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Abstract

Sulfur isotope studies of post-Archean terrestrial materials have focused on the ratio 34S/32S because additional isotopes, 33S and 36S,
were thought to carry little information beyond the well-known mass-dependent relationship among multiple-isotope ratios. We report
high-precision analyses of D33S and D36S values, defined as deviations of 33S and 36S from ideal mass-dependent relationships, for inter-
national reference materials and sedimentary sulfides of Phanerozoic age by using a fluorination technique with a dual-inlet isotope ratio
mass spectrometer. Measured variations in D33S and D36S are explained as resulting from processes involve branching reactions (two or
more reservoirs formed) or mixing. Irreversible processes in closed systems (Rayleigh distillation) amplify the isotope effect. We outline
how this new isotope proxy can be used to gain new insights into fundamental aspects of the sulfur biogeochemical cycle, including addi-
tional constraints on seawater sulfate budget and processes in sedimentary sulfide formation. The isotope systematics discussed here can-
not explain the much larger variation of D33S and D36S observed in Archean rock records. Furthermore, Phanerozoic samples we have
studied show a characteristic D33S and D36S relationship that differs from those measured in Archean rocks and laboratory photolysis
experiments. Thus, high precision analysis of D33S and D36S can be used to distinguish small non-zero D33S and D36S produced by mass-
dependent processes from those produced by mass-independent processes in Archean rocks and extraterrestrial materials.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Sulfur (32S, 33S, 34S, and 36S) and oxygen (16O, 17O, and
18O) have more than two stable isotopes. Until recently,
however, interest in measuring more than one isotope ratio
was limited to researchers who study extraterrestrial mate-
rials (Hulston and Thode, 1965b; Clayton et al., 1973).
This is because isotope discriminations in terrestrial pro-
cesses follow mass-dependent relationships (i.e.,
d17O � 0.52 d18O, d33S � 0.52 d34S, and d36S � 1.9 d34S)
such that additional isotope ratios (i.e., 17O/16O, 33S/32S,
and 36S/32S) were thought to carry little or no additional
information. One reason for increased interests in measur-
ing rare isotopes for Earth materials was the discovery of
anomalous 17O abundance in a wide variety of atmospheric
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trace gases (Schueler et al., 1990; Thiemens, 1999; Brenn-
inkmeijer et al., 2003) as a result of mass-independent frac-
tionation in the ozone recombination reaction (Thiemens
and Heidenreich, 1983; Mauersberger et al., 1999; Gao
and Marcus, 2001). Recent multiple-sulfur isotope studies
have been fueled by a discovery of anomalous 33S and
36S abundances in Archean sulfate and sulfide minerals
that reflect unique atmospheric sulfur chemistry in an early
anoxic atmosphere (Farquhar et al., 2000a; Ono et al.,
2003; Mojzsis et al., 2003).

Bender et al. (1994) suggested atmospheric O2 might
carry mass-independent components that might result as
a mass-independent depletion of 17O (of �0.2&). This
has important implication to the global atmospheric O2 cy-
cle because the signature can be used to determine relative
rates for production of mass-independent anomaly in
stratospheric chemistry and destruction by mass-dependent
fractionation in biological photosynthesis and respiration
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(Luz et al., 1999; Luz and Barkan, 2000; Blunier et al.,
2002). Young et al. (2002), however, pointed out that dif-
ferent mass-dependent relationships (i.e., 17h = ln(17a)/
ln(18a)) for different processes might explain observed 17O
depletion without introducing stratospheric mass-indepen-
dent contribution. Recent studies, thus, focused on the
accurate characterization of 17h values for respiratory pro-
cesses (Angert et al., 2003; Luz and Barkan, 2005) and
hydrological cycle and plant evapotranspiration (Angert
et al., 2004).

Work with sulfur isotopes (Farquhar et al., 2003) has
also reported that isotope effect associated with a biological
sulfate reduction is characterized by 33h (= ln(33a)/ln(34a))
that is different from the value expected from equilibrium
isotope fractionation. It was suggested that the multiple-
sulfur isotope system can be used to study biosynthetic
pathways of microbial sulfate reduction and sulfur dis-
propotionation network (Farquhar et al., 2003; Johnston
et al., 2005). These studies also provide a way to identify
the signatures of different sulfur metabolisms, even when
d34S fractionations are identical.

In this paper, we will investigate multiple-sulfur isotope
systematics in mass-dependent processes operating in natu-
ral environments. We will (1) describe the origin of small
magnitude D33S and D36S values in mass-dependent pro-
cesses, (2) demonstrate that these new isotope proxies are
measurable by a fluorination technique coupled with
dual-inlet gas-source mass-spectrometry, (3) report results
of quadruple sulfur isotope analyses of sedimentary bio-
genic pyrite, and (4) develop mathematical models to de-
scribe how we can use this new isotope proxy to gain
new insights into processes of sedimentary sulfide forma-
tion and global sulfur budgets. The multiple sulfur isotope
systematics discussed here are also applicable for any iso-
tope system that has more than two isotopes. Such applica-
tions for geological materials, however, may be limited by
the precision of the analytical techniques (see, Sessions and
Hayes, 2005 for brief discussion about triple hydrogen iso-
tope system, H/D/T).

2. Definitions and systematics of D33S and D36S

2.1. Definitions of D33S and D36S

Several recent papers discuss definitions for D17O (Mill-
er, 2002; Young et al., 2002; Kaiser et al., 2004; Assonov
and Brenninkmeijer, 2005) and D33S (Farquhar et al.,
2000c; Ono et al., 2003). Each definition has certain advan-
tages and disadvantages to the others in terms of normali-
zation and applications in natural systems. Here, we
describe the definitions we use in this paper, and briefly dis-
cuss the systematics that apply to natural processes.

Sulfur isotopic compositions are reported using conven-
tional delta notation

dxS ¼
xRsample

xRreference

� 1

� �
� 1000 ð‰Þ; ð1Þ
where xR are the isotope ratios (xS/32S, where x = 33, 34,
36) of sample and reference materials. In this study, we also
use modified delta values (Hulston and Thode, 1965b;
Young et al., 2002; Angert et al., 2004)

dxS0 ¼ ln
xRsample

xRreference

� �
� 1000 ð‰Þ. ð2Þ

The two delta scales are related by

dxS0 ¼ ln
dxS

1000
þ 1

� �
� 1000 ð‰Þ. ð3Þ

Some researchers used ln (1 + dxO) notation in place of
dxO0 notation by omitting scaling factor of 1000 in Eq.
(3) (e.g., Kaiser et al., 2004; Assonov and Brenninkmeijer,
2005; Luz and Barkan, 2005). As we will see in the later sec-
tion, the dxS0 notation simplifies some mathematical treat-
ments. In this paper, however, we report 34S/32S ratios in
d34S scale to be compatible with existing literatures on sul-
fur isotope geochemistry.

A power law has been used to describe mass-dependent
isotope fractionation (Hulston and Thode, 1965b; Miller,
2002; Young et al., 2002):

33aA=B ¼ 34aA=B

33h and 36aA=B ¼ 34aA=B

36h; ð4Þ

where xaA/B are fractionation factors between two reser-
voirs, A and B:
xRA ¼ xaA=B

xRB. ð5Þ

The factors, 33h and 36h, are called mass-dependent expo-
nents or slopes. For equilibrium exchange reactions, 33h
and 36h are approximately 0.515 and 1.90, respectively
but can deviate from these values at the sub-percent level
(Hulston and Thode, 1965b; Farquhar et al., 2003) (see
Skaron and Wolfsberg, 1980; Deines, 2003 for a special
case at isotopic cross-over temperature). Slightly larger
magnitude variations of 33h and 36h at the percent level
can be produced by different types of kinetically controlled
fractionation mechanisms such as diffusion, effusion, or
gravitational separation (Craig, 1968; Craig et al., 1988;
Young et al., 2002).

