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INTRODUCTION

The sulfurization of organic matter is a globally signifi cant 
biogeochemical process that has long been a topic of investiga-
tion. Among the reasons for this longstanding interest are the 

relationships between organic sulfur and (1) petroleum forma-
tion and quality, (2) the coupled global biogeochemical cycles 
of carbon, sulfur, and oxygen, (3) sedimentary microbial activ-
ity, and (4) organic matter preservation and molecularly based 
paleoenvironmental reconstructions. Despite the importance of 
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ABSTRACT

The biogeochemistry of sulfur is of widespread interest in the earth science com-
munity due to its impact on many different biogeochemical processes. Organic sulfur 
is of particular interest due to its impact on petroleum formation and refi ning and 
its relationship to microbial sedimentary processes, organic carbon accumulation, 
and the overall integrity of paleoenvironmental proxy records. This paper reviews 
many of the advances in organic sulfur biogeochemical research spanning the past 
~15 years. These advances include (1) an improved mechanistic understanding of 
why sulfur-rich organic deposits form petroleum products earlier during diagenesis 
than sulfur-poor deposits, (2) constraints on the timing and pathways of organic 
sulfur formation as well as the forms of organic sulfur present in the environment, 
and (3) recognition of the impacts of organic matter sulfurization on organic carbon 
preservation at bulk and molecular scales and the implications of this enhanced pres-
ervation for paleoenvironmental studies.
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organic sulfur, our understanding of the processes surrounding 
its formation remains incomplete. One reason that the sulfuriza-
tion of organic matter is poorly constrained is the wide variety of 
organic sulfur compounds found in nature, which appear to form 
via a range of possible mechanisms. For example, sulfur can be 
incorporated intramolecularly into organic compounds, forming 
a cyclo-sulfur group such as a thiophene or thiane, or it can be 
incorporated intermolecularly, resulting in organic compounds 
linked via C-S

x
-C bonds into a macromolecular matrix. Table 1 

illustrates some of the varieties of organic sulfur compounds 
identifi ed in natural systems.

A second reason for gaps in our knowledge of organic sulfur 
formation is the complexity of biological and abiological sedi-

mentary sulfur cycling (Fig. 1). Pore-water sulfi de, which can be 
incorporated into organic matter, can react with iron to form iron 
monosulfi des and ultimately pyrite. Additional reactions include 
oxidation of sulfi de to sulfate and partial oxidation of sulfi de to 
“reactive intermediates” such as polysulfi des, elemental sulfur, 
thiosulfate, polythionates, and sulfi te (Table 2). Sulfi de can be 
oxidized by many pathways involving, for example, oxygen 
diffusing down from the water column, nitrate, (iron) oxide or 
oxyhydroxide minerals, or microbes (e.g., Beggiatoa sp.). Reac-
tive intermediates produced through partial oxidation can then 
undergo a number of reactions, including disproportionation to 
sulfate and sulfi de, complete reduction, or complete oxidation. 
Finally, sulfi de can also diffuse upward into the overlying water 

TABLE 1. EXAMPLES OF TYPICALLY ENCOUNTERED ORGANIC SULFUR COMPOUNDS 
OSC type General 

structure 
Example Reference 

Intramolecular S incorporation
thiolane

S
2-methyl-5-tridecylthiolane 

S

Kohnen et al., 
1991b

thiane

S

malabarica-thiane 

S

Werne et al., 
2000

thiophene

S

highly-branched isoprenoid thiophene 

S

Respondek et 
al., 1997 

Intermolecular S incorporation
sulfide linked  

S

polysulfide
linked 

S

S

intermolecularly bound bacteriohopanoid 

SS

SS

S S

de Leeuw and 
Sinninghe
Damsté, 1990 
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column. It is not known with certainty whether the sulfur that is 
incorporated into organic matter is pore-water sulfi de, some other 
pool of reduced sulfur, such as polysulfi des or elemental sulfur, 
or a mixture of different sources.

Dissimilatory bacterial reduction of dissolved sulfate is the 
primary means by which reduced sulfur (e.g., H

2
S) is produced 

in the natural environment. There are many proposed chemical 
pathways to explain the incorporation of aqueous sulfi des into 
organic matter, and in actuality, several are likely to be operating 
simultaneously. The dominant mechanisms would vary accord-
ing to specifi c environmental conditions.

In order for organic sulfur formation to occur, certain depo-
sitional conditions must be met. First, there must be an adequate 
supply of reduced sulfur species, which implies the presence of 
anoxic conditions and suffi cient sulfate reduction to produce the 
sulfi de from which all other reduced sulfur species are derived. 
Second, there must be signifi cant quantities of reactive organic 
matter present. This organic matter serves two purposes: it acts as 
a substrate supporting bacterial sulfate reduction, thus providing 
the reduced sulfur, and it reacts directly with the reactive reduced 

sulfur to form organic sulfur compounds. Organic matter content 
in sedimentary environments is typically enhanced by the pres-
ence of anoxic to euxinic conditions due to the exclusion of bur-
rowing macrofauna. Finally, because pyrite formation is believed 
to be a kinetically favored process relative to organic matter sul-
furization (Gransch and Posthuma, 1974), the environment must 
have a limited availability of reactive iron species (iron oxides 
and oxyhydroxides; Canfi eld, 1989; Canfi eld et al., 1992, 1996).

This fi nal condition of the environment may not be abso-
lutely required, as various studies have demonstrated the simul-
taneous formation of organic sulfur and iron sulfi des (Brüchert 
and Pratt, 1996; Bates et al., 1995; Urban et al., 1999; Filley 
et al., 2002). Indeed, it may be that rapid input of iron oxides 
can actually promote both the sulfurization of organic matter 
and the formation of iron sulfi des through the rapid production 
of polysulfi des, as suggested by Filley et al. (2002). It has also 
been pointed out that frequent oscillations between oxidizing and 
reducing conditions may act as a catalyst for formation of both 
iron sulfi des and organic sulfur through production of reactive 
intermediate sulfur species such as polysulfi des, thiosulfate, and 
polythionates (Boulègue et al., 1982; Luther and Church, 1988; 
Ferdelman et al., 1991).

A full review of organic sulfur biogeochemistry is beyond 
the scope of this paper (for a thorough review of organic sul-
fur research up to 1990, see Sinninghe Damsté and de Leeuw 
[1990]). The focus of this paper is therefore on signifi cant 
advances over the past 15 years.

ORGANIC SULFUR AND PETROLEUM FORMATION

All fossil fuels contain sulfur, ranging from trace amounts 
to more than 14% by weight (Orr and Sinninghe Damsté, 1990). 
In fact, the largest petroleum systems in the world are carbonate-
evaporite sequences, which are typically high in sulfur (Vaira-
vamurthy et al., 1995). Few crude oils with more than 4% sulfur 
are produced industrially, however, because organic sulfur com-
pounds react during the refi ning process to produce substances 

TABLE 2. REACTIVE (R) AND NON-REACTIVE (NR) SULFUR 
SPECIES INVOLVED IN SEDIMENTARY CYCLE OF SULFUR 

AND THEIR OXIDATION STATES.
Compound Formula Oxidation

state of sulfur 
R/NR

sulfate SO4

2– +6 R 
sulfite SO3

2– +4 R 
tetrathionate S4O6

2– +2.5 R 
thiosulfate S2O3

2– +2 R 
elemental sulfur S8 (S

0) 0 R? 
polysulfides HSx

–, Sx

2– ~–0.5 R 
organic sulfur (disulfide) R-S-S-R –1 NR 
pyrite FeS2 –1 NR 
iron monosulfide FeS –2 R? 
organic sulfur (thiol) R-SH –2 NR 
bisulfide HS– –2 R 
hydrogen sulfide H2S –2 R? 

