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To better address how subducted protoliths drive the Earth’s mantle sulfur isotope heterogeneity, we 
report new data for sulfur (S) and copper (Cu) abundances, S speciation and multiple S isotopic 
compositions (32S, 33S, 34S, 36S) in 15 fresh submarine basaltic glasses from the Samoan archipelago, 
which defines the enriched-mantle-2 (EM2) endmember.
Bulk S abundances vary between 835 and 2279 ppm. About 17 ± 11% of sulfur is oxidized (S6+) but 
displays no consistent trend with bulk S abundance or any other geochemical tracer. The S isotope 
composition of both dissolved sulfide and sulfate yield homogeneous �33S and �36S values, within error 
of Canyon Diablo Troilite (CDT). In contrast, δ34S values are variable, ranging between +0.11 and +2.79�
(±0.12� 1σ ) for reduced sulfur, whereas oxidized sulfur values vary between +4.19 and +9.71�
(±0.80�, 1σ ). Importantly, δ34S of the reduced S pool correlates with the 87Sr/86Sr ratios of the glasses, 
in a manner similar to that previously reported for South-Atlantic MORB, extending the trend to δ34S 
values up to +2.79 ± 0.04�, the highest value reported for undegassed oceanic basalts.
As for EM-1 basalts from the South Atlantic ridge, the linear δ34S–87Sr/86Sr trend requires the EM-2 
endmember to be relatively S-rich, and only sediments can account for these isotopic characteristics. 
While many authors argue that both the EM-1 and EM-2 mantle components record subduction of 
various protoliths (e.g. upper or lower continental crust, lithospheric mantle versus intra-metasomatized 
mantle, or others), it is proposed here that they primarily reflect sediment recycling. Their distinct Pb 
isotope variation can be accounted for by varying the proportion of S-poor recycled oceanic crust in the 
source of mantle plumes.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Earth’s mantle has long been considered to have a homoge-
neous sulfur isotope composition (Thode et al., 1961). Early reports 
of Mid-Ocean Ridge Basalts (MORB) yield δ34S values randomly 
distributed around 0.5 ± 0.6� (n = 18, 1σ , Kanehira et al., 1973;
Sakai et al., 1984; Chaussidon et al., 1991), consistent with Ocean-
Island Basalt (OIB) δ34S values, which average +0.5 ± 0.5� (n = 6, 
1σ , Sakai et al., 1982). Such isotope homogeneity would be consis-
tent with sulfur steady-state between the inner and outer layers of 
the Earth, a view consistent with present-day mass fluxes between 
surface and deep reservoirs (Jambon, 1994; Wallace, 2005).
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Recent data, however, reveal 34S/32S heterogeneity of about 
3� in MORB from the South-Atlantic ridge (Labidi et al., 2013). 
These data also reveal trends between δ34S and 87Sr/86Sr and 
143Nd/144Nd that were not identifiable with other datasets, and 
therefore provide new insights into S-recycling into the deep Earth. 
In the case of South-Atlantic basalts, which have an EM-1 flavor 
(Enriched Mantle 1, characterized by radiogenic 87Sr/86Sr, unradio-
genic 143Nd/144Nd, and high 208Pb/204Pb at a given 206Pb/204Pb), 
subducted sediments have been suggested to account for 34S-
enriched values (Labidi et al., 2013). However, given the extreme 
δ34S variability of surface reservoirs (e.g., marine sediments versus 
continental crust, old versus young protoliths, see Canfield and Far-
quhar, 2009 and references therein), recycled components are ex-
pected to have highly variable δ34S (and δ33–36S) values. Hence, it 
remains unclear whether such trends only apply to South-Atlantic 
settings, or whether large positive δ34S signatures can be consid-
ered a “smoking gun” for deep sedimentary recycling on a global 
scale.
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Fig. 1. Map of the Samoan volcanic chain, also showing the close Tonga Trench. Inset shows the southwest Pacific region.
Samoan lavas have extreme radiogenic isotope compositions, 
including the highest 87Sr/86Sr ratios ever reported for oceanic 
basalts (0.7216; Jackson et al. 2007a, 2007b, 2009, 2014), and 
anomalously high δ18O (Eiler et al., 1997; Workman et al., 2008). 
Such features point toward sedimentary recycling, with up to 6% 
marine sediment of terrigenous origin in the mantle source of 
Samoan lavas. The S isotope composition of Samoan basalts may 
therefore provide new insights onto sedimentary recycling from 
subduction zones into the mantle sources of ocean islands. We 
report new data for major elements, sulfur speciation and abun-
dance, copper abundance, and multiple S isotope compositions for 
15 fresh Samoan glasses.

2. Samples and methods

2.1. Samples

The Samoan islands and seamounts are located in the south-
west Pacific Ocean, at 14◦S latitude and 169–173◦W longitude 
(Fig. 1), emplaced on a ∼100 Ma oceanic crust. The northern ter-
mination of the Tonga Trench occurs 120 km South of the Samoan 
archipelago (Fig. 1), but on the basis of geodynamic and geochemi-
cal considerations, any input from the nearby subduction zone has 
been ruled out as the source of enrichment in Samoan lavas (see 
details in Koppers et al., 2008 and Jackson et al., 2007a, 2007b).

The selected 15 fresh glasses (Table S1) were dredged on Vailu-
lu’u (n = 5), Muli (n = 1), Malumalu (n = 5) and Ta’u (n = 4) 
seamounts during the 1999 AVON2/3 cruise of the R/V Melville 
at depths between 780 and 4170 m below the seawater level 
(Table S1). The abundances of H2O, CO2, F, Cl, I, Br and S of 
the present samples were previously reported by Workman et al.
(2006) and Kendrick et al. (in press), and clear evidence of CO2
degassing has been highlighted in all samples. However, both wa-
ter and sulfur remain broadly unaffected by degassing in most 
Samoan melts, particularly for lavas erupted at >1000 m wa-
ter depth (Workman et al., 2006). Importantly, immiscible sul-
fides have been observed in most studied glasses (Workman et 
al., 2006), such that the melts have likely fractionated sulfides. 
The 87Sr/86Sr ratios for the samples in this study vary between 
0.70453 and 0.70841, and are negatively and positively correlated 
with 143Nd/144Nd and 208Pb∗/206Pb∗, respectively (Fig. 2, Workman 
et al., 2006). The 87Sr/86Sr values tend toward the EM-2 end-
member, and thus considerably extend the Sr-isotope range for 
glasses previously analyzed for S isotopes (0.70250–0.70590, Labidi 
et al., 2013).
2.2. Sulfur isotope measurements

Details on the spectroscopic characterization of the samples and 
the used wet chemistry protocol for quantitative S extraction are 
given in supplementary material A. Shortly, the dissolved sulfide 
and dissolved sulfate pools are extracted after their sequential con-
version to H2S under a N2 atmosphere, followed by a subsequent 
reaction with a silver nitrate solution to form Ag2S precipitates. 
After determination of the precipitate masses, the respective abun-
dances of the sulfide and sulfate pools can be quantified. Then, 
the S isotope measurements are performed in a dual inlet MAT 
253 gas-source mass spectrometer and reported in Table S1. δ34S 
values reported here are anchored on the V-CDT scale, whereas 
our �33S and �36S values are directly given versus both our ref-
erence gas and our CDT estimate. Isotope measurements for each 
sample have been duplicated and the standard deviation between 
two duplicates is taken as the 1σ external uncertainty. For δ34S, 
it is between 0.02 and 0.14� for dissolved sulfide and between 
0.20 and 0.70� for dissolved sulfate. The larger uncertainty for 
oxidized sulfur can be attributed to greater analytical difficulties 
associated with sulfate reduction (Labidi et al., 2012). For �33S and 
�36S, the average uncertainty is lower than 0.010 and 0.100�, re-
spectively, for each reported measurement.

3. Results

Major element compositions of studied glasses are reported 
in Table S1 and presented in Fig. 3 together with other Samoan 
basalts. Our data are in full agreement with previous data of 
Workman et al. (2004). For further details, the reader will find a 
summary in Fig. 3 and its caption.

3.1. Copper and sulfur abundances and sulfur speciation in Samoan 
glasses

In Samoan samples having MgO >6 wt.%, previously published 
copper abundances in bulk rocks display mildly increasing abun-
dances for decreasing MgO, with values between 45 and 120 ppm 
Cu (Workman et al., 2006). In samples having MgO <6%, Cu con-
tents dramatically drop to values lower than 25 ppm, and each 
volcano clusters along distinct trends (Fig. 4). Our data range be-
tween 5 ± 10 and 102 ± 10 ppm, averaging 57 ± 39 ppm (1σ , 
Table S1), and are again in agreement with previous observation.

Compared with MORB data (Labidi et al., 2013, 2014), the 
Samoan samples display considerable variability in S abundance 
at a given MgO (Fig. 5A). Bulk S concentration data vary between 
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Fig. 2. Compilation data of Sr, Nd and Pb radiogenic isotope ratios for Samoan 
glasses and South-Atlantic samples. (a) 206Pb/204Pb versus 87Sr/86Sr (b) 143Nd/144Nd 
versus 87Sr/86Sr and (c) 208Pb∗/206Pb∗ versus 87Sr/86Sr (see Allegre et al., 1986
for definition of 208Pb∗/206Pb∗). Data are from Douglass et al. (1999), Workman 
et al. (2004, 2006) and Jackson et al. (2007a, 2007b). Samoan basalts have high 
206Pb/204Pb and 143Nd/144Nd together with low 208Pb∗/206Pb∗ at a given 87Sr/86Sr 
compared to South-Atlantic lavas.

835 and 2279 ppm, averaging 1514 ± 511 ppm (1σ ), and agree 
with previously published sulfur concentration data (Workman et 
al., 2006; See supplementary information), that range between 
2651 and 781 ppm (average of 1698 ± 594 ppm, n = 88). Re-
duced S contents range between 600 and 1794 ppm, averaging 
1258 ± 434 ppm (Fig. 5B). Similar to trends with Cu (Fig. 4), each 
volcano displays distinct S-abundances that cluster at a given MgO 
(Fig. 5A and B). S6+/Stotal ratios range between 0 and 24 ± 5%
(where the uncertainty is estimated from replicate measurements), 
with the exception of 73-12 from Vailulu’u, which reaches 45%. 
The S6+/Stotal averages at 17 ± 11% (1σ ) for all the Samoan glasses 
(14 ±8%, 1σ , if 73-12 is excluded) and displays no consistent trend 
with S abundance, MgO, or any other petrogenetic proxy.
3.2. Relative abundances of sulfur isotopes in Samoan samples

Reduced sulfur displays homogeneous �33S and �36S, averag-
ing at +0.007 ± 0.005� and +0.078 ± 0.090� vs. CDT, respec-
tively (all 1σ ). Such values are indistinguishable within error from 
both CDT and MORB (Labidi et al., 2012, 2013, 2014). Sulfate �33S 
values average at −0.005 ± 0.022� versus CDT (Table S1). Owing 
to low oxidized sulfur abundances (<1 μmol), �36S measurements 
were not accurate and are not reported.

δ34S values of reduced sulfur range between +0.11 and +2.79 ±
0.12�, whereas oxidized sulfur displays values between +4.19 
and +9.71 ± 0.80�, with average of 1.47 ± 0.79� and 6.08 ±
1.49� (1σ), respectively. Isotope compositions of bulk (reduced 
plus oxidized) sulfur are estimated by mass balance, averaging at 
+1.92 ± 0.81�, with values between +0.66 and 3.04 ± 0.25�
(1σ). In contrast to MORB, Samoan basalts display only positive 
δ34S.

