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INTRODUCTION
The contents, speciation, and isotopic com-

position of sedimentary sulfur (S) species have 
been useful in evaluating early diagenetic pro-
cesses in marine sediments, by revealing the 
coupling between the biogeochemistry of S with 
total organic carbon (TOC) and iron (Fe) cycling 
(e.g., Berner and Raiswell, 1983). In addition, 
the evaluation of stable isotope signatures of 
biogenic sulfi des can help in elucidating the bio-
geochemical cycle of S, relating the sedimentary 
record of δ34S to the composition of reduced S 
species (Wijsman et al., 2001; Hartmann and 
Nielsen, 2012). Therefore, many studies have 
evaluated S cycling in coastal areas owing to 
their high primary productivity and organic 
matter (OM) accumulation in sediments and in 
particular in sediments from upwelling areas, 
such as the Arabian Sea (Passier et al., 1997a), 
Namibia (Brüchert et al., 2003), Peru (Böning et 
al., 2004), and Chile (Böning et al., 2005; Zopfi  
et al., 2008). Moreover, textures and crystal sizes 
of pyrite (FeS2) framboids may provide informa-
tion about the dynamics of redox conditions in 
bottom waters and surface sediments (Wilkin et 
al., 1996). Less is known about the development 
of S isotope signals in tropical upwelling regions.

In southeastern Brazil, the continental shelf 
of Cabo Frio (Rio de Janeiro State) has received 
particular interest due to the occurrence of 
eddies and meanders of the Brazil Current, 
the infl uence of northeast winds, and the shelf 
physiographic features resulting in a complex 

hydrodynamic system (Calado et al., 2008). In 
order to provide a better understanding about 
the infl uences of oceanographic processes on 
the sedimentation conditions and corresponding 
cycling of S, carbon (C), and Fe, this study com-
bines geochemical and stable isotope measure-
ments with micro-textural analyses of pyrite. 
Our particular aim is to investigate the impact of 
intense re-oxidation of sulfi de(s) on the devel-
opment of sedimentary sulfur isotope signals.

STUDY AREA AND METHODS
Four box-cores were collected across the shelf 

within a 680 km2 mud bank (Fig. 1), formed by 
transgressive-regressive events during the Last 
Glacial Maximum, and favored by the position 
of the quasi-stationary Cabo Frio eddy. Sediment 
cores were sub-sampled by using PVC tubes (Ø 

= 10 cm, 40 cm length). The shelf-edge core 
BCCF10–01 (station 1) was collected at 142 m 
water depth and is mainly infl uenced by Brazil 
Current fl ow. Cores BCCF10–04 (station 4) and 
BCCF10–09 (station 9) were sampled at 120 m 
and 117 m water depths, respectively, within the 
middle-shelf area infl uenced by stationary and 
quasi-stationary cyclonic and anti-cyclonic eddy 
activity (Calado et al., 2008). The fourth core 
(BCCF10–15) was retrieved from the inner-shelf 
area (station 15) at 80 m water depth, infl uenced 
by wind-driven coastal upwelling. The oceanog-
raphy of this region is dominated by the Brazil 
Current and the upwelling of South Atlantic Cen-
tral Water (SACW), which increases local pri-
mary productivity and OM deposition, although 
water column oxic conditions are maintained 
(Pereira and Ebecken, 2009).

Pore-water was extracted by using the rhizon 
technique (Seeberg-Elverfeldt et al., 2005). Pore-
water and sediment samples were processed 
within an O2-free glove bag. Pore-water sub-
samples were fi xed with Zn-acetate for sulfi de 
(Cline, 1969) and analyzed for sulfate content 
(Gieskes et al., 1991). The sediment cores were 
sliced in high resolution (1 cm) and fi xed with 
Zn-acetate for acid volatile sulfi des (AVS: FeS 
+ ΣH2S) and chromium reducible sulfur (CRS: 
FeS2 + S0) analyses. All samples were stored at 
4 °C. TOC contents were analyzed on washed 
carbonate-free sediment and total sulfur (TS) 
was determined with a Eurovector elemental 
analyzer using Sn cups as sample containers and 
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Figure 1. Locations of 
study area and core sam-
pling stations, showing 
their relative positions. 
Shaded area represents 
the mud bank.

