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INTRODUCTION
Oxidative sulfur cycling is a well-known 

phenomenon at the sea bed (Jørgensen, 1982, 
1990). Even in strictly anoxic subseafl oor envi-
ronments, the oxidation of sulfi de occurs via 
nitrate reduction or by simultaneous reduction 
of metal oxides, e.g., iron (oxyhydr)oxides: 
2FeOOH + HS– + 5H+ ↔ 2Fe2+ + S0 + 4H2O 
(Canfi eld, 1989; Thamdrup et al., 1993; Jør-
gensen and Nelson, 2004). The latter process 
depends on the availability, accessibility, and 
reactivity of metal oxides (Canfi eld, 1989). Ele-
mental sulfur (S0), produced by the oxidation of 
sulfi de with metal oxides, can be metabolized 
by sulfur-disproportionating bacteria to pro-
duce sulfate and sulfi de: 4S0 + 4H2O ↔ 3H2S 
+ SO4

2– + 2H+ (see Jørgensen and Nelson, 2004, 
and references therein). Disproportionation of 
S0 is thermodynamically favorable if sulfi de is 
sequestered into the solid sulfi de pool or reoxi-
dized to S0. The supply of oxygen and nitrate 
deeper below the seafl oor is limited by micro-
bial consumption at shallow depth; however, 
metal oxides can also be available at greater 
depth (e.g., Riedinger et al., 2005). Therefore, 
oxidation of sulfi de to S0 and subsequent dispro-
portionation to sulfi de and sulfate are processes 
that could occur at any sediment depth, as long 
as reactive metal oxides are available and sulfi de 
is effi ciently scavenged.

Bacterial disproportionation of S0 has been 
invoked to explain large sulfur isotope offsets 
(>49‰) observed between sulfi des and sul-
fate (Canfi eld and Thamdrup, 1994; Habicht 
and Canfi eld, 2001). It has been presumed that 
isotope fractionations larger than 49‰ may be 
indicative of disproportionation. However, this 
view has been challenged by Wortmann et al. 
(2001), Rudnicki et al. (2001), and theoreti-
cal considerations by Brunner and Bernasconi 
(2005), who suggest that sulfur isotope fraction-
ations up to 70‰ may also be directly caused by 
dissimilatory sulfate reduction. Therefore, from 
sulfur isotope systematics alone, it may be diffi -
cult to evaluate the importance of either process. 
In the sediment and pore-water profi les, oxida-
tive sulfur cycling may go completely unde-
tected as long as there is an overlap between 
sulfate reduction and simultaneous dispropor-
tionation, mimicking pure sulfate reduction. 
In a continuous, steady-state sediment system, 
there is little chance to observe oxidative sulfur 
cycling within the deep biosphere. Therefore, a 
system that offers the potential to observe the 
separation between reductive and oxidative sul-
fur cycling is needed.

The Nankai Trough is a suitable system to 
study the oxidative sulfur cycle due to its depo-
sitional and tectonic features. Subduction of 
the Philippine Sea plate below southwest Japan 
results in frontal accretion, uplift, and internal 
deformation of the trench wedge and underly-
ing Shikoku Basin sediments (Underwood et 
al., 2003; Strasser et al., 2009). This setting is 
characterized by a complex lithostratigraphy 
and depositional history, with varying sedi-

mentation rates, sediment composition, organic 
matter content, and availability of reactive iron 
minerals, all of which dramatically affect the 
oxidative capacity and permeability of sedi-
ments. Thrust faults and interbedded gravels and 
sands deposited in the axial trench and uplifted 
in the frontal prism accommodate lateral fl uid 
fl ow that transports oxygen, nitrate, and sulfate 
into the subseafl oor. The content of degradable 
organic matter and reactive metal oxides can 
change within narrow zones. The Nankai accre-
tionary wedge thus directly juxtaposes various 
redox environments and their corresponding 
geochemical gradients and serves to spatially 
separate the oxidative sulfur cycle from reduc-
tive sulfur cycling.

Here, we present results of iron and sul-
fur geochemistry of sediments from the fron-
tal thrust system at the Nankai Trough (Hole 
C0007A–C), off Japan, collected during the 
Integrated Ocean Drilling Program (IODP) 316 
Expedition. We determined the sulfur isotope 
composition of elemental sulfur (S0), acid vola-
tile sulfur (AVS), chromium reducible sulfur 
(CRS), and the sulfur and oxygen isotope com-
position of pore-water sulfate (for methods, see 
the GSA Data Repository1). These data identify 
the presence of a dominant oxidative sulfur 
cycle in a zone between sediment layers where 
active sulfate reduction occurs.