Figure 1. Schematic diagram illustrating the complex cycling of sulfur 
in sediments. The left side of the diagram shows reduction processes, 
including bacterial sulfate reduction and the reductive portion of dis-
proportionation. The right side of the diagram shows oxidative pro-
cesses, including microbial and/or abiotic (partial) sulfi de oxidation as 
well as the oxidative portion of disproportionation. Arrows indicate di-
rections of sulfur “fl ow” during sulfur cycling, whether chemical, as in 
the case of sulfate reduction or disproportionation reactions, or physi-
cal, as in diffusion of sulfi de back into the overlying water column. 
Also included is the biological assimilation of sulfate into biomass and 
its deposition in sediments, and formation of iron sulfi des. Possible 
immediate sources of organic sulfur include bio-sulfur, sulfi des, and 
partially oxidized reactive intermediates such as elemental sulfur (S0), 
polysulfi des (HS

x
−), polythionates, thiosulfate, and sulfi te (collectively 

represented as S
x
O

y
 in the fi gure).
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such as sulfuric acid, which is corrosive and poisons catalysts, 
and sulfur dioxide, which contributes to numerous environmental 
problems such as acid rain (Orr, 1978; Tissot and Welte, 1984). In 
fact, the importance of organic sulfur in petroleum products has 
been recognized by a number of special sessions sponsored by 
the American Chemical Society Geochemistry Division, result-
ing in published proceedings volumes devoted to understanding 
the geochemistry of sulfur in fossil fuels (Orr and White, 1990) 
and the sedimentary environment (Vairavamurthy and Schoonen, 
1995). Numerous research papers and reviews have been written 
about the geochemistry of sulfur in fossil fuels, including oils 
(Gransch and Posthuma, 1974; Orr and Sinninghe Damsté, 1990; 
Sinninghe Damsté et al., 1994), oil shales (Sinninghe Damsté et 
al., 1993; Barakat and Rüllkötter, 1995, 1999; de las Heras et al., 
1997), and coals (Sinninghe Damsté and de Leeuw 1992; Sin-
ninghe Damsté et al., 1999a; Sandison et al., 2002). Because of 
the large number of reviews on organic sulfur in petroleum sys-
tems in recent years, the focus here will be on a few studies that 
highlight the impact of organic sulfur on petroleum formation.

The quantity and forms of sulfur in petroleum systems are 
directly related to the properties of the source rocks from which 
their petroleum products were generated and therefore to the 
environment of deposition (Gransch and Posthuma, 1974). As 
mentioned previously, the organic sulfur content of a sedimen-
tary deposit is controlled to a large extent by the availability of 
reduced sulfur species and by the availability of reactive iron 
(Canfi eld, 1989; Canfi eld et al., 1992, 1996). The formation of 
iron sulfi des (e.g., pyrite, FeS

2
) in sedimentary systems is gener-

ally believed to be kinetically favored relative to the formation of 
organic sulfur in the presence of readily available reactive iron 
species (Gransch and Posthuma, 1974; Hartgers et al., 1997). 
Certain iron minerals, specifi cally the iron oxides and oxyhy-
droxides, are known to be highly reactive with respect to hydro-
gen sulfi de (Canfi eld et al., 1992; Larson and Postma, 2001), and 
reactivities of different iron minerals have been shown to vary 
as a function of particle size distributions, among other factors 
(Larson and Postma, 2001). Thus, delivery of reactive iron min-
erals, which varies with climate and source area, could impact 
the availability of reactive iron in natural systems (G. Mora and 
L. Hinnov, 2003, personal commun.).

Sedimentary organic sulfur is often present as polysulfi de 
linkages between compounds in the macromolecular matrix of 
organic-rich deposits (Aizenshtat et al., 1983; Kohnen et al., 
1991a), though a number of different types of organic sulfur 
compounds have recently been identifi ed in kerogens (see 
below). Sulfur-sulfur bonds are cleaved more easily than car-
bon-sulfur or carbon-carbon bonds (Aizenshtat et al., 1995). 
A number of recent studies have utilized artifi cial maturation 
of natural organic sulfur-rich kerogens and shales via hydrous 
pyrolysis (Lewan, 1993) to quantify the effect of these S-S bonds 
on petroleum formation (Krein and Aizenshtat, 1995; Nelson et 
al., 1995; Tomic et al., 1995; Koopmans et al., 1996; Putschew 
et al., 1998; Sinninghe Damsté et al., 1998a). All of these stud-
ies clearly demonstrated that sulfur-rich kerogens produced 

 petroleum under appreciably lower temperatures than their low 
sulfur counterparts, thus highlighting the impact of sulfur content 
on the kinetics of petroleum formation.

Of particular interest among the studies of hydrous pyrolysis 
is the investigation by Putschew et al. (1998), in which the rem-
nant kerogens and pyrolysis products were also closely examined 
by molecular methods (stepwise selective chemical degrada-
tion) after artifi cial maturation. Although petroleum formation 
begins earlier due to the presence of organic sulfur, this study 
demonstrated that not all of the organic sulfur compounds were 
released. Indeed, much of the organic sulfur remained in the form 
of nonextractable, macromolecular organic matter (Putschew et 
al., 1998). Because this sulfur is no longer present in the kerogen, 
or in the petroleum products, it would be easily missed without 
molecular-level investigations.

These and many other studies implicate the relative weak-
ness of S-S and C-S bonds compared to C-C bonds in petroleum 
formation. Alternatively, a recent study by Lewan (1998) sug-
gested that it is not actually the relative weakness of S-S and 
C-S bonds that contributes to the early formation of high sulfur 
petroleum products. Instead, the presence of sulfur radicals may 
control petroleum formation rates. More specifi cally, the con-
centration of sulfur radicals generated during the initial stages 
of thermal maturation may be the critical factor, with greater 
concentration of sulfur radicals leading to more rapid petroleum 
generation (Lewan 1998). A second implication of the sulfur 
radical model is that once the petroleum products are generated 
and migrate away from the initial site of production, they will 
no longer be in contact with the sulfur radicals, which would 
slow the production of natural gas formed by continued crack-
ing of C-C bonds. Lewan’s (1998) study therefore provides an 
organic sulfur-dependent explanation for observed variation in 
petroleum formation rates (cf. Nelson et al., 1995; Tomic et al., 
1995; Koopmans et al., 1996; Putschew et al., 1998; Sinninghe 
Damsté et al., 1998a) as well as the overall composition of the 
resulting petroleum.

