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Abstract

Previous geochemical and microbiological studies in the Cariaco Basin indicate intense elemental cycling and a dynamic
microbial loop near the oxic—anoxic interface. We obtained detailed distributions of sulfur isotopes of total dissolved sulfide
and sulfate as part of the on-going CARIACO time series project to explore the critical pathways at the level of individual
sulfur species. Isotopic patterns of sulfate (§*Sso, ) and sulfide (8**Sy,s) were similar to trends observed in the Black Sea water
column: 3%Sy,s and &**Sgo, were constant in the deep anoxic water (varying within 0.6%, for sulfide and 0.3%, for sulfate),
with sulfide roughly 54%, depleted in **S relative to sulfate. Near the oxic-anoxic interface, however, the 3%Sy,s value was
~39%, heavier than that in the deep water, which may reflect sulfide oxidation and/or a change in fractionation during
in situ sulfide production through sulfate reduction (SR). &*Sy,s and A¥Sy,5 data near the oxic-anoxic interface did not pro-
vide unequivocal evidence to support the important role of sulfur-intermediate disproportionation suggested by previous
studies. Repeated observation of minimum &*Sso, values near the interface suggests ‘readdition” of 3S_depleted sulfate dur-
ing sulfide oxidation. A slight increase in 8**Sgo, values with depth extended over the water column may indicate a reservoir
effect associated with removal of **S-depleted sulfur during sulfide production through SR. Our 8**Sy,s and A¥Sy; 5 data also
do not show a clear role for sulfur-intermediate disproportionation in the deep anoxic water column. We interpret the large
difference in 8>*S between sulfate and sulfide as reflecting fractionations during SR in the Cariaco deep waters that are larger
than those generally observed in culturing studies.

Published by Elsevier Ltd.

1. INTRODUCTION

The isotopic composition of sulfur compounds has been
used to explore the biogeochemical cycling of sulfur in both
modern and ancient marine environments (e.g., Canfield and
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Teske, 1996; Lyons, 1997). Sulfate reducing prokaryotes
(SRP) produce sulfide depleted in **S compared to the initial
sulfate (Kaplan and Rittenberg, 1964), and 343 depletion of
sulfide in sediments and anoxic water in natural systems is
commonly 45-709, relative to coexisting sulfate. Prior to
Canfield et al. (2010), no experiments with pure cultures or
natural populations of SRP had yielded fractionations great-
er than 469, (Kemp and Thode, 1968; Habicht and Canfield,
1997; Canfield, 2001; Detmers et al., 2001), although some
studies (Goldhaber and Kaplan, 1980; Rudnicki et al.,
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2001; Wortmann et al., 2001; Werne et al., 2003) have
suggested that large fractionations can be produced by sul-
fate reduction (SR) acting alone. Recent models suggest that
the metabolic pathways of SR can produce fractionations as
large as 759, (Brunner and Bernasconi, 2005; Johnston et al.,
2007; Farquhar et al., 2008). Much of the current literature,
however, has invoked additional fractionations associated
with oxidative sulfur cycling to explain the large sulfur
isotope offsets between coeval sulfide and sulfate observed
in nature.

Canfield and Thamdrup (1994) noted that sulfide pro-
duced via SR can be oxidized to elemental sulfur, which
can subsequently undergo disproportionation to yield
3S.depleted sulfide and 3*S-enriched sulfate. Repeated
cycles of oxidation and disproportionation can theoretically
produce progressively larger sulfur isotope offsets between
the sulfide and sulfate pools. In this model, fractionation
during sulfide oxidation is assumed to be very small, as sup-
ported by previous observations of natural and experimental
systems (Fry et al., 1986, 1988; Zerkle et al., 2009), and the
isotopic composition of sulfide and sulfate records the initial
fractionation during SR plus the additional fractionations
generated through repeated cycles of sulfide oxidation to sul-
fur intermediates (e.g., elemental S, thiosulfate, and sulfite)
and disproportionation of these compounds (Canfield and
Thamdrup, 1994; Habicht et al., 1998; Boéttcher et al.,
2001, 2005). Typical fractionations during a single-cycle of
disproportionation of sulfur intermediates in bacterial
cultures are shown in Egs. (1)—(3) (Habicht and Canfield,
2001):

48" + 4H,0 — 3HS™ + SO, + SH*

(83480 o 63482— — 7%0) (1)
$,0, + H,0 — HS™ +S0,> + H*

(88,0, — §%8? = 39, — 15%,) (2)
4S80, + H' — HS™ +3S0,>

(880,> — 3%S* =28%,) (3)

Disproportionation of sulfur intermediates can generate
sulfide highly depleted in **S via reactions above. In contrast,
the isotope effects associated with chemical and chemoauto-
trophic sulfide oxidation differ from disproportionation in
direction and magnitude. For example, Fry et al. (1988)
reported a fractionation factor during chemical (abiotic) sul-
fide oxidation by O, of —5.29,. Kaplan and Rittenberg
(1964) reported that sulfide oxidation mediated by chemo-
autotrophs would also generate **S enrichments in the
sulfide, with fractionations ranging from —189, to —1%,
(the large value of —189, was questioned by Fry et al.
(1986), since it was only measured in one experiment that
produced significant amounts of minor reaction products
in the form of polythionates and has not been confirmed
since). This contrary effect in sulfide isotope fractionation
between oxidation of sulfide and sulfur-intermediate dispro-
portionation is potentially useful for investigation of the
comparative importance of these two processes.

Large isotopic offsets between sulfide and sulfate, about
529, were reported in the deep Cariaco water column by
Fry et al. (1991). A gap in that study, however, is that data
were only reported for depths below 400 m, where sulfide

concentrations were higher than 10 umol/L and the isotopic
compositions of sulfide and sulfate were relatively constant
with depth. Therefore, the mechanistic controls on sulfur
isotope compositions near the Cariaco oxic—-anoxic inter-
face remain elusive because of the small size of the sulfur
pool and rapid turnover of sulfur intermediates. Werne
et al. (2003) analyzed the sulfur isotope compositions of
sulfur species in the Cariaco sediment pore water and found
that the §°*S difference between pore water sulfate and
sulfide generally increased from 539, near the sediment
water interface to 60-639, at 4 m depth.

