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Abstract

We have measured multiple sulfur isotope ratios (3*S/33S/32S) for sulfide sulfur in shale and carbonate lithofacies
from the Hamersley Basin, Western Australia. The A33S values (A¥S = §%3S—0.515x 8°*S) shift from —1.9 to +6.9 %o
over a 22-m core section of the lower Mount McRae Shale (~2.5 Ga). Likewise, sulfide sulfur analyses of the
Jeerinah Formation (~2.7 Ga) yield A¥S values of —0.1 to +8.1%0 over a 50-m section of core. Despite wide
variations in A%S and &S, these two shale units yield a similar positive correlation between A*S and §*S. In
contrast, pyrite sulfur analyses of the Carawine Dolomite (~2.6 Ga) yield a broad range in 8*S (+3.2 to +16.2%0)
but a relatively small variation and negative values in A3*S (—2.5 to —1.1 %o ). The stratigraphic distribution of §*8,
534S, and A*S in Western Australia allows us to speculate on the sulfur isotopic composition of Archean sulfur
reservoirs and to trace pathways in the Archean sulfur cycle. Our data are explained by a combination of mass-
independent fractionation (MIF) in the atmosphere and biological mass-dependent fractionation in the ocean. In the
Archean, volcanic, sulfur-bearing gas species were photolysed by solar ultraviolet (UV) radiation in an oxygen-free
atmosphere, resulting in MIF of sulfur isotopes. Aerosols of Sg (with A3S>0) and sulfuric acid (with A¥S<0)
formed from the products of UV photolysis and carried mass-independently fractionated sulfur into the hydrosphere.
The signatures of atmospheric photolysis were preserved by precipitation of pyrite in sediments. Pyrite precipitation
was mediated by microbial enzymatic catalysis that superimposed mass-dependent fractionation on mass-independent
atmospheric effects. Multiple sulfur isotope analyses provide new insights into the early evolution of the atmosphere
and the evolution and distribution of early sulfur-metabolizing organisms.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mass-independent fractionation (MIF) is a
term describing an unconventional relationship
between two isotope ratios that violates the
mass-dependent rule (e.g. 8'70=0.516%38'30,
8338 =0.515x8%S) [1,2]. A capital delta notation
is used to express the degree of MIF. The MIF in
3§ is defined as A¥S=3§S—0.515x &S, which
is a deviation of the measured value of 8%3S from
that expected from 8**S. Formulas using exponen-
tial or logarithmic terms are used for more accu-
rate calculation of A¥S [2-4]. A theoretical expla-
nation for the origin of MIF is currently under
development [5]. Experiments show, however, that
ultraviolet (UV) photolysis of gas molecules pro-
duces MIF effects in oxygen and sulfur isotope
systems [1,2,6].

The discovery of sulfur isotope MIF in Arche-
an sulfide and sulfate minerals raised hopes that a
quantitative, time-resolved history of the oxygen-
ation of Earth’s atmosphere during the Paleopro-
terozoic was at last in hand [2]. The discovery of
the Archean sulfur MIF was subsequently con-
firmed by two other laboratories, one using laser
fluorination mass spectrometry [7-10] and the
other using secondary ion mass spectrometry
[11,12]. According to the discoverers’ model, the
sulfur MIF signature in Archean rocks was
caused by photochemical reactions of volcanic
sulfur species induced by solar UV radiation in
an atmosphere devoid of an ozone shield [2,13].
The absence of sulfur MIF signatures in rocks
younger than 2.0 Ga was correlated with an in-
crease in atmospheric oxygen levels to higher than
1072 times the present atmospheric level (PAL)
and the establishment of an ozone shield blocking
UV radiation [2,13]. If this hypothesis is correct, a
chronologic oxygenation history would be avail-
able in sulfide- or sulfate-bearing rock samples
spaced across an early Proterozoic stratigraphic
interval.

Today, sulfur enters the atmosphere through
volcanic outgassing of SO, and H;S and from a
variety of biological (including anthropogenic)
sources. Reduced sulfur gases are oxidized to ei-
ther SO, or H,SO4 (sulfuric acid), which is re-
moved from the atmosphere by rainout or wet

deposition. Ultimately, all sulfur becomes fully
oxidized and part of the oceanic dissolved sulfate
reservoir. Thus, any MIF signature that might
have been produced by photochemical reactions
is erased when the different sulfur species become
homogenized [14,15]. The difficulty of preserving
mass-independently fractionated sulfur isotopes in
an oxygenated atmosphere is emphasized by the
recent discovery of small isotope anomalies in at-
mospheric aerosols [16]. Values of A3S in aerosol
particles collected directly from the atmosphere
range from +0.1 to +0.5 %0 . Oxygen MIF anoma-
lies, however, are preserved more easily in the
modern atmosphere with sulfate aerosol A!70O
anomalies of +0.9 to +3.2%0 [17]. The geologic
record of MIF anomalies in polar ice cores shows
that sulfur anomalies (A**S =—0.5 to +0.7 %0 ) are
associated with giant volcanic eruptions such as
Mt. Pinatubo (June 15, 1991) whose eruptive
clouds penetrate deeply into the stratosphere
[18]. Through photochemical modeling, Pavlov
and Kasting [15] found that difficulties in preserv-
ing sulfur MIF extend to O, levels as low as 107>
PAL. Thus, the upper limit on pO, in the pre-2.3
Ga atmosphere is even lower than deduced by
Farquhar et al. [13].

Here, we report the first stratigraphically re-
solved analyses of multiple sulfur isotope ratios
(3*S/338/*2S) of well-preserved sedimentary rocks
from the late Archean Hamersley Province, West-
ern Australia. Our new analyses expand the entire
known natural range of variation in sulfur isotope
MIF anomalies [2,11] by a factor of three. While
these measurements fully support the existence of
MIF in sulfur isotopes in Archean rocks, the sys-
tematic relationships between §%3S and 8**S in our
measurements permit further speculation on the
isotopic composition of Archean sulfur reservoirs
and give some new insights into how isotopic sig-
natures of atmospheric photochemistry could
have been produced, transported and preserved
in the Archean sediments.

