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We report here data of multiple sulfur isotopes (32S, 33S, and 34S) measured by NanoSIMS 50L ion microprobe in
Fe–Ni–Cu standards, and pyrite grains recovered from theNeoarchean Abitibi Supracrustal Terrain, Canada. Care-
ful attention to instrument tuning, sample preparation and sample stage positioning results in highly precise and
accurate data for 32S–33S–34S similar to that of larger radius SIMS instruments. Our results using a multi-Faraday
collection system demonstrate that the NanoSIMS 50L instrument is capable of high-precision measurements of
multiple isotopes of sulfur capable of resolving mass-independent variations in 33S (Δ33S) on the order of 0.4‰
(2σ) with improvements possible with higher S count rates. Pyrite grains from the Abitibi Supracrustal terrane
have a large range of δ34S values between −9.6 and +6.3‰, and corresponding Δ33S values between −0.8
and +1.5‰, consistent with other datasets from Neoarchean sedimentary rocks. The new data indicate the
incorporation of atmospheric sulfur affected bymass-independent fractionation (MIF) of 33S into theNeoarchean
marine sulfur cycle and point to subsequent sulfate reducing microorganisms at that time.

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

Natural geochemical processes often result in the variability of the
stable isotopes of elements, and these compositional variations have
long been exploited to gain insight into the processes at work in the
Earth's crust, mantle and atmosphere (Thiemens and Heidenreich,
1983; Valley et al., 1986; Farquhar et al., 2000; Valley and Cole, 2001;
Ono et al., 2003) as well as processes operating in other planetary
objects (Greenwood et al., 2000; Mittlefehldt et al., 2008; Thiemens,
1999) and indeed throughout the solar system and beyond (Clayton,
2003; Messenger et al., 2003; Mittlefehldt et al., 2008). Terrestrial
variations in stable isotope compositions of certain elements can
be small, requiring high-precision measurements using significant
amounts of analyte (e.g. Ono et al., 2006). However when the available
amount of sample is limited, or the physical domains of geochemical
interest are small, microbeam methods are required to obtain the data
of interest. This choice yields a trade-off between the high spatial reso-
lution obtainable by microbeam analytical methods, and the precision
achievable at that spatial resolution.

Multiple isotopes of sulfur have proven very useful in studies of the
Earth's sulfur cycle and its variability through time, in particular in
examining the interaction of the crust and atmosphere during the first
epartment of Earth Sciences,
WC1H 1AH, United Kingdom.
half of Earth's evolution. In particular, in situ analyses of the mass-
independent variability of 32S, 33S and 34S that results from photolytic
reactions, compared to the mass-dependent fractionation of these
isotopes that results from kinetic and equilibrium reactions, has been
used as a powerful tracer for the recycling of atmospheric sulfur into
the Earth's crust and deep mantle (Farquhar et al., 2002; Mojzsis et al.,
2003; Papineau and Mojzsis, 2006; Papineau et al., 2005; Whitehouse
et al., 2005; Kamber and Whitehouse, 2007; Cates and Mojzsis, 2006;
Papineau et al., 2007; Phillippot et al., 2007; Xiao et al., 2010; Kozdon
et al., 2010; Williford et al., 2011; Reuschel et al., 2012; Evans et al.,
2014). SIMS analyses of Neoarchean sulfides have recently been
combined with SQUID magnetic microscopy to distinguish sulfur
fractionated by sulfate reducing microorganisms from diagenetic and
metamorphic sulfur (Fischer et al., 2014). Analyses by SIMS (7f Geo,
IMS 1270, or 1280 ion probes) typically require a primary beam current
between 0.3 and 5 nA,which yield a spot size of about 10 to 30 μmand a
crater depth of several microns.

The Cameca NanoSIMS 50L, a multicollector SIMS instrument
designed for high spatial resolution, has also been used for sulfur
isotope analyses applied to a range of geological problems, including
tracing the activity of Paleoarchean sulfate reducing microorganisms
in basalts from the Hoogenoeg Formation in the Barberton Greenstone
Belt (McLoughlin et al., 2012) and in sandstones from the Strelley Pool
Formation in the Pilbara Craton (Wacey et al., 2010, 2011). Sulfur
isotope analyses by NanoSIMS have also recently been used to trace
thermochemical sulfate reduction in Carboniferous bitumen (King
et al., 2014). So far however, no reliable high-precision 33S data has
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been reportedusing theNanoSIMS. In this paper,we describe the results
of efforts to measure the isotopic composition of multiple sulfur
isotopes using the NanoSIMS 50L ion microprobe at the Carnegie Insti-
tution of Washington. We show for the first time that this instrument
is capable of high-precision measurements of sulfur isotopes in terres-
trial sulfide samples with precision and accuracy comparable to that of
large radius SIMS instruments.We also demonstrate its utility by exam-
ining a small suite of sulfideminerals frommetasedimentary rocks from
the ~2.7 Ga Deloro andMichipicoten Groups of the Abitibi Supracrustal
Terrain in Ontario, Canada.

2. Description and tuning of the NanoSIMS 50L

The measurements reported in this paper were obtained with
a NanoSIMS 50L ion microprobe at the Carnegie Institution of
Fig. 1. Schematic diagram of the ion optical elements of the DTM Cameca NanoSIMS 50L, mo
oriented in the vertical plane, while the mass spectrometer is oriented in the horizontal plane
elements are slit lenses, gray elements are deflectors, light-green elements are used for synchro
are user-positioned circular apertures for theprimary beam(D0, D1) and slits for themass spect
on both the primary and secondary ion beams, and requires the primary and secondary ions b
Washington’s Department of Terrestrial Magnetism (DTM) in 2008.
The NanoSIMS 50L is a new-generation ion microprobe developed by
Cameca Instruments SA (Fig. 1). Compared with the original NanoSIMS
50 instrument, the 50L consists of a larger-radius magnet (increased
from 550mm to 650mm), seven collectors, and the addition of Faraday
Cups and associated amplification. The instrument consists of a primary
optical column, where ion beams generated by cesium or oxygen
sources are accelerated, collimated and focused at normal incidence
onto a flat sample residing in a computer-controlled sample stage
with ±2 μm position reproducibility. The final stages of primary ion
beam focusing, and initial focusing of sputtered ions, are achieved by a
common co-axial lens stack (EOW, EOP, EOS, Fig. 1). The location of
this lens stack close to the sample surface (~400 μm between sample
surface and EOW lens) is an important design feature that permits the
instrument to achieve very small probe diameters (minimum 30 nm
dified from the NanoSIMS 50 drawing by Frank Stadermann. The primary ion column is
. Light-blue elements are circular lenses, red elements are multi-pole lenses, dark-green
nized rastering of the primary and secondary ions (dynamic transfer). Dark blue elements
rometer (ES, AS, EnS, ExS). The co-axial lens stack near the sample (EOW, EOP, EOS, L4) acts
e of opposite polarity and equal energy.



Fig. 2. Reproducibility of sulfur isotopes in a grain of Balmat pyrite, obtained from
(A) repeat measurements within a single crater, and (B) from 10 separate craters. Errors
are all 2σ. These early measurements, conducted in 2006, demonstrated the ability of
the collection system of the NanoSIMS 50 L to obtain high-precision data.
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for Cs+, 100 nm for O−). Sputtered secondary ions are focused into a
mass spectrometer with a Mattauch-Herzog geometry, which permits
the achievement of high mass resolving power and simultaneous
collection of up to seven isotopic mass species across a wide mass
range (factor of 22 from lowest mass to highest). The DTM instrument
is the first NanoSIMS to be installed with both Faraday Cups and
electron multipliers at each of its seven detectors and an evacuated
temperature-controlled Faraday amplifier bin. The use of Faraday Cups
connected to selectable resistors is a key feature of the instrument
design that permits the acquisition of high-precision isotope data of
the kind reported here.