As part of the on-going CARIACO (CArbon Retention
in a Colored Ocean) time series project, Li et al. (2008)
found maxima in concentrations of S,0,*~, SO;>~, particu-
late S°, and total zero-valent S° near the oxic—anoxic inter-
face. They hypothesized that disproportionation of
elemental sulfur and thiosulfate could play an important
role near the oxic-anoxic interface in supporting dark
carbon fixation of chemoautotrophic bacteria. In the
present study, we tested this hypothesis by investigating
the sulfur cycle from the perspective of stable isotope com-
positions of sulfate and sulfide in the water column. We fo-
cused specifically on sulfur chemistry near the oxic—anoxic
interface where chemoautotrophic production intensifies,
and sulfur-intermediate disproportionation is suggested to
be significant (Taylor et al., 2001; Ho et al., 2004; Li
et al., 2008). In addition, we examined temporal variability
in the sulfur isotope signal, related to the physical forcing of
oxygen intrusions associated with basin-scale water mass
circulation.

We also present data from an emerging sulfur isotope
technique that involves analysis of **S/*?S and *°S/*’S
isotope ratios in addition to the more conventional **S/**S
ratios. These data shed further light on the relative fraction-
ation imprints of SR, disproportionation of sulfur intermedi-
ates, and sulfide oxidation metabolisms. Variations among
38/32S and 3°S/*’S ratios can provide information that is
independent but complementary to that obtained from typi-
cal >*S/32S measurements (Farquhar et al., 2003, 2007, 2008;
Johnston et al., 2005, 2007; Ono et al., 2006; Zerkle et al.,
2009, 2010).

2. MATERIALS AND METHODS
2.1. Field sites

The Cariaco Basin is a deep, relatively isolated basin
located on the continental shelf of northeastern Venezuela
(Fig. 1). Station A (10°30" N 64°40’ W) was sampled on 30
November 2007 (non-upwelling) and 20 May 2008 (upwell-
ing) aboard the R/V Hermano Ginés. Water samples were
collected in 8-L Teflon-lined Niskin bottles deployed on a
Seabird rosette system equipped with a CTD, a YSI oxygen
probe, a SeaTec c-beam transmissometer (660 nm), and a
Chelsea profiling fluorometer for chlorophyll-a. The Niskin
bottles were pressurized slightly with N, during subsampling
to preclude chemical oxidation. Peaks in the transmissometer
beam attenuation, which were found to be reliable proxies
for bacterial maxima near the oxic-anoxic interface, were
used to target the interface.
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Fig. 1. Map of the Cariaco Basin with the Cariaco time series station indicated (circle). Isobaths are in meters. Arrows indicate pathways for

water intrusion from the Caribbean Sea.

2.2. Methods

2.2.1. Oxygen and sulfur species analysis

Detailed methods for measurement of oxygen, sulfide,
and sulfur intermediates species have been reported in Li
et al. (2008). Briefly, oxygen was measured in situ with an
oxygen probe attached to the CTD and confirmed by
Winkler titration. Dissolved sulfide was measured by the
methylene blue method (Cline, 1969). Thiosulfate and
sulfite were analyzed with the method of Vairavamurthy
and Mopper (1990) as modified by Hayes et al. (2006).
Total zero-valent sulfur was analyzed with UV-vis by
HPLC (Li et al., 2008). Sulfate concentrations were mea-
sured from aliquots of samples collected for sulfur iso-
tope analysis on an Agilent 7400 Quadrupole ICP-MS
system using Xe as the collision cell gas at the University
of California, Riverside (UCR). Replicate analyses of
SO4-S concentration agreed within 5% at the 100 ppb
range.

2.2.2. Sulfur isotope measurement

Samples for isotope analysis were collected during both
cruises and analyzed by two methods (continuous flow for
the November 2007 cruise and a dual-inlet approach for
the May 2008 cruise). We first describe sampling technique
and then the specific analysis methodologies for each cruise.
Inter-calibration between labs for the §°*S isotope compo-
sition shows strong agreement within analytical error
(0.2%,; data not shown).

2.2.2.1. Sample collection. Ten ml of seawater were collected
from discrete depths in the water column for sulfate-S
isotope analysis. Exposure of dissolved sulfide to atmo-
spheric oxygen was minimized by sampling water column
splits with a 10 ml Hamilton Gas-Tight glass syringe (Li
et al., 2008). The sample was immediately injected into a
glass serum vial containing 0.55 ml buffered formalin (final
conc. 2%) and 1.25ml 0.05M zinc acetate (final conc.
5 mM) and stored frozen until analysis. Zinc acetate-fixed
water samples were filtered with a 0.2 pm membrane filter
to remove sulfides precipitated as ZnS. The sulfate in the
filtrate was then precipitated with 4 ml 25% (w/v) BaCl,.
Ten ml of 4 M HCI were used to rinse the filter for 30 s
to remove any co-precipitated BaCOs.

Large volumes of water (1-10 L) were collected in collaps-
ible LDPE cubitainers for sulfide isotopic analysis. Each con-
tainer was allowed to overflow at least half of the volume
before 8§ ml 0.05 M zinc acetate was added. Care was taken
to mix the zinc solution throughout the cubitainer to ensure
quantitative precipitation of dissolved sulfide as ZnS. Sam-
ples were shaken and left for one day to form a coarse ZnS
precipitate at the bottom of the vessel before filtration with
0.45 um HA Millipore filters in the lab at Estacion de Inves-
tigaciones Marinas de Margarita (EDIMAR). The filters
were frozen immediately and stored at —20 °C until analysis.

Sulfur distillations were performed at UCR. Filters were
first acidified with 6 N HCI under N,, and the released sul-
fide was precipitated in traps containing 30 ml aqueous
silver nitrate (3% w/v) with 10% NH4OH. Precipitated
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Ag,S was collected by filtration on a 0.45 pm nitrocellulose
filter. Sulfide precipitation also collects metal monosulfides
present in the water column, and these will dissolve during
our acidification step. Independent measurements confirm
that concentrations of metal monosulfide in the water col-
umn are at least three orders of magnitude lower than those
of dissolved sulfide (Li et al., 2010). Furthermore, the small
fractionation (—0.5%, to 1.2%,) observed during metal
monosulfide formation (Bottcher et al., 1998) suggests min-
imal isotopic separation between these reduced sulfur
pools. As such, sulfur liberated during acidification is
herein referred to as dissolved sulfide.

