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Abstract
Interest in multiple sulfur isotope analyses has been fueled by recent reports of mass-independent sulfur isotope
signatures in the geologic record. A non-zero multiple isotopic signature of sulfur (v33 S and v36 S) is produced
primarily through photochemical reactions, and it is an almost perfect tracer of the source of sulfur. Once the
signature is passed on to a given sulfur reservoir, it will be preserved unless there is addition of sulfur with a different
v33 S or v36 S. In the geological record, this signature has been used to study the evolution of the Earth’s atmosphere
and to trace movement of sulfur through geological systems early in Earth’s history. Recently, small but significant
mass-independent signatures have been reported for some younger samples, raising the possibility of additional
applications of multiple isotope studies. The purpose of this review is to introduce and discuss the implications of
multiple isotope studies and to focus attention on these anomalous, but not uncommon isotopic signatures.
1 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction
Our present understanding of Earth’s surface
environment from the Archean to the present
day has been in£uenced greatly by a half century
of studies on sulfur isotope geochemistry. To
date, most studies have focused only on the two
most abundant isotopes of sulfur, 32 S and 34 S.
There are historical and analytical reasons for
this, but the dominant motivation behind it has
been theoretical. At thermodynamic equilibrium,
the distribution of sulfur isotopes among sulfurbearing compounds is governed strictly by the rel-
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ative mass di¡erences of each isotope [1]. This
leads to sulfur isotope variations that can be described by N33 SV1/2UN34 S and N36 SV2UN34 S
[2,3]. These mass-dependent relationships can be
shown to hold for many non-equilibrium processes as well [4^6]. Deviation from the mass-dependent trends for fractionation processes composed
of a sequence of individual kinetic and equilibrium steps (e.g. bacterial sulfate reduction) was simply not expected in the geologic record and the
multiple sulfur isotope analyses needed to test this
expectation were rarely performed. However, sulfur isotopic compositions that deviate signi¢cantly
from mass-dependent expectations have been
measured recently in some of Earth’s oldest rocks
[7^12], in volcanic horizons in ice cores [13], and
in modern sulfate aerosols [14,15]. These anomalous or mass-independent compositions are char-
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Box 1. Information from [2^6,19,21,22,37^40,44^49]
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Fig. 1. Plot of v33 S vs. age after [7^9]. The record divides Earth’s history into three stages: Stage I extends from before 3.8 Ga
to 2.45 Ga and is characterized by v33 S of variable sign and magnitude; Stage II extends from 2.45 to 2 Ga and displays more
subdued v33 S variability; and Stage III extends from 2 Ga until present and is characterized by v33 S variability much less than
N 0.2x. The large ¢lled circle represents hundreds of analyses of samples younger than 2.0 Ga. Stage III is de¢ned on the basis
of these measurements, not on the representative samples shown in the ¢gure. The change from Stage I to Stage II is attributed
to a change in the Earth’s atmospheric chemistry. Photolysis reactions involving SO2 and SO in Earth’s early atmosphere,
coupled with an e⁄cient transfer of the signature to the Earth’s surface, produced the Stage I record. The smaller Stage II record
may re£ect the onset of oxidative weathering or it may re£ect stabilization of atmospheric oxygen to intermediate levels (1035 ^
1032 PAL).

acterized by non-zero v33 S ( = N33 S31000((1+N34 S/
1000)0:515 31)) and v36 S ( = N36 S31000((1+N34 S/
1000)1:91 31)). The observations in the ancient
rock record are providing new insights into the
environmental conditions on early Earth, and observations in the recent record promise to yield
new insights into atmospheric chemistry and
transport. These insights are built upon the foundation provided by theoretical and experimental
research on mass-dependent and mass-independent fractionation processes, as described in Box
1. In the following, we will describe the observations, working hypotheses, unanswered questions,
and future opportunities provided by multiple sulfur isotope studies.