4. Discussion

4.1. Relations between sulfur and radiogenic isotope compositions

No clear trend appears between δ34S and S abundance, or be-
tween δ34S and S speciation (Table S1). Instead, the δ34S values 
of reduced sulfur are correlated with source enrichment proxies 
such as 87Sr/86Sr (Fig. 6), with the exception of two glasses: 79-4 
and 73-12. The former is the most evolved sample in the suite, 
whereas 73-12 was dredged at <1000 mbsl and is likely highly de-
gassed (Table S1). The correlation coefficient (r2) between the δ34S 
of reduced sulfur and 87Sr/86Sr is 0.62 (when 73-12 and 79-4 are 
excluded). The correlation coefficient decreases if bulk S is plotted 
instead of reduced S, as δ34S of the oxidized pool displays ran-
dom variation with respect to 87Sr/86Sr (Table S1; see discussion 
Section 4.3). Overall, the observed trend is consistent with the cor-
relation observed for South Atlantic samples (Fig. 6). With Samoan 
data, the correlation identified in South Atlantic MORB extends to 
higher 87Sr/86Sr and δ34S, and is now anchored by a maximum 
δ34S value of 2.79 ± 0.04� (Fig. 6), i.e. the highest value reported 
for oceanic basalts identified so far. When all the samples (i.e. from 
the South Atlantic MORB and from Samoa, excluding 73-12 and 
79-4, n = 36) are considered, r2 reaches 0.87.

In previous studies, correlation between reduced sulfur isotopes 
(= bulk S, as no sulfate occurs in MORB, see Labidi et al., 2013, 
2014) and radiogenic isotope systems was attributed to source 
heterogeneity as opposed to degassing, contamination/assimilation, 
or differentiation/melting induced variations. As argued below, we 
suggest it is also the case for Samoan lavas, but their shallower 
eruption depths and in particular the coexistence of dissolved sul-
fate and sulfide require a detailed investigation of the respective 
role of contamination/assimilation, degassing, differentiation and 
melting to be addressed first.

4.2. Contamination

Assimilation of seawater, brines or hydrothermally altered rocks 
leads to significant enrichment in chlorine (Michael and Cornell, 
1998; Bonifacie et al., 2008), and Cl/K ratios >0.08 are interpreted 
in the framework of assimilation (Michael and Cornell, 1998). Con-
tamination by seawater sulfate (δ34S = +21�, Rees et al., 1978), 
either by direct assimilation or after reduction in hydrothermal 
sulfides (δ34S between −3 and +10�, Alt, 1995), could modify 
the δ34S of erupted basalts. For instance, MORB displaying high 
Cl/K ratios (>0.20) show 34S enrichments by up to +1.5� owing 
to assimilation of hydrothermal sulfides, together with assimilation 
of the Cl-bearing brines (Labidi et al., 2014).
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Fig. 3. Major elements element composition of Samoan basalts. Data compilation from Workman et al. (2004, 2006) (small symbols, n = 148), together with our major-element 
determination for studied glasses (large symbols). Samples from studied Samoan volcanoes are plotted, including Ta’u, Muli, Malumalu, and Vailulu’u. Other volcanoes (Ofu, 
Savai’i, and Tutuila) are also added for comparison. The 15 studied samples have MgO abundances between 6.17 and 3.23%, reflecting significant amount of fractional crystal-
lization. Although relatively differentiated, they are all consistent with typical Samoan compositions, i.e. being mostly alkali basalts, with the notable exception of tholeiitic 
Vailulu’u lavas. The slopes for various oxides on the liquid lines of descent are consistent with crystallization of cpx ± olivine ± plagioclase, with olivine fractionation 
dominating the spread in lava compositions. Examination of CaO content in more primitive Samoan lavas led Workman et al. (2004) to suggest a clinopyroxene saturation 
occurring at MgO of 7.2 ± 0.5 in Vailulu’u lavas and at 6.3 ± 0.5% in Ta’u and Malumalu basalts. This, together with varying primitive CaO contents, would explain the vary-
ing CaO content at a given MgO (Workman et al., 2004). Most Samoan melts having a MgO content lower than 6% display evidence of Ti-magnetite fractionation, as shown 
by low Ti abundance at a given MgO. Although subtle, it also seems to be the case for most studied samples here, with the exception of Vailulu’u glasses. See Workman et 
al. (2004) for more details on the petrogenesis of Samoan lavas.
Owing to their relatively low Cl/K ratios (0.04 to 0.14, Workman 
et al., 2006, Kendricks et al., in press), such mechanisms are un-
likely to play a significant role in accounting for the δ34S vari-
ability of Samoan samples. Additionally Cl/K ratios are not cor-
related with 87Sr/86Sr in Samoan lavas (Workman et al., 2006), 
which argues against assimilation driving the Sr-isotopic com-
position of the lavas. Furthermore, there is no correlation be-
tween δ34S and Cl/K ratios, which indicates that the high δ34S 
observed in Samoan melts does not result from assimilation of 
crustal material (see a further discussion in supplementary ma-
terial B).
The origin of sulfates in Samoan melts is also unlikely to be 
related with brines assimilation. Sulfates are never observed in 
highly Cl-contaminated MORBs (Labidi et al., 2014), suggesting that 
brine assimilation does not lead to sulfate assimilation. This is 
because assimilated brines are highly saline (>38 wt% Cl in the 
case of MORBs or Samoa, see Clog et al., 2013 and Kendricks 
et al., in press) such that their formation temperature is likely 
to be >700 ◦C (Kelley and Delaney, 1987). Seawater sulfates are 
thermally reduced to sulfide at ∼300 ◦C within the oceanic crust. 
Consequently, sulfate is unlikely to remain the fluid (Shanks et al., 
1981), and therefore cannot act as a contaminant for the basalts.
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Fig. 4. Copper abundances of Samoan basalts. Small symbols are from Workman 
et al. (2004, 2006) and large symbols are from this study. Samples from studied 
Samoan volcanoes are plotted, including data from Ta’u, Muli, Malumalu, and Vailu-
lu’u. Our data are consistent with the sub-trends displayed by each volcano. As 
described in the text, Cu abundance roughly increases for decreasing MgO >6.5%, 
and dramatically drops for MgO <6.5%. The best-fit for Cu abundance in Vailu-
lu’u and Malumalu (solid lines) gives Xsulf ∼ 0.05% (or lower) for MgO > 6.5%, and 
Xsulf = 0.32% for MgO <6.5%.

Fig. 5. Evolution of sulfur abundances in Samoan basalts during magmatic differen-
tiation. MORB trend is shown for comparison (Labidi et al., 2013, 2014) (A): Bulk S 
(i.e. dissolved sulfate and sulfide) data; small symbols are ion probe data of 
Workman et al. (2006); the larger symbols are data of this study. (B) Reduced sul-
fur, calculated after substraction of oxidized-S to the bulk abundance (see text). Also 
shown is the modeled reduced-S abundance if Xsulf ∼ 0.05% (or lower) for MgO >
6.5%, and Xsulf = 0.32% for MgO < 6.5% (see Fig. 4). S abundance evolution for 
Xsulf = 0.00% is shown for comparison.

4.3. Sulfur degassing in Samoan melts

Compared with MORB, Samoan melts display extremely vari-
able S abundances at a given MgO (Fig. 5). This is observed for 
Fig. 6. δ34S versus 87Sr/86Sr. EM1 has a Sr isotope ratio of ∼0.7050, whereas it is 
>0.7080 for EM2 (see Zindler and Hart, 1986). Sr isotope data are from Workman 
et al. (2006). S-isotope uncertainties are estimated on the basis of replicate analysis 
for all samples, and are all within symbol sizes. The samples define binary mixing 
relationship between the depleted mantle and the EM-2 endmember. South-Atlantic 
samples, of EM-1 composition, are intermediate (see Labidi et al., 2013). Mixing 
trends expected if Upper-Continental-Crust (UCC) contain 953 ppm S (Wedehpol, 
1995) are shown, with UCC δ34S between −2.8� (Wedehpol, 1995) and +3.0�
(highest likely value for such reservoir). Only mixing with a S-enriched UCC account 
for the geochemical composition of our samples. Data used for mixing calculation 
is as in Labidi et al. (2013).

both bulk S (Fig. 5A) and dissolved sulfide (Fig. 5B). Dissolved 
sulfide dominates the sulfur budget of Samoan basalts (∼80% of 
bulk S is dissolved sulfide, Table S1), and therefore the simplest 
assumption is that the reduced S pool controls the observed vari-
ations in bulk S content (Fig. 5). CO2 in melts can be saturated at 
depths of ∼40 km (Javoy and Pineau, 1991) and experience deep 
degassing, described as a batch equilibrium process (Cartigny et 
al., 2008). This mechanism may have occurred in the pre-eruptive 
history of Samoan melts (Workman et al., 2006) and by analogy 
with carbon, dissolved sulfide might also be partly degassed at 
great depths, producing the trends observed in Fig. 5. Compared 
with other volatiles, however, degassing of S-bearing molecules 
from dissolved sulfide is a complex function of pressure, temper-
ature and f O2 (Gaillard and Scaillet, 2009). For conditions close 
to Samoan melts, dissolved sulfides can be quantitatively degassed 
only for P < 100 bars (Gaillard et al., 2011). Here, all the studied 
melts (except 73–12) are erupted at P > 100 bars.

The isotope consequence of deep S degassing on dissolved sul-
fide can be addressed as follows. The SO2/H2S ratio of the vapor 
phase displays a strong dependence with water content of the va-
por phase (Gaillard and Scaillet, 2009; Gaillard et al., 2011). After 
an f O2 extrapolation from Fig. 1 in Gaillard et al. (2011), SO2 is 
expected to dominate in the vapor phase of Samoan melts, with 

SO2
SO2+H2S > 0.5. However, degassed SO2 is enriched by ∼1.5�with 
respect to dissolved sulfide under equilibrium at 1200 ◦C (and de-
pleted by about 1.5� with respect to dissolved sulfate at 1200 ◦C, 
Mandeville et al., 2009). This estimate is in qualitative agree-
ment with recent experimental work by Fiege et al. (2015). For 
the purposes of estimation, the degassing of 50% dissolved sul-
fide to SO2 under batch equilibrium is modeled using Mandeville 
et al. (2009) value: It is estimated to decrease the δ34S of resid-
ual sulfide by ∼0.8� in the case of SO2

SO2+H2S = 1. For SO2
SO2+H2S =

0.5, H2S degassing from dissolved sulfide must be taken into ac-
count: it occurs with a negligible S isotope fractionation at 1200 ◦C 
(Mandeville et al., 2009). In this case, S degassing would decrease 
the δ34S of residual sulfide by ∼0.4�. The magnitude of these 
fractionations would increase by approximately a factor of 2 if 
Fiege et al.’s (2015) estimate is used. In all cases, it is at odds 
with the 34S enrichments observed in the dissolved sulfide pool of 
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Samoan melts, and shows that our report of high 34S/32S values 
cannot be the consequence of degassing.

Dissolved sulfate could be more quantitatively degassed than 
dissolved sulfide. Few experimental studies have been devoted to 
sulfur partitioning during degassing or fluid exsolution. They are 
restricted to both silicic hydrous melts and relatively high f O2 (be-
tween FMQ +1 and +4). At P < 300 bars, only dissolved sulfate is 
observed to be quantitatively lost, with Dfluid/melt between 1 and 
5 for sulfide but between 100 and 1000 for sulfate (Scaillet et al., 
1998; Keppler, 2010). The role of SO2 degassing from dissolved sul-
fate must therefore be discussed.

The observed values of δ34Ssulfate–δ34Ssulfide are between
+2.15 ± 1.05� and +7.71 ± 0.75� (averaging at 4.54 ± 1.78�), 
and are thus generally higher than values expected for isotopic 
equilibrium (∼ 3� at 1200 ◦C, Miyoshi et al., 1984). Our protocol 
for chemical extraction of oxidized sulfur leads to slight underesti-
mation of sulfate δ34S (<1�; Labidi et al., 2012), and thus cannot 
account for the direction of the observed isotopic disequilibrium. 
Similar observations were previously made in Hawaiian glasses, 
with typical δ34Ssulfate–δ34Ssulfide values >6� (Sakai et al., 1982). 
Seawater sulfate (δ34S ∼21�) or anhydrite contamination can be 
ruled out as the δ34Ssulfate–δ34Ssulfide depart from equilibrium is 
not associated to any increase of sulfate content, or as mentioned 
above, to any Cl/K variability.