 on February 23, 2013geology.gsapubs.orgDownloaded from 

http://geology.gsapubs.org/


880 www.gsapubs.org | October 2012 | GEOLOGY

V2O5 as a combustion catalyst. TOC contents 
were corrected for loss due to pre-measured dis-
solution of the carbonate fraction and subsequent 
salt washing off. AVS and CRS were determined 
in 1 g of sediment by a two-step distillation with 
cold 6 M HCl followed by boiling 2 M acidic 
CrCl2 solution (Fossing and Jørgensen, 1989). 
The liberated H2S was collected in Zn-acetate 
(20%) traps, and its concentration was deter-
mined according to the method of Cline (1969). 
For stable S isotope analyses, the collected ZnS 
was converted to Ag2S with AgNO3 solution, 
washed and dried. Pore-water sulfate for the 
isotope analysis was precipitated quantitatively 
as BaSO4 by the addition of barium chloride, 
washed and dried. The isotope compositions 
of Ag2S and BaSO4 samples were measured by 
means of combustion isotope-ratio-monitoring 
gas mass spectrometry (Thermo Finnigan™ 
MAT 253) coupled to a Thermo Flash elemental 
analyzer via a Confl o IV split interface. The iso-
tope results are given in the usual δ34S notation 
versus V-CDT (Vienna Canyon Diablo Troilite) 
(Mann et al., 2009). The degree of pyritization 
(DOP) was calculated from the reactive iron 
(Fereact, 1 M HCl extractable) and pyritic iron 
(Fepy, concentrated HNO3 extractable) concen-
trations according to Huerta-Diaz and Morse 
(1990). Iron concentrations were analyzed by 
inductively coupled plasma–optical emission 
spectrometry (ICP-OES; HORIBA Jobin Yvon 
Ultima 2). A fi eld emission scanning electron 
microscope (SEM-EDS; Philips XL 30) was 
used to examine the pyrite texture in freeze-dried 
samples and pyrite contents obtained by den-
sity separation (Wilkin et al., 1996). For further 
details, see the GSA Data Repository1.

RESULTS AND DISCUSSION

Organic Carbon, Total and Inorganic Sulfur, 
and Iron Pyritization

The TOC contents (0.8% to 2.3%) are compa-
rable to those from other upwelling areas (e.g., 
Passier et al., 1997a; Böning et al., 2005) and 

adjacent areas at the Cabo Frio coast (Burone et 
al., 2011). Below 8 cm depth, the cores from sta-
tions 4, 9, and 15 shows similar TOC contents 
(~2%), whereas the edge-shelf profi le (station 1) 
has lower TOC (~1.4%) (Fig. 2A). Above 8 cm 
depth, the middle-shelf cores (stations 4 and 
9) have the highest TOC contents, while shelf-
edge and inner cores (stations 1 and 15) show a 
decreasing trend (Fig. 2A). A change in the Bra-
zil Current transport strength and eddy forma-
tion over the shelf may explain the TOC sharp 
decrease in stations 1 and 15 corresponding to 
the upper 8 cm sediment layers. However, the 
higher values in stations 4 and 9 can be related 
to the constant action of the Cabo Frio station-
ary eddy favoring particulate matter settling.

The TS, CRS, and DOP values are relatively 
low, and showed an increase with depth at all 
stations (Figs. 2B, 2C, and 2G). This tendency 
of deeper pyrite accumulation is expected, since 
microbial OM decomposition via sulfate reduc-
tion leads to the production of H2S and subse-
quently iron sulfi des (e.g., Berner and Raiswell, 
1983; Passier et al., 1997a). The essentially 
constant pore-water sulfate concentrations at 
stations 1, 9, and 15 (25–28 mM; Fig. 2E) indi-
cate low net sulfate reduction rates, as also sup-
ported by the non-detectable dissolved sulfi de 
levels (<1 µM) found in all pore-water samples. 
The CRS concentrations vary from 0.05 to 
0.3 wt%, while AVS was below the detection 
limit in most samples or detected at very low 
levels (≤0.01 wt%), which indicates that AVS 
has been re-oxidized and/or transformed into 
pyrite. Much lower CRS values in relation to 
TS suggest that some S entered into the organic 
matrix (Figs. 2B and 2C).