We define capital delta values as (Angert et al., 2003;
Ono et al., 2003)

D33S ¼ d33S0 � 33hrefd
34S0 ð6Þ

and

D36S ¼ d36S0 � 36hrefd
34S0. ð7Þ

In this definition, the value D33S (and D36S) represents devi-
ation of d33S0 (and d36S0) from a reference line defined by
33href (and 36href). We use 33href and 36href values of 0.515
and 1.90, respectively, to be representative of a variety of
reactions operating with a range of product and reactant
species (Hulston and Thode, 1965a,b) although the chosen
values do not apply necessarily to isotope fractionation by
a specific process (Luz and Barkan, 2005). The definitions
used by Farquhar et al. (2000a) (i.e., D33S = d33S � 1000 ·
[(1 + d34S)0.515 � 1]) yield practically identical values ex-
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cept for large positive or negative d34S values (Miller, 2002;
Ono et al., 2003, appendix).

One of the advantages of above definition of DxS is that
these values can be normalized to the CDT (Cañon Diablo
Troilite) scale (or any other scale) by a simple addition
without approximation. For instance

D33Ssample=CDT ¼ D33Ssample=reference þ D33Sreference=CDT; ð8Þ

where subscript reference refers to laboratory working ref-
erence SF6, that often has measurable D33S value with re-
spect to CDT.

2.2. Multiple sulfur isotope systematics in d34S vs. D33S

coordinates

On plots of d34S vs. D33S, the relative placement of the
data for two sulfur pools, A and B, related by a fraction-
ation mechanism A � B, gives information about 33hA�B

and the magnitude of the fractionation, 34aA/B. If the mea-
sured 33hA�B is equal to the chosen value of 33href, such as
when isotope equilibrium is attained between A and B, the
pair of sulfur reservoirs will have the same D33S value
(Fig. 1A). If the 33hA�B of the fractionation process differs
from the value of 33href, such as when the sulfur pool A is
produced by diffusion of the pool B, the pair of sulfur res-
ervoirs will have different values of D33S (Fig. 1B).

It is important to realize that mixing is non-linear in
these coordinates (Young et al., 2002; Assonov and Brenn-
inkmeijer, 2005; Luz and Barkan, 2005). During mixing
(A + B fi C), because mixing lines are curves in d34S vs.
D33S plots, a new sulfur pool (C) will have a lower D33S
than initial sulfur pools (Fig. 1C). This non-linear effect
also applies to a branching process where two or more res-
ervoirs are produced from a single reservoir. This branch-
ing process produces new reservoirs where both products
are more positive in D33S than their starting material as
long as 33hA�B � 0.515. Note that this non-linear effect is
not a mathematical artifact. Although mixing is expressed
linearly when we define D33S by traditional delta scales
(i.e., D33S ” d33S � 0.515 d34S) isotope fractionation be-
comes non-linear in traditional definition of D33S.

The magnitude of the effect on D33S during mixing
(A + B fi C) is given as

D33SC � D33SB ¼ lnð32fAð34aA=B

33h � 1Þ þ 1Þ � 33href

h

� lnð32fAð34aA=B � 1Þ þ 1Þ
i
� 1000; ð9Þ
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Fig. 1. Triple isotope systematics in d34S vs. D33S plots. (A) Illustrates a case
33hA�B < 33href, (C) mixing of reservoirs A and B to form C with 33hA�B = 33h
where 32fA is the 32S normalized mixing ratio of the two ini-
tial sulfur reservoirs (i.e., 32fA = 32SA/(32SA + 32SB)) (see
Appendix A for derivation). As expected, the effect is larg-
est when f = 0.5 (i.e., 1:1 mixing). When f = 0.5, the effect is
�0.120, �0.082, �0.052& for 34aA of 0.94, 0.95, and 0.96,
respectively. As we will see in the later section, such values
are measurable by using isotope ratio measurements by a
SF6 method. The effect is relatively large for D36S (+0.82,
+0.56, and +0.36& for 34aA of 0.94, 0.95, and 0.96, respec-
tively), and is a mirror image compared to D33S. Mixing
two isotope pools results in sulfur compositions with higher
D36S, and branching reactions produce new reservoirs that
are more negative in D36S (when 36hA�B � 1.9). These princi-
ples apply to natural systems and are the fundamental reason
why D33S and D36S measurements of natural systems have
the potential to provide constraints that are independent of
and complementary to those provided by d34S alone.

2.3. Reaction branching and measured h values for biological

processes

Farquhar et al. (2003) reported 33h value for sulfate
reduction (0.5117 ± 0.001) by Achaeglobus fulgidus. This
value is smaller than the one expected for inorganic chem-
ical equilibrium between sulfate and sulfide at temperature
between 0 and 100 �C (0.5148 ± 0.002). For oxygen isotope
system, 17h values during respiration (e.g., by plants and
humans) have been studied extensively, and yielded
0.518 ± 0.001 for terratrium experiments (Angert et al.,
2003; Luz and Barkan, 2005). This also is significantly
smaller than the values defined by rocks of 0.525 ± 0.001
(Miller et al., 1999) and meteoric water of 0.528 ± 0.002
(Meijer and Li, 1998).

Farquhar et al. (2003) applied Rees’ (1973) model to
multiple-sulfur isotope system and suggested that measured
h value can be explained as a result of biological flow net-
work even when intrinsic enzymatic reactions have h values
identical to thermodynamic equilibrium. This multiple iso-
tope systematics can be treated as a series of branching
reactions, and reviewed below. The simplest example for
enzymatic reaction can be written as

Eþ S ¢
k1

k2

ES!�k3
EP!k5

Eþ P; ð10Þ

where substrate (S) binds to enzyme (E) followed by catal-
ysis (*k3) and dissociation (k5) steps to yield product (P),
4S 

B

C

A B

Δ33
S

δ34S 

C

where A and B are in isotope equilibrium with 33hA�B = 33href. (B) When

ref.
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Fig. 2. The isotope branching model for a simple enzymatic reaction
discussed in text. Isotopic composition of starting substrate (S) lies on a
mixing line (solid line) between intermediate (ES) and product (EP and P).
Measured slope between starting substrate and product (hmeasured = hP�S)
is different from that intrinsic to the enzymatic reaction
(hintrinsic = hEP�ES).
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and only the catalysis step is assumed to induce isotope
effects with fractionation factor, xa3 (Northrop, 1975).
Overall, the fractionation factor that we normally measure
(xaP/S) is different from that intrinsic to the catalysis (xa3);
the intrinsic fractionation factor is only expressed when
isotope sensitive step is rate limiting (Rees, 1973; Northrop,
1975). Farquhar et al. (2003) showed that it is also true that
the slope for the overall reaction (hS�P) can be different
from that intrinsic to the catalysis (hES�EP).

This isotope systematics can be explained by a branch-
ing reaction scheme discussed above, and shown graphical-
ly in Fig. 2. At steady state, the isotope mass-balance is
maintained at the branching point around ES such that
the flow of material into ES (along k1 with isotope compo-
sition of S) is balanced by the flow out of ES (along k2 and
k3, with isotope compositions of ES and EP, respectively).
In this branching reaction, the measured slope (hP�S) is not
identical to the one intrinsic to the catalysis (hEP�ES), and
this is one of the fundamental reasons why h values ex-
pressed for biological processes are different from that
expected for equilibrium processes. Actual biological pro-
cesses are not as simple as this example by having more
than one branching and isotope sensitive steps, as dealt
by Farquhar et al. (2003) for sulfate reduction network.
As one may see, deviations of h values from equilibrium
h values are not exclusive to biological processes but char-
acteristic to any processes that involves reaction
intermediates.

3. High precision analysis for four sulfur isotopes

3.1. Analytical techniques

A laser fluorination SF6 system was developed to mea-
sure sulfur isotope ratios (33S/32S, and 34S/32S) at the Geo-
physical Laboratory (GL), and detailed descriptions of the
fluorination techniques can be found in earlier papers
(Rumble et al., 1993; Hu et al., 2003). Modifications of
the gas chromatographic purification line and installation
of a new, quadruple collector, isotope ratio mass spectrom-
eter (Thermo-Electron MAT 253) have enabled high preci-
sion measurements of 33S and 36S in this study, and are
described in detail here.