2. The geologic record of v33 S
The geologic record of v33 S is unique in the
¢eld of geochemistry and carries implications for

a diverse range of processes that extend from atmospheric chemistry to crustal recycling on early
Earth. The signature is thought to have a single,
atmospheric source and is essentially con¢ned to
rocks older than V2.0 Ga. Fig. 1 illustrates the
geologic record of v33 S through time. This record
divides Earth history into three stages that re£ect
fundamental changes in both Earth’s atmosphere
and its sulfur cycle through time. Stage I extends
from the oldest terrestrial samples to 2.45 Ga and
is characterized by v33 S with a range extending to
values greater than N 1x. Stage II extends from
2.45 Ga to approximately 2 Ga, and has a smaller
range of v33 S variability (30.1 to +0.5x). Stage
III extends from approximately 2 Ga until present
and is characterized by an even smaller range of
v33 S variability (30.1 to +0.2x).
First-order interpretation of the terrestrial v33 S
record hinges on the identi¢cation of chemical
reactions that can produce the mass-independent
signature. We discuss experimental evidence for
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Fig. 2. Plot of N33 S vs. N34 S for terrestrial sul¢de and sulfate younger than 2.0 Ga [7^9,26,50]. The array de¢nes a tightly constrained curve with 33 V = 0.515. This terrestrial mass fractionation line does not re£ect a single fractionation process but represents the average e¡ects of the various mass-dependent fractionation processes that have operated over Earth’s history. The slope
of the array re£ects the mass di¡erences among 32 S, 33 S, and 34 S and arises because the drive for mass-dependent fractionation is
approximately half as strong for N33 S variations as it is for N34 S variations.

the photochemical origin of the signature and
address the implications of this origin for atmospheric evolution. Characterization of the atmospheric conditions that allow the proposed reactions to occur and their products to be transferred to the geologic record places further constraints on the surface environment and sulfur
cycling on early Earth. We examine the implications of the v33 S record in this context as well.

3. Stage I (before V2.45 Ga)
The large v33 S in Stage I is inversely correlated
with v36 S [7,16]. This correlation is not signi¢cantly a¡ected by mass-dependent fractionation
processes, and, therefore, is characteristic of the
mass-independent reactions that produced the signature in the geologic record. Photolysis reactions
involving SO2 (and SO) have been studied in
closed photocells using ultraviolet radiation with
wavelengths of 193 nm, 248 nm, and a continuous
spectrum s 220 nm [17,18]. These reactions have
been shown to produce large mass-independent
isotopic e¡ects (Fig. 4). Other photochemical reactions have also been shown to produce massindependent fractionation e¡ects (e.g. photolysis

of H2 S, CS2 , S2 F10 ) [17^22]. Presently, the only
reactions that produce large mass-independent
fractionations with a relationship between N34 S,
v33 S, and v36 S similar to that produced by the
Stage I sulfur isotope fractionations are associated with SO2 ^SO photolysis by deep ultraviolet
radiation. Other reactions that are known to produce mass-independent fractionations are either
unlikely to play a signi¢cant role in the chemistry
of the Earth’s early atmosphere (e.g. photolysis of
CS2 and S2 F10 ) [17^22] or do not provide a good
match to the sulfur isotope fractionations observed in the rock record of Stage I (e.g. photolysis of H2 S or s 220 nm photolysis of SO2 ) [17^
22].
Stage I v33 S appears to vary systematically with
34
N S (Fig. 5), but it is less certain that this relationship is characteristic of the primary mass-independent chemistry because secondary mass-dependent fractionation processes could alter N34 S.
Ongoing studies of geologic samples have documented di¡erent relationships between v33 S and
N34 S than those shown here [11,12], which suggests that v33 S and N34 S covariation records secondary mass-dependent fractionation and mixing
processes as well as primary mass-independent
chemistry. Although we take deep UV SO2 ^SO

EPSL 6707 9-7-03

J. Farquhar, B.A. Wing / Earth and Planetary Science Letters 213 (2003) 1^13

5

23
Fig. 3. Plot of 33 a versus 1000ln(34 K) calculated for equilibrium isotope exchange reactions between CS2 , SO2 , SO23
3 , SO4 and
H2 S. These values have been calculated using the theory [1,51] and vibrational spectra [51^55]. The values of 33 a for equilibrium
sulfur isotope exchange fall in a narrow range that is similar to the high-temperature limit calculated using methods presented in
prior studies [3^5]. At high temperature, 1000ln(34 K) approaches 0 and 33 a approaches 0.5159 for all curves. These calculations illustrate the range of 33 a that is expected for equilibrium exchange reactions. Note there is a discontinuity in 33 a for the H2 S^CS2
pair at 1000ln(34 K) = 0. This e¡ect has recently been noted by Deines [56] as a way to produce anomalous v33 S and v36 S by
mass-dependent processes. The magnitudes of these fractionation e¡ects are small ( 6 100 per Meg), but may be measurable if
they are ampli¢ed by a process such as Rayleigh distillation.

