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Abstract—We report sulfur isotope anomalies wi¥>S, the deviation from a mass-dependent fractionation

line for the three-isotope systemi*6f2S vs. 33Sf2S), ranging up to+2%. within individual Archean
sedimentary sulfides from a variety of localities. Our measurements, which are made in situ by multicollector
secondary ion mass spectrometry, unequivocally corroborate prior bulk measurements of mass-independent
fractionations (MIF) in sulfur and provide additional evidence for an anoxic atmosphere on the Earth before
~2 Ga. This technique also offers new opportunities for exploring ancient sulfur metabolisms preserved in the
rock record. The presence of MIF sulfur in sulfides from-3.8-Ga Fe-rich quartzite from Akilia (island),

West Greenland, is consistent with a marine sedimentary origin for this ra@épyright © 2003 Elsevier

Science Ltd

1. INTRODUCTION ment of 83S. The reason for this expectation is that most
physical, chemical, or biologic processes fractionate isotopes
because of the relative mass differences of the isotopomers
such that variations i3S are correlated with those B?“S.
Because the mass difference betw&&hand®2s is half of that
between®'S and®3S, any effects ir5*3S would be about half
those ind3*S. A more rigorous theoretical treatment leads to the
definition of an equilibrium mass-dependent fractionation line
given by 833S ~ 0.515 % 83'S (Bigeleisen and Mayer, 1947;
Hulston and Thode, 1965).

In the Earth’s crusts®*S values generally exhibit a small
range near 0%o for igneous (@ 5%o) and hydrothermal (&
10%o) rocks and ore bodies (Ohmoto and Rye, 1979; Ohmoto,
1986). Biologic (metabolic) processes typically result in much
larger isotopic fractionations and bacterial sulfate reduction
(Harrison and Thode, 1958) has been invoked to account for the
>150%o range ir6>*S from sulfates and sulfides in sedimentary
rocks (Nielsen, 1979; Schidlowski et al., 1983). Phylogenetic
inferences support the expectation that metabolic processing of
sulfur (such as elemental sulfur reduction) is probably an
ancient phenomenon (Stetter, 1996). As explained ab®Vs,
values are not known for many samples because they were

The record of sulfur isotopic variability has long been rec-
ognized as a powerful tracer for investigating igneous, meta-
morphic, sedimentary, hydrothermal, and biologic processes on
Earth (Thode et al., 1949). Sulfur is an abundant element in
marine systems (standard seawater {SIQ, = 29 mM; Mill-
ero and Sohn, 1992), and it has been utilized extensively as
evidence for biogenicity in sediments spanning the geologic
record (Goodwin et al., 1976; Monster et al., 1979; Schidlowski
et al., 1983; Schidlowski, 1989). The sulfur isotope geochem-
istry of ancient sediments is used to explore fundamental ques-
tions related to the early Earth, such as tracing the evolution of
sulfur metabolism and the appearance of sulfate-reducing bac-
teria (Monster et al., 1979; Schidlowski et al., 1983; Canfield
and Raiswell, 1999; Shen et al., 2001). More recently, it has
been argued that the sulfur isotope record has direct implica-
tions for tracing the rise of free oxygen in the atmosphere
(Berner and Petsch, 1998; Farquhar et al., 2000, 2001a; Thi-
emens et al., 2001; Pavlov and Kasting, 2002).

Sulfur isotope compositions are expressed in the conven-
tional 6 notation as

8%Scpr (%0) = (R¥sampdR*cor — 1) X 1000 expe_cted_to st_rictly correlate wi?*S along a mass-dependent
fractionation line.
8*Sepr (%0) = (R¥ampdR*¥cor — 1) X 1000 Recently, Farquhar and colleagues (2000)reported the occur-

rence of sedimentary sulfide and sulfate minerals in Archean
rocks in which the minor sulfur isotopes do not lie on a
mass-dependent fractionation line with other, younger terres-
trial minerals. This so-called mass-independent fractionation
(MIF) is characterized by nonzero values®t°S and may be
expressed as

where R4 = 34525, R*2 = 33525 and the reference standard
is Cdron Diablo troilite (CDT). A similar expression holds for
5%6S; however, this value is rarely reported because the trace
abundance oi®S (0.02%) and mass spectrometric interferences
(i.e., associated with the gRechnique) makes the measure
ment difficult. In fact, most studies have typically omitted the
minor isotope®3S (0.76% abundgnce) as well, expecting that A®S = §¥S — 1000 (1 + 6%S/100055
there would be no new information conveyed by the measure-

For samples older than-2450 Ma, A*3S was found to vary
* Author to whom correspondence should be addressed, at Departmentbetween_l'g and+2.0%, S?d sample_s younger thar2000
of Geological Sciences and Center for Astrobiology, University of Ma showed no resolvabla™s anomalies W'th_m 0_'1%" (Far .
Colorado, UCB 399, Boulder, CO 80309-0399 USA quhar et al., 2000). Analogous MIF anomalies in terrestrial
(mojzsis@colorado.edu). samples have been previously seen in the oxygen isotopes of
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0O, CO, CO,, N,O, H,0,, and other species in the terrestrial
atmosphere (Thiemens, 1999, and references therein) and in
some massive sulfates derived from atmospheric deposition
(Bao et a., 2000). Because it is thought that only certain
unusual gas-phase chemical reactions are capable of producing
anomalous three-isotope values on Earth, the discovery of the
signa of this effect in geologica materials has potentialy
important implications for understanding the chemical evolu-
tion of the atmosphere (Farquhar et a., 2000, 2001a; Paviov
and Kasting, 2002). The signature of this sulfur chemistry can
be transferred from the atmosphere and incorporated into sur-
face minerals, sediments, waters, and ices, probably via sulfate
and elementa sulfur (e.g., Sg), or by dry deposition of H,S,
SO, etc., aerosols (Thiemens et al., 2001; Pavlov and Kasting,
2002). Subsequent isotopic exchange during chemical reactions
in either the liquid or solid state results in mass-dependent
isotopic fractionation, as well as possible mixing between dif-
ferent isotopic reservoirs. Thus, the MIF signature can poten-
tialy be preserved as a tracer of atmospheric sulfur at time of
deposition, with its magnitude possibly diminished by mixing
with sulfur from other sources with A3*S = 0%, such as
volcanic emissions or dilution by the presently large oceanic
sulfate reservoir.

The discovery of A®3S anomalies in Archean sediments
(Farquhar et al., 2000) appears to open a new field in stable
isotope geochemistry. However, the accuracy of the sulfur
isotope measurements has been challenged because of possible
analytical artifacts (Ohmoto et al., 2001). The analyses reported
by Farquhar et al. (2000) were made on powdered whole rock
or mineral separates of pyrite and barite, where oxidized and
reduced sulfur was extracted by chemical procedures on bulk
samples (Hulston and Thode, 1965; Forrest and Newman,
1977; Gao and Thiemens, 1993). The evolved H,S from the
extraction procedure was converted to Ag,S and subsequently
loaded into Ni reaction vessels with BrFg at 450°C to produce
SF,. After purification by gas chromatography, SF4 was ana-
lyzed for %S, 3G, 345, and 3¢S by mass spectrometry. This
procedure has been reproduced many times, which atteststo the
robustness of the technique (Farquhar et al., 2001b). A variant
of the chemical extraction procedure utilizes a CO,, laser and
purified F, gas to fluorinate the same Ag,S investigated by
Farquhar et al. (2000). The laser fluorination method still relies
on purification steps of SF4 on a gas chromatograph (Rumble et
a., 1993) or in a cold trap (Beaudoin et al., 1994) before the
working gas is introduced to the mass spectrometer. Although
the subsequent analyses (Farquhar et al., 2001b) apparently
rebuff the criticisms raised by Ohmoto et al. (2001), because of
the importance of these data, it makes sense to examine the
issue by means of a completely independent approach.

Here we report analyses of §33S and §3*S made by secondary
ion mass spectrometry (SIMS) with simultaneous measurement
of S, 33, and **S using a multicollector detection system.
The analyses are performed in situ on polished 2.54-cm round
sections containing sulfide minerals, and thus there is no com-
plex chemistry involved in the sample preparation that could
possibly give rise to artifacts interpreted as MIF effects (cf.
Ohmoto et a., 2001). Our technique has the additional advan-
tage of being able to resolve A*3S anomalies at the ~25-um
scale, which permits investigation of the distribution of MIF
sulfur isotope anomalies on an individual grain basis. Our aims

were to first identify A®S in ancient sulfides and to compare
our results with the existing data set of A®3S in Precambrian
rocks that have been used as evidence for changes in past
atmospheric chemistry. We discuss the precision and accuracy
of our measurements on sulfide standards and present 325, 33S,
and 3*S measurements on individual sulfides identified in pet-
rographic thin sections prepared from a selection of 2.5 to 3.83
Garocks. Finally, we review the implications of our results for
the evolution of atmospheric oxygen and sulfur biogeochemis-
try as well on the origin and nature of the oldest known
sedimentary rocks.

2. ANALYTICAL TECHNIQUES
2.1. Description and Composition of Sulfide Standards

To make best use of the localized analysis capability of the ion
microprobe, it is essential that samples be well characterized by mi-
croscopy and chemical analyses to preselect areas for study. Thus, all
sulfide samples, including standards and unknowns, were first mapped
by reflected light microscopy before electron microprobe analysis.
Quantitative elemental analyses were carried out on the University of
California-Los Angeles (UCLA) Cameca CAMEBAX electron micro-
probe (EPMA) by wavelength-dispersive (WDS) techniques following
the usual procedures (Crowe and Vaughan, 1996); an accelerating
potential of 15 kV, beam current of ~10 nA, and slightly defocused
beam size of ~5 um with a dwell time of 20 s (except for Co, which
was 30 s) was used to prevent loss of S during analysis (Table 1).

2.1.1. Pyrite (py)

2.1.1.1. Balmat pyrite (Bal).The Bamat deposit is located in the
Adirondack Mountains, New York, and occurs as massive sulfide
hosted in Grenville-age marbles that were metamorphosed at peak
conditions of 625°C and 6.5 kbar (Whelan et al., 1984). Bamat pyrite
has occasional small inclusions of sphalerite (ZnS) that are readily
identified during backscattered electron mapping and are specifically
avoided during ion microprobe measurements. Aside from the rare ZnS
inclusion, no other mineral phases are present, and WDS analysis
indicates the sample is stoichiometric pyrite (FeS,). The average
8**Scpr value for Bamat pyrite is +15.1 = 0.2% (Crowe and
Vaughan, 1996).

2.1.1.2. CAR 123 pyrite (123).This pyrite standard was obtained
from Dr. M. Chaussidon (CRPG-Nancy, France). The grains are sub-
hedral masses of stoichiometric pyrite with §**Sepr = +1.41 = 0.2%o
(Chaussidon, 1988).

2.1.2. Pyrrhotite (po)

2.1.2.1. Anderson pyrrhotite (AN).This standard is from the Ander-
son Lake Mine, Manitoba, Canada. The sample is amost pure, crys-
talline pyrrhotite with very large subhedral to euhedral grains that are
strongly magnetic. Analyses by WDS confirm a composition of
Fe, s7S; the average 84S value for Anderson pyrrhotite is +1.4 +
0.3%o (Crowe and Vaughan, 1996).

2.1.2.2. LTB_1 pyrrhotite (LTB). This pyrrhotite standard was ob-
tained from Dr. M. Chaussidon (CRPG-Nancy, France). The grains are
small masses of stoichiometric pyrrhotite (Fe,_,S; x =~ 0.8) with
8*Scpr = —0.32 = 0.2%0 (Chaussidon, personal communication).

2.1.3. Chalcopyrite (ch)

2.1.3.1. Trout Lake (TL22).Trout Lake (TL22) is from a massive
sulfide deposit located in Flin Flon, Manitoba, Canada. The deposit is
part of aregionally metamorphosed greenschist-facies assemblage (Ag-
garwal and Nesbitt, 1987). Analyses by WDS confirm a composition of
CuFeS,; the average 8>S vaue for Trout Lake chalcopyriteis +0.3
+ 0.3%o (Crowe and Vaughan, 1996).

2.1.3.2. OPM7151 (7151). This standard was obtained from Dr. M.
Chaussidon (CRPG-Nancy, France). The grains occur as small anhe-
dral masses of stoichiometric chalcopyrite with 8**Scpr = +2.29 +
0.2%o (Chaussidon, 1988).
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Table 1. Electron microprobe analyses of sulfide standards used for
ion microprobe multicollection.?