ORGANIC SULFUR AND GLOBAL 
BIOGEOCHEMICAL CYCLES

The global biogeochemical cycles of carbon, sulfur, and 
oxygen are linked through a complex system of oxidation-reduc-
tion reactions that occur at the surface of the Earth. These reac-
tions moderate the balance between reduced and oxidized forms 
of C and S on time scales of millions of years. Modeling studies 
have demonstrated that the sequestration of reduced sulfur in 
sediments affects the biogeochemical cycles of sulfur, carbon, 
and oxygen and therefore the evolution of atmospheric CO

2
 and 

O
2
 concentrations over geologic time (Garrels and Lerman, 1981, 

1984; Kump and Garrels, 1986; Berner, 1987; Petsch and Berner, 
1998; Canfi eld et al., 2000). Pyrite is clearly the most quantita-
tively signifi cant sink for reduced sulfur in the sedimentary envi-
ronment (Garrels and Lerman, 1984; Berner and Raiswell, 1983), 
and global biogeochemical models have typically approximated 
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the total reduced sulfur pool as entirely pyrite sulfur. Recent stud-
ies, however, have shown that organic sulfur is also a signifi cant 
pool of reduced sulfur (Anderson and Pratt, 1995; Vairavamurthy 
et al., 1995). Indeed, as much as 80% of the total reduced sulfur 
in some environments is present as organic sulfur (e.g., the Mio-
cene Monterey Formation; see Fig. 2; Zaback and Pratt, 1992; 
Anderson and Pratt, 1995). A second potential source for error 
in model-based reconstructions of ancient atmospheric compo-
sitions is the fact that most models are dependent on assump-
tions made about the sulfur isotope offset between oxidized and 
reduced forms of sulfur (Garrels and Lerman, 1984; Kump and 
Garrels, 1986; Petsch and Berner, 1998). In general, a constant 
offset is assumed between the sulfur isotope composition of 
the total oxidized sulfur pool (estimated as sulfate in evaporite 
deposits) and the total reduced sulfur pool (estimated as pyrite). 
In a series of papers, however, Canfi eld and Teske (1996), Can-
fi eld (1998), Canfi eld and Raiswell (1999), Canfi eld et al. (2000), 
and Shen et al. (2001) argued that the offset between the sulfur 
isotope composition of sulfate and sulfi des has changed signifi -
cantly over geologic time. In addition, organic sulfur is generally 
enriched in 34S relative to pyrite (Fig. 2; Anderson and Pratt, 
1995; Werne et al., 2003). Thus, because the percent of total 
reduced sulfur that is organic can vary with time, the actual iso-
topic offset between oxidized and reduced forms of sulfur in the 
natural environment is not constant. These factors suggest that 
organic sulfur formation and burial may have affected the evolu-
tion of the atmosphere over geologic time scales, and our ability 

to model such changes is dependent on a better understanding of 
organic sulfur formation processes (Werne, 2000).

While the full suite of reactions involved in the coupled C, 
S, and O biogeochemical cycles is extremely complex, the reac-
tions directly related to reduced sulfur burial and its relationship 
to atmospheric O

2
 and CO

2
 can be simplifi ed. The fi rst critical 

reaction is the production of organic matter via photosynthesis:

 CO
2
 + H

2
O ⇔ CH

2
O + O

2 
(1)

This reaction in reverse (noted by the bi-directional arrow) is 
aerobic respiration (organic oxidation). The second critical reac-
tion is the formation and burial of reduced sulfur as pyrite.

 4Fe(OH)
3
 + 8SO

4
2− + 15CH

2
O 

 ⇔ 4FeS
2
 + 15HCO

3
− + 11H

2
O + (5OH−) (2)

Lumped into this overall reaction is both the production of 
hydrogen sulfi de via bacterial sulfate reduction and concomitant 
organic matter oxidation and the reaction of the resulting H

2
S 

with iron oxides and oxyhydroxides to form pyrite. By adding 
Equations (1) and (2), we see that the coupling of organic matter 
production with pyrite burial represents a net sink of CO

2
 and a 

net source of O
2
 to the atmosphere.

 4Fe(OH)
3
 + 15CO

2
 + 4H

2
O + 8SO

4
2− 

 ⇔ 4FeS
2
 + 15HCO

3
− + (5OH−) + 15O

2 
(3)

Alternatively, we can consider the formation and burial of 
organic sulfur. The relevant simplifi ed equation for this process 
is a combination of production of hydrogen sulfi de via bacterial 
sulfate reduction and organic matter oxidation and the reaction of 
sulfi de with organic matter to produce organic sulfur.

 SO
4

2− + 3CH
2
O ⇔ CH

2
S + 2HCO

3
− + H

2
O (4)

Coupling this equation with organic matter production yields a 
net equation for organic matter production and organic sulfur 
burial.

 SO
4

2− + 3CO
2
 + 2H

2
O ⇔ CH

2
S + 2HCO

3
− + 3O

2 
(5)

This equation demonstrates that, as was the case for pyrite burial, 
organic sulfur burial is a net sink of CO

2
 and source for O

2
.

There are two critical observations related to organic sulfur 
formation and burial that affect model-based reconstructions of 
atmospheric O

2
 and CO

2
. The fi rst is the change in molar stoichi-

ometry from 15/8 (O
2
/pyrite-S, Equation 3) to 15/5 (O

2
/Org-S, 

Equation 5). This change in the molar ratio between O
2
 and S 

in itself implies a greater fl ux of O
2
 to the atmosphere per mole 

of sulfur buried. The second critical observation is related to the 
isotopic composition of reduced sulfur species. Models predict-
ing atmospheric composition based on biogeochemical cycling 
of C and S typically assume an offset between oxidized sulfur 

Figure 2. Summary diagram showing ranges of sulfur isotope compo-
sitions for pyrite sulfur (δ34S

py
, black bars) and organic sulfur (δ34S

org
, 

gray bars) in several environments. Beneath the name of each locality 
is the percent of the total reduced sulfur present as organic sulfur. Data 
are from Werne et al. (2003) and Anderson and Pratt (1995) and refer-
ences therein. VCDT—Vienna Canyon Diablo Troilite.
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(gypsum) and reduced sulfur (pyrite) of 35‰, based on the 
assumption that all reduced sulfur is present as pyrite. Organic 
sulfur is typically enriched in 34S by ~10‰ relative to pyrite 
sulfur in coeval sediments (Anderson and Pratt, 1995), which 
would give an isotopic offset of 25‰ if all reduced sulfur were 
present as organic sulfur. Thus, by simple isotopic mass balance 
calculation it is clear that if all reduced sulfur is buried as organic 
sulfur, nearly 40% more sulfur must be buried in sediments in 
order to generate the sulfur isotope composition of seawater 
sulfate expressed in evaporite deposits over time (cf. Garrels and 
Lerman, 1981, 1984; Kump and Garrels, 1986; Berner, 1987; 
Petsch and Berner, 1998). This increased sulfur burial would 
have increased the fl ux of CO

2
 and O

2
 to the atmosphere during 

periods of organic sulfur burial.
While organic sulfur burial may be volumetrically signifi cant 

in some environments such as the Miocene Monterey Forma-
tion, where up to 80% of the total reduced S is organic-bound 
(Fig. 2; Anderson and Pratt, 1995), the paucity of data available 
for organic sulfur abundance and δ34S through the Phanerozoic 
makes its impact diffi cult to assess. Because burial of organic 
sulfur is largely controlled by the relative availability of reduced 
inorganic sulfi des and reactive iron species, it is likely that its 
infl uence would be most pronounced during times of widespread 
oceanic anoxia or euxinia, when sulfi de is abundant and reac-
tive Fe supplies are often limited. For example, mid-Cretaceous 
sediments from the proto-North Atlantic have very high organic 
sulfur contents of up to 80% of the total reduced sulfur (M.M. 
Kuypers, 2002, personal commun.).