2.2.2.2. Sulfate and sulfide isotopes ( November 2007 ). Pre-
cipitates of sulfate (BaSO,4) and sulfide (Ag,S) were dried
at room temperature, homogenized, and weighed with ex-
cess V,0s in tin capsules for continuous flow **S/*S isoto-
pic analysis. Sulfur isotope ratios of samples were
determined using a Thermo Finnigan Delta V Advantage
stable isotope ratio mass spectrometer coupled with a
Costech ECS elemental analyzer for online sample combus-
tion and analysis at UCR. The sulfur isotope results are ex-
pressed in 9, relative to Vienna Canyon Diablo Troilite
(VCDT) using the standard § notation:

34 S 32 S
634 Ssample _ /32 sample
3#S /7" Syepr

Sulfate isotope measurements were normalized to interna-
tional standards NBS-127 (+21.19,), IAEA SO-5
(+0.49%,), and SO-6 (—34.05%,). Sulfide isotopes were cal-
ibrated against TAEA S1 (—0.3%,), S2 (+22.659%,), and S3
(—32.5%,). Reproducibility of standard reference materials
and replicate sample analyses were better than +0.29.

- 1} x 1000 (4)

2.2.2.3. Multiple sulfur isotopes for sulfate and sulfide ( May
2008). For samples collected in May 2008, 3°S/3%S, 345/32S,
and *°S/*’S ratios were determined at University of Mary-
land (UM). For sulfide sample processing, a similar approach
as described above was used to convert ZnS to Ag,S. For
sulfate isotope analysis, BaSO,4 was chemically reduced to
H,S using a reducing solution (125 ml concentrated HI,
205 ml concentrated HCI, and 61 ml concentrated H3;PO,)
heated to boiling under a N, atmosphere for 3 h (Forrest
and Newman, 1977). The evolved sulfide was sparged with
nitrogen and captured as ZnS using a zinc acetate trapping
solution. The ZnS precipitates were converted to Ag,S by
addition of 1 M AgNOj; and rinsed with 250 ml MilliQ water
and 50 ml concentrated NH,OH.

Details of the sulfur isotope fluorination methods have
been described previously (Farquhar et al., 2008; Zerkle
et al., 2009). Briefly, a 1-3 mg Ag,S sample (for S in sulfate
and sulfide) were wrapped in aluminum foil and pumped un-
der vacuum (107 torr) in a Ni reaction vessel. A ten-times
excess of pure F, was added at 250 °C for 8 h to produce
sulfur hexafluoride (SF¢). The fluorinated gas mixture was
purified cryogenically (distilled at —110 °C) and by TCD
gas chromatography (on a 12’ molecular sieve 5 A/ Haysep
Q column). SFs gas was measured as SF;* (m/e of 127,
128, 129, 131 for 32SF,*, ¥SF,*, 3SF.*, and *SF.*) on a
Thermo Finnigan MAT 253 gas source mass spectrometer.

As for the November 2007 cruise, we report 349/328 data
using standard delta notation (3) relative to VCDT for this
cruise. The less abundant sulfur isotopes (**S/*’S and
363/328) are reported using the capital delta notation (A),
where

e 32 a2 0.515
A33S: < S/ Ssample> o < S/ Ssample) % 1000

B8/Syeor)  \MS/Sveor
(5)
[ /36q 2 3 /2 190
A}ss _ S/3zssamplc _ S/3zssamp]c % 1000
36S/ SVCDT 348/ SVCDT
(6)

The exponents in these relationships (0.515 and 1.90) define
the reference fractionation line (RFL) and approximate
single-step thermodynamic equilibrium isotope exchange
effects (Hulston and Thode, 1965). An estimate of the
uncertainties is provided by the current long-term repro-
ducibility for fluorinations and isotopic analyses of refer-
ence materials in the UM lab (past 2 years), which are
(26) 0.28, 0.016, and 0.4%, for 83*S, A*>S, and A™°S, respec-
tively. Measurements of TAEA S1 at UM presently yield
%S = —0.30%,, A¥S =+0.0944%, and A*S=0.69%,.
Measurements of 5**S for IAEA S2 and S3 undertaken at
UM are reported in Ono et al. (2006) as 22.31%, and
—32.519,,, respectively (note these are direct measurements
and no scale compression corrections were applied).

3. RESULTS
3.1. Oxygen and sulfur compounds

Water column oxygen concentration decreased abruptly
to below the detection limit (2 uM) at 230 and 260 m for
November 2007 and May 2008, respectively. The concen-
tration of H,S increased below 260 m (November 2007)
and 270 m (May 2008), reaching nearly 63 uM at 1300 m
(Fig. 2A and C). During the November 2007 cruise, a com-
paratively narrow peak for total zero-valent S° was found
near the oxic-anoxic interface, with a maximum of
1.45 uM at a depth of 260 m (Fig. 2B). A broader yet smal-
ler peak for total S° was observed in May 2008 (Fig. 2D).
Thiosulfate and sulfite concentrations were only slightly
above their detection limits (0.3 and 0.1 uM, respectively)
at all depths. Compared to seawater (SO,4/Cl = 0.14; g/g),
sulfate concentration normalized to chloride in the Cariaco
water column was constant within the precision of the
method (Fig. 3).

3.2. Sulfur isotope composition of sulfide and sulfate

The sulfur isotope composition of dissolved sulfide in
the Cariaco water column varied from -—29.9%, to
—32.6%, and from —28.9%, to —32.8Y%, for November
2007 and May 2008, respectively (Table 1 and Fig. 4). In
the vertical distribution of 5*Sy,s, **S enrichments are de-
tected in the uppermost and lowest parts of the anoxic
water column on both cruises. **S enrichment in sulfide
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Fig. 3. Water-column profile of sulfate normalized to chloride in
November 2007. Error bars reflecting +5% analytical uncertainty
are included. The vertical line delineates the normal seawater SO,/
Cl ratio of 0.14 (g/g). The chemocline is marked by horizontal
dashed line.

from the upper anoxic zone was seen in Cariaco samples as
deep as 400 m (sulfide concentration 19 pmol/L), which is
coincident with the maximum depth at which chemoauto-
trophic CO, fixation was consistently detected (Taylor

et al., 2001, 2006). This pattern has also been observed in
the Black Sea (Sweeney and Kaplan, 1980; Fry et al.,
1991; Neretin et al., 2003).