The simplest hypothesis for the large 34Ssulfate–δ34Ssulfide values 
is that kinetic sulfur degassing occurred, acting primarily on dis-
solved sulfate, and very little, if any, on dissolved sulfide. Kinetic 
degassing would strongly favor degassing of 32SO2, leading to an 
increased δ34S for residual sulfate (see Aubaud et al., 2004 for the 
carbon case). Such degassing must occur sufficiently fast to prevent 
isotopic re-equilibration between oxidized and reduced sulfur. This 
also rules out deep degassing of SO2, as this would allow sulfide 
and sulfate to reach isotope equilibrium after degassing, and con-
strain the SO2 loss to be likely syn-eruptive. In summary, sulfur 
degassing is unlikely to be significant at great depths, and only oc-
curs during emplacement, most likely affecting dissolved sulfate. It 
is therefore not the process driving the large variations in dissolved 
sulfide content observed in Fig. 5.

4.4. Probing sulfide fractionation in Samoan melts, and the 
consequences for the S isotope systematics

Extensive sulfide fractionation can produce the observed vari-
ability in dissolved sulfide concentrations (Lee et al., 2012). In 
MORB, this process occurs without affecting the 34S/32S ratios of 
the dissolved sulfide pool (Labidi et al., 2014). Here, however, iso-
tope fractionation would occur, resulting from the coexistence of 
dissolved sulfide and sulfate in the melt.

To quantify sulfide segregation, we used copper abundance sys-
tematics assuming that all melts had comparable initial Cu con-
tents, regardless of their volcano of origin within the Samoan sys-
tem. This assumption is based on the fact that high-MgO melts of 
distinct Samoan volcanoes display comparable Cu content within 
a factor of 2 (Fig. 4). Given that the silicate mineral/melt parti-
tion coefficients for Cu are negligible compared to the sulfide/sili-
cate melt partition coefficient (>300, Rajamani and Naldrett, 1978;
Peach et al., 1990; Gaetani and Grove, 1997; Ripley et al., 2002;
Lee et al., 2012), the behavior of Cu is primarily controlled by FeS 
fractionation.

In MORB, the monotonic decrease in Cu abundance with de-
creasing MgO is the result of continuous sulfide fractionation 
(Jenner et al., 2012). In arc-magmas, Cu initially behaves incompat-
ibly (increasing with decreasing MgO) until a maximum is reached, 
after which Cu abundances diminish dramatically, pointing to the 
onset of sulfide fractionation (Lee et al., 2012). Similar to arc-
settings, Cu variations in Samoan melts is best accounted for by 
a two-step evolution: for MgO >∼6 wt.%, the mild increase of 
copper abundances with diminishing MgO points to a lack of sul-
fide fractionation, hereafter referred to as phase 1. During phase 2, 
which begins with MgO falling below ∼ 6 wt.%, the drop in Cu 
content requires significant sulfide fractionation (Fig. 4). Using our 
previous approach (Labidi et al., 2014), the Cu abundance evolution 
of mantle melts is described as follows:

Dmin-liq
Cu = (

1 − Xsulf
) × Dsil-liq

Cu + Xsulf × Dsulf-liq
Cu (1)

Where Dmin-liq
Cu is the bulk mineral–liquid partition coefficient of 

Cu and is estimated graphically from Fig. 4 (details in Labidi et 
al., 2014). Xsulf is the mass fractions of sulfide minerals among 
bulk precipitated minerals, with Xsil + Xsulf = 1. Copper partition 
coefficients Dsil-liq

Cu and Dsulf-liq
Cu are taken at 10−1 (Lee et al., 2012)

and 900 (Ripley et al., 2002), respectively.
In Eq. (1), only Xsulf is unknown. During phase 1, we observe a 

Dmin-liq
Cu between 0.088 (i.e. equal to Dsil-liq

Cu ) and 0.5 ±0.2, implying 
that Xsulf is between 0.00% and 0.05 ±0.02% of precipitated miner-

als. During phase 2, Dmin-liq
Cu is observed to be 3.0 ± 0.5, constrain-

ing Xsulf at 0.32 ±0.06, i.e. precipitated sulfide representing 0.32 ±
0.06% of bulk crystallized minerals. The dissolved sulfide pool in 
our samples represents the residual fraction that has not been lost 
through immiscible sulfide fractionation. Using our Xsulf estimates, 
the remaining dissolved sulfide fractions are estimated to range 
between 80 and 25% of the size of the original sulfide pool.

It is emphasized that the onset of phase 2 best fits the Cu con-
centration data if it occurs at MgO concentrations of 6.5 ± 0.4%
and 5.6 ± 0.4% for Vailulu’u and Malumalu volcanoes, respectively 
(Fig. 4). This range of MgO values coincides with Ti-magnetite sat-
uration, occurring at MgO <7% (Fig. 3). Jenner et al. (2010) pointed 
out the role of magnetite precipitation in reducing the f O2 of host 
melts, hence offering a possible mechanism to trigger sulfide frac-
tionation in Samoan lavas.

A redox-buffer during the differentiation of Samoan lavas?
Sulfur can be partially or totally oxidized in water-rich, high-

f O2 magmas, where f O2 is typically higher than the fayalite–
magnetite–quartz (FMQ) buffer (Metrich et al., 2009 and references 
therein). One process possibly controlling sulfur oxidation state in-
volves buffering by iron species (Metrich et al., 2009; Jugo et al., 
2010), as follows:

S2− + 8Fe3+ = S6+ + 8Fe2+ (2)

Following Eq. (2), dissolved iron species would act as a redox-
buffer on dissolved sulfur species. If so, any S2− loss (via sulfide 
fractionation as described in Section 4.4) would be compensated 
by reduction of a respective amount of S6+, and reaction 2 would 
proceed to the left to keep the S6+/Stot ratio constant. In con-
trast, if dissolved Fe does not act as a S-speciation buffer, the 
S6+/Stot ratio should increase significantly during sulfide fraction-
ation (Fig. 5 and its caption for details). For ∼10 wt% bulk FeO 
in Samoan melts (Workman et al., 2006), and a Fe3+

Fe3++Fe2+ chosen 
for estimation purpose at ∼0.20, the molar content of Fe3+ is de-
termined to be ∼1.5 mol%. Taking 1500 ppm average content for 
dissolved S2− (Table S1), the molar content of S2− is estimated to 
be ∼0.2 mol%. Thus, although the mechanism described by Eq. (2)
involves 8 moles of Fe3+ to oxidize 1 mole of S2−, the relative 
abundance of Fe3+ with respect to dissolved sulfide stoichiometri-
cally allows the reaction 2 to occur – at least partially – in Samoan 
melts throughout sulfide fractionation.

Sulfide segregation is quantified assuming that dissolved sul-
fate and sulfide stay at isotopic equilibrium (before degassing), 
i.e. δ34Ssulfate–δ34Ssulfide = 3.00� (Miyoshi et al., 1984), for ini-
tial S6+/Stot between 0.05 and 0.20 (see Fig. 5 and supplementary 
information C). Whether S speciation is buffered or not (through 
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Eq. (2)) has discriminating consequences for S-isotope evolution in 
melts. Under a S-speciation buffer, segregation of immiscible sul-
fide would result in increased δ34S of dissolved sulfide (see Alt et 
al., 1993 and Fig. 8A). Here, δ34S of dissolved sulfide is predicted to 
increase by up to 4 and 7� for Vailulu’u and Malumalu melts, re-
spectively (Fig. 8C). Such a process would erase any source features 
and generate trends between δ34S and sulfide segregation proxies, 
which is not observed. The preservation of S-isotope source sig-
natures in dissolved sulfide over a ∼2� range (Fig. 6) is more 
consistent with a lack of buffer onto S speciation: Without a S-
speciation buffer, δ34S of reduced sulfur remains constant given 
that FeS exsolution does not fractionate the 34S/32S ratio (Fig. 8B, 
Mandeville et al., 2009; Labidi et al., 2013, 2014). Only the δ34S 
of bulk sulfur increases, as the relative proportion of the oxidized 
pool increases (Fig. 8B).

Hence, despite the indisputable observation of dissolved sulfate 
in melts together with high Fe3+/Fetotal (Nilsson and Peach, 1993;
Wallace and Carmichael, 1994; Jugo, 2009 and references therein), 
our observations highlight that iron speciation unlikely buffers S 
speciation in Samoan basalts. Determining the Fe3+/Fetotal ratio in 
our melts could be a test of this hypothesis: if reaction 2 is not 
operating, the Fe3+/Fetotal ratio should here remain not buffered 
throughout sulfide precipitation, as observed in MORB (Cottrell and 
Kelley, 2011, 2013).

4.5. Sulfate origin in Samoan melts

If not through Eq. (2), the origin of dissolved sulfate in melts 
must be addressed. Sulfate could occur in the mantle source of 
Samoan melts, and be transferred in basalts during partial melt-
ing. This would predict a mantle f O2 of FMQ +1. However, par-
tial melting occurs between 6 and 2.5 GPa in the archipelago 
(Workman et al., 2004): a f O2 of FMQ ∼+1 is higher by at least 
3 orders of magnitude than any peridotites equilibrated at com-
parable pressures in cratonic mantle (Frost and McCammon, 2008
for a review), equivalent to the fO2 measured in arc-related peri-
dotites (Parkinson and Arculus, 1999). In addition, this view would 
be inconsistent with the generally lower f O2 observed for compo-
sitionally enriched basalts (Cottrell and Kelley, 2013). Alternatively, 
the S2− oxidation could occur in primitive melts (see supplemen-
tary material C). The oxidizing specie(s) that accepts electrons from 
sulfide must be consumed or lost from the system, so that sul-
fate reduction does not occurs under sulfide fractionation (i.e. no 
buffering of the S6+/Stot ratio, Section 4.4). The origin of such oxi-
dizer remains unclear. Here, we suggest that volatile species could 
act as such. For instance, magmas may oxidize along carbon de-
gassing (Mathez, 1984), such as:

4CO2−
3 + S2− = SO2−

4 + 4CO + 4O2− (3)

However, most carbon is degassed as CO2 (∼95% of vapor phase 
in MORB), not CO (less than 10 ppm, Javoy and Pineau, 1991), 
making the reaction 3 unlikely, and thus sulfur speciation likely 
independent of carbon degassing.

Water can be an alternative oxidizer for sulfur. In MORB, the 
water abundance is systematically <1% (Clog et al., 2013), and 
no sulfate is present (e.g. Jugo et al., 2010; Labidi et al., 2012, 
2013, 2014). Conversely, dissolved sulfate in ocean-island basalts 
like Hawaii (Sakai et al., 1982) and Samoa (this study), and in arc-
related melts (Nilsson and Peach, 1993) is systematically associ-
ated with water concentrations >1% (e.g. Dixon and Clague, 2001;
Workman et al., 2006; Plank et al., 2013). A direct link between 
dissolved magmatic water and sulfur speciation is offered through 
reaction:

S2− + 4H2O = SO2−
4 + 4H2 (4)

Because OIBs and arc-related magmas contain considerably 
more dissolved water than MORB, reaction 4 would offer a mech-
anism for sulfate occurrence in such natural basalts, as observed 
in laboratory experiments (Stelling et al., 2011). Importantly, for 
1 wt% H2O in Samoan melts in average (Workman et al., 2006), 
the molar fraction of dissolved water represent ∼3 mol%, which is 
twice as high as the molar fraction of Fe3+ . This simple mass bal-
ance suggests that the reaction 4 may be more realistic to account 
for sulfate occurrence in natural melts than interaction between 
sulfide and ferric iron (i.e. reaction 2). Additionally, it can be sug-
gested that any H2 produced through reaction 4 could then be 
titrated by the surrounding Fe3+ (through a reduction to Fe2+), 
preventing quantitative loss of H from the system, consistent with 
the lack of water degassing in our samples (except for 68-3, 73-12 
that were dredged at depths <1000 m; Table 1, Workman et al., 
2006; Kendrick et al., in press).

4.6. Chemical geodynamic implications of a sulfur isotope “mantle 
array”

4.6.1. Comparable nature of the extreme South-Atlantic and Samoan 
EM-endmembers

To a first order, basalts from the South Atlantic mid-ocean 
ridge (EM-1) and Samoan archipelago (EM-2) lie on the same 
δ34S–87Sr/86Sr trend (Fig. 6). This co-linear relationship requires 
these components to have comparable S/Sr ratios.