ORGANIC SULFUR AND MICROBIAL ACTIVITY

The sulfur isotope composition of organic sulfur is depen-
dent on (1) the sulfur isotope composition of the source sulfur, 
specifi cally reactive inorganic sulfur species, and (2) any isoto-
pic fractionations associated with organic matter sulfurization. 
Because isotope fractionations associated with incorporation 
of inorganic sulfur species into organic matter are generally 
believed to be small (Price and Shieh, 1979; Fry et al., 1984, 
1986, 1988), we will focus our discussion on the factors control-
ling the sulfur isotope composition of the sulfur source (though 
this belief is being challenged; Amrani and Aizenshtat, 2003). 
All of the possible inorganic sulfur sources, including sulfate 
(SO

4
2−), sulfi de (ΣH

2
S), and reactive intermediates such as 

elemental sulfur (S0), polysulfi des (HS
x
), and thiosulfate (S

2
O

3
2−) 

can be produced in the natural environment by microbial pro-
cesses. Many can also be produced by abiotic processes, such as 
the formation of polysulfi des via reactions between iron oxides 
and bisulfi de or between dissolved sulfi de and elemental sulfur 
(Pyzik and Sommer, 1981). Thus, the fundamental control on the 
biogeochemistry of sulfur isotopes, and specifi cally on the sulfur 
isotope composition of organic matter, is the microbial oxida-
tive and reductive cycling of different forms of sulfur. Microbial 
fractionations of sulfur have recently been reviewed by Canfi eld 
(2001a) and are also discussed in several papers in this volume. 

We will therefore present only a brief summary here as required 
for our discussion of organic sulfur isotopes below and refer the 
interested reader to these other papers for a more detailed treat-
ment of the subject.

The distribution of sulfur isotopes in the natural environ-
ment is controlled primarily by the fractionation imparted by 
dissimilatory bacterial sulfate reduction, which results in sulfi de 
that is depleted in 34S relative to the source sulfate (Chambers and 
Trudinger, 1979; Canfi eld, 2001a, 2001b, and references therein). 
This fractionation is highly variable but generally lies between 
19‰ and 46‰, with values observed as low as 2‰ (Habicht 
and Canfi eld, 1997, 2001; Detmers et al., 2001; Brüchert et 
al., 2001). A second major control on the distribution of sulfur 
isotopes in sediments, which has only recently been identifi ed, 
is the sedimentary cycle of microbial sulfi de oxidation and sub-
sequent disproportionation of intermediate phases of sulfur (e.g., 
elemental sulfur, thiosulfate) to sulfi de and sulfate (Jørgensen, 
1990; Canfi eld and Thamdrup, 1994; Canfi eld et al., 1998a; 
Habicht et al., 1998; Böttcher and Thamdrup, 2001; Böttcher et 
al., 2001). While the fractionations associated with sulfi de oxida-
tion are generally small (Fry et al., 1986), those associated with 
microbial disproportionation can be quite large. For example, the 
fractionations during elemental sulfur disproportionation have 
been shown to produce sulfi de that is 6‰ depleted and sulfate 
that is 18‰ enriched in 34S relative to the precursor elemental 
sulfur (Canfi eld et al., 1998a). In addition, disproportionation of 
sulfi te will produce sulfi de that is up to 37‰ depleted and sulfate 
that is up to 12‰ enriched in 34S relative to the precursor sulfi te 
(Habicht et al., 1998). Finally, disproportionation of thiosulfate 
in cultures has produced sulfi de that is 34S depleted relative to the 
sulfane sulfur in the precursor thiosulfate, though by extremely 
variable amounts ranging from ~2‰ to 20‰ (Habicht et al., 
1998; Cypionka et al., 1998).

Discovery of the disporportionation pathway for sulfur 
cycling (Bak and Cypionka, 1987; Bak and Pfennig, 1987) and 
the substantial sulfur isotope fractionations associated with it 
(Canfi eld et al., 1998a; Habicht et al., 1998; Cypionka et al., 
1998) ranks among the most signifi cant discoveries in sulfur 
biogeochemistry in recent years. Among other implications, 
the disproportionation pathway provides an explanation for 
the discrepancy between fractionations observed in nature and 
those occurring experimentally during bacterial sulfate reduc-
tion. It has been proposed that the sedimentary cycling of sul-
fur, comprised of repeating cycles of sulfate reduction, sulfi de 
oxidation, and disproportionation of elemental sulfur and other 
intermediates, is responsible for offsets between the sulfur iso-
tope composition of sulfate and sulfi de of up to and exceeding 
65‰ (Canfi eld and Thamdrup, 1994), such as those observed in 
the modern Cariaco Basin (Werne et al., 2003). When compared 
to fractionations during one step sulfate reduction, which don’t 
exceed ~46‰, it is clear that such a mechanism is required to 
produce the large values observed in nature. Furthermore, this 
refi ned understanding of microbial fractionations has spawned 
a proposal that the global ocean was insuffi ciently oxidizing to 
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support  disproportionation reactions until the Neoproterozoic 
(Canfi eld and Teske, 1996; Canfi eld, 1998).

There are two basic pathways by which organic sulfur is 
formed. The fi rst is assimilatory sulfate reduction, which is the 
active uptake of sulfate into the cell, followed by its reduction to 
produce amino acids and other sulfur-requiring cellular compo-
nents. There is generally little sulfur isotope fractionation associ-
ated with assimilatory sulfate reduction (Kaplan and Rittenberg, 
1964; Trust and Fry, 1992), so this primary biogenic sulfur typi-
cally has an isotope composition similar to the ambient dissolved 
sulfate, which is ~+21‰ for modern seawater (Rees et al., 1978; 
Böttcher et al., 2000). The second and more signifi cant pathway is 
the incorporation of reduced sulfur into organic matter during dia-
genesis. The mechanisms of diagenetic sulfur incorporation into 
organic matter are still debated (see discussion below addressing 
pathways of organic matter sulfurization) but fundamentally 
require that the sulfur is derived from pore-water sulfi de, either 
directly or via reactive intermediates. Thus, the sulfur isotope 
composition of diagenetic organic sulfur is typically 34S depleted 
relative to primary biogenic sulfur by 20‰–60‰. Mass balance 
modeling suggests that biogenic sulfur typically accounts for 
~20%–25% of the total sedimentary organic sulfur in most marine 
settings (Anderson and Pratt, 1995; Werne et al., 2003).

