 127 0.21 12.4

Uncertaintyd 7 0.08 0.3
Reground 
powder

0.302 4.0 220 133 0.32 0.08 17% 35
0.302 2.5 220 132 0.21 0.07 13% 37
0.302 2.5 220 131 0.28 0.08 16% 35
0.307 2.5 220 144 0.18 0.07 15% 40
0.302 2.5 220 137 0.23 0.07 10% 33
0.305 2.5 220 141 0.16 0.06 14% 40
0.756 10.0 280 12.4 9%
0.764 7.5 280 13.1 9%
0.759 7.5 280 12.6 10%

Average 136 0.23 12.7
Uncertaintyd 5 0.12 0.3

Total average 129 0.22 12.5 12% 37

Uncertaintyd 8 0.10 0.3 3% 3
n 25 12 6 13 7

aIn contrast to data listed in Table 1, Te concentration and Se isotope (hence Se isotope concentration) were not determined 
from the same sample digest from the HPA‐S (inverse aqua regia ) digestion as the purpose of this experiment is to assess the 
Se–Te extraction efficiencies.
bAcid mixture of 14.5 M HNO3 and 10.5 M HCl (molar ratio 3:1).



cInternal precision of a sample run during Se isotope analysis (over 40 cycles) is reported as 2 standard error (2 s.e.).
dUncertainties are 2 s.d. for δ82/76Se and 1 s.d. for all other data.



Table S5
The δ82/76Se value of the inter-laboratory standard MH 495 (15 and 30 ng mL−1 Se) measured together with the samples in this study. 

δ82/76Se (‰) 2 s.e.a (‰) δ82/76Se (‰) 2 s.e.a (‰)
-3.14 0.07 -3.24 0.04
-3.27 0.06 -3.30 0.05
-3.26 0.07 -3.28 0.05
-3.19 0.06 -3.26 0.04
-3.20 0.06 -3.22 0.04
-3.15 0.05 -3.23 0.03
-3.26 0.06 -3.25 0.04
-3.21 0.05 -3.26 0.05
-3.25 0.06 -3.27 0.03
-3.21 0.07 -3.27 0.05
-3.18 0.05 -3.20 0.03
-3.24 0.06 -3.26 0.04
-3.27 0.06 -3.25 0.03
-3.29 0.07 -3.23 0.05
-3.23 0.06 -3.27 0.04
-3.12 0.06 -3.28 0.04
-3.17 0.06 -3.26 0.03
-3.18 0.06 -3.26 0.05
-3.32 0.08 -3.33 0.05
-3.26 0.07 -3.24 0.05
-3.26 0.05 -3.22 0.04
-3.25 0.05 -3.27 0.04
-3.34 0.07 -3.26 0.04
-3.28 0.06 -3.24 0.05
-3.22 0.06 -3.29 0.05
-3.19 0.07 -3.27 0.04
-3.25 0.07 -3.25 0.04
-3.30 0.06 -3.30 0.04
-3.30 0.06 -3.31 0.05
-3.23 0.07 -3.28 0.05
-3.20 0.07 -3.24 0.05
-3.20 0.08 -3.23 0.05
-3.21 0.07
-3.19 0.06
-3.24 0.07
-3.25 0.07
-3.27 0.07
-3.26 0.07
-3.27 0.08
-3.17 0.07
-3.28 0.06
-3.27 0.05
-3.24 0.06
-3.29 0.07
-3.27 0.07
-3.21 0.06

Average -3.24 -3.26
2 s.d. 0.10 0.06

n = 46 n = 32
aInternal precision of a sample run during Se isotope analysis (over 40 cycles) is reported as 2 standard error (2 s.e.). 

 15 ng mL−1 solution  30 ng mL−1 solution



Table S6

Compilationa of Se and/or Te concentrations of BHVO-2, BCR-2, BE-N and W-2a that were measured using DS MC-ICP-MS
and/or ID quadrupole ICP-MS (iQAP-Q) from HF digestions using purification protocols existing in the literature and newly established in 

this study (see Figure 1 for details) over the course of 18 months.