SEDIMENTARY SETTING
Drilling and coring at Hole C0007A–C 

(see the Data Repository) recovered sediment 
from two major lithologic units (Figs. 1 and 2; 
Kinoshita et al., 2009; Screaton et al., 2009): 
Unit I (trench to slope transition) is character-
ized by a fi ning-upward succession of hemipe-
lagic silty clay with interbedded thin sand beds 
and volcanic ash layers. Deposition of this unit 
occurred on the lowermost slope of the prism 
above the trench fl oor by hemipelagic settling, 
turbidite deposition, and possibly subsequent 
soft-sediment slumping on an oversteepened 
slope. Unit II is an accreted trench-wedge facies 
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ABSTRACT
The existence of oxidative microbial sulfur cycling in the deep biosphere has been postu-

lated, but it is diffi cult to identify because isotope effects of reductive sulfur cycling generally 
overprint those of oxidative sulfur cycling. In the sediments at Integrated Ocean Drilling Pro-
gram (IODP) Site C0007 (Holes A–C) drilled and sampled during IODP Expedition 316 at the 
Nankai Trough, Japan, sulfur and oxygen isotope compositions of dissolved and solid-phase 
sulfur compounds show evidence for a discrete zone of deep oxidative sulfur cycling. The 
sulfate concentration profi le and isotope values show two distinct sulfate reduction regimes: 
one for downward-diffusing sulfate in the uppermost 36 m of sediment (unit I), and another 
zone below 90 m, where sulfate diffuses upward from a deep subsurface fl uid. The sulfur and 
oxygen isotope composition of sulfate and a dramatic change in solid-phase iron geochemis-
try indicate that oxidative sulfur cycling occurs at depth. The highly dynamic sedimentary 
and tectonic regime at Nankai Trough has created an environment in the subsurface where 
geochemical gradients can sustain deep oxidative sulfur cycling over long durations of time.
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with sandy turbidites, gravel, and hemipelagic 
mud. At least one thick (1.7 m) normally graded 
gravel sequence is present at the base of Hole 
C0007C; its grain size changes from medium-
grade gravel (8–16 mm) at the base to fi ne sand 
at the top. The porosity data show a strong 
decrease in the fi rst ~25 m below seafl oor (mbsf; 
unit I), followed by a consolidation trend with 
depth in unit II (Kinoshita et al., 2009; Screaton 
et al., 2009).

RESULTS
At Hole C0007A–C, sulfate concentrations 

of interstitial water drop from ~28 mM at the 
surface to 8 mM at 33 m depth (Fig. 2). Below 
33 mbsf to a depth of 130 mbsf, sulfate con-
centrations rise slightly, followed by a sharp 
increase in sulfate concentration to 28 mM 
at 140 mbsf. The sulfur and oxygen isotope 
profi les of pore-water sulfate show an inverse 
trend to the sulfate concentration profi le. Iso-
tope values at the top and at the base of Hole 
C0007A–C are similar to seawater values (δ34S 
= 20.5‰, δ18O = 8.7‰; Longinelli, 1989). The 
highest values were found in the zone of low-
est sulfate concentration (33 mbsf): 61‰ for 
δ34S-SO4 and 28‰ for δ18O-SO4.

The alkalinity profi le inversely mirrors the 
sulfate profi le with a maximum concentration of 
18 mM. The alkalinity increases, and when cor-
rected for Mg and Ca loss due to carbonate pre-
cipitation, balances sulfate depletion suggest-
ing that sulfate reduction is the major terminal 
electron-acceptor process for the degradation of 
organic carbon. Dissolved iron concentrations 
are generally low but show slight variations in 
the upper 40 m, the maximum occurs at the tran-
sition from unit I to unit II, and a small peak is 
seen again at ~90 mbsf. Methane concentrations 
are below 60 µM throughout the whole sedi-
ment column of Hole C0007A–C.

