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Anomalous sulphur isotopes in plume lavas reveal
deep mantle storage of Archaean crust
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Basaltic lavas erupted at some oceanic intraplate hotspot volcanoes
are thought to sample ancient subducted crustal materials1,2.
However, the residence time of these subducted materials in the
mantle is uncertain and model-dependent3, and compelling evid-
ence for their return to the surface in regions of mantle upwelling
beneath hotspots is lacking. Here we report anomalous sulphur
isotope signatures indicating mass-independent fractionation
(MIF) in olivine-hosted sulphides from 20-million-year-old ocean
island basalts from Mangaia, Cook Islands (Polynesia), which have
been suggested to sample recycled oceanic crust3,4. Terrestrial MIF
sulphur isotope signatures (in which the amount of fractionation
does not scale in proportion with the difference in the masses of the
isotopes) were generated exclusively through atmospheric photo-
chemical reactions until about 2.45 billion years ago5–7. Therefore,
the discovery of MIF sulphur in these young plume lavas suggests
that sulphur—probably derived from hydrothermally altered
oceanic crust—was subducted into the mantle before 2.45 billion
years ago and recycled into the mantle source of Mangaia lavas.
These new data provide evidence for ancient materials, with nega-
tive D33S values, in the mantle source for Mangaia lavas. Our data
also complement evidence for recycling of the sulphur content of
ancient sedimentary materials to the subcontinental lithospheric
mantle that has been identified in diamond-hosted sulphide inclu-
sions8,9. This Archaean age for recycled oceanic crust also provides
key constraints on the length of time that subducted crustal mate-
rial can survive in the mantle, and on the timescales of mantle
convection from subduction to upwelling beneath hotspots.

Oceanic crust and sediments are introduced to the mantle at sub-
duction zones, but the fate of this subducted material within the man-
tle, as well as the antiquity of this process, is unknown. Earth’s mantle
is chemically and isotopically heterogeneous, and it has been suggested
that some of this heterogeneity derives from geochemically diverse
subducted oceanic1 and continental2 crustal material that is mixed with
the ambient mantle following subduction. It has also been suggested
that different types of crustal materials generate different isotopic end-
members in the mantle10—including HIMU (high m 5 238U/204Pb),
EM1 (enriched mantle I) and EM2 (enriched mantle II)—and these
endmembers are sampled by mantle melts erupted at oceanic hotspot
volcanoes. Owing to the loss of fluid-mobile Pb from altered basalt
during subduction11, oceanic crust processed in subduction zones is
thought to form a HIMU reservoir in the mantle and, over time, this
reservoir develops extreme radiogenic Pb-isotope compositions1,3,4,10.

Basaltic lavas on the island of Mangaia exhibit the most radiogenic
Pb-isotope compositions observed in ocean island basalt (OIB) glo-
bally (see, for example, refs 3 and 4) and represent the HIMU mantle
endmember. Mangaia lavas have long been suggested to sample melts
of recycled oceanic crust3,4. However, such an origin for this signature
has been questioned and alternative models that favour metasomatic

processes to generate the HIMU mantle beneath Mangaia have been
suggested12,13. Here we report MIF S-isotope compositions in Mangaia
lavas that require the presence of recycled, ancient (.2.45 Gyr old)
surface material in the HIMU mantle source for Mangaia lavas.

Fresh basaltic glass for S-isotope measurement is not available from
Mangaia, where subaerial lavas are ,20 million years old14 and have
suffered from extensive weathering in a tropical climate. However,
magmatic olivine phenocrysts encapsulate primary magmatic sul-
phides and isolate them from surface weathering processes. Olivine
phenocrysts were separated from three basaltic lavas collected from
Mangaia. The largest inclusions were exposed for S-isotope analysis by
secondary ion mass spectrometry (SIMS). Whereas sulphides ,10mm
in diameter are relatively common, the largest sulphides, which permit
replicate S-isotope measurements, are exceedingly rare (thousands of
olivine fragments from many kilograms of rock were examined indi-
vidually under a microscope and only two sulphide inclusions were
large enough to permit replicate S-isotope analyses). The other sul-
phides were either too small for measurement by SIMS, or were suffi-
ciently large for only a single S-isotope analysis (see Supplementary
Information and Fig. 1 for sulphide descriptions). An olivine separate
was prepared and analysed using chemical extraction techniques and
gas-source isotope ratio mass spectrometry (IRMS) to provide an
independent measurement comparison with the SIMS results.

Sulphur isotopes were measured by SIMS at the NordSIMS facility
in Stockholm, Sweden, in four sulphide inclusions recovered from
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Figure 1 | Reflected-light photomicrographs of sulphide inclusions.
a, MGA-B-47 sulphide inclusion. The sulphide was homogenized on a heating
stage before exposure and analysis, and the primary magmatic sulphide
mineralogy was lost during this process. b, MGA-B-25 sulphide inclusion. The
sulphide was not homogenized, and hosts three coexisting magmatic phases:
chalcopyrite (ccp), pentlandite (pn) and pyrrhotite (po). The other two
sulphides examined in this study (not shown, see Supplementary Fig. 3) were
separated from whole rock sample MG1001. The MG1001B-S17 sulphide
inclusion contains chalcopyrite and pyrrhotite. The MG1001B-S14
sulphide inclusion, which does not have a D33S anomaly, contains pyrrhotite,
pentlandite, chalcopyrite and pyrite (a low-temperature sulphide phase
consistent with a non-magmatic origin).
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three basaltic hand samples. Multiple spot analyses were made on each
of the two largest sulphides, MGA-B-25 (ten spot analyses) and MGA-
B-47 (nine spot analyses), and a single spot analysis was performed on
each of two small sulphide inclusions from MG1001 (sulphides S14
and S17). Individual measurements of MGA-B-25 and MGA-B-47
were averaged (see discussion in Supplementary Information), and
give negative D33S anomalies (weighted averages 20.25 6 0.07% (2s)
and 20.34 6 0.08% (2s), respectively; see Supplementary Information
for discussion of uncertainty, and Supplementary Table 3) that are
statistically resolvable from ambient mantle sulphur (D33S 5 0).
Here D33S 5 d33S 2 [(1 1 d34S)0.515 2 1], d33SV-CDT 5 [(33S/32S)sample/
(33S/32S)V-CDT] 2 1, and similarly for d34S (details of the standards are
given in the Supplementary Information). The two sulphide inclusions
from sample MG1001 gave overlapping D33S values: inclusions S17
and S14 have respective D33S values of 20.17 6 0.27% (2s) and
0.03 6 0.28% (2s). The anomaly-free sulphide phase hosts pyrite,
which is consistent with a low-temperature, non-magmatic (modern)

origin for the sulphur in this sulphide, and suggests that not all olivine-
hosted sulphides in Mangaia lavas are magmatic. The d34S values of all
sulphide inclusions are less than 26.1% (see Supplementary Informa-
tion for discussion of d34S measurements), which are generally more
negative than the values encountered previously in magmatic sulphide
inclusions15. The possibility of dilution with normal mantle S (atD33S 5

0, d34S 5 0) during the magmatic process means that our inclusion data
probably represent mixtures, and more extreme compositions may exist
in the low d34S–negative MIF source region; some evidence for this
dilution comes from the apparent ‘mixing line’ of the inclusions, the
bulk olivine and ambient mantle (Fig. 2). Alternatively, the S-isotope
trend may simply reflect isotopic diversity observed in melt inclusions
from Mangaia16.

Following sulphur extraction by wet chemistry, S isotopes were also
measured in ,400 mg of bulk olivine separates from whole rock sam-
ple MGA-B-47 by gas-source IRMS at the University of Maryland.
D33S (20.12 6 0.04%) and d34S (23.28 6 2%) values are identified
in the bulk olivine separate (Supplementary Table 5), but the values are
smaller in magnitude than observed in the magmatic sulphides from
this sample. We consider it likely that the magnitude ofD33S and d34S in
the bulk olivine separates was diminished relative to the individual
magmatic sulphides by incorporation of sulphur into the bulk olivine
measurement, either through post-lava flow emplacement of secondary
pyrite in Mangaia olivines, or through dilution of an Archaean MIF-S
signature by mixing with an ambient mantle S-isotope composition.

Lead-isotope compositions of the two largest inclusions exhibiting
the clearest D33S anomalies were also measured by SIMS (Fig. 3; see
Methods and Supplementary Information). Both sulphide inclusions
exhibit Pb-isotope signatures indistinguishable from the whole rock
Pb-isotope analyses3, confirming that the anomalous S-isotope com-
positions are associated with the HIMU mantle reservoir. Olivine-
hosted sulphide inclusions from this locality were previously found
to have endmember HIMU compositions16,17.