2. Geology

The Hamersley Basin, Western Australia, com-
prises a rare and well-preserved supracrustal suc-
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Fig. 1. Geological map of the Hamersley Basin and the loca-
tion of core samples used for this study.
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cession of volcanic and sedimentary rocks that
were deposited between 2.77 Ga and 2.41 Ga on
the granitoid-greenstone terrain referred to as the
Pilbara Craton [19-22] (Fig. 1). Across the basin,
this succession has been subjected to sub-green-
schist facies burial metamorphism [23] and, locally,
subjected to hydrothermal alteration giving rise to
the prominent ore deposits of the region.

The Mount Bruce Supergroup (or Mt. Bruce
Megasequence Set by [21]) covers an area of
over 90000 km? and is broken down into three
groups: the Turee Creek Group, the Hamersley
Group and the Fortescue Group [19-21]. This
study focuses on the Jeerinah Formation of the
Fortescue Group and the Carawine Dolomite and
the Mount McRae Shale of the Hamersley
Group. The Jeerinah Formation is a deep-water
marine succession dominated by carbonaceous
pyritic shales that, in the central region, gradually
passes upward into the Marra Mamba Iron For-
mation and the Wittenoom Formation [19,22].
Iron formation is absent in the east where the
Jeerinah Formation (formerly referred to the
Lewin Shale in this region) is conformably over-
lain by the Carawine Dolomite, a carbonate plat-
form deposit with carbonate turbidites at its base
and shallow-water stromatolitic carbonates at its

top [24]. SHRIMP U-Pb zircon dates for the base
and top of the Jeerinah Formation in the central
region are 2684 = 6 Ma [20] and 2629 £ 5 Ma [25],
respectively. The age of the Carawine Dolomite is
not yet constrained by SHRIMP U-Pb dates. Its
correlation to the central succession is unclear.
The Mt. McRae Shale is marine shale conform-
ably underlain by the Mount Sylvia Shale and
overlain by the Brockman Iron Formation. It is
composed of carbonaceous pyritic shale and mi-
nor chert [19,26]. The age of the Mt. McRae
Shale is bracketed by U-Pb zircon ages of
2561 £8 Ma for the Wittenoom crystal-rich tuff
below [27] and 2479 %3 for the S9 band of the
Brockman Iron Formation above [25].

3. Materials

The samples used in this study came from three
drill cores: Aus No. 493 drilled near the Mt.
Whaleback Mine in the Mt. Newman Area [28];
WRL1 drilled near Wittenoom (22°11.7'S,
118°12.6’E); and RHDH?2a drilled near the Ripon
Hills (21°17'E, 120°50’S). The locations of the
samples are shown in Fig. 1.

Fifteen samples were collected from a 22-m sec-
tion of Aus No. 493 core, which represents the
lower part of the Mt. McRae Shale. The same
drill core was studied by Kakegawa et al. [2§],
who used a laser oxidation system to determine
534S from 100-um diameter spots on rock chips. A
range in 3**S from —6.3 to +11.8 %o was reported
from the core [28]. In the upper part of the core
section (<8 m depth), pyrite occurs as fine grains
(~10 pm), forming laminae concordant with the
sedimentary bedding. In the lower part of the
section (>8 m depth), pyrite is coarser (> 100
um), and pyrite nodules are abundant. The sim-
ilarity in 8%S between nodular pyrite and laminae
pyrite in the same rock chip suggests that pyrite
nodules in lower sections were formed by local
concentration of surrounding syndepositional
fine-grained pyrite laminae [28].

Deep-water marine samples collected for anal-
ysis included six pyritic shale samples of the Jee-
rinah Formation (spanning 683.2-735.7 m depths)
from the WRLI core. In addition, three pyritic
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shale samples (263.2, 290.6, and 311.6 m) and one
dolomite (299.2 m) from the Jeerinah Formation
of the RHDH2a core were analyzed. Carawine
Dolomite samples from the RHDH2a core in-
clude three dolomite (161.7, 196.7, and 205.2 m)
and one shale (160.6 m) samples. The two lower
RHDH?2a dolomite samples are granular carbon-
ates, likely carbonate turbidite deposits, whereas
the upper-most sample (161.7 m) is a laminated
carbonate from a shallow-water platform facies
[24]. Outcrop samples of the Jeerinah Formation
near Millstream National Park have previously
been studied by Kakegawa et al. [29] who re-
ported &*S values ranging from +04 to
+10.2%0. Values of 8*S between +4.6%0 and
+20.9 %0 have been reported from the Carawine
Dolomite succession of the same core [30].

4. Methods
4.1. Sulfur isotope analyses

Sulfur was extracted from ~0.5 g of powdered
samples using a Kiba method [31] for the Mt.
McRae Shale, and a sequential chemical extrac-
tion method [32] for the Jeerinah Formation. All
extractions were undertaken at the Astrobiology
Research Center at the Pennsylvania State Uni-
versity. The Kiba solution (tin(I) phosphate) is
a strong reducing reagent that extracts both sul-
fate and sulfide as H,S. Evolved H,S is carried in
a flow of nitrogen and trapped in a zinc acetate
solution as zinc sulfide. The zinc sulfide is con-
verted to silver sulfide by a silver nitrate solution.
The precipitates were boiled for over 5 min; then
they were collected by centrifugation and washed
several times with ammonium hydroxide and de-
ionized—distilled water. The sequential extraction
method treats samples with 6 N HCI and chromi-
um chloride [33]. This extracts acid volatile sulfur
(AVS) and pyrite sulfur, respectively, as H,S,
which is then converted to silver sulfide in the
same way as before. The sample was then filtered,
and the solid residual was treated by Eschka fu-
sion, precipitating the sulfur as barium sulfate.
Barium sulfate was reduced by the method of
Hulston and Thode [3], and converted to silver

sulfide. The isotopic composition determined by
chemical separation should be treated as prelimi-
nary because of incomplete separation of AVS
and pyrite sulfur [34]. Incomplete separation of
pyrite sulfur and organic sulfur is also possible.
Therefore, the sulfur fraction recovered by Eschka
fusion is called Eschka sulfur instead of organic
sulfur in the paper. Pyrite nodules and aggregates
were separated and collected from dolomite sam-
ples from the core RHDH2a by digestion of rock
samples by HF and HCI. The pyrite was washed
with deionized water and used for fluorination.