Sulfur hexafluoride is produced by the reaction of pyrite
or silver sulfide with elemental fluorine at 25–30 torr within
a laser fluorination manifold at GL. A CO2 laser is used to
heat silver sulfide and an excimer laser (KrF: 248 nm) is
used to photo-ablate spots on mineral grain surfaces for
in situ analysis (Hu et al., 2003). Sulfur hexafluoride con-
tains unwanted contaminants that are formed during laser
fluorination. Some contaminants interfere with the ion
beams of SF5

+ and some potentially may damage the mass
spectrometer (e.g., HF and C–H–F compounds). Thus,
purification of SF6 by gas chromatography (GC) is a criti-
cal step for high precision analysis. Due to the low abun-
dance of 36S (0.02%), and mass-interference on mass 131
(36SF5

+), analysis of 36S had been challenging (Hulston
and Thode, 1965b; Hoering, 1989; Gao and Thiemens,
1991). In order to facilitate GC separation, a dual GC sys-
tem was developed, which consists of two GC columns and
three multiport valves that are electronically controlled for
semiautomatic operation (Fig. 3). The fluorination product
is injected first onto a series of packed column (molecular
sieve 5 Å, 60–80 mesh, 1/8 in. OD, and 2.0 m, linked with
Hayesep Q, 1/8 in. OD, 80–100 mesh, and 2.4 m) at a He
flow rate of 25 mL/min and at 100 �C. The SF6 elutes at
ca. 4 min from the first column. The GC effluent is moni-
tored by a thermal conductivity detector (TCD) and a time
window that contains SF6 is injected onto the second col-
umn by switching a multiport valve. The stationary phase
of the second column is a Hayesep Q (1/8 in. OD, 80–
100 mesh, and 2.0 m) operated with a He flow rate at
25 mL/min. The SF6 is, again, detected by a TCD and
trapped by liquid nitrogen at �196 �C in the collection
loop (Fig. 3). The first column is continuously back-flushed
between analyses to avoid co-elution of contaminants onto
subsequent samples.

Analyses of silver sulfide at the stable isotope laborato-
ry of the University of Maryland College Park (UMCP)
were conducted by loading silver sulfide (wrapped in alu-
minum foil) into externally heated nickel metal vessels of
internal volume of �10 cm3. The vessels were then filled
with 75–150 torr of F2, and heated to �300 �C overnight.
The GC purification system uses one 1/8 in. OD, 4.8 m
Haysep Q column operated at 50 �C. The column is back-
flushed at 150 �C for 15 min after each GC run to avoid
elution of contaminants onto subsequent samples. The
product SF6 is purified by passing the SF6 though the col-
umn two times.

Both laboratories use Thermo-Electron MAT 253 iso-
tope ratio mass-spectrometers. The instruments are
equipped with faraday cups that allow simultaneous deter-
mination of masses 127, 128, 129, and 131 (32SF5

+, 33SF5
+,

34SF5
+, and 36SF5

+, respectively).
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Fig. 3. Outline of the Geophysical Laboratory laser fluorination dual-GC manifold for high precision multiple-sulfur isotope analysis. RC, reaction
chamber; CT, cold traps; M, capacitance manometer; TCD, thermal conductivity detector.

Table 1
The multiple-sulfur isotope ratios of CDT and IAEA reference materials
measured at the Geophysical Laboratory

Sample d33S d34S d36S D33S D36S

CDT 2.317 4.613 8.78 �0.056 0.00
CDT 2.530 5.050 9.37 �0.067 �0.24
CDT 2.538 5.012 9.57 �0.040 0.03
CDT 2.738 5.380 10.23 �0.029 �0.02
CDT 2.581 5.111 9.32 �0.048 �0.41
CDT 2.603 5.129 9.54 �0.036 �0.22
CDT 2.885 5.665 10.90 �0.028 0.10

Average 2.60 5.14 9.67 �0.043 �0.11
1r 0.16 0.30 0.64 0.013 0.17

IAEA S-1 2.650 5.027 8.52 0.064 �1.04
IAEA S-1 2.300 4.355 7.19 0.060 �1.09
IAEA S-1 2.623 4.967 8.51 0.068 �0.94

Average 2.52 4.78 8.07 0.064 �1.02
1r 0.19 0.37 0.76 0.004 0.08

IAEA S-2 14.058 27.444 52.27 0.017 �0.49
IAEA S-2 13.785 26.916 51.34 0.012 �0.39
IAEA S-2 13.821 26.988 51.41 0.012 �0.47

Average 13.89 27.12 51.67 0.014 �0.45
1r 0.15 0.29 0.52 0.003 0.05

IAEA S-3 �14.183 �27.451 �52.84 0.051 �1.40
IAEA S-3 �14.222 �27.514 �53.07 0.044 �1.52
IAEA S-3 �14.335 �27.734 �53.30 0.046 �1.33
IAEA S-3 �13.764 �26.653 �51.66 0.053 �1.71
IAEA S-3 �14.394 �27.843 �53.22 0.044 �1.04

Average �14.18 �27.44 �52.81 0.048 �1.40
1r 0.25 0.47 0.67 0.004 0.25

The isotope ratios are reported with respect to the laboratory working
reference SF6 at GL.
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3.2. Precision and accuracy

A troilite inclusion from the Cañon Diablo meteorite
(CDT) was measured in situ by an excimer laser (KrF) at
GL. Seven measurements of CDT yield standard deviation
(1r) of 0.30, 0.013, 0.17& for d34S, D33S and D36S, respec-
tively (Table 1). Three IAEA reference Ag2S (S-1, S-2, and
S-3) were measured at both GL and UMCP for inter-labo-
ratory comparison of accuracy and precision. Tables 1 and
2 list the dxS values with respect to house reference gases at
GL and UMCP. The data in Tables 1 and 2 represent com-
plete analyses, including fluorination, gas-purification, and
mass-spectrometry measurements. Typical precisions for
d33S, d34S, and d36S are a few tenths of permil. Because
most errors in isotope ratio measurements are mass-depen-
dent, the internal (intra-laboratory) precision for D33S and
D36S are better than that for dxS, typically 0.01 and 0.2&

(1r), respectively (Fig. 4A, Tables 1 and 2). Least squares
regression of the d33S0 and d34S0 data for individual samples
in Tables 1 and 2 (CDT, S-1, S-2, and S-3) yields slopes
that are not exactly 0.515. These calculated slopes, howev-
er, are not statistically different from 0.515 when the mass
spectrometric measurement uncertainties (1r of �0.014
and �0.008 for d33S0 and d34S0, respectively) are taken into
account for each data point.

Cañon Diablo Troilite (CDT) was historically used as a
reference material for sulfur isotopic analyses (Jensen and
Nakai, 1962; Hulston and Thode, 1965b) until a new refer-
ence material IAEA S-1 (Ag2S) was introduced. The supply
of CDT was increasingly limited and, moreover it is isoto-
pically heterogeneous (Beaudoin et al., 1994). A new refer-
ence scale, Vienna-CDT (V-CDT) is defined by the
reference material, IAEA S-1, having d34SV-CDT of
�0.3& (Robinson, 1993). Because d33S and d36S (and thus,
D33S and D36S) have not been defined for V-CDT, we nor-
malize d34S, D33S and D36S values with respect to IAEA S-1
and list them in Table 3 for inter-laboratory comparison.
The data in Table 3 show that D33S values obtained at
GL and UMCP are consistent within intra-laboratory pre-



Table 2
The multiple-sulfur isotope ratios of IAEA reference materials measured
at the University of Maryland College Park

