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a b s t r a c t
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 (32 S, 33 S, 34 S, 36 S) 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 33 S and 36 S values, within error
of Canyon Diablo Troilite (CDT). In contrast, δ 34 S values are variable, ranging between +0.11 and +2.79h
(±0.12h 1σ ) for reduced sulfur, whereas oxidized sulfur values vary between +4.19 and +9.71h
(±0.80h, 1σ ). Importantly, δ 34 S of the reduced S pool correlates with the 87 Sr/86 Sr ratios of the glasses,
in a manner similar to that previously reported for South-Atlantic MORB, extending the trend to δ 34 S
values up to +2.79 ± 0.04h, the highest value reported for undegassed oceanic basalts.
As for EM-1 basalts from the South Atlantic ridge, the linear δ 34 S–87 Sr/86 Sr 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 homogeneous sulfur isotope composition (Thode et al., 1961). Early reports
of Mid-Ocean Ridge Basalts (MORB) yield δ 34 S values randomly
distributed around 0.5 ± 0.6h (n = 18, 1σ , Kanehira et al., 1973;
Sakai et al., 1984; Chaussidon et al., 1991), consistent with OceanIsland Basalt (OIB) δ 34 S values, which average +0.5 ± 0.5h (n = 6,
1σ , Sakai et al., 1982). Such isotope homogeneity would be consistent 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 34 S/32 S heterogeneity of about
3h in MORB from the South-Atlantic ridge (Labidi et al., 2013).
These data also reveal trends between δ 34 S and 87 Sr/86 Sr and
143
Nd/144 Nd 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 87 Sr/86 Sr, unradiogenic 143 Nd/144 Nd, and high 208 Pb/204 Pb at a given 206 Pb/204 Pb),
subducted sediments have been suggested to account for 34 Senriched values (Labidi et al., 2013). However, given the extreme
δ 34 S variability of surface reservoirs (e.g., marine sediments versus
continental crust, old versus young protoliths, see Canﬁeld and Farquhar, 2009 and references therein), recycled components are expected to have highly variable δ 34 S (and δ 33–36 S) values. Hence, it
remains unclear whether such trends only apply to South-Atlantic
settings, or whether large positive δ 34 S signatures can be considered 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 87 Sr/86 Sr ratios ever reported for oceanic
basalts (0.7216; Jackson et al. 2007a, 2007b, 2009, 2014), and
anomalously high δ 18 O (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 abundance, 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 southwest Paciﬁc Ocean, at 14◦ S latitude and 169–173◦ W longitude
(Fig. 1), emplaced on a ∼100 Ma oceanic crust. The northern termination of the Tonga Trench occurs 120 km South of the Samoan
archipelago (Fig. 1), but on the basis of geodynamic and geochemical 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 Vailulu’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 H2 O, 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 water and sulfur remain broadly unaffected by degassing in most
Samoan melts, particularly for lavas erupted at >1000 m water depth (Workman et al., 2006). Importantly, immiscible sulﬁdes have been observed in most studied glasses (Workman et
al., 2006), such that the melts have likely fractionated sulﬁdes.
The 87 Sr/86 Sr ratios for the samples in this study vary between
0.70453 and 0.70841, and are negatively and positively correlated
with 143 Nd/144 Nd and 208 Pb∗ /206 Pb∗ , respectively (Fig. 2, Workman
et al., 2006). The 87 Sr/86 Sr values tend toward the EM-2 endmember, 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 conversion to H2 S under a N2 atmosphere, followed by a subsequent
reaction with a silver nitrate solution to form Ag2 S precipitates.
After determination of the precipitate masses, the respective abundances 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. δ 34 S
values reported here are anchored on the V-CDT scale, whereas
our 33 S and 36 S values are directly given versus both our reference 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 δ 34 S,
it is between 0.02 and 0.14h for dissolved sulﬁde and between
0.20 and 0.70h 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 33 S and
36 S, the average uncertainty is lower than 0.010 and 0.100h, respectively, 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 abundances for decreasing MgO, with values between 45 and 120 ppm
Cu (Workman et al., 2006). In samples having MgO <6%, Cu contents dramatically drop to values lower than 25 ppm, and each
volcano clusters along distinct trends (Fig. 4). Our data range between 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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3.2. Relative abundances of sulfur isotopes in Samoan samples
Reduced sulfur displays homogeneous 33 S and 36 S, averaging at +0.007 ± 0.005h and +0.078 ± 0.090h vs. CDT, respectively (all 1σ ). Such values are indistinguishable within error from
both CDT and MORB (Labidi et al., 2012, 2013, 2014). Sulfate 33 S
values average at −0.005 ± 0.022h versus CDT (Table S1). Owing
to low oxidized sulfur abundances (<1 μmol), 36 S measurements
were not accurate and are not reported.
δ 34 S values of reduced sulfur range between +0.11 and +2.79 ±
0.12h, whereas oxidized sulfur displays values between +4.19
and +9.71 ± 0.80h, with average of 1.47 ± 0.79h and 6.08 ±
1.49h (1σ ), respectively. Isotope compositions of bulk (reduced
plus oxidized) sulfur are estimated by mass balance, averaging at
+1.92 ± 0.81h, with values between +0.66 and 3.04 ± 0.25h
(1σ ). In contrast to MORB, Samoan basalts display only positive
δ 34 S.
4. Discussion
4.1. Relations between sulfur and radiogenic isotope compositions

