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Supplementary Materials and Methods 

Geochemical background of the samples 

The studied MORB glasses are dredged from the southern (44°–53°S, S-MAR; N = 16) and northern (51°–52°N, 

N-MAR; N = 2) sections of the MAR during the R/V Maurice Ewing cruise EW93-09 and R/V Trident cruise 

TR138, respectively (23, 49-51). Locations of the samples, mantle plumes, and relevant first-order tectonic 

discontinues (fracture zones) are shown in Fig. S2. All these basalts were well-characterized in terms of 

radiogenic isotopes (Sr, Nd, Hf, and Pb) (22, 23, 51, 52) (Fig. 2), noble gas (53, 54), S isotopes (15), and major 

and trace element abundances (24, 50, 55-57) (Fig. S3), and therefore the selected sample suite is ideal for 

investigating the influence of crustal recycling on the Se isotope signature of the mantle. The most prominent 

feature in the S-MAR is the localized interaction between the ambient asthenospheric mantle and two mantle 

plumes: the off-axis Discovery plume centered at ~44.45°S, 6.45°W (~425 km away from the ridge) and the on-

axis Shona plume centered between ~50°–52.5°S, 6°W (23, 49) (Fig. S2). A variety of recycled components 

have been suggested to be incorporated in these mantle plumes based on radiogenic isotope ratios (Fig. 2; see 

references above). Four distinct groups of S-MAR basalts can be identified: 1) depleted MORB (N = 2) from 

ridge segments unaffected by plumes; 2) Discovery anomaly (N = 7) showing EM1 affinity with 87Sr/86Sr ratios 

up to 0.705728; 3) LOMU (low-μ, μ = 238U/204Pb) anomaly (N = 3) genetically linked to the Discovery plume 

but showing lower 206Pb/204Pb compared to Discovery anomaly basalts; 4) Shona anomaly (N = 4) with both 

EM1 and HIMU/high-μ affinities (most clearly seen in 206Pb/204Pb–87Sr/86Sr space; Fig. 2). The 49°S and 50°S 

fracture zones mark the boundaries between samples affected by the Discovery plume and Shona plume, 

whereas the Agulhas fracture zone offsets the Discovery anomaly samples (49) (Fig. S2). In addition, the N-

MAR samples (N = 2) are depleted MORBs from a restricted ridge segment that displays one of the most 

remarkable depletion signatures in the mantle (51) (Fig. 2; Fig. S2). All these MORBs show a correspondingly 

wide range in their incompatible trace element compositions, with the primitive mantle-normalized (La/Sm)N 

ratios of 0.457–0.643 for depleted MORBs and 0.670–2.681 (mostly >1) for MORBs associated with plume 

enrichment (Fig. S3). On a large scale, the South Atlantic ambient depleted mantle is more enriched than the 

Pacific/North Atlantic depleted mantle due to the pervasive mantle pollution with DUPAL- or Indian Ocean-

type mantle components (22-24) (Fig. 2). 

The well-characterized granitoid samples (Cordilleran-type) are from the Västervik area in the southeast 

Sweden, which is located between two main tectonic domains, Transscandinavian Igneous Belt and 

Svecofennian domain, in the Baltic (58, 59). They have intrusion ages of ~1.8 Ga (58) and may provide first 

insights into the Se isotope composition of the Proterozoic upper continental crust.  



  

 

Sample dissolution and chromatographic purification 

The MORB samples used for analyses are visually fresh glass fragments (~5–15 mm). Samples were first 

crushed into ~1–5 mm small chips in an agate mortar and further inspected for freshness under a binocular 

microscope. They were successively cleaned with 18.2 MΩ·cm H2O and ethanol in an ultrasonic bath for 15 min 

before they were powdered in the agate mortar. The mortar was always cleaned twice with quartz (pro analysi, 

Merck) and ethanol before each use. Sample powder was digested according to the protocols described 

previously (41). Briefly, small amounts of sample unknowns (10–15 mg MORB and ~100 mg granitoid) were 

first analyzed for their Se contents via isotope dilution method after a simple dissolution and single-stage 

chemical separation procedure [e.g., (21, 60, 61)]. About 190–1500 mg sample powders (MORBs, granitoids, 

and rock standards; Tables S1 and S2) were then mixed with adequate amounts of 74Se–77Se and 125Te spikes 

and dissolved in a mixture of HF–HNO3 at 85 ℃. This was followed by evaporation at 65 ℃ and multiple 

successive treatments with HCl (heating at 130 ℃ and complete evaporation at 85 ℃) in order to maximize Ge 

removal as GeCl4 (41). Although there is concomitant Se loss in HCl matrix at temperatures higher than ~60 ℃ 

(41, 42), quantitative elimination of Ge is necessary because it is the major matrix-related isobaric interference. 

The Se separation was performed via anion and cation exchange chromatography using 7 mL of new and 

pre-cleaned AG1-X8 and AG 50W-X8 resins (100–200 mesh, Eichrom). Two different protocols were followed 

in the anion column, namely ‘HCl chemistry’ and ‘HF chemistry’ (Tables S1 and S2). The ‘HCl chemistry’ was 

described in detail by (41). Briefly, the dried-down samples were loaded onto the columns in 4 N HCl. Se and 

most matrix elements are eluted, whereas Fe and Te are retained in the resin. After eluting Fe with 2 N HCl–

5 N HF mixture, Te was collected in 0.4 N HCl. The new ‘HF chemistry’ developed in this work was modified 

from the Ge purification procedure of Rouxel et al. (62). Dry samples (after HCl evaporation) were first 

converted into fluoride form by dissolution and evaporation in 1 mL 27 N HF at 65 ℃. They were then taken up 

in 5 mL 1 N HF and centrifuged to separate the supernatant and insoluble fluorides, which contain large 

proportions of Mg, Al, Ca, and other trace elements (62, 63) but not Se (41). After conditioning the resin with 

10 mL 1 N HF, the supernatant solutions were loaded onto the columns, followed by addition of 9 mL 1 N HF. 

Selenium and some matrix fractions (Fe, alkalis, and some transition metals such as Co, Ni, and Cu) were 

eluted, whereas Ge, Al, and Ti were retained (62) (this work). The Se cuts (14 mL 1 N HF) were finally 

evaporated at 65 ℃. Subsequent to the first-stage separation following these two protocols, all Se cuts were 

further purified using the cation resin with 0.1 N HNO3 following (41). Samples processed through the ‘HF 

chemistry’ generally yielded Se recoveries of ~35–80%, overall lower compared to the ‘HCl chemistry’ [mostly 

>~80%; see (21)]. These samples also arbitrarily contained residual Ge, as in the case of the ‘HCl chemistry’. 

However, the ‘HF chemistry’ has the advantage that larger amounts of sample digests (up to ~1500 mg; 



  

 
 

Tables S1 and S2) can be processed in a single column with 7 mL resin, in comparison to the ‘HCl chemistry’ 

[maximum ~450 mg; (41)]. 