Sample d33S d34S d36S D33S D36S

IAEA S-1 �2.452 �4.921 �10.05 0.086 �0.73
IAEA S-1 �2.562 �5.135 �10.52 0.086 �0.79
IAEA S-1 �2.627 �5.261 �10.75 0.086 �0.78
IAEA S-1 �2.570 �5.135 �10.43 0.078 �0.70
IAEA S-1 �2.437 �4.929 �10.00 0.105 �0.66
IAEA S-1 �2.461 �4.970 �9.68 0.102 �0.26
IAEA S-1 �2.532 �5.057 �10.26 0.075 �0.68
IAEA S-1 �2.554 �5.124 �10.30 0.088 �0.60
IAEA S-1 �2.462 �4.946 �9.99 0.088 �0.62
IAEA S-1 �2.574 �5.166 �10.43 0.090 �0.64
IAEA S-1 �2.583 �5.158 �10.55 0.076 �0.78
IAEA S-1 �2.600 �5.184 �10.80 0.073 �0.98
IAEA S-1 �2.577 �5.166 �10.61 0.088 �0.83
IAEA S-1 �2.564 �5.125 �10.52 0.079 �0.81
IAEA S-1 �2.455 �4.942 �9.75 0.093 �0.39

Average �2.53 �5.08 �10.31 0.086 �0.68
1r 0.06 0.11 0.33 0.009 0.17

IAEA S-2 8.810 17.122 32.73 0.029 �0.05
IAEA S-2 8.936 17.369 33.28 0.028 0.02
IAEA S-2 8.873 17.250 33.02 0.026 �0.01
IAEA S-2 9.078 17.657 33.98 0.023 0.16
IAEA S-2 9.109 17.680 33.97 0.041 0.10
IAEA S-2 8.951 17.389 33.33 0.032 0.03
IAEA S-2 9.005 17.499 33.39 0.030 �0.12
IAEA S-2 9.155 17.776 34.07 0.039 0.02
IAEA S-2 9.041 17.566 33.67 0.032 0.03
IAEA S-2 8.979 17.419 33.40 0.045 0.05
IAEA S-2 8.943 17.373 33.85 0.033 0.56
IAEA S-2 8.928 17.349 33.52 0.030 0.29
IAEA S-2 8.946 17.397 33.08 0.023 �0.22
IAEA S-2 8.941 17.363 33.17 0.036 �0.07

Average 8.98 17.44 33.46 0.032 0.06
1r 0.09 0.18 0.40 0.006 0.19

IAEA S-3 �19.212 �37.068 �70.32 0.054 �1.15
IAEA S-3 �19.235 �37.130 �70.54 0.063 �1.26
IAEA S-3 �19.274 �37.215 �70.75 0.069 �1.32
IAEA S-3 �19.221 �37.083 �70.44 0.053 �1.25
IAEA S-3 �19.171 �37.014 �70.26 0.067 �1.19
IAEA S-3 �19.244 �37.181 �70.49 0.082 �1.11
IAEA S-3 �19.276 �37.196 �70.25 0.057 �0.81
IAEA S-3 �19.273 �37.189 �70.19 0.057 �0.77
IAEA S-3 �19.329 �37.302 �70.30 0.060 �0.66
IAEA S-3 �19.204 �37.099 �69.75 0.078 �0.47
IAEA S-3 �19.156 �37.021 �69.65 0.086 �0.52
IAEA S-3 �19.262 �37.168 �70.76 0.056 �1.42
IAEA S-3 �19.266 �37.206 �70.21 0.072 �0.76
IAEA S-3 �19.253 �37.163 �70.79 0.063 �1.46
IAEA S-3 �19.264 �37.194 �70.64 0.068 �1.24
IAEA S-3 �19.197 �37.074 �69.75 0.072 �0.52

Average �19.24 �37.14 �70.32 0.066 �0.99
1r 0.04 0.08 0.36 0.010 0.34

The isotope ratios are reported with respect to the laboratory working
reference SF6 at UMCP.

A

B

Fig. 4. Plot of d34S vs. D33S for sulfate and sulfide analyzed in this study.
(A) CDT and IAEA reference materials, d: CDT; h: IAEA S-1; n: IAEA
S-2; and m: IAEA S-3, (B) pyritized fossils and pyritic-graphitic schist. d:
Jurassic Ammonite; h: Devonian Brachiopods; and n: Silurian Schist.
Error bars represent standard deviation (1r) of mass-spectrometer runs
(typically consist of four measurement cycles).
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cisions (i.e., +/�0.01&); IAEA S-2 and S-3 have D33SS-1

values of �0.05 ± 0.01 and �0.02 ± 0.01&, respectively.
Note that data for IAEA reference materials were obtained
within a month period at GL whereas UMCP data
represent measurements of over a year in order to illustrate
long-term reproducibility. These values are also consistent
with values reported in Table 8 of Ding et al. (2001) ob-
tained at Institute for Reference Materials and Measure-
ments at Geel, Belgium (calculated by using D33S
definition in this paper). The value of D33S obtained by pre-
vious study at GL (Hu et al., 2003) is also consistent for S-2
(�0.04& with respect to S-1) but not for S-3 (0.03&). The
data in Table 3 also show that CDT has D33SS-1 value of
�0.10 ± 0.01&, which is reported by three laboratories
(GL, UCSD, and Geel). Hu et al. (2003) also reported sim-
ilar but slightly lower values for CDT of �0.13& with re-
spect to IAEA S-1.

The values of D36SS-1 for IAEA S-2 are 0.57 and 0.74&,
and those of S-3 are �0.38 and �0.31 for GL and UMCP,
respectively. These values agree well within our current in-
tra-laboratory reproducibility of ca. ±0.2&. If we take
D36SCDT of S-1 to be �0.91&, all three IAEA reference



Table 3
The multiple-sulfur isotopic compositions (d34S, D33S, and D36S) for three
IAEA reference materials (S-1, S-2, and S-3) measured at the Geophysical
Laboratory (GL) and University of Maryland College Park (UMCP)

GL-CIW UMCP Hu et al.a Ding et al.b Gao and
Thiemensc

d34SS-1 (&)
CDT 0.35 (7) 0.46 (11) 0.27 (14)
S-1 0.00 (3) 0.00 (15) 0.00 (13) 0.00 0.00 (11)
S-2 22.23 (3) 22.64 (14) 22.84 (12) 22.95
S-3 �32.07 (5) �32.22 (16) �31.84 (10) �32.37

D33SS-1 (&)
CDT �0.107 �0.13 �0.10 �0.10
S-1 0.000 0.000 0.00 0.00 0.00
S-2 �0.050 �0.054 �0.04 �0.05
S-3 �0.016 �0.020 0.03 �0.02

D36SS-1 (&)
CDT 0.91 0.49
S-1 0.00 0.00 0.00
S-2 0.57 0.74
S-3 �0.38 �0.31

All isotope ratios are normalized with respect to IAEA S-1. Also listed are
values calculated from published data from Hu et al. (2003), Ding et al.
(2001), and Gao and Thiemens (1993a).

a From Table 3 of Hu et al. (2003) with unpublished data for two
decimal units for d34S.

b From Table 8 of Ding et al. (2001) data obtained at IRMM, Geel.
c Table 1 of Gao and Thiemens (1993a). The values for D33S and D36S

are recalculated according to definition used in this paper.

10 mm
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Fig. 5. Pyritized Jurassic ammonite, Cosmoceras sp. and its d34S deter-
mined by in situ fluorination analysis.
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materials have negative values of D36SCDT, which is expect-
ed because of their positive values of D33S with respect to
CDT.

4. Analyses of phanerozoic sedimentary pyrite

Multiple sulfur isotopic compositions of pyritized fossils
and pyrite in carbonaceous schist were measured by in situ
fluorination with an excimer laser (248 nm), in order to doc-
ument the natural range of D33S and D36S for biogenic pyrite
of Phanerozoic age. Laser pits approximately 400 lm in
diameter and 300 lm deep produced �4 lmol of SF6.

4.1. Materials

4.1.1. Pyritized ammonite, Cosmoceras sp., Jurrassic
This is a specimen of pyritized ammonite, Cosmoceras sp.

from the Volga River region, Russia. The age of the ammon-
ite is Collovian (163–169 Ma), Jurassic. The specimen (ca.
35 mm in size) was cut into half and the associated carbonate
mineral was dissolved with dilute hydrochloric acid.