Fig. 2. Compilation data of Sr, Nd and Pb radiogenic isotope ratios for Samoan
glasses and South-Atlantic samples. (a) 206 Pb/204 Pb versus 87 Sr/86 Sr (b) 143 Nd/144 Nd
versus 87 Sr/86 Sr and (c) 208 Pb∗ /206 Pb∗ versus 87 Sr/86 Sr (see Allegre et al., 1986
for deﬁnition of 208 Pb∗ /206 Pb∗ ). Data are from Douglass et al. (1999), Workman
et al. (2004, 2006) and Jackson et al. (2007a, 2007b). Samoan basalts have high
206
Pb/204 Pb and 143 Nd/144 Nd together with low 208 Pb∗ /206 Pb∗ at a given 87 Sr/86 Sr
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). Reduced 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.

No clear trend appears between δ 34 S and S abundance, or between δ 34 S and S speciation (Table S1). Instead, the δ 34 S values
of reduced sulfur are correlated with source enrichment proxies
such as 87 Sr/86 Sr (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 degassed (Table S1). The correlation coeﬃcient (r 2 ) between the δ 34 S
of reduced sulfur and 87 Sr/86 Sr 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 δ 34 S of the oxidized pool displays random variation with respect to 87 Sr/86 Sr (Table S1; see discussion
Section 4.3). Overall, the observed trend is consistent with the correlation observed for South Atlantic samples (Fig. 6). With Samoan
data, the correlation identiﬁed in South Atlantic MORB extends to
higher 87 Sr/86 Sr and δ 34 S, and is now anchored by a maximum
δ 34 S value of 2.79 ± 0.04h (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, r 2 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 sulfate 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). Contamination by seawater sulfate (δ 34 S = +21h, Rees et al., 1978),
either by direct assimilation or after reduction in hydrothermal
sulﬁdes (δ 34 S between −3 and +10h, Alt, 1995), could modify
the δ 34 S of erupted basalts. For instance, MORB displaying high
Cl/K ratios (>0.20) show 34 S enrichments by up to +1.5h 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 crystallization. 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 varying 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 unlikely to play a signiﬁcant role in accounting for the δ 34 S variability of Samoan samples. Additionally Cl/K ratios are not correlated with 87 Sr/86 Sr in Samoan lavas (Workman et al., 2006),
which argues against assimilation driving the Sr-isotopic composition of the lavas. Furthermore, there is no correlation between δ 34 S and Cl/K ratios, which indicates that the high δ 34 S
observed in Samoan melts does not result from assimilation of
crustal material (see a further discussion in supplementary material 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 Vailulu’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 Vailulu’u and Malumalu (solid lines) gives X sulf ∼ 0.05% (or lower) for MgO > 6.5%, and
X sulf = 0.32% for MgO <6.5%.

