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ARTICLE INFO ABSTRACT

Affid? history: An in situ sulfur four-isotope analysis technique with multiple Faraday cup detectors by ion microprobe was
Received 8 December 2013 developed and applied to detrital pyrite grains in ~2.4 Ga glaciogenic sandstone from the Meteorite Bore Member
Accepted 8 June 2014 of the Turee Creek Group, Western Australia. Data are standardized with the UWPy-1 pyrite standard (6**S =

Available online 17 June 2014 16.04 & 0.18%, A®*S = —0.003 & 0.009%, and A35S = —0.21 & 0.24%, 2 SD) whose sulfur four isotopes

were newly determined by gas-source mass spectrometry. Typical reproducibility at two standard deviations
(2 SD) of spot-to-spot analyses of standard UWPy-1 pyrite with a primary beam size of ~20 um were +0.23,
+0.05, and +0.86%. for 534S, A®3S, and A3SS, respectively. The measured 365/32S ratio [1 / (6641 + 27)] is ap-
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I(fr{‘;vntchzpmbe proximately 19%. lower than the published ratio for VCDT, and we propose a revision of the *S abundance in
SIMS VCDT.

Sulfur isotope Pyrite grains in ~2.4 Ga glaciogenic sandstone have wide ranging sulfur isotope ratios (— 32.7 to 13.5 for §>4S,
S-MIF —3.03t0 11.66 for A>>S, and — 9.7 to 4.6 for A®°S, respectively). Some pyrite grains are zoned in 6>4S values with-
Pyrite in a grain. Sulfur isotope ratios of most pyrite grains are distributed along a line with slope = —0.9 for A®>S vs.

A36S, suggesting that pyrite grains mostly derived from a limited range of source rocks and near-surface sulfur
reservoirs. One pyrite aggregate has a distinct texture from other pyrite grains in the same sandstone, and yields
a significant mass-independent deficit in >°S with a small excess in 23S (A%6S/A®3S ~ — 4%,). This is used to suggest
that this grain authigenically formed by biological activity during or after sedimentation. This work demonstrates
that the use of multiple Faraday cup detectors provides improved accuracy and precision for in situ sulfur four-
isotope analysis with secondary ion mass spectrometry.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Sulfur four-isotope systematics of sulfur-bearing minerals in
sedimentary rocks provides constraints on the evolution of the Earth’s
atmosphere and biological activity. Sulfur mass-independent fraction-
ation (S-MIF), or deviation from the mass-dependent fractionation
trends in 335/22S and 365/2S vs. 345/32S (A%3S and A3°S, respectively;
see Section 3.1.2 for definitions), recorded in sedimentary rocks before
~2.4 Gais generally interpreted to result from photochemical dissocia-
tion of volcanogenic SO, by ultraviolet light in an anoxic atmosphere
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(Farquhar et al., 2000; Pavlov and Kasting, 2002; Zahnle et al., 2006;
Lyon, 2007; Danielache et al., 2008; Masterson et al., 2011; Whitehill
and Ono, 2012; Ono et al., 2013; Whitehill et al., 2013). Another way
to produce mass independent signatures is by chemistry occurring in
liquid phase (Watanabe et al., 2009; Oduro et al., 2011; Kopf and Ono,
2012), but it is not clear if such mechanisms can account for the
observed relationships among 534S, A>3S, and A3S, or account for the
abundance of S-MIF in the Archean record (e.g., Kopf and Ono, 2012).
One feature of the record that needs to be explained by any model for
the origin of S-MIF is the observation of a change in slope for values of
the A®3S vs. A%S from about — 0.9 to approximately — 1.7 (Ono et al.,
2006a, 2009a; Farquhar et al., 2007b, 2013; Kaufman et al., 2007;
Zerkle et al., 2012; Thomazo et al., 2013).

Mass dependent fractionation of the more abundant sulfur isotopes
(634S) by microbial sulfate reduction is suppressed to less than 6%o
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at sulfate concentrations less than 50 pmol, but it would increase at
higher sulfate concentration and can be greater than 20%. at sulfate con-
centrations higher than 200 pmol (Fig. 2(A) in Habicht et al., 2002).
More recent observations of microbial sulfur isotope fractionation in
a euxinic lake with sulfate concentrations of 100-350 umol indicate
that reservoir effects limit the degree to which larger (>20%.) kinetic
fractionation effects are preserved in the rock record (Gomes and
Hurtgen, 2013). Small variability in the 8>S values of Archean sedimen-
tary pyrite and expansion of variability in the 534S values of sedimentary
pyrite after ~2.4 Ga are considered as the result of increasing concentra-
tion of seawater sulfate due to atmospheric oxygenation across the
Great Oxygenation Event (GOE: Holland, 1984, 1994; Bekker et al.,
2004; Canfield, 2005; Papineau et al., 2007; Partridge et al., 2008; Guo
et al,, 2009; Williford et al., 2011).

Sedimentary pyrite forms by multiple processes that are reflected in
sulfur isotope signatures of individual pyrite grains. For example,
Partridge et al. (2008) found that fine-grained pyrite in Neoarchean sed-
imentary rocks in the Hamersley Basin, Western Australia has positive
A33S values but that pyrite nodules in the same sedimentary rocks
have negative A>3S values. Ono et al. (2009a) reported that A*S and
A35S values of disseminated pyrite grains were distinct from those of
pyrite nodules and layered pyrites in the same samples of 2.5 Ga Klein
Naute Formation, South Africa. Furthermore, Williford et al. (2011)
used a 3 um diameter SIMS beam to show that many pyrite grains
from glaciogenic mudstone and sandstone of the ~2.4 Ga Meteorite
Bore Member of Western Australia are zoned with biogenic cores hav-
ing low S values (<—20%.) and thin (<10 um) diagenetic or hydro-
thermal overgrowths with ~30%. higher 6>*S values (4 to 7%.). This
study showed that in situ sulfur isotope analyses with micrometer-
scale spatial resolution provide additional information to investigate
the signatures of multiple processes and multiple sulfur sources for
pyrite formation, such as input of elemental sulfur aerosols, microbial
sulfate reduction, and deposition by later hydrothermal activity
(Williford et al., 2011; Philippot et al.,, 2012; Johnson et al., 2013).

In situ sulfur isotope analysis by the ion microprobe is a powerful
technique to observe intra- and inter-grain sulfur isotope variability of
a few to tens of um-scale in sedimentary pyrite (Deloule et al., 1986;
Graham and Valley, 1992; Farquhar et al., 2002, 2013; Mojzsis et al.,
2003; Whitehouse et al., 2005; Kamber and Whitehouse, 2007;
Papineau et al., 2007; Fayek, 2009; Kozdon et al.,, 2010; Williford et al.,
2011; Roerdink et al., 2013; Whitehouse, 2013). Although it is recog-
nized that sphalerite and galena exhibit crystal orientation effects
which cause a significant change of the instrumental bias for the 534S
value corresponding to crystal orientation (e.g., Kozdon et al., 2010;
Kita et al., 2011), Kozdon et al. (2010) showed that using the same
sulfur two-isotope technique as applied in this study, no significant
crystal orientation effects exist for analysis of pyrite, chalcopyrite, and
pyrrhotite beyond the reproducibility of spot-to-spot analyses of a
single grain. Thus, no correction for crystal orientation effect is required
for the sulfur isotope analysis of these three minerals.

In this study, we developed an ion microprobe technique for
sulfur four-isotope analysis of pyrite with simultaneous detection by
four Faraday cup (FC) detectors. In most other studies, in situ sulfur
four-isotope analysis used an electron multiplier (EM) to measure the
least abundant sulfur isotope, 3°S (Farquhar et al., 2013; Roerdink
etal,, 2013; Whitehouse, 2013). However, there are two important ben-
efits to using a FC detector for the 3°S™ signal. First, relative efficiency
between two FC detectors is more stable than that between a FC
detector and an EM detector. In particular, if an EM detector is used
to measure ions whose count rate is higher than a few hundred thou-
sand counts per second (cps), the aging effect (decrease of detection
efficiency) of the EM detector is critical. The decrease of EM detector ef-
ficiency will change the measured isotope ratios and must be carefully
monitored. Second, the upper limit of count rate for an EM (<several
hundred thousands cps) prevents the use of a strong primary beam
current and reduces the attainable analytical precision for the three

other sulfur isotopes that are measured by FC detectors. Modification
of a Faraday cup detection system (replacing a feedback resister with
a capacitor, Ireland et al., 2014) provides further opportunity for
improvement of precision of sulfur four-isotope analysis.

Reproducibility of the sulfur four-isotope analyses (6>4S, A>3S, and
A3%S) was evaluated using the pyrite standards, UWPy-1 (Kozdon
et al.,, 2010) and Ruttan pyrite (Crowe and Vaughan, 1996; Cabral
et al., 2013). This technique was also applied to measure sulfur four-
isotope ratios of detrital pyrite grains in the glaciogenic sandstone,
MB190583, from Williford et al. (2011). Williford et al. (2011) per-
formed sulfur three-isotope analyses of sedimentary pyrite grains
from multiple layers in exposures of the uppermost Hamersley Group
and the lowermost Turee Creek Group at the Boundary Ridge and
Deepdale localities, Western Australia (~2.4 Ga; Martin, 1999; Van
Kranendonk, 2010). Williford et al. (2011) recognized that the
glaciogenic sandstone (MB190583) layer contained abundant detrital
pyrite grains with a wide range of A*3S values (—3.6 to 11.7%.),
which were more variable than the authigenic pyrite grains of neigh-
boring beds (typically —1 to 1%.). Results of sulfur four-isotope analy-
ses of the same detrital pyrite grains analyzed for sulfur 3-isotope
ratios by Williford et al. (2011) will be presented. Repeated measure-
ments with a new analytical protocol for sulfur four-isotopes provide
an opportunity to evaluate reproducibility of results by different analyt-
ical conditions and place further constraints on the origin of pre-GOE
detrital pyrite grains in this glaciogenic sandstone.