8%Ss0, ranged from 21.0%, to 21.3%, (average 21.1%,) in
November 2007 and from 21.2%, to 21.79%, (average 21.4%,)
in May 2008 (Table 2 and Fig. 5). Similar variations near
the oxic—anoxic interface were observed during January
2005 and May 2005 (Table 2; Percy, 2006). The extent of
variation in 8*Sso, value was only slightly greater than
analytical precision (40.2%,); an isotopic minimum was ob-
served repeatedly near the oxic—anoxic interface during all
four cruises, suggestive of a real and persistent environmen-
tal pattern.

We complemented the May 2008 §**S data set with mul-
tiple sulfur isotope measurements (A**S and A*®S) in an
attempt to elucidate the effects of sulfide oxidation and sul-
fur-intermediate disproportionation (Fig. 6). We observed
343 sulfide enrichments near the oxic-anoxic interface and
relatively constant values with greater depth, similar to
the water column patterns observed during November
2007 (Fig. 4). A minimum A¥Sgo, was detected at 280 m
(0.027%,), while the A>3S of sulfate did not change signifi-
cantly elsewhere in the oxic and anoxic water column, vary-
ing from 0.034%, to 0.048%,. The A*3S of sulfide was lowest
near the oxic-anoxic interface, increasing from 0.123 to
0.155%, at depth. The A%*®S was more negative for sulfide
than for sulfate. No depth-dependent variation of A°S
was observed for sulfide or sulfate outside the estimates
of analytical uncertainty.
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Table 1

Sulfide concentration and sulfide isotope composition in the Cariaco water column in November 2007 and May 2008.

Cruise time Depth (m) Sulfide (pmol/L) 3**Sh,s (%) A*3Sp,s (%) ASp,s (%)
November-07 260 0.9 —31.1

November-07 265 2.2 -29.9

November-07 270 4.1 -30.8

November-07 280 4.1 —30.8

November-07 290 5.4 —31.1

November-07 400 19.0 -31.3

November-07 500 29.0 -32.6

November-07 900 55.6 —32.5

November-07 1300 64.2 —-324

May-08 290 3.7 -28.9 0.123 —1.207
May-08 320 8.6 -31.1 0.143 —1.058
May-08 400 19.6 —-32.3 0.156 —1.258
May-08 500 34.1 —32.8 0.155 —1.407
May-08 900 56.8 —32.4 0.146 —1.420
May-08 1300 62.2 —-32.2 0.147 —1.369

8348st (%o0)
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200|||||||||||||||||||||||||||||
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Fig. 4. The vertical distribution of §>*S (dissolved H,S; VCDT) in
the Cariaco water column during November 2007 and May 2008.
Plotted together are 1986 data collected from the Cariaco station
reported by Fry et al. (1991). Note that the Fry data were reported
using CDT scale rather than VCDT.

4. DISCUSSION
4.1. Sulfate §*S

The mean §*Sso, (21.2%,) in the Cariaco Basin is similar
to isotopic values of sulfate found in coastal waters and the
modern open ocean (Hoefs, 2004), and the observed varia-
tion only slightly exceeded the precision of the method. This
relationship reflects the very small fraction of sulfate con-
verted to sulfide relative to renewal rates. For the observed
sulfate concentration of 28 mM, a change of 63“5504 values
by 0.1%, over the whole Cariaco water column would
require addition or removal of 63 pmol/L sulfide given
the 549, isotope offset between sulfide and sulfate. Mea-
surements of sulfate concentration in the water column
were not sensitive enough to show a change with depth

(Fig. 3). Even so, we consistently observed small excursions
in the sulfate-S isotope composition near the oxic—anoxic
interface (Fig. 5), suggesting (re)addition of *>S during
sulfide oxidation. Throughout the water column, the slight
increase of &>*S for sulfate with water depth (especially in
May 2008, 0.49,, increase) is consistent with SR in the
water, during which preferential reduction of the lighter
sulfate produces a >*S-enriched sulfate residue in the deep
anoxic water. This detectable 3Sgo, increase with depth
may imply a small preferential sink for **S associated with
settling of sulfide minerals from the water column, consis-
tent with syngenetic pyrite formation in the water column
(Lyons et al., 2003; Li et al., 2010).

4.2. Temporal shift in Sy, s

84S values for dissolved sulfide in the upper water col-
umn varied with time in contrast to invariant values in
the deep anoxic water (below 500 m). 8**Sg,s near the
oxic—anoxic interface was 19, heavier in May 2008 than
in November 2007 (Fig. 4). This difference is likely associ-
ated with an oxygen intrusion event observed in May
2008 (Figs. 2C and D, 7 and 8). The temperature-salinity
diagram indicates that the water mass during our May
2008 cruise was different than that present in April 2008
and returned to approximately its original state in June
2008, probably due to lateral mixing of water within the
basin (Fig. 7). We detected free sulfide (based on the Cline,
1969 method) from 260 to 290 m water depth when the sta-
tion was first sampled. However, we did not observe ZnS
precipitation in our samples between 260 and 290 m col-
lected 12 h later (confirmed by acid distillation), implying
that most of the sulfide above 290 m had been scavenged
by intruding oxygenated water within ~12 h. Unfortu-
nately, the transient nature of the intrusion event precluded
the collection of a second sulfide profile to verify this
suggestion.