TIMING OF ORGANIC MATTER SULFURIZATION

One of the most perplexing issues plaguing organic sulfur 
research is the timing of diagenetic S incorporation by organic 
compounds. It has been generally accepted that inorganic sul-
fi des are incorporated into organic matter during early diagen-
esis, based on the identifi cation of organic sulfur compounds in 
apolar fractions of organic extracts from near-surface sediments 
(Brassell et al., 1986; Kohnen et al., 1990, 1991b). Timing esti-
mates range from several thousand years to only a few decades 
following initial deposition of the organic matter (Wakeham et 
al., 1995). Formation of macromolecular organic sulfur has also 
been identifi ed in near-surface sediments (Francois, 1987; Eglin-
ton et al., 1994). The organic sulfur compounds identifi ed were 
typically algal lipids such as highly branched isoprenoids (Koh-
nen et al., 1990; Wakeham et al., 1995; Hartgers et al., 1997), 
other isoprenoids such as phytol derivatives (Peakman et al., 
1989; Kenig and Huc, 1990), and steroids (Sinninghe Damsté et 
al., 1999b; Schouten et al., 1995a; Adam et al., 2000; Kok et al., 
2000a), as well as sulfurized bacterial hopanoids (de las Heras 
et al., 1997) and fatty acids (Russell et al., 2000). Many lipids, 
such as phytane, are released from the nonextractable macromo-
lecular organic matter (kerogen) from near-surface sediments 
upon treatment with desulfurizing agents like Raney Nickel or 
nickel boride (Schouten et al., 1993a). These compounds have 
typically been interpreted to represent the incorporation of sulfur 
into organic matter during early diagenesis, primarily because the 
sulfur compounds have not been identifi ed in extant organisms. 
Unfortunately, due to a lack of clearly identifi able precursor-
product relationships, constraining the timing of organic matter 

sulfurization any more precisely than “early diagenesis” was 
impossible in these studies.

A number of recent results, however, have more precisely 
bracketed the timing of early diagenetic sulfurization of organic 
matter. The fi rst-ever precursor-product relationship for a diage-
netic organic matter sulfurization reaction was identifi ed in the 
sediments of the Cariaco Basin (Werne et al., 2000a). In this 
study, the near complete conversion of a tricyclic triterpenoid, 
(17E)-13β(H)-malabarica-14(27),17,21-triene, to a triterpenoid 
thiane was observed to span the upper ~3 m of sediment (Werne 
et al., 2000a). This depth interval represents ~10,000 yr, thus the 
timing of organic matter sulfurization, at least for this reaction, is 
constrained to be occurring over a 10 k.y. period. Other organic 
sulfur compounds, such as highly branched isoprenoid thiophenes 
and thiolanes, were identifi ed in shallower sediments, suggesting 
that sulfurization of these compounds occurs more quickly than 
the 10 k.y. time period identifi ed for the malabaricatriene to trit-
erpenoid thiane conversion (Werne et al., 2000a). Similar results 
were obtained in a study of sediments from Ace Lake, Antarctica 
(Kok et al., 2000a). In their study, Kok et al. (2000a) found that 
steroids in Ace Lake sediments were sulfurized on a time scale of 
1–3 k.y. Although they did not unambiguously identify a precur-
sor-product relationship, they presented a convincing argument 
that their sulfurized steroids were formed through sulfurization 
of steroidal ketones deriving from biohydrogenation of ∆5 sterols 
(sterols with a double bond at the 5 carbon position) by anaerobic 
bacteria (Kok et al., 2000a).

These two studies are consistent in that it appears that the 
order of magnitude of early diagenetic sulfurization of organic 
matter is 103 yr, but the specifi c rates of sulfurization of individual 
compounds may vary substantially. Studies in other settings with 
less well constrained timing have suggested a similar timeframe 
for sulfurization (e.g., Kohnen et al., 1990; Wakeham et al. 1995). 
Additional studies have attempted to investigate the timing and 
precursor-product relationships by using stable carbon isotope 
techniques. By comparing the carbon isotope composition of the 
organic sulfur compounds with suspected precursor compounds, 
these studies were able to reduce the number of potential precur-
sors, which was adequate to support inferences about the timing 
of sulfurization (Filley et al., 1996, 2002). These studies also sug-
gested a sulfurization time scale of 3–5 k.y. (Filley et al., 2002).

Much shorter time scales have also been suggested for the 
sulfurization. One study of lacustrine organic matter identifi ed 
signifi cant sulfurization in sediments that were all younger than 
~60 yr (Urban et al., 1999), indicating that time scales of 103 yr 
are not always required for organic matter sulfurization (unless 
this material was reworked). A study by Adam et al. (1998) 
suggests that organic matter could become sulfurized through 
photochemically induced reactions in the water column. These 
fi ndings are based on a laboratory study in which many different 
organic compounds were shown to be readily sulfurized under 
high light conditions following the addition of elemental sulfur, 
producing compounds very similar to those observed in nature. 
Unfortunately, while photochemical sulfurization appears to be 
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likely in nature, particularly given the high concentrations of 
organic sulfur compounds present in some surface sediments 
(Wakeham et al., 1995), this rapid process has not yet been iden-
tifi ed in a fi eld study.

Support for a rapid sulfurization pathway can also be found 
in the results of Poinsot et al. (1998), who found sulfurization 
of polprenoids occurring in <1000 yr. Studies in the sediments 
of Lake Cadagno, Switzerland, indicate signifi cant sulfurization 
of phytol derivatives (phytane) in sediments (Putschew et al., 
1996). All of the sediments analyzed by Putschew et al. (1995, 
1996) were younger than 100 yr. The very high concentrations of 
sulfur-bound phytane in the upper 2 cm are particularly intrigu-
ing given the carbon isotope data from the phytane and phytol 
compounds in these sediments. Putschew et al. (1995, 1996) 
showed that the sulfur-bound phytane has a carbon isotope 
composition that most closely matches that of the phytane in the 
microbes living in the chemocline portion of the water column. 
In contrast, the phytol and free phytane in the sediments are an 
isotopic match with the algae and higher plants in and around the 
lake (Putschew et al., 1995, 1996). While Putschew et al. (1996) 
attributed the differences in the depth profi les of concentration 
and carbon isotope composition of these phytyl compounds to 
differences in the stabilities of microbial versus algal organic 
matter, it is also possible that they result from a temporal change 
in the relative inputs of microbial versus algal phytyl compounds. 
An increase in the inputs of microbial phytanes in recent years 
could be a consequence of intensifi cation of chemocline activity 
coupled with photochemical sulfurization of microbial organic 
matter in the water column.

The different time scales discussed above are not necessarily 
mutually exclusive. It is quite possible that both photochemical 
and sedimentary diagenetic sulfurization reactions are occurring 
in some environments, making the total time scale of sulfuriza-
tion span from days to 103 yr. Furthermore, it is also likely that 
sulfurization could be continuing after the currently identifi ed 
upper limit of 103 yr, particularly given the high concentrations 
of organic sulfur identifi ed in ancient sedimentary environments 
worldwide (Kenig et al., 1995; Schaeffer et al., 1995; Schouten 
et al., 2001.

ORGANIC SULFUR AND ORGANIC MATTER 
PRESERVATION

In recent years, two new models have been proposed to 
explain enhanced preservation of organic matter in the sedimen-
tary environment. The fi rst implicates the selective preserva-
tion of biomacromolecules such as algaenans (de Leeuw and 
Largeau, 1993; Gelin et al., 1996a, 1996b, 1997, 1999; Blokker 
et al., 1998, 2000). The second model calls for the sulfurization 
of natural organic matter as a preservation mechanism (Valiso-
lalao et al., 1984; Brassell et al., 1986; Sinninghe Damsté and 
de Leeuw, 1990). Reactions between sedimentary organic matter 
and reduced inorganic sulfur lead to a combination of low molec-
ular weight organic sulfur compounds (through intramolecular 

sulfur incorporation) and high molecular weight macromolecules 
(through intermolecular sulfur incorporation). The nature of the 
macromolecular organic sulfur compounds formed, for example, 
through sulfi de cross-linking (Schouten et al., 1995b), prevents 
or at least signifi cantly hinders microbial attack and degradation 
by binding individual functionalized compounds into a macro-
molecular matrix, thereby preserving the organic compounds on 
geologic time scales.