2. Samples
2.1. Pyrite standards

The UWPy-1 pyrite standard (Kozdon et al., 2010) is coarse grained
and homogeneous due to upper amphibolite facies recrystallization of
the Mesoproterozoic Balmat massive sulfide deposit. UWPy-1 was used
as a running standard for all sulfur isotope analysis sessions in this
study. Sulfur four-isotope ratios of UWPy-1 have been determined
using bulk analysis techniques that converted them to SFg, which
was measured using gas-source mass spectrometry at the University of
Maryland and Harvard University (Table 1). Individual analysis data are
provided in Table S1 in Electronic Annex. In this study, the newly deter-
mined sulfur isotope ratios of UWPy-1 were used. Sulfur isotope ratios
of Ruttan pyrite (~1.88 Ga, 6*S = 1.2 to 1.4%., Crowe and Vaughan,
1996; Barrie and Taylor, 2001; Cabral et al., 2013) were also measured
by ion microprobe. Although we did not determine sulfur four-isotope
ratios of Ruttan pyrite by gas-source mass spectrometry in this study,
no detectable S-MIF signature in Ruttan pyrite was reported (A*3S =
—0.003 £ 0.012, 20, Cabral et al., 2013) and its formation age is at
least 400 Ma younger than GOE. For these reasons, we assume that the
Ruttan pyrite we used does not have S-MIF signature larger than repro-
ducibility by ion microprobe analyses.

2.2. Detrital Paleoproterozoic pyrite grains in glaciogenic sandstone

Sample MB190583 (sample 5 in Williford et al, 2011) is a
glaciogenic sandstone with abundant detrital quartz and pyrite grains
from the Meteorite Bore Member of the Turee Creek Group at the
Boundary Ridge locality, Western Australia (Van Kranendonk, 2010;
Williford et al., 2011). Two rock chips (~1 cm in size) of the sandstone
were mounted in a 2.5 cm diameter epoxy disk with the pyrite standard
UWPy-1 near the center. Most pyrite grains measured in this study were
analyzed for sulfur three-isotope ratios by Williford et al. (2011). The
sample mount was lightly ground and repolished to remove previous
analysis pits (~1 um in depth) and the new surface of each grain was
checked by SEM before sulfur four-isotope analysis.

Most pyrite grains in MB190583 are 10 to 200 um in size and have
either rounded or irregular anhedral shapes (Fig. 1a-d). Pyrite grains
with subhedral shape are rare (Fig. 1e). A single pyrite aggregate, g9,
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Table 1
Sulfur four-isotope ratios of the standard sulfide, UWPy-1 measured by conversion of powdered sample to SFg and gas-source mass spectrometry.
5% 25D 5%s 2SD 5% 2SD A>3 25D A% 2SD
(% VCDT) (%o VCDT) (%o VCDT) (%) (%)
Maryland (n = 6)? 8.20 +0.14 16.00 +0.28 30.69 +0.54 —0.006 +0.016 —0.01 +0.40
Harvard (n = 6) 8.25 +0.12 16.08 +0.23 3037 4043 —0.001 40.008 —040 +0.27
Average 8.23 +0.09 16.04 +0.18 30.53 +0.34 —0.003 +0.009 —0.21 +0.24

2 Long-term reproducibilities at stable isotope laboratory of University of Maryland are assigned as analysis uncertainties.

consisting of subhedral pyrite grains (~10 um diameter) was observed
(Fig. 1f). Some pyrite grains contain silicate inclusions (mostly quartz
and K-feldspar, which are abundant in the sandstone, Fig. 1b). We did
not observe evidence for multiple domains in the samples studied by
SEM. Backscattered electron (BSE) images of individual pyrite grains
and analysis pit positions are shown in Figure S1 in Electronic Annex.

3. Methods

3.1. Simultaneous sulfur four-isotope analysis with multiple Faraday cups
(sessions 1 and 4)

3.1.1. Analytical conditions

Sulfur four-isotope analyses were conducted using a CAMECA
ims-1280 large radius multi-collector ion microprobe at the WiscSIMS
Laboratory, University of Wisconsin-Madison. After modifications of
the ims-1280 detector assembly that are described below, analysis pro-
cedures were similar to those previously reported for sulfur two-isotope
(*2s and 34S) analyses (Kozdon et al., 2010) and sulfur three-isotope
(325,335, and 3%S) analyses (Williford et al., 2011).

To perform in situ measurements of sulfur four-isotopes (32S, 23S,
345, and 36S), a primary '*3Cs™ ion beam with an intensity of 4.5 to
5.3 nA and a total impact energy of 20 kV was focused to approximately
20 um in diameter at the surface of the sample. A slightly defocused
Gaussian beam was used to achieve a high density and a nearly homo-
geneous primary beam condition. A gold coat of ~30 nm thickness
was applied on the sample surface and a normal-incidence electron
gun was used for charge compensation. Secondary ions of the four sulfur
isotopes were accelerated at 10 KV and detected simultaneously by four
Faraday cups. A FC detector with a 10° Q resistor was used to measure
325~ at the L2 position, and FC detectors with 10'" Q resistors were

#24
5%48=13.1

#66
5%8=-6.2

used to measure >3S~, 345~ and 3¢S~ jons at L1, H1, and H’2 positions,
respectively (see Fig. 1c in Kita et al., 2009).

For sulfur four-isotope analysis, a mass resolving power (MRP, M/AM
at 10% peak height) of >4000 is required to eliminate a tailing inter-
ference signal of the >>SH™ peak from the 33S~ signal. In contrast, a
MRP of ~2200 is desirable to obtain wide flat peak tops of the mass spec-
trum for 25—, 34S~, and 365~ jons. The standard ims-1280 exit slit plate
has three vertically aligned slits with widths of 500 pm, 250 um, and
150 um at slit positions #1, #2, and #3, respectively. Different MRP can
be achieved by changing the slit positions. However, due to a limitation
of the normal ims-1280 multi-collector system, the slit positions of all
FC detectors in the multiple collector system must be same and different
MRP cannot be set for individual FC detectors. Because shape of mass
spectrum tends to be deformed at a place distant from the optic axis,
unnecessary high MRP settings with narrow exit slit width for 325~ and
365~ measurements make difficult to achieve a higher transmission of
the ions with a wider entrance slit width. To achieve different MRP set-
tings, modified exit slit plates which have slits with widths of 500 pum,
500 pm, and 150 um at slit positions #1, #2, and #3, respectively, were
installed before the L'2 and H'2 FC detectors (for 25~ and S~ measure-
ments, respectively). All exit slit positions were set at #2. MRPs of individ-
ual detectors were ~2200 for >2S™ (L'2) and 3°S™ (H’2) with a 500 um
width exit slit (modified exit slit plate), and ~5000 for >3~ (L1) and
345~ (H1) with a 250 um width exit slit (the standard exit slit plate), re-
spectively. This modification improves count rates of sulfur ions and sta-
bility of analysis conditions with sub-permil precision for all sulfur
isotope ratios significantly. To achieve these MRP settings, modified
exit slit plates were installed before the L'2 and H’2 FC detectors (325,
365, respectively). This modification is required because the standard
ims-1280 exit slit plate has three vertically aligned slits with widths of
500 um, 250 um, and 150 um at slit positions #1, #2, and #3, respectively.
Different MRP can be achieved by changing the slit positions. Due to a

#50
5%8=-32.7

5%4S=4.8
* I

Fig. 1. Backscattered electron (BSE) images of typical detrital pyrite grains in the 2.4 Ga glaciogenic sandstone from the Meteorite Bore Member of the Turee Creek Group MB190583, after
sulfur four-isotope analyses by SIMS. Rounded or irregular anhedral shape pyrite grains: (a) g1, (b) g14, (c) g30, and (d) g44, (e) a subhedral pyrite grain g13, (f) a pyrite aggregate g9. The
numbers in the images correspond to the analysis #s in Table 1. The 5>*S value for each analysis is also shown. Scale bars indicate 50 pm.
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limitation of the normal ims-1280 multi-collector system, the slit posi-
tions of all FC detectors in the multiple collector system must be the
same and different slit positions cannot be set for individual FC detectors.
The modified exit slit plate used in this study has 500 pm, 500 pm, and
150 um at slit positions #1, #2, and #3, respectively (for L'2 and H'2
detectors). All exit slit positions were set at #2 and obtained different
MRP for individual FC detectors. MRPs of individual detectors were set
to ~2200 for 325~ (L'2) and 365~ (H’2) with a 500 um width exit slit
(position #2 of the modified exit slit plate), and ~5000 for 33S™ (L1)
and 3*S~ (H1) with a 250 pum width exit slit (position #2 of the standard
exit slit plate), respectively.

Each analysis consisted of 10 seconds (s) for pre-sputtering, 80 s
for centering of secondary ions to the field aperture, and 80 s for
measurement. Average count rates for 25~ confirmed stability of indi-
vidual analyses. A typical count rate of >25~ signal was ~5 x 10° counts
per second (cps) for pyrite analyses. To monitor the magnitude of inter-
ference from ?SH™ to the 33S~ signal, the >>SH™ peak was measured
after each analysis by scanning the deflector that is located between
the electromagnet analyzer and the FC detectors (Heck et al., 2010;
Williford et al., 2011). The ratio of the 32SH™ tail at the 33S™ peak posi-
tion relative to the **SH™ peak (**SH — 41/**SH ™ peak) Was determined
to be ~1 x 1077 in the same session, and this ratio and the 32SH™~
peak count rate were used to correct the contribution of the 2SH™ tail
signal to the >3S™ peak. A typical count rate of >>SH™ peak signal of
the samples was 1.2 x 107 cps and the height of the tail under the 33S
peak was about 100 cps. Thus, correction for 3?SH™ contribution
to the 33S~ peak (~4.1 x 107 cps) was less than 0.01%. (Table S4 in
Electronic Annex), which is negligible relative to the spot-to-spot repro-
ducibility (typically 40.05%., 2 SD in A*3S).