Fig. 5. Evolution of sulfur abundances in Samoan basalts during magmatic differentiation. 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 sulfur, calculated after substraction of oxidized-S to the bulk abundance (see text). Also
shown is the modeled reduced-S abundance if X sulf ∼ 0.05% (or lower) for MgO >
6.5%, and X sulf = 0.32% for MgO < 6.5% (see Fig. 4). S abundance evolution for
X sulf = 0.00% is shown for comparison.

4.3. Sulfur degassing in Samoan melts
Compared with MORB, Samoan melts display extremely variable S abundances at a given MgO (Fig. 5). This is observed for

Fig. 6. δ 34 S versus 87 Sr/86 Sr. 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 δ 34 S between −2.8h (Wedehpol, 1995) and +3.0h
(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 variations 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, temperature 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 sulﬁde can be addressed as follows. The SO2 /H2 S ratio of the vapor
phase displays a strong dependence with water content of the vapor 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
> 0.5. However, degassed SO2 is enriched by ∼1.5hwith
SO2 +H2 S
respect to dissolved sulﬁde under equilibrium at 1200 ◦ C (and depleted by about 1.5h with respect to dissolved sulfate at 1200 ◦ C,
Mandeville et al., 2009). This estimate is in qualitative agreement with recent experimental work by Fiege et al. (2015). For
the purposes of estimation, the degassing of 50% dissolved sulﬁde to SO2 under batch equilibrium is modeled using Mandeville
et al. (2009) value: It is estimated to decrease the δ 34 S of resid2
2
= 1. For SO2SO
ual sulﬁde by ∼0.8h in the case of SO SO
+H2 S =
2 +H2 S
0.5, H2 S degassing from dissolved sulﬁde must be taken into account: it occurs with a negligible S isotope fractionation at 1200 ◦ C
(Mandeville et al., 2009). In this case, S degassing would decrease
the δ 34 S of residual sulﬁde by ∼0.4h. 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 34 S enrichments observed in the dissolved sulﬁde pool of
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Samoan melts, and shows that our report of high 34 S/32 S 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 (between 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 sulfate must therefore be discussed.
The observed values of δ 34 Ssulfate –δ34 Ssulﬁde are between
+2.15 ± 1.05h and +7.71 ± 0.75h (averaging at 4.54 ± 1.78h),
and are thus generally higher than values expected for isotopic
equilibrium (∼ 3h at 1200 ◦ C, Miyoshi et al., 1984). Our protocol
for chemical extraction of oxidized sulfur leads to slight underestimation of sulfate δ 34 S (<1h; 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 δ 34 Ssulfate –δ 34 Ssulﬁde values >6h (Sakai et al., 1982).
Seawater sulfate (δ 34 S ∼21h) or anhydrite contamination can be
ruled out as the δ 34 Ssulfate –δ 34 Ssulﬁde 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 34 Ssulfate –δ 34 Ssulﬁde values
is that kinetic sulfur degassing occurred, acting primarily on dissolved sulfate, and very little, if any, on dissolved sulﬁde. Kinetic
degassing would strongly favor degassing of 32 SO2 , leading to an
increased δ 34 S 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 constrain the SO2 loss to be likely syn-eruptive. In summary, sulfur
degassing is unlikely to be signiﬁcant at great depths, and only occurs 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 variability in dissolved sulﬁde concentrations (Lee et al., 2012). In
MORB, this process occurs without affecting the 34 S/32 S ratios of
the dissolved sulﬁde pool (Labidi et al., 2014). Here, however, isotope fractionation would occur, resulting from the coexistence of
dissolved sulﬁde and sulfate in the melt.
To quantify sulﬁde segregation, we used copper abundance systematics assuming that all melts had comparable initial Cu contents, regardless of their volcano of origin within the Samoan system. 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 partition coeﬃcients for Cu are negligible compared to the sulﬁde/silicate 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 decreasing MgO is the result of continuous sulﬁde fractionation
(Jenner et al., 2012). In arc-magmas, Cu initially behaves incompatibly (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 arcsettings, Cu variations in Samoan melts is best accounted for by
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a two-step evolution: for MgO >∼6 wt.%, the mild increase of
copper abundances with diminishing MgO points to a lack of sulﬁde 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:
min-liq