Biomarker Sequestration

One of the most informative pathways of paleoenviron-
mental investigation is through the use of molecular biomarkers, 
which are organic compounds in the geologic records that can 
be linked unambiguously to a source organism and its associated 
ecological context (Eglinton and Hamilton, 1967). Furthermore, 
we can use changes in the relative distribution of different bio-
markers to identify past variability in biological communities 
(Werne et al., 2000b).

Organic matter sulfurization has been shown to preserve the 
carbon skeletons of functionalized organic compounds in sedi-
ments (Brassell et al., 1986; Sinninghe Damsté and de Leeuw, 
1990). The implications of this observation are twofold. First, 
organic matter sulfurization has the potential to preserve bio-
markers that would otherwise be lost to degradation. For exam-
ple, Sinninghe Damsté et al. (1990) used thiophenic biomarkers 
for paleoenvironmental assessment of the Jurf ed Darawish oil 
shale in Jordan. These compounds would likely not have been 
present without sulfurization. Other studies have investigated the 
compounds released from macromolecular organic matter via 
desulfurization, rather than investigating “free” organic sulfur 
compounds as in the study by Sinninghe Damsté et al. (1990). 
For example, Grice et al. (1998) found biomarkers for freshwater 
algae in the macromolecular organic matter of an ancient hyper-
saline euxinic ecosystem, which were released only upon cleav-
age of the sulfur bonds.

The second implication of biomarker preservation through 
sulfurization is that paleoenvironmental reconstructions can be 
signifi cantly biased if selective sulfurization is not considered 
(Kohnen et al., 1991c, 1992). Specifi c compounds are not neces-
sarily sulfurized to completion in the natural environment. Thus, 
because intramolecularly incorporated sulfur leads to organic 
sulfur compounds with a mass spectrum that is different from 
the original biomarker compound (cf. Werne et al., 2000a), the 
sulfurized portion of a particular biomarker compound could 
easily be overlooked in a molecularly based paleoenvironmental 
study. Furthermore, the biomarker compounds that are intermo-
lecularly bound into the macromolecular matrix via sulfuriza-
tion are generally not released by traditional organic extraction 
techniques, and many common organic geochemical techniques, 
such as pyrolysis, are destructive to the original (precursor) com-
pound (Sinninghe Damsté and de Leeuw, 1990). These precur-
sor compounds would therefore not be analyzed in a molecular 
paleoenvironmental study that did not consider the possibility of 
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biomarkers becoming sulfur bound and requiring release from 
the kerogen or macromolecular bitumen.

Carbohydrate Preservation

One of the most interesting hypotheses to result from organic 
sulfur geochemical studies is that sulfurization of carbohydrates 
may substantially enhance organic carbon preservation in the 
geological environment. Carbohydrates are known to be labile 
compounds with high potential for rapid loss in sedimentary and 
aquatic environments. In a recent series of papers, however, Sin-
ninghe Damsté and colleagues demonstrated that reaction with 
sulfur could sequester carbohydrates in sediments. Van Kaam-
Peters et al. (1998) showed that intervals of high organic carbon 
content in the Jurassic Kimmeridge Clay Formation were char-
acterized by high sulfur content and 13C-enriched carbon isotope 
values. Because carbohydrates are known to be enriched in 13C 
relative to total cell material (e.g., van Dongen et al., 2002), Van 
Kaam-Peters et al. (1998) hypothesized that these relationships 
refl ected preservation of carbohydrate carbon through sulfuriza-
tion during early diagenesis. Further support for this hypothesis 
was provided by experiments in which glucose and algae were 
sulfurized in the laboratory, resulting in sulfur-rich macromo-
lecular organic matter (Sinninghe Damsté et al., 1998b; Kok 
et al., 2000b; van Dongen et al., 2003a). Upon pyrolysis, this 
macromolecular organic matter was found to have a molecular 
distribution very similar to that found in the Kimmeridge Clay 
(Sinninghe Damsté et al., 1998b; Kok et al., 2000b; van Dongen 
et al., 2003a).

The hypothesis that sulfurization leads to enhanced carbohy-
drate preservation was confi rmed by detailed studies of the mac-
romolecular organic matter in kerogen pyrolysates and through 
comparison with macromolecular organic matter produced from 
laboratory sulfurization of carbohydrates (van Dongen et al., 
2003b; van Dongen 2003). These fi ndings are critical because 
it was previously thought that carbohydrates are degraded much 
more readily than other classes of organic matter in the natural 
environment, and their preservation in sulfur-rich environments 
could potentially affect interpretations based on bulk organic car-
bon concentrations and isotope compositions alone (Sinninghe 
Damsté et al., 1998b).

Macromolecular Organic Sulfur

The combination of intermolecular and intramolecular sul-
furization of organic matter can lead to a complex set of organic 
sulfur compounds in macromolecular organic matter. Detailed 
understanding of this pool of organic sulfur is still lacking, but 
signifi cant steps have been made in recent years. The classical 
method of investigating macromolecular organic matter is through 
pyrolysis gas chromatography–mass spectro metry (pyGC-MS; 
Sinninghe Damsté and de Leeuw, 1990). This method involves 
the fl ash combustion of kerogens, followed by gas chromato-
graphic separation and mass spectrometric identifi cation of the 

pyrolysis products. pyGC-MS is useful for identifying the carbon 
skeletons bound to macromolecular organic matter by sulfur 
linkages (Eglinton et al., 1992; Sinninghe Damsté et al., 1998a; 
Luckge et al., 2002). For example, studies using pyGC-MS 
have identifi ed molecular fossils of the alga Gloeocapsomorpha 
prisca in Ordovician kerogens (Douglas et al., 1991). However, 
because the technique is destructive, it does not yield information 
about the chemical form (e.g., polysulfi de, sulfonate, etc.) of the 
organic sulfur itself. Researchers have therefore turned to other 
methods in addition to pyGC-MS to study the composition of 
macromolecular organic sulfur.

One method that has proven to be useful is the stepwise selec-
tive chemical degradation of the kerogen, which involves treating 
the kerogen with a sequence of different reagents and analyzing 
the released compounds. Early studies emphasized “total desul-
furization” techniques, such as Raney-Nickel or nickel-boride 
(Perakis, 1986; Sinninghe Damsté et al., 1988; Schouten et al., 
1993a). Studies of this type have confi rmed that sulfurization can 
enhance the preservation of both macromolecular organic matter 
and specifi c biomarkers in sediments, and many types of organic 
matter vulnerable to sulfurization have been identifi ed (Grice et 
al., 1998; Hefter et al., 1995; Putschew et al., 1996; Russell et al., 
2000). Unfortunately, the sulfur is lost with these methods, elimi-
nating our ability to identify the forms of sulfur present.