A modern origin of the D33S anomaly in Mangaia sulphides is
improbable. Small variations in D33S (from 20.05% to 10.34%)
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Figure 2 | D33S versus d34S for olivine-hosted sulphide inclusions from
Mangaia (this study) and diamond-hosted sulphides (from ref. 8) compared
to previously published S-isotope data. Points shown are the weighted
averages of the individual analyses for MGA-B-47 and MGA-B-25 (n 5 9 for
MGA-B-47; n 5 10 for MGA-B-25) and single analyses for both MG1001
samples. Error bars are 95% confidence level for the MGA-B-25 and MGA-B-
47 weighted averages and 2s for the single analyses. The isotope composition of
the bulk olivine separate is also shown (see Supplementary Information).
Previously published sulphur isotope data are after figure 1 in ref. 7.
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Figure 3 | The Pb-isotope composition of olivine-hosted sulphides are the
same as Mangaia whole rocks. The Pb-isotope compositions of the two
olivine-hosted sulphides from MGA-B-25 and MGA-B-47 were obtained by
SIMS measurement (see Supplementary Information), and whole rock Pb-
isotopes for these samples were characterized in ref. 3. The new sulphide data
(black symbols) cluster around the HIMU mantle endmember defined by
previously published whole rock Pb-isotope data from Mangaia lavas (grey
field, using whole rock data from ref. 4 and references therein). The apices of the
quadrilateral are defined by the isotopic endmembers found in the oceanic
mantle (EM1, EM2, HIMU, DMM (depleted MORB mantle)). The average of
two Pb-isotope measurements of the same inclusion are shown for MGA-B-25
(see Supplementary Table 4). Error bars reflect the 2s standard error of the
mean (MGA-B-47) or the 2s weighted error of the mean (for the two
measurements of MGA-B-25).
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can be generated by biologically-controlled mass-dependent fractiona-
tion mechanisms18–20, but these mechanisms tend to generate positive
D33S values when d34S values are negative, and negative D33S when
d34S values are positive, rather than the observed negative D33S and
d34S values in Mangaia sulphides. These processes are also only known
to generate smaller magnitude negative D33S anomalies than those
observed in Mangaia sulphides.

Assimilation of ancient crustal materials is also an unlikely source of
the D33S anomalies. The oceanic lithosphere beneath Mangaia is too
young to have formed at a time when MIF S is known to have occurred.
It is also unlikely that Mangaia lavas were contaminated by stranded
blocks of Archaean continental crust, as tectonic reconstructions of the
Pacific plate21 place Mangaia far from the locus of continental rifting
and from Pacific fracture zones that may have stranded ancient con-
tinental material in this oceanic basin (see, for example, refs 22 and 23).

We suggest that MIF S in Mangaia lavas comes from a mantle
reservoir containing S subducted before 2.45 Gyr ago. The subducted
S was preserved in the convecting mantle, and remained associated
with the subducted package (subducted lithosphere 6 sediments), so
that its Archaean MIF signature was not completely diluted during its
.2.45-Gyr residence in the mantle. The lower mantle may be a ‘grave-
yard’ for subducted Archaean crust with negative D33S (ref. 8). Less
vigorous convective motions in this part of the mantle may be more
conducive to preserving mantle heterogeneities over long timescales.
Processes associated with buoyant upwelling could have transported
MIF-S-bearing material back to the surface where it melted beneath
Mangaia at 20 Myr ago. Sulphides in Mangaia melts were trapped and
encapsulated in growing magmatic olivine phenocrysts, thus preser-
ving the MIF signature during magma transport and eruption.

Positive and negative D33S have been documented previously in
diamond-hosted sulphide inclusions8,9, and these data complement
the negative D33S measurements reported in Mangaia. A conceptual
model suggested (ref. 8) for the origin of the positive D33S signature in
the diamond-hosted sulphides sheds light on the possible origins of the
negative D33S in Mangaia. Photolysis of volcano-sourced Archaean
sulphur (with initial D33S 5 0%) occurred in an oxygen-poor (and
therefore ozone-poor) atmosphere relatively transparent to solar ultra-
violet radiation. Photochemical fractionation acting on atmospheric
sulphur species generated geochemical reservoirs with complementary
positive D33S (reduced and elemental sulphur species) and negative
D33S (oxidized species such as sulphate). Elemental sulphur with posi-
tive D33S in the atmosphere was deposited in surface reservoirs and
converted to sulphide. The positive D33S of the sulphur identified in
the diamond-hosted sulphide inclusions corresponds to that found in
Archaean sedimentary sulphides, suggesting a sedimentary origin for
the positive D33S in the diamond-hosted sulphides8. The Archaean
sulphur-bearing sediment was subducted into the mantle source of
the Orapa diamonds, encapsulated in diamond, and preserved until
transport to the surface in a kimberlite eruption.

The data reported here include the first observation of non-zero
D33S in OIB. We suggest that the negative D33S identified in Man-
gaia sulphides originates from the Archaean oceanic sulphate pool
that is complimentary to the sedimentary pyrite, and that this MIF
S-isotope signature was incorporated into oceanic crust following
bisulphide formation in Archaean hydrothermal systems (Supplemen-
tary Fig. 1). Archaean rocks with a clear oceanic association tend to
exhibit negative D33S signatures. Indeed, hydrothermally-influenced
Archaean deposits tend to exhibit negative D33S (refs 24–28). Sub-
duction of hydrothermally-altered Archaean basalt into the mantle
can produce a negativeD33S reservoir of subducted oceanic lithosphere
in the deep mantle that may also help to explain the apparent bias to
positive D33S values seen in compilations of published analyses6,7.
Therefore, the negative D33S of sulphides analysed here point to an
ancient crustal source with oceanic affinities for Mangaia sulphur. An
origin associated with Archaean crustal material is also consistent with

other geochemical characteristics of the Mangaia lavas, such as the
radiogenic Pb-isotope compositions1,3,4,10.

The S-isotope compositions from Mangaia require a protolith with
the unusual combination of negative D33S and negative d34S values.
Whereas the negative D33S can only have been generated in the
Archaean atmosphere, the origin of the negative d34S signature in
Mangaia sulphides is less well-constrained. Archaean volcanogenic
massive sulphide (VMS) deposits hosted in komatiites represent a
possible candidate for the recycled protolith melted beneath Man-
gaia, as such deposits can have both the negative D33S and negative
d34S (ref. 24) that approach those identified in Mangaia sulphides.
Komatiites may have been commonly erupted on the seafloor during
the Archaean29, where they could have incorporated negative D33S
values by seawater sulphate reduction at hydrothermal settings, as
evidenced by some Archaean VMS deposits24. Therefore, one possible
model for the S-isotope composition of Mangaia sulphides is that it
originates in hydrothermally-modified mafic sources, similar to the
komatiite-hosted VMS deposits24, that were subsequently subducted
into the mantle during the Archaean.

Whereas VMS deposits trend in the direction of negative D33S and
negative d34S identified in Mangaia sulphides, the available S-isotope
data on VMS deposits do not extend to the low d34S values we observe
in Mangaia. Therefore, we cannot exclude alternative mechanisms that
might have generated the combination of negative D33S and negative
d34S in the Archaean. The combination of negative D33S and d34S
(down to 20.71% and 28.3%, respectively) was identified in Arch-
aean sulphides from the Gamohaan formation, South Africa30, where
negative d34S was attributed to bacterial reduction of sulphate (a pro-
cess demonstrated to generate extreme negative d34S signatures31)
while preserving its negative D33S anomaly inherited from photolytic
reactions in the atmosphere. High degrees of melt degassing under
reducing conditions might also generate highly negative d34S values,
but this would require the melt to have initially negative D33S, inhe-
rited from the Archaean atmosphere, so that the final degassed product
has the combination of S-isotope compositions observed in Mangaia
inclusions. Although the exact mechanism for generating negative d34S
is unknown, the key feature in the Mangaia data set is that the sulphide
inclusions and bulk olivine separate have D33S anomalies that could
only have been generated in the Archaean atmosphere.

The identification of MIF S in Mangaia lavas places two critical
constraints on the origin of the HIMU mantle. First, several recent
models invoke metasomatic processes occurring within the mantle to
generate the HIMU reservoir (see, for example, refs 12 and 13), but
such models do not explicitly invoke materials recycled from surface
reservoirs and therefore cannot explain MIF S in HIMU lavas. The
discovery of MIF S requires subduction of surface materials into the
mantle to generate the HIMU reservoir sampled by Mangaia lavas.
Second, theD33S anomaly associated with Mangaia lavas places a lower
limit on the formation age of the HIMU mantle domain, namely,
2.45 Gyr ago (Supplementary Fig. 2). The Archaean age for HIMU
formation indicated by S isotopes conflicts with earlier estimates that
are based on two-stage Pb-isotope model ages of ,1.8 Gyr ago (ref.
10), and this discrepancy may imply a more complicated history for Pb
isotopes (that is, more than two stages of Pb differentiation are pos-
sible) than generally assumed for the generation of the HIMU mantle.
The .2.45-Gyr age constraint from S isotopes indicates that mantle
heterogeneities generated by subduction of surface materials into the
mantle can be preserved over long timescales—from the Archaean to
present—in the convecting mantle.