Section S1. Se isotope systematics of marine sediments 

As a redox-sensitive element, Se is commonly present in a variety of oxidation states (−2, 0, +4, and +6) in 

natural environments (18, 64, 65) (Fig. S1). Selenium occurs as 1) highly water-soluble selenate (SeO4
2−) and 

selenite (SeO3
2−) oxyanions under oxidizing conditions, and 2) insoluble Se0 and pyrite-bound Se2− as well as 

soluble organic Se2− under reducing conditions (18, 64, 65) (Fig. S1). The soluble/mobile Se oxyanions only 

occur at relatively high redox potentials (such as oxic/suboxic conditions); therefore, the presence of free 

atmospheric oxygen enhances the release of reduced Se2− from the continent (silicate rocks and sediments and 

their pyrites/sulfide minerals) via oxidative weathering and ultimately its transport to the oceans (7, 18, 19, 65, 

66) (Fig. S1). Transitions between different oxidation states can induce strong mass-dependent isotope 

fractionation (up to ~19‰ in 82Se/76Se ratio), with the most significant fractionations observed during reduction 

reactions (SeO4
2− to SeO3

2− and SeO3
2− to Se0) (18, 65). Therefore, together with the distinct redox-dependent 

mobility of Se species, the Se elemental and isotopic abundances of marine sediments and pyrites can used as a 

proxy to constrain changes in the ocean–atmosphere redox conditions (7, 18-20, 65, 67, 68). 

Previous studies reported considerable variability of Se isotope data for global marine sediments, with 

δ82Se ranging between ~−3‰ and +3‰ [N = 759; (20, 66, 68-75)] (Fig. 1A). This mainly results from kinetic 

isotopic fractionation during reduction of soluble Se oxyanions (SeO4
2− and SeO3

2−) at various redox conditions 

of the water column (18, 65) (Fig. S1). Although modest compared to the experimental observations (see 

above), δ82Se variations in sediments far exceed the igneous inventory range (~−0.3‰–+0.3‰; N = 87) defined 

by mantle-derived samples from diverse geodynamic settings [(21, 41, 60, 61) this work] (Fig. 1A and B). The 

seawater δ82Se is not well constrained but probably remains slightly heavier than the igneous inventory 

considering the Se geochemical cycle (65) (Fig. S1). Selenium has a very short ocean residence time (104 years) 

and the seawater Se content is on the order of ~0.1‒0.2 ng/g (64, 65) (Fig. 1A). 

Throughout the text and figures, the mean δ82Se and Se content of sediments/pyrites reported for a given 

geological time interval are calculated over a set of sample data that are first averaged by the same depositional 

age (i.e., age-averaged data; see Figs. 1, 5, and S8). This approach helps minimize overrepresentation of large 

numbers of sample data with the same age. The global sediment δ82Se record does not show clear changes 

across the Great Oxidation Event [GOE; ~2.4–2.1 Ga ago; (8)], with essentially identical mean values 

of +0.57 ± 0.26‰ and +0.53 ± 0.33‰ for the Archean and Proterozoic sediments (95% CI; N = 191 and 210 

individual data), respectively (Fig. 1A). However, there is a notable change in δ82Se towards mostly lighter 

values after the Neoproterozoic oxygenation event [NOE; ~0.8–0.55 Ga ago; (8)], with a mean δ82Se 



  

 
 

of −0.17 ± 0.07‰ for the Phanerozoic sediments (95% CI; N = 358) (Fig. 1A). This average isotopic shift has 

been first suggested by Stüeken et al. (20) to reflect deep ocean oxygenation and hence widespread occurrence 

of Se oxyanions, hence partial reduction-induced Se isotope fractionation (e.g., during dissimilatory and 

diagenetic reduction) in locally suboxic/anoxic bottom water (Fig. S1). In comparison, the dominant occurrence 

of positive values in deep-sea sediments during the Precambrian reflects near-quantitative reduction of Se 

oxyanions under anoxic conditions, following partial reduction in the shallower oxic/suboxic seawater and 

during transport on land (65, 66) (Fig. S1). 

Section S2. Selenium elemental and isotopic behavior during MORB petrogenesis 

Selenium is a chalcophile element and its abundance in mantle-derived melts are dominantly controlled by the 

behavior of sulfide phases present during partial melting and igneous differentiation (21, 76). The igneous 

inventory of Se is probably dominated by its reduced form (Se2−) (21, 77). Previous studies suggested that all the 

observed MORB glasses with near-primitive to highly evolved compositions (~9–4.5 wt. % MgO) are sulfide -

saturated and thus experience continuous Se removal by sulfide segregation during their magmatic evolution 

(21, 46, 78, 79) (Fig. S4). Selenium abundances of the MAR basalts span a larger range (88–209 ng/g; N = 18) 

relative to the PAR basalts (158–219 ng/g; N = 27) (Fig. S4). Compared to the strictly co-genetic PAR samples 

that show strong correlation of Se with magmatic differentiation indexes such as MgO and FeOT and other 

chalcophile elements such as S and Te (21), the MAR samples show little or weak correlation between Se and 

other indexes (Fig. S4A and B). Only the depleted MAR basalts plot close to the PAR suite with respect to both 

the Se–S and Se–Te variations. All these depleted MORBs from these two localities (N = 31), including both 

primitive and highly evolved samples (MgO contents 4.52–8.85 wt. %), define linear co-variation arrays with 

opposite respective trends (Fig. S4A and B), consistent with sulfide liquid–silicate melt partitioning of these 

elements in the order of Te>Se>S as previously observed [e.g., (21, 77)]. The plume-influenced MORBs show 

considerable scatter from the depleted MORB array (Fig. S4A and B). Because both the Se abundance and ratios 

of Se and other chalcophile elements in basalts are readily affected by complex magmatic processes, they are not 

a good tracer of mantle source compositions in the context of crustal recycling, despite the elevated Se 

abundance in surface materials relative to the mantle-derived samples (Fig. 1A). 

The δ82Se values of the MAR glasses (N = 18) vary from −0.19 ± 0.08‰ (N-MAR depleted MORB) to 

+0.14 ± 0.08‰ (LOMU anomaly) (Table 1), extending the δ82Se range observed for the PAR depleted MORBs 

(−0.30 ± 0.08‰–−0.05 ± 0.08‰; N = 27) (21) towards heavier values (e.g., Fig. 3A). Systematic differences are 

observed between different groups of samples: δ82Se of depleted MORBs from the S- and N-MAR (−0.19 ± 

0.08‰–−0.06 ± 0.08‰; N = 4) and Shona anomaly MORBs (−0.15 ± 0.08‰–−0.08 ± 0.08‰; N = 4) both 

remain within the PAR δ82Se range, whereas the majority of samples associated with the Discovery plume (i.e., 



  

 
 

Discovery and LOMU anomalies; N = 10) show heavier values (e.g., EW9309 25D-1g and 7D-1g with δ82Se of 

+0.09 ± 0.08‰ and +0.14 ± 0.08‰, respectively). 

Selenium isotopes do not fractionate during MORB differentiation or mantle melting involving 

fractionation between sulfide phases (sulfide liquid with/without monosulfide solid solution) and silicate melt, 

as has been previously suggested based on PAR MORB (21). The MAR samples studied here display random 

variations between δ82Se values and MgO, FeOT, and indexes of sulfide segregation such as S (642–1388 μg/g; 

not shown), Se (88–209 ng/g) and Se/Te ratios (14–145; Fig. S4C and D). Similar observations have been made 

for δ34S and S abundances (15, 79). The two heaviest δ82Se values (+0.09 ± 0.08‰ and +0.14 ± 0.08‰) 

characterized by the Discovery and LOMU anomaly MORBs (EW9309 25D-1g and 7D-1g) seem to be 

associated with the lowest S (15) and Se abundances and Se/Te ratios across the entire MAR and PAR suites 

(Fig. S4C and D). These MORBs represent the least differentiated samples with the two lowest FeOT contents 

(15), meaning that they experienced the least sulfide segregation. Should all other lighter δ82Se values be caused 

by further sulfide segregation, one would expect to see continuous decrease of δ82Se with increasing Se content 

or Se/Te ratio, which is not observed across a wide range of magma composition (Fig. S4C and D). We thus 

confirm the conclusion of ref. (21) that there is no Se isotopic fractionation during igneous processes and that 

MORB δ82Se represents the mantle source signature. In addition, the heavy δ82Se (and δ34S) values were not 

affected by any crustal level non-magmatic processes such as assimilation of high-temperature hydrothermal 

fluids and associated sulfides during differentiation, because the S-MAR samples display Cl/K ratios (sensitive 

indicator of brine contamination) of 0.02–0.11 that fall within/close to the range of global MORB devoid of 

hydrothermal fluid assimilation (15, 21). Even the PAR MORBs influenced by such processes do not show 

noticeable change in their δ82Se values (21). Finally, alteration by seawater after eruption is unlikely to modify 

δ82Se due to the negligible Se content of seawater (see Section S1). Altogether, the observed δ82Se variability of 

the MAR glasses must reflect source heterogeneity. The samples with the highest δ82Se mentioned above also 

represent the two most enriched MAR basalts with respect to radiogenic isotopes, suggesting that heavy Se 

isotope signature of MORB is resulted from source enrichment (e.g., Fig. 3A; Fig. S5A and B). 