3.1.2. Sulfur isotope data reduction

Every five to 12 analyses of pyrite samples were bracketed by a total
8 to 10 standard UWPy-1 analyses. Instrumental biases and analytical
reproducibility for 534S, A33S, and A3S of pyrite samples were deter-
mined by average values and 2 SD of these bracketing standard analyses
(Valley and Kita, 2009; Williford et al., 2011).

The methods for the data reduction were similar to the sulfur
three-isotope analyses by Williford et al. (2011). Measured ratios
of 345/325, 335 /325, and 3°S/32S were divided by Vienna Canyon Diablo
Troilite (VCDT) values (345/32S = 1/22.6436, >3S/°2S = 1/126.948, and
365325 = 1/6515, Ding et al., 2001) and were calculated as “raw”
d-values, 6>4S 2w, 6°>S;aw, and 63°S,.., respectively. Correction for
32SH™ contribution to the *3S™ peak was applied at this step. In this
study, equations of mass-dependent fractionation of sulfur isotopes
were employed:

&'S(unknown) = {(iS/3ZS) /(15/325) - 1} x 1000
(1 + 6335/1000) - (1 + ua%k‘??/vqooo)“‘"“"vm

(1 +8°s/1000) = (1 + $/1000)"°
where i = 33, 34, or 36 (Farquhar et al., 2007a).

Correction factors of the instrumental bias of 534S, A>3S, and AS for
pyrite measurements were determined using 6>*S;aw, 6>>Sraw, and
55S,.w values of bracketing analyses of UWPy-1 (52*S = 16.04%.
VCDT, A*3S = 0.00%., and A3®S = —0.21%,, Table 1) as follows:

Qs (PyTite) = {1 n 834SraW(UWPy—1)/1OOO}/1.01604 1)
Bias <A33S) = A®S,, (UWPy-1) 2)

where A*3S,,,(UWPy-1) = §>3S,2w(UWPy-1) — 1000 x {(1 + §34S-
raw(UWPy-1)/1000)°°"° — 1}

Bias(A365) = A%S,,(UWPy-1) + 0.21 3)

where A%5S,..,(UWPY-1) = 655, (UWPy-1) — 1000 x {(1 + 6>*S,aw
(UWPy-1)/1000)"° — 1}.

Values of 6315, A*3S, and A35S of pyrite samples were calculated
using measured values of pyrite samples and correction factors as
follows:

5>*S(sample) = 1000 x {(1 + 634Sraw(sample)/1000) /oty (Pyrite) — 1}

(4)
APS(sample) = 8°°S,,,, (sample) — 1000
x {(1 + 8y (sample) /1000) 7" — 1}
- Bias(A33S) (5)
A*°S(sample) = 6°S,, (sample) — 1000
x {(1 + 65 (sample) /1000 — 1}
- Bias(A3GS) (6)

The same correction factors of A*3S and A*5S were applied for pyrite
samples that have a different §>S value. This assumption is supported
by analyses of the two standard pyrites UWPy-1 and Ruttan pyrite
(see Section 4.1.1).

3.2. Additional experimental tests for 3°S

In this study, large apparent instrumental bias for >°5/>2S (Bias(A36S))
of approximately —20%. (see Section 4.1.1) was consistently obtained.
Large apparent instrumental biases (approximately — 30%.) for 6S/22S
were also observed by Farquhar et al. (2013) and Roerdink et al.
(2013) (e.g. Table S1 for Farquhar et al.,, 2013 and Tables S1 and S2 for
Roerdink et al., 2013, respectively) although it is difficult to compare
these values to those in this study because of different detector settings
(an EM detector was used to measure ®S™ signal in previous studies
but all sulfur four-isotope signals were measured by FC detectors in
this study). To understand the cause of this anomalously large instru-
mental bias for 365, additional tests (sessions 2 and 3) were performed.
Here, we briefly describe the new analysis settings and the purpose of
these tests. Detailed descriptions of experimental tests are provided in
Electronic Annex.

3.2.1. Oxygen two-isotope test analysis (session 2)

Because a measured large apparent instrumental bias for 26S/32S
might be caused by lower sensitivity of the H’2 FC detector, which
was used to detect 365~ jons, relative to other FC detectors, oxygen
two-isotope analyses of the quartz standard UWQ-1 (6'0 = 12.33%.
VSMOW, Kelly et al., 2007) were performed to evaluate relative sensi-
tivity between H1 and H'2 FC detectors with two different detector
configurations: (1) the L'2 (10'° Q resistor for '°0~) and H1 (with
10'" Q resistor for ¥ 0™) FC detector settings, and (2) the L'2 (1°0™)
and H'2 (10! Q resistor for '¥0™) FC detector settings. If a lower sensi-
tivity of the H’2 FC detector was the cause of the large apparent instru-
mental bias for 365/32S, detectable change was expected in results of
oxygen two-isotope analyses with configurations (1) and (2).

Further analytical conditions of session 2 are provided in section S1
in Electronic Annex. Results are shown in Section 4.1.2.

3.2.2. Sulfur isotope analysis with the axial FC2 Faraday cup detector and
peak-switching mode (session 3)

Additional analyses of only the three less abundant sulfur isotopes
(33s~, 345, and 3557) of UWPy-1 were performed using the axial FC2
detector (Faraday cup with 10'" Q resistor) operated by magnetic
peak switching. In this session, the major isotope 32S signal was not
measured because the count rate of >25~ ions exceeded the detection



Table 2
Raw sulfur four-isotope ratios of sulfide standards at WiscSIMS.
Mineral, analysis # Order in Fig. 2* &S,  2SD o 53Sw"  2SD 5°5S 0w 2SD A3S.w  2SD M5S0 2SD 326H~ tail! 32~ countrate  IP® 325~ yield
(%) (%0) (%) (%) (%) (%) (cps) (nA) (10° cps/nA)

UWPy-1 (Balmat pyrite)

(Session 1)
#5-8,n = 4 1 17.68 +0.35 1.0016 9.53 +0.17 13.04 +0.58 047 +0.03 —20.81 +0.46 0.00023 5.01E+09 4.20 1.19
#13-16,n =4 2 17.58 +0.04 1.0015 9.49 +0.03 12.67 +1.27 047 +0.02 —21.00 +1.30 0.00022 5.18E+09 437 1.18
#33-36,n = 4 4 1741 +039 1.0013 9.38 +0.24 12.59 +1.38 0.46 +0.04 —20.74 +0.65 0.00019 5.26E+09 4.56 1.15

(Session 4)
#5-9,14-17,n =9 6 1843 +0.05 1.0024 9.89 +0.05 1538 +1.23 044 +0.04 —19.94 +1.24 0.00021 5.07E+09 455 1.11
#18-23,29-32,n = 10 7 18.28 +0.27 1.0022 9.833 +0.14 14.98 +1.02 045 +0.03 —20.05 +1.01 0.00093 5.59E+09 5.16 1.08
#29-32,40-43,n = 8 8 1830 +0.42 1.0022 9.84 +0.21 15.46 +0.93 0.46 +0.03 —19.60 +0.64 0.00101 5.67E+09 5.21 1.09
#40-43,53-56,n = 8 9 1849 +0.39 1.0024 9.94 +0.21 16.02 +1.35 0.46 +0.06 —19.40 +1.11 0.00106 5.72E4-09 5.26 1.09
#53-56,69-72,n = 8 10 18.60 +0.17 1.0025 9.98 +0.13 16.07 +1.20 044 +0.06 —19.57 +1.25 0.00106 5.73E4+-09 5.27 1.09
#75-78,89-92,n = 8 11 18.60 +0.44 1.0025 9.98 +0.28 15.18 +1.05 044 +0.07 —20.46 +0.95 0.00098 5.65E+09 5.27 1.07
#89-92,102-105,n = 8 12 18.69 +0.52 1.0026 10.03 +032 15.64 +1.36 045 +0.06 —20.17 +0.94 0.00095 5.69E+09 5.26 1.08
#102-105, 116-119,n = 8 13 18.84 +0.10 1.0028 10.12 +0.07 16.23 +0.36 0.46 +0.04 —19.87 +0.41 0.00096 5.60E+09 5.21 1.07
#116-119, 125-128,n = 8 14 18.88 +0.07 1.0028 10.15 +0.06 16.34 +0.65 0.47 +0.06 —19.83 +0.62 0.00093 5.54E+09 5.14 1.08
#131-134, 143-146,n = 8 15 18.79 +0.44 1.0027 10.09 +0.25 16.07 +1.85 0.46 +0.05 —19.93 +1.16 0.00102 5.35E4+09 531 1.01
#147-150, 159-162,n = 8 16 19.06 +0.14 1.0030 10.22 +0.09 16.31 +0.73 045 +0.04 —20.20 +0.84 0.00176 5.61E4+09 5.16 1.09
#163-166, 176-179,n = 8 17 19.11 +0.12 1.0030 1027 +0.06 16.54 +0.77 047 +0.02 —20.09 +0.63 0.00138 5.75E4+09 5.32 1.08
#182-185,194-197,n = 8 18 19.23 +0.15 1.0031 1033 +0.06 16.50 +0.76 047 +0.03 —20.35 +0.70 0.00050 5.66E+09 522 1.08
#207-210,221-224,n = 8 19 1933 +0.10 1.0032 10.36 +0.07 17.10 +0.57 045 +0.04 —19.94 +0.56 0.00026 5.53E4-09 5.25 1.05
#221-224,230-233,n = 8 20 1932 +0.08 1.0032 1036 +0.06 17.08 +0.67 0.46 +0.05 —19.94 +0.64 0.00028 5.38E4+09 5.11 1.05
#236-239, 249-252,n = 8 21 1931 +0.23 1.0032 1037 +0.11 17.16 +1.31 047 +0.05 —19.85 +1.33 0.00008 5.33E4+09 5.09 1.05
#253-256, 267-270,n = 8 22 1942 +0.25 1.0033 1043 +0.12 17.08 +0.71 047 +0.05 —20.14 +0.65 0.00067 5.66E+09 534 1.06

Average 2SD of session 4 +0.23 +0.05 +0.86

Ruttan pyrite

(Session 1)
#21-24,n =4 3 291 +034 1.0017 1.96 +0.19 —15.23 +1.35 047 +0.04 —20.76 +1.03 0.00017 5.04E+09 438 1.15

(Session 4)
#10-13,n =4 5 3.63 +0.48 1.0024 2.32 +0.21 —12.50 +1.08 045 +0.04 —19.41 +0.57 0.00020 5.14E4-09 4.55 1.13

a

Order of data shown in Fig. 2 starting from left.