Other chemical degradation techniques have proven more 
fruitful (e.g., Schaeffer-Reiss et al., 1998). Specifi cally, cleavage 
of only S-S bonds using methyl lithium/methyl iodide (Kohnen 
et al., 1991a, 1993), superheated methyl iodide (Schouten et al., 
1993b), and LiAlH

4
 (Adam et al., 1991, 1992, 1993; Schaeffer et 

al., 1995) proved the presence of polysulfi de (or disulfi de) link-
ages in organic sulfur-rich macromolecular organic matter. These 
fi ndings support the polysulfi de pathway of organic matter sulfu-
rization (cf. Aizenshtat et al., 1983; LaLonde et al., 1987).

There are also several nondestructive spectroscopic methods 
for investigating the forms of sulfur present in macromolecular 
organic matter. One of the most informative in recent years 
has been X-ray absorption near-edge structure spectroscopy 
(XANES), which was fi rst applied in studies of petroleum prod-
ucts (Spiro et al., 1984; George and Gorbaty, 1989; Huffman et 
al., 1991, 1995; Waldo et al., 1991). Due to its sensitivity to the 
electronic structure, oxidation state, and geometry of neighboring 
atoms, this spectroscopic method has the capability of providing 
specifi c information about the functional groups of sulfur present 
(Vairavamurthy et al., 1994; 1997). One very intriguing result from 
the XANES studies is that 20%–40% of the total organic sulfur is 
actually present as sulfonates, an oxidized form of organic sulfur 
that was previously not known to exist in sediments (Vairavamur-
thy et al., 1994). Other sulfur-bearing compound types identifi ed 
by XANES include reduced forms such as thiols, thiophenes, and 
disulfi des and polysulfi des, moderate oxidation state forms such 
as sulfones, and oxidized forms such as organic sulfates and sul-
fonates (Vairavamurthy et al., 1995, 1997). Other recent studies 
using XANES to investigate sulfur in ancient systems found that 
reduced forms such as thiophenes dominate (Sarret et al., 1999, 
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2002). It remains unclear what factors may be controlling the rela-
tive distribution of different forms of oxidized and reduced sulfur 
in modern and ancient organic-rich sediments.

PATHWAYS OF ORGANIC MATTER 
SULFURIZATION: CONSTRAINTS FROM 
LABORATORY SIMULATIONS AND SULFUR 
ISOTOPES

Laboratory Sulfurization Experiments

Despite intensive study, the geochemical pathways of 
organic matter sulfurization remain unclear. This uncertainty 
is compounded by the likely existence of multiple pathways in 
natural systems, which vary as a function of the specifi c condi-
tions present. Most researchers currently favor the idea that the 
preferred pathway for the diagenetic formation of organic sul-
fur is the reaction of organic matter with inorganic polysulfi des 
(Aizenshtat et al., 1983), but other mechanisms such as reaction 
directly with H

2
S, elemental sulfur, or other intermediates such 

as thiosulfate cannot be eliminated. It is also not clear whether 
the sulfur reacts preferentially at sites of unsaturation (Sin-
ninghe Damsté et al., 1989) or with functional groups such as 
ketones (Schneckenburger et al., 1998). Among the evidence in 
support of the polysulfi de pathway, in addition to the presence 
of polysulfi de linkages in sulfur-rich macromolecular organic 
matter (Kohnen et al., 1991a; Adam et al., 1993; Schaeffer 
et al., 1995), are the many laboratory experiments in which 
organic matter has been artifi cially sulfurized. All these studies 
were carried out under mild laboratory conditions (e.g., 50 ºC) 
intended to be as similar to natural conditions as possible while 
still increasing the rate of sulfurization enough to enable labora-
tory study. These studies resulted in the sulfurization of phytol 
(de Graaf et al., 1992; Rowland et al., 1993), ketones and alde-
hydes (Schouten et al., 1994a, 1994b), olefi ns (de Graaf et al., 
1995), algae (Gelin et al., 1998), and carbohydrates (Kok et al., 
2000b; van Dongen et al., 2003a), yielding compounds similar 
to those identifi ed in natural sedimentary systems.

Additional support for the polysulfi de pathway of organic 
sulfur formation was provided in a study by Vairavamurthy et 
al. (1992) in which natural sediment samples were reacted with 
acrylic acid in a slurry to investigate the distribution and reactivity 
of polysulfi des in sediments. This study determined that polysul-
fi des, in addition to being dissolved in the aqueous phase, can be 
present in the solid fraction. As solid particles, polysulfi des were 
bound to sediment grains and organic matter, which helped to bind 
the organic matter to the sediment particles (Vairavamurthy et al., 
1992). This process may play an important role in the preservation 
of organic matter in sediments (Vairavamurthy et al., 1992).

Sulfur Speciation and Isotopic Studies

One of the most promising areas of organic sulfur research 
is detailed sulfur speciation coupled with sulfur isotope measure-

ments. The theory underlying these studies is that environments 
conducive to the formation of organic sulfur typically also favor 
the formation of inorganic sulfi des such as pyrite (Mossmann et 
al., 1991; Brüchert and Pratt, 1996). Furthermore, because of the 
wide range of sulfur isotope fractionations observed in nature 
(Canfi eld, 2001; Bottrell and Raiswell, 2000), isotope measure-
ments can be used in combination with concentration data to trace 
pathways of sulfur cycling in sedimentary environments (Moss-
mann et al., 1991; Zaback and Pratt, 1992; Anderson and Pratt 
1995; Henneke et al., 1997; Passier et al., 1997; Bates et al., 1995, 
1998; Canfi eld et al., 1998b; Werne et al., 2003). Figure 3 shows 
depth trends of the δ34S values of the major reduced sulfur spe-
cies (pore-water sulfi de, pyrite sulfur, and organic sulfur) in the 
Cariaco Basin (data from Werne et al., 2003) and the Peru Margin 
(data from Mossmann et al., 1991). Environments in which the 
supply of sulfate is restricted in deeper sediments lead ultimately 
to down core enrichment in 34S in all the sulfur species.

Speciation studies have shown clearly that organic sulfur 
represents a signifi cant portion of the total reduced sulfur in 
the sediments of many different environments. For example, 
organic sulfur is up to 50% of the total sulfur in a Delaware salt 
marsh (Ferdelman et al., 1991), 50% in St. Andrew Bay, Florida 
(Brüchert and Pratt, 1996), 17%–43% in the hypersaline Tyro 

Figure 3. Depth trends of the sulfur isotope composition of the ma-
jor reduced sulfur species in the Cariaco Basin and the Peru Margin 
(data from Werne et al. [2003] and Mossmann et al. [1991], respec-
tively). Note the consistency among the trends, which are suggestive 
of restricted environments in which the consumption of the pore-water 
sulfur species, primarily sulfate via sulfate reduction to form sulfi de, 
is faster than the supply through diffusion. VCDT—Vienna Canyon 
Diablo Troilite.
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and Bannock Basins in the Mediterranean (Henneke et al., 1997), 
85%–90% in Mangrove Lake, Bermuda (Canfi eld et al., 1998b), 
50%–75% in the Everglades (Bates et al., 1998), 40% in the Peru 
Margin (Mossmann et al., 1991; Suits and Arthur, 2000), and up 
to 30% in the Cariaco Basin, Venezuela (Werne et al., 2003). 
Anderson and Pratt (1995) summarized results from a number 
of other environments in which organic sulfur is found to be as 
much as 80% of the total reduced sulfur.