The historic concept of “mantle arrays” arises from radiogenic 
isotope systematics, where clear correlations (and deviations from 
correlations) exist between Sr–Nd–Hf–Pb isotopes (Allègre, 1982;
Zindler and Hart, 1986; Hofmann, 1997; White, 2010). Mantle 
arrays defined with Sr–Nd–Hf isotopes are the result of similari-
ties in the geochemical behavior of the Rb–Sr, Sm–Nd, and Lu–Hf 
parent–daughter pairs during partial melting (Allegre et al., 1979; 
De Paolo et al., 1980), followed by radiogenic ingrowth over time 
and mixing through subduction. In contrast, the variability in S iso-
tope compositions for recycled components is driven by the redox 
state of the ocean, atmospheric chemistry or biotic versus abiotic 
processes (e.g. Alt et al., 2007 for the altered oceanic crust, and 
Canfield and Farquhar, 2009 for sediments compositions over the 
course of Earth’s history) that are not generated by fractionation 
during partial melting.

As a consequence, sulfur isotope variations in subducted mate-
rials will span a δ34S range of ∼100� in post-Archean sediments 
with near-zero �33S–�36S values, whereas the �33S–�36S range 
in Archean sediments is ∼15� and is associated with moderate 
(∼15�) δ34S variability (Canfield and Farquhar, 2009; Johnston, 
2011). Furthermore, S abundances in rocks vary by several orders 
of magnitude, with typical values ranging from <10 ppm to sev-
eral percent of S (see compilation by Reinhard et al., 2013). Con-
sequently, compositions of recycled components are predicted to 
reflect such varying S abundance, δ34S, �33S and �36S, depending 
on their origin, nature, age, and degree of processing in subduction 
zones.

For example, the report of non-zero �33S in Mangaia lavas re-
flects the recycling of Archean oceanic crust (Cabral et al., 2013), 
whereas δ33–34S data highlight Proterozoic sediment in the EM-1 
source of South-Atlantic hotspots (Labidi et al., 2013). Therefore, 
the use of a ‘mantle array’ concept with sulfur isotopes requires 
some caution. In this context, the co-incidence of the extreme 
EM-1 and EM-2 components on the same array in S–Sr isotope 
space is remarkable. In the following sections, chemical geodynam-
ics implications of such observations are investigated.

4.6.2. Nature of the common EM-component
The near-linear S–Sr isotope array in the global dataset (Fig. 6) 

requires the S/Sr ratio of EM-1 and EM-2 to be broadly equal to 
that of the DM. Taking 200 ± 40 ppm (Lorand et al., 2013 for a 
review) and 11.3 ppm (Le roux et al., 2002) for S and Sr for DM, 
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Fig. 7. Compilation of selected trace element data for Samoan and South-Atlantic basalts, plotted versus the 87Sr/86Sr ratio. These plots allow comparison of trace element 
variations in the respective EM-endmembers. South-Atlantic and Samoan basalts display indistinguishable La/Sm and Th/La ratio at a given 87Sr/86Sr ratio. In contrast, both 
Ba/Nb and Ce/Ce∗ (see Class and Le Roex, 2008, for definition of the latter ratio) are indisputably different in compared settings: Ba/Nb ratio of South-Atlantic EM-endmember 
is notably higher than Samoan component, also displaying relatively low Ce/Ce∗ ratios.
respectively, leads to a DM S/Sr ratio of 17 ± 4. If the ∼8 ppm Sr 
abundance estimate for DM of Workman and Hart (2005) is used, 
the S/Sr ratio of this component is 26 ± 7.

Compared with other Samoan basalts, Ta’u samples have the 
lowest 87Sr/86Sr ratios (e.g. Fig. 7) and display a relatively high 
δ34S at a given 87Sr/86Sr, with apparent deviation from the 
global/Samoan main trend by ≤+1.0� (Fig. 6). As a consequence, 
one could argue that the slope fitting the Samoan data in S vs 
Sr isotope space is slightly shallower than for the South-Atlantic 
dataset. Despite the low statistical consistency of the Ta’u sam-
ples (n = 3), these values can be considered to offer room for S/Sr 
variation in the EM-2 component: With a modeled δ34S value of 
+5� and 87Sr/86Sr >0.7216 (Jackson et al., 2009), the S/Sr ratio 
in Samoa can be as high as 70 ± 5 to fit the data (Fig. 6). Be-
low, we consider the 17 ± 4 and 70 ± 5 values as the lower and 
upper S/Sr bounds, respectively, for the EM-2 component. Several 
mechanisms have been proposed to explain the origin of EM-type 
signatures in OIB, including sub-continental lithospheric mantle 
delamination (SCLM, McKenzie and O’nions, 1983; Mahoney et al., 
1996), lower-continental crust recycling (LCC, Hanan et al., 2004;
Willbold and Stracke, 2006), metasomatism (Eiler et al., 1995;
Workman et al., 2006), or sediment subduction (Hoffman and 
White, 1982; Jackson et al., 2007a, 2007b; Workman et al., 2008).

SCLM and LCC display S/Sr ratios of 3.2 ± 2.0 and 0.8 ± 0.3, 
respectively (Labidi et al., 2013 and references therein), and thus 
cannot account for the shape of the S-Sr isotope array formed 
by Samoan basalts. Jackson et al., (2007a, 2007b) suggested up-
per continental crust (UCC) to be responsible for the Samoan EM-
endmember, consistent with earlier models for the high 87Sr/86Sr 
in Samoan lavas (White and Hofmann, 1982). If UCC has 953 ppm 
S (Wedepohl, 1995), it should display a S/Sr ratio of 2.7 ± 0.5
(Rudnick and Gao, 2003). This value is undoubtedly too low to ac-
count for the variations observed here.

Recycled marine sediment may provide a more suitable pro-
tolith that can serve as a mixing endmember for the enriched 
mantle components. Most marine sediments deposited 1–2 Ga 
ago during the Proterozoic eon formed under reduced conditions, 
and it is suggested that the open-ocean water column could have 
been euxinic, i.e. H2S-rich (Canfield, 1998; Poulton et al., 2004; 
Johnston et al., 2006). Under these conditions, deposited sedi-
ments contain high sulfur concentrations that range from 5000 
to 30 000 ppm (Poulton et al., 2004). Moreover, Proterozoic sedi-
ments have an average δ34S of +5 ± 10� (Canfield and Farquhar, 
2009), consistent with the best fit to our data of +10 ±3� (Fig. 6). 
If such sediment has the required UCC-type trace-element com-
position (i.e. 350 ppm Sr and a UCC-shaped REE pattern, see 
Rudnick and Gao, 2003), the sediment should display S/Sr ratios 
between 14 and 85, which is in the range of the expected value 
for EM-1 and EM-2 components. Taken together, subducted sed-
iments satisfy both S isotope and S/Sr ratios observations made 
on the EM-reservoir of Samoan basalts. Sediments S contents are 
likely modified by subduction processes, especially through sedi-
mentary melting (Prouteau and Scaillet, 2012). Thus, the degree to 
which S abundances and isotope ratios have been modified dur-
ing the pre-Samoan subduction process remains unknown. How-
ever, we note that our inferred S/Sr ratios and δ34S composi-
tion of the recycled protolith in the Samoan mantle does not 
strongly require subduction-modification, but cannot exclude it ei-
ther.
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Fig. 8. Modeled δ34S evolution versus sulfide segregation S6+/Stot ratio is kept 
constant. The 34S/32S fractionation between dissolved sulfide and sulfate (i.e. 
δ34Ssulfate–δ34Ssulfide) is taken at +3.00�, after Miyoshi et al. (1984). A: The iso-
tope evolution is plotted against the residual fraction of sulfur in the melt, the S 
speciation being buffered B: The isotope evolution is plotted against the f or the re-
action, without S speciation buffer. C: the isotope evolution is plotted against MgO, 
using the parameters derived here for Samoan petrogenesis from Figs. 4 and 5; see 
Section 4.4. For the sake of simplicity, only the case of step 1 being Xsulf = 0.00%
is illustrated, and δ34S fractionation under step 2 (Xsulf = 0.32% for MgO <6.5%) 
is modeled. A and C show that if the S6+/tot ratio is kept constant (via reaction 2, 
for example), δ34S of reduced sulfur is highly modified such that no source trend 
could be preserved. Our conclusion would be reinforced if modeling step 1 with 
Xsulf ∼ 0.05% (see text) was considered.

4.6.3. Perspectives on the trace elements differences between Samoan 
EM-2 and South-Atlantic EM-1 components

The investigated samples display a tight correlation between 
87Sr/86Sr and La/Sm ratio (Fig. 7), showing that the incompatible-
element enrichment in the lavas is consistent with the high time-
integrated Rb/Sr ratio, which generated geochemically enriched 
87Sr/86Sr ratios. At a given 87Sr/86Sr value, the La/Sm ratio of 
South-Atlantic samples show no distinction from Samoan basalts 
(Fig. 7).

However, the geochemical similarity between Shona-Discovery 
in the South Atlantic and Samoa EM-endmember cannot be ex-
tended to every ratio of highly incompatible trace elements. The 
discussion hereafter focuses on three key trace element ratios: 
Th/La, Ba/Nb, and Ce/Ce∗ (Fig. 7), calculated with data of Le Roux 
et al. (2002) and Workman et al. (2004). The latter ratio is an 
index of Ce anomaly compared to other rare earth elements of 
similar incompatibility (Ce/Ce∗ = CeN/La2/3∗

N Nd1/3
N , see Class and 

Le Roex, 2008). Cerium can only be fractionated from other REE in 
near-surface oxidizing conditions, where Ce(IV) forms while coor-
dination of other REE remain unchanged. In other words, negative 
Ce anomalies in fresh lavas can be seen as “smoking guns” of sub-
ducted sediment contributions (Class and Le Roex, 2008).

On the one hand, the maximum Th/La ratios in Samoan and 
South-Atlantic EM endmembers are comparable, with values typ-
ical of EM-endmembers (see Willbold and Stracke, 2006), exceed-
ing 1.0. On the other hand, striking Ba/Nb and Ce/Ce∗ differences 
exist between these two EM-endmembers: The Ba/Nb ratio of 
South-Atlantic EM-endmember is particularly high compared with 
other hotspots (Le Roux et al., 2002; le Roex et al., 2010), with val-
ues as high as ∼15; in comparison, Ba/Nb is <8 in Samoan EM-2 
endmember. Shona–Discovery basalts display indisputable negative 
Ce anomalies (with Ce/Ce∗ <0.85) that are indicative of the sed-
imentary nature of the South-Atlantic EM-endmember (Class and 
Le Roex, 2008), while Samoan basalts exhibit a homogeneous and 
non-anomalous Ce/Ce∗ ratio (Fig. 7) despite evidence for sediment 
contributions in the Samoan mantle source inferred from radio-
genic isotopes, trace elements (Jackson et al., 2007a, 2007a), oxy-
gen isotopes (Workman et al., 2008), and sulfur isotope data (this 
study).

Such an apparent discrepancy might be reconciled as sediments 
collected outboard of present-day subduction zones are extremely 
heterogeneous, and display Ba/Nb ratios between 19.0 (MAR 800) 
and 1450 (Central America), and Ce/Ce∗ ratios vary between 0.19 
(Colombia) and 1.26 (Sunda) (Plank and Langmuir, 1998). EM-
components, like those sampled by the South-Atlantic and Samoan 
hotspots, could reflect the heterogeneity of sedimentary protoliths 
as illustrated by present-day oceanic sediments.

4.6.4. Perspectives on the lead isotope composition of EM-hotspots
The 206Pb/204Pb ratio is the historic criterion to distinguish 

EM-1 from EM-2 mantle endmembers: EM-1 displays less radio-
genic 206Pb/204Pb values (≤18.0) than EM-2 lavas (206Pb/204Pb 
between 19.0 and 19.5, Zindler and Hart, 1986; Jackson et al., 
2007a, 2007b; Eisele et al., 2002). This clear distinction is also ap-
parent in the case of South-Atlantic EM-1 versus Samoan EM-2 
samples (Fig. 2; Douglass et al., 1999; Jackson et al., 2007a, 2007b). 
We discuss how a sedimentary contribution could be reconciled 
with variable Pb isotope composition.