For this project, we performed multicollection of 32S, 33S and 34S
using Faraday Cups from various Fe–Ni–Cu sulfide minerals. A Cs+

primary ion beam of 1–3 nA was focused to a diameter of ~600 nm;
the focus of this primary beam tuning was optimized by observing a
secondary electron image of an area of SiC grains (b10 μm in size)
embedded in indium. The primary beam was rastered over an area
15 μm × 15 μm, divided into 64 × 64 pixels and a counting time of
245 μsec per pixel; although the response of the Faraday detector ampli-
fier system is too slow to permit scanning ion imaging using Faraday
Cups, this setup of the counting system effectively resulted in a scan
time of 1 s per raster frame. The mass spectrometer was tuned to a
mass resolving power of ~7000 (Cameca definition, using entrance slit
#4 and aperture slit #3) sufficient to resolve isobaric interferences of
sulfur hydrides and oxygen dimers from the sulfur peaks, and sufficient
to obtain an intensity of 80–90 pA (4.9 to 5.5 x 108 cps) of 32S− from
pyrite. The NanoSIMS 50L contains a pair of Helmholz coils (Bf-hor
and Bf-vert, Fig. 1) located outside the vacuum of the instrument in
the transfer section in front of the entrance slit, in order to cancel out
stray magnetic fields and prevent mass fractionation of the sputtered
ions at the entrance slit to the mass spectrometer. During instrument
tuning, these coils were carefully calibrated by examining horizontal
and vertical scans of the ion beam in front of the entrance slit, using de-
flectors Cy, P2 and P3 (Fig. 1). For tuning of these coils, 30Si−, 32S− and
35Cl− were sputtered from a silicon wafer and monitored on electron
multipliers during these scans, and the Cy-P2/P3 centerline positions
of each mass were determined for each scan. When the Helmholz
coils are improperly tuned, each mass will show a slightly different
centerline for Cy scan (corresponding to Bf-vert) or P2–P3 scan (corre-
sponding to Bf-horiz). The Helmholz coil currents were tuned between
scans, by checking both Bf-vert and Bf-horiz several times in succession,
until all three isotopes gave the same Cy and P2–P3 centerlines within
1%. For the initial tuning, we chose 30Si, 32S and 35Cl to tune the
Helmholz coils because the wider mass range permits a precise tuning
of these coils, and the chosen mass range is approximately centered
on the sulfur isotope mass range of interest; a further detailed check
was also done to ensure that measured sulfur isotope ratios were not
overly sensitive to the position of the sputtered ion beam at the en-
trance slit. The Faraday measurement system used 1E + 11 Ω resistors
and each Faraday amplifier was subject to gain calibration using a
constant current source. After tuning of the primary optics, Helmholz
coils and mass spectrometer for mass resolution, peak shape, peak
flatness and Faraday amplifier gains, the instrument was then ready for
measurement of multiple sulfur isotopes in standards and unknowns.

Prior to each sulfur isotope measurement, the analyzed area was
pre-sputtered for three minutes, and then the sputtered ion beam was
aligned horizontally and vertically in the entrance slit via automated
scanning of Cx and P2/P3 deflectors respectively.We collected 10 blocks
of 40 ratios per block for a total of 400 ratio measurements, with off-
peak measurement of Faraday Cup and electron multiplier baselines
every 100 ratios, obtained by deflecting the sputtered ion beam out of
the detectors using−30 V deflection applied to the electrostatic deflec-
tors in front of each detector's exit slit (Fig. 1), equivalent to−0.1 amu
off the sulfur peaks. Off-peak baselines were typically b0.01 pA. The
total analysis time of 13 min resulted in a sputtered volume measuring
15 μm × 15 μm × 3 μm or approximately 2.4 ng of sulfur in common
FeCuNi sulfides. The useful ion yield (ions collected/atoms sputtered)
was thus approximately 1–2% at a mass resolving power of 7000
(Cameca definition).

3. Analytical methods

3.1. Standards and initial results

Earlymeasurements of sulfur isotopes in pyrite on this instrument in
the Cameca factory, and later after installation in 2006, demonstrated
reproducibility of 34S/32S of 0.4‰ (2σ) for series of 8–12measurements
in a single 15 × 15 μm crater (Fig. 2a). At the same time, thesemeasure-
ments displayed a time-dependent variation in the measured isotope
ratio that was well correlated with crater depth, suggesting that
improved control of measurement conditions could result in better
performance; analysis of 10 different craters on a single grain of pyrite
yielded an improved reproducibility of 0.30‰ (2σ) (Fig. 2b). These ob-
servations indicated clear avenues for further improvements in isotope
ratio reproducibility, and justified our decision to equip our NanoSIMS
50L with Faraday cup measurement systems on all detectors. These
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promising initial measurements led to the development effort that is
the subject of this paper.

All of the data reported here were obtained in two analytical ses-
sions, with only minor changes to the primary beam tuning between
sessions (to optimize beam diameter). A later session, after minor
changes to detector alignments, was used for calibration of matrix ef-
fects on SIMS instrumentalmass fractionation. For SIMS standardization
we utilized Canyon Diablo troilite (CDT), and the sulfides Balmat pyrite,
Ruttan pyrite, Anderson pyrrhotite, Norilsk pentlandite and Trout Lake
chalcopyrite described and analyzed by Crowe and Vaughan (1996)
(note that Kozdon et al. (2010); Whitehouse (2013) and Cabral et al.
(2013) report conventional data for Balmat pyrite that is ~1‰ higher
than used here). Sample preparation simply involved grains pressed
into indium metal filling ~2 mm diameter holes drilled into 10 mm
diameter aluminum stubs. The stubs were then polished down to
1 μm diamond and coated with 20-30 nm of gold for SIMS work. CDT
is known to be slightly heterogeneous at the ~0.5‰ level (Ding et al.,
2001), and the other standards are variably heterogeneous at the
0.2‰ to ~0.6‰ level, at the millimeter to 30 μm scale, as demonstrated
by several micro-drilling, laser-sampling and SIMS studies, with Balmat
pyrite being the most homogeneous (Crowe and Vaughan, 1996;
Paterson et al., 1997; Riciputi et al., 1998).Major element and sulfur iso-
topic compositions, relative to V-CDT, are given in Crowe and Vaughan
(1996). In order to convert reported δ34S values of our standards to ab-
solute 34S/32S ratios, we used the 34S/32S value of 0.0441626 for V-CDT
determined by Ding et al. (2001). This resulted in the absolute 34S/32S
values for our standards given in Table 1.

3.2. Data acquisition and internal precision

Within each analysis, the data for 32S, 33S and 34S were corrected for
relative detector gains determined from constant-current amplifier
calibration (normally constant to within a few parts per million),
and average off-peak baselines for each Faraday detector were then
subtracted from the corresponding gain-corrected intensities. These
were the only corrections to the measured data prior to calculation of
isotope ratios. The intensities for 33S and 34S were normalized to 32S in
order to calculate measured ratios of 33S/32S and 34S/32S for each
measurement cycle. For integration times of 1 s per ratio and 400 total
cycles, we obtained in-run precision (2σM) of 0.16‰ for 33S/32S, and
0.06‰ for 34S/32S in an analysis time of 13 min (Table 2). These in-run
precisions were similar to those expected from counting statistics and
baseline subtraction uncertainties. Under these conditions, no resolv-
able drift in the measured standards was observed in either of the two
analytical sessions. Point-to-point reproducibility of the ratio measure-
ments was a function of specific analysis and sample conditions, and
will be described more fully below.

3.3. Mass fractionation in SIMS

Measured ratios for the sulfide standards were variably shifted from
the absolute ratios due to instrumental mass fractionation (IMF). The
Table 1
Absolute sulfur isotope ratios for standard sulfides used in this study.

33S/32S 1 34S/32S 2

Canyon Diablo troilite 0.0078842 0.0441626
Balmat pyrite 0.0079457 0.0448295
Ruttan pyrite 0.0078891 0.0442156
Anderson pyrrhotite 0.0078899 0.0442244
Norilsk pentlandite 0.0079164 0.0445115
Trout Lake chalcopyrite 0.0078854 0.0441758

1 Value for CDT determined in this study, with all other values calculated from δ34S data
of Crowe and Vaughan (1996) assuming a MDFL slope of 0.5167.

2 Value for CDT fromDing et al. (2001)with all other values calculated from δ34S data of
Crowe and Vaughan (1996).
measured 34S/32S and 33S/32S ratios were corrected for IMF using an
exponential law (Russell et al., 1978):

33S=32S
� �

meas
= 33S=32S
� �

true
¼ 34S=32S

� �
meas

= 34S=32S
� �

true

h iβIMF ð1Þ

where the exponent βIMF must be chosen to accurately represent the
fractionation behavior of the instrument being used. We have chosen
to calculate βIMF using the expression commonly used for mass spec-
trometry (Hart and Zindler, 1989; Young et al., 2002):

βIMF ¼ ln m33=m32ð Þ= ln m34=m32ð Þ ¼ 0:50831 ð2Þ

where mij is the mass of the isotope of interest. This is not the only
choice for calculating βIMF; we will discuss this point further below.

In addition to the absolute ratios that we report, after correction for
IMF the sulfur isotope compositions are also expressed in the conven-
tional delta notation as the deviation, in parts per thousand (‰), of
the sample's sulfur isotope ratio from that of the V-CDT standard:

δR ‰ð Þ ¼ Rsample=RV−CDT−1
� � � 1000 ð3Þ

where Rsample is the ratio (34S/32S and 33S/32S) determined for the sam-
ple and RV-CDT is the same ratio accepted for V-CDT (Ding et al., 2001).
Natural mass-dependent variations in δ33S and δ34S are correlated
along a mass-dependent fractionation line (MDFL), however one goal
of this study is to evaluate the NanoSIMS for its ability to resolve
mass-independent variations in 33S as expressed by the deviation of
the abundances of these isotopes from the MDFL:

Δ33S ¼ δ33Ssample–1000 � 1þ δ34Ssample=1000
� �βMDFL

−1
� �

ð4Þ

where the exponent βMDFL is the slope of the sulfur isotope MDFL. For
Δ33S the value of βMDFL = 0.515 is most commonly employed
(Farquhar et al., 2000; Farquhar and Wing, 2003). In addition to mass-
independent isotope shifts in 33S, different equilibrium and kinetic
processes that result in natural mass-dependent sulfur isotope fraction-
ation can be characterized by slightly different values of βMDFL (Young
et al., 2002).