The DOP values provide a proxy of estimat-
ing the degree of bottom-water oxygenation 
(Raiswell et al., 1988), and they are also useful 
to identify the factors infl uencing pyrite forma-
tion in sediments (Berner and Raiswell, 1983). 
The DOP values of all cores are below 45% 
(Fig. 2G), which indicates that sediments were 
deposited under oxic water columns (Raiswell 

et al., 1988). The presence of SACW waters 
over the shelf is related to internal tide processes 
having a short residence time, thus explain-
ing the oxic conditions of the bottom layers 
(Pereira and Ebecken, 2009). As deduced from 
the covariations with TS, the low DOP values 
suggest that pyrite formation was limited by the 
availability of sulfi de (Fig. 3A).

The Fereact contents (35–140 µmol/g) corre-
spond to the labile fraction of sedimentary iron 
that is available for pyrite formation (Suits and 
Wilkin, 1998) (Fig. 2H). These Fereact contents are 
fi vefold higher than the Fepy contents (Fig. 2I), 
indicating that reactive Fe is not limiting the 
pyrite formation. No correlation between DOP 
and TOC was found in any of the cores, sug-
gesting that DOP was not controlled by the OM 
contents. The TOC/CRS values are above the 
empirical TOC/CRS ratio for “normal” marine 
sediments (~2.8; Berner and Raiswell, 1983) 
(Fig. 3B). These high values support the assump-
tion that TOC is not limiting pyrite accumulation, 
although they can be also explained by sulfi de 
re-oxidation, caused by bioturbation, which was 
evident in the all box-cores, and possible contri-
butions from sulfi de-oxidizing bacteria (Böning 
et al., 2004). In addition, a low metabolizable 
OM fraction has been related to sulfi de limita-
tion, which can inhibit sulfate reduction and iron 
sulfi de production (e.g., Berner and Raiswell, 
1983), resulting in low pyritization.

Pyrite Textures and Framboid Size 
Distribution

In the Cabo Frio shelf sediments, pyrite is 
predominantly found in the form of framboids, 
mainly associated with a clay mineral matrix. 
Framboidal pyrites showed crystalline appear-
ances, infi llings and secondary overgrowths, 
with cubo-octahedrons, octahedrons, and sphe-
roidal morphologies of microcrystals (Fig. 4). 
Although framboids with diameters above 
50 µm are rarely found (Wilkin et al., 1996), the 
framboid size from Cabo Frio sediments varied 
widely between 5 and 144 µm. Higher diameters 
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Figure 2. Downcore profi les. A: Total organic carbon (TOC). B: Total sulfur (TS). C: Chromium reducible sulfi de (CRS). D: CRS stable isotopes 
ratio (δ34SCRS). E: Sulfate concentration (SO4

2–). F: Sulfate stable isotopes ratio (δ34SSO4

2–).G: Degree of pyritization (DOP). H: Reactive iron 
(Fereact). I: Pyrite iron (Fepy). Pore-water sulfi de was not found analytically.
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were found in cores from stations 1, 4, and 9 than 
in the core from station 15 (Fig. 4G). Individual 
microcrystal sizes ranged from 0.1 to 8 µm.

The low pyrite contents in the upper sediment 
layers of all cores are probably due to limitation 
of pyrite reactants for nucleation and growth 
(Wilkin and Arthur, 2001). This low content 
is supported by low CRS and DOP values 
(Figs. 2C and 2G). However, in the 2 cm and 
6 cm depth of the station 15, pyrite was found 
as irregular masses (~130 µm) composed of 
framboid aggregates associated with euhedral 
crystals. These aggregates presented at least 
four different generations, each one with rela-
tively uniform sizes (Figs. 4E and 4F). Wilkin et 
al. (1996) showed that different crystal sizes on 
a framboidal structure are typical of secondary 
growth over an earlier framboid.