Section S3. Selenium isotope composition of the depleted mantle 

The Se isotope values of the depleted basalts from the S- and N-MAR remain within error of the PAR (depleted) 

basalts. Together, they yield a mean δ82Se = −0.16 ± 0.03‰ (95% CI, N = 31), which is suggested here to 

represent the depleted mantle Se isotopic composition (Table 1). The use of 95% CI as an uncertainty of the 

mean is justified by performing the Anderson-Darling normality test, which yields a test statistic of 0.39, smaller 

than the critical value of 0.73 at α = 0.05 significance level. This suggests that the depleted MORB δ82Se dataset 

can be adequately described by a normal distribution. Note that the 95% CI uncertainty of ±0.03‰ on the 

deplete mantle δ82Se is identical to that obtained for the average of 9 replicate analyses of a single glass sample 



  

 
 

(PAC2 DR33-1; Table S2) (21), which shows that the depleted mantle average δ82Se value is accurate at 

±0.03‰. 

As for the dispersion of δ82Se values within the 31 depleted MORBs, we obtain 2s = ±0.13‰, higher than 

the 2sp = ±0.08‰ external uncertainties of our method for glass matrices (see Main Text, Materials and 

Methods). The calculated MSWD for these data is 2.60, well outside the 95% confidence interval of 0.57–1.56 

given by the χ2 statistics. These calculations imply certain isotopic variabilities detectable in the depleted 

MORB, which cannot be sufficiently accounted for by analytical uncertainties. We note that 2 PAR MORBs 

show very negative δ82Se values of −0.30 ± 0.08‰ (21) (Fig. S4C and D). The Isoplot algorithm (80) suggests 

rejection of these data as statistical outlier, and for the remaining 29 samples, it yields lower reduced χ2 of 1.80. 

This value still exceeds the 95% confidence interval (χ2 statistics; see above) but is very close to the upper 

bound, indicating that most depleted MORBs have homogenous Se isotope composition. 

The presence of small statistical δ82Se variations in the depleted upper mantle might reflect intrinsic 

isotopic heterogeneity, commonly referred to as the marble-cake mantle model (81). For instance, Hamelin et al. 

(82) demonstrated the presence of small amounts of recycled oceanic crust components with HIMU affinity 

within the Pacific ambient depleted mantle that is devoid of any plume influence (Fig. 2C; Fig. S5C). Previous 

studies on S isotopes in global MORB also reported considerable variations in δ34S for different depleted mantle 

domains, possibly due to varying abundance of recycled oceanic crust in the depleted mantle (15, 46, 79). Only 

two δ82Se data are currently available for the altered oceanic crust and they show significantly negative values of 

~−1.3‰ [hydrothermally altered basalts at Menez Gwen field; (83)]. In this regard, presence of variable 

amounts of recycled oceanic crust in the PAR mantle source could in principle explain the two lightest δ82Se 

values as well as the statistically subtle δ82Se variability observed among other PAR basalts (21) (Fig. S4C and 

D) (see Section S6 for further discussion regarding the composition of altered oceanic crust). Nevertheless, the 

N-MAR samples, which plot among the most remarkably depleted MORBs across the global dataset with 

respect to all radiogenic isotopes (51) (Fig. 2), display identical δ82Se values (−0.17 ± 0.08‰ 

and −0.19 ± 0.08‰; 2sp) to the PAR basalt average representing the Pacific depleted mantle 

(−0.16 ± 0.03‰; 95% CI, N = 27; Fig. 3A; Fig. S5A and B). This further attests to the robustness of the depleted 

mantle Se isotope composition that is calculated over all the depleted MORB data (N = 31). 

Finally, the Se isotopic composition of the depleted mantle falls within the bulk chondrite average 

[−0.21 ± 0.31‰, 2s; (84)]. The chondritic δ82Se and non-chondritic δ34S of the depleted mantle (15) reflect the 

contrasting timing of Se and S delivery to the present-day mantle: the mantle Se budget was established by late 

accretion of chondritic components (21, 61, 85, 86), provided that Se behaved strictly as a highly siderophile 

element during differentiation of the metallic core and silicate mantle [see (21)]; whereas the mantle S budget 



  

 
 

was mostly established during main stage of accretion and preserves imprints of core–mantle equilibration (15, 

46, 79). 

Section S4. Coupled δ82Se and δ34S variations 

Our data shows a correlation between δ82Se and 87Sr/86Sr ratios (r2 = 0.86, MSWD = 0.71), in a remarkably 

similar manner as δ34S–87Sr/86Sr correlation [(15); r2 = 0.85, MSWD = 5.9] (Fig. 3A and B). The δ82Se and δ34S 

values are also correlated with each other (r2 = 0.64, MSWD = 1.6; Fig. 3C). All the individual δ82Se (N = 45) 

and δ34S (N = 51) data across the entire MAR and PAR MORB suites [(15, 21, 46); this work] show highly 

consistent distribution patterns (Fig. 3C; Fig. S6F). For both isotope systematics, the Discovery and LOMU 

anomalies (both genetically linked to the Discovery mantle plume; Methods) extend the depleted MORB mantle 

range towards heavier values, with the Shona anomaly in between (Fig. 3; Fig. S6). The difference in the 

average δ82Se between the depleted MORBs and Shona anomalies are not statistically significant (Student’s t-

test, two-tailed p-value 0.41), whereas the difference between the depleted MORBs and Discovery + LOMU 

anomalies are statistically significant (p-value 0.02). For the latter comparison, if all the depleted MORBs from 

the MAR and PAR are considered, the p-value becomes extremely small (~0.00001).  

The coupled δ82Se–δ34S variations in different groups of S-MAR basalts are further illustrated for other 

geochemical tracers of mantle source enrichment, such as 143Nd/144Nd (Fig. S6) and key incompatible 

trace/major element ratios [Ba/Nb, (La/Sm)N, and K2O/TiO2; Fig. S7]. Isotopic enrichment observed in the same 

group of basalts can be decoupled from specific element ratios to different extents, depending on the effect of 

melting processes on elemental fractionation (44, 57). For example, EW9309 25D-1g, the most radiogenic 

(87Sr/86Sr = 0.705728) sample in our dataset, shows only moderately elevated (La/Sm)N relative to depleted 

MORBs (57). Still, systematic covariations are apparent between the average δ82Se–δ34S values and presented 

elemental ratios across different groups of basalts, in a similar manner shown for radiogenic isotopes (Figs. S6 

and S7). These observations and similar elemental/isotopic behavior of Se–S during mantle processes (15, 21, 

46, 79), despite the large differences in redox potential required for Se2−‒SeO4
2- and S2−‒SO4

2- transitions in 

surface aqueous environments [e.g., (18, 65, 67)], argue for an overall similar behavior of these chalcophile 

stable isotope systems during crustal recycling. 