Grain_spot Fe Cu Ni Zn Co S Total

71 62.9 016 007 O 0 37.0 100.13
72 63.8 000 010 O 0 353 99.20
73 63.3 0 007 O 0 36.6 99.97
74 63.6 0 004 O 0 36.7 100.34
42 60.4 0 010 O 0 39.2 99.70
43 59.6 0 003 O 0 40.2 99.83
41 59.3 0 0 0 0 39.9 99.20
51 31.2 0 35.2 0 066 335 100.56
52 30.8 0 348 0 054 334 99.54
36 59.8 0 038 0 0 39.4 99.58
37 30.7 0 35.2 0 069 328 99.39
38 59.4 0 042 O 0 395 99.32
6 4 305 341 001 O 0 34.6 99.21
65 39.7 235 007 O 0 35.0 98.27
6 6 301 342 009 O 0 341 98.49
61 302 343 003 O 0 341 98.63
6_2° 809 36 0.03 554 0 332 100.32
6 3 302 342 003 O 0 344 98.83
33 300 341 0 0 0 343 98.40
34 306 345 014 026 O 347 100.20
35 29.7 343 008 0 0 343 98.38
31 304 343 0 0 0 344 99.10
32 303 343 006 O 0 349 99.56
13 47.2 0 0 0 0 52.7 99.90
14 47.1 0 007 O 0 53.6 100.77
11 47.7 0 0 0 0 535 101.20
12 46.6 0 003 O 0 539 100.53
23 46.7 0 013 O 0 53.6 100.43
21 47.3 0 005 O 0 534  100.75
22 47.4 0 0 0 0 531  100.50

#Nomenclature is standard + EPMA spot number; 1 = CAR123
pyrite (py), 2 = Balmat (py), 3 = Trout Lake chalcopyrite (ch), 4 =
Anderson pyrrhotite (po), 5 = LTB (po), 6 = 7151 (po), 7 = CDT (tr);
0 = not detected. Data presented in terms of weight percentage.
Detection limitsfor the counting stetisticswere 0.1 (20) for Zn, Cu, and
Co; =0.01 (20) for Ni.

b Sphalerite inclusion.

2.1.4. Troilite (tr)

2.1.4.1. Cafon Diablo (CDT). Troilite (FeS) in the iron meteorite
Cafion Diablo was adopted as the isotope scale reference for sulfur and
is defined as 3*S/°2S = 4.50045 x 1072, 3525 = 7.9560 X 103, and
349335 = 5.6567 (Ault and Jensen, 1962; cf. Ding et al., 2001). The
terrestrial mass-dependent isotope fractionation line in three-isotope
space (6*°5/6%4S) is defined as intercepting 0.00%. at (33S329)/(**s/
329) .ot With aslope of 0.5155 (Hulston and Thode, 1965). We recog-
nize that, as a standard, CDT is problematic in displaying a range in
8%S values of ~0.4%. (Beaudoin et al., 1994). Additionaly, the
absolute (3*S/°2S) ratio of CDT probably requires substantial revision
(Ding et a., 2001). However, we choose to report our data relative to
CDT because of its historical importance in sulfur isotope studies. Note
that because we report §-values relative to CDT, the absolute isotopic
composition of its sulfur has no significant effect on our data. Similarly,
uncertainties in the composition of CDT (or any of the other standards
employed in this study) are small compared with analytical errors and
thus do not compromise our determination of the §35/6%'S mass
fractionation line in our present measurement protocol (Greenwood et
al., 2000). Our standard occurs as individua troilite blebs extracted
from the Cafion Diablo meteorite (McEwing et a., 1983); the average
composition of CDT 8*S = 0%.

2.2. Sample Preparation Methods

To make the ion microprobe standards mount used in this study
(GM3), individual ~1-mm-diameter standard grains, each freshly bro-

ken from the same larger grain, were placed onto adhesive tape under
a binocular microscope. The enclosing 2.54-cm-diameter mold was
then cast with epoxy, cured, removed from its mold, and hand polished
in diamond paste on a felt lap to a 1-um diamond grit size and
subsequently polished with 0.25-um alumina. Care was taken to avoid
oxidation and pitting of the sulfides during the polishing process. All
samples were ultrasonically cleaned and then coated with 100 A of gold
before SIMS microanalysis to ensure conductivity across the sample
surface.

Replicate mass spectrometric analyses were performed on each
standard grain to verify 8%S and §%*S homogeneity at the subgrain
scale and to correct for mineral-specific instrumental mass fractionation
(IMF) effects. At the scale of ion microprobe measurements, where
sample domains can be on the order of several tens of micrometers, the
standards exhibit some variability, but on average appear to be homo-
geneous in A®S within the precision of individual analyses. The
variability in %S in individual sulfide standards (including CDT;
Beaudoin et al., 1994) can be attributed to sample heterogeneity in §%'S
but not in A%3S, which was the first-order purpose of the standards. A
critical aspect was to evaluate the accuracy of in situ multicollector
SIMS data on sulfides. A previous ion microprobe multi-isotope sulfur
study (Greenwood et al., 2000) relied on the analysis of intercompari-
son pyrites (Bamat and CAR123) to convert raw machine data—that
is, 8**S,,70, @ Number measured before mass-bias corrections (Riciputi
et a., 1998), to values relative to CDT. We extend this approach to
intercomparison of our pyrrhotite standards (Anderson, LTB and
OPM7151). Furthermore, after mass bias corrections are applied, we
compare the SIMS value with the §*S values of each standard as
measured by conventional methods. Separate small standard mounts
were prepared in the same manner as described above and mounted
alongside the unknowns in the sample holder; these served as internal
calibrants for both ease of regular standardization and to monitor
possible changes in acquisition conditions from potential instrument
and/or geometric effects of the use of a different sample holder for the
standards and unknowns.

2.3. lon Microprobe Multicollector Analysis

All sulfides analyzed in this study were measured for their sulfur
isotopes with the UCLA Cameca ims 1270 high-resolution ion micro-
probe in multicollector mode with a 2.9-nA, 20-keV Cs" primary ion
beam focused to a ~25-um spot. This method simultaneously mea-
sures 32S, 335, and 3*S on adjacent detectors. Before analysis, samples
were sputtered for 500 s to minimize transient isotopic fractionation
effects due to preferential sputtering (which could affect mass fraction-
ation only). Analyses then comprised 15 cycles of 10-s measurements,
including spot-to-spot setup time. Total time per analysiswas ~12 min.
Negative secondary ions with initial energies in the range 0 to 25 eV
were analyzed, and a normal-incidence electron flood gun was used to
neutralize positive charge buildup in the analysis area. Faraday cups
were used to collect 32S~, *S~, and **S™ beams and signals amplified
by Finnegan electrometers housed in a temperature-controlled evacu-
ated chamber. Secondary beam currents are quoted here in equivalent
counts per second (cps). A mass resolving power of 4000 was sufficient
to maintain the 3*SH™ contribution to the %S~ peak to <10 ppm.
Count rates on **S~ were in the range 7.3 to 31.0 X 10° cps with
corresponding count rates of %S~ and %S~ in the range 2 to 3 X 10°
cps and 100 to 500 X 10° cps, respectively. At these count rates, the
reproducibility of the baseline current in the Faraday cup amplifiers
becomes a limiting factor on the precision and accuracy of A3S
determinations at the level of ~0.1%.. However, no correlation be-
tween A%3S and count rate of *S” was observed, indicating that
baseline corrections are accurate (Fig. 1).

2.4. IMF Correction

It is known that isotopic ratios measured by SIMS deviate from the
true isotopic ratios of the sample in a systematic way as a function of
isotopic mass (e.g., Ireland, 1995; Riciputi et a., 1998). The IMF effect
is due to the isotopic fractionation in the ionization process during
sputtering, fractionation experienced by the secondary ions during their
transport from the sample surface to the detectors and the possible mass
(i.e., velocity)-dependent response of the detectors. For practical pur-
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Fig. 1. Plot of A%3S vs. %3S (cps; counts per second) of standard
sulfide minerals measured by multicollector ion microprobe. The total
range found in A33S is —0.39 + 0.08 to +0.38 * 0.07%., defined
mostly in analysis session 1. We conclude that there is no correlation
between count rate and A®S value in our analysis.

poses of SIMS anaysis, IMF can be corrected for by externa and
internal calibration against standards under the same instrumental con-
ditions (Zinner, 1989; Ireland, 1995; Riciputi, 1996; Riciputi et al.,
1998). We used the weighted mean of the measurements made on
standards of the same sulfide phases as the unknowns and monitored
IMF separately for each analysis session. The measured A**S;,,¢ used
to correct the standards data are listed in Table 2; these data assume the
composition for CDT (Ault and Jensen, 1962).

3. APPLICATIONS AND RESULTS

3.1. Standards and Establishment of the Mass
Fractionation Line for Three Sulfur |sotopes

The mass fractionation line on a three-isotope plot was
determined by 120 separate analyses of sulfide standards over
three separate analysis sessions; the results of these analyses

Table 3. (335/%29) 5 and (3*S/*%S) . reference ratios established
by individual analysis session.

Analysis session (3192292 (392%9) emmrea (1S9
05-23 to 05-25-00 (1)  4.50045E-02 7.9560E-03 5.6567
01-04 to 01-06-01 (2)  4.50045E-02 7.9573E-03 5.6558
04-21-01 (3) 4.50045E-02 7.9590E-03 5.6545

3 (34S/*25) .o = 0.045005 by definition.

are presented in Table 3. The measured (3*$°2S) reference
ratios were corrected for IMF assuming an exponential mass
fractionation law (Zinner, 1989). The slope of the mass frac-
tionation line established by using these data on a plot of §*3S
againgt §**Sis0.515, and hence, we define A*S = §%S — 1000
X (1 + 8*$/1000)°5. Such a dopeiswithin the expected range
of values for mass-dependent fractionation by equilibrium or ki-
netic processes (Hulston and Thode, 1965; Young et a., 2002).
The measured ranges in A%S for the sulfide standards were
different for each of the three anaytical sessions, with the
scatter being progressively reduced as the measurement tech-
nigque improved with time. In the first session, the extreme
values in A33S ranged from —0.39 = 0.084 to +0.38 +
0.070%0, whereas in session 2, corresponding values were
—0.17 £ 0.064 to +0.37 = 0.078%o0, and in session 3, the total
range measured on individua spots ranged from —0.10 +
0.050 to +0.09 = 0.054%o. (Fig. 2). The stated uncertainties on
these standard measurements reflect only internal reproducibil-
ity, and there are additional sources of error associated with
instrument tuning and detector performance (particularly sta-
bility of the baseline). With the exception of the Trout Lake
chalcopyrite, for which A%3S = —0.26%., the remaining six
standard materials all display mean A®S values within 0.065%o
of a common mass-dependent fractionation line (Table 2).
Although there may exist minor sulfur isotope anomalies
among some of these “standard” materials, this level of repro-
ducibility suggeststhat we can clearly resolve anomalous sulfur
(i.e., A%S # Q) at the (20) level of 0.3%o in the first analytical

Table 2. Instrumental mass fractionation (A%S,,) by sulfide phase.

+1lo AP *+20smp
Group name Phase (3*s*2g)2 8¥Scpr (%) A**S e (%) (%o) (%o) (%o)
05-23 to 05-25-00 (session 1)
CAR123 py 0.045068 141 —17.36 0.20 0.064 0.044
TL22 ch 0.045018 0.30 —16.99 0.36 -0.257 0.063
LTB po 0.045019 -0.32 —22.69 0.59 —0.021 0.154
AN po 0.045068 1.40 —21.44 0.11 0.020 0.044
CDT tr 0.045005 0.00 —23.55 0.17 —0.029 0.020
01-04 to 01-06-01 (session 2)
Bal py 0.045684 15.10 —17.13 0.13 0.014 0.023
CAR123 py 0.045068 141 -18.24 0.27 0.064 0.044
AN po 0.045068 1.40 —21.89 0.30 0.020 0.044
CDT tr 0.045005 0.00 —25.47 0.32 —0.029 0.020
04-21-01 (session 3)
Ba py 0.045684 15.10 —17.65 0.04 0.014 0.023
LTB po 0.044990 —0.32 —23.04 0.02 —0.021 0.154
OPM7151 ch 0.045108 229 —21.01 0.06 0.065 0.012
CDT tr 0.045005 0.00 —24.96 0.27 —0.029 0.020

&Measured ratio, uncorrected for IMF.
b Mean A®S values over al standard sessions (Table 4).
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Fig. 2. Plots of 8*S and A®S vs. §3*S for separate analysis sessions by ion microprobe multicollection. The slope m =
0.515 line in each session (a—c) is the best fit to our data for terrestrial sulfides and CDT standards. (a) Analysis session
1 (n = 59) had the largest scatter in §%35/6°4S and is responsible for the maximum total range in A®S reported for our
standards (Fig. 1). (b) Analysis session 2 (n = 47) and (c) analysis session 3 (n = 13) had the tightest bounds around the
0.515 regression line defining mass fractionation (see text). Uncertainties are reported at the 2o level, and the upper and

lower 95% confidence limits to the regression are depicted.

session, and 0.2%. for the remaining two sessions. In consid-
ering the possibility of sample heterogeneity, we report overall
uncertainties for single spot analyses by adding internal repro-
ducibility in quadrature with this estimate of the external re-
producibility on al standards, again, neglecting Trout Lake
chalcopyrite, which might well be anomalous at close to our
detection limit (Table 4).