There is considerable evidence for periodic ventilation of
Cariaco Basin deep water. For example, Holmen and
Rooth (1990) argued convincingly based on tritium data
that relatively young water must reach the deep waters of



6770 X. Li et al./ Geochimica et Cosmochimica Acta 74 (2010) 6764-6778

Table 2
Sulfate isotope composition in the Cariaco water column.
January-05 May-05
Depth (m) 8850, (%o) Stdev (%,) Depth (m) 8%Ss0, (%) Stdev (%,)
200 21.2 0.0 201 21.2 0.0
220 21.1 N.D. 220 21.2 0.1
235 21.1 0.0 236 21.2 0.0
250 21.1 0.0 250 21.3 0.0
260 21.1 0.1 260 21.2 0.0
270 21.2 0.1 270 21.2 0.1
280 21.2 0.0 280 21.1 0.1
290 21.2 0.1 291 21.2 N.D.
300 21.2 0.0 301 21.2 0.1
310 21.1 0.0 310 21.3 0.0
340 21.2 0.1 340 21.3 0.0
400 21.2 N.D. 401 21.3 0.0
39,387.0 39,569.0
Depth (m) 8Ss0, (%o) Stdev (%,) Depth (m) 5Ss0, (%)
30 21.0 0.0 100 21.4 N.D.
100 21.1 0.1 270 21.3 N.D.
150 21.0 0.1 280 21.2 N.D.
205 21.1 N.D. 290 21.3 N.D.
220 21.1 0.1 300 21.4 N.D.
230 21.0 0.0 900 21.7 N.D.
240 21.1 0.1
250 21.1 0.1
260 21.1 0.1
270 21.0 0.0
285 21.1 0.1
300 21.0 0.0
335 21.1 0.0
355 21.1 N.D.
400 21.0 0.0
500 21.3 0.1
900 21.2 0.0
1300 21.2 N.D.
8%4Ss04 (%o)
208 212 216 208 212 216 208 212 216 208 212 216 220
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Fig. 5. Vertical distribution of 8**S for water column sulfate in November 2007 and May 2008 (this study) and January 2005 and May 2005
(Percy, 2006). Note the small scale changes across the oxic-anoxic interface (horizontal dashed line). Although the variability in the sulfate
isotope data approaches analytical resolution (4-0.2%,), the consistent pattern of an isotopic minimum near the oxic-anoxic interface suggests
active sulfur cycling.

the basin on a decadal time scale. They proposed two dis- nating along the Venezuela coast sinking to the bottom,
tinct sources: a high-salinity but low-volume source, origi- and a larger source from water injected at the sills,
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Fig. 6. Water profiles for A**S and A*S for sulfide and sulfate with depth in May 2008. The oxic-anoxic interface was located at about 270 m
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Fig. 7. Temperature—Salinity diagram during May 2008. Also included for comparison are T-S data from April 2008 and June 2008.

providing water that sinks to mid-water depths. Since 1995, of the anoxic water column (Scranton et al., 2001). Ventila-
repeated observations of small maxima in dissolved oxygen tion events occurring in 1997 and 1998 were associated with
near the oxic-anoxic interface have suggested the occur- eddies near the shelf in the southeastern Caribbean Sea. It

rence of intrusions of oxygenated water into the upper part was hypothesized that these eddies would transport colder
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Fig. 8. Minima for microbial activity and CH,, dissolved Fe?", and Mn?" concentrations near the interface support the idea that relatively
large volumes of oxygenated water were recently intruded to depths of at least 300 m over a short period of time. Dashed lines mark the zone

that is mostly like to be influenced by oxygen intrusion.

and denser Caribbean Sea water into the basin, which sub-
sequently sinks and spreads along isopycnals (Astor et al.,
2003). The most **S-enriched sulfide isotope composition
in May 2008 was observed at the same depth as the sulfide
minimum (Fig. 2C), consistent with isotopic fractionation
during oxidation processes. Sulfide oxidation is also sug-
gested by an increase in total zero-valent sulfur concentra-
tion (Fig. 2D) and minima for chemoautotrophic
production, dissolved Fe?t, Mn?", and methane (Fig. 8).

Our deep-water values for 8**Sy,s were 1.4%, lighter
than those reported by Fry et al. (1991). This difference sug-
gests temporal variation in the Cariaco Basin from 1986 to
2007/8. Over this period, sulfide concentration varied from
about 47 pmol/L in 1982 (Hastings and Emerson, 1988) to
75 umol/L (Scranton et al., 2001) in 1995, 35 pmol/L in
1999 (Scranton et al., 2001), and 63 umol/L in 2008 (this
study). A portion of the isotope difference between our
study and Fry et al. (1991) may also be due to a shift in
the preferred standardization of stable sulfur isotope ratios
(Coplen and Krouse, 1998; Ding et al., 2001) from CDT
(used in Fry et al., 1991) to VCDT (used here). Differences
stemming from use of the two approaches can be as large as
0.7%, (Sweeney and Kaplan, 1980; Bottcher et al., 1997),
and the inhomogeneity of the CDT material itself can be
as much as 0.49, (Coplen and Krouse, 1998). As a result,
the estimated uncertainty between these two standards
could be as large as 1.19,.

4.3. Relative enrichment of 3*S in sulfide near the oxic—
anoxic interface

Our sulfide isotope data consistently show an increase in
84S values near the oxic-anoxic interface (Fig. 4). A similar

trend has been observed near the Black Sea interface, where
sulfide is enriched in 3*S by 3-8Y%, compared to dissolved
sulfide in the deeper anoxic water (Fry et al., 1991; Neretin
et al., 2003). This trend in both basins is presumably related
to either the production (from SR) or the consumption
(oxidation) of sulfide. We explore these possibilities below.

Sulfur isotope fractionations associated with SR may be
smaller near the interface compared to deeper waters if
there is, for instance, a difference in the quality of organic
matter, the pathway by which SRP metabolize sulfur in dif-
ferent parts of the water column, or a difference in the com-
munity structure of SRP as a function of depth (Detmers
et al., 2001). An inverse relationship between sulfate reduc-
tion rate (SRR) and isotope fractionation has been
observed within bacterial cultures and in natural popula-
tions of sulfate reducing bacteria (Kaplan and Rittenberg,
1964; Canfield, 2001; Aharon and Fu, 2003). Differences
in rates and fractionations have also been observed as a
consequence of differences in organic substrate quantity
and/or quality, with more abundant or more labile organic
matter associated with higher SRR and smaller 3>*S fracti-
onations (Canfield, 2001; Detmers et al., 2001). Carbon
fixation by chemoautotrophic bacteria is higher near the
oxic—anoxic interface (Taylor et al., 2001), and the resulting
compounds could be used as organic substrates by SRP,
perhaps enhancing reduction rates and resulting in smaller
fractionations associated with SR. This speculation is con-
sistent with what has been found in the Black Sea water col-
umn where direct measurements using the radiotracer
technique found higher SRR near the interface relative to
the deeper waters (Albert et al., 1995). We do not have data
to delineate changes in the structure of the community of
SRP with depth, but such population changes, if present,
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could also contribute to smaller fractionations associated
with sulfide production near the interface.