The CRS concentrations are highest in unit 
I sediments (up to 340 µmol g–1) and then 
decrease and remain almost constant in the 
lower sediments of unit II (Fig. 2). The sulfur 
isotope composition of CRS is almost constant 
throughout the sediment column, except for 

a layer in unit I. The concentration of AVS is 
low (<1 µmol g–1) throughout the sediment col-
umn, with minor increases at 17 and 64 mbsf. 
Compared to the CRS isotope values, AVS is 
slightly enriched in 34S. Elemental sulfur con-
centrations are higher (up to 2.5 µmol g–1) in 
the sediments between ~14 and 75 mbsf. Below 
and above this zone, the amount of S0 is very 
low (between 0.2 and 0.03 µmol g–1). The sul-
fur isotope composition of S0 varies between 
+12‰ and −35‰, with high values close to the 
sulfur isotope composition of CRS and low-
est up to −30‰ offset from the sulfur isotope 
composition of CRS. Elevated concentrations 
of reactive ferric iron appear to coincide with 
S0 strongly depleted in 34S (except at 64 mbsf). 
The concentration of reactive iron shows val-
ues <65 µmol g–1, except for three spikes at 

~3, 30, and 90 mbsf, where the concentrations 
increase up to 170 µmol g–1. The average con-
centration of total organic carbon is low (<0.72 
wt%) throughout the sediment column.

DISCUSSION
The sulfate concentration profi le and isotope 

data of sulfate at Hole C0007A–C show two dis-
tinct sulfate reduction zones (Figs. 2 and 3). The 
shallow zone 1 is a typical sulfate reduction zone 
with downward-diffusing sulfate. Zone 3 is the 
deep zone where sulfate diffuses upward, indi-
cating seawater fl uid fl ow in the deep subsurface 
gravel horizon at the base of Hole C0007A–C 
at ~160 mbsf (Expedition 316 Scientists, 2009).

The sulfur and oxygen isotope data of sul-
fate provide evidence that a process in addi-
tion to sulfate reduction occurs between 50 and 
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Figure 1. Simplifi ed structural overview of 
frontal thrust region and Integrated Ocean 
Drilling Program (IODP) 316 drilling location 
of Hole C0007A–C (modifi ed from Screaton 
et al., 2009).

Figure 2. Pore-water and solid-phase concentration profi les of sediments from frontal thrust 
Hole C0007A–C. Lithostratigraphy, total organic carbon (TOC), and pore-water data are ship-
board data from Integrated Ocean Drilling Program (IODP) Expedition 316 (Kinoshita et al., 
2009). Zones 1–3 in sulfate isotope panel refers to depth of data plotted in Figure 3. CRS—
chromium reducible sulfur; AVS—acid volatile sulfur.
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90 mbsf (zone 2 in Fig. 2). This process (open 
circles, large arrow, Fig. 3) is not related to sul-
fate reduction occurring above or below this 
interval (zones 1 and 3, Fig. 2; dashed arrows, 
Fig. 3). Diffusive mixing of sulfate between the 
upper and lower sulfate reduction zones would 
produce a mixing line between the isotopically 
most enriched sulfates from the sulfate reduc-
tion trends in zone 1 and 3. Mixing of sulfate 
between zones 1 and 3 can be excluded as a 
principal cause for the observed isotope pattern 
because the data in zone 2 do not fall on a mix-
ing line. Rather, there is an additional source 
of sulfate that is depleted in 18O and 34S rela-
tive to the sulfate below and above the 50–90 
mbsf zone. This depleted sulfate could either 
be formed in situ, supplied laterally, or be due 
to contamination during sampling. Cross-con-
tamination of samples or contamination with 
seawater sulfate appears to be very unlikely. For 
instance, at least two contaminants would be 
necessary to produce the observed values at 86.6 
mbsf (δ18O of 19‰ and a concentration of 13.2 
mM; see Fig. 3B). Lateral advection of sulfate 
with a unique isotope composition could be the 
cause of the observed pattern, but it would not 
explain why such lateral advection only occurs 
in zone 2, whereas all zones exhibit similar fl uid 
transport characteristics (i.e., porosity). Forma-
tion of sulfate in situ appears to be the best way 
to explain this observation.