Brüchert (1998) investigated organic sulfur bound in humic 
and fulvic acids and found that a portion of the fulvic acid sulfur 
in the upper centimeters of the sediments of St. Andrew Bay, 
Florida, was evidently recycled back to pore-water sulfur spe-
cies. An additional portion was transferred into humic acids and 
protokerogens (the macromolecular organic matter discussed 
above). Furthermore, because of the characteristic isotopic 
signature of assimilated primary biogenic sulfur compared to 
organic sulfur incorporated during diagenesis, a number of stud-
ies have been able to demonstrate that this biogenic sulfur makes 
up 20%–25% of the sedimentary organic sulfur in many envi-
ronments (Anderson and Pratt, 1995; Brüchert and Pratt, 1996; 
Werne et al., 2003). The remaining organic sulfur appears to be 
derived from pore-water sulfi de or associated reactive interme-
diate, such as polysulfi des (Werne et al., 2003; Brüchert, 1998; 
Canfi eld et al., 1998b).

Some of the strongest recent support for the polysulfi de 
pathway of organic sulfur formation in fact comes from sulfur 
isotope analyses. In a recent study, Werne et al. (2003) mea-
sured the sulfur isotope composition of bulk organic matter. 
Based on the identifi cation of a sulfurization reaction in Cariaco 
Basin sediments (Werne et al., 2000a), they then used mass bal-
ance considerations to model the isotope composition of sulfur 
incorporated diagenetically into a specifi c organic compound 
(Werne et al., 2003). Assuming that sulfur was incorporated into 
organic matter directly from pore-water sulfi de with no isotopic 
fractionation, and using the depth profi le for the isotopic com-
position of pore-water sulfi de, they estimated values for their 
model organic sulfur compound that were very similar to those 
measured for bulk organic sulfur. This result suggested that their 
assumptions were correct and gave support to the direct reaction 
of organic matter with H

2
S (Werne et al., 2003). Due to recent 

technical advances, however, it is now possible to measure the 
sulfur isotope composition of specifi c organic compounds. In a 
follow-up study, Werne et al. (2001) measured the sulfur isotope 
composition of the actual compound they had modeled and found 
that its sulfur isotope composition was in fact 10‰ heavier (34S 
enriched) relative to model values and bulk organic sulfur.

These results indicate one or both of two possibilities: either 
the assumptions about the lack of sulfur isotope fractionation 
accompanying organic matter sulfurization were incorrect, or 
the sulfur is not derived directly from H

2
S but rather from some 

other inorganic sulfur species that is 34S enriched relative to 
H

2
S, such as polysulfi des. Studies of isotope fractionation asso-

ciated with incorporation of S into organic matter are sparse 
and contradictory. Brüchert and Pratt (1996) proposed a kinetic 

fractionation (based on carbon isotope work of Schouten et al., 
1995c) that would result in organic sulfur that was 34S depleted 
relative to sulfi de or polysulfi des. More recently, Amrani and 
Aizenshtat (2003) hypothesized that organic matter sulfuriza-
tion is an equilibrium process, with equilibrium S isotope frac-
tionation leading to polysulfi des that are 34S enriched relative to 
sulfi de. This second hypothesis fi ts well with the observations 
that elemental sulfur is enriched relative to solid phase sulfi des 
(e.g., FeS

2
) in sediments (Anderson and Pratt, 1995; Werne 

et al., 2003). Furthermore, 35S radiolabel experiments have 
shown that there is rapid isotopic mixing between the various 
inorganic sulfur species (e.g., H

2
S, S0, S

x
2−, FeS; Fossing et al., 

1992). Fractionations associated with microbial sulfi de oxida-
tion are generally small (Kaplan and Rittenberg, 1964; Fry et 
al., 1984, 1986, 1988); however, those associated with dispro-
portionation can be large, with the reduced sulfur resulting from 
disproportionation being much more depleted than the oxidized 
sulfur (Canfi eld and Thamdrup, 1994; Canfi eld et al., 1998a; 
Habicht et al., 1998; Böttcher and Thamdrup, 2001; Böttcher 
et al., 2001). Thus, successive cycles of partial oxidation and 
disproportionation could lead to intermediate forms of sulfur 
that are enriched in 34S relative to aqueous sulfi de, though this 
has never been unequivocally observed.

Based on the above S isotope observations, elemental sulfur 
and polysulfi des are the most likely candidates for direct incorpo-
ration in organic matter that could produce a 34S enriched organic 
sulfur product. Both polysulfi des and elemental sulfur are strong 
nucleophiles, with longer chain length polysulfi des being stron-
ger nucleophiles than the shorter chains (LaLonde et al., 1987). 
Because the pH values of most marine sedimentary systems are 
slightly basic, they favor the incorporation of polysulfi des (via 
nucleophilic additions) over incorporation of elemental sulfur 
(Giggenbach, 1972; LaLonde et al., 1987; Aizenshtat et al., 
1995). Thus, Werne et al. (2001) proposed that their isotopic data 
are best explained by the incorporation of inorganic sulfur into 
organic matter as polysulfi des.

SUMMARY AND FUTURE RESEARCH DIRECTIONS

Our goal has been to review the most signifi cant advances 
in organic sulfur biogeochemistry over the last decade. The high-
lights include:

1. the possibility that sulfur radical formation may play 
a central role in early petroleum formation from organic-rich 
sediments;

2. the potential of organic sulfur burial on the coupled global 
biogeochemical cycles of C, S, and O resulting in an underesti-
mate in the reduced sulfur burial fl ux and thus on the fl uxes of 
CO

2
 and O

2
 to the atmosphere on geological time scales;

3. the constraints placed on the timing of early diagenetic 
sulfurization of organic matter (e.g., 10s to 1000s of years);

4. the ability for sulfurization to enhance the preservation 
of organic matter, both specifi c biomarkers as well as classes of 
labile organic matter such as carbohydrates;
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5. the identifi cation of many different forms of organic sulfur 
in macromolecular organic matter, including partially oxidized 
forms such as sulfonates; and

6. the constraints placed on organic sulfur formation by 
studies combining sulfur speciation and parallel measurements 
of organic sulfur isotope compositions, particularly the recent 
advance of being able to measure the δ34S of organic S at the level 
of individual organic compounds.

Most important, these results advance our comparatively 
weak understanding of the overall roles played by organic sulfur 
in the global biogeochemical cycles for C and S.

To continue moving forward, we need to identify the many 
forms of organic sulfur present in sediments, both specifi c 
organic sulfur compounds and macromolecular organic sulfur. 
There are many methods by which such goals can be achieved. 
Integrated approaches—e.g., a combination of selective chemi-
cal degradations and mass spectrometric analyses with nonde-
structive spectroscopic methods such as XANES—are likely to 
yield the best results. It is also clear that we have not quantifi ed 
the extent to which organic matter preservation can be enhanced 
via sulfurization, nor do we have a good understanding of the 
kinetics of OM sulfurization.

Recent advances in the fi eld of sulfur isotope geochemistry 
are increasing the sensitivity of sulfur isotope measurements and 
thus resolution of analyses now performed at the level of indi-
vidual organic compounds (Fry et al., 2002; Studley et al., 2002). 
Eventually, such advances will make compound-specifi c sulfur 
isotope analyses commonplace.
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