3.2. Archean Sulfide Samples

Both pyrite and pyrrhotite from a range of rock types, ages,
and metamorphic grade were analyzed to test the efficacy of the
multicollector SIMS system and to eval uate the degree of §34S,
8333, and thereby A33S, in samples from several Archean and
Proterozoic banded iron formations (BIF), a metamorphosed
chert, garnet—hiotite schist (ferruginous metapelite) and an
Fe-rich quartzite. The results are discussed in the following
sections and data from all analyses are reported in Table 5.

Freshly broken and unweathered 1- to 4-kg samples of the
selected rocks were split manually and cut into chips by dia-
mond saws. Samples of each rock used in this study contained
visible (albeit generally tiny) sulfides; thin sections of each
were prepared by standard petrographic techniques. The occur-
rences of sulfides in each sample were mapped and character-
ized by reflected light microscopy and WDS-EPMA following
the procedures described above. In some cases where only
minute grains were present near the edge of the sample, the thin

sections were then divided with a small petrographic saw
around the S-rich regions, placed face-down on double-sided
tape with several sulfide standards, cast in epoxy, and polished
on 0.25-um alumina in acohol. Before ion microprobe analy-
sis, al samples were ultrasonically cleaned in ultrapure water
and ethanol before coating with ~100 A of Au with a sputter
coater.

3.2.1. Brockman Iron Formation, Hamersley Basin, Western
Australia (BH1), ~2.47 Ga

A sample of late Archean BIF was examined (Brockman iron
formation, Hamersley Group, Western Austraia). This is a
finely banded BIF that has been long studied and is part of a
widespread deposit in the Hamersley Basin (Trendall and Mor-
ris, 1983). Numerous workers have used sulfur isotope ratio
measurements to elucidate temperature, sulfur sources, fluid
histories and biologic effects from BIF in the Hamersley Group
(Strauss and Moore, 1992). Recent research has been focused
on &S and A*3S values for sulfides derived from these and
other late Archean to early Proterozoic deposits, which may
represent reduction of seawater sulfate preserving MIF effects
in pyrite (Farquhar et al., 2000). Sulfides in this sample are
restricted to thin bands of pyrite parallel to the sense of sedi-
mentary microbanding (Fig. 3). A smal sample chip with
visible sulfides was used in the preparation of athin section. lon
microprobe §*3S/63*S measurements of Hamersley BIF BH1
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Table 4. Sulfur isotopic compositions of standard minerals measured by ion microprobe multicollection.

8*Spr? +2¢° 8%Sep1° *+20 A% +20°
Grain_spot 34g/32g *lo Bg/32s *lo (%) (%o) (%o0) (%) (%) (%)
Pyrite (py)
05-23-00 CAR123
GM3_123b 5 4,50976E-02 1.59E-06 7.96E-03 1.967E-7 2.07 0.070 1.06 0.050 0.00 0.062
05-24-00 CAR123
BH1 123 5 4,50564E-02 9.11E-07 7.96E-03 1.76E-07 115 0.040 0.34 0.044 -0.25 0.048
BH1 123b 1 4.50675E-02 4.68E-06 7.96E-03 3.53E-07 1.40 0.208 0.61 0.088 -0.10 0.138
BH1 123b 2 4,51099E-02 1.16E-06 7.96E-03 3.19e-07 2.34 0.052 0.82 0.080 —-0.39 0.084
BH1 123 8 4.50421E-02 3.20E-06 7.96E-03 3.15E-07 0.84 0.142 0.77 0.080 0.34 0.108
BH1 123 9 4,50254E-02 2.51E-06 7.96E-03 2.72E-07 0.46 0.112 0.38 0.068 0.14 0.090
BH1 123 10 4.50213E-02 2.88E-06 7.95E-03 2.60E-07 0.37 0.128 -0.17 0.066 -0.36 0.092
05-25-00 Balmat
GM3 Ball 1 4,58182E-02 1.15E-06 8.03E-03 2.63E-07 18.08 0.050 9.67 0.066 0.38 0.070
GM3 Ball 2 4,58511E-02 2.26E-06 8.03E-03 2.00E-07 18.81 0.098 9.86 0.050 0.20 0.070
GM3 Ball 3 4,58078E-02 2.48E-06 8.03E-03 1.67E-07 17.85 0.108 9.09 0.042 -0.08 0.070
05-25-00 CAR123
PB6b_123 1 4.51527E-02 1.29E-06 7.97E-03 2.08E-07 3.29 0.056 1.66 0.052 -0.03 0.060
PB6b_123 2 4,51284E-02 2.44E-06 7.97E-03 4.22E-07 2.75 0.108 1.29 0.106 -0.12 0.120
PB6b_123 3 4.51503E-02 6.17E-07 7.97E-03 1.57E-07 324 0.028 1.66 0.040 -0.01 0.042
PB6b_123 6 4,51254E-02 2.08E-06 7.97E-03 1.70E-07 2.69 0.092 1.43 0.042 0.05 0.064
PB6b_123 7 4.50437E-02 4.10E-06 7.96E-03 2.72E-07 0.87 0.182 0.58 0.068 0.14 0.116
PB6b_123 8 4,50824E-02 4.61E-06 7.97E-03 2.73E-07 1.73 0.204 1.39 0.068 0.50 0.126
01-04-01 Balmat
GM3 Bal 1 4,56597E-02 2.89E-07 8.02E-03 3.10E-07 14.56 0.012 773 0.078 0.15 0.078
GM3 Bal 2 4.56606E-02 5.72E-07 8.02E-03 2.02E-07 14.58 0.026 7.75 0.050 0.16 0.056
GM3 Bal 3 4,56616E-02 5.50E-07 8.02E-03 2.71E-07 14.60 0.024 771 0.068 0.10 0.072
GM3 Bal 4 4.56674E-02 4.34E-07 8.02E-03 2.71E-07 14.73 0.020 7.83 0.068 0.16 0.070
GM3 Bal 5 4,56831E-02 5.21E-07 8.02E-03 1.67E-07 15.08 0.022 7.97 0.042 0.11 0.048
GM3 Bal 6 4.56733E-02 4.21E-07 8.02E-03 2.22E-07 14.86 0.018 7.95 0.056 0.21 0.058
01-04-01 CAR123
GM3 123 1 4,50023E-02 5.56E-07 7.96E-03 2.58E-07 -0.05 0.024 0.25 0.064 0.27 0.070
GM3 123 2 4,50205E-02 5.34E-07 7.96E-03 3.41E-07 0.35 0.024 0.45 0.086 0.27 0.088
GM3 123 3 4,50232E-02 6.73E-07 7.96E-03 2.85E-07 0.42 0.030 0.59 0.072 0.37 0.078
01-05-01 Balmat
GM3 Ball 1 4,5683E-02 4.78E-07 8.02E-03 1.62E-07 15.09 0.020 7.82 0.040 -0.04 0.046
GM3 Ball 2 4,5686E-02 5.93E-07 8.02E-03 1.86E-07 15.15 0.026 7.84 0.046 —0.05 0.054
GM3 Bal 3 4,5701E-02 6.02E-07 8.02E-03 1.39E-07 15.49 0.026 8.07 0.034 0.01 0.044
GM3 Bal 4 4,5684E-02 4.43E-07 8.02E-03 1.42E-07 15.10 0.020 7.85 0.036 -0.02 0.040
GM3 Bal 5 4,5685E-02 4.70E-07 8.02E-03 2.21E-07 15.13 0.020 7.91 0.056 0.03 0.058
GM3 Bal 6 4,5681E-02 4.40E-07 8.02E-03 2.23E-07 15.03 0.020 177 0.056 —0.06 0.058
01-05-01 CAR123
GM3 123 1 4,50327E-02 4.83E-07 7.96E-03 2.05E-07 0.63 0.022 0.44 0.052 0.11 0.056
GM3 123 2 4,50862E-02 7.02E-07 7.97E-03 1.66E-07 1.82 0.032 1.19 0.042 0.24 0.052
GM3 123 3 4.49663E-02 4.56E-07 7.96E-03 2.15E-07 -0.85 0.020 -0.29 0.054 0.15 0.058
GM3 123 4 4.50425E-02 6.01E-07 7.96E-03 2.26E-07 0.84 0.026 0.61 0.056 0.17 0.062
GM3 123 5 4,50403E-02 4.36E-07 7.96E-03 2.21E-07 0.79 0.020 0.61 0.056 0.20 0.058
01-06-01 Balmat
GM3 Bal 1 4,57414E-02 6.12E-07 8.02E-03 2.31E-07 16.37 0.026 8.36 0.058 -0.17 0.064
GM3 Ball 2 457111E-02 6.53E-07 8.02E-03 2.68E-07 15.70 0.028 811 0.066 -0.07 0.072
GM3 Bal 3 4,56995E-02 4.95E-07 8.02E-03 1.59€E-07 15.44 0.022 7.91 0.040 -0.13 0.046
GM3 Bal 4 4.57092E-02 4.85E-07 8.02E-03 2.80E-07 15.66 0.022 8.09 0.070 —-0.06 0.072
GM3 Bal 5 4,57307E-02 4.94E-07 8.02E-03 2.27E-07 16.14 0.022 8.33 0.056 —0.07 0.060
GM3 Bal 6 4.57315E-02 9.09E-07 8.02E-03 2.95E-07 16.15 0.040 8.37 0.074 -0.05 0.084
GM3 Ball 7 4,57354E-02 5.26E-07 8.02E-03 1.55E-07 16.24 0.022 8.41 0.038 —0.05 0.044
04-21-01 Balmat
GM3 Bal 1 4,56872E-02 4.92E-07 8.02E-03 2.34E-07 15.17 0.022 7.83 0.058 —-0.04 0.062
GM3 Ball 2 4,56846E-02 6.33E-07 8.02E-03 2.25E-07 15.11 0.028 7.82 0.056 -0.02 0.062
GM3 Bal 3 4,56804E-02 6.40E-07 8.02E-03 1.42E-07 15.02 0.028 7.82 0.036 0.03 0.046
Chalcopyrite (ch)
05-23-00 Trout Lake
GM3 TLb 2 4,50884E-02 8.06E-07 7.96E-03 1.22E-07 1.86 0.036 0.67 0.030 -0.29 0.036
05-24-00 Trout Lake
BH1 TL 1 4.49688E-02 5.37E-06 7.95E-03 2.49E-07 -0.79 0.238 -0.19 0.062 0.21 0.138
BH1 TL 2 4,50033E-02 1.58E-06 7.95E-03 1.55E-07 -0.03 0.070 -0.29 0.038 -0.28 0.054
BH1 TL_ 3 4.49903E-02 3.04E-06 7.96E-03 2.84E-07 -0.31 0.136 -0.04 0.072 0.12 0.100
05-25-00 Trout Lake
PB6b TL_1 4.49930E-02 2.08E-06 7.95E-03 3.14E-07 -0.26 0.092 —-0.51 0.078 -0.38 0.092
PB6b TL_2 4,50173E-02 1.71E-06 7.95E-03 3.20E-07 0.28 0.076 -0.23 0.080 -0.37 0.090
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Table 4. (Continued)
8*Scpr® +20° %3S +20 A=g +20°
Grain_spot 34g/32g *lo Bg/32s *lo (%) (%o) (%o0) (%) (%) (%)
Pyrrhotite (po)
05-23-00 Anderson
GM3_Ana 6 4.50849E-02 9.28E-07 7.96E-03 2.52E-07 1.79 0.042 0.79 0.064 -0.12 0.066
GM3_Ana 7 4.50694E-02  1.53E-06 7.96E-03 2.71E-07 144 0.068 0.94 0.068 020 0.076
GM3_Ana 8 4.50649E-02 1.43E-06 7.96E-03 2.77E-07 1.34 0.064 0.68 0.070 —0.01 0.076
PB6a_An_1 4.50517E-02  1.49E-06 7.96E-03 2.91E-07 1.05 0.066 0.36 0.074 -0.18 0.080
PB6a_An_2 4.50004E-02 4.86E-06 7.96E-03 2.65E-07 —0.09 0.216 0.26 0.066 0.30 0.130
PB6a_An_3 4.50526E-02  2.33E-06 7.96E-03 3.81E-07 1.07 0.104 0.86 0.096 031 0110
05-24-00 Anderson
BH1_An_ 6 4.50567E-02  2.18E-06 7.96E-03 3.25E-07 116 0.096 0.63 0.082 0.03  0.09
BH1_An_7 4.50061E-02 2.74E-06 7.96E-03 2.02E-07 0.04 0.122 0.34 0.050 0.33 0.080
BH1_An 8 4.50518E-02  2.38E-06 7.96E-03 1.78E-07 1.05 0.106 0.86 0.044 032  0.070
BH1_An_ 9 4.50138E-02 3.50E-06 7.96E-03 3.83E-07 0.21 0.156 —0.12 0.096 —0.23 0.126
05-25-00 Anderson
GM3_Ana 5 4.50645E-02 2.14E-06 7.96E-03 3.81E-07 1.33 0.094 0.52 0.096 —0.16 0.108
GM3_Ana 8 4.50932E-02  3.33E-06 7.97E-03 3.29-07 1.97 0.148 121 0.082 020 0112
PB6b_An 5 4.50970E-02 2.47E-06 7.96E-03 2.92E-07 2.05 0.110 1.04 0.074 —0.01 0.092
PB6b_An_6 4.50893E-02  1.41E-06 7.96E-03 2.75E-07 1.88 0.062 0.87 0070 —-0.09 0.076
PB6b_An 1 4.50947E-02 5.31E-07 7.96E-03 2.27E-07 2.01 0.024 0.83 0.058 —0.20 0.058
PB6b_An_2 4.50911E-02  5.38E-07 7.96E-03 2.78E-07 1.92 0.024 1.07 0.070 0.08  0.070
05-25-00 Anderson (continued)
PB6b_An_3 4.50585E-02  4.98E-07 7.96E-03 2.48E-07 1.20 0.022 0.44 0062 —-0.18 0.064
PB6b_An 4 4.50917E-02 6.41E-07 7.96E-03 2.62E-07 1.94 0.028 0.89 0.066 -0.11 0.068
PB6b_An_7 4.50921E-02  2.65E-06 7.97E-03 3.83E-07 1.95 0.118 1.37 0.096 037 0114
PB6b_An 8 4.50772E-02 4.77E-06 7.96E-03 3.91E-07 1.62 0.212 1.13 0.098 0.30 0.146
PB6b_An_9 450636E-02  2.13E 06  7.96E-03  4.50E-07 131 0.094 0.44 0114 -023 0124
PB6b_An_ 10 4.50059E-02 3.51E-06 7.95E-03 3.74E-07 0.03 0.156 —0.32 0.094 —0.33 0.124
PB6b_An_11 4.51135E-02  1.02E-06 7.97E-03 2.36E-07 242 0.046 1.48 0.060 024  0.064
05-25-00 LTB
GM3_LTB_1 4.50061E-02  1.47E-06 7.95E-03 3.94E-07 0.04 0.066 -0.19 0100 -021 0.104
GM3 LTB_2 4.49880E-02 1.86E-06 7.95E-03 3.70E-07 -0.37 0.082 —0.63 0.092 —0.44 0.102
GM3_LTB_3 4.49447E-02  3.36E-06 7.95E-03 2.02E-07 133 0.150 -041 0.050 027  0.092
GM3 LTB_4 4.50101E-02 2.19E-06 7.96E-03 2.39E-07 0.12 0.098 0.19 0.060 0.12 0.078
01-05-01 Anderson
GM3_Ana 1 4.50348E-02 6.44E-07 7.96E-03 2.38E-07 0.67 0.028 0.34 0.060 —0.01 0.066
GM3_Ana 2 4.50353E-02  4.94E-07 7.96E-03 1.84E-07 0.69 0.022 0.37 0.046 0.01  0.052
GM3_Ana 3 4.50415E-02 6.36E-07 7.96E-03 2.14E-07 0.82 0.028 0.50 0.054 0.07 0.060
GM3_Ana 4 4.50427E-02  4.97E-07 7.96E-03 2.58E-07 0.85 0.022 053 0.064 0.09  0.068
01-06-01 Anderson
GM3_Ana 1 4.51003E-02  5.99E-07 7.97E-03 3.10E-07 213 0.026 1.02 0.078 —-0.09 0.082
GM3_Ana 2 4.51066E-02 4.97E-07 7.97E-03 1.75E-07 2.27 0.022 1.09 0.044 —0.09 0.050
GM3_Ana 3 451114E-02  4.39E-07 7.97E-03 2.50E-07 2.38 0.020 112 0062 -0.12  0.066
04-21-01 7151
7151 1 4.51050E-02  3.56E-07 7.97E-03 1.72E-07 223 0.016 12 0.044 0.05  0.046
7151 2 4.51131E-02 3.64E-07 7.97E-03 2.04E-07 241 0.016 1.31 0.052 0.06 0.054
7151 3 4.51046E-02  5.19E-07 7.97E-03 1.98E-07 222 0.024 1.24 0.050 009 0.054
Cafion Diablo troilite (CDT)
05-25-00 Cafion Diablo
PB6a CDT_1 4.49769E-02 1.48E-06 7.95E-03 3.08E-07 —-0.61 0.066 —0.22 0.078 0.09 0.084
PB6b_CDT_1 4.49868E-02  2.91E-06 7.96E-03 2.61E-07 —0.39 0.130 0.04 0.066 024  0.094
PB6b_CDT_2 4.49750E-02 4.77E-06 7.95E-03 4.17E-07 —0.66 0.212 —0.45 0.104 -0.11 0.152
PB6b_CDT_3 4.49478E-02  1.68E-06 7.95E-03 1.58E-07 -126 0.074 -0.64 0.040 0.00  0.056
GM3_CDTbh_2 4.50411E-02 1.56E-06 7.96E-03 2.54E-07 0.81 0.070 0.56 0.064 0.14 0.074
GM3_CDTb_3 4.50239E-02  3.50E-06 7.96E-03 2.44E-07 0.43 0.156 031 0.062 0.09  0.100
GM3 _CDTb_4 4.49894E-02 4.15E-06 7.95E-03 2.55E-07 -0.33 0.184 —0.37 0.064 —0.20 0.114
BH1 CDT_1 4.49671E-02  2.97E-06 7.95E-03 3.25E-07 —-0.83 0.132 —0.50 0.082 -0.08 0.106
BH1_CDT_2 4.49784E-02 2.80E-06 7.95E-03 2.40E-07 —0.58 0.124 —0.51 0.060 -0.21 0.088
PB6b_CDT_7 4.50284E-02  1.22E-06 7.96E-03 2.38E-07 0.53 0.054 021 0.060 —0.06  0.066
PB6b_CDT_8 4.50379E-02 7.62E-07 7.96E-03 2.12E-07 0.74 0.034 0.35 0.054 —0.03 0.056
PB6b_CDT_9 4.49514E-02  1.50E-06 7.95E-03 2.29-07 -118 0.066 -1.02 0.058 —-041  0.068
01-04-01 Cafion Diablo
GM3_CDT_2 450211E-02  6.91E-07 7.96E-03 2.71E-07 0.37 0.030 0.26 0.068 0.07 0.074
GM3_CDT_3 4.49958E-02 5.97E-07 7.96E-03 1.65E-07 -0.19 0.027 —0.07 0.042 0.03 0.050
GM3_CDT_4 4.50042E-02  1.68E-06 7.96E-03 2.83E-07 -0.01 0.074 0.15 0.072 016  0.102
GM3_CDT_5 4.49896E-02 5.93E-07 7.96E-03 3.27E-07 -0.33 0.026 —0.05 0.082 0.12 0.086
GM3_CDT_6 4.49230E-02  5.93E-07 7.95E-03 2.18E-07 -181 0.026 -0.75 0.054 019  0.060
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Table 4. (Continued)