" The a is defined by the formula (1) in the Section 3.1.2.

c
d

e

Interference signal from the *?SHis corrected.

Amounts of correction (in %) of the interference *2SH ™~ signal to the >3S~signal.

The Cs* primary beam intensity.

06

66-98 (¥10Z) £8€ A50j02D [p211UaYY) / 0 32 OqIRYS L



T. Ushikubo et al. / Chemical Geology 383 (2014) 86-99 91

limit the detector. Because sulfur isotopes were detected by the same
detector at the axial position of the secondary ion optics, results of
these test analyses have no affect on different sensitivity among multi-
ple detectors or different trajectories of measured ions.

The baseline of the FC2 detector after detection of the >4S signal was
also measured because change of the detector's baseline could affect
measurements of 36S signal. Further information and analytical condi-
tions of session 3 are provided in section S2 in Electronic Annex. Results
are shown in Section 4.1.3.

4. Results
4.1. Standards
4.1.1. Sulfur four-isotope analysis (sessions 1 and 4)
Sulfur four-isotope analyses were performed in two separate ses-

sions (#1 and 4). Session 1 (one day) confirmed the analysis conditions
for sulfur four-isotope analysis and session 4 (four days in total) was for
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Fig. 2. Measured values of (a) 5>*S;au, (b) A®S,., and (c) A%6S,.,, of UWPy-1 and Ruttan
pyrite in sessions 1 and 4. Individual data points and errors are the averaged values of 4 to
10 analyses and their 2 SD, respectively. Measured values and the order of data starting
from left are provided in Table 2. Intervening data for samples are omitted for clarity.
The vertical dashed lines indicate sample changes.

analysis of standards and pyrite samples. Results for standard pyrites
(UWPy-1 and Ruttan pyrite) in both sessions are summarized in
Table 2. Fig. 2 exhibits average 6>4S ., A>3S,.w and A5S,,,, values of
standard analyses (n = 4 to 10) according to the order of analysis
time for each pyrite standard. The correction factors for instrumental
biases of 84S (ogims(pyrite)), A33S (Bias (A*3S)), and A%®S (Bias
(A35S)) values of UWPy-1 were 1.0013 to 1.0033, 0.44 to 0.47%., and
—21.00 to — 19.40%,, respectively. Those determined by Ruttan pyrite
data (using %S = 1.2%., Crowe and Vaughan, 1996) were 1.0017 to
1.0024, 0.45 to 0.47%., —20.76 to —19.41%,, respectively (Table 2).
Note that the bias for A%°S was significantly different in these two ses-
sions due to different tuning conditions. Thus, as observed in many stud-
ies, it is necessary to run appropriate standards in each analytical session
(see, Kita et al., 2009; Valley and Kita, 2009). For these carefully pre-
pared sample mounts, the sample exchange did not affect the raw values
(Fig. 2), which was also found to be true for oxygen isotope analysis
(Kita et al., 2009). However, as a precaution, a standard (UWPy-1) was
mounted in the center of each mount and we recommend this proce-
dure for similar studies.

The average value of spot-to-spot reproducibility (42 Standard
Deviation, 2 SD) of 6>4S, A%3S, and A°S of eight bracketing analyses of
UWPy-1 in the session 4 were + 0.23, 4-0.05, and =+ 0.86%., respectively
(Table 2). The reproducibility of A33S (£0.05) of this session is better
than that of the former sulfur three-isotope analysis (+0.09; Williford
etal,, 2011) because a higher signal to noise ratio for the 33S* detection
was achieved due to use of a higher intensity primary beam (~5 nA,
~20 um in diameter) than that for the sulfur three-isotope analysis
(~1.5nA, ~10 um in diameter).

4.1.2. Oxygen two-isotope test analysis (session 2)

Oxygen two-isotope ratios of the quartz standard UWQ-1 were mea-
sured with two different detector configurations (see Section 3.2.1 for
the detector configurations). Four measurements of '0 were performed
in each configuration and 6'80,,,, values (6.48 + 0.32%o, 6.65 & 0.18%o,
n = 4, 25D, for configurations #1 and #2, respectively) were consistent
within analytical uncertainty (Table 3). These results indicate that the
difference in relative sensitivity between H1 and H’2 FC detectors is
~0.5%o. at most.

4.1.3. Sulfur isotope analyses with the axial FC2 Faraday cup (session 3)
Results of sulfur isotope analyses (>3S, 3S, and 355) with a single FC
detector (the axial FC2) are summarized in Table 4. In this session, the
335~ signal is used as the denominator of the sulfur isotope ratios be-
cause the 32S™ signal was not measured. The §34/33S,,, and 6°¢/33S ..,
are defined as deviations expressed by %. from VCDT values of 24S/23S
and 365/33s ratios (Ding et al., 2001, see also section S3 in Electronic
Annex).
Average values of UWPy-1 were 6>4/33S ., = 5.7 + 1.1% and 5>¢
raw = — 1.3 & 5.0%. (2SD, n = 8), respectively (Table 4). Repro-
ducibility of sulfur isotope analyses with a single FC detector in this ses-
sion was worse than that of sulfur isotope analyses with multiple FC
detectors in sessions 1 and 4 because analysis with a single FC
detector cannot compensate for either fluctuation or drift of secondary
ion count rates during the analysis. Longer analysis time with a single

335

Table 3
The average 6'20;.,, values of UWQ-1 quartz standard with different analytical settings at
WiscSIMS.

Configuration® # of analysis 5'80au” 2SD
(1)L'2 + Hl 4 6.48 1032
()12 + H2 4 6.65 +0.18

2 Configurations are described in the Section 3.2.1.
b 51804 is defined as {(*¥0/'°0)measure/0.0020052 — 1} x 1000.
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Table 4

Raw sulfur isotope ratios and count rates of baseline of UWPy-1 pyrite standard by the axial Faraday cup.

Analysis # Sample Sulfur isotope ratios Count rates (cps)
St 2SEP 593,70 2SEP ARPS,,© 2SEP s 345~ 365~ 5safter s 11 s after s
Isotope analysis
#1 UWPy-1 439 +061 —47 +33 —173 +2.7 4.22E+07 238E+08  8.18E+05
#2 UWPy-1 599 +0.77 —-08 +36 —18.0 +28 4.03E+07 227E+08  7.84E+05
#3 UWPy-1  5.79 40.60 21 +45 —145 +34 4.05E+07 228E+08  7.90E+05
#4 UWPy-1 594 +0.76 =27 +33 —197 +2.6 4.07E+07 229E+08  7.90E+05
#5 UWPy-1  5.86 +0.73 1.0 +39 —158 +3.8 4.09E+07 230E+08  7.97E+05
#6 UWPy-1  5.76 +0.93 0.5 +36 —16.1 +24 391E+07 220E+08 7.61E+05
#7 UWPy-1  6.02 +£076 —12 +30 —185 +22 3.93E+07 222E+08  7.65E+05
#8 UWPy-1  5.74 +069 —43 +40 —208 +3.7 3.92E+07 221E+08  7.61E+05
Average (+2 SD) 5.7 +1.1 —-13 +50 —176 +4.2 4.03E+07 227E+08  7.83E+05
Baseline count rate test
#9 UWPy-1 461E+07 2.62E+08 246E+03 3.15E+02
#10 UWPy-1 4.59E+07 2.60E+08 1.44E+03 1.09E+03
#11 UWPy-1 437E+407 2A7E+08 1.66E+-03 —8.81E+01
#12 UWPy-1 4.36E+07 2A7E+08 —1.42E+4-02 1.04E+4-03
#13 UWPy-1 4.25E+07 241E+08 1.44E+03 6.64E+02
#14 UWPy-1 4.06E+07 2.30E+08 5.03E4-02 1.93E+-03
Average (42 SD) 437E+407 2A48E+08 1.2E403 8E+02
+42E+06  +2.4E+07 +1.8E+03 +1.4E+03

2 The 8/23S,,, values (i = 34, 36) are defined as {('S/**S)raw/ ('S/**S)vcrp — 1} x 1000.
b 2 SE of measured ratios of 20 cycles in each analysis.