Figure 4D shows an example of a polyfram-
boid formed by processes of aggregation and 
fusion or welding of minor framboids (Sawlo-
wicz, 1993). These processes, the successive 
crystal overgrowths (Fig. 4F) and the surface 
oxidation of pyrite grains (Fig. 4B) observed 
in Cabo Frio can be related to biological and/or 
physical sediment reworking. The bioturbation 
and physical sediment re-suspension can expose 

the deeper sediment layers to more oxidizing 
condition before new burial. Infaunal activity, 
in addition, will create an array of dynamic 
redox gradients. During eddy incursions over 
the shelf, high productivity peaks promote fast 
particulate matter deposition, altering the bot-
tom water O2 content. However, it is expected 
that the constant intrusion of SACW with high 
O2 concentration would maintain oxidizing 
conditions in the bottom layer of water column 
(Pereira and Ebecken, 2009).

The large sizes of framboid and their poly-
generated growth indicate that pyrite formation 
occurred under a highly dynamic redox regime 
under strong biological and physical conditions, 
with abundant oxidants. Framboids formed 
under oxic or dysoxic conditions are larger and 
more variable in size than those formed under 
euxinic water conditions (Wilkin et al., 1996).

Sulfur Isotopic Composition of Sedimentary 
Pyrite and Pore-Water Sulfate

The isotopic composition of pyrite is domi-
nantly controlled by the isotope discrimination 
that takes place during dissimilatory sulfate 
reduction (Chambers and Trudinger, 1979). 
Dissolved sulfate in the modern Atlantic Ocean 

has an S isotope composition of about +21‰ 
(Böttcher et al., 2007). The observed isotopic 
composition of pore-water sulfate is similar to 
seawater and does not vary much (Fig. 2F), indi-
cating low levels of consumption versus rapid 
replenishment of sulfate via transport and/or 
sulfi de re-oxidation in an essentially open sys-
tem (Hartmann and Nielsen, 2012).

The pyrite formation in Cabo Frio sediments 
is associated with an isotope discrimination of 
46‰ to 60‰ with respect to pore-water sulfate 
(Fig. 2D and F). High fractionations exceeding 
47‰ have been explained by the multiple steps 
of S redox cycling. Following this approach, 
biogenic sulfi de may be reoxidized to sulfur 
intermediates (S0, S2O3

2-, SO3
2-), followed by 

the bacterial disproportionation of intermediate 
S species (e.g., Jørgensen, 1990; Canfi eld and 
Thamdrup, 1994). This concept requires a con-
tinuous supply of oxidants and is ideally real-
ized by the investigated sites at the Cabo Frio 
upwelling area. Therefore, the Cabo Frio setting 
provides a test case possibility for a previous 
model on the relation between intense S cycling 
and multi-step sulfur isotope fractionation (Can-
fi eld and Thamdrup, 1994). Field evidence of 
bioturbating Aphrodita longicornis polychaeta, 
the lack of sulfi de and essentially constant sul-
fate concentrations in the pore-waters, as well as 
the texture of pyrite crystals gives evidence for 
re-oxidation in all sediment cores. These fi nd-
ings suggest an intense oxidative S cycling as 
an explanation for the observed fractionation. 
Aerobic and anaerobic degradation processes of 
pyrite (e.g., Schippers and Jørgensen, 2002) are 
possibly involved in such an oxidation step.

The CRS generally becomes more depleted in 
34S with increasing depth (Fig. 2D). The relation 
of δ34S with CRS content for cores from stations 
1 and 4 suggests that this depletion is greatest 
and becomes less variable for CRS contents 
exceeding ~0.1 wt%, with δ34S values averaging 
−40‰ ± 1‰ (Fig. 3C). This apparent threshold 
for continuing partitioning change with increas-
ing CRS concentration is probably associated 
with a higher stability of CRS in the deeper lay-
ers of the core from station 1, although this pat-
tern was not observed for the core from station 
4. Therefore, it is postulated that the possible 
re-oxidation effect was offset by comparatively 
higher CRS levels, which was not necessarily 
dependent on the depth (Fig. 2C). This trend 
was not found for less negative δ34S data from 
cores at stations 9 and 15.