Grain_spot 34g/32g +1o Bg/32s +1o

¥Sepr®  *20° 0PS¢ *20 AT +26°
(%o) (%o) (%o) (%o) (%o) (%o)

Cafion Diablo troilite (CDT)—(continued)

01-05-01 Cafion Diablo
GM3 CDT_1 4.49782E-02 5.77E-07 7.95E-03 2.72E-07
GM3 _CDT_2 450104E-02  5.20E-07 7.96E-03  2.08E-07
GM3_CDT_3 4.49900E-02 6.62E-07 7.96E-03 2.13E-07
01-06-01 Carion Diablo
GM3 CDT_1 4.50647E-02 5.77E-07 7.96E-03 3.01E-07
GM3 _CDT_2 450291E-02  4.76E-07  7.96E-03  2.72E-07
GM3_CDT_3 4.50858E-02 3.41E-07 7.96E-03 2.03E-07
GM3 CDT 4 4.50507E-02 5.22E-07 7.96E-03 1.95E-07
GM3_CDT_5 4.50382E-02 6.54E-07 7.96E-03 1.85E-07
04-21-01 Carion Diablo
GM3 CDT_1 4.50017E-02 6.39E-07 7.96E-03 1.62E-07
GM3 _CDT_2 4.49912E-02  5.50E-07 7.96E-03  1.56E-07
GM3_CDT_3 4.50688E-02 6.35E-07 7.97E-03 2.73E-07
GM3 CDT 4 450207E-02  6.24E-07  7.96E-03  1.85E-07
GM3 CDTh_1 4.49901E-02 8.48E-07 7.96E-03 1.78E-07
GM3_CDTh_2 4.49774E-02 7.21E-07 7.96E-03 2.13E-07
GM3 _CDTb_3 4.49816E-02 6.19E-07 7.96E-03 1.86E-07

—0.58 0.026 —0.35 0.068 —0.05 0.074
0.13 0.024 0.08 0.052 0.01 0.058
-0.32 0.030 —0.16 0.054 0.01 0.062
134 0.026 0.64 0.076 —0.06 0.080
0.55 0.022 0.15 0068 —-013 0.072
181 0.016 0.80 0.050 -0.14 0.054
1.03 0.024 0.44 0050 -010 0.054
0.75 0.030 0.27 0.046 —0.12 0.054
—0.06 0.028 —-0.14 0.040 -0.10 0.050
—0.30 0.024 —0.22 0.040 -0.06 0.046
1.43 0.028 0.72 0.068 —0.02 0.074
0.36 0.028 0.20 0.046 001 0.054
-0.32 0.038 -0.17 0.044 0.00 0.058
—0.60 0.032 —-0.34 0.054 —0.03 0.062
—-0.51 0.028 —0.25 0.046 0.01 0.054

Notes. Nomenclatureis grain number + ion microprobe spot number. Error demagnification and corrections for instrumental mass bias were
applied to the data (see text); Uncertainties in the ratios are reported at the 1o level; the & values (including A33S) are reported at the 20 level

(n = 120).

3838 o = 1000 ((**S*2S) ko C*S%2S) ot — 1). All values use the accepted reference ratio of Canon Diablo Trailite ((25/%4S) =

22.220 (Ault and Jensen, 1962; cf. Ding et al., 2001).

b Errors derive from counting statistics and do not include the uncertainty in the composition of the standards in the small domains (<30

rm) analyzed by SIMS multicollection.

Values for (*33°2S) . are determined separately for each analytical session (Table 4) by the intersection of the mass fractionation line

on a three-isotope plot at (8**Scp1)/(8%S) = 0%o.
dABS = §%35 — 1000 X (1 + 6%'S/1000)°515,

© Uncertainties were calculated using [((2075349)% + (205339)2)Y?] = (20°4335), Which does not take into account error correlation (see text).