¢ Due to significant drift of measured 5>#S,.,,, and 5°%/>>S,,,, values within each analysis, the A*®”*3S,.,,, value of each analysis is determined as the average A%%33S ., value of individual

20 cycles using the formula (xi) in section S3 in Electronic Annex.
4 FC baseline count rate at 5 s after measurements of >4~
¢ FC baseline count rate at 11 s after measurements of 345~

FC detector than that with multiple FC detectors (400 s vs. 180 s) can in-
crease the influence of variation of secondary ion count rates. Because
systematic changes in 6>33S,,,,, values in this session, which consistently
decreased by approximately 4%., were recognized within single analyses
(Fig. S2b in Electronic Annex), deviation of 2°S/3S ratio from the mass-
dependent fractionation (A%%33S, defined by formula (xi) in section S3
in Electronic Annex) was calculated using 6>#*3S,.,, and 6°°3S ., values
for each cycle and the average A%%3S value of all cycles was reported
as the result of a single analysis. The average A*%33S value of eight
UWPy-1 analyses was —17.6 + 4.2%. (2 SD, Table 4).

The results of the baseline count-rate measurements of the axial FC2
FC detector are also shown in Table 4. The baseline count rates of the
axial FC2 detector at 5 s after the detection of the 3*S™ signal tend to
show positive values (five out of six measurements show positive
values, average = (1.2 + 1.8) x 10> cps, 2 SD), suggesting measured
current by the FC amplifier was slightly higher than the intensity of nor-
mal dark current. Since the baseline count rates at 11 s after the detec-
tion of the 4S™ signal also tend to show positive values (five out of
six measurements, average = (0.8 + 1.4) x 10° cps, 2 SD). In session
3, the 3°S™ signal was measured at 5 s after detection of 34S™ signal.
Results of the baseline count-rate measurements suggest that the base-
line count rate of the axial FC2 detector could have been higher
than normal by ~1000 cps when the S~ signal was measured. Al-
though an increase of the baseline count rate of ~1000 cps was negligi-
ble for 335~ (~4.0 x 107 cps) and 2*S™ (~2.3 x 108 cps), this would cause
a positive offset by 1 to 2%, for 265~ (~7.8 x 10° cps). True &°°33S,.,,
and A3¢3S values could be 1 to 2%. lower than the measured
value, resulting in values that are about 19%. lower than the expected
52633, and A3%33S values.

In summary, sulfur isotope analyses (>3S, 34, and 3°S) with a single
FC detector were performed and the measured ¢S/>3S ratio by the sin-
gle FC detector was about 19%. lower than the expected value (—19 +
4%.) given an offset of the baseline count rate of the axial FC2 detector.
As we described in Section 4.1.1, the measured °S/22S ratio by multiple
FC detectors in sessions 1 and 4 was also lower than the expected value
by about 20%.. Large apparent instrumental biases for 2°S measurement

of approximately — 19%. were consistently observed by measurements
with both a single FC detector and multiple-FC detectors.

4.2. Detrital Archean pyrite grains in ~2.4 Ga glaciogenic sandstone
(session 4)

Sulfur isotope ratios of 25 detrital pyrite grains from glaciogenic sand-
stone (MB190583) of the ~2.4 Ga Meteorite Bore Member of the Turee
Group were measured in session 4. As we described in Section 4.1.1,
the calculated A5S,,,, values of the UWPy-1 standard normalized to
the 365/32S ratio in Ding et al. (2001) consistently exhibit offset by ap-
proximately —20%. (Table 2) for the simultaneous sulfur four-isotope
analyses with multiple Faraday cups. This 20%. offset in 3°S/2%S will be
discussed below. Regardless of the reason, it does not cause systematic
error in comparing values of 3%S relative to the UWPy-1 standard
(A3%S = —0.21 & 0.24%., Table 1) (see Section 5.1.4). Sulfur isotope ra-
tios of 84S, A3S, and A3®S, of detrital pyrite grains are summarized in
Table 5, after correction for instrumental biases. Uncertainties of sulfur
isotope ratios of samples are from 2 SD of bracketing standard pyrite
analyses and uncertainty of sulfur isotope ratios of UWPy-1 (Table 1).
Since sulfur three-isotope ratios of 23 out of 25 pyrite grains were re-
ported in Williford et al. (2011), previous data were also listed in
Table 5 for comparison.

Most pyrite grains have positive values in 8>*S (up to 13.5% VCDT)
and A%3S (up to 11.66%.) (Fig. 3a). One rounded pyrite grain (g30,
Fig. 1c) was analyzed twice and has distinct and heterogeneous sulfur
isotope ratios (8>S = —32.7% and —27.4%., A*3S = —2.74%. and
—3.03%., respectively, Fig. 3a, Table 5). Many pyrite grains have a signif-
icant anomaly in A®%S, and the A*3S and A36S values of each pyrite grain
are distributed along a linear trend (Fig. 3b). The g30 pyrite grain has
the highest A®5S value (A3®S ~ 4.6%.) among detrital pyrite grains in
this study.

The A33S and A3S values of the pyrite aggregate (g9, Fig. 1f) deviate
from the linear trend of other pyrite grains (Fig. 3b). The calculated
regression line of the A*3S — A35S linear trend, excluding data of the
pyrite aggregate g9, is A*®S = (—0.96 + 0.10) x A®S + (0.72 £ 0.38)



Table 5

Sulfur four-isotope ratios of detrital pyrites in glaciogenic sandstone (190583) measured at WiscSIMS.

Grain, analysis # Shape This study Williford et al. (2011)
84S 2SD 52352 2SD 52652 2SD ABS 2SD A%6s 2SD 326H™ tail® 325 yield 5>4s¢ 2SD ABS 2SD
(% VCDT) (% VCDT) (%o VCDT) (%) (%) (%) (10° cps/nA) (%o VCDT) (%)
gl, #24 Rounded 13.30 +0.33 16.96 +0.17 16.67 +1.21 10.13 +0.03 —874 +1.04 0.0014 1.08 13.82 +0.26 10.17 +0.10
, #68¢ 13.46 +0.25 1713 +0.14 16.00 +1.36 10.22 +0.06 —-9.73 +1.27 0.0016 0.94 13.16 +0.26 10.00 +0.10
g1 average 13.39 +0.20 17.03 +0.11 16.46 +0.89 10.15 +0.03 —-9.13 +0.80
g2, #25 Rounded 3.67 +0.33 241 +0.17 6.85 +1.21 0.53 +0.03 —-0.12 +1.04 0.0074 1.07 3.68 +0.26 046 +0.10
g3, #26 Anhedral 2.58 +0.33 2.68 +0.17 3.75 +1.21 1.35 +0.03 —1.16 +1.04 0.0062 1.08 253 +0.26 140 +0.10
g4, #27 Rounded 5.76 +0.33 6.07 +0.17 8.93 +1.21 311 +0.03 —2.04 +1.04 0.0015 1.07 5.74 +0.26 31 +0.10
g7, #28 Rounded 1.60 +0.33 1.70 +0.17 322 +1.21 0.88 +0.03 0.17 +1.04 0.0010 1.07 211 +0.23 091 +0.12
g8, #33 Rounded 11.38 +045 751 +0.23 20.63 +1.11 1.66 +0.03 -1.10 +0.68 0.0011 1.08 11.10 +0.23 1.69 +0.12
g9, #35 Aggregate 4.77 +045 3.07 +0.23 6.85 +1.10 0.61 +0.03 —223 +0.68 0.0092 1.06 - - - -
, #57 4.36 +0.25 2.80 +0.14 6.12 +1.36 0.55 +0.06 —-2.19 +1.27 0.0092 1.02 - - - -
g9 average 448 +0.22 291 +0.12 6.31 +0.73 0.60 +0.02 —222 +0.60
g10, #36° Anhedral —-041 +045 0.63 +0.23 —0.83 +1.10 0.84 +0.03 —0.05 +0.68 0.0022 0.99 —1.57 +0.23 047 +0.12
g13, #37 Subhedral 248 +045 2.26 +0.23 6.02 +1.10 0.98 +0.03 131 +0.68 0.0016 1.06 271 +0.23 0.97 +0.12
, #38 274 +045 242 +0.23 547 +1.10 1.01 +0.03 0.26 +0.68 0.0012 1.06 2.85 +0.23 1.04 +0.12
g13 average 261 +0.32 234 +0.17 5.75 +0.78 1.00 +0.02 0.78 +0.48
g14, #39 Rounded® 1.06 +045 0.59 +0.23 2.69 +1.10 0.04 +0.03 0.68 +0.68 0.0014 1.02 2.00 +0.14 0.15 +0.12
g18, #44 Subhedral 641 +043 332 +0.23 1238 +1.40 0.03 +0.06 0.17 +1.13 0.0061 1.08 6.19 +0.14 0.05 +0.12
820, #45 Rounded 1.76 +043 239 +0.23 2.65 +1.40 148 +0.06 —0.70 +1.13 0.0023 1.06 148 +0.14 1.53 +0.12
g21, $46 Rounded 224 +043 2.02 +0.23 342 +1.40 0.87 +0.06 —0.84 +1.13 0.0009 1.07 212 +0.14 0.80 +0.12
g24, #47 Anhedral 279 +043 594 +0.23 1.12 +1.40 4.50 +0.06 —4.18 +1.13 0.0011 1.05 3.29 +0.17 4.36 +0.09
229, #48 Rounded' 0.16 +043 0.08 +0.23 134 +1.39 0.00 +0.06 1.04 +1.13 0.0017 1.06 0.07 +0.17 —0.05 +0.09
, #49 0.15 +043 0.03 +0.23 149 +1.39 —0.05 +0.06 1.20 +1.13 0.0012 1.06 - - - -
g29 average 0.15 +0.30 0.05 +0.16 141 +0.99 —0.03 +0.04 1.12 +0.80
g30, #50 Rounded —32.72 +043 —19.72 +0.23 —56.65 +1.38 —2.74 +0.06 4.59 +1.13 0.0060 1.06 —-31.97 +0.17 —245 +0.09
, #51 —2740 +043 —17.24 +0.23 —46.82 +1.38 —3.03 +0.06 4.61 +1.13 0.0067 1.05 —28.09 +0.17 —3.57 +0.09
g30 average —30.06 +3.76 —18.48 +1.75 —51.74 +6.99 —2.89 +0.21 4.60 +0.80
g31, #52 Anhedral 2.96 +043 354 +0.23 4.46 +1.40 201 +0.06 —-1.17 +1.13 0.0011 1.07 3.00 +0.14 2.09 +0.10
g44, #66 Rounded —6.23 +0.25 —-215 +0.14 —10.68 +1.36 1.06 +0.06 1.11 +1.27 0.0019 1.09 0.93 +0.14 1.00 +0.10
g45, #58 Rounded 4.64 +0.25 6.98 +0.14 4.59 +1.36 4.60 +0.06 —4.24 +1.27 0.0010 1.10 4.56 +0.24 4.62 +0.09
, #59 4.96 +0.25 721 +0.14 5.72 +1.36 4.66 +0.06 —3.73 +1.27 0.0010 1.09 4.98 +0.14 4.53 +0.10
g45 average 4.80 +0.18 7.10 +0.10 5.16 +0.96 4.63 +0.04 —3.98 +0.90
g46, #60 Anhedral 12.96 +0.25 1831 +0.14 16.01 +1.36 11.66 +0.06 —875 +1.27 0.0016 1.07 12.71 +0.24 11.73 +0.09
g48, #61 Anhedral 248 +0.25 3.66 +0.14 3.04 +1.36 238 +0.06 —1.68 +1.27 0.0062 1.09 275 +0.24 237 +0.09
850, #65 Anhedral® 3.74 +0.25 299 +0.14 6.35 +1.36 1.06 +0.06 —0.78 +1.27 0.0028 1.08 4.20 +0.24 1.00 +0.09
g53, #64 Rounded 0.89 +0.25 0.56 +0.14 1.47 +1.36 0.10 +0.06 —0.22 +1.27 0.0011 1.09 0.77 +0.19 0.06 +0.08
54, #62 Rounded’ 4.81 +0.25 8.04 +0.14 354 +1.36 5.56 +0.06 —5.63 +1.27 0.0041 1.05 4.99 +0.19 539 +0.08
, #63 4.73 +0.25 8.15 +0.14 3.18 +1.36 571 +0.06 —5.83 +1.27 0.0049 1.02 - - - -
g54 average 4.77 +0.18 8.09 +0.10 3.36 +0.96 5.64 +0.04 —5.73 +0.90
858, #67 Rounded 3.90 +0.25 5.50 +0.14 441 +1.36 349 +0.06 —-3.01 +1.27 0.0011 1.09 - - - -