Because the ion microprobe measures absolute sulfur isotope ratios
rather than directly measuring deviations from a standard (as with
conventional dual-inlet gas source mass spectrometers), the calculated
magnitude of the IMF depends upon the chosen absolute values for V-
CDT. We have chosen the 34S/32S value determined by Ding et al.
(2001) as we believe it to be currently the most accurate measurement
of the absolute sulfur isotope composition of V-CDT for these two
isotopes, as reflected from the high level of reproducibility of their
measurements. On this scale, the IMF varied from nearly zero for
Canyon Diablo troilite to +3.7‰/amu for Balmat pyrite, and was
found to correlate with the Fe/S ratio of the standards with some
deviations dependent on Ni and Cu contents; the relative sense of
these matrix effects are similar to those observed previously (Paterson
et al., 1997; Riciputi et al., 1998), but the IMF magnitudes are different
because we have chosen to use the most recent ratios for V-CDT (Ding
et al., 2001) rather than the older values given by Thode et al. (1961)
which are lower by ~9‰ per amu. It is important to point out that the
choice of absolute 34S/32S ratio for V-CDT has essentially no effect on
calculated delta values, and as a result our delta values can be compared
directly with prior studies without bias. We will, however, comment
below on the most appropriate value for the 33S/32S ratio of V-CDT.

3.4. Correction for IMF and calculation of Δ33S

We examined two different methods for determining the exponent
βMDFL and calculatingΔ33S values fromour data. The RegressionMethod
results in a single IMF correction factor for each mineral type, which is



Table 2
NanoSIMS analyses of multiple sulfur isotopes (32S, 33S, and 34S) in sulfide standards and in Neoarchaen Abitibi sulfides for analytical sessions 1 and 2.

Analysis name 34S/32S 33S/32S δ34SCDT δ33SCDT Δ33S

SESSION 1
CDT (Troilite)

5c-04_1 0.044146 7.8815E-03 −0.38 −0.34 −0.14
5c-04_2 0.044151 7.8808E-03 −0.27 −0.42 −0.29
5c-04_3 0.044163 7.8834E-03 +0.01 −0.09 −0.10
5c-04_3 0.044163 7.8834E-03 +0.01 −0.09 −0.10
10c-01_1 0.044157 7.8813E-03 −0.13 −0.36 −0.29
10c-01_2 0.044175 7.8871E-03 +0.28 +0.38 +0.23
10c-01_3 0.044168 7.8855E-03 +0.12 +0.17 +0.11
10c-01_4 0.044167 7.8821E-03 +0.10 −0.26 −0.31
10c-01_5 0.044182 7.8855E-03 +0.44 +0.17 −0.05
10c-01_6 0.044191 7.8857E-03 +0.64 +0.20 −0.13
10c-01_7 0.044195 7.8871E-03 +0.73 +0.38 0.00
10c-01_8 0.044106 7.8783E-03 −1.28 −0.74 −0.08
10c-01_9 0.044153 7.8815E-03 −0.22 −0.34 −0.22
10c-01_10 0.044161 7.8851E-03 −0.04 +0.12 +0.14

Balmat (Pyrite)
NE-10c_1 0.044858 7.9465E-03 +15.75 +7.91 −0.20
NE-10c_2 0.044831 7.9460E-03 +15.14 +7.85 +0.05
NE-10c_3 0.044819 7.9425E-03 +14.87 +7.40 −0.25
NE-10c_4 0.044833 7.9429E-03 +15.18 +7.45 −0.36
NE-10c_5 0.044828 7.9453E-03 +15.07 +7.76 0.00
NE-10c_6 0.044843 7.9472E-03 +15.41 +8.00 +0.06
NE-10c_7 0.044848 7.9461E-03 +15.52 +7.86 −0.13
NE-10c_8 0.044850 7.9478E-03 +15.57 +8.07 +0.06
NE-10c_9 0.044851 7.9471E-03 +15.59 +7.98 −0.04
NE-10c_10 0.044864 7.9462E-03 +15.88 +7.87 −0.30
Tour8c-02_1 0.044853 7.9496E-03 +15.63 +8.30 +0.25
Tour8c-02_2 0.044859 7.9494E-03 +15.77 +8.27 +0.16
Tour8c-02_3 0.044831 7.9468E-03 +15.14 +7.95 +0.15
Tour8c-02_4 0.044831 7.9466E-03 +15.14 +7.92 +0.13
Tour8c-02_5 0.044849 7.9491E-03 +15.54 +8.24 +0.23
Tour8c-02_7 0.044845 7.9470E-03 +15.45 +7.97 +0.02
Tour8c-02_8 0.044854 7.9476E-03 +15.66 +8.05 −0.01
Tour8c-03_1 0.044827 7.9486E-03 +15.05 +8.17 +0.43
Tour8c-03_2 0.044851 7.9469E-03 +15.59 +7.96 −0.07
Tour8c-03_3 0.044828 7.9460E-03 +15.07 +7.85 +0.09
Tour8c-03_4 0.044819 7.9464E-03 +14.87 +7.90 +0.24
Tour8c-03_5 0.044829 7.9440E-03 +15.09 +7.59 −0.18
Tour8c-03_7 0.044830 7.9470E-03 +15.12 +7.97 +0.19
Tour8c-03_8 0.044834 7.9476E-03 +15.21 +8.05 +0.22
Tour8c-04_1 0.044810 7.9442E-03 +14.67 +7.62 +0.07
Tour8c-04_2 0.044847 7.9469E-03 +15.50 +7.96 −0.02
Tour8c-04_3 0.044832 7.9472E-03 +15.16 +8.00 +0.19
Tour8c-04_4 0.044797 7.9423E-03 +14.38 +7.36 −0.04
Tour8c-04_5 0.044820 7.9427E-03 +14.89 +7.43 −0.24
Tour8c-04_7 0.044852 7.9508E-03 +15.61 +8.45 +0.42
Tour8c-04_8 0.044856 7.9465E-03 +15.70 +7.91 −0.17
Tour8c-05_1 0.044837 7.9453E-03 +15.27 +7.76 −0.11
Tour8c-05_2 0.044837 7.9462E-03 +15.27 +7.87 +0.01
Tour8c-05_3 0.044839 7.9466E-03 +15.32 +7.92 +0.03
Tour8c-05_4 0.044830 7.9471E-03 +15.12 +7.98 +0.20
Tour8c-05_5 0.044836 7.9472E-03 +15.25 +8.00 +0.14
Tour8c-05_7 0.044860 7.9480E-03 +15.79 +8.10 −0.03
Tour8c-05_8 0.044854 7.9481E-03 +15.66 +8.11 +0.05
Tour8c-06_1 0.044803 7.9447E-03 +14.51 +7.68 +0.21
Tour8c-06_2 0.044852 7.9463E-03 +15.61 +7.88 −0.15
Tour8c-06_3 0.044849 7.9501E-03 +15.54 +8.36 +0.36
Tour8c-06_4 0.044833 7.9454E-03 +15.18 +7.77 −0.05
Tour8c-06_5 0.044859 7.9484E-03 +15.77 +8.15 +0.03
Tour8c-06_7 0.044854 7.9480E-03 +15.66 +8.10 +0.04
Tour8c-06_8 0.044847 7.9468E-03 +15.50 +7.95 −0.03
NE-10c-02_1 0.044858 7.9465E-03 +15.75 +7.91 −0.20
NE-10c-02_2 0.044831 7.9460E-03 +15.14 +7.85 +0.05
NE-10c-02_3 0.044819 7.9425E-03 +14.87 +7.40 −0.25
NE-10c-02_4 0.044833 7.9429E-03 +15.18 +7.45 −0.36
NE-10c-02_5 0.044828 7.9453E-03 +15.07 +7.76 0.00
NE-10c-02_6 0.044843 7.9472E-03 +15.41 +8.00 +0.06
NE-10c-02_7 0.044848 7.9461E-03 +15.52 +7.86 −0.13
NE-10c-02_8 0.044850 7.9478E-03 +15.57 +8.07 +0.06
NE-10c-02_9 0.044851 7.9471E-03 +15.59 +7.98 −0.04
NE-10c-02_10 0.044864 7.9462E-03 +15.88 +7.87 −0.30
Tour12C-67_1 0.044860 7.9512E-03 +15.79 +8.50 +0.37
Tour12C-67_2 0.044851 7.9464E-03 +15.59 +7.90 −0.13

Balmat (Pyrite)
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Table 2 (continued)