Section S5. Details of the mixing model 

Previous studies suggested that the pronounced radiogenic isotope variabilities observed in the S-MAR basalts 

(Fig. 2) require presence of a variety of enriched recycled components (such as ancient oceanic crust, sediment, 

delaminated subcontinental lithospheric mantle, and lower continental crust) in the Discovery and Shona 

plumes, which locally influence the S-MAR depleted mantle (22-24). However, Labidi et al. (15) argued that the 

S isotope systematics mainly reflect sediment recycling based on the observed linear S‒radiogenic isotope 



  

 

covariation trends (e.g., Fig. 3B), which requires the enriched end-member to be sufficiently rich in S. Pelagic 

sediments deposited during the Proterozoic with an average model recycling age of ~1.5 Ga would satisfy both 

radiogenic and S (δ34S and mass-independent) isotope systematics of the plume-influenced S-MAR basalts (15, 

22, 24). Considering the similar geochemical behavior of Se and S isotope systems as discussed above, one 

might expect that the Se isotope variability beneath the S-MAR also dominantly reflects sediment recycling as 

in the case of S isotopes (15). Furthermore, the linear correlation between the isotope compositions of the 

lithophile element Sr and chalcophile elements Se and S within the MORB data range (Fig. 3A and B) implies 

that the sulfide phases (major hosts of Se and S) and other silicate matrices might be efficiently homogenized 

locally in the compositionally heterogeneous (22) Shona and Discovery mantle plumes. This could be achieved 

if the sulfide phases were molten within the plume at certain conditions in the convective upper mantle (21, 26). 

Variations of δ82Se–87Sr/86Sr and δ82Se–δ34S in the studied MORBs (Figs. 3 and 4) can be indeed explained 

by a binary mixing between the depleted mantle and enriched component that is demonstrated here to be 

sediments. First, our compiled sediment data yield a mean δ82Se = +0.62 ± 0.50‰ (1s, N = 76) for sediments 

formed during 1‒2 Ga, which would readily account for the positive slope of the trend. Extrapolations of the 

error-weighted linear regressions [2s external uncertainty on each isotope composition of samples or end-

members is considered; Isoplot (80)] to a 1.5 Ga old recycled pelagic sediment model composition of 

87Sr/86Sr ≈ 0.7203 and δ34S ≈ +10‰ (15, 27) yield δ82Se of +1.44 ± 0.39‰ and +1.15 ± 0.41‰, respectively 

(95% CI). If we relax the age constraints for the sediment end-member by using a range of other broadly 

possible recycling ages [e.g., ~1‒2 Ga (15)], the linear mixing curve in Fig. 4B would result in slightly different 

δ82Se for recycled sediments. For instance, 1 and 2 Ga old pelagic sediments have 87Sr/86Sr ratios of 0.7175 and 

0.7236 [calculated following the isotopic evolution model of Rehkämper and Hofmann (27); see Table S3], 

which yield δ82Se of +1.19 ± 0.33‰ and +1.74 ± 0.47‰, respectively (95% CI). Again, both values are within 

uncertainty typical of mid-Proterozoic sediments (Fig. 5A). As discussed in the main text, all of our model 

results for δ82Se of the sediment end-member at a range of possible mid-Proterozoic recycling ages (1–2 Ga) 

(Fig. 4A) remain realistic for abyssal pelagic sediments subducted from a redox-stratified ocean. 

Next, the simple linear mixing arrays shown in Figs. 3 and 4 require the same Se–S–Sr elemental ratios 

within uncertainties for both the depleted mantle and enriched end-members. If we take 0.080 ± 0.017 μg/g Se, 

9.80 ± 1.86 μg/g Sr, and 200 ± 40 μg/g S for the depleted mantle (21, 86-88), and 300 ± 17 μg/g Sr (assigned 

error from GLOSS-II) and 5700 ± 1000 μg/g S for the 1.5 Ga old recycled pelagic sediment (15, 27, 89), the 

calculated Se contents of the sediment end-member are 2.45 ± 0.71 and 2.28 ± 0.78 μg/g (at depleted mantle 

Se/Sr = 0.0082 ± 0.0023 and Se/S = 0.00040 ± 0.00012), respectively (uncertainties are all 1s; see Table S3 for 

model parameters and results). Using the mean δ82Se and Se content of the sediment end-member obtained from 

the δ82Se–87Sr/86Sr and δ82Se–δ34S mixing relationships (Fig. 3A and C), we successfully reproduce the 



  

 
 

covariation between δ82Se and 143Nd/144Nd (Fig. S5A). It shows a parabolic rather than linear mixing trend due 

to the higher Nd/Se ratios of sediments (~36) relative to the depleted mantle (Table S3). Noting that S content of 

sediment end-member from (15) is itself defined by S–radiogenic isotope mixing relationships, we use Se 

content as well as δ82Se of recycled sediment inferred from the δ82Se–87Sr/86Sr variation (Figs. 3A and 4) for our 

discussion in the following and main text. 

The calculated Se content of recycled sediment (2.45 ± 0.71 μg/g) falls close to the upper bound of 

observed sediment average, which is essentially the same for the 1‒2 Ga interval (0.85−0.61
+2.12 μg/g; 1s, N = 76) or 

entire Proterozoic (0.56−0.45
+2.27 μg/g; 1s, N = 218) (Table S3 and Fig. 4B). This is consistent with insignificant, if 

there is any, Se loss from the bulk sedimentary slab material and hence associated isotopic fractionation during 

subduction zone processing in the mid-Proterozoic and large-scale recycling within the mantle. This is 

reminiscent of the case of S systematics, further highlighting similarity between Se and S isotopic/elemental 

behavior during recycling (15, 21) (see Section S4). We note that this might be different after the 

Neoproterozoic Oxygenation Event (NOE) when a fully oxygenated bottom ocean may have had consequences 

on the redox budget of slab-derived components at subduction zones [e.g., (13, 17, 20)]. Another line of 

evidence for insignificant Se modification during sediment subduction comes from Se systematics of arc-related 

magmas: 1) Se contents of the most primitive (>~8 wt. % MgO) subduction zone magmas (e.g., glasses from the 

Mariana arc, Eastern Manus Back-arc Basin, and Southern-Valu Fa Ridge) are comparable to or lower than that 

of primitive MORB at a given MgO; 2) δ82Se values observed for Mariana arc lavas (~−0.33‰–+0.03‰), 

although indicating addition of heavy sedimentary Se isotopes at this modern subduction zone, are within the 

global MORB range (~−0.30‰–+0.14‰; Fig. 1B) [(21, 60, 78); this work]; both ranges of δ82Se values are 

quite limited relative to the observed (Fig. 1A) or calculated (e.g., Fig. 5A) range of marine sediments. These 

observations point to limited Se addition from the bulk subducting sediment to the sub-arc mantle wedge and 

associated Se isotope fractionation at the slab scale. Furthermore, previous studies pointed out that S 

elemental/isotopic signature of sediments (more specifically, reduced S in sedimentary sulfides) experienced 

insignificant or only moderate modification during subduction processing—sediment dehydration releasing S2-

bearing fluids and melting [(15, 90); and references therein]. The following comparisons between Se and S 

isotope and elemental behavior in low- and high-temperature systems leads to important inferences that recycled 

sediments (especially from the anoxic deep ocean in mid-Proterozoic) are even more unlikely to experience any 

significant Se loss during subduction, leading to efficient Se recycling into the mantle: 1) fluid-mobile, oxidized 

species of Se occurs at much higher redox potential compared to that of S in low-temperature environments (18, 

65); 2) there is limited Se isotope fractionation during oxidation in low-temperature environments (Fig. S1); 3) 

Se is more chalcophile than S and thus more compatible (in terms of sediment residue/melt) during magmatic 

processes (21, 76); 4) Se isotopes are not fractionated during magmatic processes [(21) and this work]. 