2 Values are calculated based on measured >*Sycpr, A*S, A>®S values and equations of mass-dependent sulfur isotope fractionation.
> Amounts of correction (in %o) of the interference >SH™ signal to the >*Ssignal.

c
d
e
f

Data are recalculated using new sulfur isotope ratios of UWPy-1.

The analysis partially miss pyrite grain (~80% pyrite and ~20% silicates).
The analysis pit contains many quartz inclusions.

Pyrite contains many silicate inclusions.
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Fig. 3. Sulfur isotope compositions of detrital pyrite grains in the glaciogenic sandstone,
MB190583, from the 2.4 Ga Meteorite Bore Member of the Turee Creek Group. (a) 6°S
vs. A*3S, and (b) A*S vs. A*5S of individual pyrite grains (filled symbol = single analysis
data, open symbol = averaged values of multiple analyses, Table 5). Pyrite grain names
that have distinct sulfur isotope ratios are shown. The dashed line in (a) indicates the
slope = —0.89 Archean reference array (Ono et al., 2009b). The dashed line in (b) is the
regression line (A%%S = —0.96 x A®3S + 0.72) of detrital pyrite grain data (excluding
g9). The dashed-dotted line in (b) indicates the slope = —6.85 line observed in sedimen-
tary sulfides of Phanerozoic age (Ono et al., 2006b).

[MSWD = 24, errors are 95% confidence, see also Fig. S3 in Electronic
Annex].

5. Discussion
5.1. Evaluation of in situ sulfur four-isotope analysis of pyrite

5.1.1. Reproducibility of 8**S, A>3S, and A®°S values of bracketing standard
analyses

Values of two standard deviation (2 SD) of bracketing standard anal-
yses (n > 8) are £ 0.05 to +0.52%. (average = =+ 0.23%s) for 5>4S, +0.02
to +0.07%. (average = +0.05%) for A*>S, and +0.41 to +1.33%.
(average = +0.86%.) for A35S (Table 2). The reproducibility of the A36S
value is comparable with those of previous studies using an EM detector
for the 3°S measurement: 0.42 to 1.34%. (2 SD, Whitehouse, 2013), ca
1.0%. (2 SD, Roerdink et al., 2013), and 0.5%. (2 SD, Farquhar et al.,
2013). We used a higher intensity beam (4.5 to 5.3 nA in this study vs.
2.5 to 4 nA in previous studies) and a FC detector for measurement of
365, Use of a FC detector is advantageous because the sensitivity of a FC
detector is stable and no detectable drift of sensitivity occurs within a sin-
gle analysis, but such drift is common with an EM, especially at higher
count rates. In addition, as shown in Section 4.1.2, the difference in

relative sensitivity among multiple FC detectors is very small (e.g. less
than 0.5%. between H1 and H’2 FC detectors). For these reasons, we
could reduce process of data reduction and uncertainty and the results
by FC detector for 3°S are more accurate than if using an EM detector.
Changes of FC amplifier design (e.g., £ 0.41%,, 2 SD, Ireland et al., 2014)
may lead to further improvements in accuracy and precision for in situ
sulfur four-isotope analysis.

Higher precision measurements of A>3S are another benefit to using
multiple FC detectors because of higher count rate of 33S™ relative to
that of analysis with an EM detector for measurement of S, The aver-
age reproducibility of A*3S (£ 0.05%., 2 SD) in this study is better than
those of previous studies (£ 0.22%. for Whitehouse, 2013, £ 0.4%. for
Roerdink et al., 2013, £ 0.08%. for Farquhar et al., 2013, and + 0.46%.
for Ireland et al., 2014). Improved reproducibility of §*4S value is possi-
ble through careful tuning of the primary beam conditions. This will be
discussed in the following section.

5.1.2. Significance of the primary beam condition for sulfur isotope analysis

Instrumental bias varied according to different analytical conditions
used in this study by up to 1%.. For example, the §>4S_,,, values of both
UWPy-1 and Ruttan pyrite of session 4 were consistently higher by
~1%. than those of session 1 (Fig. 2a). In addition, the §3S,.,,, values of
UWPy-1 systematically increased by ~1%. throughout session 4, leading
to drift in the correction factor of the instrumental bias for §*S value
(aspvs(pyrite)) (Fig. 2a, Table 2). It is unlikely that this drift was caused
by change of either baseline or efficiency of FC detectors because no sig-
nificant drift was observed for the A*>S and A5S values (Fig. 2b and c),
which can be more sensitive to detector's condition than the 534S value
because count rates of >3S~ and S~ signals are lower than those of 32S
~ and 34S~. The observed drift is apparently mass-dependent and is
probably the result of changing instrumental mass-dependent fraction-
ation caused by gradual increase of primary beam size during the
session.

Fig. 4a and b shows analysis pit shapes at the beginning and the end
of session 4. It is evident that the primary beam aperture which adjusts
the primary beam shape was worn away by sputtering of 10-kV-
accelerated Cs™ ion beam and the primary beam size was getting larger
throughout analysis session. Since the primary beam intensity was set
at ~5 nA, the analysis pit depth would become shallower as the pit
size became larger toward the end of analysis session. This subtle
change of primary beam condition probably affects the instrumental
bias for 6>4S value, agus(pyrite), because the magnitude of drift of
6245, for each cycle within a single analysis became smaller toward
the end of session 4 (Fig. 4c), resulting in the internal error (2SE) of
the 634S,.. values of 20 cycles within each analysis becoming smaller
(e.g., +0.23%. for analysis #23 and + 0.03 for analysis #268, respective-
ly, Table S4 in Electronic Annex). Diminishing the change of 6>4S,,.,
within each analysis is consistent with the increase of 6>4S,.,,, of each
analysis, which corresponds to increase of aspys(pyrite). In addition,
significant increase of the sulfur ion yield was observed after a certain
period of time (e.g., Fig. S2a in Electronic Annex). Because the timing
of increase of the sulfur ion yield became earlier when a smaller beam
with the same intensity (resulting deeper analysis pits) was applied,
the sulfur ion yield seems to be also sensitive to the analysis pit depth.
A slightly defocused primary beam (~20 pum in diameter) was applied
instead of a well-focused primary beam (~15 pm in diameter) for all sul-
fur four-isotope analysis sessions to accomplish each analysis before a
significant increase of the sulfur ion yield (Fig. S2a in Electronic Annex).

Because the drift of instrumental bias for §>4S was gradual and be-
cause the internal error of each analysis is comparable to the reproduc-
ibility of spot-to-spot analyses, frequent measurements of UWPy-1
(e.g., bracketing analyses after 10 to 20 sample analyses) are enough
to represent uncertainty of sample analysis. However, if primary beam
conditions changed more rapidly, then a much larger internal error
could occur due to larger drift and it would be difficult to achieve sub-
permil precision and accuracy of 6>*S values. A slightly defocused
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Fig. 4. Examples of analysis pit shape and measured sulfur isotope ratios. BSE images of an
analysis pit of (a) the first day (analysis #23) and (b) an analysis pit of the fourth day of
session 4 (analysis #268). The primary beam formed flat-bottom pits. The outermost
ring structures of analysis pits were formed by aberration of primary beam. (c) Compari-
son of temporal change of measured 5°4S ., values of individual cycles of the analyses #23
and #268 in session 4. Temporal change in **S~ count rate is shown in Fig. S2a in Electron-
ic Annex.

primary beam condition that diminishes changes of 5>*S.,, and the sul-
fur ion yield is an important factor to achieve high precision and accura-
cy of sulfur four-isotope analysis.