Fig. 3. (top) Optical micrograph of BIF sample BH1, Brockman iron
formation, Hamersley Group, Western Australia (2.5 Ga). The sample
is a finely layered chert/BIF with occasional bands of sulfides and
phosphates interspersed in amatrix dominated by quartz, magnetite and
hematite. The box in the thin section denotes the location of a pyrite
microband in BH1 (bottom) from which ion microprobe analyses of
A®3S in situ were obtained (Table 5). Individua ion microprobe spots
are labeled.

reveal A**Sin the sampleis consistently negative (— 1.7 to 0%o)
with a >6%o spread in §>*S values (—6.1 to —0.8%o) preserved
within an individual pyrite microband (Table 5; Fig. 3). A
linear fit applied to the population of points with A*3S values
that deviate from the mass fractionation line described by the
standards, defines what we interpret as a separate mass-depen-
dent fractionation array with slopem = 0.52 (r* = 0.84, s.d. =
0.51) and intercept at 6*3S = —0.84%. (Fig. 4).

3.2.2. Cleaverville formation, Gorge Creek Group, Western
Australia (PB6), ~3.2 to 3.3 Ga

Red and black chert samples from the Gorge Creek Group at
Point Samson, approximately 20 km northwest of Roebourne,
Western Australia (Sugitani, 1992) were studied. Geochronol-
ogy for the area has established an age of 3.3 Ga for the
immediately underlying Wyman Fm. (Thrope et al., 1992) and
an age of lower greenschist metamorphism of the Gorge Creek
Group of 2.95 Ga (Oversby, 1976). Thus, the 3.2- and 3.3-Ga
age of this formation is generally younger than rocks exposed
in the eastern part of the Pilbara Block (Pidgeon, 1978). Sul-
fides are present as rare, small and isolated blebs of pyrrhotite;
these were mapped by reflected light microscopy and charac-
terized by EDS-EPMA before ion microprobe measurements
(Fig. 5). Our analyses of chert sample PB6 (sample 6 of
Sugitani, 1992) reveal two points with large magnitude A33S
anomalies of opposite sign (—1.72 = 0.34 and +1.31 =
0.28%o, 207, Fig. 6). The scatter in the data might represent the



Mass-independent sulfur isotopes by ion microprobe 1643

4 = BH1
TF line

MIF array m = 0.5, intercept at 5°S = -0.84

34,
8 SCDT

Fig. 4. 8*3Svs. 8**S plot of BH1 data. The majority of pyritesin this
sample exhibit large negative A%S anomalies ranging from —1.71 +
0.08 to —0.01 + 0.11%o with a >6%o. spread in 8**S values (—6.1 +
0.1to —0.8 = 0.1%o) preserved within an individual pyrite microband
(Fig. 3). A linear fit applied to the population of points with the greatest
A®S values defines a separate mass-dependent fractionation array of
dopem = 0.52 (1> = 0.84, s.d. = 0.51, §**S-intercept at —0.84%o).

preservation in PB6 pyrites of both sulfide and sulfate MIF reser-
voirs, but more data would be needed to support this hypoth-
esis. The range of 6*S seen was —0.3 to +5.7%o0 (Table 5).

3.2.3. Chert BIF, Isua Supracrustal Belt, West Greenland
(GR97im23), ~3.8 Ga

Chert and BIF form alarge unit in the northeast limb of the
arcuate 3.7 to 3.8 Ga lsua supracrustal belt (ISB) in West
Greenland (Nutman et al., 1984, 1996, 1997b). Inferential
geologic mapping carried out recently in the Isuaregion (Myers
et a., 2001) has reiterated interpretations of protolith litholo-
gies published over the last several years (Rose et a., 1996;
Rosing et a., 1996) including a retrospective description of
preserved pillow lava structures first reported in the early 1990s
(Maruyama et a., 1991; Komiya et a., 1999). Rose et al.
(1996) pointed out that much of the ISB has been altered by
carbonation and potassic fluid metasomatism centered on mafic
and ultramafic piles. Recently reported structural and pa
leodepositiona studies (Fedo et a., 2001) build on previous

Fig. 5. (a) (top) Optical micrograph of banded chert sample PB6a,
Cleaverville Formation, Gorge Creek Group, Western Australia (3.25
Ga). The sample is a finely layered black chert with rare individual
(sulfide) pyrrhotite grainsinterspersed in amatrix dominated by quartz,
kerogen, and minor magnetite. The box in the thin section denotes the
location of three pyrrhotite grains (bottom) from which ion microprobe
analyses of A®S were obtained (Table 5). Individual ion microprobe
spots are labeled in each figure (a—c). The range in §**S valuesin (a)
was —0.3 = 0.2to +4.7 = 0.3%.. (b) Sample PB6b, similar to (a) with
small (30 to 90 um X 20 um) pyrrhotites located parallel to bedding.
The range in §%*S values in (b) was +0.5 = 0.3 to +3.4 = 0.1%. (C)
Sample PB6c, the same in many respects to (a) and (b) except that in
this sample, the pyrrhotites are very small (<50 um), atestimony to the
unique resolving power of the ion microprobe technique to measure
A®3S at this scale of spatial resolution. The range in §3*S values in (c)
was +4.0 = 0.1to +5.7 = 0.4%o.

(b)
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Table 5. Sulfur isotopic compositions of Precambrian sulfides by in situ ion microprobe multicollection.
5**Scpr® 20 5*3Scpr” +20° A +20°
Grain_spot 34g/32g *lo Bg/32g *lo (%o0) (%) (%) (%) (%) (%)
05-24-00 BH1 banded iron-formation Hamersley Group, Dales Gorge Member, W. Australia 2.5 Ga pyrite (Figure 3)
BH15 1 4.47544E-02 1.19E-06 7.92E-03 3.32E-07 —5.56 0.053 -3.95 0.084 -1.10 0.089
BH1 6 4.47713E-02 1.48E-06 7.92E-03 3.08E-07 —5.18 0.066 —-4.37 0.078 -171 0.086
BH1 7 4.47305E-02 2.09E-06 7.93E-03 2.06E-07 —6.09 0.094 -3.64 0.052 —0.52 0.072
BH1 8 4.47966E-02 1.60E-06 7.93E-03 6.98E-07 —4.62 0.072 -353 0.176 -1.15 0.181
BH1 9 4.48799E-02 9.27E-07 7.93E-03 3.15E-07 =277 0.041 -291 0.079 —1.49 0.083
BH1_10 4.48509E-02 1.37E-06 7.94E-03 2.25E-07 -341 0.061 —2.06 0.057 -0.31 0.066
BH1 11 4.49703E-02 1.94E-06 7.95E-03 2.97E-07 -0.76 0.086 -1.03 0.075 -0.64 0.088
BH1 12 4.47762E-02 3.08E-06 7.94E-03 3.563E-07 —5.07 0.138 -261 0.089 -0.01 0.115
BH1 13 4.48244E-02 1.73E-06 7.94E-03 2.13E-07 —4.00 0.077 —-254 0.054 -0.48 0.068
BH1 14 4.48049E-02 2.68E-06 7.93E-03 2.59E-07 —4.43 0.120 -3.37 0.065 -1.09 0.091
BH1 15 4.48403E-02 3.69E-06 7.93E-03 3.74E-07 —3.65 0.165 —2.65 0.094 -0.78 0.128
05-23-05-25-00 PB6 metachert. Pilbara Group, Roeburne Belt, W. Australia 3.2-3.3 Ga pyrrhotite (Figure 5)
PB6a 1_1 4.49934E-02 3.56E-06 7.94E-03 1.33E-06 -0.25 0.158 -1.85 0.334 -172 0.346
PB6a 2_1 4.52167E-02 7.74E-06 7.98E-03 2.29E-06 471 0.343 2.81 0.575 0.39 0.603
PB6a 3_1 4.51220E-02 5.68E-07 7.96E-03 2.55E-07 26 10.025 0.90 0.064 -0.44 0.067
PB6b_1 1 4.51439E-02 2.59E-06 7.97E-03 6.34E-07 3.10 0.115 1.23 0.159 -0.36 0.172
PB6b_1 2 4.50971E-02 2.77E-06 7.97E-03 2.90E-07 2.06 0.123 157 0.073 0.52 0.098
PB6b_1 3 4.51012E-02 1.98E-06 7.97E-03 3.36E-07 215 0.088 1.25 0.084 0.15 0.098
PB6b_2 1 4.51562E-02 7.62E-07 7.97E-03 3.99E-07 337 0.034 171 0.100 -0.02 0.104
PB6b_3 1 4.51393E-02 1.03E-06 7.97E-03 3.63E-07 3.00 0.046 1.18 0.091 -0.36 0.096
PB6b_ 5 1 4.50253E-02 6.13E-06 7.97E-03 9.63E-07 0.46 0.272 155 0.242 131 0.281
PB6c_2 4.51867E-02 1.61E-06 7.97E-03 3.04E-07 4.05 0.071 218 0.076 0.10 0.087
PB6C_3 4.51990E-02 2.91E-06 7.98E-03 1.92E-07 4.32 0.129 3.02 0.048 0.80 0.084
PB6c_4 4.52593E-02 9.99E-06 7.98E-03 2.30E-06 5.66 0.441 2.66 0.576 -0.25 0.621
05-25-00 GR97IM23 banded iron-formation Isua Supracrustal Belt, W. Greenland —3.77 Ga pyrite (Figure 8)
11 4.50227E-02 2.32E-06 7.97E-03 2.29-07 0.40 0.103 1.95 0.058 1.74 0.079
1 4.50723E-02 2.84E-06 7.98E-03 3.09E-07 151 0.126 271 0.077 1.93 0.102
13 4.51046E-02 1.28E-06 7.98E-03 1.88E-07 222 0.057 297 0.047 1.83 0.056
14 4.50825E-02 2.96E-06 7.98E-03 3.22E-07 173 0.131 259 0.081 1.70 0.106
15 4.50783E-02 2.05E-06 7.98E-03 1.39E-07 1.64 0.091 2.76 0.035 1.92 0.059
16 4.50900E-02 1.42E-06 7.98E-03 2.82E-07 1.90 0.063 291 0.071 1.94 0.079
21 4.50943E-02 4.61E-07 7.98E-03 2.27E-07 2.00 0.020 297 0.057 1.95 0.059
22 4.50646E-02 2.09E-06 7.98E-03 2.91E-07 1.34 0.093 255 0.073 187 0.088
23 4.50563E-02 2.45E-06 7.97E-03 2.09-07 115 0.109 235 0.052 1.76 0.077
2.4 4.50623E-02 1.33E-06 7.98E-03 3.03E-07 1.29 0.059 2.68 0.076 2.02 0.083
31 4.50839E-02 4.08E-06 7.98E-03 4.44E-07 1.76 0.181 2.64 0.111 1.74 0.146
41 4.50039E-02 5.15E-06 7.97E-03 4.38E-07 -0.01 0.229 133 0.110 134 0.162
51 4.50520E-02 1.01E-06 7.96E-03 5.17E-07 1.06 0.045 0.89 0.130 0.35 0.133
6.1 4.50782E-02 3.90E-07 7.96E-03 1.55E-07 1.64 0.017 0.70 0.039 -0.14 0.041
42 4.50719E-02 3.92E-06 7.97E-03 6.11E-07 1.50 0.174 2.39 0.153 1.62 0.178
52 4.50121E-02 1.81E-06 7.95E-03 3.19E-07 0.17 0.080 -0.17 0.080 -0.25 0.091
01-06-01 IM43 garnet-biotite schist (metapelite), Isua Supracrustal Belt, W. Greenland ~3.77 Ga pyrite (Figure 11)
11 4.50250E-02 4.28E-07 7.97E-03 2.19E-07 0.46 0.019 1.46 0.055 122 0.059
12 4.49625E-02 5.85E-07 7.96E-03 2.20E-07 -0.93 0.026 0.70 0.055 1.18 0.062
13 4.50032E-02 1.08E-06 7.97E-03 3.23E-07 -0.03 0.048 115 0.081 1.16 0.095
14 4.50363E-02 5.32E-07 7.97E-03 2.02E-07 071 0.024 1.60 0.051 1.23 0.057
21 4.50116E-02 9.19E-07 7.97E-03 2.81E-07 0.16 0.041 118 0.071 1.10 0.083
22 4.50228E-02 5.10E-07 7.97E-03 2.96E-07 0.41 0.023 1.33 0.074 112 0.079
23 4.49864E-02 4.82E-07 7.96E-03 2.25E-07 —0.40 0.021 0.91 0.056 112 0.061
05-24-00 GR9707 banded iron-formation/metaquartzite Akilia, SW Greenland >3.83 Ga pyrrhotite and chal copyrite (Flgure 13)
S1_1 (po) 4.49002E-02 4.91E-06 7.96E-03 3.45E-07 -2.32 0.219 0.28 .087 147 0.144
S1 2 (po) 4.49471E-02 1.58E-06 7.95E-03 2.40E-07 -1.28 0.070 —-0.16 0.060 0.49 0.072
S1_3 (po) 4.50037E-02 2.81E-06 7.96E-03 2.42E-07 -0.02 0.125 0.56 0.061 0.57 0.090
S1 4 (po) 4.50782E-02 1.06E-06 7.96E-03 3.05E-07 1.64 0.047 0.97 0.077 0.13 0.082
S1_5 (po) 4.49829E-02 1.00E-06 7.95E-03 2.84E-07 -0.48 0.045 -0.54 0.071 -0.30 0.077
S1 6 (ch) 4.47060E-02 3.56E-06 7.93E-03 2.38E-07 —6.63 0.159 —2.86 0.060 054 0.105
S1 7 (ch) 4.47037E-02 1.32E-06 7.93E-03 2.15E-07 —6.68 0.059 -3.70 0.054 -0.27 0.066
S1 8 (ch) 4.48365E-02 4.48E-07 7.94E-03 1.58E-07 -3.73 0.020 -184 0.040 0.08 0.045
S1 9 (ch) 4.49959E-02 1.66E-06 7.95E-03 3.66E-07 -0.19 0.074 -043 0.092 -0.33 0.103
S1 10 (ch) 4.49129E-02 3.43E-06 7.95E-03 3.19e-07 —-2.04 0.153 -0.29 0.080 0.76 0.116
S2_1 (po) 4.52006E-02 1.82E-06 7.98E-03 2.68E-07 4.36 0.081 254 0.067 0.30 0.081
S2 2 (po) 4.52394E-02 1.18E-06 7.98E-03 1.49E-07 522 0.052 3.15 0.037 0.47 0.048
S2_3 (po) 4.51406E-02 4.74E-06 7.98E-03 2.72E-07 3.02 0.210 2.40 0.068 0.84 0.130
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Table 5. (Continued)