  

 
 

All the arguments presented above suggest that the Se systematics of the recycled sediment would resemble 

that of the subducting protolith at the surface. We calculate the Se content of sedimentary pyrite using the Se 

content of recycled sediment (2.45 ± 0.71 μg/g; 1s), assuming that Se-bearing pyrite in marine sediments is of 

FeSe𝑥S(2−𝑥) composition (𝑥 is extremely small). First, a compilation of Spyrite (mass fraction of S as pyrite) in 1–

2 Ga old global sediments (10, 29) gives an average of 1.1−0.6
+1.4 wt. % (log-normal mean; 1s, N = 85), 

corresponding to 2.1−1.1
+2.6 wt. % pyrite in the bulk sediment. In the next step, 1) if Se budget of the bulk sediment 

is fully contributed by pyrite, we obtain pyrite Se content of 119−74
+155 μg/g (propagated 1s; Fig. 5C); 2) if Se is 

hosted by both pyrite and other matrices (organic matter, clay, and other silicates), given the mean pyrite/matrix 

Se ratio of ~5.82 observed in global marine black shales (19), we obtain pyrite Se content of 13−4
+4 μg/g 

(propagated 1s; Fig. 5C). These two values, on average, represent the upper and lower bound of our estimate in 

a linear mixing model (Fig. 5C). A more realistic value probably tends towards our ‘lower estimate’ due to the 

appreciable fraction of organic-bound Se in the mid-Proterozoic compared to Phanerozoic (20), and this ‘lower 

estimate’ is remarkably comparable within error to the observed pyrite averages for the 1‒2 Ga interval 

(19−12
+33 μg/g) or entire Proterozoic [16−10

+24 μg/g, 1s; (7, 19, 28)] (Fig. 5C and Fig. S8E). 

 In order to explore if alternative non-linear mixing models also lead to the same conclusion, we calculate 

possible Se contents of the sediment end-member at fixed δ82Se values of 1s and 2s above the observed mean of 

1–2 Ga old sediments (green and blue mixing curves in Fig. 4B or Fig. S8B). These δ82Se represent the upper 

bound values in the statistical sense with respect to the individual (N = 76) or age-averaged (N = 9) sediment 

δ82Se data for the 1‒2 Ga interval (Fig. S8C and the histogram) that is relevant for our discussion, and would 

result in the minimum possible range of sediment Se contents. This is calculated by error-weighted least-squares 

fitting of the mixing hyperbola to the MORB data (using OriginPro software; OriginLab, Northampton, MA), 

where δ82Se, 87Sr/86Sr, Se/Sr of depleted mantle and 87Sr/86Sr, Sr content of sediment end-member are well-

constrained parameters, and the curvature of the hyperbola is defined by R = (Se/Sr)sediment/(Se/Sr)mantle (Fig. 4B 

or Fig. S8B; see Table S3 for model parameters). We obtain the best-fit R values of 1.34 ± 0.19 and 0.92 ± 0.12 

(95% CI) at δ82Se of 1s and 2s above the sediment mean, respectively (Fig. 4B or Fig. S8B). The goodness-of-fit 

of the model is evaluated by MSWD statistics (incorporating external uncertainties on both δ82Se and 87Sr/86Sr): 

the best-fit R values correspond to the lowest MSWD at a degree of freedom of 18, that is the number of data 

points (N = 19) minus the number of model parameters to be calculated (1 in this case). Selenium contents of the 

recycled sediment and sedimentary pyrite are then calculated accordingly (the quoted errors in the text and 

Table S3 are always propagated in the calculation) (Fig. S8D and E). All these alternative hyperbolic mixing 

models yield a ‘lower estimate’ of recycled pyrite Se content (i.e., if Se in the bulk sediment is hosted by both 

pyrite and other matrices; see above) that is comparable within error to the observed average of the 1‒2 Ga old 

sedimentary pyrites (19−12
+33 μg/g, 1s; Fig. S8E). 



  

 
 

Section S6. Role of other recycled components 

First, we consider the possibility of delaminated subcontinental lithospheric mantle and lower continental crust 

(EM1 and LOMU components; Fig. 2) (22-24) as carriers of the heave Se isotope signatures in the Discovery 

plume-influenced S-MAR basalts. Worldwide peridotites derived from the subcontinental lithospheric mantle 

have comparable Se contents (mean 0.054−0.032
+0.076 μg/g; 1s, N = 11) to the depleted mantle and display a narrow 

δ82Se range with a mean of −0.03 ± 0.02‰ [95% CI, N = 11; (61)] (Fig. 1B). They thus cannot explain the 

observed 82Se-enrichments by mixing with the depleted mantle (e.g., Fig. 3A). As for the lower continental 

crust, estimated Se content varies from ~0.05 to 0.2 μg/g in the literature [e.g., (91)]. These values might be 

potentially lower compared to the Se content of the delaminated lower crust due to the pervasive deep-seated 

cumulate-hosted sulfides that are enriched in strongly chalcophile elements such as Se (92). There is no 

literature Se isotope data for continental crust materials. Based on the δ82Se values of the Proterozoic Västervik 

granitoids (~0.20‰; Table S2) and other mantle-derived samples, it is very likely that the Se isotopic 

composition of the lower continental crust does not significantly deviate from the igneous inventory range 

(~−0.3‰–+0.3‰; Fig. 1B). Therefore, despite the potentially higher Se content relative to the depleted mantle, 

the delaminated lower continental crust cannot explain the observed δ82Se–87Sr/86Sr trend defined by the MORB 

samples (Fig. 3A). 

We do not observe clear correlation between δ82Se and 206Pb/204Pb ratios (Fig. S5C). Three Shona anomaly 

basalts carrying clear HIMU-like signatures with the highest 206Pb/204Pb and mildly elevated 87Sr/86Sr (Fig. 2C) 

show identical δ82Se values to the depleted mantle composition (Fig. S5C). As mentioned previously, two δ82Se 

data published so far for the altered oceanic crust show significantly negative values of ~−1.3‰, with 

anomalously enriched Se contents of ~60 μg/g (83). The altered oceanic crust could potentially experience Se 

loss during subduction due to slab dehydration (hence associated sulfide loss), which is assumed to be the same 

extent as S and Pb loss [58–98%; (46)]. This, according to the data of Rouxel et al. (83), allows estimation of Se 

content in the recycled oceanic crust at ~1–25 μg/g. A HIMU plume component with this high Se content and 

light δ82Se value would readily result in lighter δ82Se with increasing 206Pb/204Pb in the S-MAR basalts, which is 

not observed (Fig. S5C). Also, it cannot explain the observed δ82Se–δ34S variation (Fig. 3C) due to the much 

lower S/Se ratios in the HIMU end-member (~16) relative to the depleted mantle (~2500), which would generate 

a concave-upward mixing hyperbola that lies outside the observed data range [assuming δ34S = 3‰ and ~18–

385 μg/g S for HIMU, following (46)]. Importantly, we note that the altered oceanic basalts studied by Rouxel 

et al. (83) represent exceptionally Se-enriched proportion of the oceanic crust due to their proximity to the 

hydrothermal field, and unlikely reflect the composition of the bulk/global altered oceanic crust. Future studies 

are necessary to further constrain the Se systematics of the HIMU end-member.