The fluorination and isotope ratio analyses pro-
cedure is described in [10]. The prepared silver
sulfide (5-5.5 mg) or pyrite grains (1.2-1.4 mg)
were heated by a CO, laser in a F, atmosphere
(~30 Torr F;) to produce SF¢. The product SFg
was purified by gas chromatography and intro-
duced into a Finnigan MAT-251 mass spectrom-
eter to measure the abundances of *SF!, ¥SF!
and *SF{. This work was undertaken at the Geo-
physical Laboratory, Carnegie Institution of
Washington.

Sulfur isotopic ratios are represented by con-
ventional delta notation with respect to CDT as:
&S = [(*S/*2S)sample/(*S/*2S)cpr—1]% 1000,  where
x is either 33 or 34. A*S is a measure of deviation
from mass-dependent relationship, and defined as:

ABS = 1000-In(1 + 8°3S,/1000)—
0.515% 1000~ In(1 + 84S/1000)

following the formulation in [4]. The A*S calcu-
lated by this logarithmic formula was found to be
the most accurate in comparing the relationship
among multiple data points (see Appendix). The
precision and accuracy of the fluorination system
were evaluated by Hu et al. [10]. The precision is
+0.2%0 (lo) for 8*S; analyses of over 100 sam-
ples of Phanerozoic sulfide samples yield A**S val-
ues of —0.03£0.07 %0 . Ten analyses of Kiba-ex-
tracted sulfur from rocks of Phanerozoic age by
the author yield A%S of +0.03+0.05%0 (5*S
ranging from +21 to —23%o).

4.2. Photochemical model

A photochemical model of the Archean atmo-
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sphere developed by Pavlov and Kasting [15] was
used to compute the fluxes of atmospheric sulfur
species deposited from the atmosphere as well as
their isotopic systematics. The model includes 72
chemical species, which participate in 337 reac-
tions. A separate subroutine computes sulfur iso-
topic photochemistry. We have assumed that the
abundance of minor sulfur isotopes (**S and 3*S)
does not affect the concentration of atmospheric
sulfur species. Therefore, it is legitimate to decou-
ple the sulfur isotopic species from the rest of the
model. Note that although all sulfur-involving
chemical reactions have been duplicated for iso-
topic species, some rate constants of reactions had
to be modified following the combinatorial rules
described by Pavlov and Kasting [15]. In our sim-
ulations, we kept the atmospheric H, mixing ratio
fixed at 1/20th that of CHy4, consistent with bio-
logical control by methanogenic bacteria [35]. The
atmospheric CO; mixing ratio was fixed at 2500
ppm. When combined with CH4 mixing ratios of
1073 to 1073, this produces mean surface temper-
atures between 275 K and 290 K [36], not too far
from today’s value of 288 K. Arguments in favor
of high CH4 concentrations in the Archean atmo-
sphere have been published by Pavlov et al
[36,37].

Ideally, the model should keep track of differ-
ent sulfur isotopes from the moment they enter
the Archean atmosphere (from volcanic emission),
during atmospheric fractionation, and to the mo-
ment when those sulfur isotopes are deposited on
the surface in some mineralogical form. However,
we cannot solve this problem self-consistently
without sufficient experimental data on sulfur iso-
tope fractionation factors (both mass-independent
and mass-dependent) between species participat-
ing in photochemical reactions. Nevertheless, we
can address the following problem: ‘Suppose
some degree of MIF (A*S) was produced in the
atmosphere through some specific photochemical
reactions. What MIF values can be expected in
sulfur-bearing species upon deposition?’

Parameterization of the ‘initial’ MIF in the at-
mosphere has been implemented using Pavlov and
Kasting’s [15] approach. Following Farquhar et
al. [13], we assumed that MIF is only occurring
during photolysis of SO, (SO,+Av—SO) and SO

(SO+hv—S+0). Those two photolysis reactions
introduce MIF into products (SO and S) and re-
sidual SO, and SO pools. The MIF signatures are
transferred to other atmospheric sulfur through
atmospheric reactions before deposition, spread-
ing MIF between other sulfur-bearing species, di-
luting and partially cancelling the degree of MIF.
Farquhar et al. [13,38] irradiated SO, (and SO,
mixtures) with different UV sources — ArF and
KrF excimer lasers, xenon and mercury lamps.
They showed that for different UV sources sulfur
isotopes (328, 33S, 34S) in the ‘final’ products of
reactions follow different fractionation laws. Note
that the ‘final’ products are results of multiple
reactions in the reaction chamber. Neither of Far-
quhar’s experiments was designed to measure the
isotopic fractionation for individual reactions in-
cluding photolysis of SO, (and/or SO) only.

We decided to use the fractionation dependence
(8%3S =0.649 x 3**S) from Farquhar’s experiment
where the UV light source resembles the continu-
um spectrum of solar radiation (high-pressure xe-
non arc lamp; continuum >220 nm) [13,38].
Note that the chosen fractionation dependence is
not able to reproduce the relationship between
5%S and A®S in our Archean data. Additional
experimental data on photochemical reactions re-
sulting in both mass-dependent and mass-inde-
pendent sulfur isotope fractionation will be
needed to advance beyond the present level of
simplifying assumptions.

The magnitude of the ‘initial’ fractionation dur-
ing SO, or SO photolysis is unknown and it is
probably a function of the UV exposure time.
However, no data on time of exposure are avail-
able (J. Farquhar, personal communication,
2002). Therefore, we made a number of sensitivity
runs varying 84S of SO, and SO from —100 %o
to —10%o . We found that the magnitude of frac-
tionation in the product is proportional to the
magnitude of fractionation assigned for the two
photolysis reactions. The relative size of the frac-
tionation between SO, and SO photolysis reac-
tions controls the distribution of A3*S in the prod-
ucts. The simulation assigning MIF only in the
SO, photolysis produces negative A**S for SO,
balanced by positive A33S for all the rest of sulfur
species (Sg, HySO4, and H;S). Thus, both H,SO4
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and Sg yield positive A**S. It was found that a
large fractionation during SO photolysis is neces-
sary to produce opposite signs of A**S for Sg and
H,SO0s.