4.1.2. Pyritized brachiopods from the silica formation,

devonian
The specimen of pyritized brachiopods (Eospirifer sp.)

from the Devonian Silica formation (Stewart, 1927) is
taken from a quarry of the Medusa Cement Company,
Silica, Sylvania Township, OH. The shells of brachiopods
are pyritized and a specimen (ca. 3 cm) was cut in half
and polished for analysis.
4.1.3. Metamorphic schist, silurian

The sample is a chlorite grade graphite-sulfide-rich
schist from the Silurian Waterville Formation exposed in
south-central Maine, USA (Rumble et al., 1991; Oliver
et al., 1992). The sample contains euhedral pyrite grains
of up to 5 mm size. Polished sections were prepared for iso-
tope analysis.

4.2. Results

The single specimen of pyritized ammonite yields varia-
tion in d34S ranging from �23.0 to �6.1& (Fig. 5), and
D33S ranges from 0.27 to 0.34& (Table 4). The D33S values
are among the largest measured for non-atmospheric Phan-
erozoic materials (Fig. 4B). The D36S is also the most neg-
ative for Phanerozoic sulfide, ranging from �1.9 to �2.4&.
The values of D33S correlate with d34S. These data are char-
acterized by a slope of 0.5194 ± 0.0003 (1r) instead of
0.515. Other sedimentary pyrites are also characterized by
positive D33S and negative D36S values with respect to
CDT. Six analyses of pyritized brachiopods yield d34S,
D33S, and D36S of �4.1 to 0.9, 0.09 to 0.11, and �0.5 to
�0.6&, respectively. Three analyses of pyrites in Silurian
schist yield d34S, D33S and D36S values of �19.1 to �20.1,
0.06 to 0.08, and �0.4 to �0.6&, respectively (Table 4;
Fig. 4B).

A plot of D33S vs. D36S measured for Phanerozoic sedi-
mentary sulfur-bearing materials reveals an apparent linear
correlation with a slope of ca.�6.9 (Fig. 6). The correlation
is particularly striking because of the negative correlation be-
tween D33S and D36S in Archean sulfide and sulfate minerals
reported by Farquhar et al. (2000a). There is a discrepancy
between the Phanerozoic and Archean correlations, howev-
er, in that the Archean analyses record a slope of �0.9 on a
plot of D33S vs. D36S (Fig. 7). Deducing the origin of the large
difference in slope between the Phanerozoic and Archean
data is important and will be discussed below.



Table 4
High precision multiple-sulfur isotope measurements of sedimentary
sulfide of Phanerozoic age

d33S d34S d36S D33S D36S

Cosmoceras sp. Jurassic

�3.705 �7.833 �17.19 0.338 �2.40
�7.178 �14.496 �29.64 0.316 �2.35
�11.636 �22.983 �45.26 0.271 �2.14
�9.665 �19.225 �38.40 0.285 �2.28
�11.411 �22.551 �44.40 0.270 �2.08
�6.878 �13.896 �28.28 0.305 �2.10
�9.259 �18.446 �36.61 0.286 �1.92
�2.834 �6.143 �13.65 0.336 �2.04

Brachiopods, Silica formation, Devonian

0.569 0.907 1.08 0.102 �0.64
�0.803 �1.769 �3.96 0.109 �0.60
�0.742 �1.636 �3.71 0.101 �0.61
�0.442 �1.047 �2.56 0.098 �0.57
�2.040 �4.133 �8.36 0.090 �0.52
�1.097 �2.307 �4.84 0.091 �0.46

Silurian Schist 83-41-AA3-55

�9.842 �19.177 �36.47 0.081 �0.36
�9.808 �19.083 �36.41 0.066 �0.48
�10.324 �20.057 �38.30 0.056 �0.55

All isotope ratios are normalized to CDT.

Fig. 6. A plot of D33S vs. D36S reported in this study. m: CDT; n: Jurassic
Ammonite; s: Devonian Brachiopods; h: Silurian Schist; and d: IAEA
reference materials. The line represents D36S/D33S of �6.85.

Fig. 7. Plot of D33S and D36S for Phanerozoic samples measured in this
study (d), compared to mass-independent sulfur isotope signatures for
rocks older than 2450 Ma reported in Farquhar et al. (2000a) (s). The
dashed and solid lines are D36S/D33S of �0.9 and �6.85, respectively.
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5. Discussion

5.1. D33S of primordial sulfur

Most meteorite materials (e.g., enstatite and ordinary
chondrite, troilite inclusion in iron meteorite, ureilites,
and moon rocks) show small variation of d34S as well as
D33S and D36S (Jensen and Nakai, 1962; Hulston and
Thode, 1965b; Thode and Rees, 1971; Rees and Thode,
1974; Gao and Thiemens, 1991; Gao and Thiemens,
1993a,b; Farquhar et al., 2000b). The reported values of
D33SCDT and D36SCDT for these materials typically are
±0.05 and ±0.1&, respectively. Much larger D33S and
D36S values are reported from some components of trace
sulfur in metal phases of iron meteorites (Hulston and
Thode, 1965a; Gao and Thiemens, 1991), sulfonic acid in
carbonaceous chondrites (Cooper et al., 1997), and sulfide
and sulfate sulfur in Martian meteorites (Farquhar et al.,
2000c; Greenwood et al., 2000). Excess 33S and 36S in metal
phases of iron meteorites is thought to be an effect of nucle-
ar spallation (Gao and Thiemens, 1991), and mass-inde-
pendent isotope signatures in Martian meteorites and
sulfonic acid in carbonaceous chondrite are thought to be
a result of gas phase photochemical reactions (Cooper
et al., 1997; Farquhar et al., 2000c). Because the materials
with non-zero D33S and D36S values in meteorites represent
a minor component of planetary sulfur, a starting assump-
tion has been to assume that the D33S (and D36S) of bulk
Earth would be close to the grand average of the bulk
meteorite composition (i.e., close to CDT; Farquhar
et al., 2002). This is also supported by near CDT value
of D33S (0.03 ± 0.04&) reported for sulfur in peridotite
xenoliths (Farquhar et al., 2002).

The three IAEA Ag2S reference materials examined here
(S-1, S-2, and S-3) are terrestrial in origin. IAEA S-1 and S-
3 originate from Mississippi valley type Zn–Pb deposits in
Triassic dolomite located in the Silesian-Cracovian area,
South Poland, and are prepared from sphalerite (ZnS) (S.
Halas pers. comm.). IAEA S-2 is prepared from gypsum
that is precipitated from present day seawater in evaporite
ponds in New Zealand (Robinson, 1993). All three IAEA



Fig. 8. Model calculation for sulfate reduction in a closed system in d34S0

vs. D33S with data for pyritized Ammonite (s). The evolution of
remaining seawater sulfate (dashed line) and product sulfide (solid line)
is calculated for 34a = 0.947 and 33h = 0.512, with starting sulfate (d: SS)
of d34S = +16&, D33S = +0.057, which is shown in solid circle. The
number on the line is a fraction of sulfate converted to sulfide.

2246 S. Ono et al. 70 (2006) 2238–2252
reference materials and the Phanerozoic biogenic pyrite,
yield positive D33S and negative D36S with respect to
CDT. Our starting hypothesis is that all of these terrestrial
materials originate from sulfur pools that were produced as
a result of processes that partitioned sulfur along branch-
ing pathways, and can be traced back to the primordial sul-
fur (with d33S = d34S = d36S = 0&). In the following
sections, we will describe the causes of these effects in more
detail.