 

 

 
 

 

Fig. S1. Selenium cycle in marine environment. It shows the major processes controlling the transport and 

fate of Se on the continental crust and in a redox-stratified open ocean (not to scale; modified after Stüeken et al. 

(66). The mid-Proterozoic marine redox conditions might have been mostly euxinic in continental margin/slope 

settings and ferruginous in the deep ocean (9). The crustal δ82Se is represented by the igneous inventory range 

compiled in this work (see Fig. 1B). The experimental isotope fractionation ε (ε = δ82Sereactant − δ82Seproduct) in 

low-temperature redox reactions (SeO4
2− to SeO3

2− and SeO3
2− to Se0) is from compilation of ref. (18); ε during 

Se adsorption onto Fe and Mn oxides is small [ε<~0.5–0.8‰; (93)]. The sense of isotopic fractionation during 

subaerial volcanic activity between the silicate magma Seigneous
2−  and volcanic gas species Se0 and/or SeO2 [both 

readily depositing on surface upon cooling; (94)] remains unknown, but the magnitude of ε might be 

significantly small compared to the low-temperature aqueous experiments, as inferred from the relatively limited 

difference in δ82Se between submarine MORB glasses and worldwide subaerial lavas (Fig. 1B).  



 

 

 
 

 

 

Fig. S2. Sample locations along the N- and S-MAR. Location of the PAR MORB suite is shown for 

comparison (N = 27). Also shown in detail are the locations of the off-ridge Discovery plume and ridge-centered 

Shona plume, as well as the principle first-order tectonic discontinues (fracture zones; F.Z.) across the studied S-

MAR sections. Samples associated with different plume contributions are displayed with different symbols. The 

regional map is generated by the GeoMapApp (http://www.geomapapp.org).  
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Fig. S3. Primitive mantle-normalized trace element patterns. Normalizing values are from (85). Samples are 

plotted as two separate groups: the depleted MORBs (black solid lines; (La/Sm)N 0.457–0.643) and MORBs 

associated with mantle plume enrichment (grey solid lines; (La/Sm)N 0.670–2.681, mostly >1). Shown for 

comparison are the PAR MORB range (shaded area; average ± 1s) (21) and global MORB averages (95).  
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Fig. S4. Selenium vs. chalcophile elements S and Te, and δ82Se vs. Se abundances and Se/Te ratios. Shown 

for comparison are the published data for PAR MORB (21). The error bars represent the typical ±2s external 

reproducibilities for S, Se, and Te contents and pooled ±2sp external reproducibility for δ82Se [(21, 46); 

Table S2]. (A, B) All depleted MORBs from the MAR and PAR ranging from primitive and highly evolved 

basalts (MgO 4.52‒8.85 wt. %) display linear Se–S and Se–Te co-variation arrays with opposite trends as 

indicated by the regression line (shaded areas are 95% CI envelope; errors on the slope and intercept are 95% 

CI). (C, D) Depleted mantle δ82Se from Table 1. Δ82Sesulf‒sil: Se isotope fractionation between sulfides and 

silicate melt.  

30 90 15060 120 180
-0.40

-0.20

0.00

0.20

0.40

Depleted mantle

D

δ
8

2
S

e
 (

‰
)

Se/Te

reproducibility

±2s external

80 120 160 200 240
-0.40

-0.20

0.00

0.20

0.40

     

Discovery anomaly     LOMU anomaly     Shona anomaly
PAR
N-MAR
S-MAR 

Depleted mantle

C

δ
8

2
S

e
 (

‰
)

Se (ng/g)

Δ82Sesulf–sil ≈  0.00‰

Sulfide segregation

}

reproducibility

±2s external

Δ82Sesulf–sil ≈  0.00‰

Sulfide segregation

600 900 1200 1500 1800
80

120

160

200

240

Depleted MORB arra
y

intercept = 86 ± 25
slope = 0.08 ± 0.02

A

S
e

 (
n

g
/g

)

S (µg/g)

Sulfid
e segregation

reproducibility

±2s external

Sulfide segregation

1 2 3 4 5 6
80

120

160

200

240

intercept = 216 ± 20
slope = −14.3 ± 7.4

Depleted MORB array

B

S
e

 (
n

g
/g

)

Te (ng/g)

reproducibility

±2s external

depleted MORB



 

 

 
 

 

Fig. S5. δ82Se vs. 143Nd/144Nd, 208Pb*/206Pb*, and 206Pb/204Pb. It shows that Se isotopes are correlated with 

143Nd/144Nd (A) and 208Pb*/206Pb* (B), but not with 206Pb/204Pb (C). 208Pb*/206Pb* = (208Pb/204Pb − 

29.476)/(206Pb/204Pb − 9.307) is the time-integrated Th/U ratio (44). (A) The mixing trends accounting for the 

Se–Nd isotopic variation are calculated using the most depleted S-MAR basalt (TR138 08D-1g) as an anchor 

and the best-fit parameters (Se content and δ82Se) for the sediment end-member obtained from the δ82Se –

87Sr/86Sr (purple line) and δ82Se–δ34S (green line) linear relationships (see Fig. 3). Average of these best-fit 

parameters is used to generate the mixing curve shown in thick blue line. See also (A) inset for the 1.5 Ga old 

recycled sediment composition (pink box, mean δ82Se ± 95% CI). Each tick mark on the mixing curve (A) 

indicates 0.1 wt. % sediment addition to the depleted mantle (as in Fig. 3). Depleted mantle Nd content 

(0.713 μg/g) from (88); Nd and Se isotopic compositions of the depleted mantle and Pacific ambient depleted 

mantle from Table 1; 1.5 Ga old pelagic sediment Nd content (85 μg/g) and 143Nd/144Nd (0.5117) from (27). See 

Table S3 for the full list of mixing parameters.  
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Fig. S6. Average Se, S, Sr, and Nd isotope compositions of the three groups of MAR basalts. (A–D) δ82Se 

and δ34S vs 87Sr/86Sr and 143Nd/144Nd. E, δ82Se vs δ34S, with (F) displaying the frequency histogram for the entire 

dataset of the MAR and PAR MORBs [bin width 0.05‰ for δ82Se and 0.4‰ for δ34S; (15, 21, 46) and this 

work). Additional S, Sr, and Nd isotope data for the S-MAR (15) are also included in the calculation of the 

group means (uncertainties are ±1s for all isotopes). Depleted mantle composition from Table 1.  
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Fig. S7. Average δ82Se and δ34S of the three groups of MAR glasses plotted against key trace/major 

element ratios. Additional δ34S and concentration data for the S-MAR (15, 46)  are also included in the 

calculation of the group means (uncertainties are ±1s). Composition of the depleted mantle, trace/major 

elements from (88) and δ82Se and δ34S from Table 1.  
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Fig. S8. Mixing models with parameters from 1‒2 Ga old pelagic sediments and results. (A, B) are the 

same figure as Fig. 4. R = (Se/Sr)sediment/(Se/Sr)mantle. (C‒E) Literature data are presented in the same manner as 

in Fig. 5A‒C, with the thick black line and shaded field indicating the observed mean ± 1s of 1‒2 Ga old marine 

sediments. Right panels of C: shown for comparison are the frequency histogram of individual and age-averaged 

sediment δ82Se data for the entire Proterozoic Eon and 1‒2 Ga interval that is relevant for our discussion. (D, E) 

show our modeling results for ~1.5 Ga old recycled sediment/pyrite (color-coded boxes: mean = thick solid line; 

1s error = short-dashed line) corresponding to the model input in (A, B), i.e., δ82Se values of 1s (blue line) and 

2s (green line) above the sediment average (black line). All errors on the model parameters (see Table S3) are 

propagated when calculating Se contents of recycled sediment/pyrite. See Section S5 for more details. 
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Table S1. Selenium isotope and elemental abundances of international rock standards analyzed in this work and literature data. 