Analysis name 34S/32S 33S/32S δ34SCDT δ33SCDT Δ33S

Tour12C-67_3 0.044847 7.9464E-03 +15.50 +7.90 −0.08
Tour12C-67_4 0.044818 7.9484E-03 +14.85 +8.15 +0.50
Tour12C-67_5 0.044843 7.9475E-03 +15.41 +8.03 +0.10
Tour12C-67_6 0.044852 7.9470E-03 +15.61 +7.97 −0.07
Tour12C-67_7 0.044852 7.9481E-03 +15.61 +8.11 +0.07
Tour12C-67_8 0.044857 7.9471E-03 +15.72 +7.98 −0.11
Tour12C-67_9 0.044832 7.9475E-03 +15.16 +8.03 +0.23
Tour12C-67_10 0.044847 7.9471E-03 +15.50 +7.98 +0.01
Tour12C-67_11 0.044855 7.9481E-03 +15.68 +8.11 +0.04
Tour12C-67_12 0.044873 7.9480E-03 +16.08 +8.10 −0.18
Tour12C-89_1 0.044778 7.9394E-03 +13.93 +7.00 −0.17
Tour12C-89_2 0.044821 7.9460E-03 +14.91 +7.85 +0.17
Tour12C-89_3 0.044829 7.9468E-03 +15.09 +7.95 +0.17
Tour12C-89_4 0.044830 7.9468E-03 +15.12 +7.95 +0.16
Tour12C-89_5 0.044850 7.9463E-03 +15.57 +7.88 −0.13
Tour12C-89_6 0.044849 7.9437E-03 +15.54 +7.55 −0.45
Tour12C-89_7 0.044837 7.9459E-03 +15.27 +7.83 −0.03
Tour12C-89_8 0.044843 7.9431E-03 +15.41 +7.48 −0.45
Tour12C-89_9 0.044830 7.9459E-03 +15.12 +7.83 +0.05
Tour12C-89_10 0.044835 7.9471E-03 +15.23 +7.98 +0.14
Tour12C-89_11 0.044860 7.9473E-03 +15.79 +8.01 −0.12
Tour12C-89_12 0.044842 7.9453E-03 +15.39 +7.76 −0.16
Tour12C-1011_1 0.044865 7.9465E-03 +15.90 +7.91 −0.28
Tour12C-1011_2 0.044837 7.9451E-03 +15.27 +7.73 −0.13
Tour12C-1011_3 0.044843 7.9474E-03 +15.41 +8.02 +0.09
Tour12C-1011_4 0.044837 7.9461E-03 +15.27 +7.86 −0.01
Tour12C-1011_5 0.044830 7.9452E-03 +15.12 +7.74 −0.04
Tour12C-1011_6 0.044835 7.9457E-03 +15.23 +7.81 −0.03
Tour12C-1011_7 0.044831 7.9457E-03 +15.14 +7.81 +0.01
Tour12C-1011_8 0.044839 7.9489E-03 +15.32 +8.21 +0.33
Tour12C-1011_9 0.044830 7.9467E-03 +15.12 +7.93 +0.15
Tour12C-1011_10 0.044837 7.9416E-03 +15.27 +7.28 −0.59
Tour12C-1011_11 0.044848 7.9499E-03 +15.52 +8.34 +0.35
Tour12C-1011_12 0.044853 7.9488E-03 +15.63 +8.20 +0.15
Tour12C-1213_1 0.044803 7.9432E-03 +14.51 +7.49 +0.02
Tour12C-1213_2 0.044823 7.9423E-03 +14.96 +7.36 −0.34
Tour12C-1213_3 0.044843 7.9455E-03 +15.41 +7.78 −0.15
Tour12C-1213_4 0.044818 7.9421E-03 +14.85 +7.34 −0.30
Tour12C-1213_5 0.044818 7.9453E-03 +14.85 +7.76 +0.11
Tour12C-1213_6 0.044821 7.9456E-03 +14.91 +7.79 +0.12
Tour12C-1213_7 0.044816 7.9464E-03 +14.80 +7.90 +0.27
Tour12C-1213_8 0.044824 7.9457E-03 +14.98 +7.81 +0.09
Tour12C-1213_9 0.044838 7.9469E-03 +15.30 +7.96 +0.08
Tour12C-1213_10 0.044836 7.9481E-03 +15.25 +8.11 +0.26
Tour12C-1213_11 0.044841 7.9454E-03 +15.36 +7.77 −0.14
Tour12C-1213_12 0.044847 7.9467E-03 +15.50 +7.93 −0.05
Tour12C-1415_1 0.044801 7.9448E-03 +14.47 +7.69 +0.25
Tour12C-1415_2 0.044833 7.9455E-03 +15.18 +7.78 −0.04
Tour12C-1415_3 0.044832 7.9448E-03 +15.16 +7.69 −0.11
Tour12C-1415_4 0.044818 7.9427E-03 +14.85 +7.43 −0.22
Tour12C-1415_5 0.044817 7.9423E-03 +14.82 +7.36 −0.27
Tour12C-1415_6 0.044840 7.9472E-03 +15.34 +8.00 +0.10
Tour12C-1415_7 0.044834 7.9447E-03 +15.21 +7.68 −0.15
Tour12C-1415_8 0.044832 7.9433E-03 +15.16 +7.50 −0.30
Tour12C-1415_9 0.044832 7.9460E-03 +15.16 +7.85 +0.04
Tour12C-1415_10 0.044846 7.9471E-03 +15.48 +7.98 +0.02
Tour12C-1415_11 0.044853 7.9468E-03 +15.63 +7.95 −0.10
Tour12C-1415_12 0.044868 7.9509E-03 +15.97 +8.46 +0.24
TourN-E01_1 0.044833 7.9449E-03 +15.18 +7.71 −0.11
TourN-E01_2 0.044844 7.9462E-03 +15.43 +7.87 −0.07
TourN-E01_3 0.044845 7.9465E-03 +15.45 +7.91 −0.05
TourN-E01_4 0.044857 7.9470E-03 +15.72 +7.97 −0.12
TourN-E01_5 0.044852 7.9478E-03 +15.61 +8.07 +0.04
TourN-E01_6 0.044857 7.9482E-03 +15.72 +8.12 +0.03
TourN-E01_7 0.044852 7.9477E-03 +15.61 +8.06 +0.02
TourN-E01_8 0.044855 7.9439E-03 +15.68 +7.58 −0.49
TourN-E01_9 0.044859 7.9501E-03 +15.77 +8.36 +0.25
TourN-E01_10 0.044842 7.9466E-03 +15.39 +7.92 0.00

Ruttan (pyrite)
NW_1 0.044157 7.8815E-03 −0.13 −0.34 −0.28
NW_2 0.044146 7.8821E-03 −0.37 −0.27 −0.08
NW_3 0.044147 7.8829E-03 −0.35 −0.17 +0.01
NW_4 0.044136 7.8819E-03 −0.60 −0.29 +0.02
NW_5 0.044129 7.8793E-03 −0.76 −0.62 −0.23
Tour10c-67_1 0.044173 7.8847E-03 +0.23 +0.06 −0.06

(continued on next page)
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Table 2 (continued)

Analysis name 34S/32S 33S/32S δ34SCDT δ33SCDT Δ33S

Tour10c-67_2 0.044166 7.8835E-03 +0.08 −0.09 −0.13
Tour10c-67_4 0.044141 7.8819E-03 −0.49 −0.29 −0.04
Tour10c-67_7 0.044169 7.8864E-03 +0.14 +0.27 +0.20
Tour10c-67_8 0.044188 7.8861E-03 +0.57 +0.24 −0.06
Tour10c-67_9 0.044203 7.8876E-03 +0.91 +0.44 −0.03
Tour10c-67_10 0.044178 7.8838E-03 +0.35 −0.05 −0.23
Tour10c-89_1 0.044166 7.8840E-03 +0.08 −0.03 −0.07
Tour10c-89_2 0.044156 7.8847E-03 −0.15 +0.06 +0.14
Tour10c-89_4 0.044120 7.8794E-03 −0.96 −0.61 −0.11
Tour10c-89_7 0.044164 7.8835E-03 +0.03 −0.09 −0.11
Tour10c-89_8 0.044196 7.8878E-03 +0.75 +0.46 +0.08
Tour10c-89_9 0.044138 7.8818E-03 −0.55 −0.31 −0.02
Tour10c-89_10 0.044194 7.8876E-03 +0.71 +0.44 +0.07
Tour10c-1011_1 0.044177 7.8877E-03 +0.32 +0.45 +0.28
Tour10c-1011_2 0.044167 7.8852E-03 +0.10 +0.12 +0.07
Tour10c-1011_4 0.044135 7.8877E-03 −0.62 +0.45 +0.77
Tour10c-1011_7 0.044185 7.8865E-03 +0.50 +0.29 +0.03
Tour10c-1011_8 0.044178 7.8855E-03 +0.35 +0.16 −0.02
Tour10c-1011_9 0.044183 7.8848E-03 +0.46 +0.07 −0.16
Tour10c-1011_10 0.044188 7.8880E-03 +0.57 +0.49 +0.20
Tour10c-1213_1 0.044180 7.8861E-03 +0.39 +0.24 +0.04
Tour10c-1213_2 0.044157 7.8841E-03 −0.13 −0.02 +0.05
Tour10c-1213_4 0.044133 7.8844E-03 −0.67 +0.02 +0.37
Tour10c-1213_7 0.044176 7.8856E-03 +0.30 +0.17 +0.02
Tour10c-1213_8 0.044194 7.8883E-03 +0.71 +0.53 +0.16
Tour10c-1213_9 0.044205 7.8899E-03 +0.95 +0.73 +0.24
Tour10c-1213_10 0.044199 7.8860E-03 +0.82 +0.22 −0.20
Tour10c-1415_1 0.044162 7.8854E-03 −0.01 +0.15 +0.16
Tour10c-1415_2 0.044157 7.8861E-03 −0.13 +0.24 +0.30
Tour10c-1415_4 0.044152 7.8843E-03 −0.24 +0.01 +0.13
Tour10c-1415_7 0.044168 7.8836E-03 +0.12 −0.08 −0.14
Tour10c-1415_8 0.044177 7.8859E-03 +0.32 +0.21 +0.04
Tour10c-1415_9 0.044188 7.8874E-03 +0.57 +0.41 +0.12
Tour10c-1415_10 0.044183 7.8847E-03 +0.46 +0.06 −0.18