Sample Digestion 
batch Sample size (g)

Purification protocol 
usedb,c Se concentration(ng g−1)

ICP-MS used for 
Se analysis Te concentration(ng g−1)

BHVO-2 1 0.243 A (2-stage) 174 Neptune

BHVO-2 2 0.246 A (2-stage) 173 Neptune

BHVO-2 3 0.084 A (1st stage) 167 iQAP-Q

BHVO-2 4 0.084 A (1st stage) 167 iQAP-Q

BHVO-2 5 0.255 A (1st stage) 165 Neptune

BHVO-2 6 0.253 A (1st stage) 168 Neptune

BHVO-2 7 0.252 A (1st stage) 169 Neptune

7 A (1st stage) 170 iQAP-Q

7 A (2-stage) 170 Neptune

BHVO-2 8 0.380 A (1st stage) 170 Neptune

8 A (1st stage) 170 iQAP-Q

8 A (2-stage) 170 Neptune

8 A (2-stage) 170 Neptune

BHVO-2 9 0.251 B (2-stage) 168 Neptune

BHVO-2 10 0.252 A (2-stage) 166 Neptune

BHVO-2 11 0.251 A (1st stage) 168 Neptune

BHVO-2 12 0.253 A (2-stage) 162 Neptune

BHVO-2 13 0.258 A (1st stage) 172 Neptune

BHVO-2 14 0.258 A (1st stage) 172 iQAP-Q

BHVO-2 15 0.206 A (1st stage) 168 iQAP-Q

15 A (1st stage) 169 iQAP-Q

BHVO-2 16 0.218 A (1st stage) 172 iQAP-Q

BHVO-2 17 0.262 A (1st stage) 173 iQAP-Q

BHVO-2 18 0.209 A (1st stage) 175 iQAP-Q

BHVO-2 19 0.251 A (1st stage) 169 iQAP-Q

BHVO-2 20 0.275 B (2-stage) 170 iQAP-Q 14.5

20 A (1st stage) 170 iQAP-Q

BHVO-2 21 0.269 A (1st stage) 169 iQAP-Q

BHVO-2 22 0.300 A (1st stage) 165 Neptune

BHVO-2 23 0.262 C 13.6

BHVO-2 24 0.267 C 13.8

BHVO-2 25 0.250 B (1st stage) 14.7
BHVO-2-
reground 26 0.250 B (2-stage) 168 iQAP-Q 14.6

26 A (2-stage) 168 iQAP-Q

26 A (2-stage) 171 Neptune

BHVO-2 27 0.205 TCF 164 Neptune

BHVO-2 28 0.231 B (1st stage) 14.4

BHVO-2 29 0.229 B (2-stage) 170 iQAP-Q 14.4

26 A (1st stage) 171 iQAP-Q

26 A (1st stage) 170 iQAP-Q



BHVO-2 30 0.304 A (1st stage) 169 iQAP-Q

BHVO-2 31 0.247 B (1st stage) 168 iQAP-Q 14.0

BHVO-2 32 0.104 A (1st stage) 167 iQAP-Q

BHVO-2 33 0.110 A (1st stage) 171 iQAP-Q

BHVO-2 34 0.255 B (1st stage) 13.6

BHVO-2 35 1.114 A (2-stage) 169 Neptune

BHVO-2 36 1.012 TCF 174 Neptune

BHVO-2 37 1.105 TCF 169 Neptune

BHVO-2 38 1.035 TCF 166 Neptune

BHVO-2 39 1.024 TCF 170 Neptune

BHVO-2 40 0.521 TCF 166 Neptune

BHVO-2 41 0.510 TCP 163 Neptune

BHVO-2 42 1.008 TCP 176 Neptune

BHVO-2 43 1.011 TCP 172 Neptune

BHVO-2 44 0.501 new column chemistry 167 Neptune

BHVO-2 45 0.500 new column chemistry 167 Neptune

BHVO-2 46 0.238 new column chemistry 165 Neptune

BHVO-2 47 0.101 new column chemistry 173 Neptune

BHVO-2 48 0.102 new column chemistry 168 Neptune
BHVO-2-
reground 49 0.426 new column chemistry 165 iQAP-Q 14.6