The new D33S measurements confirm inferences about the cycling
of sulphur between the major reservoirs from the Archaean to the
Phanerozoic, extending from the atmosphere and oceans to the crust
and mantle, and ultimately through a return cycle to the surface that,
here, is completed in Mangaia lavas. It remains to be seen whether
lavas erupted at other HIMU hotspots and hotspots sampling different
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compositional mantle endmembers (for example, EM1 and EM2) will
exhibit evidence for recycling of Archaean protoliths.

METHODS SUMMARY
Three basaltic rock samples from Mangaia were crushed, sieved and picked for
olivines hosting melt inclusions. Two of the four sulphides analysed here were
homogenized using two different techniques (see Methods), and the other two
sulphides were not homogenized. Following exposure of the sulphides, the sam-
ples were pressed in indium, dried in a furnace, cleaned and then gold coated for
SIMS analyses.

In situ Pb- and S-isotope measurements were made using a CAMECA IMS 1280
SIMS instrument at the Swedish Museum of Natural History, Stockholm
(NordSIMS facility). All four isotopes of Pb were measured at a mass resolution
of 4,860 (M/DM) by static four-electron multiplier configuration using a 16O2

2

primary ion beam with 23 kV incident energy. Corrections for instrumental mass
fractionation were made using natural basaltic glass standards.

The three most abundant S-isotopes (32S, 33S and 34S) were measured at a mass
resolution of 4,860 (M/DM; sufficient to resolve 33S2 from 32S1H2) by static
multicollection on Faraday detectors using a 133Cs1 primary beam with an inci-
dent energy of 20 kV. Corrections for instrumental mass fractionation were made
using natural sulphide standards. Full procedures for Pb- and S-isotope analysis at
NordSIMS are outlined in the Methods.

Sulphur isotope measurements were made on sulphide inclusions in acid-
washed olivine separates from sample MGA-B-47. Sulphur was extracted using
Cr reduction techniques and converted to silver sulphide that was analysed as SF6

by gas-source IRMS at the University of Maryland using techniques described in
the Methods.

Major element compositions of sulphides, host-olivine and glass were deter-
mined using a CAMECA SX100 electron microprobe at the Laboratoire Magmas
et Volcans, Clermont-Ferrand, France.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS
Sample preparation and selection. Three basaltic samples (MG1001, MGA-B-25
and MGA-B-47) were crushed and sieved. Olivines hosting melt inclusions were
picked using a binocular microscope. One olivine-hosted melt inclusion (sample
MGA-B-47) was homogenized using a Vernadsky-type heating stage while moni-
toring the homogenization temperature of the inclusion. Batches of 50–150 mg of
olivine crystals from sample MG-1001 were homogenized using a gas-mixing
furnace at 1,280 uC for 20 min at a near iron–wüstite buffer condition. Duration
and oxygen fugacity of this batch homogenization technique closely mimicked the
homogenization procedure by the heating stage. Two sulphide inclusions were
homogenized, but the other two (MGA-B-25 and MG1001-S14) were not.
Following exposure of the sulphides by polishing, sulphides were pressed into
an indium mount, re-polished, cleaned with deionized water, and dried at
100 uC for 24 h before applying a gold coat.
In situ lead isotope measurements. In situ Pb-isotope measurements of the
sulphides used methods described elsewhere32. A 213 kV 16O2

2 primary ion beam
illuminated a 200mm mass aperture to produce a ,7–8 nA, 20mm, slightly ellip-
tical, flat bottomed crater. Target areas were subjected to a 180 s pre-sputter with a
25 3 25mm raster to remove the Au coating and clean the surface of extraneous
Pb. The unrastered 10 kV secondary ion beam was centred in a 4,000mm field
aperture (field of view on the sample approximately 25 3 25mm at 1603 transfer
magnification) by scanning the transfer deflectors, and the beam was maximized
to the peak of the energy distribution (45 eV window) by scanning the sample
voltage. The magnetic field was locked at high precision using an NMR field sensor
throughout the analytical session. The mass spectrometer used an entrance slit
width of 60mm and a common exit slit width of 250mm on four ion counting
secondary electron multipliers (EMs), corresponding to a mass resolution (M/
DM) of 4860, sufficient to resolve Pb from molecular interferences in sulphides
and glasses. The detectors were positioned for simultaneous detection of 204Pb,
206Pb, 207Pb and 208Pb. Measurements consisted of 40–120 cycles of 20 s integ-
ration. An electronically gated 60 ns deadtime correction was used. Typical back-
ground levels on the EMs were ,0.02 c.p.s., which was negligible at the level of Pb
signal measured. Each set of 40 cycles took ,20 min. See Supplementary
Information for discussion of internal and external precision for in situ analyses
of Pb isotopes.
In situ sulphur-isotope measurements. Multiple S-isotope measurements fol-
lowed the analytical protocol described by ref. 33. A 210 kV primary beam of
133Cs1 was critically focused onto the sample, yielding a 2 nA primary beam and
spot with a diameter of ,5mm which was rastered over 5 3 5mm during data
acquisition to homogenize the sampling. Target areas were subjected to a 70 s pre-
sputter with a 20 3 20mm raster to remove the Au coating. The 5 3 5mm rastered
10 kV secondary ion beam was centred in a 2,500mm field aperture (field of view
on the sample of ,25 3 25mm at 1003 transfer magnification) by automated
scanning of the transfer deflectors. Sample charging was minimized by use of a
low-energy normal-incidence electron gun and no energy adjustments were neces-
sary. The magnetic field was locked at high precision using an NMR field sensor
for the entire analytical session. The mass spectrometer used an entrance slit width
of 90mm and a common exit slit width of 250mm on the three Faraday detectors
used to measure 32S, 33S and 34S, corresponding to a mass resolution (M/DM) of
4,860. Faraday amplifiers were housed in an evacuated, thermally stabilized

chamber and used a 1010V input resistor on the 32S channel and 1011V on the
other channels. Typical secondary ion signals of 109 c.p.s. on 32S were obtained and
each analysis consisted of 64 s of data integration.

The S-isotope data were obtained in two analytical sessions. Analyses of the
unknown sulphides were bracketed by measurements of two non-MIF pyrite
standards, Ruttan and Balmat34 and a MIF pyrite from the Isua Greenstone
Belt33. Ruttan alone was used for calculation of instrumental mass fractionation
while Ruttan, Balmat and the Isua pyrite were used to constrain the mass depen-
dent fractionation line for each session. In the second session, an in-house,
strongly negative d34S pyrite concretion (Gabon) was used to further verify the
mass dependent fractionation line, but was not used to calculate instrumental
mass fractionation or to constrain the mass dependent fractionation line. See
Supplementary Information for external precision of S-isotope measurements.
Sulphur-isotope measurements on bulk olivines. Sulphur isotope measurement
of sulphide inclusions in ,400 mg of olivine separates from sample MGA-B-47
were extracted using chemical techniques and measured by gas source isotope
ratio mass spectrometry at the University of Maryland. Acid washed (HF and HCl)
olivine separates were crushed in an agate mortar under ethanol and transferred to
an apparatus like that described in ref. 35 where they were reacted with a hot acidic
Cr(II) solution. Sulphide released in this process was captured as silver sulphide,
which was washed, dried and wrapped in clean Al foil. The foil with silver sulphide
was placed in a Ni tube where it was reacted with fluorine gas, overnight at 250 uC.
Product SF6 was purified using cryogenic and chromatographic techniques, and
frozen into a micro inlet on a ThermoFinnigan MAT 253, which was used for
determination of isotope ratios. The sample size was small (100mg) and the flu-
orination yield was low (50%), suggesting either adsorbed water on the Al foil or
possible contaminants (for example, Al oxide coatings and oils that may not have
been completely cleaned off of the foil) in the silver sulphide. Uncertainties for
D33S are inferred from the mass spectrometry analyses, which yielded 60.04%
(2s). Uncertainties for d34S are estimated to be larger (61%, 2s) due to contribu-
tions of mass dependent fractionation during the chemical preparation (extrac-
tion, conversion and purification) of sulphur or mass spectrometric analysis. The
long-term reproducibility on fluorination is 0.016 (2s s.d.) for D33S and 0.30 (2s
s.d.) for d34S. Short-term reproducibility can be better for d34S and in rare cases for
D33S.
Major element measurements. Electron microprobe analysis for the determi-
nation of major element concentrations was completed at the Laboratoire Mag-
mas et Volcans, Clermont-Ferrand, France, on a Cameca SX 100 using standard
procedures.