Another way to explain greater **S enrichment in sulfide
near the interface is sulfide loss via oxidation. There are sev-
eral different pathways for sulfide oxidation, and the direc-
tion and magnitude of the associated isotope effect depend
on which pathway(s) prevail(s). Fry et al. (1988) and Zerkle
et al. (2009) reported isotope fractionations from 0 to +39,
for the oxidation of H,S to S° by anoxygenic phototrophic
sulfur oxidizing organisms. Oxidation with this fraction-
ation would yield sulfide that is depleted in **S rather than
the enrichments we observed at the Cariaco interface. Fur-
thermore, phototrophic oxidation is not expected here be-
cause light levels are extremely low (Taylor et al., 2001).
Other oxidation pathways, however, could produce the
38 enrichments seen at the Cariaco oxic-anoxic interface.
These possibilities include chemical (abiotic) and chemoau-
totrophic sulfide oxidation, as discussed above.

We can evaluate these two possibilities (i.e., smaller frac-
tionation during SR vs. sulfide oxidation) for **S enrich-
ment in sulfide near the interface using reasoning similar
to that presented by Fry et al. (1991) and Mariotti et al.
(1981). Fry et al. (1991) explored the possibility of mixing
of two sources: a small standing pool of sulfide with isotope
value of 8°*S; and sulfide added at each depth with isotopic
value of 8°*S,. The mass balance relationship follows:
834SD * Cp = 834SIC] + 834SA * (CD — C]) (7)
where ¢ and 8 are the concentration and isotope compo-
sition of sulfide, the subscript D refers to the sulfide at a gi-
ven depth, I refers to sulfide present near the oxic-anoxic
interface, and A denotes sulfide added at each depth. Rear-
ranging this equation gives the linear relationship (Fig. 9A):

3¥Sp = (88, — 8*S,4) x cr/cp + 87S, (8)

The second approach, described by Mariotti et al.
(1981), evaluates the possibility that the relationship
between §*Sy,5 and concentration can be described by a
Rayleigh process with constant fractionation:

8 — 8o =10 % (x — 1) * Inf 9)

where J, is the 8>*S value of the residual fraction (f) of H»S,
and Jy is the 8°*S value of the original H,S. Rayleigh frac-
tionation does not strictly apply to the water column of the
Cariaco Basin since it is not a closed system. However, this
approach provides a minimum estimate of the fractionation
factor and serves as an end-member for comparison with
the results derived from the Black Sea (Fry et al., 1991).
The fractionation factor, ¢, is given by 10 % (« — 1). Using
this approach, the ¢ value during sulfide oxidation near the
interface in November 2007 is —0.69%, (excluding the
260 m data, since the 3*Sy,s value at this depth is off
the **S enrichment trend) and —1.15%, in May 2008
(Fig. 9B). This result is similar to fractionation near the inter-
face of the Black Sea, where ¢ = —1.6%, (Fryetal., 1991). Itis
also similar to an experimental value measured for chemical
and chemoautotrophic sulfide oxidation (Fry et al., 1988).
Because SRR have not been measured directly in the Cariaco
water column, it is difficult to unravel the specific role of
SR-dependent fractionation effects near the interface of the
water column. However, maxima of sulfur intermediates,
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Fig. 9. Modeling of 3*Sy,s based on (A) mixing with sulfide
produced at the interface and sulfide produced in the deep anoxic
water and (B) isotopic fractionation during sulfide oxidation.

indicative of sulfide oxidation, are always observed near
the Cariaco oxic-anoxic interface (Hayes et al., 2006; Li
et al., 2008; Percy et al., 2008; Fig. 2, herein). We therefore
favor an explanation that attributes the change in **S/*>S
of sulfide in the upper parts of the water column to sulfide
oxidation via chemical or chemoautotrophic pathways.

4.4. Variation of Sy, in the deep water

A slight 3*S enrichment in dissolved sulfide was also ob-
served at the bottom water column (900 and 1300 m,
Fig. 4). The sulfide at 500 m (8**Sy,s = —33Y%,) is isotopically
lighter than Cariaco surface sediments (8**Sy,s = —29%,,
Werne et al., 2003). A mixture of sulfide produced within
the anoxic water column and that produced in the sediment
may explain bottom-water H,S of intermediate isotopic val-
ues (834SH25 = —32%0).

There is only indirect information on organic matter
decomposition by SR in the water column of the Cariaco
Basin. Fanning and Pilson (1972) and Scranton et al.
(1987) argued that the sulfide profiles in the Cariaco water
column could be explained if SR only took place in the
sediment. Based on molybdate inhibition of acetate uptake,
Ho et al. (2004) suggested that SR was not a dominant
pathway for organic carbon decomposition in the Cariaco
water column near the interface. However, other studies
have posited SR in the water column. For example,
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Hastings and Emerson (1988) argued for SR on the basis of
alkalinity and total inorganic carbon measurements. Lin
et al. (2006) identified an enrichment of sulfate-reducing
proteobacterial cells (SRB385 positive) near the oxic/anoxic
interface. Based on both the concentration profiles of
sulfide reported here, which do not show a simple mono-
tonic increase with depth, and by the minimum in &*Sy,s
in the middle of the water column (500 m, Fig. 4), we argue
that SR is occurring in the Cariaco water column.