Sepr® 20 6FS® *20° AT 260

Grain_spot 31g2s +1lo 33g32g +1o (%o) (%o) (%o) (%o) (%o) (%o)
04-21-01 GR0063 Ameralik dyke, Akilia, SW Greenland ~2.7 Ga pyrite
Gl-sl 4.47874E-02 5.10E-07 7.94E-03 2.56E-07 —4.82 0.023 —-2.49 0.064 0.01 0.069
G1-s2 4.47966E-02 3.90E-07 7.94E-03 2.45E-07 —4.62 0.017 —-2.37 0.062 0.03 0.065
G1-s3 4.48063E-02 4.63E-07 7.94E-03 3.66E-07 —4.40 0.021 —-2.26 0.092 0.03 0.096

Notes. Nomenclatureis grain number + ion microprobe spot number. Error demagnification and corrections for instrumental mass bias were applied
to the data (see text); Sisotope ratios of the unknowns were calibrated against known standards; uncertaintiesin the ratios are reported at the 1o level;
the & values (including A%S) are reported at the 20 level.

2 8348CDT = 1000 ((343,328)unknown/(345/328)CDT — 1). All values use the accepted reference ratio of Canon Diablo Troilite (328,348) =22.220 (AUIt and Jensen, 1962)'

b Errors derive from counting statistics and do not include the uncertainty in the composition of the standards in the small domains (<30 wm)
analyzed by SIMS multicollection.

¢ Values for (335°2S) . are determined separately for each analytical session (Table 4) by the intersection of the experimentally determined mass

fractionation line and the accepted (32S/*4S)pr = 22.22 (Ault and Jensen, 1962).

9A%S = §%3S — 1000 X (1 + §*'5/1000)°>°.,

© Uncertainties were calculated using [((207sz4s)? + (2053392)Y4 = 1 (204335)gms and then incorporating the uncertainty in A%®S for each phase
from the standards (Table 3) such that 20yz55 = ((205ass)sms” + (20szagsTp) -~ (See text).

work (Bridgwater and McGregor, 1974; Allaart, 1976; Nutman
et a., 1984; Nutman et a., 1996, 1997b; Rose et al., 1996;
Rosing et al., 1996) that reduced the recognizable lithology of
the ISB to ferruginous quartzite and oxide faces BIF and
relatively minor quartzo-feldspathic and biotite schists domi-
nated by a succession of amphibolitized pillow basalts exten-
sively altered in places by silicification, carbonation and other
metasomatic effects. The sample collected for this study is part
of an approximately 5 X 10—m outcropping of awell preserved
BIF in the central part of northeastern sector of the ISB and
consists of millimeter- to centimeter-thick bands of coarsely
crystallized quartz and magnetite (Fig. 7) that are somewhat
deformed yet preserve the integrity of individual sedimentary
bands.

Sulfides in GR97im23 are present as small euhedral to sub-
hedral clusters of pyrite (Fig. 8) surrounded by a mixed matrix
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Fig. 6. 8*3Svs. §*S plot of PB6 data. The majority of pyrrhotitesin
this sample plot close to the mass fractionation line with A%S anom-
alies ranging from —0.36 = 0.09 to +0.52 = 0.10%. with a ~6%o
spread in §%*S values (—0.2 + 0.2 to +5.7 = 0.4%o) preserved overall
(Table 5). No separate linear arrays are definable by these data.

of magnetite and quartz and parallel to the sense of banding in
the rock. Along with BIF seen elsewhere and typical of Ar-
chean volcano-sedimentary successions, this rock is regarded
as a chemical sediment that has been enriched in metals from
volcanic sources (Dymek and Klein, 1988) and probably rep-
resents part of arelatively deep (>100 m) marine sedimentary
facies derived from the oxidation of upwelled Fe(ll)-rich sea
water to ferro-ferri-oxyhydroxides (Braterman et al., 1983) and
subsequent diagenetic transformation to magnetite. Enrichment
of seawater in ferrous iron and the transformation to abundant
Fe;O, in marine sediments is considered a signature style of
sedimentation under anoxic conditions on the early Earth when
Fe(ll) concentrations were high in seawater (Holland, 1984;
Bjerrum and Canfield, 2002). Therefore, sulfides in this rock
areinterpreted to sample the sulfur cycling to the water column
from atmospheric or magmatic exhalative sources at time of
deposition in an early Archean (~3.8 Ga) ocean. Our repeat
measurements reveal consistently large positive A33S anoma

GR097im23

Fig. 7. BIF sample GR97im23 collected from the ~3.77-Ga ISB,
West Greenland. Slightly deformed individual bands of magnetite are
readily visible interposed between layers of quartz + grunerite.
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Fig. 8. Mixed secondary and backscattered electron images of pyrite grains 1 to 6 from BIF sample GR97im23 from Isua.
Scale bars are indicated. The petrology of the surrounding minerals is dominated by magnetite (to the left of sulfide grains
1 and 2, bottom of grain 4 and lower right of grain 6) and quartz. EPMA measurements on the low-contrast rims of the pyrite
grains indicate they are composed of quartz, probably the result of silica mobility during metamorphism. Aside from sites
5 2 and 6_1 (Table 5), the pyrites in this sample had consistently positive A%3S anomalies. on microprobe traverses of
grains 1 and 2 indicate that they may be subtly zoned in A33S; further analyses are warranted to explore this possibility.
Grains 5 and 6 had only small (but nonzero) anomalies in A%3S,

liesin GR97im23 clustering mostly between +2.02 = 0.082 to
+1.34 = 0.161%0 (20); these form a well defined linear array
of dopem = 0.694 (r> = 0.95, s.d. = 0.15; Fig. 9). We note
that the slope of this array is similar to the MIF slope derived
from SO, photooxidation experiments by Farghuar et al. (2000)
describing the relationship (1 + §%$/1000) = (1 + &Y
1000)°-649=0-9% gnd would therefore be consistent with photo-
chemical models for the formation of BIF in an open ocean
away from detrital sediment sources on the early Earth. Only a
small, 2%o, range of §%*S was observed in GR97im23 pyrite
(Table 5).

3.2.4. Garnet—Biotite Schist, |SB, West Greenland
(GR97im43), ~3.8 Ga

Units originally described as Fe-Mg-rich quartz + plagio-
clase + biotite + garnet = muscovite = allanite schists and
composing part of the original sequence B mica schist unit of

Nutman et al. (1984) were collected in an effort to obtain rocks
of pelitic origin from the ISB. A large (~5-kg) sample was
collected from an upper unit in the sequence (Fig. 10), which
contains layer of predominantly of garnet—biotite schist (=~
ferruginous metapelite; Dymek and Klein, 1988). The protolith
of thisrock was most likely afine-grained siltstone deposited in
a deep marine setting, perhaps derived from submarine or
subaerial weathering of mafic volcanic piles. Sulfides are rare
but recognizable in the hand sample and are present as small,
isolated anhedral blebs of pyrite (Fig. 11) parallel to schistosity.
We hypothesize that in the absence of a widespread detrital
mineral component and with the fine-grained texture of the
rock and amineral composition consistent with a pelitic origin,
sulfides in this rock displaying resolvable A®3S anomalies
could represent some fraction of the mass-independently frac-
tionated sulfur aerosol flux to the open ocean at time of depo-
sition of the sediment at ~3.8 Ga
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Fig. 9. 8%3S vs. 8*S plot of GR97im23 data. All pyrites in this
sample, with the exception of 5 1,5 2, and 6_1, exhibit large positive
A®3S anomalies ranging from +1.34 + 0.16 to +2.02 = 0.08%o with
asmall ~ 2%o spread in §%*Svalues (+2.2 + 0.1t0 0.0 + 0.3%., Table
5). A linear fit applied to the popul ation of points with the greatest A**S
values defines a separate linear array of slope m = 0.694 (r? = 0.95,
sd. = 0.15, §*3S-intercept at +1.54%0). The dope of this array is
similar to the MIF slope derived from SO, photooxidation experiments
that describe the relationship (1 + §%©9/1000) = (1 + &Y
1000)°-649=0:006 (Egrquhar et al., 2000, 2001a).

Fig. 10. Field photograph showing the exact sampling location
(outline in shadow) of ferruginous metapelite GR97im43 collected in
the upper part of the B2 mica schist unit (Nutman et al., 1984) from the
~3.8-Ga ISB, West Greenland. Pen (for scale) is approximately 13.5
cm long.

" GR97im43.

g |

501tm

Fig. 11. (top) Round probe thin section of GR97im43; horizontal
banding indicates sense of schistosity. The mineralogy is quartz +
plagioclase + biotite + garnet = muscovite * allanite = pyrite with
minor graphite, magnetite, pyrite, and zircon(?). The box in the thin
section denotes the location of two connected pyrite grains (bottom)
from which ion microprobe analyses of A*3S in situ were obtained
(Table 5). Individua ion microprobe spots are labeled in each grain.
The total range in §3*S valueswas —0.9 + 0.1 to +0.7 + 0.1%.. The
pyrites in GR97im43had consistently positive A®3S anomalies. lon
microprobe traverses of grains 1 and 2 do not indicate zonation in AS,
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Fig. 12. %3S vs. %S plot of GRI7im¥43 data. All pyrites from this
sample exhibit large and consistently positive A3S anomalies cluster-
ing between +1.23 = 0.06 to +1.10 = 0.08%. (20) that form a linear
array of slope m = 0.54 (r> = 0.98, s.d. = 0.056; §**S-intercept at
+1.16%o0) that resembles that predicted for mass-dependent fraction-
ation (Bigeleisen and Mayer, 1947; Hulston and Thode, 1965).
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Fig. 13. (a) (top) Round probe thin section of Akilia quartz—magnetite metasediment GR9707. The mineralogy is quartz
+ magnetite + amphibole = orthopyroxene * garnet with minor apatite and graphite. The boxes in the thin section denote
the location of two large sulfide (pyrrhotite + chalcopyrite) grains (S1 and S2) from which ion microprobe analyses of A%3S
were obtained (Table 5). (bottom) Mixed secondary and backscattered electron images of pyrrhotite grain S1 from Akilia
showing atraverse of grain S1 with individual ion microprobe spots labeled. The total range in §**S valuesfor S1 was —2.3
+ 0.2t0 +1.6 = 0.1%o in pyrrhotite (po) and —6.6 = 0.2 to —0.2 = 0.1%. in chalcopyrite (ch). One pyrrhotite spot in
GR9707 S1 had a large positive A%3S anomaly (+1.47%0) that may indicate that this grain is zoned in A%®S. (b) Mixed
secondary and backscattered electron images of large (900 X 340 um) pyrrhotite grain S2 from Akilia. The total range in
pyrrhotite (po) 8**S values for S2 was +3.0 + 0.2 to +5.2 + 0.1%o; chalcopyrite (ch) was not analyzed. mt = magnetite.
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GR9707

Fig. 13. (Continued)

Measurements of pyrites in GR97im43 reveal large and
consistently positive A33S anomalies clustering between +1.23
to +1.10%. that, grouped together, form a well-defined linear
array of sope m = 0.54 (r> = 0.98, s.d. = 0.056; Fig. 12)
similar to that expected for mass-dependent fractionation (Big-
eleisen and Mayer, 1947; Hulston and Thode, 1965). The small
range of 83S observed in GRO7in43 pyrite was —0.9 to
+0.7%o (Table 5).