photolysis as our working model for the source of
the Stage I mass-independent fractionation, these
reactions have been studied only to a limited extent and a more re¢ned candidate is likely to
emerge with more experimental and theoretical
research.
SO2 and SO photolysis driven by deep ultraviolet radiation imposes strict constraints on the
ultraviolet transparency of the primitive atmosphere. Ozone and, to a lesser extent, oxygen
are the principal atmospheric constituents that
absorb the ultraviolet radiation at wavelengths
less than V300 nm. Evidence for the SO2 ^SO
photolysis reactions implies that the atmosphere
was transparent at these ultraviolet wavelengths
and that the ozone ultraviolet shield was not
present. It can also be used to place upper limits
on the carbon dioxide content of the atmosphere
because at high levels (W1/2 bar for CO2 ) the
Rayleigh scattering tail of CO2 would have
blocked the ultraviolet radiation required for the
reactions [17]. The presence of su⁄cient ultravio-

let radiation for the photolysis reactions is also
inconsistent with hypotheses that call on high altitude methane-induced organic haze (e.g. [23]).
If deep UV SO2 ^SO photolysis is the source for
mass-independent fractionation of sulfur isotopes,
the likely agents for transferring the anomalous
signature to Earth’s surface were elemental S
and H2 SO4 [17]. Pavlov and Kasting [24,25] recognized that e¡ective transfer of both reduced
and oxidized sulfur species to Earth’s surface places limits on the oxidative capacity of the atmosphere during Stage I. They used a one-dimensional model of Archean atmospheric chemistry
to estimate the distribution of the sulfur isotopic
signature between atmospheric sulfur species and
then to determine the relative proportions of these
species that would be transferred to the Earth’s
surface. By applying this approach to hypothetical Archean atmospheres, they were able to argue
that the transfer of the SO^SO2 photolysis signature from the atmosphere to the surface occurred
only when oxygen levels were I1035 PAL
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(present atmospheric level) because oxidized sulfur species with negative v33 S (sulfate aerosols
and SO2 ) and neutral-to-reduced sulfur species
with positive v33 S (S8 aerosols, H2 S, HS) exit
the atmosphere in sub-equal proportions only at
these low oxygen levels.
Estimates of early Earth’s v33 S budget are preliminary but point to unique characteristics of the
Archean sulfur cycle. The average v33 S di¡erence
between sulfate and sul¢de in Archean samples is
approximately 1^2x [12,17,26]. When evaluated
in the context of the experimental results on SO2 ^
SO photolysis (v33 S of elemental sulfur W65x
and sulfate W317x), these data are consistent
with at least 1^2% of sedimentary sulfur being
derived from the atmosphere. If sulfur exiting
the atmosphere were chemically or isotopically
homogenized, the fractional amount of sedimen-

Fig. 4. Plot of v33 S vs. N34 S for closed cell photolysis of SO2
at 193 nm (black-¢lled symbols) and at s 220 nm (gray-¢lled
symbols). Data for product elemental sulfur are plotted as
triangles. Data for product sulfate are plotted as diamonds.
Residual sulfur dioxide data are plotted as circles. The large
magnitude mass-independent isotopic fractionation generated
in these experiments for elemental sulfur and complementary
depletions of 33 S (and enrichments of 36 S) for sulfate and residual sul¢de of the 193 nm experiments make this the preferred candidate to explain the mass-independent sulfur isotope fractionations in the Archean. SO was an intermediate
product of the photochemistry that occurred during the experiments, and, therefore, photolysis of SO (in addition to
SO2 ) is also included as a candidate for the observed isotopic
fractionation e¡ects. Fractionation e¡ects associated with
photolysis at s 220 nm are also considered because these
wavelengths would have been available for chemistry in a
low-oxygen atmosphere.

Fig. 5. Plot of v33 S vs. N34 S for Archean Stage I samples
(triangles) and data for samples younger than 2 Ga (diamonds) [7^9,26,50]. Field of data delimited by barite and sul¢de of hydrothermal origin is also illustrated on this plot
(note that data from other types of samples also plot in these
¢elds). The similar aspect ratio of these data to results of
SO2 photolysis experiments as illustrated by arrows designating the sense of the arrays generated in the experiments and
also the similar negative v33 S signature of sulfate both in experiments with 193 nm radiation (not s 220 nm radiation)
and in the Archean data has led to the suggestion that SO2
(or SO) photolysis contributed to the signature observed in
the Archean record.