Once the assumptions regarding fractionation
dependence and the magnitude of fractionations
were made, we implemented the fractionation of
sulfur isotopes in our photochemical model by
adjusting the relative photolysis rates of SO,
3$380,, 380, and 3*SO,. For example, if during
SO, photolysis the residual SO, has the value of
5%*S=—10%o, than the photolysis rates have to
be adjusted as J(**SO,) = J(3?S0,)/0.99. Also, fol-
lowing a 8%3S=0.649x &S fractionation law,
—J(*3S0,) = J(*380,)/0.99351. Note that Pavlov
and Kasting [15] made a mistake in assuming
J(**S0,) =0.99 X J(**SO,) (page 34). Therefore, a
correction also should be made to their figure 3
(page 35): the dashed line should be reversed (SO,
and H,SO, should be below the mass fractiona-
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tion line while H,S, HS, S, SO should be above
it).

5. Results

The most highly stratigraphically resolved sul-
fur isotope measurements were obtained from a
22-m drill core of Mt. McRae Shale from Mt.
Whaleback, Newman, Australia. These samples
show a trend from large positive A3S (+6.9 %o )
at the 18.8-m level of the section to negative A*S
(—=1.9%0) at the 2-m level of the core (Fig. 2,
Table 1). Remarkably, these data exceed the
range of A¥S compositions reported in [2,11] for
a wide variety of Archean and early Proterozoic
samples. Values of 8*S and &**S show a similar
trend from positive to negative, with S varying
from +8.4 to —5.4%0. The isotopic range and
stratigraphic profile of 84S reported here are con-

Eastern Hamersley

RHDH2a (Ripon Hills)

Depth (m)

]
1
1
|

L

5 0 5 10 15 0 5 10 15 20 5

Depth (m}

- %38 (%) %48 (%)

£

&

a
Dominant Lithology Sulfur extraction methods
E Volcanics O Kiba
D Iron Formation © BN HCI
E =] shaee o Cr{incl,
Ea Dolomite % Eschka fusion

Pyrite isolates

Basalt e

Fig. 2. Stratigraphic records of multi-S isotopes in shale and carbonate lithofacies in the late Archean Hamersley Basin, Western
Australia. General stratigraphy is based on [19-21]. Ages are from U-Pb zircon data from [20,25,27]. WGV: Woongarra Vol-
canics, WWI: Weeli Wolli Iron Formation, BRI, Brockman Iron Formation, McRS: Mt. McRae Shale, MtSF: Mt. Sylvia For-
mation, WF: Wittenoom Formation, JF: Jeerinah Formation, MDB: Maddina Basalt, CD: Carawine Dolomite.
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Table 1

Sulfur isotopic compositions of sulfur extracts and pyrite sep-

arates from the Hamersley Basin Australia

Depth Method* Litho- S 33S  8MS  ABS
logy®

Wt %) (%o) (%o) (%o)
Aus No. 493 Mt. McRae Formation

-2.0 K S 3.1 —449 —-500 —1.92
—2.6 K S 4.1 —4.72 =572 —1.93
-3.7 K S 1.6 —-1.2 =031 —1.04
—5.1 K S 3.1 —0.65 0.25 —0.78
—5.7 K S 0.2 —0.38 —2.12 0.71
-7.3 K S 1.0 1.54 158 0.73
—8.6 K C 0.7 6.35 4.69 394
—9.6 K S 0.7 1.81 1.55 1.01
—11.1 K S 1.1 1.16 190 0.18
—12.0 K S 3.7 533 429 312
—15.1 K S 0.4 584 431 3.62
—17.2 K S 4.5 6.73 454 439
—18.8 K S 0.8 11.27 844 692
—20.5 K S 0.3 842 560 554
—24.2 K S 0.3 6.89 451 457
WRLI Jeerinah Formation

—683.2 C S 2.4 394 323 227
—683.2 A S 0.7 593 566 3.01
—689.6 C S 1.8 1.83 334 0.12
—708.5 C S 2.0 7.65 625 443
—708.5 E S 0.8 791 633 4.65
—712.6 E S 0.8 526 442 299
—-712.6 C S 2.3 491 457 256
—=719.0 C S 0.8 1.4 2.59  0.07
—=719.0 A S 0.3 1.07 224 —0.08
—7357 E S 0.1 4.01 1.53 3.22
—=7357 A S 0.2 1.66 —0.4 1.86
—-7357 C S 0.7 232  0.12 226
RHDH?2a Carawine Dolomite and Jeerinah Shale

—160.6 C N 3.1 553  6.52 217
—161.7 P D 0.12 508 —2.49
—161.7 P D 0.37 548 —2.44
—161.7 P D —0.81 32 —245
—196.7 P D 4.67 9.84 —0.38
—196.7 P D 431 933 —0.48
—196.7 P D 457 9.82 —0.48
—-2052 P D 6.13 158 —1.97
—2052 P D 726 16.21 —1.05
—-263.2 A S 1.7 1.0o1 22 —0.13
—-263.2 C S 3.2 1.58 237 0.36
—290.6 C S 0.5 13.18 9.71 8.12
—-299.2 P D 827 396 62
-311.6 C S 4.6 588 447 357

4 A: acid volatile sulfur, C: pyrite sulfur, E: Eschka sulfur,
K: Kiba sulfur, P: pyrite separate.
b S: shale, D: dolomite, C: chert.

sistent with previous analyses by the laser-SO,
method reported in [28].