5.2. Multiple sulfur isotope systematics in a closed system

Sedimentary pyrite is produced by bacterial reduction of
seawater sulfate, and often is characterized by a wide range
of d34S values. The range of variation can be due to a vari-
ety of reasons, including recycling of sulfur within microbi-
al communities (Canfield and Teske, 1996) and irreversible
reactions in a closed system (that lead to Rayleigh distilla-
tion effects) (Ohmoto and Goldhaber, 1997). Sediments be-
low bioturbation zones are used as typical examples of
partly closed systems when the sulfate reduction rate is
faster than the supply of sulfate by diffusion (Ohmoto,
1992; Ohmoto and Goldhaber, 1997).

We interpret the large positive D33S and negative D36S
values and highly variable d34S (�23 to �6&) for the pyr-
itized ammonite to reflect bacterial sulfate reduction in a
closed system. The isotope systematics in a closed system
process, reactant (A)fi product (B), can be described by
the Rayleigh distillation equation, where evolution of the
isotope ratio of the reactant (xRA) can be derived as

ln
xRA

xRA;i

� �
¼ ðxa� 1Þ lnð32fAÞ; ð11Þ

where xRA,i is the initial isotopic ratios of the reactant
(xS/32S), and 32fA is the fraction of 32S remaining (Mariotti
et al., 1981). Using modified delta notation, Eq. (11), can
be written as

dxS0A ¼ ðxa� 1Þ lnð32fAÞ � 1000þ dxS0A;i ð12Þ

where dxS0A;i is the isotopic composition of the initial reac-
tant. The D33S of the reactant (A) can be derived as a func-
tion of 34a, 33h and 32fA

D33SA ¼ fð34a
33h � 1Þ � 33href � ð34a� 1Þg

� lnð32fAÞ � 1000þ D33SA;i ð13Þ

and isotopic composition of the reactant will evolve follow-
ing the relationship:

33c ¼
d33S0A � d33S0A;i
d34S0A � d34S0A;i

¼ ð
33a� 1Þ � lnð32fAÞ
ð34a� 1Þ � lnð32fAÞ

¼
34a

33h � 1
34a� 1

.

ð14Þ
Note that in a distillation process, the observed slope in
d33S0 vs. d34S0 coordinates (33c) is different from that intrin-
sic to the reaction (33h) (Blunier et al., 2002; Angert et al.,
2004; Kaiser et al., 2004). Eq. (14) shows that 33c is
independent of 32fA and is only a function of 34a and 33h.
The 33c value approaches 33h when 34a approaches to unity.
Rayleigh distillation can be viewed as a series of branching
reaction where the starting pool branches to product and
remaining reactant in each step. Rayleigh processes, thus,
will effectively amplify the non-linearity effect by repeating
branching reactions.

If the sulfur isotopic composition of starting material
(i.e., Jurassic seawater sulfate or local sulfate in the basin)
is known, we can constrain both 34a and 33h by measure-
ments of d34S and D33S. We use a d34S value of seawater
of +16& (Holser and Kaplan, 1966; Claypool et al.,
1980), and assume D33S of +0.057 (from D33S of IAEA
S-2, discussed in the next section). The best fit was obtained
for 34a and 33h of 0.947 and 0.512, respectively, for the giv-
en isotopic composition of starting sulfate (Fig. 8). The val-
ue of 33h of 0.512 is similar to the one extracted for sulfate
reduction by A. fulgidus reported in Farquhar et al. (2003).
The fractionation factor (34a) of 0.947 is within the range of
fractionation factors between sulfate and sulfide observed
in nature (e.g., Canfield and Teske, 1996) although the
maximum fractionation factor by sulfate reducing bacteria
in culture experiments is 46& (or 34a � 0.954&) (Kaplan
and Rittenberg, 1964). The largest uncertainty in the dis-
cussion is in the values assigned for D33S and d34S of local
seawater in the basin, which can be constrained if sulfate
sulfur (e.g., gypsum or carbonate associated sulfate) is
available. The discussion illustrates how non-zero values
of D33S for sedimentary pyrite can be produced by mass-
dependent processes involving distillation. It can be seen
that D33S is sensitive to closed system processes even when
d34S approaches that of starting material. The model dem-
onstrates the potential of the multiple-sulfur isotope system
for providing additional insights into microbial sulfate
reduction in natural systems.



 

 

Fig. 10. The model of oceanic sulfate budget from d34S and D33S of
seawater sulfate. Dashed line represents a combination of d34SSS–d34SPY

and 32fPY that produce seawater sulfate with d34S of 19.0& (e.g., Garrels
and Lerman, 1981), solid lines are combinations of d34SSS–d34SPY and
32fPY that yield measured D33S seawater sulfate of +0.057& (four lines are
for different 33hPY�SS values). The values used by Garrels and Lerman
(1981) is shown as G&L. Bold solid line represents a condition that
satisfies both d34S and D33S constraints.

Table 5
Model result for global seawater sulfate budget

33hPY�SS 0.515 0.514 0.513 0.512

34aPY/SS 0.958 0.950 0.943 0.935
32fPY 0.26 0.22 0.19 0.17
d34SSS � d34SPY (&) 43 51 58 66
D33SPY (&) 0.057 0.108 0.175 0.258

Predicted isotopic fractionation factor (34aPY�SS) and fractional sulfide
burial (32fPY), d34SSS–d34SPY, and model D33S value of sulfide as a function
of 33dPY�SS.
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5.3. Multiple sulfur isotope systematics in an open system:

D33S of seawater sulfate

The d34S record of the seawater sulfate has long been used
to constrain the ocean sulfur budget (Holser and Kaplan,
1966; Garrels and Lerman, 1981; Holser et al., 1989; Strauss,
1997). These models use isotope mass-balance for the seawa-
ter sulfate reservoir, which can be written in terms of the
modified delta notation

d34S0SS ¼ � lnð32fPYð34aPY=SS � 1Þ þ 1Þ � 1000þ d34S0IN;

ð15Þ
where subscripts SS and IN refer to d34S0 of seawater sul-
fate and integrated sulfate flux into the sulfate reservoir
(mostly riverine sulfate), 32fPY is a fraction of sedimentary
sulfide burial over total sulfur flux in and out of the oceanic
sulfate reservoir, and 34aPY/SS is isotope fractionation fac-
tor (for 34S/32S) during sedimentary sulfide formation (see
Appendix B for derivation). The D33S of seawater sulfate is

D33SSS ¼ � lnð32fPYð34aPY=SS

33hPY�SS � 1Þ þ 1Þ þ 33href

h

� lnð32fPYð34aPY=SS � 1Þ þ 1Þ
�
� 1000þ D33SIN;

ð16Þ

where 33hPY�SS is the mass-dependent exponent for isotope
fractionation during sedimentary pyrite formation.

The Eqs. (15) and (16) can be solved for 34aPY/SS and 32fPY

for given values of d34S0, D33S and 33hPY�SS (Figs. 9 and 10,
and Table 5). Following the Garrels and Lerman model, we
assume d34SIN = 7.65&, and use d34SSS = 19&. The D33SSS

is +0.057 ± 0.015&, which is D33S of IAEA S-2, with respect
to CDT, measured at GL. We further assume D33SIN to be
+0.012&. This is calculated as a simple mixture of the seawa-
ter sulfate reservoir and bulk Earth (i.e., CDT) to have d34S
Fig. 9. Graphical representation of the global branching model for the
oceanic sulfate budget. Primordial sulfur (PS) reservoir branches to make
seawater sulfate (SS) and sedimentary sulfide reservoirs (h). Mean
isotopic composition of sedimentary sulfide can be derived as a function
of 33hPY�SS. The D33S of sulfur flux into the ocean (IN) is assumed to be a
mixture of primordial sulfur and seawater sulfate (i.e., plots on a mixing
line). Triple-sulfur isotope system can be used to close the global sulfur
budget.
of +7.65&. One of the major unknown is the value of
33hPY�SS, which represents a global average value between
sedimentary sulfide and seawater sulfate. As demonstrated
by high D33S values for a pyritized ammonite, the value of
33hPY�SS may differ locally as a function of the nature of
the depositional environments (e.g., closed or open with
respect to sulfate) and biosynthetic pathways of sedimentary
sulfide formation (e.g., relative contribution of sulfur
disproportionation; Johnston et al., 2005). We used the
range of values from 0.515 to 0.512 for the canonical value
of mass-dependent exponents and values obtained for micro-
bial sulfate reduction (Farquhar et al., 2003), respectively.