3.2.5. Fe-Rich Quartzte, Akilia (Island), Southern West
Greenland (GR9707), =3.83 Ga

A unit of layered amphibolite, ultramafic rocks of komatiitic
composition (McGregor and Mason, 1977; Anbar et al., 2001)
and quartz-magnetite metasediment occurs as a large tabular

enclave in orthogneisses on the southwestern corner of Akilia
(island) in southern West Greenland (McGregor and Mason,
1977). These rocks experienced granulite facies metamorphism
(P > 5 kbar, T ~800°C) in the early Archean (Griffin et a.,
1980; Nutman et al., 1997a) but underwent retrograde amphi-
bolite-facies metamorphism in the late Archean, ~2700 Ma
(Nutman et a., 1996). The magnetite-bearing quartzite on
Akilia, which is overprinted by several generations of pyrox-
enite veinings (McGregor and Mason, 1977; Nutman et a.,
1996, 1997a; Mojzsis and Harrison, 2002b; cf. Fedo and White-
house, 2002a,b) from the surrounding ultramafic units as well
as intercalated Fe-rich pyroxenes typical of metamorphosed
quartz-magnetite rocks (McGregor and Mason, 1977; Nutman
et a., 1997a; Palin, 2002; Friend et al., 2002), is interpreted to
be a highly deformed Fe-poor BIF (Nutman et a., 1997a).
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Fig. 14. 5**S vs. §*'S plot of GR9707 data. Most GR9707 sulfides
exhibit positive A%*S anomalies clustering between +0.84 + 0.13 to
+0.30 = 0.08%o (207) and form alinear array of slopem = 0.50 (r> =
0.99, sd. = 0.196; 5*S-intercept at +0.57%o), the same as that
predicted for mass-dependent fractionation (Bigeleisen and Mayer,
1947; Hulston and Thode, 1965). Three other points are somewhat
negative (—0.33 = 0.10, —0.30 = 0.08, —0.27 = 0.06%o [20]). The
relatively large range of 53*S observed in the pyrrhotite and chal copy-
rite for thisrock was —6.7 = 0.1 to +5.2 = 0.1%.. Pyrites analyzed in
the Ameralik dyke (GRO063) are aso shown (Table 5) and contain no
A33S anomalies to the limits of our resolution. This result is consistent
with an igneous intrusive origin of the Ameralik dykes and amagmatic
vaue of A%S = 0%o.

Sulfides in GR9707 occur as rare, isolated anhedral blebs of
pyrrhotite + chalcopyrite (Fig. 13) associated with magnetite.

Measurements of both pyrrhotite (po) and chalcopyrite (ch)
in the >3.83 Ga (Mojzsis and Harrison, 2002a) sample
GR9707 revea a large positive A%3S anomaly at +1.47 +
0.14%0 (20). A population of positive A3S values ranging
between +0.84 to +0.30%0 can be grouped together to form a
linear array of sopem = 0.50 (r* = 0.99, s.d. = 0.196; Fig. 14)
similar to that predicted for mass-dependent fractionation.
Three other points have dlightly negative A%*S values (—0.33
+ 0.099, —0.30 = 0.075, —0.27 = 0.062%0 [20]), but we
cannot confidently assign a mass-dependent (m ~ 0.5) relation-
ship to them because they are so close to the mass fractionation
line. A relatively large range (~12%o) of §**S was observed in
GR9707 pyrrhotite and chal copyrite: —6.7 to +5.2%o0 (Table5).

As a means of testing whether high-grade metamorphism or
metasomatism with S-bearing fluids might have played arolein
modifying A*3S among different lithological units on Akilia,
we sampled one of the many Archean (>3.1 Ga) Ameralik
dykes that structurally cross-cut the early Archean lithologies,
including the supracrustal package containing quartz-magnetite
sample GR9707. As seen in Table 5 and Figure 14, pyrites
analyzed in the Ameralik dyke (G1) contain no A*3S anomalies
to the limits of our resolution, consistent with their igneous
intrusive origin and a magmatic value of A®S = 0%.. The
results from the Ameralik dyke sample G1 are in marked
contrast with those obtained on the metaquartzite sample
GR9707 and provides further evidence for the sedimentary
origin of the quartzite from Akilia

4. DISCUSSION

Multicollector ion microprobe measurements of §33S and
534S and the observed MIF composition in sulfides corroborate
previously reported A33S anomalies in sulfide and sulfate from
ancient sedimentary rocks (Farquhar et a., 2000). Figure 15
plots our new ion microprobe A®S data with previously re-
ported results from a host of sedimentary and metasedimentary
rocks and significantly adds to the data set for multiple sulfur
isotopes for pre-3.5 Garocks. It is apparent from Figure 15 that
the data track a major change in sulfur geochemistry sometime
between 1.9 to 2.4 Ga related to the demise of the A33S signal
in sediments. The §%*5/84S composition of samples measured
by Farquhar et al. (2000) and in this study by ion microprobe
that are older than ~2.4 Ga display MIF signatures with a total
range of values between A33S = —1.72 + 0.34%0 (20) and
+2.02 = 0.08%0 (20). Younger samples, represented by our
standards data set as well as sulfides in igneous rocks (e.g.,
GR0063) fall within arelatively small range about A33S ~ 0%.
The origin of the MIF effect in sulfur on early Earth and Mars,
as revealed by measured A®3S anomalies, is postulated to be
from gas phase reactionsin planetary atmospheres. Experimen-
ta (Farquhar et al., 2001a) and model (Pavlov and Kasting,
2002) studies that seek to identify the conditions necessary to
produce MIF 8%5/8%4S, which are transferred to surface ma-
terials (e.g., surface minerals, sediments, waters, and ices), hold
the potential for exploring past atmospheric chemical evolution
in the preserved rock record. The full implications of these
results remain to be realized as our understanding of the spe-
cific reaction pathways for mass-independent isotope fraction-
ation improves (Thiemens et al., 2001).

4.1. Ancient Terrestrial Atmospheric Oxygen

Quantitative constraints on the oxygen concentration of the
Archean atmosphere based on atmospheric model calculations
coupled with investigations of the geologic record have been
sought after for many years. The chemical nature of the Ar-
chean atmosphere is critical to the understanding of Archean
geology and of atmospheric evolution in general. The current
paradigm states that the free oxygen levels of early atmo-
spheres were much lower (pO, < 1072 present atmospheric
level, PAL) before ~2.3 Ga (Cloud, 1972; Walker, 1977,
Walker et al., 1983; Holland, 1984, 1994, 1999; Kasting, 1992,
1993, 2001; Rye et a., 1997; Rye and Holland, 1998; Farquhar
et al., 2000; Pavlov and Kasting, 2002). An alternative view
argues that the atmosphere was oxygen rich, or at least away
from anoxic, throughout the Archean (Dimroth and Kimberley,
1976; Towe, 1990; Ohmoto, 1996, 2001; Watanabe et al.,
1997). A major review of the geological record of atmospheric
evolution noted several pieces of evidence as important for
establishing the case for an anoxic atmosphere before approx-
imately 2.3 Ga (Holland, 1984) highlighting in particular the
study of detrital gold, uraninite, and pyrite grainsin pre-2.3 Ga
sediments (cf. Barnicoat et a., 1997). Geochemical indicators
(FE** vs. Fe*") in paleosols (Holland, 1994; Rye and Holland,
1998; Rasmussen and Buick, 1999), arguments regarding the
origin and possible mode of deposition of BIF (Cloud, 1972),
and of carbon isotope signatures in Precambrian organic matter
(DesMarais, 1997) and carbonates (Karhu and Holland, 1996)
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Fig. 15. Sulfur multiple isotope data (expressed as A*S) for sedimentary sulfides and sulfates as a function of age
(replotted from Farquhar et al., 2000). Added to these values are the new data reported in this work (from Table 4). A large
rangein A®S valuesin samples >2.4 Gain age most likely reflects a change in atmospheric chemistry in the 1.9- to 2.4-Ga
interval (stippled box) as a result of the marked oxidation of the surface zone of the Proterozoic Earth over the course of

the Great Oxygenation Event (GOE).

have also been used to support models for an early anoxic
atmosphere on Earth (cf. Ohmoto, 1999).

The MIF behavior of sulfur in gas phase reactions in anoxic
atmospheres can potentially provide three independent con-
straints on the oxygen content of early atmospheres.

(1) Separate mass-dependent arrays (m =~ 0.5) within MIF
5339/834S data derived from ancient sulfides presented here
argue against effective pyrite oxidation and homogenization of
both reduced sulfur and (oxidized) sulfate reservoirs by bio-
logic cycling or inorganic processes. The first-order result of
this constraint essentialy supports the conclusions based on
paleosol and detrital mineral datathat pO, =< 10~ * PAL before
~2.3 Ga and that sulfate was of relatively limited availability
in the oceans for sulfate reduction by bacteria.

(2) Experiments to delimit the range of conditions necessary
for 190- to 220-nm ultraviolet photolysis of SO, in the lower
atmosphere and the lifetime of this reaction under various
parameters have succeeded in producing large MIF signatures
that mimic those observed in ancient sulfides (Farquhar et al.,
2001a). These results suggest that whole-atmosphere column

abundances of O; and O, were so low that 190- to 220-nm
radiation could penetrate deep into the pre-2.3-Ga atmosphere.
Consequently, the mere presence of anomalous A33S can be
used to place qualitative upper limits of oxygen concentrations
of approximately 10~* to 10~ 2 PAL.

(3) Because the only fractionation mechanism that appearsto
be consistent with the multiple isotope data for sulfur involves
atmospheric reactions such as SO, photolysis, chemical models
must be developed that provide mechanisms for the transfer of
MIF signatures to the surface in early anoxic atmospheres.
Recent theoretical work (Pavlov and Kasting, 2002) demon-
strates that the MIF signatures of sulfur aerosols are preserved
from homogenization in oceanic sulfate reservoirs only in atmo-
spheres with pO, < 1075, An important conclusion from these
mode studies is that it is not possible to create anomalous §*Y
8*Sin ahigh pO, atmosphere; the cessation of MIF signatures
on sedimentary sulfur appears essentialy complete in these
models even before the pO, =10° PAL threshold is reached.

In both the experimental (2) and theoretical (3) models cited
above, it is presumed that the magnitude of the A®3S anomaly
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Fig. 16. Phylogenetic trees of Archaea and Bacteria based on small-subunit (SSU) ribosomal RNA sequences (from Pace,
2001). The scale bar represents approximately 0.1 changes per nucleotide. (top) Diagrammatic representation of the
phylogeny of Archaea. Wedges indicate that several representative sequence groups of organisms fall within the indicated
depth of branching. Names correspond to organisms or groups of organisms. (bottom) Diagrammatic representation of the
phylogenetic divisions of the diverse Bacteria; open wedges are environmental sequences named after clone libraries; solid
wedges represent cultured organisms. In these figures, organisms that are known to reduce elemental sulfur (S°, S°) to H.S
are labeled in boldface type; their branches are likewise boldface. The deep-branching of this metabolic style in both
Bacteria and Archaea points to an ancient origin (Stetter and Gaag, 1983), probably at the last common ancestor (labeled
“root,” in Bacteria) of all life. The organisms that reduce elemental sulfur are hyperthermophilic, suggesting that this
metabolism may have evolved in a high-temperature environment (Stetter, 1996).

is directly proportional of the residence time of reactive sulfur
species (e.g., SO,) in the atmosphere, balanced with the surface
deposition of its reaction products including elemental sulfur
(Pavlov and Kasting, 2002). However, much work needs to be
done before this aspect can be quantified. Thus, finding diverse
A33S anomalies in a varied suite of Archean and early Protero-
zoic marine sedimentary sulfides would stipulate that the sulfur
measured was cycled through an atmosphere with very low
oxygen concentration and that this was amajor source of sulfur
to seawater on the early Earth. Our data (Fig. 15) are therefore
consistent with an anoxic (<10~° PAL), photochemically ac-
tive atmosphere before the mid to early Proterozoic and ex-
tending to the oldest sediments.