Anderson (pyrrhotite)
NPoN_2 0.044182 7.8849E-03 +0.44 +0.10 −0.13
NPoN_3 0.044195 7.8876E-03 +0.73 +0.44 +0.06
NPoN_4 0.044207 7.8850E-03 +1.00 +0.11 −0.41
NPoN_5 0.044221 7.8872E-03 +1.32 +0.39 −0.30
10c-01_1 0.044214 7.8889E-03 +1.16 +0.60 0.00
10c-01_2 0.044227 7.8928E-03 +1.46 +1.10 +0.34
10c-01_3 0.044225 7.8910E-03 +1.41 +0.87 +0.14
10c-01_4 0.044215 7.8881E-03 +1.19 +0.50 −0.11
10c-01_5 0.044233 7.8881E-03 +1.59 +0.50 −0.32
10c-01_6 0.044255 7.8962E-03 +2.09 +1.53 +0.45
10c-01_7 0.044260 7.8926E-03 +2.20 +1.07 −0.07
10c-01_8 0.044245 7.8920E-03 +1.86 +0.99 +0.03
10c-01_9 0.044243 7.8909E-03 +1.82 +0.86 −0.08
10c-01_10 0.044221 7.8858E-03 +1.32 +0.21 −0.47

Norilsk (pentlandite)
PtN_1 0.044542 7.9211E-03 +8.59 +4.69 +0.26
PtN_2 0.044524 7.9135E-03 +8.18 +3.72 −0.49
PtN_3 0.044526 7.9159E-03 +8.22 +4.03 −0.21
PtN_4 0.044467 7.9129E-03 +6.89 +3.65 +0.09
PtN_5 0.044517 7.9168E-03 +8.02 +4.14 +0.01
10c-01_1 0.044469 7.9152E-03 +6.94 +3.94 +0.36
10c-01_2 0.044531 7.9129E-03 +8.34 +3.65 −0.65
10c-01_3 0.044479 7.9143E-03 +7.16 +3.83 +0.13
10c-01_4 0.044514 7.9179E-03 +7.95 +4.28 +0.18
10c-01_5 0.044479 7.9156E-03 +7.16 +3.99 +0.30
10c-01_6 0.044514 7.9183E-03 +7.95 +4.33 +0.23
10c-01_7 0.044510 7.9145E-03 +7.86 +3.85 −0.20
10c-01_8 0.044570 7.9209E-03 +9.22 +4.66 −0.09
10c-01_9 0.044522 7.9174E-03 +8.13 +4.22 +0.02
10c-01_10 0.044511 7.9178E-03 +7.88 +4.27 +0.20

Neoarchean sulfides (all pyrite)
MI0701 0.044443 7.9042E-03 +6.35 +2.54 −0.74
MI0704 0.044354 7.9129E-03 +4.33 +3.64 +1.40
MI0704 0.044332 7.9069E-03 +3.83 +2.88 +0.90
MI0705 0.043797 7.8441E-03 −8.29 −5.08 −0.79
TI0703 0.043744 7.8454E-03 −9.48 −4.92 −0.01

SESSION 2
Balmat (pyrite)

NE-10c_1 0.044859 7.9467E-03 +15.76 +8.03 −0.09
NE-10c_2 0.044846 7.9475E-03 +15.47 +8.13 +0.16

Balmat (pyrite)
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Table 2 (continued)

Analysis name 34S/32S 33S/32S δ34SCDT δ33SCDT Δ33S

NE-10c_3 0.044827 7.9457E-03 +15.04 +7.90 +0.15
NE-10c_4 0.044838 7.9452E-03 +15.29 +7.84 −0.04
NE-10c_5 0.044852 7.9473E-03 +15.60 +8.10 +0.06
NE-10c_6 0.044850 7.9440E-03 +15.56 +7.69 −0.33
NE-10c_7 0.044842 7.9476E-03 +15.38 +8.14 +0.22
NE-10c_8 0.044861 7.9473E-03 +15.81 +8.10 −0.04
NE-10c_9 0.044864 7.9488E-03 +15.87 +8.29 +0.11
NE-10c_10 0.044881 7.9502E-03 +16.28 +8.47 +0.08
Tour8c-02_1 0.044880 7.9490E-03 +16.25 +8.32 −0.06
Tour8c-02_2 0.044875 7.9476E-03 +16.14 +8.14 −0.18
Tour8c-02_3 0.044864 7.9462E-03 +15.87 +7.96 −0.21
Tour8c-02_4 0.044873 7.9489E-03 +16.10 +8.31 +0.01
Tour8c-02_5 0.044860 7.9484E-03 +15.78 +8.24 +0.11
Tour8c-02_7 0.044863 7.9459E-03 +15.85 +7.93 −0.24
Tour8c-02_8 0.044814 7.9413E-03 +14.75 +7.35 −0.26
Tour8c-03_1 0.044817 7.9445E-03 +14.82 +7.75 +0.11
Tour8c-03_2 0.044836 7.9462E-03 +15.24 +7.96 +0.11
Tour8c-03_3 0.044843 7.9467E-03 +15.40 +8.03 +0.09
Tour8c-03_4 0.044841 7.9452E-03 +15.36 +7.84 −0.08
Tour8c-03_5 0.044835 7.9445E-03 +15.22 +7.75 −0.09
Tour8c-03_7 0.044831 7.9439E-03 +15.13 +7.67 −0.12
Tour8c-03_8 0.044831 7.9465E-03 +15.13 +8.00 +0.20
Tour8c-04_1 0.044827 7.9438E-03 +15.04 +7.66 −0.09
Tour8c-04_2 0.044829 7.9458E-03 +15.09 +7.91 +0.14

Ruttan (Pyrite)
NW_1 0.044206 7.8864E-03 +0.99 +0.39 −0.13
NW_2 0.044189 7.8846E-03 +0.59 +0.16 −0.14
NW_3 0.044182 7.8860E-03 +0.43 +0.34 +0.11
NW_4 0.044189 7.8856E-03 +0.59 +0.29 −0.02
NW_5 0.044185 7.8867E-03 +0.50 +0.43 +0.17
Tour10c-67_1 0.044190 7.8886E-03 +0.63 +0.67 +0.34
Tour10c-67_2 0.044199 7.8876E-03 +0.83 +0.54 +0.11
Tour10c-67_4 0.044194 7.8845E-03 +0.72 +0.13 −0.24
Tour10c-67_7 0.044205 7.8862E-03 +0.97 +0.36 −0.14
Tour10c-67_8 0.044202 7.8879E-03 +0.90 +0.58 +0.11
Tour10c-67_9 0.044160 7.8855E-03 −0.06 +0.27 +0.31
Tour10c-67_10 0.044161 7.8850E-03 −0.04 +0.21 +0.23
Tour10c-89_1 0.044144 7.8806E-03 −0.42 −0.36 −0.14
Tour10c-89_2 0.044140 7.8809E-03 −0.51 −0.32 −0.05
Tour10c-89_4 0.044138 7.8804E-03 −0.56 −0.38 −0.09
Tour10c-89_7 0.044137 7.8818E-03 −0.58 −0.21 +0.09
Tour10c-89_8 0.044132 7.8808E-03 −0.69 −0.33 +0.03
Tour10c-89_9 0.044136 7.8803E-03 −0.60 −0.40 −0.08
Tour10c-89_10 0.044162 7.8824E-03 −0.02 −0.13 −0.12
Tour10c-1011_1 0.044161 7.8828E-03 −0.04 −0.08 −0.06