    Individual measurement   Mean   

Rock standard/Type Location 
Sample 

weight (mg) 
δ82Se (‰) 

Internal 

error‡ 
Se (ng/g)   δ82Se (‰) 2s 95% CI n Se (ng/g) 2s n 

BHVO-2, USGS           

(ocean island basalt) 

Hawaii, USA 399.96 0.20 0.03 170 
 

0.14 0.10 
 

4 171 7 4 

319.14* 0.11 0.04 165 
        

  
422.70* 0.18 0.04 171 

        

  
353.88*, † 0.13 0.06 174 

        

  
353.88*, † 0.08 0.06 174 

        

  Yierpan et al. (21) 
      

0.10 0.11 
 

4 165 4 4 

  Yierpan et al. (41) 
      

0.18 0.10 
 

8 169 6 61 

  Varas-Reus et al. (61) 
      

0.15 0.10 
 

4 170 8 4 

  Grand mean 
      

0.15 0.11 0.03 20 169 7 73 

BCR-2, USGS      

(continental flood basalt) 

Columbia River, 

USA 

1019.16* 0.27 0.05 78 
     

78 3 1 
            

  Yierpan et al. (21) 
      

0.17 0.11 
 

2 79 3 2 

  Yierpan et al. (41) 
      

0.29 0.10 
 

5 76 2 18 

  Kurzawa et al. (42) 
      

0.18 0.11 
 

3 71 8 3 

  Lissner et al. (76) 
          

78 6 5 

  Grand mean 
      

0.23 0.13 0.04 11 76 3 24 

BE-N, CRPG       

(continental basalt) 

near Essey-la-

côte, France 

            

            

  Yierpan et al. (41) 
      

0.15 0.10 0.06 5 66 2 23 

  Rouxel et al. (83) 
      

0.37 0.32 
 

1 57 
 

1 

  Lissner et al. (76) 
          

65 1 3 

BIR-1a, USGS         

(Icelandic basalt) 

near Reykjavik, 

Iceland 

1529.38* 0.33 0.06 15 
     

15 1 1 
            

  Yierpan et al. (41) 
      

0.28 0.11 
 

5 15 1 5 

  Grand mean 
      

0.29 0.10 0.05 6 15 1 6 

JB-2, GSJ                    

(basalt) 

Oshima, Japan 
            

            

  Kurzawa et al. (60) 
      

-0.19 0.12 
 

3 153 10 6 
            



 

 
 

    Individual measurement   Mean   

Rock standard/Type Location 
Sample 

weight (mg) 
δ82Se (‰) 

Internal 

error‡ 
Se (ng/g)   δ82Se (‰) 2s 95% CI n Se (ng/g) 2s n 

JB-3, GSJ                    

(basalt) 

Narusawa-mura, 

Japan 

            

  Kurzawa et al. (60) 
      

0.16 0.12 
 

2 67 4 2 

JGb-1, GSJ               

(gabbro) 

Funehiji-machi, 

Japan 

401.92† -0.23 0.07 178 
 

-0.25 0.12 
 

1 178 7 1 

401.92† -0.27 0.09 178 
        

MRG-1, CCRMP     

(gabbro) 

Montreal, 

Canada 

211.68† 0.08 0.06 214 
 

0.09 0.12 
 

1 214 9 1 

211.68† 0.10 0.07 214 
        

JA-3, GSJ                

(andesite) 

Tsumagoi-mura, 

Japan 

625.57 0.26 0.06 58 
 

0.26 0.12 
 

1 58 2 1 
            

W-2a, USGS             

(diabase) 

near Centreville, 

USA 

401.76 -0.01 0.06 106 
 

-0.05 0.10 
 

2 106 4 2 

273.05 -0.08 0.05 106 
        

  Yierpan et al. (21, 41) 
     

-0.07 0.12 
 

7 107 2 9 

  Grand mean             -0.07 0.11 0.04 9 107 4 11 

Recommended values for rock standards (highlighted in bold) are calculated using all the data obtained under intermediate precision conditions (i.e., at Uni. Tübingen); 2s 

uncertainties on δ82Se are directly calculated if the total number of digestions n>3, or estimated with the 2sp external reproducibility of 0.12‰ (estimated for non-glass matrices; 

see Materials and Methods) if n≤3; 2s on Se abundances are 4% two relative standard deviation (41). δ82Se data of ref. (83) is converted relative to NIST SRM 3149 standard [see 

(21)]. 

*Sample digests processed through the 'HF chemistry'; all other sample digests were processed through the 'HCl chemistry' following Yierpan et al. (41). 

†Different aliquots of a sample digest. 

‡Internal error is 95% CI over 40 cycles of integration in each individual measurement.  



 

 
 

Table S2. Selenium isotope and/or Se–Te elemental analyses of MORBs, granitoids, and the inter-laboratory standard solution MH-495. 

    Individual measurement   Mean 

Sample Note 
Sample 

weight (mg) 

δ82Se 

(‰) 

Internal 

error 
Se (ng/g) Te (ng/g)   

δ82Se 

(‰) 
Uncertainty Se (ng/g) 

 Southern Mid-Atlantic ridge          

EW9309 41D-1g  308.28 -0.03 0.04 144 4.50  -0.06 0.08 144 

  208.77 -0.08 0.08 145      

EW9309 40D-1g  315.88* -0.23 0.05 146 3.13  -0.18 0.08 147 

  316.42† -0.17 0.10 147      

  316.42† -0.15 0.05 147      

EW9309 34D-1g  302.36 -0.07 0.04 161 2.95  -0.07 0.08 160 

EW9309 33D 1g   326.75 -0.06 0.04 126 2.04  -0.03 0.08 125 

  249.38 0.01 0.06 125      

EW9309 28D-1g   315.52 -0.16 0.09 156 2.95  -0.14 0.08 156 

  323.08* -0.12 0.06 156      

EW9309 25D-1g  366.37 0.05 0.06 89 6.21  0.09 0.08 88 

  349.07 0.16 0.11 88      

  279.17 0.08 0.08 89      

  282.61* 0.08 0.06 88      

EW9309 2D-1g   300.29 -0.10 0.06 132 2.43  -0.08 0.04 132 

  275.94† -0.05 0.06 132      

  275.94† -0.08 0.07 132      

  215.94 -0.10 0.07 133      

EW9309 4D-3g  323.71 -0.04 0.04 153 3.51  -0.04 0.08 154 

  312.54* -0.03 0.07 153      

EW9309 5D 5g   327.89 -0.03 0.04 132 3.72  -0.06 0.08 132 

  294.06* -0.09 0.10 133      



 

 
 

    Individual measurement   Mean 

Sample Note 
Sample 

weight (mg) 

δ82Se 

(‰) 

Internal 

error 
Se (ng/g) Te (ng/g)   

δ82Se 

(‰) 
Uncertainty Se (ng/g) 