Ancient sediments could loose variable amounts of Pb relative 
to U during ancient subduction, hence generating the differences 
between EM1 and EM2. In such a model, EM2-protoliths would 
experience a more extensive U/Pb fractionation and develop more 
radiogenic Pb isotopic composition over time. However, because Pb 
in sediments is hosted by sulfides (e.g. Kelley et al., 2003), Pb and 
S loss should be coupled. This would decrease the bulk S content 
of the EM-2 sedimentary protoliths (likely modifying its S/Sr ra-
tio) and modify the slope of the δ34S–87Sr/86Sr trend. However, 
the only room observed for a slight modification of the Samoan 
δ34S–87Sr/86Sr trend suggests a relatively high S/Sr ratio in the 
EM-2 protolith (see Section 4.6.2).
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As for the Ce/Ce∗ or Ba/Nb systematics, it can be suggested 
that distinct sedimentary sources, having a distinct lead isotope 
composition, could account for the distinct Pb isotope composition 
between EM1 and EM2 hotspots. However, in contrast with Ba/Nb 
or Ce/Ce∗ ratios, the 206Pb/204Pb variation in present-day sedi-
ments remains moderate, with values of marine sediments ranging 
between 18.6 and 19.3 (Plank and Langmuir, 1998). Distinct sed-
imentary compositions are therefore unlikely to explain distinct 
206Pb/204Pb ratios in EM-hotspots.

The variability in Pb-isotope ratios between EM1 and EM2 man-
tle sources could involve mixing with a third S-depleted man-
tle endmember. Sediments have low U/Pb, high Rb/Sr (Plank and 
Langmuir, 1998) and high S/Sr ratios (see Section 4.6.2.). Recy-
cled oceanic crust has radiogenic time-integrated 206Pb/204Pb ra-
tios (High U/Pb ratio, or HIMU, Hoffmann and White, 1982), as a 
consequence of >75% Pb loss during subduction (Chauvel et al., 
1992, 1995; Kelley et al., 2005). Sulfides are the main carrier of Pb 
in altered oceanic crust (Kelley et al., 2005), and despite the rela-
tively high S content in some non-subducted oceanic crusts (0.1. to 
1 wt%, see Alt et al., 2007 and references therein), the subduction-
modified oceanic crust may have low S-abundance. This view is 
consistent with experimental studies (Jégo and Dasgupta, 2014)
and with recent estimates, where the recycled oceanic crust has 
been suggested to host <350 ppm S, compared to ∼5000 ppm S 
or more in recycled sediments (Labidi et al., 2013, 2014). The sub-
ducted oceanic crust, when mixed with a S-rich EM-endmember, 
may therefore not be detectable by S-isotope systematics (Labidi 
et al., 2013, 2014).

The maximum 34S/32S impact associated with HIMU contribu-
tions, under the occurrence of 2% sediment, is quantified using the 
parameters inferred in this study and in Labidi et al. (2014) i.e. 
with S content in the HIMU mantle <350 ppm, and ∼5000 ppm 
in EM components. In that case, variation of S content in HIMU be-
tween 30 and 350 ppm S, with a δ34S of +3� (Labidi et al., 2014), 
produces δ34S variations <0.2� on the final mixing product. Such 
variations would be clearly resolvable (i.e. higher than 1�) only 
for an HIMU δ34S >11�. This mass balance calculation illustrates 
that even for extreme δ34S compositions in the HIMU endmember, 
the signature of this mantle component is likely to be overprinted 
by even a small sediment contribution.

Compared to the Samoan and South Atlantic settings, the S iso-
tope composition of the HIMU endmember in Mangaia has been 
clearly detected, and shows a non-MORB δ33–34S signature (Cabral 
et al., 2013). This is because Mangaia lavas do not show any EM-
contribution (Hauri and Hart, 1993), and sediment thus cannot 
overprint their peculiar S-isotope compositions.

Therefore, the similar δ34S and S/Sr ratios of South-Atlantic 
EM-1 and Samoan EM-2 endmembers at distinct 206Pb/204Pb can 
be explained if the Pb-isotope composition of Samoa is controlled 
by a substantial amount of S-poor HIMU in its recycled slab, 
whereas EM-1 would contain less recycled oceanic crust. If cor-
rect, the worldwide Pb–Sr variations of mantle plumes (Zindler 
and Hart, 1986) would require only 3-components: (1) The DM 
component, (2) S-rich sediments, which generate low-206Pb/204Pb 
and high-87Sr/86Sr EM component (also having variable trace el-
ement composition), and (3) S-poor recycled oceanic crust with 
radiogenic 206Pb/204Pb, which is effectively little sensitive with re-
spect to S isotopes.

5. Conclusions

Samoan melts are all sulfide-saturated. In addition, a system-
atic coexistence of dissolved sulfide and sulfate is observed, with 
∼ 17 ±11% of sulfur occurring under a sulfate form. Studied basalts 
displays highly variable bulk sulfur content at a given MgO, pri-
marily driven by variation in dissolved sulfide content. These vari-
ations can be explained by sulfide segregation occurring together 
with magnetite precipitation. Sulfide loss is quantified using the Cu 
systematics; we estimate the remaining sulfur fraction in the stud-
ied melts to represent between 80 and 25% S of primitive melts.

The S isotope composition of both dissolved sulfide and sulfate 
yield �33S and �36S values within error of Canyon Diablo Troilite 
(CDT), whereas δ34S values range between +0.11 and +2.79�
(±0.12�, 1σ ) for reduced sulfur, and between +4.19 and +9.71�
(±0.80�, 1σ ) for oxidized sulfur. Importantly, δ34S of the reduced 
S pool are correlated with the 87Sr/86Sr ratios of the glasses, in 
a manner similar to that previously reported for South-Atlantic 
MORB, extending this trend to δ34S values up to +2.79 ± 0.04�.

The isotope fractionation between sulfide and sulfate indicates 
that sulfur degassing is unlikely to be significant at great depths, 
and only occurs during emplacement, most likely affecting dis-
solved sulfate only. Importantly, the preservation of S isotope 
source value in the dissolved sulfide pool for melts that experi-
enced such a complex magmatic history implies that the relative 
abundance of sulfate and sulfide is not buffered in the melt. This 
further requires that dissolved iron does not control sulfur spe-
ciation in melts, and that dissolved sulfate may rather originate 
through sulfide–water interaction in silicate melts.

The basalts from the Samoan archipelago are archetype of the 
EM-2 mantle endmember, and however lie on indistinguishable 
δ34S–87Sr/86Sr trends than EM-1 MORB from South-Atlantic ridge. 
The EM-1 and EM-2 mantle endmembers hence share a common 
nature from the S systematics. Available data show that only sed-
iments are consistent with the S/Sr ratio of the EM-endmembers. 
The 206Pb/204Pb variation among EM hotspots can be explained by 
mixing of S-poor HIMU-type endmember that would control the 
206Pb/204Pb of EM-hotspots, while remaining mostly invisible in 
the S isotope perspective.

Acknowledgements

Bernard Marty is thanked for his editorial handling. The com-
ments of two anonymous reviewers improved this report. Nobu-
michi Shimizu is thanked for discussions and support. P.C. and J.L. 
acknowledge support from CNRS-SEDIT. MGJ acknowledges support 
from NSF–EAR EAR-1348082. This is IPGP contribution number 
3610.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2015.02.004.

References

Allegre, C.J., Ben Othman, D., Polve, M., Richard, P., 1979. The Nd–Sr isotopic cor-
relation in mantle materials and geodynamic consequences. Phys. Earth Planet. 
Inter. 19 (4), 293–306.

Allègre, C.J., 1982. Chemical geodynamics. Tectonophysics 81 (3), 109–132.
Allegre, C.J., Dupré, B., Lewin, E., 1986. Thorium/uranium ratio of the Earth. Chem. 

Geol. 56, 219–227.
Alt, Jeffrey C., 1995. Sulfur isotopic profile through the oceanic crust: sulfur mobility 

and seawater-crustal sulfur exchange during hydrothermal alteration. Geology 
23 (7), 585–588.

Alt, J.C., Shanks III, W.C., Jackson, M.C., 1993. Cycling of sulfur in subduction zones: 
the geochemistry of sulfur in the Mariana Island Arc and back-arc trough. Earth 
Planet. Sci. Lett. 119 (4), 477–494.

Alt, J.C., Shanks, W.C., Bach, W., Paulick, H., Garrido, C.J., Beaudoin, G., 2007. Hy-
drothermal alteration and microbial sulfate reduction in peridotite and gabbro 
exposed by detachment faulting at the Mid-Atlantic Ridge, 15◦20′N (ODP Leg 
209): a sulfur and oxygen isotope study. Geochem. Geophys. Geosyst. 8 (8).

Aubaud, C., Pineau, F., Jambon, A., Javoy, M., 2004. Kinetic disequilibrium of C, He, Ar 
and carbon isotopes during degassing of mid-ocean ridge basalts. Earth Planet. 
Sci. Lett. 222 (2), 391–406.

Bonifacie, M., et al., 2008. The chlorine isotope composition of Earth’s mantle. Sci-
ence 319 (5869), 1518–1520.

http://dx.doi.org/10.1016/j.epsl.2015.02.004
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C6C6574616C31393739s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C6C6574616C31393739s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C6C6574616C31393739s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C6C31393832s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C6C6574616C31393836s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C6C6574616C31393836s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C7431393935s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C7431393935s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C7431393935s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C746574616C31393933s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C746574616C31393933s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C746574616C31393933s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C746574616C32303037s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C746574616C32303037s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C746574616C32303037s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib416C746574616C32303037s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4175626574616C32303034s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4175626574616C32303034s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4175626574616C32303034s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib426F6E6574616C32303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib426F6E6574616C32303038s1


38 J. Labidi et al. / Earth and Planetary Science Letters 417 (2015) 28–39
Cabral, R.A., Jackson, M.G., Rose-Koga, E.F., Koga, K.T., Whitehouse, M.J., Antonelli, 
M.A., Hauri, E.H., 2013. Anomalous sulphur isotopes in plume lavas reveal deep 
mantle storage of Archaean crust. Nature 496 (7446), 490–493.

Canfield, D.E., 1998. A new model for Proterozoic ocean chemistry. Nature 396 
(6710), 450–453.

Canfield, D.E., Farquhar, J., 2009. Animal evolution, bioturbation, and the sulfate con-
centration of the oceans. Proc. Natl. Acad. Sci. USA 106 (20), 8123–8127.

Cartigny, P., Pineau, F., Aubaud, C., Javoy, M., 2008. Towards a consistent mantle 
carbon flux estimate: insights from volatile systematics (H2O/Ce, δD, CO2/Nb) 
in the North Atlantic mantle (14◦N and 34◦N). Earth Planet. Sci. Lett. 265 (3), 
672–685.

Cottrell, E., Kelley, K.A., 2011. The oxidation state of Fe in MORB glasses and the 
oxygen fugacity of the upper mantle. Earth Planet. Sci. Lett. 305 (3), 270–282.

Cottrell, E., Kelley, K.A., 2013. Redox heterogeneity in mid-ocean ridge basalts as a 
function of mantle source. Science 340 (6138), 1314–1317.

Chauvel, C., Hofmann, A.W., Vidal, P., 1992. HIMU-EM: the French Polynesian con-
nection. Earth Planet. Sci. Lett. 110 (1–4), 99–119.

Chauvel, C., Goldstein, S., Hofmann, A., 1995. Hydration and dehydration of oceanic 
crust controls Pb evolution in the mantle. Chem. Geol. 126 (1), 65–75.

Chaussidon, M., Sheppard, S.M., Michard, A., 1991. Hydrogen, sulphur and 
neodymium isotope variations in the mantle beneath the EPR at 12◦50′N. 
J. Geochem. Soc. 3, 325–337.

Class, C., Le Roex, A.P., 2008. Ce anomalies in Gough Island lavas—trace element 
characteristics of a recycled sediment component. Earth Planet. Sci. Lett. 265 
(3), 475–486.

Clog, M., Aubaud, C., Cartigny, P., Dosso, L., 2013. The hydrogen isotopic composition 
and water content of southern Pacific MORB: a reassessment of the D/H ratio of 
the depleted mantle reservoir. Earth Planet. Sci. Lett. 381, 156–165.

DePaolo, D.J., 1980. Crustal growth and mantle evolution: inferences from models 
of element transport and Nd and Sr isotopes. Geochim. Cosmochim. Acta 44 (8), 
1185–1196.