Anderson (pyrrhotite)
NPoN_2 0.044263 7.8945E-03 +2.27 +1.41 +0.24
NPoN_3 0.044235 7.8879E-03 +1.64 +0.58 −0.27
NPoN_4 0.044241 7.8909E-03 +1.77 +0.96 +0.04
NPoN_5 0.044243 7.8908E-03 +1.82 +0.94 0.00
10c-01_1 0.044211 7.8886E-03 +1.10 +0.66 +0.10
10c-01_2 0.044208 7.8863E-03 +1.03 +0.37 −0.16
10c-01_3 0.044213 7.8862E-03 +1.14 +0.36 −0.23
10c-01_4 0.044215 7.8854E-03 +1.19 +0.26 −0.35
10c-01_5 0.044215 7.8885E-03 +1.19 +0.65 +0.04
10c-01_6 0.044201 7.8868E-03 +0.87 +0.44 −0.01

Norilsk (pentlandite)
PtN_1 0.044464 7.9105E-03 +6.83 +3.43 −0.09
PtN_2 0.044484 7.9139E-03 +7.28 +3.86 +0.10
PtN_3 0.044537 7.9229E-03 +8.48 +5.02 +0.64
PtN_4 0.044568 7.9202E-03 +9.18 +4.67 −0.06
PtN_5 0.044561 7.9199E-03 +9.02 +4.64 −0.02
10c-01_1 0.044487 7.9095E-03 +7.35 +3.31 −0.49
10c-01_2 0.044474 7.9104E-03 +7.06 +3.42 −0.22
10c-01_3 0.044547 7.9204E-03 +8.70 +4.70 +0.21
10c-01_4 0.044491 7.9156E-03 +7.44 +4.08 +0.24
10c-01_5 0.044501 7.9191E-03 +7.67 +4.54 +0.58

Unknowns (pyrite)
Balmat (Wedge topography)

SWedge_1 0.044895 7.9504E-03 +16.59 +8.49 −0.05
SWedge_2 0.044904 7.9480E-03 +16.79 +8.19 −0.46
SWedge_3 0.044891 7.9499E-03 +16.50 +8.43 −0.07
SWedge_4 0.044922 7.9476E-03 +17.20 +8.14 −0.72
SWedge_5 0.044980 7.9550E-03 +18.50 +9.09 −0.44
SWedge_6 0.044988 7.9609E-03 +18.70 +9.83 +0.20

(continued on next page)
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Table 2 (continued)

Analysis name 34S/32S 33S/32S δ34SCDT δ33SCDT Δ33S

SWedge_7 0.044934 7.9535E-03 +17.47 +8.90 −0.10
SWedge_8 0.044894 7.9509E-03 +16.57 +8.56 +0.02
SWedge_9 0.044883 7.9506E-03 +16.32 +8.52 +0.11
SWedge_10 0.044889 7.9517E-03 +16.46 +8.66 +0.18

Ruttan (poor polish quality)
SWpoor_1 0.044011 7.8685E-03 −3.43 −1.89 −0.11
SWpoor_2 0.044003 7.8728E-03 −3.61 −1.34 +0.53
SWpoor_3 0.043993 7.8673E-03 −3.83 −2.04 −0.05
SWpoor_4 0.043996 7.8684E-03 −3.77 −1.90 +0.05
SWpoor_5 0.043990 7.8668E-03 −3.90 −2.10 −0.08
SWpoor_6 0.043974 7.8667E-03 −4.26 −2.11 +0.09
SWpoor_7 0.043959 7.8636E-03 −4.62 −2.50 −0.11
SWpoor_8 0.043952 7.8663E-03 −4.78 −2.16 +0.31
SWpoor_9 0.043963 7.8627E-03 −4.53 −2.62 −0.27
SWpoor_10 0.043966 7.8627E-03 −4.44 −2.62 −0.32

Neoarchean sulfides (pyrite)
MI0701 0.044419 7.9046E-03 +5.82 +2.69 −0.32
MI0704 0.044343 7.9117E-03 +4.09 +3.59 +1.48
MI0704 0.044349 7.9096E-03 +4.22 +3.33 +1.15
MI0705 0.043744 7.8408E-03 −9.47 −5.40 −0.49
TI0703 0.043736 7.8406E-03 −9.65 −5.42 −0.42

Internal precision (2σM) is 0.06‰ for 34S/32S and 0.16‰ for 33S/32S. The external reproducibility (2σ) determined by the data on Balmat pyrite is 0.8‰ for δ34S, 0.5‰ for δ33S, and 0.41‰ for
Δ33S. All delta values and associated uncertainties are in permil and normalized with respect to V-CDT.
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then applied to unknowns of the same mineral type using Eqs. (1) and
(2). The 34S Normalization Method uses the difference between the
measured and “true” values of the 34S/32S ratio to calculate a separate
IMF factor for each individual analysis, and unknowns are corrected
using average IMF values for standard analyses that bracket them in
time (again using Eqs. (1) and (2)). Comparison of the two methods
demonstrates that they result in the same delta values and reproducibil-
ity to better than 0.01‰, and below we describe them both.

3.4.1. Regression Method
This method was described in detail by Papineau et al. (2005). For

this method, we compiled all the measured ratios, grouped the data
by mineral type and calculated an average IMF value for each mineral
type (troilite, pyrite, pentlandite, chalcopyrite), defined as the ratio of
the averaged measured ratio to the “true” ratio:

αIMF ¼ 34=32ð Þmeas= 34=32ð Þtrue ð5Þ

and similarly the IMF value for 33S/32S was calculated as:

α 33ð ÞIMF ¼ α 34ð ÞIMF

� 	βIMF ð6Þ

where βIMF is as described above (Eq. (2)); see also Eqs. (19)–(21) in
Young et al. (2002). The averageα(34)IMF andα(33)IMF values thus cal-
culated for each phasewere then applied to themeasured ratios for that
phase in order to calculate fractionation-corrected 34S/32S and 33S/32S
ratios (Eqs. (5), (6) and (2)). The IMF-corrected ratios for all phases
were then regressed against each other on a LN–LN basis, employing a
regression for ln(34S/32S) and ln(33S/32S) using a full York regression in-
cluding error propagation on both ratios (Mahon, 1996); the slope of
this regression (m) gives the slope of the mass dependent fractionation
line (βMDFL) and the absolute 33S/32S ratio for V-CDT is obtained from
the Y-intercept (b33) using the expression:

33S=32SV−CDT¼34S=32SV−CDT
βMDFL� b33ð Þ½ � ð7Þ

Under optimal conditions of instrument tuning and sample prepara-
tion, the regressed sulfur isotopeMDFL slope for the δ33S-δ34S correlation
was 0.5167 (±0.0043 2σ), within error of the theoretical equilibrium
value of 0.5159 where βMDFL = (1/m32–1/m33)/(1/m32–1/m34)
((Young et al., 2002)). The average absolute value of 33S/32S for V-CDT
determined in this study was 0.00788419; the errors on the Y-intercept
from the York regression result in an error estimate of ±9‰ (2σ) on
this value, however this large error estimate is the result of an increase
in the error envelope of theMDFL slope over a long extrapolation 3 orders
of magnitude beyond the range of the data in LN–LN space. In reality
the value of this ratio can be varied by only ±0.46‰ (2σ), propagating
the error bounds on the MDFL slope, before the average value of Δ33S
for the standard data exceeds its 2σ error bound. The value of
0.00788419(363) is similar to the values obtained with a Cameca IMS
1270 ion microprobe by Papineau et al. (2005), but is 0.9‰ higher than
the value recommended by Ding et al. (2001) which itself has an uncer-
tainty of 0.74‰ (2σ); at this level, differences in collector gains between
instruments, or so-called “Faraday cup factors” for any single instrument
(which are not accounted for by Faraday amplifier gain calibration)
could account for the difference in V-CDT 33S/32S values between this
study and that of Ding et al. (2001). However, we wish to point out that
if one uses our value for 33S/32S, and the Ding et al. (2001) value for
34S/32S, these ratios are related to the classic values of Thode et al.
(1961) by simple exponential mass fractionation with a slope of
0.50828,which is nearly identical to the slope used formass spectrometry
fractionation corrections (Eq. (2)).

This method, where the MDFL slope is determined by the quality of
standard analyseswithin a given analytical session, has the effect of nor-
malizing out any instrument-related vagaries that could in principal
cause the data to deviate slightly from the theoretical MDFL slope, and
eliminates the possibility of calculating “artificial” mass-independent
Δ33S anomalies under the assumption that the analytical instrument al-
ways perfectly reproduces any specific theoretical MDFL relationship.
Using this method, average mean Δ33S values measured for CDT
which were not included in the regression were always within 2σ of
0‰ for all analytical sessions. Average 2σ reproducibility of Δ33S values
was 0.41‰ as determined from the standard deviation of individual
Δ33S standard values within the analytical session.