tary sulfur of atmospheric origin would be higher.
Material balance of sulfur cycled through the Archean atmosphere also requires that the average
of all mass-independently fractionated sulfur
equals the isotopic composition of juvenile sulfur
(v33 SW0x) [26]. To date, most sul¢des yield
v33 S values that are v 0x and average to a
small but positive value (0.5 N 0.2x [26]). This
indicates a missing reservoir of sulfur with negative v33 S. Known reservoirs with negative v33 S
include barite and sul¢des of hydrothermal origin.
Archean oceanic sulfate and hydrothermally altered oceanic crust likely had negative v33 S as
well. Whether these were su⁄ciently negative or
massive to close the v33 S imbalance is an open
question.
Fig. 6 presents a schematic illustration of the
Earth’s early sulfur cycle and the nature of sulfur
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Fig. 6. Diagram of the Earth’s early sulfur cycle (Stage I) as indicated by the sulfur isotope data. The sulfur cycle can be thought
of as starting in the atmospheric subcycle when atmospheric sulfur dioxide of volcanogenic origin is photodissociated by deep ultraviolet radiation. Atmospheric chemistry distributes this signature among sulfur species and is transferred to the surface subcycle through at least two channels. Elemental sulfur with positive v33 S is reduced to sul¢de, possibly by sulfur-reducing bacteria
or by reaction of FeS with S, and is preserved as sedimentary sul¢des. Atmospheric sulfate with negative v33 S is soluble and
eventually deposited to the oceans. Vigorous oxidative weathering of sul¢des with positive v33 S to produce sulfate with positive
v33 S is thought to be largely suppressed because the signature has not been homogenized in the Stage I record. Metasedimentary
rocks and rocks with hydrothermal sul¢des also carry an anomalous v33 S signature and re£ect the transfer and redistribution
that accompany their formation. Anomalous positive v33 S in sul¢de inclusions in diamond indicate that recycling of sedimentary
sulfur to the mantle has occurred and may also indicate that hydrothermal sul¢des deposited in the oceanic crust with complementary (negative) v33 S may also have been recycled. Geographic variations for v33 S are likely to be present in the record and
will provide new insights into the nature of Archean surface environments.

transfer between the di¡erent reservoirs. Sulfur
dioxide and hydrogen sul¢de gases were introduced to the atmosphere by ancient volcanic eruptions and quiescent degassing. After this, the sulfur-bearing gases reacted in the early atmosphere
as a result of photochemistry driven by deep ultraviolet light to produce a mass-independent signature in aerosols and gases. Preservation of this
signature requires that it was transferred to the
Earth’s surface by at least two di¡erent channels.
One channel transferred sulfur with negative v33 S
predominantly as sulfate; the other transferred
sulfur with positive v33 S as elemental sulfur and

possibly other reduced sulfur species. Sulfur with
positive v33 S was incorporated in ancient sedimentary rocks as sul¢des and sulfur with negative
v33 S resided in the oceanic sulfate reservoir. A
negative v33 S signature was also transferred to
some sul¢des by hydrothermal or bacterial reduction of oceanic sulfate [12]. Analyses of sul¢de
inclusions in diamonds from the Orapa kimberlite
pipe indicate that some sedimentary sul¢de was
recycled into the Earth’s mantle [26] and documents active sulfur cycling among the atmosphere, ocean, sediments, and mantle in the Archean.
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4. Stage II (V
V2.45 to V2.0 Ga)
Stage II lasted several hundred million years,
extending from 2450 Ma until approximately
2090 Ma. This time interval contains major variations in established biogeochemical records (e.g.
N13 C [27])as well as geological evidence for some
of Earth’s earliest low-latitude glaciations [28,29].
As a result, many singular changes in the geochemical evolution of Earth’s surface environment
have been proposed for this time, such as the
‘great oxidation event’ [30,31], the ¢rst rise of oceanic sulfate concentrations above a few hundred
WM [32^34], and the beginning of the end of a
CH4 +CO2 dominated greenhouse [35,36]. The signi¢cance of the multiple sulfur isotope record of
Stage II and its links to these changes remain to
be explored, but two hypotheses have been advanced to account for the smaller v33 S variations
for Stage II.
One hypothesis attributes the v33 S record of
Stage II to the onset of oxidative weathering of
a large reservoir of continental sul¢de with anomalous positive v33 S. This reservoir would have
formed during the ¢rst two billion years of Earth
history (Stage I). According to this interpretation,
the oxygen content of the atmosphere must have
increased dramatically at V2450 Ma, from Stage
I levels ( 6 1035 PAL) to levels greater than 1032
PAL. This change would shut down the photochemistry required to produce the signature and
would close the exit channels required to transfer
the signature to the rock record. Elevated oxygen
levels, in turn, imply that the sink provided by
reduced volcanic and metamorphic gases was
overwhelmed at this time, and sul¢de weathering
could begin to take up oxygen and stabilize the
atmosphere’s oxidative capacity. A prediction of
this hypothesis is that the sulfate produced by
weathering would retain the mass-independent
composition of the sul¢des being weathered. We
estimate the v33 S of average Archean sedimentary
reduced sulfur to be 0.5 N 0.2x and the v33 S of
juvenile sulfur to be W0x [26]. The oceanic sulfate produced by oxidative weathering of sedimentary and juvenile sul¢de, therefore, would have a
v33 S between 0 and 0.5x, consistent with observations from Paleoproterozoic samples (Fig. 1).