32. Rose-Koga, E. F. et al. Mantle source heterogeneity for South Tyrrhenian magmas
revealed by Pb isotopes and halogen contents of olivine-hosted melt inclusions.
Chem. Geol. 334, 266–279 (2012).

33. Whitehouse, M. J. Multiple sulfur isotope determination by SIMS: evaluation of
reference sulfides for D33S with observations and a case study on the
determination of D36S. Geostand. Geoanal. Res. http://dx.doi.org/10.1111/
j.1751-908X.2012.00188.x (published online 7 January 2013).

34. Crowe, D. E. & Vaughan, R. G. Characterization and use of isotopically
homogeneous standards for in situ laser microprobe analysis of 34S/32S ratios.
Am. Mineral. 81, 187–193 (1996).

35. Forrest, J. & Newman, L. Ag-110 microgram sulphate analysis for short time
resolutionofambient levelsof sulphuraerosol.Anal.Chem.49,1579–1584(1977).

RESEARCH LETTER

Macmillan Publishers Limited. All rights reserved©2013

http://dx.doi.org/10.1111/j.1751-908X.2012.00188.x
http://dx.doi.org/10.1111/j.1751-908X.2012.00188.x


SI Guide 
 
Title of each file (in a merged PDF): 
 
1. Supplementary Discussion 
2. Supplementary Figures and Legends 1 through 5 
3. Supplementary Tables 1 through 5 
4. Supplementary references 
 
The Supplementary Discussion describes the sulfide inclusions in greater detail, addresses our 
isotope measurements on inclusions, bulk olivines and standards. Supplementary Figure 1 
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showing �33S through time. Supplementary Figure 3 displays transmitted light, reflected light, 
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Supplementary Discussion 

 

Discussion of sulfide inclusions 

MGA-B-25 sulfide: The sulfide inclusion from MGA-B-25 is ~150µm in diameter, was not 

homogenized, and hosts three coexisting sulfide phases (Fig. S3D). Electron microprobe analysis 

confirmed the existence of chalcopyrite, pentlandite, and pyrrhotite within this sample (Table 

S2). An earlier study36 identified olivine-hosted sulfide inclusions from the same whole rock and 

confirmed the existence of chalcopyrite and pyrrhotite, and we report the first existence of 

pentlandite in MGA-B-25. 

MGA-B-47 sulfide:  MGA-B-47 was approximately 100 µm in diameter, was homogenized on a 

Vernadsky-style heating stage, and had a multiphase composition visible in reflected light (Fig. 

S3B). However, following Pb- and S-isotope characterization, the inclusion was lost during gold 

coat removal in preparation for electron microprobe analysis, eliminating the possibility of 

obtaining major element compositional data. Fortunately, Saal et al. (ref. 36) characterized the 

compositions of olivine-hosted sulfides from MGA-B-47, which provides some context for the 

composition of the “lost” sulfide in this study. In MGA-B-47, Saal et al. (ref. 36) identified only 

the phases—pentlandite, chalcopyrite and pyrrhotite—that we identified in the MGA-B-25 

sulfide. Furthermore, the quench texture of the MGA-B-47 sulfide reveals very finely spaced 

lamellae of bright and dark sulfides in the reflected light image (Fig. S3B). The lamellae are 

much smaller than the SIMS beam spot size (< 5 µm wide), so the beam will inevitably overlap 

with different sulfide phases, and major element compositional data from this sulfide would not 



necessarily aid in interpreting the S-isotope data (see section titled “Discussion of sulfur isotope 

measurements by SIMS”, below). 

MG1001 sulfides:  

Two olivine-hosted sulfides from whole rock sample MG1001 were characterized (Fig. S3). 

MG1001B-S14: This sulfide is 75µm, was not homogenized, and contains pentlandite, pyrrhotite, 

chalcopyrite, and pyrite. We interpret the presence of pyrite in this inclusion to represent a 

secondary phase that was created through weathering of the original, magmatic phases within the 

inclusion. We do not know the exact mechanism for infiltration of modern sulfur into the 

inclusion, but infiltration could have been facilitated by micro fractures within the olivine grain 

or annealed cracks that allowed communication between the inclusion and the surrounding 

environment. Unfortunately, despite its large size, this inclusion suffered from excessive relief 

introduced during polishing and only a single SIMS analysis was possible. The dominant sulfide 

within this inclusion is chalcopyrite characterized by an unusual “crosshatched” texture with 

“islands” of pyrite and isolated regions of pentlandite and pyrrhotite. The rough “crosshatched” 

texture of the chalcopyrite did not provide the flat surface necessary for ideal e-probe analysis, 

and resulted in low major element totals for the chalcopyrite phase. The SIMS analysis spot 

overlapped primarily with the pyrite and not with the three magmatic phases. This may explain 

the lack of a �33S anomaly in this measurement. 

MG1001B-S17: This sulfide is small (~35x45µm), was homogenized, and contains chalcopyrite 

and pyrrhotite; again surface relief precluded more than a single analysis, but the analyses (both 

compositional and isotopic) are consistent with a magmatic origin.   

A notable feature of the S-isotope data obtained in this study is the significantly larger 

within-run uncertainties on in measured 34S/32S and 33S/32S ratios from the inclusions relative to 



the standards, despite similar secondary beam intensity (Table S3). The small-scale phase 

inhomogeneity outlined above is thought to be the cause of this, with small subtly varying phase-

dependent instrumental mass fractionation as the analysis proceeded resulting in highly 

correlated uncertainties. 

 

Discussion of sulfur isotope measurements by SIMS 

Both instrumental and matrix-related mass fractionations are mass-dependent processes. 

As expected therefore, the �33S values reported in this study will be independent of the 

composition of the sulfides analyzed. Furthermore, we have investigated the variation in signal 

of all samples during analyses and these show only a mass-dependent drift; the measured values 

of every cycle in an analysis plot along the MDF line on a δ33S vs. δ34S diagram. Composition-

dependent instrumental bias on δ34S may be as much as -3.8 ± 0.7 (1SD) ‰ when calibrating 

pyrrhotite using pyrite33 (and recalculated using data reported by ref. 37) but smaller for 

pentlandite (+0.4 ± 0.8 ‰) and chalcopyrite (+0.8 ± 0.9 ‰)  (recalculated using data reported 

ref. 37). Our measurements of δ34S in the three different sulfide phases (pyrrhotite, chalcopyrite 

and pentlandite) analyzed in the MGA-B-25 sulfide inclusion all cluster within 3‰ of one 

another and, as most of these were chalcopyrite, we consider our values to be relatively accurate 

indications of a rather strong negative δ34S signature. The MGA-B-47 sulfide inclusion, which 

exhibits a smaller range of δ34S, had been homogenized, which may have contributed to the 

reduced variability in δ34S. Additionally, the fine lamellae between the different sulfide phases 

that were likely formed during quench are smaller than the beam and therefore could not be 

analyzed individually. Although the precise composition of this homogenized sulfide could not 

be determined due to its loss in processing, the count rates of 32S (Table S3) from the SIMS 



analyses are mostly within a few percent relative to the pyrite standard in each session, which is 

the expected case for both pentlandite and chalcopyrite (see data in ref. 37) but not for pyrrhotite, 

which is typically ca. 10 - 15 % lower (e.g. the single identified pyrrhotite analysis in MGA-B-

25; Table S3). In this case, the compositional biases are therefore expected to be rather small. 

Note, however, that one of the MGA-B-47 sulfide measurements (the one with 833 cps) is not 

unlike the po analyses from MGA-B-25 (which had 807 cps).   

We note that the S-isotope analyses for MGA-B-47 and MGA-B-25 sulfides were made in 

June and then again in July. The S-isotope analyses in the two analytical sessions exhibit 

excellent agreement (Fig. S4; Table S3). 

 

SIMS sulfur isotope data reduction and error treatment 

 Sulfur isotope ratios from the SIMS analyses (corrected during analysis for Faraday 

amplifier backgrounds and yields) were processed separately for each analytical session as 

follows: 

1) If required, isotope ratios from each session were corrected for linear drift over the entire 

session based on data from the primary non-MIF reference sulfide used for calibrating δ34S (in 

this study, the Ruttan pyrite). The magnitude of this correction is reported in Table S3 along with 

the drift corrected isotope ratios 33S/32S and 34S/32S and their observed (internal) uncertainties 

(standard error of the mean). 