Dixon, J.E., Clague, D.A., 2001. Volatiles in basaltic glasses from Loihi Seamount, 
Hawaii: evidence for a relatively dry plume component. J. Petrol. 42 (3), 
627–654.

Douglass, J., Schilling, J.G., Fontignie, D., 1999. Plume-ridge interactions of the 
Discovery and Shona mantle plumes with the southern Mid-Atlantic Ridge 
(40◦–55◦S). J. Geophys. Res. 104, 2941–2962.

Eiler, J.M., Farley, K.A., Valley, J.W., Stolper, E.M., Hauri, E.H., Craig, H., 1995. Oxy-
gen isotope evidence against bulk recycled sediment in the mantle sources of 
Pitcairn Island lavas. Nature 377, 14.

Eiler, J.M., Farley, K.A., Valley, J.W., Hauri, E., Craig, H., Hart, S.R., Stolper, E.M., 1997. 
Oxygen isotope variations in ocean island basalt phenocrysts. Geochim. Cos-
mochim. Acta 61 (11), 2281–2293.

Eisele, J., Sharma, M., Galer, S.J., Blichert-Toft, J., Devey, C.W., Hofmann, A.W., 2002. 
The role of sediment recycling in EM-1 inferred from Os, Pb, Hf, Nd, Sr isotope 
and trace element systematics of the Pitcairn hotspot. Earth Planet. Sci. Lett. 196 
(3), 197–212.

Fiege, A., Holtz, F., Behrens, H., Mandeville, C.W., Shimizu, N., Crede, L.S., Göttlicher, 
J., 2015. Experimental investigation of the S and S-isotope distribution between 
H2O–S±Cl fluids and basaltic melts during decompression. Chem. Geol. 393, 
36–54.

Frost, D.J., McCammon, C.A., 2008. The redox state of Earth’s mantle. Annu. Rev. 
Earth Planet. Sci. 36, 389–420.

Gaetani, G., Grove, T., 1997. Partitioning of moderately siderophile elements among 
olivine, silicate melt, and sulfide melt: constraints on core formation in the 
Earth and Mars. Geochim. Cosmochim. Acta 61 (9), 1829–1846.

Gaillard, F., Scaillet, B., 2009. The sulfur content of volcanic gases on Mars. Earth 
Planet. Sci. Lett. 279 (1), 34–43.

Gaillard, F., Scaillet, B., Arndt, N.T., 2011. Atmospheric oxygenation caused by a 
change in volcanic degassing pressure. Nature 478 (7368), 229–232.

Hanan, B.B., Blichert-Toft, J., Pyle, D.G., Christie, D.M., 2004. Contrasting origins of 
the upper mantle revealed by hafnium and lead isotopes from the Southeast 
Indian Ridge. Nature 432 (7013), 91–94.

Hauri, E.H., Hart, S.R., 1993. Re Os isotope systematics of HIMU and EMII oceanic 
island basalts from the South Pacific Ocean. Earth Planet. Sci. Lett. 114 (2), 
353–371.

Hofmann, A.W., White, W.M., 1982. Mantle plumes from ancient oceanic crust. Earth 
Planet. Sci. Lett. 57 (2), 421–436.

Hofmann, A.W., 1997. Mantle geochemistry: the message from oceanic volcanism. 
Nature 365 (1187), 219–229.

Jackson, M.G., Hart, S.R., Koppers, A.A., Staudigel, H., Konter, J., Blusztajn, J., Rus-
sell, J.A., 2007a. The return of subducted continental crust in Samoan lavas. 
Nature 448 (7154), 684–687.

Jackson, M.G., et al., 2007b. New Samoan lavas from Ofu Island reveal a hemi-
spherically heterogeneous high 3He/4He mantle. Earth Planet. Sci. Lett. 264 (3), 
360–374.

Jackson, M.G., Hart, S.R., Shimizu, N., Blusztajn, J., 2009. Pervasive cpx-whole rock 
isotopic disequilibrium in Polynesian hotspot lavas: evidence supporting isotopic 
variability in olivine and clinopyroxene-hosted melt inclusions. Geochem. Geo-
phys. Geosyst. 10, Q03006. http://dx.doi.org/10.1029/2008GC002324.
Jackson, M.G., et al., 2014. Helium and lead isotopes reveal the geochemical geome-
try of the Samoan plume. Nature 514 (7522), 355–358.

Jambon, A., 1994. Earth degassing and large-scale geochemical cycling of volatile 
elements. Rev. Mineral. Geochem. 30 (1), 479–517.

Javoy, M., Pineau, F., 1991. The volatiles record of a “popping” rock from the Mid-
Atlantic Ridge at 14◦N: chemical and isotopic composition of gas trapped in the 
vesicles. Earth Planet. Sci. Lett. 107 (3), 598–611.

Jégo, Sébastien, Dasgupta, Rajdeep, 2014. The fate of sulfur during fluid-present 
melting of subducting basaltic crust at variable oxygen fugacity. J. Petrol. 55 
(6), 1019–1050.

Jenner, F., O’Neill, H., Arculus, R., Mavrogenes, J., 2010. The magnetite crisis in the 
evolution of arc-related magmas and the initial concentration of Au, Ag and Cu. 
J. Petrol. 51 (12), 2445–2464.

Jenner, F., Arculus, R., Mavrogenes, J., Dyriw, N., Nebel, O., Hauri, E., 2012. Chal-
cophile element systematics in volcanic glasses from the northwestern Lau 
Basin. Geochem. Geophys. Geosyst. 13, Q06014.

Johnston, D.T., Poulton, S.W., Fralick, P.W., Wing, B.A., Canfield, D.E., Farquhar, J., 
2006. Evolution of the oceanic sulfur cycle at the end of the Paleoproterozoic. 
Geochim. Cosmochim. Acta 70 (23), 5723–5739.

Johnston, D.T., 2011. Multiple sulfur isotopes and the evolution of Earth’s surface 
sulfur cycle. Earth-Sci. Rev. 106 (1), 161–183.

Jugo, Pedro J., 2009. Sulfur content at sulfide saturation in oxidized magmas. Geol-
ogy 37 (5), 415–418.

Jugo, P.J., Wilke, M., Botcharnikov, R.E., 2010. Sulfur K-edge XANES analysis of natu-
ral and synthetic basaltic glasses: implications for S speciation and S content as 
function of oxygen fugacity. Geochim. Cosmochim. Acta 74 (20), 5926–5938.

Kelley, D.S., Delaney, J.R., 1987. Two-phase separation and fracturing in mid-ocean 
ridge gabbros at temperatures greater than 700 ◦C. Earth Planet. Sci. Lett. 83 (1), 
53–66.

Kelley, K.A., Plank, T., Ludden, J., Staudigel, H., 2003. Composition of altered oceanic 
crust at ODP Sites 801 and 1149. Geochem. Geophys. Geosyst 4 (6).

Kelley, K.A., Plank, T., Farr, L., Ludden, J., Staudigel, H., 2005. Subduction cycling of 
U, Th, and Pb. Earth Planet. Sci. Lett. 234 (3), 369–383.

Kanehira, K., Yui, S., Sakai, H., Sasaki, A., 1973. Sulphide globules and sulphur isotope 
ratios in the abyssal tholeiite from the Mid-Atlantic Ridge near 30 N latitude. 
Geochem. J. 7 (2), 89–96.

Kendrick, M.A., Jackson, M.G., Hauri, E.H., Phillips, D., in press. The halogen (F, Cl, 
Br, I) and H2O systematics of Samoan lavas: assimilated-seawater, EM2 and 
high-3He/4He components. Earth Planet. Sci. Lett.

Keppler, H., 2010. The distribution of sulfur between haplogranitic melts and aque-
ous fluids. Geochim. Cosmochim. Acta 74 (2), 645–660.

Koppers, A.A., Russell, J.A., Jackson, M.G., Konter, J., Staudigel, H., Hart, S.R., 2008. 
Samoa reinstated as a primary hotspot trail. Geology 36 (6), 435–438.

Labidi, J., Cartigny, P., Birck, J., Assayag, N., Bourrand, J., 2012. Determination of mul-
tiple sulfur isotopes in glasses: a reappraisal of the MORB δ34S. Chem. Geol. 334, 
189–198.

Labidi, J., Cartigny, P., Moreira, M., 2013. Non-chondritic sulphur isotope composition 
of the terrestrial mantle. Nature 501 (7466), 208–211.

Labidi, J., Cartigny, P., Hamelin, C., Moreira, M., Dosso, L., 2014. Sulfur isotope bud-
get (32S, 33S, 34S and 36S) in Pacific–Antarctic ridge basalts: a record of man-
tle source heterogeneity and hydrothermal sulfide assimilation. Geochim. Cos-
mochim. Acta 133, 47–67.

le Roex, A., Class, C., O’Connor, J., Jokat, W., 2010. Shona and Discovery aseis-
mic ridge systems, South Atlantic: trace element evidence for enriched mantle 
sources. J. Petrol. 51 (10), 2089–2120.

Le Roux, P.J., Le Roex, A.P., Schilling, J.G., Shimizu, N., Perkins, W.W., Pearce, N.J., 
2002. Mantle heterogeneity beneath the southern Mid-Atlantic Ridge: trace el-
ement evidence for contamination of ambient asthenospheric mantle. Earth 
Planet. Sci. Lett. 203 (1), 479–498.

Lee, C.T.A., Luffi, P., Chin, E.J., Bouchet, R., Dasgupta, R., Morton, D.M., Jin, D., 2012. 
Copper systematics in arc magmas and implications for crust–mantle differenti-
ation. Science 336 (6077), 64–68.

Lorand, J.P., Luguet, A., Alard, O., 2013. Platinum-group element systematics and pet-
rogenetic processing of the continental upper mantle: a review. Lithos 164–167, 
2–21.

Mahoney, J.J., White, W.M., Upton, B.G.J., Neal, C.R., Scrutton, R.A., 1996. Beyond 
EM-1: lavas from Afanasy–Nikitin rise and the Crozet archipelago, Indian Ocean. 
Geology 24 (7), 615–618.

Mandeville, C.W., Webster, J.D., Tappen, C., Taylor, B.E., Timbal, A., Sasaki, A., Bacon, 
C.R., 2009. Stable isotope and petrologic evidence for open-system degassing 
during the climactic and pre-climactic eruptions of Mt. Mazama, Crater Lake, 
Oregon. Geochim. Cosmochim. Acta 73 (10), 2978–3012.

Mathez, E.A., 1984. Influence of degassing on oxidation states of basaltic magmas. 
Nature 310 (5976), 371–375.

McKenzie, D., O’nions, R.K., 1983. Mantle reservoirs and ocean island basalts. Na-
ture 301, 229–231.

Métrich, N., Berry, A.J., O’Neill, H.S.C., Susini, J., 2009. The oxidation state of sulfur 
in synthetic and natural glasses determined by X-ray absorption spectroscopy. 
Geochim. Cosmochim. Acta 73 (8), 2382–2399.