Because the rate of SR in the Cariaco water column and
in the sediment has never been determined directly using the
38 radiotracer technique, we estimated a plausible upper
limit for these rates based on the particulate organic carbon
(POC) flux measured at the same station. Sediment trap
data show a sharp decrease in POC flux from 410 to
1210 m (Thunell et al., 2000). The most likely pathway
for organic matter remineralization between these depths
is through SR, since other oxidants that can yield energy
more efficiently have already been depleted. In the Black
Sea, the integrated rates of SR obtained using radiotracer
techniques and those estimated from particulate carbon flux
are in reasonable agreement (Albert et al., 1995).

Thus, we can estimate the amount of sulfate that is re-
duced for a given POC flux loss based on the following
reaction stoichiometry (Froelich et al., 1979):

(CH20) 5 (NH3),5(H;PO4) + 5380,
= 106HCO,~ + 53H,S + 16NH; + H;PO, (10)

This equation yields a C:S ratio of 2:1. Using the sediment
trap data from 1995 to 2006 between 410 and 1210 m
(http://www.imars.usf.edu/CAR), the mean decrease in car-
bon flux is 2.4 + 2.4 mmol Cm 2d™~! (n=199), and there-
fore an upper limit on the mean areal rate for SR is
1.2 4+ 1.2 mmol S m~2 d~!. If we assume that the SRR from
410 to 1210 m is constant, the volumetric SRR would be
1.6 + 1.5nmol L™! d~'. Dohahue et al. (2008) estimated
the SRR in the Cariaco sediment to be 100-1000 nmol
L' d~!. Therefore, the SRR in the deep anoxic water col-
umn (well below the interface) is 2-3 orders of magnitude
lower than that of the sediment. This result is consistent with

the scenario described in the Black Sea, with a narrow band
of intense SR near the oxic-anoxic interface, a constant and
low rate in the deep anoxic waters, and a sub-maximum at the
sediment-water interface (Albert et al., 1995). SRR in the
Black Sea surface sediments was also one to three orders of
magnitude higher than the rates in the deep anoxic water col-
umn (Albert et al., 1995; Weber et al., 2001). Therefore, con-
sistent with the inverse relationship between SRR and
isotope fractionation during SR (Canfield, 2001), the mid-
depth minimum of 8**Sy,s in Cariaco water column is likely
areflection of SRR lower than those at the oxic-anoxic inter-
face in the water column and at the sediment-water interface.

4.5. Evaluating SR and disproportionation in the deep water

The sulfur isotope offset between dissolved sulfide and
sulfate in the deep Cariaco anoxic water column is large
(—549%,) and comparable to fractionations seen in many
other euxinic basins (Table 3). For the Black Sea water col-
umn (8%Sy,s so, = —62%,), Sweeney and Kaplan (1980) ar-
gued that isotopic fractionation resulting from biological
SR controlled the 5**S of dissolved sulfide, while Neretin
et al. (2003) attributed the large fractionation to a combina-
tion of SR and biological disproportionation of sulfur
intermediates. Neretin et al. (2003) argued that either sulfur
intermediates formed near the interface were transported to
the deep water where they undergo disproportionation or
that sulfur intermediates were formed in situ by oxygen
intrusion to the deep anoxic water. The role of dispropor-
tionation was demonstrated for the Mariager Fjord
(8%Sh,s s0, = —42%,) using a combination of incubations
and in situ measurements (Sorensen and Canfield, 2004).
Based on modeling of 8**S and A**S values in Fayetteville
Green Lake (8%Sy,s s0, = —58%,), Zerkle et al. (2010) con-
cluded that the large fractionations were a consequence of
sulfur-intermediate disproportionation in addition to large
fractionations during SR. In Framvaren Fjord, on the other
hand, Mandernack et al. (2003) argued that large fractiona-
tions (8**Su,s.s0, = —42%,) reflected slow SRR and low
quality organic matter. Other researchers have highlighted
the problems associated with anaerobic sulfide oxidation

Table 3

Sulfur isotope measurements in euxinic water bodies.

Site Sulfide sulfur isotopes Sulfate sulfur isotopes Reference

Black Sea —38%, to —40%, (1) N.D. Neretin et al. (2003)
—35%, to —409%, (1) N.D. Fry et al. (1991)

—38.79%, to —40.9%, (1)

230.2%, to —32.5%, (1)
Average —31.2%, (3)*

—339%, to —10%, (2)
—14%, to —22%.° (4)

Cariaco Basin

Framvaren Fjord
Mariager Fjord
Orca Basin
—7.3%, to —22.2%.° (2)
—24.19, to —31.0%, (2)

Lake Cadagno
Fayetteville Green Lake, NY

18.2%, to 20.2%, (2)
21.0%, to 21.7%, (4)

Sweeney and Kaplan (1980)

This study
Fry et al. (1991)

Mandernack et al. (2003)
Sorensen and Canfield (2004)
Sheu et al. (1988)

Canfield et al. (2010)

Zerkle et al. (2010)

20.1%, to 42.5%, (2)
20.5 4 0.2%, (3)
19.3%, (3)

13.1%, to 26.7%.° (2)
21.9%, to 31.4%, (2)

1, decrease with depth; 2, increase with depth; 3, constant; 4, irrespective of depth.

4 Below 400 m.
® The range shows annual cycle instead of change with depth.
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and bacterial disproportionation of resulting sulfur inter-
mediates under hypersulfidic conditions (Wortmann et al.,
2001; Werne et al., 2003; Brunner and Bernasconi, 2005).
These studies suggest that the role of sulfur-intermediate
disproportionation in environmental settings is variable
and likely depends on a number of factors, including sulfide
concentrations and the availability of sulfur intermediates.

It is possible for SR alone to produce large isotope
fractionations without invoking additional oxidative sulfur
cycling. Brunner and Bernasconi (2005) expanded upon
existing models for the SR metabolism (Rees, 1973) using
larger fractionation factors for steps in the reduction of
sulfite to sulfide and through incorporation of additional
steps involving other sulfur intermediates during the reduc-
tion of sulfite to sulfide. This revised model allowed larger
maximum sulfur isotope fractionation by SRP (up to
~70%,), and support for this model comes from recent incu-
bations with natural populations of sulfate reducers
(Canfield et al., 2010).