The results on the Mt. McRae Shale have been
corroborated by analyses of the 2.7 Ga Jeerinah
Formation from WRL1 and RHDH?2a drill cores.
Samples from these cores show greater variability
and are characterized by an irregular distribution
of A¥S with depth. The sulfur extracted from a
53-m section of the WRLI core yields A**S vary-
ing from —0.1 to +4.7%0 (Fig. 2). The largest
positive value was measured in the Jeerinah For-
mation of core RHDH2a, which yields A3*S from
—0.1 to +8.1 %0 (Fig. 2). The most negative value
of ABS (—2.5%0) was measured from the Cara-
wine Dolomite, which overlies the Jeerinah For-
mation in core RHDH?2a (Fig. 2). The values of
534S and A*S generally correlate in the Jeerinah
Formation, and are characterized by large posi-
tive A3S (Fig. 2). In contrast, samples from the
Carawine Dolomite yield negative A%S, excluding
one shale sample (160.6 m).

A slight difference in both 8*S and A®S is
found between sequentially extracted sulfur sam-
ples, showing some heterogeneity among different
forms of sulfur in the sediments. The largest var-
iation among extracts is detected in sample
WRLI1-735.7: this yields A¥S values of +1.9,
+2.3 and +3.2%0 (and &*S of —0.4, 0.12, and
1.53 %o ) for AVS, pyrite sulfur, and Eschka sul-
fur, respectively (Table 1). Variations of up to
7%0 in 8*S were reported from pyrite spaced
along a 5-mm traverse in a single sedimentary
bed in the sample from the Mt. McRae Shale
[28]. Our measurements are not sensitive to spatial
(mm scale) isotopic heterogeneity, however, be-
cause of the method of bulk sulfur extraction
that was used. The reported heterogeneity among
different sulfur extracts suggests A**S may also be
spatially heterogeneous.

6. Discussion

6.1. Production and preservation of MIF
signatures

UV radiation is known to induce MIF in both
oxygen and sulfur gas phase reactions [1,13].



22 S. Ono et al. | Earth and Planetary Science Letters 213 (2003) 15-30

Although several other mechanisms are known to
produce MIF in oxygen or sulfur isotope systems,
photochemical reaction is the only one known to
produce MIF in both S and 3¢S [2,13]. An ex-
traterrestrial origin of MIF is doubtful because
the magnitude of the Archean anomaly is signifi-
cantly larger than those reported for all classes of
meteorites [38-41]. No MIF signatures have been
found from over 100 analyses of sulfide and sul-
fate in younger rocks (> 2.0 Ga), including meta-
morphic rocks, hydrothermal and biogenic sul-
fides (A¥S< £0.1%o0), confirming the previous
reports that metamorphic, hydrothermal, and bio-
logical processes are unlikely to cause MIF [2,10].

Sulfur isotope MIF have been reported recently
in sulfate aerosols collected from the atmosphere
[16], and from Antarctic ice cores [18]. Analyses
of ice core sulfate aerosols from two eruptive
clouds that ascended into the stratosphere give
A¥S=+0.66% (Mt. Pinatubo, Phillippines,
1991; Savarino, corrected value, personal commu-
nication, 2002) and A¥*S=—0.5%o0 (eruption 1259
AD, location unknown). Analysis of sulfate aero-
sols from an eruptive cloud that did not reach
beyond the troposphere, however, gives A*S=
+0.0%0 (Cerro Hudson eruption, 1991; [18]).
Analyses of sulfate aerosols sampled both above
and below volcanic horizons in the ice cores show
no anomalous sulfur isotope fractionation. These
observations demonstrate that atmospheric reac-
tion is capable of producing MIF in sulfur iso-
topes and that anomalous fractionations can be
deposited on Earth’s surface. The crucial role of
aerosols in preserving MIF is evident. It may be
asked, however, whether the discovery of mass-
independent sulfur isotope fractionation in the
modern atmosphere weakens the argument that
the presence of Archean anomalies requires an
anoxic atmosphere. The widespread prevalence
of MIF in sulfur isotopes in Archean sediments
is in strong contrast to its limited distribution to-
day. The distribution of A*S values in ice cores is
zero except for events in which an eruptive cloud
reached the stratosphere where it was exposed to
UV light. In contrast, analyses of drill cores of
black shale from Australia and South Africa [§]
over an age range of 2.5-2.7 Ga, show a contin-
uous geologic record of atmospheric production

W % p0, <105 (PAL)
MIF

50, AN

Fig. 3. A conceptual model of Archean sulfur cycle. Photo-
chemistry in the atmosphere causes MIF in sulfur isotopes,
and aerosols of Sg and H,SOy4 carry sulfur with positive (*S)
and negative (¥S) A®S signatures, respectively. The preserva-
tion of MIF signatures in the sediments implies incomplete
oxidation of Sg in the ocean (dashed arrow).

of MIF sulfur as modified by microbial activity
during deposition and diagenesis. The disparity in
stratigraphic distribution between the present day
and Archean sediments demonstrates a modern,
episodic vs. an ancient, continuous production
and preservation of MIF sulfur. These relation-
ships suggest a profound difference between the
modern and Archean sulfur cycle.

An anoxic Archean atmosphere is a favorable
condition for both production and preservation of
MIF signatures. In an Archean anoxic atmo-
sphere, solar UV radiation was unimpeded by
ozone, producing MIF in sulfur isotope systems
via photolysis of SO, [2,13]. As pointed out by
Pavlov and Kasting [15] the preservation of
MIF requires more than one chemical pathway
to transport atmospheric sulfur into the hydro-
sphere. In the absence of chemically distinct path-
ways, MIF signatures are erased by mixing in the
atmosphere. A model atmosphere with <107°
PAL oxygen is needed to produce a variety of
sulfur-bearing species having different chemical
behaviors [15]. This low oxygen atmospheric con-
centration is consistent with previous estimates
based on a variety of geochemical and geological
observations [42-45] (see [46,47] for an alternative
idea). Actual model-predicted ground-level O,
concentrations for the late Archean are on the
order of 10713 PAL [15,36,45].
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In following sections, we will discuss a concep-
tual model for the Archean sulfur cycle. Here, an
atmospheric MIF signature is transported by two
chemically distinct aerosols: H,SO4 (A*S <0)
and Sg (A¥S>0). Both aerosols rained out into
the hydrosphere and became parts of the oceanic
sulfate and Sg reservoirs (Fig. 3). It may be seen
that the preservation argument of [14,15] also ap-
plies to processes in the hydrosphere: if all Sg was
oxidized to sulfate in the ocean, the Sg reservoir
would be incorporated into the sulfate reservoir
and MIF signatures erased. Therefore, preserva-
tion of a Sg signature is favored in a low O, and
Fe’*-rich Archean ocean where at least some of
Sg precipitates as pyrite rather than being oxi-
dized into sulfate (Fig. 3).
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Fig. 4. Proportion of atmospheric sulfur species deposited
from a model Archean atmosphere as functions of total vol-
canic sulfur outgassing rates and atmospheric CH4 concen-
trations. Three different SO, outgassing rates are shown:
(A) 3.5%10°, (B) 1x10°, and (C) 3.5%10% cm™2 s™!, respec-
tively. CO, mixing ratio of 2500 ppmv was used for the cal-
culation.