Michael, Peter J., Cornell, Winton C., 1998. Influence of spreading rate and magma 
supply on crystallization and assimilation beneath mid-ocean ridges: evidence 

http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4361626574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4361626574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4361626574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib43616E31393938s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib43616E31393938s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib43616E46617232303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib43616E46617232303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4361726574616C32303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4361726574616C32303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4361726574616C32303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4361726574616C32303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib436F744B656C32303131s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib436F744B656C32303131s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib436F744B656C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib436F744B656C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4368616574616C31393932s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4368616574616C31393932s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4368616574616C31393935s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4368616574616C31393935s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4368616574616C31393931s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4368616574616C31393931s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4368616574616C31393931s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib436C61526F6532303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib436C61526F6532303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib436C61526F6532303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib436C6F6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib436C6F6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib436C6F6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib44655031393830s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib44655031393830s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib44655031393830s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib446978436C6132303031s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib446978436C6132303031s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib446978436C6132303031s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib446F756574616C31393939s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib446F756574616C31393939s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib446F756574616C31393939s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib45696C6574616C31393935s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib45696C6574616C31393935s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib45696C6574616C31393935s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib45696C6574616C31393937s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib45696C6574616C31393937s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib45696C6574616C31393937s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4569736574616C32303032s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4569736574616C32303032s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4569736574616C32303032s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4569736574616C32303032s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4669656574616C32303135s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4669656574616C32303135s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4669656574616C32303135s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4669656574616C32303135s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib46726F4D634332303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib46726F4D634332303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib47616547726F31393937s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib47616547726F31393937s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib47616547726F31393937s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib47616953636132303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib47616953636132303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4761696574616C32303131s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4761696574616C32303131s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib48616E6574616C32303034s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib48616E6574616C32303034s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib48616E6574616C32303034s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib48617548617231393933s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib48617548617231393933s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib48617548617231393933s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib486F6657686931393832s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib486F6657686931393832s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib486F6631393937s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib486F6631393937s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A61636574616C3230303761s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A61636574616C3230303761s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A61636574616C3230303761s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A61636574616C3230303762s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A61636574616C3230303762s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A61636574616C3230303762s1
http://dx.doi.org/10.1029/2008GC002324
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A61636574616C32303134s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A61636574616C32303134s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A616D31393934s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A616D31393934s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A617650696E31393931s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A617650696E31393931s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A617650696E31393931s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A656744617332303134s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A656744617332303134s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A656744617332303134s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A656E6574616C32303130s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A656E6574616C32303130s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A656E6574616C32303130s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A656E6574616C32303132s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A656E6574616C32303132s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A656E6574616C32303132s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A6F686574616C32303036s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A6F686574616C32303036s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A6F686574616C32303036s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A6F6832303131s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A6F6832303131s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A756732303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A756732303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A75676574616C32303130s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A75676574616C32303130s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4A75676574616C32303130s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B656C44656C31393837s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B656C44656C31393837s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B656C44656C31393837s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B656C6574616C32303033s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B656C6574616C32303033s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B656C6574616C32303035s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B656C6574616C32303035s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B616E6574616C31393733s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B616E6574616C31393733s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B616E6574616C31393733s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B656E6574616C32303135s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B656E6574616C32303135s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B656E6574616C32303135s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B657032303130s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B657032303130s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B6F706574616C32303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4B6F706574616C32303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C61626574616C32303132s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C61626574616C32303132s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C61626574616C32303132s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C61626574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C61626574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C61626574616C32303134s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C61626574616C32303134s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C61626574616C32303134s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C61626574616C32303134s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib526F656574616C32303130s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib526F656574616C32303130s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib526F656574616C32303130s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib526F756574616C32303032s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib526F756574616C32303032s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib526F756574616C32303032s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib526F756574616C32303032s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C65656574616C32303132s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C65656574616C32303132s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C65656574616C32303132s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C6F726574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C6F726574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4C6F726574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D61686574616C31393936s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D61686574616C31393936s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D61686574616C31393936s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D616E6574616C32303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D616E6574616C32303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D616E6574616C32303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D616E6574616C32303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D617431393834s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D617431393834s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D634B4F6E6931393833s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D634B4F6E6931393833s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D65746574616C32303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D65746574616C32303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D65746574616C32303039s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D6963436F7231393938s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D6963436F7231393938s1


J. Labidi et al. / Earth and Planetary Science Letters 417 (2015) 28–39 39
from chlorine and major element chemistry of mid-ocean ridge basalts. J. Geo-
phys. Res., Solid Earth (1978-2012) 103 (B8), 18325–18356.

Miyoshi, T., Sakai, H., Chiba, H., 1984. Experimental study of sulfur isotope fraction-
ation factors between sulfate and sulfide in high temperature melts. Geochem. 
J. 18 (2), 75–84.

Nilsson, K., Peach, C.L., 1993. Sulfur speciation, oxidation state, and sulfur concen-
tration in backarc magmas. Geochim. Cosmochim. Acta 57 (15), 3807–3813.

Parkinson, I.J., Arculus, R.J., 1999. The redox state of subduction zones: insights from 
arc-peridotites. Chem. Geol. 160 (4), 409–423.

Peach, C.L., Mathez, E.A., Keays, R.R., 1990. Sulfide melt–silicate melt distribution 
coefficients for noble metals and other chalcophile elements as deduced from 
MORB: implications for partial melting. Geochim. Cosmochim. Acta 54 (12), 
3379–3389.

Plank, T., Langmuir, C.H., 1998. The chemical composition of subducting sediment 
and its consequences for the crust and mantle. Chem. Geol. 145 (3), 325–394.

Plank, T., Kelley, K.A., Zimmer, M.M., Hauri, E.H., Wallace, P.J., 2013. Why do mafic 
arc magmas contain ∼4 wt% water on average? Earth Planet. Sci. Lett. 364, 
168–179.

Poulton, S.W., Fralick, P.W., Canfield, D.E., 2004. The transition to a sulphidic ocean 
1.84 billion years ago. Nature 431 (7005), 173–177.

Prouteau, G., Scaillet, B., 2012. Experimental constraints on sulphur behaviour in 
subduction zones: implications for TTG and adakite production and the global 
sulphur cycle since the Archean. J. Petrol. 54, 183–213.

Rajamani, V., Naldrett, A., 1978. Partitioning of Fe, Co, Ni, and Cu between sulfide 
liquid and basaltic melts and the composition of Ni–Cu sulfide deposits. Econ. 
Geol. 73 (1), 82–93.

Rees, C.E., Jenkins, W.J., Monster, Jan, 1978. The sulphur isotopic composition of 
ocean water sulphate. Geochim. Cosmochim. Acta 42 (4), 377–381.

Reinhard, C.T., Planavsky, N.J., Lyons, T.W., 2013. Long-term sedimentary recycling of 
rare sulphur isotope anomalies. Nature.

Ripley, E., Brophy, J., Li, C., 2002. Copper solubility in a basaltic melt and sulfide 
liquid/silicate melt partition coefficients of Cu and Fe. Geochim. Cosmochim. 
Acta 66 (15), 2791–2800.

Rudnick, R.L., Gao, S., 2003. Composition of the Continental Crust. Treatise on Geo-
chemistry, vol. 3, pp. 1–64.

Sakai, H., Casadevall, T.J., Moore, J.G., 1982. Chemistry and isotope ratios of sulfur 
in basalts and volcanic gases at Kilauea Volcano, Hawaii. Geochim. Cosmochim. 
Acta 46 (5), 729–738.

Sakai, H., Marais, D.D., Ueda, A., Moore, J.G., 1984. Concentrations and isotope ra-
tios of carbon, nitrogen and sulfur in ocean-floor basalts. Geochim. Cosmochim. 
Acta 48 (12), 2433–2441.
Scaillet, B., Clemente, B., Evans, B.W., Pichavant, M., 1998. Redox control of sulfur 
degassing in silicic magmas. J. Geophys. Res., Solid Earth (1978–2012) 103 (B10), 
23937–23949.

Shanks, W.C., Bischoff, J.L., Rosenbauer, R.J., 1981. Seawater sulfate reduction and 
sulfur isotope fractionation in basaltic systems: interaction of seawater with 
fayalite and magnetite at 200–350 ◦C. Geochim. Cosmochim. Acta 45 (11), 
1977–1995.

Stelling, J., Behrens, H., Wilke, M., Göttlicher, J., Chalmin-Aljanabi, E., 2011. Interac-
tion between sulphide and H2O in silicate melts. Geochim. Cosmochim. Acta 75 
(12), 3542–3557.

Thode, H., Monster, J., Dunford, H., 1961. Sulphur isotope geochemistry. Geochim. 
Cosmochim. Acta 25 (3), 159–174.

Wallace, P., Carmichael, I.S., 1994. S speciation in submarine basaltic glasses as de-
termined by measurements of SKc X-ray wavelength shifts. Am. Mineral. 79, 
161–167.

Wallace, P.J., 2005. Volatiles in subduction zone magmas: concentrations and fluxes 
based on melt inclusion and volcanic gas data. J. Volcanol. Geotherm. Res. 140 
(1), 217–240.

Wedepohl, K.H., 1995. The composition of the continental crust. Geochim. Cos-
mochim. Acta 59 (7), 1217–1232.

White, W.M., Hofmann, A.W., 1982. Sr and Nd isotope geochemistry of oceanic 
basalts and mantle evolution, pp. 821–825.

White, W.M., 2010. Oceanic island basalts and mantle plumes: the geochemical per-
spective. Annu. Rev. Earth Planet. Sci. 38, 133–160. http://dx.doi.org/10.1146/
annurev-earth-040809-152450.

Willbold, M., Stracke, A., 2006. Trace element composition of mantle end-members: 
implications for recycling of oceanic and upper and lower continental crust. 
Geochem. Geophys. Geosyst. 7 (4).

Workman, R.K., Hart, S.R., 2005. Major and trace element composition of the de-
pleted MORB mantle (DMM). Earth Planet. Sci. Lett. 231 (1), 53–72.

Workman, R.K., Hart, S.R., Jackson, M., Regelous, M., Farley, K.A., Blusztajn, J., Staudi-
gel, H., 2004. Recycled metasomatized lithosphere as the origin of the En-
riched Mantle II (EM2) end-member: evidence from the Samoan Volcanic Chain. 
Geochem. Geophys. Geosyst. 5 (4), Q04008.

Workman, R.K., Hauri, E., Hart, S.R., Wang, J., Blusztajn, J., 2006. Volatile and trace 
elements in basaltic glasses from Samoa: implications for water distribution in 
the mantle. Earth Planet. Sci. Lett. 241 (3), 932–951.

Workman, R.K., Eiler, J.M., Hart, S.R., Jackson, M.G., 2008. Oxygen isotopes in Samoan 
lavas: confirmation of continent recycling. Geology 36 (7), 551–554.

Zindler, A., Hart, S., 1986. Chemical geodynamics. Annu. Rev. Earth Planet. Sci. 14, 
493–571.

http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D6963436F7231393938s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D6963436F7231393938s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D69796574616C31393834s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D69796574616C31393834s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4D69796574616C31393834s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4E696C50656131393933s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib4E696C50656131393933s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib50617241726331393939s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib50617241726331393939s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5065616574616C31393930s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5065616574616C31393930s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5065616574616C31393930s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5065616574616C31393930s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib506C614C616E31393938s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib506C614C616E31393938s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib506C616574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib506C616574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib506C616574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib506F756574616C32303034s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib506F756574616C32303034s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib50726F53636132303132s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib50726F53636132303132s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib50726F53636132303132s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib52616A4E616C31393738s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib52616A4E616C31393738s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib52616A4E616C31393738s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5265656574616C31393738s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5265656574616C31393738s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5265696574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5265696574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5269706574616C32303032s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5269706574616C32303032s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5269706574616C32303032s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib52756447616F32303033s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib52756447616F32303033s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib53616B6574616C31393832s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib53616B6574616C31393832s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib53616B6574616C31393832s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib53616B6574616C31393834s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib53616B6574616C31393834s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib53616B6574616C31393834s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5363616574616C31393938s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5363616574616C31393938s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5363616574616C31393938s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5368616574616C31393831s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5368616574616C31393831s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5368616574616C31393831s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5368616574616C31393831s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5374656574616C32303131s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5374656574616C32303131s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5374656574616C32303131s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib54686F6574616C31393631s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib54686F6574616C31393631s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib57616C43617231393934s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib57616C43617231393934s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib57616C43617231393934s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib57616C32303035s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib57616C32303035s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib57616C32303035s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib57656431393935s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib57656431393935s1
http://dx.doi.org/10.1146/annurev-earth-040809-152450
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib57696C53747232303036s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib57696C53747232303036s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib57696C53747232303036s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib576F7248617232303035s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib576F7248617232303035s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib576F726574616C32303034s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib576F726574616C32303034s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib576F726574616C32303034s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib576F726574616C32303034s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib576F726574616C32303036s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib576F726574616C32303036s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib576F726574616C32303036s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib576F726574616C32303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib576F726574616C32303038s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5A696E48617231393836s1
http://refhub.elsevier.com/S0012-821X(15)00082-5/bib5A696E48617231393836s1
http://dx.doi.org/10.1146/annurev-earth-040809-152450


Supplementary	information	
	
	

A	:	Methods	description	
	

	 Major	element,	 sulfur	and	copper	abundances	of	 the	glasses	were	performed	

using	electron	microprobe	(EMP)	on	polished	sections	using	a	Cameca	SX100	at	the	

CAMPARIS	 facility	 (Pierre	 et	 Marie	 Curie	 University)	 under	 standard	 conditions	

(details	 in	Labidi	et	al.	2012):	For	major	elements	and	sulfur,	a	15	kV	accelerating	

voltage,	100	nA	sample	current,	20	μm	beam	size,	 and	a	10	 to	60	s	 counting	 time	

were	used	for	each	point,	depending	on	the	element.	Among	the	15	studied	glasses,	

13	were	analyzed	for	major	elements	by	Workman	et	al.,	(2006).	Our	results	are	in	

agreement	 as	 illustrated	by	 inter-comparison	 slopes	being	between	0.95	and	1.05	

and	r2	>	0.85	for	all	major	elements	(not	shown).		