D Cu



sil-liq
sulf -liq
= 1 − X sulf × D Cu + X sulf × D Cu

(1)

min-liq
Where D Cu
is the bulk mineral–liquid partition coeﬃcient of
Cu and is estimated graphically from Fig. 4 (details in Labidi et
al., 2014). X sulf is the mass fractions of sulﬁde minerals among
bulk precipitated minerals, with X sil + X sulf = 1. Copper partition
sil-liq
sulf -liq
coeﬃcients D Cu
and D Cu
are taken at 10−1 (Lee et al., 2012)
and 900 (Ripley et al., 2002), respectively.
In Eq. (1), only X sulf is unknown. During phase 1, we observe a
min-liq
sil-liq
D Cu
between 0.088 (i.e. equal to D Cu ) and 0.5 ± 0.2, implying
that X sulf is between 0.00% and 0.05 ± 0.02% of precipitated minermin-liq
als. During phase 2, D Cu
is observed to be 3.0 ± 0.5, constraining X sulf 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 X sulf 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 concentration 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 saturation, 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 fractionation in Samoan lavas.
A redox-buffer during the differentiation of Samoan lavas?
Sulfur can be partially or totally oxidized in water-rich, highf 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 involves 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 redoxbuffer 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 contrast, if dissolved Fe does not act as a S-speciation buffer, the
S6+ /Stot ratio should increase signiﬁcantly during sulﬁde fractionation (Fig. 5 and its caption for details). For ∼10 wt% bulk FeO
in Samoan melts (Workman et al., 2006), and a

Fe3+
chosen
Fe3+ +Fe2+
3+

for estimation purpose at ∼0.20, the molar content of Fe
is determined 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 stoichiometrically allows the reaction 2 to occur – at least partially – in Samoan
melts throughout sulﬁde fractionation.
Sulﬁde segregation is quantiﬁed assuming that dissolved sulfate and sulﬁde stay at isotopic equilibrium (before degassing),
i.e. δ 34 Ssulfate –δ 34 Ssulﬁde = 3.00h (Miyoshi et al., 1984), for initial 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 sulﬁde would result in increased δ 34 S of dissolved sulﬁde (see Alt et
al., 1993 and Fig. 8A). Here, δ 34 S of dissolved sulﬁde is predicted to
increase by up to 4 and 7h for Vailulu’u and Malumalu melts, respectively (Fig. 8C). Such a process would erase any source features
and generate trends between δ 34 S and sulﬁde segregation proxies,
which is not observed. The preservation of S-isotope source signatures in dissolved sulﬁde over a ∼2h range (Fig. 6) is more
consistent with a lack of buffer onto S speciation: Without a Sspeciation buffer, δ 34 S of reduced sulfur remains constant given
that FeS exsolution does not fractionate the 34 S/32 S ratio (Fig. 8B,
Mandeville et al., 2009; Labidi et al., 2013, 2014). Only the δ 34 S
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 melting. This would predict a mantle f O2 of FMQ +1. However, partial 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 comparable pressures in cratonic mantle (Frost and McCammon, 2008
for a review), equivalent to the fO2 measured in arc-related peridotites (Parkinson and Arculus, 1999). In addition, this view would
be inconsistent with the generally lower f O2 observed for compositionally enriched basalts (Cottrell and Kelley, 2013). Alternatively,
the S2− oxidation could occur in primitive melts (see supplementary material C). The oxidizing specie(s) that accepts electrons from
sulﬁde must be consumed or lost from the system, so that sulfate reduction does not occurs under sulﬁde fractionation (i.e. no
buffering of the S6+ /Stot ratio, Section 4.4). The origin of such oxidizer remains unclear. Here, we suggest that volatile species could
act as such. For instance, magmas may oxidize along carbon degassing (Mathez, 1984), such as:

4CO23− + S2− = SO24− + 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 arcrelated melts (Nilsson and Peach, 1993) is systematically associated 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:

S

2−

+ 4H2 O =

SO24−

+ 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% H2 O 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 balance 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 suggested 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
δ 34 S–87 Sr/86 Sr 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 similarities 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 isotope 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 materials will span a δ 34 S range of ∼100h in post-Archean sediments
with near-zero 33 S–36 S values, whereas the 33 S–36 S range
in Archean sediments is ∼15h and is associated with moderate
(∼15h) δ 34 S 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 several percent of S (see compilation by Reinhard et al., 2013). Consequently, compositions of recycled components are predicted to
reﬂect such varying S abundance, δ 34 S, 33 S and 36 S, depending
on their origin, nature, age, and degree of processing in subduction
zones.
For example, the report of non-zero 33 S in Mangaia lavas reﬂects the recycling of Archean oceanic crust (Cabral et al., 2013),
whereas δ 33–34 S 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 geodynamics 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 87 Sr/86 Sr 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 87 Sr/86 Sr 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 87 Sr/86 Sr ratios (e.g. Fig. 7) and display a relatively high
δ 34 S at a given 87 Sr/86 Sr, with apparent deviation from the
global/Samoan main trend by ≤+1.0h (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 samples (n = 3), these values can be considered to offer room for S/Sr
variation in the EM-2 component: With a modeled δ 34 S value of
+5h and 87 Sr/86 Sr >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). Below, 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 upper continental crust (UCC) to be responsible for the Samoan EMendmember, consistent with earlier models for the high 87 Sr/86 Sr
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 account for the variations observed here.
Recycled marine sediment may provide a more suitable protolith 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. H2 S-rich (Canﬁeld, 1998; Poulton et al., 2004;
Johnston et al., 2006). Under these conditions, deposited sediments contain high sulfur concentrations that range from 5000
to 30 000 ppm (Poulton et al., 2004). Moreover, Proterozoic sediments have an average δ 34 S of +5 ± 10h (Canﬁeld and Farquhar,
2009), consistent with the best ﬁt to our data of +10 ± 3h (Fig. 6).
If such sediment has the required UCC-type trace-element composition (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 sediments 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 sedimentary melting (Prouteau and Scaillet, 2012). Thus, the degree to
which S abundances and isotope ratios have been modiﬁed during the pre-Samoan subduction process remains unknown. However, we note that our inferred S/Sr ratios and δ 34 S composition of the recycled protolith in the Samoan mantle does not
strongly require subduction-modiﬁcation, but cannot exclude it either.
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element enrichment in the lavas is consistent with the high timeintegrated Rb/Sr ratio, which generated geochemically enriched
87
Sr/86 Sr ratios. At a given 87 Sr/86 Sr 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 extended 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
2/3∗

similar incompatibility (Ce/Ce∗ = CeN /LaN
NdN , see Class and
Le Roex, 2008). Cerium can only be fractionated from other REE in
near-surface oxidizing conditions, where Ce(IV) forms while coordination of other REE remain unchanged. In other words, negative
Ce anomalies in fresh lavas can be seen as “smoking guns” of subducted 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 typical of EM-endmembers (see Willbold and Stracke, 2006), exceeding 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 values 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 sedimentary 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 radiogenic isotopes, trace elements (Jackson et al., 2007a, 2007a), oxygen 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). EMcomponents, like those sampled by the South-Atlantic and Samoan
hotspots, could reﬂect the heterogeneity of sedimentary protoliths
as illustrated by present-day oceanic sediments.

Fig. 8. Modeled δ 34 S evolution versus sulﬁde segregation S6+ /Stot ratio is kept
constant. The 34 S/32 S fractionation between dissolved sulﬁde and sulfate (i.e.
δ 34 Ssulfate –δ 34 Ssulﬁde ) is taken at +3.00h, after Miyoshi et al. (1984). A: The isotope 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 reaction, 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 X sulf = 0.00%
is illustrated, and δ 34 S fractionation under step 2 ( X sulf = 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), δ 34 S of reduced sulfur is highly modiﬁed such that no source trend
could be preserved. Our conclusion would be reinforced if modeling step 1 with
X sulf ∼ 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
87
Sr/86 Sr and La/Sm ratio (Fig. 7), showing that the incompatible-