2) The error correlation (ρ) between 33S/32S and 34S/32S was derived from the uncertainties on the 

measured isotope ratios using the equation: 

ρ = (σa
2+σb

2-σab
2)/(2σaσb)    (eqn. 1) 



where a, b and ab correspond respectively to the uncertainties 
33S/32S, 34S/32S and 33S/34S. 

3) Uncorrected δ34Sraw and δ33Sraw values were calculated relative to the reported V-CDT sulfur 

isotope ratios of Ding et al. (ref. 38). 

4) Instrumental “mass bias” factors (αi) were calculated from each δiS value and the δiSV-CDT 

value for the primary calibration standard (in this study, Ruttan pyrite with a δ34SV-CDT value of 

1.408 ‰, determined in this study from the same aliquot as used for SIMS, Table S5) using the 

equation: 

αi = ((1 + δiSraw)/1000)/((1 + δiSstd)/1000)   (eqn. 2) 

5) Using the average αi values for the primary standard from each analytical session, δiSV-CDT 

values for all analyses were calculated using the equation: 

δiSV-CDT = 1000·(( δiSraw/1000 + 1)/αi – 1)   (eqn. 3) 

6) The Δ33S values were calculated using the equation: 

 Δ33S = δ33SV-CDT – 1000∙((δ34SV-CDT/1000+1)k - 1) 
  (eqn. 4) 

where k is the slope of the mass dependent fractionation line (established using S-isotope 

analyses on the Balmat and Ruttan standards) in a plot of δ33S vs. δ34S.  The value of this slope 

can vary by a few percent, cannot exceed 0.5159 and is determined by minimizing the 

uncertainty on the non-MIF reference samples as described below. 

7) The internal precision on Δ33S was determined using the observed internal uncertainties on 

δ33S and δ34S and the error correlation ρ using the equation for propagation of correlated errors 

derived from eqn. 4, i.e., for Δ33S = f(a,b): 



σf
2 = (∂f/∂a)2σa

2 + (∂f/∂b)2σb
2 + 2ρ(∂f/∂a)(∂f/∂b)σaσb 

 (eqn. 5) 

where a corresponds to δ33S and b corresponds to δ34S. 

8) The external precision on δ33S and δ34S values was assigned from the standard deviation of the 

measurements of these parameters on the primary non-MIF reference sulfide (Ruttan); the 

external precision on Δ33S was assigned from the standard deviation of the measurements of this 

parameter on the non-MIF reference sulfides (Ruttan and Balmat) and the MIF Isua pyrite. 

9) The overall uncertainty in δ33S, δ34S and Δ33S was calculated by combining the internal and 

external precisions for each value in quadrature. 

10) The value for the slope of the mass dependent fractionation line k (eqn. 4) was varied over a 

small range in order to minimize the external uncertainty on Δ33S for the non-MIF reference 

sulfides (Ruttan and Balmat) and the MIF Isua pyrite. 

Precision of sulfur isotope measurements by SIMS 

 External precisions (1SD) on Δ33S of 0.086 ‰ and 0.111 ‰ and on δ34S of 0.424 ‰ and 

0.256 ‰ were obtained from the June and July SIMS sessions, respectively (Table S3) and these 

are added in quadrature to the within run precisions as detailed in the data treatment section 

above. Internal errors on Δ33S are calculated using the strong error correlation between 

measurements of δ33S and δ34S.  The consistent displacement relative to the MDF line is clear in 

plots of the correlated error ellipses (Fig. S5), enabling accurate determination of small Δ33S 

anomalies. Measurements of the MIF Isua pyrite across both sessions yielded a weighted average 

Δ33S of 3.21 ± 0.06 ‰ (95 % confidence, n = 14). This value is in good agreement with the 

published bulk determined Δ33S value of 3.31 ± 0.38 ‰ (ref. 39) and our own IRMS determined 

value of 3.111 ± 0.012‰ reported in Table S5. In the second (July) analytical session, an 



indication of the accuracy of our approach for estimating the value of k was provided by the 

measured Δ33S values from the strongly negative δ34S G977 pyrite whose SIMS-determined 

slightly positive MIF weighted average of 0.09 ± 0.08‰ (Table S3) agrees well with the 

similarly slightly positive-MIF IRMS determined value of 0.059± 0.012‰ (Table S5). 

 

Precision of lead isotope measurements by SIMS 

The GOR132g glass standard (20 ppm Pb, ref. 40) was used as a primary Pb-isotope 

reference to correct for instrumental mass fractionation and detector efficiencies. The KL2g 

secondary standard (2.07 ppm Pb, ref. 40) yielded its known value (0.8214) within error (0.8193 

± 0.0057, ref. 32). The in-run relative standard errors on KL2g (2�) for 207Pb/206Pb and 

208Pb/206Pb were less than 0.4% and 0.3%, respectively. Repeated 207Pb/206Pb measurements of 

the GOR132g glass standard (20 ppm Pb, ref. 38) yielded a 0.3% external reproducibility (2� of 

the distribution).  

 

 

 



 

Supplementary Figure 1. Origin of the ��33S anomaly in HIMU lavas by subduction of 

oceanic crust at >2.45 Ga. A., Anomalous �33S was produced through photodissociative 

reactions on volcanic sulfur (with �33S = 0) in the atmosphere that resulted in the formation of 

oxidized sulfur species (with negative �33S) and reduced sulfur species (with positive �33S). 

Oxidized sulfur species were transported to the oceans and their negative �33S signature was 

incorporated into oceanic crust during hydrothermal alteration at mid-ocean ridges. The 

hydrothermally-altered oceanic crust was then subducted into the mantle.  B., The subducted 

Archean crust was entrained in a buoyantly upwelling mantle plume, melted, and erupted at 

Mangaia. Figure modified from ref. 8.  

 

 



 

Supplementary Figure 2. Plot of ��33S versus geological age. The mass-independent signal is 

clearly visible prior to 2450 Ma followed by a record of mass-dependent fractionation. The red 

envelope centered at �33S = -0.34 ± 0.08‰ is for the MGA-B-47 sulfide inclusion and represents 

our most extreme �33S measurement. Data from refs 5, 18, 27-28, 37, and 41-66. 



 

Supplementary Figure 3. Images of olivine hosted sulfide inclusions. Panel A: MGA-B-47 

sulfide in transmitted light. Panel B: MGA-B-47 sulfide in reflected light; note that a BSE image 

of MGA-B-47 is not available, as the sulfide was lost during Au-coat removal for electron probe 

analyses. Panel C: MGA-B-25 in transmitted light. This sample was not homogenized. Cracks 

existed prior to exposure, but are likely a result of rock crushing to separate olivines. Panel D: 

MGA-B-25 in reflected light (po = pyrrhotite, pn = pentlandite, ccp = chalcopyrite). Panel E: 

SEM image of MGA-B-25. Labeled spots indicate S-isotope analyses. Panel F: MG1001B-S14, 



which contains pyrite, in transmitted light, magnification ×20. Panel G: MG1001B-S14 in 

reflected light, magnification ×50. Panel H: SEM image of MG1001B-S14. This sample was not 

homogenized. Panel I: MG1001B-S17 in transmitted light, magnification ×20. Cracks were 

caused from pressing the sample into indium. Panel J: MG1001B-S17 in reflected light, 

magnification ×100. Cracks were caused from pressing the sample into indium. Panel K: SEM 

image of MG1001B-S17. 



 

Supplementary Figure 4. Reduced S-isotope data for unknowns, standards and monitors for the 

two analytical sessions (June and July of 2012) on the Cameca 1280 SIMS at the NordSIMS 

facility. The two Balmat data points that are open circles have been omitted from the calculation 

of averages. All data are reported in Table S3.  



 

Supplementary Figure 5. δ33S vs δ34S and �33S vs δ34S plots of SIMS analyses from inclusions 

MGA-B-25 and MGA-B-47 as well as from pyrite G977.  Correlated error ellipses in δ33S vs. 

δ34S plot are 2 sigma internal errors. The displacement of the correlated ellipses below (for MGA 

inclusions) and above (for G977) the MDF line is clearly seen.  Error ellipses in �33S vs. δ34S 

plot are 2 sigma and include the external error added in quadrature to the internal error. 