A second hypothesis attributes the Stage II
v33 S record to an atmosphere with levels of oxygen that were intermediate between the very low
levels of Stage I and the near-modern levels of
Stage III. According to this hypothesis, oxygen
and ozone levels would be su⁄ciently low to allow passage of the deep ultraviolet radiation required for photolysis of SO2 and SO, but not low
enough for the e⁄cient transfer of anomalous
v33 S to the rock record. Representative calculations suggest that UV £uxes in atmospheres with
1035 ^1032 PAL O2 would be high enough to allow the photolysis to occur [17]. Incomplete homogenization mass-independent signature through
atmospheric reactions or isotopic exchange might
generate the smaller range of v33 S observed in the
Stage II record. This hypothesis requires either a
precarious balance of oxygen sources relative to
reduced volcanic sinks, or another oxygen sink
that had the capacity to stabilize oxygen to levels
intermediate between those sustained by volcanic
and metamorphic emissions (Stage I) or oxidative
weathering (Stage III).

5. Stage III (since V2.0 Ga)
The v33 S record of Stage III is characterized by
near-zero v33 S. Variations of v33 S are generally
much smaller than N 0.2x and can usually be
attributed to slight changes in the way that sulfur
isotope are fractionated by di¡erent mass-dependent processes (cf. Figs. 2 and 3). A dominantly
mass-dependent multiple sulfur isotope record
over the last 2 billion years is strong con¢rmation
that oxygen levels were high enough to close the
UV window required to drive the photolysis of
SO2 and SO in the troposphere ( s 1032 PAL
[17]). This interpretation is consistent with a
broad variety of other geological evidence [31].
Recent reports indicate, however, that the Stage
III record may contain very small contributions
from mass-independent chemical reactions. It is
known that UV £uxes in today’s stratosphere
are su⁄cient to drive mass-independent sulfur
photochemistry [17]. Evidence that mass-independent chemistry has continued to occur in the
Earth’s atmosphere includes small but signi¢cant
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mass-independent signatures for atmospheric sulfate aerosols and for horizons in ice cores containing the products of stratosphere-piercing plinian
volcanic eruptions [13^15]. Both the full characterization of these signatures and the examination
of their causes and implications are the subjects of
current research.
b

6. Unanswered questions and future applications
As the protocols to measure precise and accurate v33 S and v36 S values are improved, we will
be able to apply multiple sulfur isotope analyses
to a number of questions related to the chemistry
of Earth’s evolving surface environments. The
¢ndings up to this point have raised a number
of unresolved issues that include:
b The mechanism of mass-independent fractionation of sulfur isotopes : Work by Marcus and
colleagues [37^40] on the anomalous fractionation of oxygen isotopes during the formation of
ozone provides a perspective for evaluating and
predicting anomalous and mass-independent
isotope e¡ects. This theoretical framework has
yet to be applied to describe mass-independent
fractionation in the sulfur isotope system. It is
worth noting that recent theoretical advances
concerning the ozone isotope e¡ect came after
more than 20 years of experimental characterization. The most urgent need in the present
case is for an experimental campaign aimed at
elucidating the chemical conditions that are
necessary for mass-independent fractionation
of sulfur isotopes to occur.
b Implications of the Archean sulfur isotope record: Interpretations of the Stage I sulfur isotope record in terms of SO2 ^SO photolysis have
provided new insights into atmospheric conditions and the sulfur cycle during the Archean.
It is unknown whether other mass-independent
chemical reactions may also have contributed
to this record. It is also unresolved whether
the fraction of sulfur contained in the barite
and hydrothermal sul¢des is su⁄cient to close
the v33 S balance, or whether recycling of hydrothermally altered crust to the mantle early
in Earth history is required by the data. Fur-