3.4.2. The 34S normalization method
For Δ33S calculation using this method, the difference between the

measured 34S/32S ratio for a standard and the “true” or known ratio
gives a measure of the IMF for each individual standard analysis, and
this measure of the IMF is used to calculate a fractionation-corrected
33S/32S ratio using Eqs. (1) and (2) and delta values using Eqs. (3) and
(4). Calculations for unknowns aremade using the same IMF corrections
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as standards that bracket them in time. Eqs. (3) and (4) are insensitive
to the actual value of βMDFL used, so long as the same value is used to cal-
culate absolute ratios for 33S/32S from V-CDT and the delta values for the
standards. This method assumes – probably incorrectly – that all mea-
sured variations of 34S/32S in standards are the result of variations in
IMF rather than sample heterogeneity; nevertheless, this is a common
method of fractionation correction in TIMS and MC-ICPMS which strive
for much higher precision than SIMS (cf. Marechal et al., 1999), and so
it is useful to compare its results to the Regression Method. The main
difference between these two methods is that somewhat larger total
uncertainties in δ33S and δ34S (but not Δ33S) can arise in the Regression
Method if there are mass-dependent drifts in the IMF over the session
that are not corrected for; if instrumental drift is minimal or absent, as
in the data reported here, the two data reductionmethods give identical
results.

3.5. Mass-dependent fractionation in SIMS and nature

It should be remarked here that there are several different ways to
calculate the exponent for multi-isotope fractionation (βIMF for instru-
mental fractionation, βMDFL for natural fractionation, Young et al.,
2002), and that these two β values are not likely to be described by
the same value. Indeed, the most commonly used expression for βIMF

gives a value of 0.50831 for 32S–33S–34S (and that is the value we have
used here), whereas equilibrium isotopic fractionation in nature is ex-
pected to follow a law with βMDFL =0.51588, and kinetic sulfur isotope
fractionation is characterized by βMDFL = 0.50453 (Young et al., 2002).
In theory, the difference between βIMF and βMDFL has potential to create
artificial isotopic anomalies in Δ33S if the measured sulfur isotopic
compositions are far removed from the true ratios, i.e. when themagni-
tude of IMF is large; however in practice this is rarely the case in SIMS
measurements of sulfur isotopes. In our study, this is largely because
the efficiency of sulfur ionization is very high (better than 5% at low
MRP) and the magnitude of the sulfur IMF in SIMS is correspondingly
small, so the precise value of βIMF has no effect on the calculation or
reproducibility of Δ33S within our ability to measure it. This may not
be the case, however, for isotope systems that displaymuch largermag-
nitudes of instrumental mass fractionation; unfortunately, because
SIMS often sputters an essentially infinite reservoir of analyte, there is
usually a very small range in measured isotope ratios within individual
analyses, and the regression of such data that could be used to deter-
mine βIMF is thus poorly constrained (note this is not the case for TIMS
or MC-ICPMS, see Marechal et al., 1999).

3.6. External reproducibility and standard homogeneity

In summary, the results of the two 2-day sessions described here
demonstrate that the NanoSIMS 50L is capable of high-precision stable
isotope measurements at a level that is useful for geochemical and
cosmochemical studies. Overall, our data show a long-term 2σ repro-
ducibility of ±1.1‰ for δ34S and ±0.7‰ for δ33S when averaged over
all standards. However, there are patterns in the reproducibility of our
data that indicate some of our standards are more homogeneous than
others. In particular, in increasing order Anderson pyrrhotite, Canyon
Diablo troilite and Norilsk pentlandite are more heterogeneous when
compared with Balmat pyrite, and this order is mirrored by standard
data reported from other studies that use subsets of the same standards
(Greenwood et al., 2000; Mojzsis et al., 2003; Papineau et al., 2005;
Whitehouse et al., 2005) and is also a feature of the laser data of
Crowe and Vaughan (1996). When considering the data for only the
most demonstrably homogeneous of our standards – Balmat pyrite –
the overall reproducibility (2σ) is ±0.8‰ for δ34S and ±0.5‰ for
δ33S; for mass-independent isotope effects, our reproducibility is
±0.41‰ for Δ33S when averaged over all standards and assuming that
all our standards fall on the same mass-dependent fractionation lines.
The reproducibility forΔ33S is slightlyworse than someprevious studies
using the IMS1270 instrument (Farquhar et al., 2002; Mojzsis et al.,
2003; Papineau et al., 2005, 2007; Kamber and Whitehouse, 2007;
Whitehouse et al., 2005; Phillippot et al., 2007) or the IMS 1280 ion
probe (Kozdon et al., 2010; Williford et al., 2011; Reuschel et al., 2012;
Wacey et al., 2010, 2011; Cabral et al., 2013; Whitehouse, 2013), how-
ever we make note here that we have used 32S ion beam intensities
that are 2–4 times lower than these prior studies, and that higher
beam intensities resulting in improved signal/baseline ratios for 33S
can be expected to result in improvements in isotopic reproducibility.
The volume of analyte removed byNanoSIMS is similar to, or somewhat
smaller than, the volume sputtered by the IMS 1270 or 1280 ion micro-
probes, which is another factor to consider if the sample of interest is
very limited such as in the case of extraterrestrial sample return. At
the same time, for the NanoSIMS instrument there are a number of
instrumental and sample-related factors that must be controlled in
order to permit the instrument to achieve improvements in reproduc-
ibility over shorter time periods, and can thus achieve better perfor-
mance if standardization and analytical sessions are subdivided
accordingly.

3.7. Factors affecting measurement reproducibility

As in TIMS and MC-ICPMS applications in other isotope systems,
attention to Faraday amplifier gains is an important aspect of accurate
sulfur isotope analyses using the NanoSIMS 50L. Well-aligned delivery
of the ion beams into the detectors is also important; the NanoSIMS
operates in static multicollection mode with NMR-based magnet regu-
lation, and the secondary ion beam is scanned horizontally across each
detector's exit slit bymeans of dedicated pairs of electrostatic deflectors
(Pd) located just in front of each exit slit (Fig. 1). Positioning of the
moveable Faraday Cups to minimize this deflection at the peak center
is desirable. In addition, the alignment of the ion beams with the exit
slits in the vertical direction is also key, this is checked with a scan of
C4x and it is important that the focusing elements LF4, LF5 and Q are
tuned so that mass resolution is optimized, and a flat-topped peak is
produced for all detectors on a scan of C4x, and that a C4x value is cho-
sen that is located well onto the peak flat for all the isotopes of interest.

The NanoSIMS produces a very small diameter primary beam on the
sample, and as a consequence the beam that is presented to the
entrance slit is also very small. Stray magnetic fields surrounding the
instrument produce subtle mass fractionation of the sputtered ion
beam that enters the mass spectrometer. This is corrected by a pair of
Helmholz coils (Bf-vert and Bf-horiz) located between the electron
gun and the entrance slit, and attention to careful tuning of these coils
is required so that all three sulfur isotopes are centered on the entrance
slit. Finally, automated secondary ion beam centering (SIBC) at the
entrance slit is required at the beginning of every analysis so that the
sputtered ions are delivered to themass spectrometer in a highly repro-
ducible way.

The final instrumental factor influencing isotopic reproducibility is
the Z position of the sample stage. The close proximity of the sample
surface to the EOW-EOP-EOS coaxial lens stack is key to achieving a
small primary ion beam, but it also makes the instrument sensitive to
small variations in the nominal 400 μm distance between the sample
surface and the coaxial lens. The lens EOS can be tuned to compensate
for changes in sample height at different sample locations, but changes
in EOS tuning result in downstream changes to the focusing of the
sputtered ion beam in the mass spectrometer. To test the influence of
these effects on isotopic reproducibility, we made repeat alternating
measurements of two different grains of Balmat pyrite located on adja-
cent holes of an 8-hole sample holder (Fig. 3 and Table 1). For the first
set of measurements, we kept the Z coordinate of the sample stage
fixed, and performed automated scanning of EOS voltage prior to each
measurement, in which the chosen EOS value was the one that
maximized the intensity of 32S. This resulted in a bimodal population
of measured ratios for the two grains analyzed, and a combined



Fig. 3. (A) Photograph of a NanoSIMS 8-hole sample holder, with each hole containing a
polished grain of Balmat pyrite. This sample was used to perform longer-term and
sample-dependent tests of sulfur isotope reproducibility; labels show the external 2σ
reproducibility for δ34S, δ33S and Δ33S for each grain mount. Overall reproducibility for
data obtained on these samples was ±0.7‰ (2σ) for δ34S, ±0.5‰ (2σ) for δ33S and
±0.32‰ for Δ33S, demonstrating that careful control over instrumental tuning, sample Z
positioning, and sample polish quality are required in order to obtain high-precision
isotope data from the NanoSIMS 50 L. (B) Ruttan pyrite grain from the central lowermost
position of the holder in A (with stats highlighted in yellow); poor ploish (pitting) is
correlated with sub-optimal data reproducibility.