 

 



 

 

 

 

    

 

Sample Name MGA-B-47 MGA-B-47 MGA-B-25 MG1001B-S14 MG1001B-S17
Phase glass olivine olivine olivine olivine
SiO2 43.8(8) 39.0(6) 39.3(6) 40.4(6) 38.6(6)
TiO2 3.5(4) b.d.l. b.d.l. b.d.l. b.d.l.
Al2O3 14.3(4) b.d.l. b.d.l. 0.07(5) 0.07(5)
CaO 12.6(6) 0.43(10) 0.37(9) 0.35(9) 0.37(9)
FeO 9.2(6) 17.8(6) 17.3(6) 16.8(6) 17.1(6)
MgO 10.3(4) 41.6(6) 42.8(6) 43.9(7) 41.7(6)
Na2O 3.4(3) b.d.l. b.d.l. b.d.l. b.d.l.
K2O 0.96(18) b.d.l. b.d.l. b.d.l. b.d.l.
MnO b.d.l. 0.28(11) 0.20(10) 0.22(10) 0.28(10)
NiO b.d.l. 0.17(8) 0.20(8) 0.13(8) 0.20(8)
Total 98.2 99.4 100.2 102.1 98.3
aOlivine Fo# 0.81(3) 0.82(3) 0.82(3) 0.81(3)
Unit is given in wt%, values in parentheses represent 1σ uncertainties in terms of least digit cited.
"b.d.l." is below detection limit

Table 1.  Electron microprobe compositions of olivines hosting the sulfide inclusions and the silicate 
glass composition associated with one sulfide.

aOlivine Fo # = (MgO/40.30)/((MgO/40.30)+(FeO/71.85)), where MgO and FeO are expressed in wt%
During analyses, the electron beam utilized an accelerating voltage of 15 kV and an 8 nA current. A 
focused beam was used for olivines and a defocused beam was used for glass.



 

 

Table 2. Composition of sulfide inclusions hosted in olivine

Phase n* S Fe Cu Ni Total

ccp 16 35.4(4) 38.8(16) 23.0(16) 1.6(5) 99.0
po 6 39.0(5) 58.3(4) 0.7(4) 1.1(3) 99.3
pn 4 33.6(4) 34.6(3) 0.17(8) 30.4(5) 98.9

ccp 4 32.5(10) 36.0(16) 26.6(18) 3.1(7) 98.4
po 2 36.4(1) 51.8(1) 4.1(5) 7.0(2) 99.4

ccp 4 31.2(11) 27.4(8) 26.3(24) 2.6(8) 87.5
py 1 51.0(11) 43.6(9) 0.8(2) 1.4(2) 96.8
po 1 43.3(9) 53.7(10) 0.7(2) 1.9(2) 99.6
pn 1 41.8(9) 27.3(7) 0.6(2) 26.2(6) 96.0

Inclusion MGA-B-25

Inclusion MG1001B-S17

Inclusion MG1001B-S14

Unit is given in wt%. Uncertainties given in parentheses as least digit cited
py = pyrite, po = pyrrhotite, pn = pentlandite, ccp = chalcopyrite, *n indicates the 
number of points analyzed.
During analyses, the electron beam utilized an accelerating voltage of 15 kV and an 8 
nA current. A 5 to 10 μm defocussed beam was used for sulfide phases.    



 

Table 3: Sulfur isotope composition of sulfide inclusions hosted in Mangaia olivines and reference sulfides

Sample namea phaseb date 32S signal ρd

(cps.106)

Samples

MGA-B-25-1 ccp Jun-12 1492 0.043875 ± 0.000064 0.0078536 ± 0.0000060 0.99 -8.31 ± 1.67 -4.53 ± 0.86 -0.29 ± 0.20

MGA-B-25-2 ccp Jun-12 1562 0.043873 ± 0.000060 0.0078538 ± 0.0000058 0.99 -8.37 ± 1.60 -4.51 ± 0.85 -0.24 ± 0.20

MGA-B-25-3 ccp Jun-12 1663 0.043913 ± 0.000054 0.0078574 ± 0.0000052 0.99 -7.45 ± 1.49 -4.05 ± 0.79 -0.24 ± 0.19

MGA-B-25-4 ccp Jun-12 1681 0.043899 ± 0.000046 0.0078557 ± 0.0000045 0.99 -7.76 ± 1.34 -4.27 ± 0.71 -0.30 ± 0.19

MGA-B-25-5 ccp Jul -12 1040 0.043951 ± 0.000040 0.0078597 ± 0.0000043 0.91 -7.15 ± 1.04 -4.00 ± 0.64 -0.32 ± 0.31

MGA-B-25-6 pn Jul -12 914 0.043928 ± 0.000062 0.0078589 ± 0.0000064 0.98 -7.67 ± 1.48 -4.10 ± 0.87 -0.17 ± 0.29

MGA-B-25-7 ccp Jul -12 1057 0.043876 ± 0.000044 0.0078528 ± 0.0000045 0.97 -8.85 ± 1.11 -4.87 ± 0.67 -0.34 ± 0.26

MGA-B-25-8 ccp Jul -12 996 0.044005 ± 0.000051 0.0078662 ± 0.0000047 0.97 -5.92 ± 1.27 -3.17 ± 0.69 -0.14 ± 0.26

MGA-B-25-9 po Jul -12 807 0.043937 ± 0.000054 0.0078590 ± 0.0000059 0.97 -7.46 ± 1.32 -4.09 ± 0.82 -0.26 ± 0.29

MGA-B-25-10 ccp Jul -12 1043 0.043973 ± 0.000036 0.0078634 ± 0.0000035 0.96 -6.64 ± 0.96 -3.54 ± 0.56 -0.14 ± 0.25

-7.56 ± 1.72 -4.11 ± 0.98 -0.24 ± 0.15

-7.45 ± 0.64 -4.05 ± 0.37 -0.25 ± 0.07 (0.32)

MGA-B-47-1 - Jun-12 1606 0.043760 ± 0.000018 0.0078446 ± 0.0000015 0.85 -10.92 ± 0.94 -5.68 ± 0.47 -0.10 ± 0.20

MGA-B-47-2 - Jun-12 1500 0.043769 ± 0.000029 0.0078433 ± 0.0000025 0.89 -10.70 ± 1.07 -5.84 ± 0.53 -0.37 ± 0.23

MGA-B-47-3 - Jun-12 1584 0.043692 ± 0.000018 0.0078367 ± 0.0000020 0.82 -12.44 ± 0.94 -6.68 ± 0.50 -0.32 ± 0.22

MGA-B-47-4 - Jun-12 1509 0.043683 ± 0.000025 0.0078358 ± 0.0000020 0.87 -12.65 ± 1.02 -6.79 ± 0.50 -0.32 ± 0.22

MGA-B-47-5 - Jul -12 908 0.043788 ± 0.000023 0.0078437 ± 0.0000025 0.94 -10.82 ± 0.73 -6.03 ± 0.47 -0.47 ± 0.25

MGA-B-47-6 - Jul -12 833 0.043808 ± 0.000038 0.0078460 ± 0.0000034 0.95 -10.37 ± 0.99 -5.74 ± 0.55 -0.42 ± 0.26

MGA-B-47-7 - Jul -12 862 0.043827 ± 0.000037 0.0078484 ± 0.0000034 0.90 -9.94 ± 0.99 -5.43 ± 0.55 -0.33 ± 0.29

MGA-B-47-8 - Jul -12 901 0.043768 ± 0.000021 0.0078427 ± 0.0000023 0.87 -11.28 ± 0.70 -6.15 ± 0.45 -0.37 ± 0.26

MGA-B-47-9 - Jul -12 900 0.043740 ± 0.000035 0.0078392 ± 0.0000034 0.95 -11.91 ± 0.94 -6.60 ± 0.55 -0.49 ± 0.26

-11.22 ± 1.85 -6.11 ± 0.97 -0.35 ± 0.23

-11.21 ± 0.66 -6.12 ± 0.37 -0.34 ± 0.08 (1.1)

MG1001B-S14 py Jul -12 935 0.043900 ± 0.000008 0.0078580 ± 0.0000017 0.66 -8.29 ± 0.54 -4.22 ± 0.41 0.03 ± 0.28

MG1001B-S17 ccp Jul -12 1142 0.043504 ± 0.000015 0.0078200 ± 0.0000015 0.68 -17.25 ± 0.61 -9.03 ± 0.40 -0.17 ± 0.27

Primary reference sulfide : Ruttan

Rut-102 py Jun-12 1111 0.044277 ± 0.000014 0.0078925 ± 0.0000012 0.54 0.77 ± 0.90 0.39 ± 0.45 0.00 ± 0.23

Rut-107 py Jun-12 969 0.044328 ± 0.000010 0.0078967 ± 0.0000019 0.74 1.92 ± 0.88 0.92 ± 0.49 -0.06 ± 0.24

Rut-108 py Jun-12 932 0.044311 ± 0.000006 0.0078957 ± 0.0000012 0.23 1.55 ± 0.86 0.80 ± 0.45 0.01 ± 0.23