6.2. Sulfur photochemistry in the Archean
atmosphere

We have subjected our conceptual model to nu-
merical testing. The numerical experiment tests
whether there are atmospheric compositions capa-
ble of producing two or more mass-independently
fractionated sulfur species under the conditions of
solar UV-driven photochemistry.

In our model Archean atmosphere, the major
sulfur-bearing species are the gases H,S and SO,
and aerosols of Sg and H,;SO4 (Fig. 4). The ele-
mental sulfur in the atmosphere is expected to
form stable Sg molecules and perhaps other sulfur
polytropes, similar to those suggested in cloud
formation on Venus [48]. The atmospheric CHy
mixing ratio controls the overall ratio of reduced
sulfur gases to oxidized ones. High CH4 favors
H,S; low CHy4 favors SO, and H,SO4 (Fig. 4).
Elemental sulfur, Sg, comprises a major fraction
of atmospheric sulfur deposition except for a
model atmosphere with highest CH4 mixing ratio
(1073) and lowest volcanic outgassing rate (Fig.
4).

A key question in interpreting our measure-
ments concerns the source of the high A3S values
observed in the data. The laboratory measure-
ments of Farquhar et al. [13] suggest that this
signal originates from elemental sulfur (particu-
late Sg in our model). The production of Sg par-

H,S04

Sg

Altitude (km)

1056 4 20 2 4 6
ABS (%)

1073 10! 10!
Rates (molec cm™ s'l)

Fig. 5. Model results showing (A) formation rates of Sg and
H,SO, with altitude, (B) variation of A3S with altitude for
the major sulfur species. Fractionation factors were assigned
for 8*S of —100, and —20%0 for SO, and SO, photolysis
reactions, respectively.
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ticles is concentrated in the middle troposphere
(~6 km altitude) in our model (Fig. 5). As this
is where most of the primary sulfur photochemis-
try occurs, the calculated A**S values of atmo-
spheric species are large at this altitude (Fig. 5).
If sulfur-bearing species with MIF remain in the
gas phase, the MIF signature is likely to be erased
by isotope exchange between the molecules. Thus,
the magnitudes of MIF in gaseous species (H,S or
HS) are smaller than that of Sg upon deposition
(Fig. 6). The formation of aerosol particles, how-
ever, inhibits gas phase reactions and favors pres-
ervation of MIF signatures. Therefore, both Sg
and H;SO4 aerosols are deemed good carriers of
atmospheric MIF signatures. They are expected to
rainout into the hydrosphere, each carrying dis-
tinctive sulfur isotope compositions.

We found the fraction of Sg in total atmospher-
ic sulfur deposition is a strong function of total
sulfur outgassing rate (Fig. 4). Estimates of mod-
ern volcanic sulfur flux vary by a factor of 10, and
are on the order of 1x10° SO, molecules cm™2
s7!, or 18 Mt SO, yr~! [49-52]. About one third
of the modern flux is from explosive volcanoes
and the rest is from non-explosive volcanoes
[51]. At a CH4 mixing ratio of 107#, the produc-
tion of Sg comprises ~ 60% of total sulfur remov-
al when a sulfur outgassing rate of 1x10° SO,
molecules cm™2 s™! is used. The Sg fraction de-
creases to 25% at a total sulfur flux of 3.5x 103
and increases to 80% at a sulfur outgassing rate of
3.5%10° molecules cm ™2 s~ ! (Fig. 4). The depen-
dence of Sg production rate on sulfur outgassing
rate is intuitive, as the sequence that forms Sg in
the model contains three reactions having qua-
dratic dependence on sulfur abundance:

S+S+M—-S,+M
S+S,4+M—Ss+M
S4+S4+M—>Sg+M

Here, ‘M’ represents a third molecule necessary to
carry off the excess kinetic energy of the reacting
molecules. The actual reaction pathways involved
in forming elemental sulfur particles are probably
more complicated than assumed here. They may
involve chain and ring sulfur molecules of inter-

4
3 4
2 4

A*S (%o0)

H,S HS Sg SO, H,SO4

X
<
oo

0.6 1

0.4 -

Al 'I”ll

Sg SO, H>S04

Fraction of Sulfur Deposition Flu

Fig. 6. Model results showing A¥S (A) and the fluxes (B) of
sulfur species deposited as a function of sulfur outgassing
rate. Fractionation factors used in the calculation are the
same as Fig. 5. The blank, gray and filled bars represent sim-
ulations with total outgassing rates of 3.5%x10°, 1x10° and
3.5% 10% molecules cm™2 s~!, respectively. CH4 mixing ratio
at 1074,

mediate lengths, e.g. S3, Ss, and S;, as well as
sulfane molecules (H,S,). Sg itself is a ring mole-
cule that represents the stable allotrope of sulfur
at normal surface temperatures. Forming such a
molecule must involve reactions that depend
strongly on the total abundance of sulfur gases,
regardless of the detailed mechanism involved.