5.1.3. Consistency of correction factors of 5>4S, A>3S, and A®°S for pyrite
standards

The instrumental bias for 615 values (agps(pyrite)) determined by
analyses of UWPy-1 (84S = 16.04 & 0.18%, VCDT, Table 1) and Ruttan
pyrite (6*4S = 1.2 + 0.1%. VCDT, Crowe and Vaughan, 1996) were con-
sistent within analytical uncertainty (e.g., aspus(pyrite) =1.0024 +
0.0001 for UWPy-1 analyses #5-9 and #13-16, and 1.0024 + 0.0004
for Ruttan pyrite analyses #10-13 in session 4, respectively, Table 2).
Since Ruttan pyrite grains in this study were separated from the
same sample that was used in Crowe (1990), it is appropriate that
they have the same sulfur isotope composition as reported by
Crowe and Vaughan (1996). Contrary to the 834S,,, values, all the
A33S,,. values of both UWPy-1 and Ruttan pyrite were constant
within analytical uncertainty through the analysis sessions
(Fig. 2b). There was no significant correlation between the a-
sims(pyrite) values and the A33S,,,, values for each session (Fig. 5a).
These data indicate the following: 1) the same correction factor,
Bias(A*3S), can be applied to determine mass independent isotope
anomalies in 33S (A*3S) for pyrites that have different 6>*S values, and
2) the correction factor, Bias(A33S), is independent of changes of the in-
strumental bias, aispys(pyrite). The consistency of the correction factors,
Bias(A*3S), of UWPy-1 and Ruttan pyrite indicates that the same correc-
tion factor determined by running standard UWPy-1 can be applied to
estimate the A>3S values of samples with variable §>4S. The A3°S,,,,
values of both UWPy-1 and Ruttan pyrite are also constant within ana-
lytical uncertainty for each session (Fig. 2c). As is the case in the A®3S,,,,
values, no significant correlation was observed between the

0.8
(a)
0.6 F---mmmmmmmmmm o
< %G s
50.4 """"""i """" Q """"""
7 UWPYy-1
2 o sess!on 1
0.9 bemme ® session 4
Ruttan pyrite
O session 1
0.0 W session 4
1.000 1.001 1.002 1.003 1.004
16 asms(Pyrite)
(b)
e T
g
I s e ¢ A (P’ I V.
g’- -20 % ﬁ
]
I nen hEEEE T TR
24 , . ;
1.000 1.001 1.002 1.003 1.004
asms(pyrite)

Fig. 5. Comparisons of instrumental bias between UWPy-1 and Ruttan pyrites: (a) A*3S,
and ogyvs(pyrite) and (b) A*®S,.,, and aigps(pyrite).

asivs(pyrite) values and the A36S,,,, values for each session (Fig. 5b).
These results indicate that the correction factors of running standard
UWPy-1 (asus(pyrite) for 534S, Bias(A33S) for A>3S, and Bias(A35S)
for A3°S) can be applied to estimate sulfur isotope ratios of samples
with variable §*4.

The average A3°S,.,, values of the sessions 1 and 4 are different by
~1%. (Fig. 2¢). This difference could result from the differences in the
baseline calibration of the FC amplifiers. The baseline of the FC ampli-
fiers was measured for 64 s at the beginning of each session. Because a
typical count rate of 25~ is ~8 x 10° cps, uncertainty of the baseline cal-
ibration of about 4- 500 cps could cause a systematic bias of ~ 1% for the
A3°S,.,., values for every session. However, the consistent A>6S ., values
of standard pyrites are within 2SD of the bracketing analyses for each
session indicating that accurate values can be obtained if analyses of
the standard are performed frequently with the same analytical condi-
tion for the unknown sample analyses.

5.1.4.3%5/%2S ratio of VCDT deduced from ion microprobe analysis

A A%, value of approximately — 20%. (Table 2) was consistently
obtained for the simultaneous sulfur four-isotope analysis of UWPy-1 in
sessions 1 and 4. This indicates that the measured 36S/32S values are
lower by approximately 20%. than the 3°S/22S value derived using the
VCDT value of Ding et al. (2001) (1/6515). The sample-standard nor-
malization of the gas source mass spectrometry methods does not re-
quire an absolute 365/32S value for VCDT in order to determine A®°S.

There are several possible causes of the observed —20%. offset in
the A3S,.,., value by SIMS analysis: (1) the relative efficiency of the FC
detector at H'2 position which detected the 3°S~ signal was lower
than others by approximately 20%.; (2) scattered ions systematically
hit the flight tube of the mass spectrometer at mass higher than
36 amu causing an unexpected shift of the H’'2 FC baseline; (3) part of
the 365~ signal was irregularly blocked by an obstacle in the flight
tube or detectors after the electromagnet analyzer due to its outermost
trajectory among the measured signals; or (4) the 3°5/3S ratio of VCDT
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is smaller by approximately 20%. than the VCDT value estimated by
Ding et al. (2001) used to calculate §36S,.,,, and A3S,,,, values.

Hypotheses (1), (2), and (3) are unlikely because a deficit of >°S of
approximately 19%. was consistently observed by analyses with the
axial FC2 detector (session 3). In session 3, all three sulfur ions (*3S-,
345-, and 3%57) were detected by the same detector located at the axial
position of the mass spectrometer, so that neither a change of relative
sensitivity for individual ion detections (hypothesis 1) nor any effects
by interference signals or irregular loss by an obstacle in the secondary
ion path (hypotheses 2 and 3) are expected. In addition, results of the
oxygen two-isotope test analyses (session 2) described in
Section 4.1.2 indicate that the differences in relative sensitivity between
H1 detector and H'2 detector is ~0.5%. at most. Thus, hypotheses (1),
(2),and (3) have been evaluated and cannot account for the large differ-
ence in measured 3°S. Although the uncertainty of results of session 3
(~4%., 2 SD) is larger than those of sessions 1 and 4 (~0.9%., 2 SD)
due to a temporal variation of the secondary ion intensities during
the analysis with a magnet peak switching mode (Table 4, see also
Section 4.1.3), we adopt — 19 + 4%. for the discussion of 35S abundance
because we cannot tell the true instrumental bias for *S by analyses
with multiple Faraday cups.

In contrast to hypotheses (1), (2), and (3), hypothesis (4) proposes
that the SIMS data are correct and that the true VCDT 365/32S ratio is
lower by approximately 19%. (i.e., 1/6641 vs. 1/6515), explaining the
consistently lower 365~ signal for all of the different analytical settings.
This discrepancy is significantly larger than the reported uncertainty for
analysis of SFg in a single-detector gas-source mass spectrometer
(355/32S = 1/ (6515 =+ 20), ~3%. in 6°°S, Ding et al., 2001). However,
unlike the measurements of 325, 33S, and 34S abundances of the IAEA ref-
erence materials (IAEA-S-1, IAEA-S-2, and IAEA-S-3), the measurement
of 35S abundance of IAEA-S-1 was not calibrated by analyses of synthet-
ically enriched sulfur-isotope materials because of lack of 3S-enriched
starting material. If the conversion factor (defined as [f(>2S) / f('S)] /
[1(328) /I('S)], f = abundance of sulfur isotope, | = measured current
for each sulfur isotope by the detector of the instrument, i = 33, 34,
and 36; Ding et al., 2001) correlates with either mass difference or
ratio of measured currents, the conversion factor for *25/°°S could
be different from those for >2S/33S and for 32S/2“S. Ding et al. (2001)
reported the estimated 3°S abundance relative to >2S for VCDT as a
“calculated value”, which was treated separately from the 23S and 34S
abundances relative to 32S. Our data show that the *®S abundance of
VCDT is approximately 19%. less than the reported abundance. Further
absolute abundance analyses are required to refine the value for 36S
abundance of VCDT.

5.1.5. Meteorite bore samples

Fig. 6 exhibits comparisons of 6>S and A*3S values measured
by SIMS in this study and Williford et al. (2011). Because shapes of
most pyrite grains did not change after repolishing of the sample
mount, we could measure sulfur isotope ratios of similar domains
where Williford et al. (2011) measured. Although the primary beam
currents of this study are stronger and the spot sizes are larger (5 nA,
20 pm in diameter) than that of Williford et al. (2011) (1.5 nA, 10 pm
in diameter), more than 70% of data (19/27 for 6>*S and 20/27 for
A33S) are consistent within analytical uncertainties (2SD) and most
data are tightly distributed along the 1 to 1 line (Fig. 6). This indicates
(1) the 8>S and A33S analysis of pyrite sample by SIMS is reproducible
even though different primary beam conditions and different detector
settings (sulfur three-isotope vs. sulfur four-isotope) were used in
separate sessions, and (2) SIMS has capability to measure sulfur isotope
ratios of the same domains of individual pyrite grains as far as the same
domain remains after repolishing and removal of previous analysis pits.

There are several pyrite grains whose data deviate from the 1 to 1
line especially for the >4S values. Two analyses of the g30 pyrite grain
indicate that some detrital pyrite grains have highly heterogeneous
sulfur isotope ratios. This is consistent with results of previous sulfur
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Fig. 6. Comparisons of (a) 6>%S and (b) A*3S values of individual pyrite grains from this
study and Williford et al. (2011). The dashed lines indicate the 1:1 relation between this
study and Williford et al. (2011). Precision (2 SD) for individual analyses is smaller than
symbols.