BHVO-2-
reground

50 0.405 new column chemistry 167 iQAP-Q 14.6

BHVO-2 51 0.309 new column chemistry 165 Neptune

BHVO-2 52 0.302 new column chemistry 179 Neptune

BHVO-2 53 0.204 new column chemistry 168 Neptune

BHVO-2 54 0.245 new column chemistry 167 Neptune 14.3

54 new column chemistry 166 iQAP-Q

BHVO-2 55 0.245 new column chemistry 167 Neptune 14.3

55 new column chemistry 166 iQAP-Q

BHVO-2 56 0.248 new column chemistry 166 Neptune 14.0

56 new column chemistry 166 iQAP-Q

BHVO-2 57 0.224 new column chemistry 166 Neptune 14.5

BHVO-2 58 0.230 new column chemistry 174 Neptune 14.3

Average 169 14.3

1 s.d. 3 0.3

nd 53 16

BCR-2 1 1.216 A (1st stage) 75 iQAP-Q

1 A (1st stage) 75 iQAP-Q

1 A (1st stage) 76 iQAP-Q

1 A (1st stage) 76 iQAP-Q

1 A (1st stage) 76 iQAP-Q

1 A (1st stage) 76 iQAP-Q

1 A (2-stage) 75 iQAP-Q

1 A (2-stage) 75 iQAP-Q

1 A (2-stage) 75 iQAP-Q

1 A (2-stage) 74 iQAP-Q

BCR-2 2 0.853 A (1st stage) 75 iQAP-Q



BCR-2 3 1.019 TCF 75 Neptune

BCR-2 4 1.100 TCF 76 Neptune

BCR-2 5 1.036 TCP 78 Neptune

BCR-2 6 1.039 TCP 76 Neptune

BCR-2 7 0.748 new column chemistry 78 Neptune

BCR-2 8 0.735 new column chemistry 78 Neptune

BCR-2 9 0.347 new column chemistry 76 Neptune

BCR-2 10 0.356 new column chemistry 76 Neptune

BCR-2 11 0.351 new column chemistry 77 Neptune

11 new column chemistry 77 iQAP-Q

BCR-2 12 0.328 new column chemistry 78 iQAP-Q

BCR-2 13 0.329 new column chemistry 77 iQAP-Q

Average 76

1 s.d. 1

nd 13

BE-N 1 0.204 new column chemistry 67 iQAP-Q

BE-N 2 0.598 new column chemistry 66 Neptune

BE-N 3 0.602 new column chemistry 67 Neptune

BE-N 4 0.627 new column chemistry 66 Neptune

BE-N 5 0.399 new column chemistry 65 Neptune

BE-N 6 0.399 new column chemistry 65 Neptune

BE-N 7 0.402 new column chemistry 63 Neptune

BE-N 8 0.401 new column chemistry 65 Neptune

BE-N 9 0.865 new column chemistry 67 Neptune

BE-N 10 0.851 new column chemistry 68 Neptune

BE-N 11 0.861 new column chemistry 66 Neptune

BE-N 12 0.429 new column chemistry 66 Neptune

BE-N 13 0.463 new column chemistry 67 Neptune

BE-N 14 0.398 new column chemistry 66 Neptune

BE-N 15 0.386 new column chemistry 67 Neptune

BE-N 16 0.335 new column chemistry 67 Neptune

BE-N 17 0.400 new column chemistry 64 Neptune

BE-N 18 0.517 new column chemistry 66 Neptune

18 new column chemistry 66 iQAP-Q

Average 66

1 s.d. 1

nd 18

W-2a 1 0.309 new column chemistry 106 iQAP-Q

W-2a 2 0.275 new column chemistry 107 iQAP-Q

Average 107

1 s.d. 1

nd 2
aNote that, in this table, the samples processed after the new column chemistry were only analyzed for additional 

Se concentrations (Se isotopes and/or Te concentration analyses were not performed) for a more reliable evaluation of the accuracy 

and precision of our routine Se concentration analysis. Se–Te concentrations determined together with the Se isotope composition 

from the same sample digests are reported in Table 1 and are not further included here.
bA = Kurzawa et al. (2017); B =Wang and Becker (2013); C = Wang et al. (2015). Each protocol was followed exactly as described 



in the original literature.
c2-stage = anion + cation exchange column; 1st stage = anion exchange column only.
dNumber of digestion repeats.