Besides the coupling between the reductive 
and oxidative parts in the sulfur cycle, sulfur iso-
tope discrimination is also infl uenced by several 
other contributing factors, including the type 
of substrate fueling sulfate reduction (Kaplan 
and Rittenberg, 1964; Sim et al., 2011) and the 
structure of the active microbial sulfate-reducing 
community involved (Detmers et al., 2001; Sim 
et al., 2011). Kaplan and Rittenberg (1964) also 

TS (%)

D
O

P
 (

%
)

0 0.1 0.2 0.3 0.4 0.5

0

10

20

30

40

A

1
4
9
15

TOC (%)
C

R
S

 (
%

)

0 0.5 1 1.5 2 2.5

0

0.05

0.1

0.15

0.2

0.25

B

1
4
9
15

34 δ 
S

 (
‰

)
C

R
S

CRS (%)
0 0.05 0.1 0.15 0.2 0.25

-44

-40

-36

-32

-28

-24
1
4
9
15

C

A B C

D E F

C
um

ul
at

iv
e 

(%
)

Framboid diameter (µm)
0 40 80 120 160

0

20

40

60

80

100 G

1
4
9
15

Figure 3. A: Relations of degree of pyritization (DOP) versus total sulfur (TS). B: Chromium 
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Figure 4. Backscattered scanning electron microscopy images. A: Pyrite framboid with sec-
ondary overgrowth. B: Pyrite framboid with cubo-octahedral crystals and evidence of oxida-
tive dissolution pits on the surface. C: Large pyrite framboid with crystalline appearance. D: 
Polyframboid. E: Pyrite infi llings and secondary crystal overgrowth on framboid aggregates. 
F: Detail of multistage crystal overgrowth shown in E. G: Cumulative size distributions.

 on February 23, 2013geology.gsapubs.orgDownloaded from 

http://geology.gsapubs.org/


882 www.gsapubs.org | October 2012 | GEOLOGY

demonstrated that isotope fractionation may be 
related to the sulfate reduction rate, which may 
depend on electron donor type. We speculate 
that a combination of these factors may infl u-
ence both the sulfate reduction rate and the 
observed vertical sulfur stable isotope patterns.

The S cycling under conditions of intense bio-
turbation and aerobic mineralization in the trop-
ical upwelling Cabo Frio area leads to isotope 
signatures similar to those found in bacterial 
mat–controlled upwelling systems off the coast 
of Chile (Zopfi  et al., 2008) or developed in eux-
inic sediments below water column redoxclines 
(Passier et al., 1997b; Wijsman et al., 2001).

CONCLUSIONS AND IMPLICATION
The results of the sediment elemental, isoto-

pic and textural analyses fully support that Cabo 
Frio shelf sediments were deposited under highly 
dynamic redox conditions in the surface lay-
ers beneath oxic bottom waters. Sulfur cycling 
appears to be a net effect of regional hydrody-
namics and bioturbation that intensify its redox 
cycling, which together contribute to determine 
the extent of pyrite production and re-oxidation 
processes. Oxidation processes kept concentra-
tions of pore-water sulfi de, sedimentary CRS and 
DOP low. The low net sulfate reduction is sug-
gested to result from sulfi de-reoxidation and sul-
fate replenishing rates approximating the maxi-
mum gross sulfate reduction rate. High isotopic 
fractionation and pyrite textural characteristics, 
overgrowth and degradation signs were attributed 
to oscillations between more dominating reduc-
tion and re-oxidation processes. The results allow 
a more comprehensive evaluation of complex 
interactions of the hydrodynamics and bioturba-
tion processes involved in the sulfur cycling near 
the sediment-water interface across this shelf 
and those expected to occur in other sedimentary 
environments under oxic conditions.
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