A second result that comes out of the modeling
is that the A**S values in the Sg particles are in-
versely correlated with the Sg production rate
(Fig. 6). If the production rate of Sg is small,
the average A**S value of the removed Sg particles
is large. Conversely, if the production rate of Sg is
large, the average A%S value of the removed Sg
particles is small. This latter result is a simple
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consequence of mass balance: if most of the out-
gassed SO, is ultimately removed as Sg, then the
average isotopic composition of the Sg must
match that of the SO,. The rate of Archean SO,
outgassing could have a substantial influence on
the redox balance of the Archean atmosphere [53].
The highly sensitive nature of the dependence of
A¥S on SO, outgassing rate, in the future, may
provide some constraints on the Archean volcanic
SO, emission rate. However, such a quantitative
model must await the calibration of sulfur isotope
fractionation factors by laboratory experiments
on photochemical reactions.

6.3. Multi-S isotope systematics in the late
Archean sedimentary rocks

Today, the major source of seawater sulfate is
riverine sulfate input, which comprises ~ 90% of
total sulfur input into the ocean, and only 10% is
from atmospheric deposition [50,52]. Under an
Archean low-oxygen atmosphere, riverine input
would become negligible because continental sul-
fide minerals would not have been oxidized during
weathering. Thus, atmospheric deposition of sul-
furic acid could have been a dominant source for
the seawater sulfate [2,13,50].

We suggest that Archean atmospheric photo-
chemical reactions partitioned sulfur isotopes
such that H,SO4 had negative values for &S
and A¥S, with Sg positive in A3*S and §*S (Fig.
7A). Tt is expected that atmospheric sulfur isotope
fractionations would have been modified by mi-
crobial metabolism. Bacterial sulfate reduction
could have operated as early as 3.4 Ga [54,55].
The bacterial sulfate reduction and subsequent
precipitation of sedimentary pyrite could have
been the main sink for seawater sulfate by the
late Archean. Sulfate reducing bacteria are known
to produce fractionations in 3**S of up to ~ 50 %o
with respect to sulfate [56,57]. Thus, bacterial re-
duction of seawater sulfate produces sulfide de-
pleted in 3*S such that remaining sulfate becomes
enriched in S (Fig. 7A). Because the isotope
fractionation is mass-dependent [58], A3S of sea-
water sulfate remains negative.

Our best estimate of the sulfur isotopic compo-
sition of Archean seawater sulfate is ~—2 %o for
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Fig. 7. Multiple sulfur isotope systematics for the late Arche-
an sediments in the Hamersley Basin. (A) Atmospheric MIF
and mass-dependent fractionation by sulfate reducing bacte-
ria (SRB) is shown in dashed and solid arrows, respectively.
Gray fields represent isotopic composition of volcanic SO,,
Sg and H,SO, aerosols, and seawater sulfate (SS). (B) Simi-
lar to (A) but isotope data are plotted. Filled square: Jeeri-
nah Formation (RHDH?2a), x: Jeerinah Formation (WRLI),
open triangle: Mt. McRae Shale, filled circle: Carawine Do-
lomite. The field O-SRB represents estimated field of pyrite
formed by bacterial sulfate reduction in a pelagic environ-
ment.

A¥S and +6 to +16 %0 for &S (Fig. 7A,B). The
assignment of negative A3*S for oceanic sulfate is
consistent with negative values of A*S measured
in sulfate sulfur from ~3.4 Ga Archean barite
deposits in both South Africa and Australia [2]
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and in sulfide sulfur from 2.7 Ga volcanogenic
massive sulfide deposits [9]. Because dissolved sea-
water sulfate is an important source of sulfur in
both types of deposits their negative A¥S indi-
cates that seawater sulfate had a negative value
of A¥S. Our estimate of &S is consistent with
previous estimates based on a small number of
data on Archean sedimentary sulfate minerals
[59].

The fate of Sg after deposition into the hydro-
sphere is unclear. Elemental sulfur is thermody-
namically unstable in an aqueous phase, where it
disproportionates to sulfide and sulfate:

48 4 4H,0 — 3H,S + SO2~ + 2H*

This either occurs inorganically or mediated
by bacteria. In a low temperature system
(<200°C), inorganic disproportionation involves
only a minor (<3 %) kinetic isotope fractiona-
tion [60]. Biologically mediated disproportiona-
tion produces H,S depleted in **S by ~7%o
[57,61].

Microbes utilize S° (and a variety of intermedi-
ate sulfur species) as both electron donor and ac-
ceptor. The reduction of S° to H,S uses H, or
organic compounds as electron donors [59]. The
oxidation of S’ to sulfate may be mediated by
sulfur-oxidizing bacteria, by using NO; or O,
as electron acceptors, or phototrophic sulfur bac-
teria [57,62]. Microbial oxidation and reduction of
S% produces only minor fractionation of S iso-
topes [57,63].

Microbial processes involving intermediate sul-
fur species are unlikely to induce MIF [58]. Thus,
oxidation of S° to sulfate would not change AS
of the remaining S° reservoir but the addition of
positive A*3S in Sg to the negative A**S seawater
sulfate reservoirs would increase the sulfate reser-
voirs A**S composition. As discussed earlier, if all
the Sg is oxidized to sulfate, the MIF signature
will be erased in the ocean. Thus, at least some
fraction of S° should have precipitated as pyrite
(or other sulfide minerals) before it was oxidized
to sulfate. Note that precipitation of pyrite can be
written as:

Fe** + H,S — FeS + 2H™

and:

FeS + S — FeS,

where the latter reaction proceeds via polysulfide
or other metastable intermediates [64-66]. Thus,
some of the sulfur in pyrite could have been de-
rived from sulfide and some from S°.

The large variation of 8*S (+3.2 to +16.2%o0)
and negative A¥S (—2.5 to —0.4) of pyrite sulfur
in the Carawine Dolomite is attributed to bacte-
rial reduction of seawater sulfate because this pro-
cess is expected to produce pyrite with variable
84S and negative A¥S inherited from seawater
sulfate (Fig. 7B). The relatively high §**S indicates
sulfate reduction in a closed system with respect
to seawater sulfate [67]. Active biological activity
in the Carawine platform could have sustained a
relatively fast sulfate reduction rate either in the
water column or at the sediment—water interface.
Because of the low sulfate supply rate into the
ocean, the sulfate reduction rate would have ex-
ceeded the supply rate of sulfate. The isotopic
composition of sulfide produced in such a closed
system would become identical to the isotopic
composition of seawater sulfate.