	

	 Our	 EMP-determined	 S	 abundances	 yield	 comparable,	 but	 generally	 slightly	

lower	 values,	 than	 ion-probe	 determination	 reported	 by	 Workman	 et	 al.,	 (2006)	

with	an	inter-comparison	slope	of	0.89	(r2=0.81,	Table	S1).	Workman	et	al.,	(2006)	

reported	replicate	analysis	of	S	abundance	for	6	glasses	(68-03,	71-06,	71-10,	71-22,	

71-28,	 72-12;	 see	 Table	 1	 in	 Workman	 et	 al.,	 2006),	 with	 differences	 in	 S	

abundances	between	replicates	varying	between	 less	 than	30	ppm	for	68-3	or	71-

22,	and	up	to	510	or	730	ppm	for	71-06	and	72-12	respectively.	These	differences	

between	 replicates	 lead	 to	 significant	 uncertainties	 in	 S-abundance	 determination	

by	Workman	 et	 al.	 (2006)	 (up	 to	 40%	 relative	 uncertainty	 for	 72-12)	 and	 in	 this	

context,	 the	 0.89	 inter-comparison	 slope	 (Table	 S1)	 is	 regarded	 as	 representing	 a	



reasonably	good	match.	It	is	worth	nothing	that	our	S-content	determination	did	not	

highlight	 any	 intra-sample	 variability.	 In	 other	 words,	 the	 investigated	 samples	

were	homogeneous	in	S	contents	at	the	scale	of	our	investigation	(mm3).	For	copper,	

analytical	conditions	are	25	kV	accelerating	voltage,	500	nA	sample	current	and	100	

s	counting	time	for	each	point	(Labidi	et	al.,	2014	for	details).		

	

	 Sulfur	 was	 chemically	 extracted	 for	 isotopic	 analysis	 following	 a	 protocol	

described	previously	(Labidi	et	al.,	2012).	The	occurrence	of	significant	amounts	of	

oxidized	sulfur	is	common	in	OIB	lavas	(Jugo	et	al.,	2010),	and	the	S	extraction	was	

therefore	performed	sequentially	as	follows.	Centimeter	size	pieces	of	glassy	basalts	

were	chosen,	cleaned	and	crushed	to	a	grain	size	<	63	microns.	The	sample	was	first	

dissolved	in	5	ml	of	29	N	HF	in	a	Teflon	vessel	under	continuous	flushing	of	pure	N2	

where	reduced	sulfur	is	extracted	as	H2S	(i.e.	acid	volatile	sulfur,	or	AVS).	This	H2S	is	

flushed	to	a	sulfide	trap	filled	with	AgNO3	(0.3	M)	where	it	reacts	to	precipitate	Ag2S.	

During	 this	 first	 step,	 the	 sulfates	 initially	 present	 in	 the	 glassy	 structure	 of	 the	

sample	 are	 released,	 but	 remain	 in	 the	digestion	 solution.	The	 remaining	 solution	

(i.e.	containing	the	released	sulfates)	is	then	removed	from	the	digestion	apparatus.	

Pure	 boric	 acid	 (1.5	 g)	 is	 added	 to	 this	 solution,	 complexing	 the	 F−	 ions	 and	 HF	

molecules	into	BF4−.	The	solution	is	then	transferred	into	a	borosilicate	distillation	

apparatus	 similar	 to	 that	 used	 by	 Tuttle	 et	 al.	 (1986)	where	 it	 undergoes	 sulfate	

reduction	 to	 H2S	 using	 20	 ml	 of	 pre-boiled	 and	 nitrogen	 purged	 HI−H2PO3−HCl	

reducing	solution	(Thode	et	al.,	1961).	

	 Meanwhile,	 elemental	 sulfur	 (if	 any)	 produced	 from	 H2S	 reacting	 with	 Fe3+	



(Rice	 et	 al.	 1993)	 is	 extracted	 using	 10	 ml	 of	 99.9%	 ethanol,	 20	 ml	 of	 2.1	 CrCl2	

solution	 and	5	ml	 of	 29	N	HF.	Under	 these	 conditions,	 any	potential	 native	 sulfur	

produced	during	the	AVS	extraction	step	is	reduced	into	H2S	(Canfield	et	al.,	1986;	

Labidi	 et	 al.	 2012).	 Sulfur	 extracted	 at	 that	 step	 is	 referred	 to	 as	 Chromium	

Reducible	Sulfur	(CRS).	The	AVS	and	CRS	pools	are	then	pooled.	The	S	content	and	

isotope	 composition	 of	 this	mixed	 pool	 reflect	 those	 of	 the	 bulk	 reduced	 S	 of	 the	

sample.	After	each	extraction,	weighted	Ag2S	precipitate	is	compared	to	S	contents	

obtained	with	electron	probe.	Because	EMP	analysis	represents	bulk	S	abundance	of	

the	 studied	 melts,	 Ag2S	 yields	 can	 be	 calculated	 to	 estimate	 the	 respective	

abundances	of	reduced	and	oxidized	sulfur.	

	

B:	 The	 specific	 cases	 of	 a	 Samoan	 hydrothermal	 sulfide	 and	 of	 a	 Samoan	

mantle	xenolith.		

	

We	additionally	 report	 the	 S	 isotope	 composition	of	 a	hydrothermal	 sulfide	 and	a	

mantle	 xenolith,	 both	 from	 the	 Samoan	 hotspot,	 which	 may	 be	 considered	 as	 a	

window	on	possible	crustal	and	lithospheric	contaminants,	respectively.	

	

	 The	 measurement	 for	 the	 hydrothermal	 sulfide	 from	 Vailulu’u	 seamount	

yielded	a	δ34S	of	-0.04±0.05‰,	with	Δ33S	and	Δ36S	values	of	+0.036±0.010‰	and	-

0.267±0.120‰	vs.	CDT,	respectively	(Table	S1;	here,	uncertainties	are	the	internal	

errors	 from	mass	 spectrometry	measurement).	 The	 hydrothermal	 sulfide	 has	 the	

only	negative	δ34S	measured	in	the	Samoan	suite,	in	the	range	(but	in	the	somewhat	



low	end)	of	massive	hydrothermal	sulfides	observed	elsewhere	(e.g.	Alt	&	Shanks,	

2011;	Ono	et	al.	2012).	 	The	sulfur	abundance	of	 the	xenolith	SAV05-29	was	27±5	

ppm,	 as	 determined	 from	 chemical	 yield.	 Such	 low	 abundance	 compared	 to	

peridotites	massifs	 (between	 100	 and	 300	 ppm,	 Lorand	 et	 al.,	 2012)	 is	 typical	 of	

xenoliths,	 and	 is	 commonly	 interpreted	 to	 result	 from	 degassing	 of	 sulfur	 during	

entrainment	and	ascent	(Lorand,	1990;1993;2003).	Because	the	S	concentration	 is	

low,	 only	 δ34S	 and	Δ33S	were	measured	 on	 the	 xenolith,	with	 limited	 precision	 at	

+1.27±0.10‰	and	+0.059±0.130‰	respectively.	

	

Assimilation	of	material	similar	to	these	samples	by	Samoan	magmas	can	be	

ruled	 out:	 These	 samples	 which	 display	 δ34S	 values	 of	 +0.04±0.05‰	 and	

+1.27±0.10‰	 respectively	 (Table	 S1),	 which	 fall	 at	 the	 low-end	 of	 δ34S	 values	

measured	 among	 Samoan	 basalts	 and	 therefore	 cannot	 explain	 the	 high	 δ34S	 in	

Samoan	lavas.		

	

	
	
C:	 The	 amount	 of	 	 dissolved	 sulfate	 in	 primitive	melts,	 and	 evolution	 of	 the	

sulfate	pool	during	magmatic	differentiation	

The	measured	S6+/Stot	in	studied	basalts	(table	S1)	may	not	reflect	the	initial	

S6+/Stot	 ratio	 (i.e.	 for	 primitive-liquids	 compositions).	 Assuming	 that	 dissolved	

sulfide	and	sulfate	are	under	isotopic	equilibrium	before	degassing,	i.e.	sulfates	have	

a	 δ34S	 3‰	 higher	 than	 dissolved	 sulfide	 (Miyoshi	 et	 al.,	 1984):	 With	 S6+/Stot	 of	

primitive	melts	of	0.05	and	0.20,	δ34S	of	reduced	sulfur	is	predicted	to	be	decreased	



by	0.15	and	0.60‰	compared	to	the	source	value.	We	therefore	anticipate	that	any	

sulfate	relative	occurrence	between	0	and	20%	will	not	significantly	obliterate	the	

several-permil	 δ34S	 variability	 observed	 in	 oceanic	 basalts	 (Fig.	 6).	 The	 relatively	

low	δ34S	of	73-12	can	be	ascribed	to	an	anomalously	high	initial	S6+/Stot,	consistent	

with	 its	 measured	 S	 speciation	 (Table	 S1).	 For	 all	 other	 samples,	 initial	 S6+/Stot	

higher	than	0.20	would	significantly	shift	the	δ34S	toward	lower	values,	which	is	not	

observed.	In	other	words,	melting	of	a	S6+/Stot-source	would	lead	to	a	scatter	in	the	

dissolved	sulfide	δ34S	that	is	not	observed.	Consequently,	with	the	exception	of	73-

12,	the	initial	S6+/Stot	of	all	the	studied	samples	can	be	safely	assumed	to	be	<	0.20.		

Three	independent	configurations	can	be	predicted:	(1)	Without	S-speciation	

buffer	 and	 for	 initial	 S6+/Stot	 between	 0.05	 and	 0.20,	 sulfide	 fractionation	 as	

monitored	by	Cu-abundance	evolution	(Fig.	4)	 leads	to	 fractionated	abundances	of	

reduced	S	that	reasonably	fits	the	observations,	and	the	S6+/Stot	ratio	is	predicted	to	

increase	after	 sulfide	 fractionation	onset	up	 to	0.28	and	0.65	 (i.e.	higher	 than	 that	

observed	in	studied	samples);	(2)	With	an	occurrence	of	S-speciation	buffer	and	for	

initial	 S6+/Stot	 of	 0.05,	 the	 modeled	 S-abundance	 decrease	 also	 fits	 the	 reduced-S	

abundance	 variation,	 but	 requires	 relatively	 low	 S6+/Stot	 ratios	 compared	 to	

observation;	(3)	With	an	occurrence	of	S-speciation	buffer	and	for	an	initial	S6+/Stot	

>	 0.10	 (i.e.	 close	 to	 actual	 observations	 on	 studied	 basalts),	 the	 fractionated	

abundances	of	reduced	S	is	counter-balanced	in	such	a	way	that	it	no	longer	fits	our	

observations,	 hence	 requiring	 complex	 processes	 involving	 both	 FeS	 fractionation	

and	reduced-S	degassing	to	fit	the	observations.		



Considering	 the	 discussion	 provided	 in	 the	 main	 text	 on	 the	 ability	 of	

dissolved	 sulfate	 to	 be	 degassed,	 it	 can	 be	 concluded	 that	 conditions	 with	 initial	

S6+/Stot	between	0.05	and	0.20	can	satisfy	the	S-abundances	observations	(as	well	a	

isotope	observations,	see	main	text).		
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