4.2, Implications for Early Life Environments

Comparative sequence analyses of genomes are used to infer
phylogenetic relationships between organisms (Woese, 1987,
2000) and their evolutionary history in terms of molecular
biology (Pace, 1997, 2001). Such analyses define three Do-
mains within the rRNA Phylogenetic Tree of Life: Bacteria,
Archaea, and Eucarya. Many hyperthermophilic, deep-branch-
ing organisms in Bacteria (Thermotogales) and in Archaea
(sub-Domain Crenarcheota; Pyrococcus and Thermoplasma in
sub-Domain Euryarcheota) reduce elemental sulfur (S°) to H,S
using both H, and organic compounds as an electron donor.
The antiquity of this metabolic pathway is evident in that both
deep-branching Bacterial and Archaeal lineages share this fea-
ture (Stetter and Gaag, 1983; Stetter, 1996; Canfield and Rai-
swell, 1999; Fig. 16). Thus, these observations suggest that
elemental sulfur reduction is an inherited trait from the last
common ancestor of all life. Currently, these organisms obtain
elementa sulfur from rapid cooling of volcanogenic sulfurous
gases where 2S0, + 2H,S° <> 4S° + 2H,0; this shifts the
equilibrium in favor of S° (Grinenko and Thode, 1970), which
is metabolically available for reduction to H,S.

As pointed out in Farquhar et al. (2001a), a consequence of
the mode! for anomalous A®3S sulfur aerosol formation is that
pyrite forming via sulfur reduction by organisms to H,S would
retain positive A33S signatures, whereas pyrite formed from
sulfate reduction would be expected to preserve negative A%®S
values. The latter case may be seen in our datafor BH1a ~2.5
GaBIF where the pyrites are consistently negative (Fig. 4) and
a linear fit applied to data defines a separate mass-dependent
fractionation array that may be consistent with an origin by
microbial sulfate reduction, although the total range in §*S
(=6%0) is smaler than that typically assigned to biologic
fractionation (Canfield and Raiswell, 1989). It is worth noting
that in our most ancient samples (including GR9707), the

majority of pyrites have strongly positive A3S values, which
we interpret to be inconsistent with sulfate reduction and if
biologically mediated (with aspread in 83*S values greater than
~10%o), would be more in line with elemental sulfur reduction.

The mere presence in our data of strongly positive A33S
anomalies with separate linear arrays provides a compelling
case that the source of sulfur in these systems was cycled
through the atmosphere and introduced to the oceans in the
early Archean and isolated there from rehomogenization by
volcanic and hydrothermal sources of sulfur. Elemental sulfur
(S°, SB) aerosols (Pavlov and Kasting, 2002) derived from
atmospheric reactions and deposited into the oceans would
have provided a ready source of sulfur to a plethora of micro-
bial environments at the globa scale (Fig. 17). Significantly,
the oldest sample we studied, GR9707 a =3.83-Ga quartz +
magnetite rock from Akilia, has a separate mass-dependent
fractionation array similar to the ferruginous metapelite
GR97im43 from the 1SB, but with a range in §**S of ~12%o.
We interpret this range to most likely be a reflection of hydro-
thermal fractionation of the isotopes during multiple metamor-
phic events, although elemental sulfur reduction by metabolic
processes at time of deposition cannot be ruled out.

Sample GR97im23, a BIF from Isua has a small (2%o) range
in 83*S, but in three-isotope space, it defines a separate linear
array with a dope inconsistent with mass-fractionation. We
propose that these sulfides result from the extremely rapid
deposition of sulfur aerosols into the early Archean ocean
followed by sedimentation as pyrite under anoxic and reducing
conditions. A case for biologic sulfur reduction in the samples
analyzed cannot be made at this time on the basis of the limited
data set. More measurements are needed of early Archean
sediments and of putative sulfidic microfossil forms (Rasmus-
sen, 2000) in the search for definite evidence for this ancient
metabolic style.

4.3. Sedimentary Origin of Akilia Quartz + Magnetite
Lithologies

4.3.1. Geochronological constraints

Because of the importance of the Akilia rock in terms of
evidence for early biologic activity (Mojzsis et a., 1996) and a
recent debate concerning the minimum age of its deposition, it
is relevant to provide background geochronological informa-
tion for this sample. Supracrustal rocks such as the Akilia
quartzite that have undergone high-grade metamorphism are
not used for precise and accurate whole-rock geochronology
because of open-system behavior of Rb-Sr, Sm-Nd, and U-Pb
during metamorphism. It is therefore necessary to resort to
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minimum ages determined from precise U-Th-Pb zircon geo-
chronology of intrusive granitoids that cross-cut (and thus
postdate) the supracrustal rocks including quartzite/BIF. On
Akilia, two separate intrusive sheets of tonalitic orthogneiss
appear to cross-cut the supracrustal package and include igne-
ous zircons that can be dated. The ages of igneous cores in
zircons from high-grade metamorphic rocks (including granu-
lites and charnockites; Mojzsis et al., 2003) can be distin-
guished from younger overgrowths formed during later meta-
morphic events by in situ ion microprobe analyses (Compston
et al., 1986; Compston and Kroner, 1988) especialy when
coupled with zircon U-Th-Pb depth-profiling and whole-rock
geochemistry (Mojzsis and Harrison, 2002a). Such dating of
the Akilia intrusive orthogneisses has yielded consistent 3830
+ 10 Ma ages, which are interpreted to be the crystallization
age of the high-temperature protoliths of the gneissic sheets
(Nutman et a., 1997a; Mojzsis and Harrison, 2002a). Hence,
3820 Mais arguably a minimum limit on the depositional age
of the sediments on Akilia, the oldest recognized thus far.
These sediments have been used to infer a minimum age for the
appearance of life on Earth, from measurements on carbon
isotopic fractionationsin graphite (Mojzsiset al., 1996), aswell
asto investigate the earliest environments for lifein the context

of conditions unique to the earliest Earth (Mojzsis and Harri-
son, 2000) such as the late heavy bombardment (Anbar et a.,
2001; Mojzsis and Ryder, 2001).

4.3.2. Metamorphic overprinting

The metamorphic transition from amphibolite (in the Isua
district of West Greenland) to the granulite facies that domi-
nates the early Archean in coastal southern West Greenland
(Griffin et a., 1980) is marked by dehydration and subsequent
growth of orthopyroxene at the expense of amphibole (and
biotite, where present). A number of studies have debated the
degree to which the granulite transition, essential for stabilizing
the deep continental crust, results from magmatic exhalations
or from massive infiltration by CO, (Newton, 1986; Valley et
a., 1990) or hypersaline fluids (Newton et al., 1998) derived
from metamorphic devolatilization reactions. The presence of
isolated ~500 to 900 wm sulfide grains in the Akilia quartzite
described in this work, which compose ~0.1 mode % of the
mineral assemblage, indicates that metamorphic fluids in the
rock contained only small amounts of H,S or SO, (Ohmoto,
1986). Because fluids with a juvenile S source derived from
surrounding rocks should have A®3S = 0%, massive metaso-
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matic infiltration by S-bearing fluids would be expected to blur
or erase MIF anomalies if they were originaly present. The
anomalous A®3S data reported for GR9707 are consistent with
the deposition of MIF sulfur aerosols in a marine system and
subsequent incorporation into the Akilia sediments. The fact
that mass-independent sulfur isotope anomalies are preserved
even into the granulite facies attests to the robustness of the
A*3Ssignal in the absence of massive sulfidic overprinting that
would otherwise dilute and ultimately erase MIF sulfur signa-
tures.

4.3.3. Protolith to the Akilia Quartzite

Recently, the interpretation of a primary sedimentary origin
of the Akilia quartzite has been disputed on the basis that the
rocks could have been derived from metasomatic ateration of
primary ultramafic + carbonate rocks (Fedo and Whitehouse,
2002a,b). However, this viewpoint has been challenged on
geochemical (Mojzsisand Harrison, 2002b), mineralogical (Pe-
lin, 2002) and structural grounds (Friend et al., 2002). Because
of the importance of these rocks to understanding Earth history
as well as the criticisms raised over interpretations of their
petrogenesis, it makes sense to explore the matter with a new
approach. Therefore, on the basis of models for the origin of
BIF discussed previously, we tested the hypothesis that the
sulfides in this rock sampled either atmospheric (i.e., anoma-
lous A33S) or magmatic exhalative sources (A33S = 0%o) of
sulfur to the oceans at time of deposition in the early Archean
>3.83 Ga. The A®3S data presented here (Table 4; Fig. 14)
from a quartz-magnetite (GR9707) lithology on Akilia tran-
scend different interpretations of the data of Fedo and White-
house (2002a) and provide support for a primary sedimentary
origin of the Akilia quartzite.

5. CONCLUSIONS

We have presented new ion microprobe multicollector data
measured for A33S in sulfides derived from Archean sedimen-
tary rocks. These results provide an independent verification of
previous measurements of A33S anomalies (Farquhar et al.,
2000, 2001a,b; Thiemens et al., 2001) that hold the potential to
constrain the chemistry of ancient atmospheres. The A%%S
anomalies in terrestrial and extraterrestrial samples (Green-
wood et a., 2000) are identifiable at the scale of the ion
microprobe beam (<30 um) inindividual sulfide grainsand are
resolvable from 83*S/6°3S ratios on the (terrestrial) mass-frac-
tionation line at a level of ~0.2%.. The fractionations in §%*S/
533S observed in Archean sedimentary precipitates such as
cherts (PB6), BIFs (BH1, GR97im23) and quartzite (GR9707),
as well as a ferruginous metapelite (GR97im43) provide com-
pelling evidence that most of the sulfur in these rocks passed
through the atmosphere (Fig. 17). The simplest route taken by
this anomalous sulfur would have been via SO, and/or H,S
from volcanic sources, followed by photochemical transforma-
tions in an anoxic atmosphere that imparted MIF to these
gaseous species, and later deposition in the oceans probably as
sulfur aerosols (Pavlov and Kasting, 2002) before conversion to
sulfide. Our ion microprobe data are consistent with laboratory
studies that propose that the operative photochemistry for MIF
sulfur isotope reactions occurs under high-ultraviolet condi-

tions deep in the atmosphere (Farquhar et al., 2001a) and
[PO,] 4 << 107° PAL (Pavlov and Kasting, 2002). Thus, we
conclude that our data are not consistent with oxygen levels
above 10~° PAL for the Archean atmosphere. A surprising
conclusion from this work is that the majority of sulfur con-
tained in the Archean sulfides we investigated must have had a
significant residence time in the atmosphere, rather than being
derived exclusively and directly from marine volcanic exhala-
tions and hydrothermal fluids that would tend to blur or erase
A33S signatures. We have increased the data set for A®S in
pre-2.5 Ga sediments and have extended these measurementsto
the ol dest sediments known; such A33S anomalies are probably
common or even abundant in early Precambrian sediments.

The ion microprobe multicollector technique provides an
improved degree of spatial resolution that can be applied to
specific sample sets, such as sediments spanning the 2.4- to
1.9-Ga “Great Oxidation Event” at the Archean—Proterozoic
transition (Sleep, 2001). Many of the marine shales and car-
bonates from that time period contain abundant sulfides (Karhu,
1993; Karhu and Holland, 1996). We have shown how the
spatia selectivity of multicollector SIMS facilitates measure-
ment of A%3S at the scale of individual sulfide minerals and it
is evident how this can be used in sediment cores, sulfidic
microbands, and possibly microfossil forms where they are
preserved and interpretable. Thus, the technique could be a
useful tool for describing the rate function and timescale of
oxygen increase in the early Proterozoic that we anticipate was
inversely related to A33S over time, as well exploring the mode
of sulfur metabolisms of early life.
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