3-isotope analyses of the same grain that vary by up to 9.4%. (see the
image s190583 g30 in Fig. S6 in the Electronic Annex of Williford
et al., 2011). For g44 and g10 whose data deviated from the 1 to 1
line, the sulfur isotope analysis points in this session are different from
where previously measured by Williford et al. (2011) because of chang-
es of the sample surface after grinding and removal of previous SIMS
analysis pits (Fig. S1 in Electronic Annex). It is likely that significant de-
viation of sulfur isotope data between two separate sessions (e.g., g10,
230, and g44 in Fig. 6) represent intra-grain sulfur isotope heterogeneity
of detrital pyrite grains.

5.2. Applications for Archean sulfur isotope systematics

The measurement of 35S in addition to sulfur three-isotopes (32,
335, and 34S) provides an additional constraint for better understand-
ing the sulfur isotope geochemistry of the near-surface environment
of Earth in the Precambrian. The origins of pyrite grains in the
glaciogenic sandstone (MB190583) may relate to atmospheric, oce-
anic, and biogenic conditions at the time of the GOE. As previously
discussed by Williford et al. (2011), the wide range of A33S values
(—3.03 to 11.66%., Fig. 6b, Table 5) of pyrite grains is distinct from
that of authigenic pyrite grains throughout the section of the same
outcrop (A*3S = — 0.8 to 1.0%; Williford et al., 2011), indicating
that these pyrite grains formed before deposition of the glacial sedi-
ment and were potentially derived from multiple sources of various
ages. Many data are distributed along a line with slope = 0.89 in the
§345-A33s plot (Fig. 3a) likely indicating that a major source of sulfur
was atmospherically influenced elemental sulfur (Sg) (Farquhar and
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Wing, 2003; Ono et al., 2003). Some pyrite data deviate from a line
with slope = 0.89 and are distributed between the line with slope
= 0.89 and the x-axis. These data likely result from mixing with el-
emental sulfur and 3*S-enriched seawater sulfate (e.g., Ono et al.,
2003; Kamber and Whitehouse, 2007). Negatively fractionated 534S
values (—6 to —30%.) are observed in pyrite grains g30 and g44, and
likely record microbial sulfate reduction.

The compiled A3S and A35S data of detrital pyrites (with the excep-
tion of g9) are distributed along a single line for A*3S vs. A®S (Fig. 3b).
This linear correlation and slope of about — 0.9 is consistently recog-
nized in Archean rocks from various ages and localities (Farquhar
et al., 2000, 2013; Kaufman et al., 2007; Ueno et al., 2008; Ono et al.,
2009a; Zerkle et al., 2012; Kurzweil et al., 2013; Roerdink et al., 2013).
However, distinct A>3S vs. A®%S correlations, which commonly have a
slope < —1, are also observed in multiple Archean samples (Ono et al.,
20063, 2009a; Farquhar et al., 2007b; Kaufman et al,, 2007; Ueno et al.,
2008; Thomazo et al.,, 2009, 2013; Zerkle et al., 2012; Whitehouse,
2013). Changes of the A>*®S/A%3S ratio could be caused by differences
in the Earth's atmosphere (Farquhar et al., 2007b; Kaufman et al.,
2007; Ono et al., 2009a; Zerkle et al., 2012) and the combination of
the sulfur cycle in sediments and biochemical effects (Johnston et al.,
2006; Ono et al., 2006b; Roerdink et al., 2013). It is likely that the
A365/A%3S values of sulfur reservoirs that formed Archean pyrite fluctu-
ated with time (e.g., Kaufman et al., 2007; Zerkle et al., 2012). In con-
trast, a tight distribution along a line with slope = —0.96 4+ 0.10 of
detrital pyrite grains in the glaciogenic sandstone (MB190583) suggests
that these pyrite grains derived from a limited range of source rocks
and near-surface sulfur reservoirs. The distribution of sulfur isotope ra-
tios of pyrite grains (Fig. 3) is similar to those of the Lower Unit of
the Mt. McRae Shale, Western Australia (Kaufman et al., 2007; Ono
et al.,, 2009b). Sedimentary rocks formed around the same time as the
Lower Unit of the Mt. McRae Shale (~2.50 Ga; Anbar et al., 2007)
might be a major supply source of pyrite grains in the glaciogenic
sandstone.

It is worth mentioning that two pyrite grains, g9 and g30, have
distinctive sulfur isotope ratios. Pyrite grain g9 is an aggregate of multi-
ple subhedral pyrite grains (Fig. 1f), suggesting that its formation pro-
cess was different from clearly detrital pyrites with rounded margins.
Sulfur isotope analyses from two spots confirmed that this grain ex-
hibits a small excess in 23S (A33S ~ 0.60%.), which is within the range
of authigenic pyrite from the rest of the section (— 1 to 1%., Williford
et al,, 2011), with significant deficit in 36S (A3S ~ —2.2%.) (Table 5).
On the A*3S-A3%6S plot, g9 deviates from the line with slope ~ —0.9
toward a slope — 6.85 line (A%°S/A*3S = —3.7 + 1.0, Fig. 3b), which
is proposed to result from a combination of a mass-dependent isotope
fractionation by biochemical processes and mixing of multiple isotope
reservoirs (Johnston et al., 2006; Ono et al., 2006b). Its characteristic
morphology and sulfur isotope ratios suggest that this pyrite aggregate
is authigenic, rather than detrital, and formed by biochemical activity
during, or after, sedimentation.

In contrast to g9, the rounded shape of pyrite grain g30 (Fig. 1c)
indicates a detrital origin. The S-MIF value (A33S ~ — 3%, A%°S ~ 5%.;
Fig. 3) of g30, which is consistent with the observed linear trend of
slope ~ — 0.9, suggests that the S-MIF signature of g30 is the inheritance
of a S-MIF signature of a sulfur source. However, the S-MIF signature of
230 is distinct from those of other detrital pyrite grains (Fig. 3b) and its
values are opposite in sign to the expected values of elemental sulfur.
The S-MIF signature of g30 may represent that of a complementary
sulfate component (e.g., Ueno et al., 2008). This pyrite grain has the
highly negative and variable >4S values (—32.7 to —27.4%. within a
~70 um pyrite grain, Fig. 6 and Table 5). Although heterogeneity of
§24S value can be explained by either changes in the biological fraction-
ation (e.g., Johnston, 2011) or Rayleigh-like processes leading to with
distillation of sulfur isotopes (e.g. Kakegawa et al., 1998), a small
but consistent negative correlation between 6>S and A33S in g30
(Williford et al., 2011; this study, Table 5) is consistent with the isotopic

systematics of the biological fractionation. Significant mass-dependent
fractionation of g30 is probably caused by bacterial sulfate reduction.

6. Conclusions

Here, we describe improved in situ sulfur four-isotope analysis tech-
niques with SIMS by enabling simultaneous measurement with four
Faraday cup detectors. A pyrite standard, UWPy-1, whose sulfur four-
isotope ratios were independently redetermined with gas-source mass
spectrometry in two laboratories, was used as a running standard for
SIMS analysis.

Typical reproducibility (42 SD) of spot-to-spot analyses of UWPy-1
standard with a primary beam diameter of ~20 um were 0.23%., 0.05%o,
and 0.86%. for 534S, A33S, and A3°S, respectively. A slightly defocused
primary beam condition that diminishes changes of §>4S,,,, and the sul-
fur ion yield is important to perform highly precise and accurate sulfur
four-isotope analysis. In situ SIMS analysis with four Faraday cup detec-
tors has important advantages for the study of sub-permil-level intra-
and inter-grain heterogeneity of sulfur four-isotope systematics with a
scale of 20 pm.

The abundance of 3°S relative to other sulfur isotopes measured by
SIMS with both a single FC detector and multiple-FC detector settings is
consistently ~19%. lower than the estimated VCDT value (Ding et al.,
2001). Our data show that the 3°5/32S ratio of VCDT is 1/ (6641 + 27).

Sulfur isotope systematics of detrital pyrite grains in ~2.4 Ga
glaciogenic sandstone were measured by our new technique. Pyrite
grains vary in sulfur isotope ratios (— 32.7 to 13.5 for 6>%S, —3.03 to
11.66 for A%3S, and —9.7 to 4.6 for A36S). The sulfur three-isotope
data match previous results using a different SIMS method. However,
sulfur isotope ratios of detrital pyrites (excluding one texturally distinct
pyrite aggregate) are distributed along a line with a slope = —0.96 +
0.10 for A33S vs. A®5S, This relation suggests that pyrite grains mostly
derived from a limited range of source rocks and a near-surface sulfur
reservoir (perhaps the ~ 2.50 Ga Lower Unit of the Mt. McRae Shale).
In contrast, the pyrite aggregate g9 has distinct morphology from
other pyrite grains in the glaciogenic sandstone and exhibits significant
deficit in 3¢S with a small excess in 335 (A%6S/A%3S = —3.7 4+ 1.0), sug-
gesting that this grain is not detrital in origin, but represents authigenic
pyrite formed by biochemical activity during, or after, sedimentation.
Recognition of a large negative mass-dependent fractionation (approx-
imately —30%. in 6°S) associated with heterogeneity in 5>*S within a
single detrital grain (g30) suggests that pyrite grains formed by bacteri-
al sulfate reduction could have sulfur isotope zoning.

This study demonstrates that pyrite grains in sedimentary
rocks could have intra- and inter-grain sulfur isotope heterogeneity
because of multiple pyrite-forming processes and that in situ sulfur
four-isotope analysis by SIMS resolves complex sulfur four-isotope
systematics and pyrite-forming processes in sedimentary rocks with a
scale of 20 pm.
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