Rut-113 py Jun-12 834 0.044295 ± 0.000006 0.0078934 ± 0.0000017 0.54 1.17 ± 0.86 0.51 ± 0.48 -0.09 ± 0.26

Rut-114 py Jun-12 815 0.044319 ± 0.000006 0.0078962 ± 0.0000011 0.01 1.71 ± 0.86 0.87 ± 0.45 0.00 ± 0.23

Rut-123 py Jun-12 1492 0.044320 ± 0.000020 0.0078964 ± 0.0000018 0.89 1.74 ± 0.96 0.90 ± 0.48 0.01 ± 0.20

Rut-126 py Jun-12 1479 0.044311 ± 0.000020 0.0078963 ± 0.0000019 0.93 1.54 ± 0.96 0.88 ± 0.49 0.09 ± 0.19

Rut-129 py Jun-12 1462 0.044281 ± 0.000019 0.0078934 ± 0.0000021 0.87 0.86 ± 0.95 0.51 ± 0.50 0.08 ± 0.22

Rut-201 py Jul -12 971 0.044320 ± 0.000013 0.0078950 ± 0.0000018 0.74 1.18 ± 0.59 0.47 ± 0.41 -0.14 ± 0.27

Rut-202 py Jul -12 956 0.044326 ± 0.000013 0.0078964 ± 0.0000016 0.75 1.32 ± 0.59 0.64 ± 0.40 -0.03 ± 0.26

Rut-203 py Jul -12 944 0.044327 ± 0.000014 0.0078971 ± 0.0000017 0.80 1.34 ± 0.60 0.73 ± 0.41 0.05 ± 0.26

Rut-210 py Jul -12 920 0.044333 ± 0.000012 0.0078980 ± 0.0000016 0.80 1.48 ± 0.58 0.85 ± 0.40 0.09 ± 0.25

Rut-211 py Jul -12 918 0.044333 ± 0.000012 0.0078972 ± 0.0000020 0.63 1.48 ± 0.58 0.75 ± 0.43 -0.01 ± 0.30

Rut-216 py Jul -12 910 0.044337 ± 0.000012 0.0078972 ± 0.0000020 0.57 1.58 ± 0.58 0.75 ± 0.43 -0.06 ± 0.30

Rut-217 py Jul -12 904 0.044338 ± 0.000014 0.0078985 ± 0.0000016 0.70 1.60 ± 0.60 0.91 ± 0.40 0.09 ± 0.26

Rut-224 py Jul -12 895 0.044351 ± 0.000013 0.0078997 ± 0.0000016 0.61 1.88 ± 0.59 1.07 ± 0.40 0.10 ± 0.27

Rut-225 py Jul -12 900 0.044351 ± 0.000013 0.0078983 ± 0.0000016 0.76 1.88 ± 0.59 0.89 ± 0.40 -0.08 ± 0.26

Rut-237 py Jul -12 939 0.044323 ± 0.000013 0.0078967 ± 0.0000018 0.76 1.26 ± 0.58 0.69 ± 0.42 0.04 ± 0.27

Rut-238 py Jul -12 937 0.044326 ± 0.000013 0.0078969 ± 0.0000018 0.77 1.32 ± 0.59 0.71 ± 0.41 0.04 ± 0.27

Rut-245 py Jul -12 917 0.044332 ± 0.000016 0.0078962 ± 0.0000029 0.82 1.47 ± 0.63 0.63 ± 0.51 -0.13 ± 0.33

Rut-253 py Jul -12 828 0.044314 ± 0.000014 0.0078948 ± 0.0000017 0.50 1.05 ± 0.61 0.44 ± 0.41 -0.09 ± 0.30

Rut-256 py Jul -12 823 0.044317 ± 0.000012 0.0078951 ± 0.0000024 0.77 1.12 ± 0.58 0.49 ± 0.46 -0.08 ± 0.31

Rut-261 py Jul -12 837 0.044318 ± 0.000013 0.0078978 ± 0.0000017 0.78 1.14 ± 0.60 0.82 ± 0.41 0.24 ± 0.26

1.41 ± 0.63 0.72 ± 0.37 0.00 ± 0.18

1.41 ± 0.13 0.73 ± 0.09 0.01 ± 0.05 (0.47)

measured ratiosc ± 2σ delta valuese (‰) ± 2σ
34S/32S 33S/32S δ34SV-CDT δ33SV-CDT         Δ33S    

average:

wtd. average:

wtd. average:

wtd. average:

average:

average:



 

Table 3 continued

Sample namea phaseb date 32S signal ρd

(cps.106)

Secondary reference sulfide : Balmat

Bal -103 py Jun-12 1081 0.044949 ± 0.000012 0.0079528 ± 0.0000012 0.51 15.96 ± 0.89 8.03 ± 0.45 -0.07 ± 0.22

Bal -104 py Jun-12 1055 0.044957 ± 0.000011 0.0079541 ± 0.0000011 0.47 16.14 ± 0.88 8.21 ± 0.45 0.01 ± 0.22

Bal -109 py Jun-12 914 0.044985 ± 0.000007 0.0079553 ± 0.0000013 0.63 16.77 ± 0.86 8.35 ± 0.46 -0.17 ± 0.21

Bal -112 py Jun-12 858 0.044992 ± 0.000008 0.0079586 ± 0.0000012 0.71 16.94 ± 0.87 8.77 ± 0.45 0.17 ± 0.20

Bal -124 py Jun-12 1459 0.044853 ± 0.000018 0.0079456 ± 0.0000018 0.85 13.78 ± 0.94 7.13 ± 0.49 0.12 ± 0.21

Bal -128 py Jun-12 1422 0.044983 ± 0.000021 0.0079571 ± 0.0000022 0.93 16.74 ± 0.97 8.59 ± 0.51 0.09 ± 0.20

Bal -204 py Jul -12 907 0.044884 ± 0.000022 0.0079483 ± 0.0000025 0.88 13.93 ± 0.71 7.22 ± 0.47 0.12 ± 0.27

Bal -205 py Jul -12 935 0.044983 ± 0.000012 0.0079573 ± 0.0000013 0.60 16.18 ± 0.58 8.37 ± 0.38 0.13 ± 0.26

Bal -214 py Jul -12 924 0.044941 ± 0.000015 0.0079535 ± 0.0000020 0.68 15.21 ± 0.62 7.88 ± 0.43 0.12 ± 0.29

Bal -215 py Jul -12 933 0.044987 ± 0.000011 0.0079564 ± 0.0000016 0.64 16.26 ± 0.57 8.25 ± 0.40 -0.04 ± 0.27

Bal -222 py Jul -12 923 0.044980 ± 0.000012 0.0079557 ± 0.0000015 0.67 16.10 ± 0.58 8.17 ± 0.40 -0.04 ± 0.26

Bal -223 py Jul -12 918 0.044993 ± 0.000012 0.0079575 ± 0.0000013 0.75 16.40 ± 0.58 8.40 ± 0.38 0.04 ± 0.25

Bal -239 py Jul -12 930 0.044988 ± 0.000012 0.0079576 ± 0.0000017 0.63 16.29 ± 0.58 8.40 ± 0.41 0.10 ± 0.28

Bal -243 py Jul -12 911 0.044995 ± 0.000012 0.0079575 ± 0.0000013 0.80 16.45 ± 0.58 8.39 ± 0.38 0.01 ± 0.24

Bal -247 py Jul -12 905 0.044991 ± 0.000012 0.0079578 ± 0.0000014 0.72 16.35 ± 0.58 8.43 ± 0.39 0.10 ± 0.25

Bal -254 py Jul -12 803 0.044887 ± 0.000024 0.0079465 ± 0.0000032 0.79 14.00 ± 0.75 7.00 ± 0.54 -0.14 ± 0.34

Bal -255 py Jul -12 819 0.044976 ± 0.000013 0.0079550 ± 0.0000016 0.62 16.01 ± 0.59 8.08 ± 0.40 -0.08 ± 0.27

16.12 ± 1.42 8.22 ± 0.81 0.03 ± 0.21

16.11 0.35 8.26 ± 0.19 0.03 ± 0.06 (0.73)

Secondary reference sulfide: 278474 (Isua)

Is -105 py Jun-12 1013 0.044354 ± 0.000011 0.0079249 ± 0.0000017 0.71 2.52 ± 0.88 4.51 ± 0.48 3.22 ± 0.23

Is -106 py Jun-12 997 0.044368 ± 0.000010 0.0079256 ± 0.0000018 0.78 2.83 ± 0.88 4.59 ± 0.48 3.15 ± 0.23

Is -110 py Jun-12 917 0.044379 ± 0.000008 0.0079270 ± 0.0000018 0.60 3.07 ± 0.87 4.77 ± 0.48 3.21 ± 0.25