b

b
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ther studies should focus on investigating temporal and spatial isotopic variability across Archean sedimentary basins (see [12] for an
excellent example of this approach), on analyses of di¡erent types of sulfur compounds (e.g.
carbonate-associated sulfate, organic sulfur),
and on analyses of v36 S in addition to v33 S.
Earth’s surface environment at the beginning of
the Proterozoic : A damped, but measurable
v33 S signature from V2.45 to V2.0 Ga samples implies that atmospheric oxygen levels increased at the start of Stage II. It is unknown
whether this signature is principally the signature of the ¢rst cycle of oxidative weathering or
limited transfer of an anomalous v33 S signature
to the Earth’s surface by an atmosphere stabilized to intermediate oxygen levels (1035 ^1032
PAL). A focus on this critical interval is necessary because of its importance for understanding the interaction between Earth’s climatic and
geochemical evolution (e.g. the causes of Paleoproterozoic glaciations and the possibility of
oscillations in atmospheric oxygen levels [41]).
Muliple sulfur isotope variability on the post2.0 Ga Earth: Although the very limited v33 S
variations imply that oxygen levels have remained relatively high since V2.0 Ga, the record of Stage III deserves further examination
with high-precision multiple sulfur isotope
analyses. Much of the current research on this
subject has yet to appear in the peer-reviewed
literature, but preliminary results [13^15] emphasize anthropogenic in£uences on atmospheric sulfur chemistry as well as perturbations caused by extreme geological events like
large volcanic eruptions or asteroid impacts.
The signi¢cance of these observations is unclear. A need exists to incorporate the production and transfer of mass-independent fractionation in the sulfur isotope system into current
models of atmospheric chemistry and transport
(cf. [42] for a comparable treatment of the
ozone isotope e¡ect.)
Multiple isotope ¢ngerprints of speci¢c metabolic pathways: Model calculations and preliminary experiments suggest that di¡erent
microbial sulfur metabolisms will produce diagnostic values of 33 V and 36 V (Fig. 7) [43]. If this
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Fig. 7. Plot of v33 S vs. N34 S for sulfate reduction experiments with Archaeglobus fulgidus [43]. Error bars are 2c estimates. The
mass-dependent samples that de¢ne the terrestrial fractionation line would plot as a horizontal array corresponding to a
33
V = 0.515. The observed 33 V for the experimental data is 0.5117 N 0.0010 (2c). Note that we use variations in v33 S to quantify
small di¡erences between two mass-dependent fractionation processes, not to imply the operation of mass-independent isotopic
fractionation during sulfate reduction.

holds, multiple sulfur isotope analyses will have
great application in studies that seek to map
out cellular-level metabolic pathways, identify
the presence or absence of speci¢c metabolisms
in modern natural environments, or to pinpoint
when a particular sulfur metabolism shows up
in the geological record. The ability to uniquely
identify metabolic signatures in the multiple
isotopic compositions of extraterrestrial sulfur
compounds will have application in astrobiology as well. Before the potential of high-precision multiple sulfur isotope analyses can be exploited, they must be combined with laboratory
studies to isolate speci¢c metabolic signatures
and with ¢eld studies to validate their application.
We have reviewed the recent progress and
promise of multiple sulfur isotope research. The
application of multiple sulfur isotopes in geochemistry is providing a new perspective on a
number of geological problems and is the subject
of active research. To date, most research has
focused on the implications of anomalous v33 S
in the ancient rock record. Here we have de-

scribed the terrestrial multiple sulfur isotope record in terms of three stages and explored some of
the implications of this record for the evolution of
Earth’s atmosphere. High-precision multiple sulfur isotope measurements have application outside the Archean, however, with new developments to be expected in ¢elds ranging from
microbiology to atmospheric dynamics. The geochemical advantages of studying multiple sulfur
isotopes went largely unrecognized for nearly 40
years because isotopic analyses were usually limited to the 34 S^32 S pair. We hope that this review
will bring multiple sulfur isotope research to the
attention of the wider geochemical community so
that future analytical advances and new applications of the rich variety of isotopic e¡ects in this
system will proceed in concert.
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