Fig. 9 shows a graphical representation of our global
branching model of the global sulfur budget. A fundamen-
tal assumption is that mixing of surface sulfur reservoirs
(sedimentary sulfate and sulfide) would yield the isotope
composition of primordial sulfur (i.e., d34S = D33S = 0).
Seawater sulfate and average sedimentary sulfide would
plot on a mixing line that is represented as a solid curved
line. Our new estimate suggests the d34S difference
(d34SSS � d34SPY � (1 � 34aPY�SS) · 1000) between sulfide
and sulfate to be 43–66& for 33hPY�SS values from
0.515–0.512 (Fig. 10 and Table 5). This value is larger than
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the 35& used by Garrels and Lerman (1981) for their d34S
mass balance model. The larger value is consistent with a
recent compilation of d34S differences between sulfate and
sulfide in modern sediments (average 38.5&) and much
of the Mesozoic (32.5–54.2&) (Strauss, 1997). The corre-
sponding fraction of sulfide burial (fPY) is between 0.24
and 0.16 (Fig. 10 and Table 5), smaller than the earlier esti-
mate of 0.33 (Garrels and Lerman, 1981).

A potential application of multiple isotope study is to
incorporate D33S into the model of the Phanerozoic sulfur
cycle. It is a tradition since Garrels and Lerman (1981) that
the isotope mass-balance model of the Phanerozoic sulfur
cycle model (Berner et al., 1983; Berner and Canfield,
1989; Berner, 2001) uses a fixed value of 34aPY/SS for the en-
tire Phanerozoic. Recent models, however, implemented
34aPY/SS as a variable related to atmospheric oxygen levels
although the relationship between oxygen levels and 34aPY/

SS is not well established (Berner, 2001; Berner, 2005).
Thus, application of D33S systematics for a non-steady
state model may put additional constraints on the Phanero-
zoic sulfur cycle, which may be ultimately related to the
history of the atmospheric oxygen in the Phanerozoic era
(e.g., Berner, 2001).

5.4. D36S and D33S systematics

We have focused our discussion on triple sulfur isotope
systematics (32S–33S–34S). Additional information may be
obtained, however, by including 36S in the analysis. The
D36S/D33S ratios of Phanerozoic sulfide are �6.1 to �8.1,
�5.0 to �6.3 and �4.4 to �9.8 for Jurassic Ammonite,
Devonian Brachiopods, and Silurian schist, respectively,
and those for IAEA reference materials are �8.5, �6.2,
and �14, for S-1, S-2, and S-3, respectively. These ratios
depend highly on the reference zero-point (i.e., measured
isotope ratio of CDT). An apparent negative correlation
in D33S vs. D36S suggests processes governing D36S varia-
tions are similar to those of D33S (Fig. 6). It is not likely
that the correlation is due to analytical artifacts from
mass-interferences on either 32S or 34S (i.e., 32SF5

+, and
34SF5

+). Although these two mass-interferences are expect-
ed to produce correlated errors in both D33S and D36S, ran-
dom addition of 32S and 34S would produce errors that are
characterized by D36S/D33S ratios of �1.9 and +3.7, respec-
tively (Appendix C).

For a simple mixing process, the ratio D36S/D33S can be
written as (from Eq. (9)):
D36SC � D36SB

D33SC � D33SB

¼
lnð32fAð34aA=B

36h � 1Þ þ 1Þ � 36href � lnð32fAð34aA=B � 1Þ þ 1Þ
lnð32fAð34aA=B

33h � 1Þ þ 1Þ � 33href � lnð32fAð34aA=B � 1Þ þ 1Þ .

ð17Þ
When 34aA/B � 1 and xh � xhref, Eq. (17) can be approxi-
mated as (see Appendix A for derivation)
D36SC � D36SB

D33SC � D33SB

� �ð1=2Þ36hð36h� 1Þ32fAð32fA � 1Þð34aA=B � 1Þ2

�ð1=2Þ33hð33h� 1Þ32fAð32fA � 1Þð34aA=B � 1Þ2

¼
36hð36h� 1Þ
33hð33h� 1Þ . ð18Þ
The mixing ratio (32fB) and fractionation factor (34a � 1)
cancels for the ratio D36S/D33S, and this yields �6.85
when values of 0.515 and 1.90 are used for 33h and 36h,
respectively. This is consistent with the data presented
in this paper (Fig. 6). Eqs. (16) and (17) show that the ex-
act D36S/D33S ratio depends upon values of 33h and 36h
(and 33href and 36href) as well as 34a and 32fA. Natural sys-
tems may be composed of a number of branching and
mixing processes, and thus, are expected to show variable
D36S/D33S ratios. Other solutions may exist for D36S/D33S
systematics in nature and further modeling and measure-
ments may be necessary to determine the full range of
variations in the ratio D36S/D33S for mass-dependent
process.

5.5. Implications to Archean sulfur isotope record

Sulfide and sulfate minerals in Archean sedimentary
rocks are known to have a wide range of D33S of +8.2 to
�2.5& (Farquhar et al., 2000a; Mojzsis et al., 2003; Ono
et al., 2003). The large variation in D33S is difficult to ex-
plain by mass-dependent effects as discussed in this paper.
It requires unreasonably large isotope fractionation (a sig-
nificantly differ from 1) and/or special distillation mecha-
nism to amplify the effect. Therefore, large non-zero D33S
values in Archeans rocks are most consistent with mass-in-
dependent isotope effect (i.e., 33h significantly different
from 0.515) that was acquired during photochemical
reactions in the atmosphere (Farquhar et al., 2000a; Pavlov
and Kasting, 2002; Ono et al., 2003). Furthermore, the
D36S/D33S ratio seen in Phanerozoic sulfide is different from
that seen in the Archean rock record (Fig. 7; Farquhar
et al., 2000a), indicating a fundamental difference in the
origins of D33S and D36S between Phanerozoic and Arche-
an sulfur.

It is of critical importance to recover a detailed sulfur
isotope record between 2.45 and 2.0 Ga. The sulfur iso-
tope system records the change in the sulfur cycle in re-
sponse to the rise of oxygen in this critical period of the
Earth’s history (Farquhar et al., 2000a; Wing et al.,
2002; Bekker et al., 2004). This time period is called Stage
II by Farquhar et al. (2003), and is characterized by much
smaller magnitudes of D33S and D36S compared to values
in rocks older than 2.5 Ga. Reported values of D33S and
D36S for the Stage II (Farquhar et al., 2000a; Bekker
et al., 2004) are generally within the range of values pre-
sented in this paper for Phanerozoic sulfur. Quadruple
sulfur isotope system is advantageous compared to triple
oxygen isotope system because the ratio D36S/D33S may
be used to distinguish mass-independent and mass-depen-
dent contributions. Therefore, it is of fundamental impor-
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tance to characterize D36S/D33S systematics for mass-de-
pendent and the Archean mass-independent processes as
well as to make careful and precise measurement of both
D33S and D36S of sulfur in the rocks of age 2.45 and 2.0
Ga, in order to elucidate the origin of small magnitude
D33S of this critical time of the Earth’s history.