Is -111 py Jun-12 859 0.044390 ± 0.000007 0.0079270 ± 0.0000012 0.48 3.34 ± 0.86 4.77 ± 0.45 3.07 ± 0.22

Is -125 py Jun-12 1471 0.044357 ± 0.000021 0.0079254 ± 0.0000024 0.96 2.59 ± 0.98 4.57 ± 0.52 3.25 ± 0.20

Is -127 py Jun-12 1134 0.044299 ± 0.000024 0.0079193 ± 0.0000026 0.94 1.26 ± 1.01 3.79 ± 0.54 3.15 ± 0.20

Is -208 py Jul -12 923 0.044384 ± 0.000013 0.0079257 ± 0.0000014 0.48 2.64 ± 0.59 4.37 ± 0.39 3.02 ± 0.28

Is -209 py Jul -12 916 0.044392 ± 0.000012 0.0079281 ± 0.0000015 0.72 2.81 ± 0.58 4.67 ± 0.40 3.24 ± 0.26

Is -218 py Jul -12 899 0.044391 ± 0.000012 0.0079286 ± 0.0000012 0.64 2.80 ± 0.58 4.73 ± 0.38 3.30 ± 0.25

Is -219 py Jul -12 887 0.044396 ± 0.000012 0.0079287 ± 0.0000012 0.68 2.91 ± 0.58 4.74 ± 0.38 3.25 ± 0.25

Is -240 py Jul -12 922 0.044389 ± 0.000012 0.0079285 ± 0.0000012 0.66 2.74 ± 0.58 4.72 ± 0.38 3.32 ± 0.25

Is -244 py Jul -12 907 0.044387 ± 0.000013 0.0079270 ± 0.0000015 0.73 2.70 ± 0.59 4.53 ± 0.39 3.15 ± 0.26

Is -257 py Jul -12 829 0.044360 ± 0.000013 0.0079249 ± 0.0000016 0.70 2.09 ± 0.59 4.26 ± 0.40 3.19 ± 0.26

Is -258 py Jul -12 832 0.044373 ± 0.000013 0.0079277 ± 0.0000016 0.82 2.39 ± 0.59 4.61 ± 0.40 3.39 ± 0.25

2.62 ± 0.98 4.54 ± 0.53 3.21 ± 0.19

2.48 ± 0.16 4.51 0.12 3.21 ± 0.06 (0.62)

average:

average:

wtd. average:

wtd. average:

measured ratiosc ± 2σ delta valuese (‰) ± 2σ
34S/32S 33S/32S δ34SV-CDT δ33SV-CDT          Δ33S



 

 

 

 

 

 

 

Table 3 continued

Sample namea phaseb date 32S signal ρd

(cps.106)

Secondary reference sulfide: G977 (Gabon)

G977-206 py Jul -12 911 0.043057 ± 0.000019 0.0077810 ± 0.0000030 0.73 -27.35 ± 0.67 -13.98 ± 0.51 0.11 ± 0.34

G977-207 py Jul -12 915 0.043087 ± 0.000016 0.0077836 ± 0.0000021 0.63 -26.67 ± 0.63 -13.65 ± 0.44 0.09 ± 0.30

G977-212 py Jul -12 917 0.043071 ± 0.000016 0.0077811 ± 0.0000024 0.84 -27.02 ± 0.62 -13.97 ± 0.46 -0.05 ± 0.28

G977-213 py Jul -12 879 0.043139 ± 0.000024 0.0077893 ± 0.0000024 0.87 -25.49 ± 0.75 -12.92 ± 0.46 0.20 ± 0.27

G977-220 py Jul -12 880 0.043074 ± 0.000024 0.0077828 ± 0.0000024 0.86 -26.96 ± 0.74 -13.75 ± 0.46 0.14 ± 0.27

G977-221 py Jul -12 890 0.043117 ± 0.000014 0.0077869 ± 0.0000021 0.81 -25.98 ± 0.60 -13.22 ± 0.44 0.15 ± 0.27

G977-241 py Jul -12 927 0.043113 ± 0.000014 0.0077849 ± 0.0000018 0.83 -26.08 ± 0.60 -13.49 ± 0.42 -0.06 ± 0.26

G977-242 py Jul -12 928 0.043098 ± 0.000017 0.0077851 ± 0.0000022 0.81 -26.40 ± 0.63 -13.46 ± 0.44 0.13 ± 0.27

G977-246 py Jul -12 917 0.043094 ± 0.000015 0.0077834 ± 0.0000018 0.79 -26.49 ± 0.61 -13.67 ± 0.42 -0.02 ± 0.26

G977-259 py Jul -12 873 0.043105 ± 0.000015 0.0077854 ± 0.0000017 0.91 -26.26 ± 0.61 -13.42 ± 0.41 0.11 ± 0.24

G977-260 py Jul -12 824 0.043119 ± 0.000016 0.0077871 ± 0.0000016 0.83 -25.94 ± 0.62 -13.20 ± 0.40 0.16 ± 0.25

-26.42 ± 1.10 -13.52 ± 0.65 0.09 ± 0.18

-26.42 0.35 -13.50 0.21 0.09 ± 0.08 (0.44)

measured ratiosc ± 2σ delta valuese (‰) ± 2σ
34S/32S 33S/32S δ34SV-CDT δ33SV-CDT          Δ33S

wtd. average:

average:

a Each measurement was made ina unique location.
b ccp = chalcopyrite, pn = pentlandite, po = pyrrhotite, py = pyrite. MGA-B-47 sulfide inclusion was lost during preparation for major element composition determination.
c Measured ratios were corrected for Faraday amplifier gains and backgrounds.  A linear drift correction based on the primary calibration standard (Ruttan) was applied to  data 
from the June session only ( 34S/32S drift = -0.029 ‰/run 33S/32S drift = -0.010 ‰/run).
d Error correlation between 34S/32S  and 33S/32S.
e δ34S and δ33S values were calibrated relative to the Ruttan reference pyrite using derived instrument mass bias values of 1.84 ± 0.42 (1 std. dev.) ‰ and 2.37 ± 0.26 ‰ for the 
June and July sessions respectively.   Values in italics  indicate outliers omitted from the average and weighted average calculations. Overall uncertainty on individual 
measurements includes the external standard deviation of the reference sulfide for each session (Ruttan for δ34S and δ33S, Ruttan and Balmat for Δ33S) added in quadrature to 
the analysis uncertainty.   Respectively for δ33S, δ34S and Δ33S these these external precisions (1 std. dev.) were 0.214  ‰, 0.424 ‰ and 0.086 ‰ for the June session, 0.174 ‰,
0.256 ‰ and 0.111 ‰ for the July session.  For averages, uncertainty is 2 std. dev., for weighted averages calculated using Isoplot (Ludwig 2003), uncertainty is 95% 
confidence.  MSWD for weighted averages of Δ33S given in parentheses .



 

 

 

 

 

 

 

 

 

 

 

Table 4: Lead isotope composition of olivine-hosted Mangaia sulfides
Sample Name Material Date 207Pb/206Pb ±2σ 208Pb/206Pb ±2σ Counts 208Pb

MGA-B-25
a

Sulfide Jun-12 0.7388 0.0025 1.8719 0.0046 7243

MGA-B-25
a

Sulfide Jun-12 0.7332 0.0102 1.8783 0.0191 232
Average: 0.7385 0.0049 1.8722 0.0090

MGA-B-47 Sulfide Jun-12 0.7400 0.0013 1.8806 0.0024 23650

Errors are measurement errors except those that correspond to averages. These errors are the weighted 
error of the mean (2σ).

a
 Each measurement was done in a different spot location, corresponding to two different phases with 

different Pb concentrations.

δ33S ±2σ δ34S ±2σ Δ33S ±2σ
G977 -12.625 0.010 -24.481 0.006 0.059 0.012
Ruttan 0.722 0.014 1.408 0.006 -0.003 0.012
Balmat 8.465 0.002 16.515 0.010 -0.007 0.006
Isua 4.747 0.006 3.180 0.010 3.111 0.012

MGA-B-47 olivine separates (with measurement error) -1.81 0.08 -3.28 0.14 -0.12 0.04
aEstimated error from wet chem., preparation, and purification 1.00 2.00 0.04
bIAEA S-1 composition -0.060 -0.300 0.0944

bCalibrated to V-CDT, run during the same analytical session under the same conditions as the olivine separate.

Table 5: Sulfur isotope measurments of SIMS standards by IRMS and bulk olivine separate

aUncertainties for δ34S are estimated to be larger (± 1 ‰, 2σ) due to contributions of mass dependent fractionation during the 
chemical preparation (extraction, conversion, and purification) of sulfur for mass spectrometric analysis. "abs" is absolute.
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