EW9309 7D-1g  326.18 0.09 0.05 112 5.15  0.14 0.08 113 

  196.85 0.15 0.07 114      

  406.76* 0.18 0.09 113      

EW9309 8D-1g  320.42 -0.03 0.05 152 3.06  -0.05 0.08 152 

  188.21 -0.04 0.07 152      

  299.23* -0.08 0.03 153      

EW9309 9D-3g  257.39 -0.03 0.04 140 3.78  -0.03 0.04 139 

  239.61 -0.04 0.04 139      

  244.32 -0.07 0.05 142      

  262.65 -0.01 0.04 136      

  260.52 0.03 0.06 137      

  356.77* -0.04 0.04 139      

EW9309 15D-1g  339.95 -0.12 0.03 213 5.18  -0.13 0.08 209 

  319.97* -0.14 0.04 209      

EW9309 21D-1g   329.60 -0.11 0.04 165 4.41  -0.12 0.08 165 

  309.97* -0.13 0.06 165      

EW9309 23D-1g  303.32 -0.19 0.05 188 1.98  -0.15 0.08 186 

  302.05* -0.10 0.07 188      

EW9309 22D-3g  307.20† -0.10 0.05 183 1.26  -0.08 0.08 183 

  307.20† -0.06 0.05 183      

 Northern Mid-Atlantic ridge          

TR138 09D-2g  403.57 -0.17 0.03 162 2.89  -0.17 0.08 166 

TR138 08D-1g  401.88 -0.20 0.04 150 2.62  -0.19 0.08 150 

  252.63 -0.18 0.05 150      

           



 

 
 

    Individual measurement   Mean 

Sample Note 
Sample 

weight (mg) 

δ82Se 

(‰) 

Internal 

error 
Se (ng/g) Te (ng/g)   

δ82Se 

(‰) 
Uncertainty Se (ng/g) 

 Pacific-Antarctic ridge          

PAC2 DR33-1‡  150 -0.16 0.03 201 2.14  -0.15 0.03 199 

  210† -0.10 0.04 198 2.20     

  210† -0.11 0.07 198      

  232 -0.16 0.03 198 2.18     

  238 -0.19 0.04 198      

  241 -0.18 0.03 197 2.23     

  255 -0.22 0.03 199 2.27     

  402† -0.12 0.04 201 2.17     

  402† -0.10 0.05 201      

 Västervik granitoids          

SES 3-05 Quartzmonzonite–Monzogranite 1498.53* 0.24 0.05 21.2   0.24 0.12 21.2 

SES 19-05 Quartzmonzonite–Monzogranite 1003.71* 0.19 0.05 35.4   0.19 0.12 35.4 

SES 1-96 Monzogranite 1213.43* 0.18 0.07 28.3   0.18 0.12 28.3 
           

MH-495 (30 ng/mL Se)  Long-term analytical reproducibility§      

 This work -3.25 ± 0.07‰ (2s; n = 53)      

 Yierpan et al. (41) -3.26 ± 0.06‰ (2s; n = 32)      

 Yierpan et al. (21) -3.24 ± 0.07‰ (2s; n = 20)      

 Kurzawa et al. (60) -3.25 ± 0.08‰ (2s; n = 26)      

 Varas-Reus et al. (61) -3.25 ± 0.08‰ (2s; n = 69)      

  Grand mean -3.25 ± 0.07‰ (2s; n = 200)           

Uncertainties on the mean δ82Se are 95% CI if the number of analyses ni>3, or the 2sp external reproducibility of 0.08‰ (estimated for glass matrices) if ni≤3; 2s on Se (one isotope dilution 

data is also included when calculating the mean) and Te concentrations are ~3–5% two relative standard deviation [external reproducibility for glass matrices; this work and (21)]. 

*Sample digests processed through the 'HF chemistry'; all other sample digests were processed through the 'HCl chemistry' following (41). 

†Different aliquots of a sample digest. 

‡Data from (21). 

§The 2s analytical reproducibility of our method is evaluated from 200 measurements of MH-495 under intermediate precision conditions over the course of 24 months.  



 

 
 

Table S3. Parameters and results from the two-component mixing model and compositions of marine sediments/pyrites. 

 δ82Se (‰) Se (μg/g) 87Sr/86Sr Sr (μg/g) 143Nd/144Nd Nd (μg/g) δ34S (‰) S (μg/g) 

End-members         

Depleted mantle −0.16 ± 0.03 0.080 ± 0.017 0.70248 9.80 ± 1.86 0.513226 0.713 ± 0.050 −1.4 ± 0.5 200 ± 40 

 or −0.19 ± 0.08  ± 0.00003  ± 0.000006    

1.5 Ga old recycled pelagic sediment 1.44 ± 0.39 2.45 ± 0.71 0.7203† 300 ± 17‡ 0.5117 85 +10 ± 3 5700 ± 1000 

 (+1.15 ± 0.41)* (2.28 ± 0.78)*       

1.5 Ga old recycled sedimentary pyrite§ 13−4
+4 and 119−74

+155       

Marine sediments         

Archean 0.57 ± 0.45 0.59−0.38
+1.09       

 (M = 14, N = 191) (M = 14, N = 193)       

Proterozoic 0.53 ± 1.13  0.56−0.45
+2.27       

 (M = 48, N = 210) (M = 55, N = 218)       

1‒2 Ga time interval 0.62 ± 0.50 0.85−0.61
+2.12       

 (M = 9, N = 76) (M = 9, N = 76)       

Phanerozoic −0.17 ± 0.44 1.00−0.75
+2.98       

 (M = 142, N = 358) (M = 147, N = 364)       

Marine pyrites         

Archean  21−14
+38       

  (M = 11, N = 25)       

Proterozoic  16−10
+24       

  (M = 49, N = 113)       

1‒2 Ga time interval  19−12
+33       

  (M = 17, N = 38)       

Phanerozoic  22−18
+113       

  (M = 90, N = 209)       

The mixing trends are generated using compositions of the Pacific depleted mantle or the most depleted MORB TR138 08D-1g as indicated by italics (see Figs. 3A and 4 and 

Fig. S5A). Uncertainties on mixing end-member elemental concentrations (15, 21, 27, 86-88) and on Se contents/δ82Se values of marine sediments/pyrites (7, 19, 20, 28, 66, 68-

75) are all 1s. Uncertainties on mixing end-member isotope compositions are as reported in Table 1 and literature [1s on 143Nd/144Nd of the sample TR138 08D-1g (52) and 1s on 

δ34S of the recycled sediment (15)]. M = number of age-averaged data, N = number of different sediment/pyrite samples from the literature. 



 

 
 

*The best-fit parameters from the linear regression through the δ82Se–δ34S data. Noting that S content of sediment end-member from (15) is itself defined by S–radiogenic isotope 

mixing relationships, we use Se content as well as δ82Se of recycled sediment inferred from the δ82Se–87Sr/86Sr variation (Figs. 3A and 4) for our discussion. 

†Taken from (27). The present-day 87Sr/86Sr ratios of pelagic sediments at other broadly possible recycling ages T (between 1 and 2 Ga; e.g., see Fig. 5A) are calculated according 

to the isotopic evolution model of (27): from 4.55 Ga to T, 87Rb/86Sr = 0.186; from T to present day, 87Rb/86Sr = 0.61. All other parameters used to construct the present-day 

87Sr/86Sr of pelagic sediments (such as the age, 87Sr/86Sr, and 87Rb/86Sr of the Bulk Earth and decay constant of 87Rb) are in accordance with (96). 

‡Assigned error from GLOSS-II (89) as there was no uncertainty considered for pelagic sediment Sr content in (27). Note that both types of sediment end-members have identical 

Sr contents (but not Nd). 

§Upper and lower bound of our estimated Se content in recycled pyrite (see Section S5 for further details). 
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