Microbial disproportionation of S0 releases 
sulfi de and sulfate into the pore water, and this 
process can be sustained by the reaction of sul-
fi de oxidation with ferric iron to produce S0. 
The isotopic signature of the released secondary 
sulfate is thus dominated by bacterial dispropor-
tionation of S0, derived from sulfi de depleted in 
34S, combined with kinetic isotope fractionation 
related to disproportionation reactions (Canfi eld 
et al., 1998; Cypionka et al., 1998; Böttcher et 
al., 2001). Thus, compared to sulfate reduction, 

microbial disproportionation can lead to sulfate 
that is depleted in 18O (oxygen derived from 
water) and 34S (Fig. 3C). The observed shift in 
the oxygen and sulfur isotope composition of 
sulfate in the interval between 50 and 90 mbsf 
may therefore be derived from oxidative sulfur 
cycling. However, disproportionation can only 
occur if produced sulfi de does not accumulate 
in the pore water (Thamdrup et al., 1993), and 
if S0 is supplied via oxidation of sulfi de. Even 
if a substantial fraction of the reactive iron pool 
has already been converted to pyrite (Fig. 2), 
it still appears that conditions for ongoing sul-
fi de oxidation via reduction of reactive iron 
and scavenging of sulfi de persist. Reactive iron 
concentrations are elevated at 90 mbsf (zone 2, 
Fig. 2) at suffi cient levels to promote simultane-
ous oxidation and scavenging of sulfi de.

The abundance and isotope composition of S0 
provide another line of evidence for oxidative 
sulfur cycling. Concentration maxima within 
units I and II (Fig. 2) indicate that production of 
S0 (i.e., oxidative S cycling) is an ongoing pro-
cess at several sediment intervals. The variable 
sulfur isotope composition of S0 is evidence 
for the absence of free sulfi de in the pore water. 
If dissolved sulfi de was continuously produced 
but not scavenged, then diffusive sulfi de trans-
port would occur. This would erase variations in 
the isotope composition of S0 at different depths 
because sulfi de rapidly exchanges sulfur iso-
topes with S0 (Fossing, 1995). As for the origin 
of the variable sulfur isotope composition of S0, 
we hypothesize that several processes variably 
contribute to the observed isotope signature. 
One process is recycling of sulfur by dispropor-
tionation, leading to sulfi de strongly depleted in 
34S (Canfi eld et al., 1998). A second process is 
the simultaneous sequestration of sulfi de into 
two pools: sulfi de minerals and S0 (e.g., 3HS– + 
2 Fe(OH)3 + 3H+ ↔ S0 + 2FeS + 6H2O; Lovley 
and Phillips, 1994). Corresponding increases 

in concentrations of AVS and S0 indicate such 
a coupling (Fig. 2). The partitioning of sulfi de 
into AVS and S0 may result in considerable sul-
fur isotope fractionation.

CONCLUSIONS
Geochemical data from Nankai Trough Site 

C0007 sediments demonstrate a strong coupling 
between iron and sulfur cycling. The sulfur and 
oxygen isotopes of sulfate can be used to dis-
tinguish between different biogeochemical pro-
cesses in the sediment column at Hole C0007A–
C. Two distinct sulfate reduction trends are 
observed: one for downward-diffusing sulfate 
and the other for upward-diffusing sulfate. 
These two domains appear to be separated by 
a zone where oxidative sulfur cycling occurs. 
Other sedimentary environments where sulfate 
is supplied from a deeper source are known, 
for example, from the Great Australian Bight 
(Feary et al., 2000) and from the central and 
eastern equatorial Pacifi c (Baker et al., 1991; 
Böttcher et al., 2006). In these cases, no tran-
sitional zone with oxidative sulfur cycling has 
been identifi ed. Blake et al. (2006) speculated 
that the oxygen isotope composition of sulfate 
in interstitial waters from the sediments from 
the eastern equatorial Pacifi c may be affected 
by oxidative sulfur cycling via iron reduction. 
Sulfate isotope patterns from the deep subsur-
face Cascadian margin sediments resemble 
those from Nankai Trough, and Bottrell et al. 
(2000) attributed these patterns to deep sulfi de 
oxidation. The identifi cation of a sedimentary 
layer with oxidative sulfur cycling in the Nan-
kai Trough is unique. Relative to the low fl ux 
of organic matter, these sediments contain large 
amounts of reactive iron. Under these condi-
tions, oxidative sulfur cycling can be sustained 
over long time periods, and the isotope fi nger-
print of this process is not entirely overprinted 
by the isotope effects from sulfate reduction.
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Because the isotope composition of pore-
water sulfate is poorly preserved in the geologi-
cal record, and usually only as carbonate-asso-
ciated sulfate in authigenic minerals, fi nding 
evidence of oxidative sulfur cycling in the rock 
record is very challenging. The negative offset 
in the sulfur isotope composition of S0 com-
pared to CRS offers a starting point to pin down 
oxidative sulfur cycling in deep biosphere envi-
ronments and possibly in ancient sediments.
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