The data from the Mt. McRae Shale and the
Jeerinah Formation are characterized by a large
positive A*¥S of up to +8.1%c. The A¥3S is
roughly correlated to 8**S (A3S=0.51+0.64 X
84S; R?=0.69) (Fig. 7B). This relationship be-
tween &S and A*S is observed for both forma-
tions, despite the fact that each core shows irreg-
ular variations in A33S profile, despite a disparity
in age of ~200 Ma, and despite a geographical
separation of over 300 km. The §*S-A¥S rela-
tionship in shale is explained by mixing two sour-
ces of sulfur in pyrite: one component is derived
from sulfide from bacterial sulfate reduction (with
negative and variable §*S; O-SRB in Fig. 7B)
and the other one derived from Sg (with large
positive A**S) (Fig. 7B).

An isotopic fractionation of ca. 15%0 in &*S
between estimated seawater sulfate (+6 to +16 %o )
and a sulfate-derived pyrite end-member (—6 to
+1%0) (Fig. 7B, arrow SRB) is consistent with
isotopic fractionation induced by sulfate reducing
bacteria under low sulfate concentrations [59,68].
A sulfate level between 0.2 and 1 mM was ob-
tained from the diagenetic model of Habicht et
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al. (figure 2A in [68]). Such a low sulfate concen-
tration is expected for the Archean sulfur cycle in
which the main source of oceanic sulfate was de-
rived from the atmosphere. This low sulfate level
would have also suppressed bacterial sulfate re-
duction rates. Therefore, in environments where
Sg-derived pyrite was produced, the MIF signa-
ture of sulfate-derived pyrite could have been
easily diluted.

Pyrite formed from Sg would yield a large pos-
itive A¥S inherited from atmospheric Sg. The
small variation in 8*S in this component (Fig.
7B) is consistent with microbial S° reduction (or
inorganic S disproportionation) rather than mi-
crobial S disproportionation because the latter is
known to fractionate 8%*S. Reduction of S° is
thought to be among the oldest of metabolisms
because it is widespread in the Archea and Bac-
teria domains [59]. It has been suggested that
early metabolic S” reduction was supported by a
hydrothermal source of S° [59]. Our data suggest
that microbial S° reduction could have been wide-
spread in the Archean ocean supported by an at-
mospheric source of Sg.

7. Conclusion

Our study compares measured sulfur isotope
profiles with predictions of computer models of
the Archean atmosphere to establish a working
model for the origin and preservation of mass-in-
dependent sulfur isotope fractionation in Archean
sediments. Because model calculations are highly
dependent on the experimental simulation of MIF
between sulfur-bearing gas phase species at UV
wavelengths present in the solar spectrum [13],
the detailed sulfur isotope systematics remain ten-
tative despite the mutual consistency of observa-
tions, experiments, and calculations. Thus, there
is a particular need for additional experiments to
closely investigate the mechanisms of fractiona-
tion by photochemistry induced by UV radiation.

Our data indicate lithologic control over the
systematics of three isotopes of sulfur. An appre-
ciation of depositional environments is required
to understand mechanisms for preserving their
fractionations in Archean rock records. The de-

tailed documentation of Archean &*S and A%S
records both temporally and geographically will
map the distribution of sulfur metabolism in the
Archean Earth. Thus, investigation of multi-sulfur
isotope systematics is a powerful tool to trace at-
mospheric, hydrospheric and biological processes
in the ancient sulfur cycle. New insights are to be
realized into the chemical evolution of the atmo-
sphere and hydrosphere as well as the evolution
and distribution of Archean sulfur-metabolizing
organisms.
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Appendix. Calculation of A®S values

We have used the formulation suggested by
Miller [4] to calculate A*S values because this
formula was found to be the most accurate in
expressing the relationship between multiple data
points. From equation (2) in Miller [4]:

33Rsa 34RSa A
(—33RCDT> =(1+k) <—34RCDT) (a.1)

where A represents the relationship of the mass-
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dependent fractionation that depends upon the
type of fractionation (equilibrium vs. kinetic
etc.), and (1+k) represents the offset from an iso-
tope reference material (i.e. CDT).

Let us consider a reservoir whose isotope ratio
deviates from a terrestrial fractionation line (or
more precisely, CDT). The mass-independent
component in the reservoir can be best repre-
sented by having non-zero value for k. If second-
ary processes (e.g. biological or metamorphic pro-
cesses) occur in the reservoir that fractionate
sulfur isotopes mass-dependently, such a process
would fractionate **Rg, and 3Ry, following a
mass-dependent rule (ie. ¥Ry =%R%) but the
value of k will be constant.

From equation (a.l):

33 34
In(1+k)=1In (&> —2 In (A) (a.2)

BRepr #Repr

By definition:

33 33
Ry  (87S
_ s (9 0
SRepr (1000+ ) and
MR, 5345
T y— <—1000 + 1> (a.3)

Multiplying equation (a.2) by 1000, A**S can be
defined as:

ABS=1000n(1 + k) =

$33 5348
1000~{ln(1000+1>—l 1n<1000+1)} (a.d4)

Here, A¥S is only a function of k, thus, the
secondary mass-dependent fractionation processes
would not change A¥S. It is important to find a
relationship among multiple data points by iden-
tifying the secondary mass-dependent fractiona-
tion processes.

From (a.l):

34R 33R 34R A
()2 = (wr)~(w) (@)
Multiplying both sides of (a.5) by 1000 gives
the formula defined by Farquhar et al. [2]:

1000

6338 8348 A
1000~{ (1000“)‘(%“) } (a.6)

Here, A3S is not only a function of k but also
834S. The secondary mass-dependent fractionation
process would yield slightly different A3*S values
when 8**S deviated significantly from zero.

34 y!
A33SEIOOO-k-(8 5 + 1) =
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