6. Conclusion

We report D33S and D36S values of international refer-
ence materials and sedimentary sulfide of Phanerozoic
age. We propose that the observed relationship among
d34S, D33S, and D36S can be explained by mass-dependent
isotope effect where small D33S (and D36S) are produced
as a result of functional difference between the power law
dependence of mass-dependent isotope fractionation and
isotopic mass balance. We discuss how these small D33S
and D36S variations can be used to gain additional infor-
mation for tracing biogeochemical sulfur cycles. New
constraints can be gained for the global sulfur cycle, in
particular, regarding the magnitude of fractionation be-
tween seawater sulfate and sedimentary sulfide, and the
depositional environment of sedimentary sulfide forma-
tion. The non-zero D33S and D36S values produced by
mass-dependent processes may yield characteristic D36S/
D33S ratios that may be used as a tool to decouple sig-
natures of mass-independent and mass-dependent isotope
fractionation isotope effects for small magnitude D33S.
Therefore, high precision quadruple sulfur isotope analy-
sis holds a great potential to gain new insights into sul-
fur biogeochemical cycles in the present day and geologic
past.
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Appendix A. Multiple sulfur isotope systematics in mixing

and branching processes

Consider mixing of two sulfur reservoirs to make one
new reservoir (i.e., A + B fi C). For isotope mass-balance
xmA þ xmB ¼ xmC; ða1:1Þ
where m is the amount (e.g., number of moles) of sulfur in
each reservoir (A, B, and C) and x refers to isotopes
(x = 32, 33, 34, 36). Because 34R = 34m/32m and
34mA + 34mB = 34mC

34RA
32mA þ 34RB

32mB ¼ 34RC
32mC ða1:2Þ

and

34aA=B
32fA

34RB þ ð1� 32fAÞ34RB ¼ 34RC; ða1:3Þ

where 32fA = 32mA/32mC, and 34aA/B = 34RA/34RB. Rear-
ranging (a1.3):

34RC ¼ ð32fAð34aA=B � 1Þ þ 1Þ34RB. ða1:4Þ

Dividing both side by 34Rreference, and taking logarithm

d34S0C ¼ lnð32fAð34aA=B � 1Þ þ 1Þ � 1000þ d34S0B. ða1:5Þ

For 33S

d33S0C ¼ lnð32fAð33aA=B � 1Þ þ 1Þ � 1000þ d33S0B. ða1:6Þ

When 33a ¼ 34a
33h (i.e., D33SA = D33SB)

D33SC � D33SB ¼ lnð32fAð34aA=B

33h � 1Þ þ 1Þ
h

�33h � lnð32fAð34aA=B � 1Þ þ 1Þ
�
� 1000.

ða1:7Þ

We used 32S-normalized mixing ratio (32fA) because it sim-
plifies the formulation without approximation.

Because

lnðxþ 1Þ ¼ x� x2

2
þ x3

3
� x4

4
� � � ða1:8Þ

and

ah � 1 ¼ hða� 1Þ þ 1
2
hðh� 1Þða� 1Þ2

þ 1
6
hðh� 1Þðh� 2Þða� 1Þ3 þ � � � .

ða1:9Þ

We can approximate Eq. (a1.7) by dropping the term high-
er than (a � 1)2

lnðf ðah � 1Þ þ 1Þ � h � lnðf ða� 1Þ þ 1Þ
� f ðah � 1Þ � 1

2
f 2ðah � 1Þ2 � hf ða� 1Þ þ 1

2
hf 2ða� 1Þ2

� f hða� 1Þ þ 1
2
f hðh� 1Þða� 1Þ2

� 1
2
f 2h2ða� 1Þ2 � hf ða� 1Þ þ 1

2
hf 2ða� 1Þ2

¼ �1
2
hðh� 1Þf ðf � 1Þða� 1Þ2. ða1:10Þ

Thus, when 33h = 33href

D33SC � D33SB � �1
2

33hð33h� 1Þ32fAð32fA � 1Þ

� ð34aA=B � 1Þ2 � 1000. ða1:11Þ
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Appendix B. Multiple sulfur isotope systematics for seawater

sulfate cycle

We employed a box model for the Holocene sulfur cycle
of Garrels and Lerman (1981) and Holser et al. (1989):

where n1, n2, n3, and n4. are isotope specific sulfur fluxes
into and out of the seawater sulfate reservoir (x = 32, 33,
34 or 36). The fluxes n1 and n2 represent deposition of sed-
imentary sulfate (gypsum) and sedimentary sulfide (mostly
biogenic pyrite). Major isotope fractionation is associated
with deposition of sedimentary sulfide (i.e., bacterial
reduction of seawater sulfate) with fractionation factor of
xaPY/SS, and mass-dependent exponent of 33kPY�SS.
Weathering of sulfide and sulfate exposed on land brings
sulfur back to the ocean in the form of riverine sulfate
fluxes (fluxes n3 and n4).

The isotope ratios 34S/32S for the fluxes n1, n2, n3 and n4

are

34n1

32n1

¼ 34RSS;
34n2

32n2

¼ 34aPY=SS
34RSS; and

34n3þ 34n4

32n3þ 32n4

¼ 34RIN;

ða2:1Þ
where 34RSS and 34RIN are 34S/32S of seawater sulfate and
average weathered sulfur, respectively. The continuity
equation for 34S in the seawater reservoir is

d34SSS

dt
¼�34n1� 34n2þ 34n3þ 34n4

¼�32n1
34RSS� 32n2

34aPY=SS
34RSSþð32n3þ 32n4Þ34RIN.

ða2:2Þ
At steady state, d34SSS/dt = 0, then

34RSS ¼
34RIN

32fPYð34a� 1Þ þ 1
; ða2:3Þ

where 32fPY is the fraction of 32S deposited as sedimentary
sulfide (i.e., 32fPY = 32n2/(32n3 + 32n4)). From (a2.3)

d34S0SS ¼ � lnð32fPYð34aPY=SS � 1Þ þ 1Þ � 1000þ d34S0IN.

ða2:4Þ
Similarly

d33S0SS ¼ � lnð32fPYð33aPY=SS � 1Þ þ 1Þ � 1000þ d33S0IN.

ða2:5Þ
Because 33a ¼ 34a
33hPY�SS, D33S of the seawater reservoir is

D33SSS ¼ � lnð32fPYð34aPY=SS

33hPY�SS � 1Þþ 1Þ
h

þ33h � lnð32fPYð34aPY=SS� 1Þþ 1Þ
i
� 1000þD33SIN.

ða2:6Þ
Appendix C. Artificial D36S/D33S from mass-interferences

For mass-spectrometer analysis, the measured isotope
ratios (xRm) are the ratios of minor ions (m/z 128, 129
and 131 for 33SF5

+, 34SF5
+ and 36SF5

+, respectively) to
major ion (m/z 127 of 32SF5+). Thus

xRm ¼
xþ95I

127I þ 127i
; ða3:1Þ

where x is 33, 34, or 36, x+95I represent true signals from
xSF5

+ and 127i is a false signal from mass-interference. This
translates to dxS0 as

dxS0m ¼ dxS0t þ ln
127I

127I þ 127i

� �
� 1000; ða3:2Þ

where dxS0m and dxS0t are measured and true (without inter-
ference) values. This will propagate to capital delta value as

D33Sm ¼ d33S0t þ 32/� 33href d34S0t þ 32/
� �

¼ D33St þ 32/ð1� 33hrefÞ; ða3:3Þ
where

32/ ¼ ln
127I

127I þ 127i

� �
� 1000 ða3:4Þ

and D33Sm and D33St are measured and true D33S,
respectively.

Similar relationship exists for measured and true values
for D36S and this yield following relationship:

D36Sm � D36St

D33Sm � D33St

¼ ð1�
36hrefÞ � 32/

ð1� 33hrefÞ � 32/
� �1:86. ða3:5Þ

Because error due to 127I mass-interference cancels out, it
is expected to produce characteristic D36S/D33S ratio of
�1.9.

Similarly, if there is mass-interferences on ion current
129 (for 34SF5

+), the measured d34S0m is

d34S0m ¼ d34S0t þ ln
129I þ 129i

129I

� �
� 1000. ða3:6Þ

This propagates to the error on D33S as

D33Sm ¼ d33S0t � 33href d34S0t � 34/
� �

¼ D33St þ 33href � 34/. ða3:7Þ
Therefore

D36Sm � D36S

D33Sm � D33S
¼

36href � 34/
33href � 34/

� 3:69. ða3:8Þ

Again, mass-interference on 129 (34SF5
+) cancels for the

calculation of the ratio D36S/D33S.
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