1/3

4.6.4. Perspectives on the lead isotope composition of EM-hotspots
The 206 Pb/204 Pb ratio is the historic criterion to distinguish
EM-1 from EM-2 mantle endmembers: EM-1 displays less radiogenic 206 Pb/204 Pb values (≤18.0) than EM-2 lavas (206 Pb/204 Pb
between 19.0 and 19.5, Zindler and Hart, 1986; Jackson et al.,
2007a, 2007b; Eisele et al., 2002). This clear distinction is also apparent 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 ratio) and modify the slope of the δ 34 S–87 Sr/86 Sr trend. However,
the only room observed for a slight modiﬁcation of the Samoan
δ 34 S–87 Sr/86 Sr 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 206 Pb/204 Pb variation in present-day sediments remains moderate, with values of marine sediments ranging
between 18.6 and 19.3 (Plank and Langmuir, 1998). Distinct sedimentary compositions are therefore unlikely to explain distinct
206
Pb/204 Pb ratios in EM-hotspots.
The variability in Pb-isotope ratios between EM1 and EM2 mantle sources could involve mixing with a third S-depleted mantle endmember. Sediments have low U/Pb, high Rb/Sr (Plank and
Langmuir, 1998) and high S/Sr ratios (see Section 4.6.2.). Recycled oceanic crust has radiogenic time-integrated 206 Pb/204 Pb ratios (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 relatively high S content in some non-subducted oceanic crusts (0.1. to
1 wt%, see Alt et al., 2007 and references therein), the subductionmodiﬁed 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 subducted 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 34 S/32 S impact associated with HIMU contributions, 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 between 30 and 350 ppm S, with a δ 34 S of +3h (Labidi et al., 2014),
produces δ 34 S variations <0.2h on the ﬁnal mixing product. Such
variations would be clearly resolvable (i.e. higher than 1h) only
for an HIMU δ 34 S >11h. This mass balance calculation illustrates
that even for extreme δ 34 S 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 isotope composition of the HIMU endmember in Mangaia has been
clearly detected, and shows a non-MORB δ 33–34 S signature (Cabral
et al., 2013). This is because Mangaia lavas do not show any EMcontribution (Hauri and Hart, 1993), and sediment thus cannot
overprint their peculiar S-isotope compositions.
Therefore, the similar δ 34 S and S/Sr ratios of South-Atlantic
EM-1 and Samoan EM-2 endmembers at distinct 206 Pb/204 Pb 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 correct, 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-206 Pb/204 Pb
and high-87 Sr/86 Sr EM component (also having variable trace element composition), and (3) S-poor recycled oceanic crust with
radiogenic 206 Pb/204 Pb, which is effectively little sensitive with respect to S isotopes.
5. Conclusions
Samoan melts are all sulﬁde-saturated. In addition, a systematic 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, primarily driven by variation in dissolved sulﬁde content. These vari-
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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 studied melts to represent between 80 and 25% S of primitive melts.
The S isotope composition of both dissolved sulﬁde and sulfate
yield 33 S and 36 S values within error of Canyon Diablo Troilite
(CDT), whereas δ 34 S values range between +0.11 and +2.79h
(±0.12h, 1σ ) for reduced sulfur, and between +4.19 and +9.71h
(±0.80h, 1σ ) for oxidized sulfur. Importantly, δ 34 S of the reduced
S pool are correlated with the 87 Sr/86 Sr ratios of the glasses, in
a manner similar to that previously reported for South-Atlantic
MORB, extending this trend to δ 34 S values up to +2.79 ± 0.04h.
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 dissolved sulfate only. Importantly, the preservation of S isotope
source value in the dissolved sulﬁde pool for melts that experienced 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 speciation 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
δ 34 S–87 Sr/86 Sr 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 sediments are consistent with the S/Sr ratio of the EM-endmembers.
The 206 Pb/204 Pb variation among EM hotspots can be explained by
mixing of S-poor HIMU-type endmember that would control the
206
Pb/204 Pb of EM-hotspots, while remaining mostly invisible in
the S isotope perspective.
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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 7122, 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 7312, 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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