Fig. 4. Sulfur three-isotope plots for 32S–33S–34S obtained in Session 1. Standard grains are
identified in the legend, while sulfides from banded iron formations (BIFs; MI0701,
MI0704, MI0705, TI0703) are shown in large open symbols. Parallel thin lines show the
2-sigma error bounds of the data around a terrestrialmass fractionation line (TFL) through
the origin, with slopes of 0.5167 (±0.0043 2σ) for 32S–33S–34S.

158 E.H. Hauri et al. / Chemical Geology 420 (2016) 148–161
reproducibility of ±1.87‰ (2σ). For the second set of measurements,
we kept the EOS voltage fixed and found the unique Z coordinate for
each pyrite grain that maximized the intensity of 32S; the resulting re-
producibility for the subsequent set of alternating measurements was
±0.30‰ (2σ), a factor of six improvement in isotopic reproducibility.
This shows clearly that attention to determining the optimal Z coordi-
nate of each analysis area contributes to large improvements in isotopic
reproducibility.

As a further test of the ability to control this source of analytical un-
certainty, we prepared eight different polished grains of Balmat pyrite,
and mounted them in an 8-hole sample holder (Fig. 3). The optimal Z
coordinate for each grain was determined by maximization of the 32S
count rate on a test crater. A single analysis on each of the eight grains
was subsequently performed, and this cycle was repeated five times
(analyses “Tour8c-” in Table 1). The overall reproducibility for the entire
population of data was ±0.7‰ (2σ) for δ34S, ±0.5‰ (2σ) for δ33S and
±0.32‰ for Δ33S. There was no correlation of the average measured
ratio or the reproducibility with the grain's location on the sample hold-
er; the only exception was the data for the grain located in the South
position of the sample holder, which had a noticeably worse quality of
surface polish than all the other grains. The influence of sample polish
quality and surface relief has been observed previously in SIMS studies
of oxygen isotopes (Whitehouse and Nemchin, 2009; Kita et al., 2009,
2011). A repeat of this experiment excluding this grain, and making
10 repeat cycles around the other grains, showed a similar level of re-
producibility (analyses “Tour12c-” in Table 1). This test demonstrates
that optimization of each grain's Z coordinate is possible over the entire
region of the NanoSIMS sample holder, shows that there are no biases
related to specific positions of the sample holder on the sample stage,
and that sample polish quality is also an important factor in determining
the reproducibility of this method on the NanoSIMS.

Overall, the data for the sulfur isotope standards show a well-
defined relationship among 32S, 33S and 34S (Figs. 4, 5) with the data
defining a MDFL with slopes that are consistent with prior studies
using both conventional gas-source mass spectrometry and SIMS, and
this high level of external reproducibility is maintained between the
two sessions separated by a re-tuning of the primary beam (Figs. 6 &
7). These data demonstrate that with careful attention to instrument
tuning, sample holder height and polish quality, the NanoSIMS is capa-
ble of high-precision sulfur isotope measurements required for the
study of the terrestrial sulfur cycle.
4. Sulfur isotope data from the Neoarchean Abitibi Supracrustal
Terrain

In addition to the standard data, we tested the analytical technique
on a small selection of sulfides extracted from metasedimentary rocks
collected from the Neoarchean Abitibi Supracrustal terrane in Ontario,
Canada. These samples were selected because of their potential to pre-
serve mass-independently fractionated sulfur isotopes, and were thus
a useful test of the NanoSIMS analytical technique for Δ33S analysis.



Fig. 5. Sulfur three-isotope plots for 32S–33S–34S obtained in Session 2. The positive Δ33S
anomaly in BIF sulfideMI0704 is reproduced between the two sessions, as is the anomaly
in MI0701 though it is within error of zero in Session 2. Data obtained for Balmat pyrite
immediately adjacent to a crack in the grain, and for poorly polished Ruttan pyrite
(Fig. 3B), are offset by 2–4‰ from their typical measured values.

Fig. 6. Δ33S plots for BIF samples and standards in Session 1 (A) and Session (B). In this
diagram, the mass-dependent fractionation line (MDFL) is horizontal with Δ33S = 0. In
Session 2 (panel B), Balmat pyrite analyses adjacent to cracks, and Ruttan pyrite analyses
on a poorly polished grain, display sub-optimal reproducibility of Δ33S.
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Four different types of metasedimentary rocks were analyzed from the
Neoarchean Michipicoten Greenstone Belt (Turek et al., 1982, 1984):

- Siderite facies iron formation (MI0701) usually massive with finely
disseminated pyrite, deposited in shallow marine environment
(Hofmann et al., 1991). Sample collected from the Sir James Dunn sid-
erite mine in the 2.75 Ga Helen Fm. (N:48o02′36.1″; W:84o40′46.7″).

- Black shale with cm-size pyrite concretions (MI0704), immediately
next yo the Sir James Dunn mine and part of the 2.75 Ga Helen Fm.
(N:48o02′39.6″; W:84o40′35.6″).

- Siderite-quartz-magnetite banded iron formation (BIF) (MI0705)
with fine laminations, occasional beds of jaspilite, and euhedral
sulfides. Sample collected from the Lucy mine (N:48o02′25.6″;
W:84o41′01.8″).

- Jasper-magnetite-chert BIF (TI0703) from the ca. 2.723 Ga Deloro
Group (Corfu et al., 1989). Sample collected from road side outcrop
with abundant quartz veins cross-cutting bedding of the BIF
(N:48o02′25.6″; W:84o41′01.8″).

Our data for all samples during both sessions show a large range of
δ34S values between −9.6 and +6.3‰ (Figs. 4–6; Table 2), which is
larger than the range reported from the nearby Neoarchean Kidd
Creek volcanogenic massive sulfide deposit and associated sulfidic tur-
bidites with a range between −4.3 and +5.5‰ (Jamieson et al., 2012)
and black shales with a range between −1.9 and +5.0‰ (Kurzweil
et al., 2013).We note however that there are sulfides in the Neoarchean
Tumbiana Fm. of Australia with a range of δ34S values between −5.7
and +2.8‰ (Thomazo et al., 2009) and in the Manjeri Fm. of
Zimbabwe that have a range of δ34S values between −15.2 and
+2.4‰, which have been attributed to microbial sulfate reduction
(Thomazo et al., 2013).

Measured Δ33S values range between −0.8 and +1.5‰ (Fig. 6),
which clearly resolves mass independently fractionated sulfur isotope
compositions, and thus an atmospheric sulfur signature incorporated
in the marine sulfur cycle. This range is similar to the range of Δ33S
values measured for Kidd Creek black shales to be between −1.0 and
+3.8‰ (Kurzweil et al., 2013) and to that of the Manjeri and Cheshire
Fm. Sedimentary sulfides between −0.58 and +1.17‰ (Thomazo
et al., 2013).

These data point to kinetic processes such asmicrobial sulfate reduc-
tion under non-limiting sulfate concentrations (Habicht et al., 2002).
The Δ33S values show significant enrichments in 33S and resolvable
MIF. Our results suggest that at least some sulfur in the analyzed sulfides
cycled through the anoxic atmosphere where it was subjected to
photolysis in gas phase reactions prior to deposition in the marine sys-
tem (Farquhar et al., 2000). It is possible that the acquiredMIF signature
was later diluted by MDF sources of sulfate before microbial sulfate
reduction and/or with MDF sources of sulfide after the microbial
production of hydrogen sulfide. The incorporation of atmospheric MIF
sulfur in these metasedimentary rocks is further demonstrated by the
clearly resolvable Δ33S values for pyrite concretions from the Helen
black shale (MI0704) (Fig. 8). The presence ofMIF in pyrite from siderite
iron formations in conformable contact with organic-rich shales with
diagenetic pyrite concretions that lack MIF is inconsistent with the hy-
pothesis that thermochemical sulfate reduction was responsible for
widespread MIF in the Archean (Watanabe et al., 2009) and opposite
to what would be expected from such hydrothermally-influenced
organic-rich systems.

5. Conclusions

We have demonstrated that the NanoSIMS 50L ion microprobe is
capable of high-precision measurements of multiple isotopes of sulfur,
to a precision sufficient to resolve mass-independent variations in 33S
(Δ33S) on the order of 0.4‰ (2σ), with a spatial resolution of 15 μm,
similar to the precision and accuracy of large radius SIMS instruments.
Data on pyrite grains from the Abitibi Supracrustal Terrain show large
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variations in δ34S values between−9.6 and+6.3‰, and corresponding
Δ33S values between−0.8 and +1.5‰, in line with previous measure-
ments of Neoarchean sulfides, including from the Abitibi terrane. Our
results indicate that microbial sulfate reduction was widespread in the
Neoarchean, and demonstrate that atmospheric sulfur affected by
mass-independent fractionation of 33S due to photochemical reactions
was incorporated in the Neoarchean marine sulfur cycle. These initial
multiple sulfur isotope results, obtained on the NanoSIMS 50 L instru-
ment for the first time, demonstrate the ability of this next generation
of SIMS instrument to address important problems in stable isotope
geochemistry and cosmochemistry that require precise stable isotope
data at high spatial resolution.
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