One constraint is provided by considering the limits
(fractionation of sulfide relative to sulfate expressed in
3%S vs. A*S) allowed by metabolic models of SR
(Farquhar et al., 2003, 2008; Johnston et al., 2005). We
compare our multiple S isotope measurements with experi-
mental data for pure culture and natural population studies
of SRP (Fig. 10). Below 320 m in the Cariaco Basin, A*’S
values fall within the range observed for sulfate reducers
in pure culture and natural environmental samples. How-
ever, for similar A*3S, larger 8°*S fractionations were ob-
served in the Cariaco Basin, which may reflect the relative
deficiency of the natural substrate used as an electron donor
compared to the transport of sulfate into and out of the cell
(Canfield, 2001).

The minor isotope fractionation factor (**) offers an
additional constraint on the isotopic offset between sulfate
and sulfide in the Cariaco water column. We have used cur-

et
N
L

rent convention (Farquhar et al., 2003, 2008; Johnston
et al., 2005) to describe the relationship between fractiona-
tions for *3S/°%S and **S/*’S using the exponent **X in the
deeper parts of the water column. Using an approach as de-
scribed in Eq. (9) (Fry et al., 1991; Farquhar et al., 2003)
yields **A values of 0.5127 + 0.0002 for the fractionation
between sulfate and sulfide in the deep water (from 320 to
1300 m). The experimental range in **L observed in pure
cultures of SRP varies from 0.5077 to 0.5125, and from
0.5145 to 0.5187 for disproportionation of elemental sulfur
and sulfite (Johnston et al., 2005, 2007). The 3y exponent
of 0.5127 calculated from multi-sulfur isotope measure-
ments of coeval sulfate and sulfide in the anoxic deep waters
of the Cariaco Basin is at the upper range observed for SR.
Although such a **A value remains to be demonstrated in
experiments with pure cultures and natural populations of
SRP, the collective data point to disproportionation as
being unimportant in the anoxic deep water column (below
400 m) of the Cariaco Basin. Therefore, we suggest that low
SRR is the main factor influencing the large fractionations
between sulfate and sulfide in the deep water column.

4.6. Sulfur-intermediate disproportionation near the oxic—
anoxic interface

A pronounced peak in the rate of dark CO, fixation in
the Cariaco Basin has been observed repeatedly near the
oxic—anoxic interface of the water column (Tuttle and
Jannasch, 1979; Taylor et al., 2001). However, the presence
of a large chemoautotrophic community is hard to explain,
since vertical fluxes of reductants (H,S, NH,*, Fe?™, Mn”)
and oxidants (O,, MnO,, Fe;03, NO, ™) can only support a
few percent of the measured chemoautotrophic production
at the Cariaco station (Taylor et al., 2001). Imbalance be-
tween chemoautotrophic production and calculated vertical
diffusive fluxes of reductants and oxidants has also been

(=]
N
T

e
-
o

005

Fractionation of sulfide relative to sulfate for A*S
o

-80 -70 -60 -50

-30 -20 -10 0 10

Fractionation of sulfide relative to sulfate [1000*(c*S-1)]

Fig. 10. Plot of the fractionation for A*S [1000 x (oS — **S%31%)] vs. fractionation for §**S [1000 * (¢**S — 1)] of sulfide normalized to
sulfate for dissimilatory sulfate reduction (modified from Farquhar et al., 2008). Crosses are from depths >300 m in the Cariaco Basin (this
study). Unfilled circles represent pure cultures of sulfate reducers from Farquhar et al. (2003) and Johnston et al. (2005, 2007). Unfilled
squares are natural populations of sulfate reducers from Farquhar et al. (2008). (The error bars are estimates for 2c uncertainty.)
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observed in other anoxic water bodies, such as the Black Sea
(Jorgensen et al., 1991; Murray et al., 1995), the Mariager
Fjord (Fenchel et al., 1995; Zopfi et al., 2001) and the Baltic
Sea (Jost et al., 2008). Efficient sulfur cycling, especially
through disproportionation of sulfur intermediates, has been
proposed to explain the high biological production in the
Cariaco (Taylor et al., 2001; Ho et al., 2004; Hayes et al.,
2006; Li et al., 2008). One of our original goals in this study
was to look for isotope signals from sulfur-intermediate dis-
proportionation near the interface. If this process contrib-
uted significantly to the 8**S and A3S signatures of sulfur
species near the interface, direct measurement of sulfur
isotope composition and modeling work should help
quantify its role. However, as argued above, disproportion-
ation of sulfur intermediates does not appear to be the dom-
inant process influencing sulfur isotope composition near the
oxic—anoxic interface in this system.

If not dominant, the question remains as to whether the
process of sulfur disproportionation is occurring near the
interface. We observed one very light value for §%Sy,s
(—31.19,, Fig. 4) at 260 m in November 2007, consistent
with an isotope effect associated with disproportionation.
The values of **A near the interface (290 m) from our anal-
ysis of samples collected in May 2008 are 0.506 + 0.002.
Although fractionations of the minor S isotopes during abi-
otic and chemoautotrophic sulfide oxidation have not been
measured directly, our value for ** is significantly lower
than that anticipated from sulfide oxidation alone
(Farquhar et al., 2003). Therefore, the value of 4 at the
interface is not easily reconciled with sulfide oxidation
acting as the sole control. While this discrepancy may imply
a role for disproportionation, validation awaits a larger and
higher resolution data set.

The detection of an isotopic signal tied to disproportion-
ation of sulfur intermediates can be complicated by a num-
ber of factors. Zerkle et al. (2009) examined the isotopic
consequence of including sulfide oxidation in an ecosys-
tem-scale, multi-sulfur isotope model. Also included in that
model are SR and sulfur-intermediate disproportionation.
This work suggested that during oxidation of sulfide com-
pounds, redistribution of sulfur mass down the oxidative
pathway (despite the small fractionation effect) diminishes
the larger 5>*S and A3S isotope signals from SR plus
sulfur-intermediate disproportionation, potentially mask-
ing the isotopic signal of disproportionation. Furthermore,
sulfur isotope effects during disproportionation are much
smaller when MnO, is present due to the superimposed
chemical reoxidation of the resulting H,S (Bottcher and
Thamdrup, 2001). Future studies employing fine-scale sam-
pling at the very top of the sulfide zone using multiple sulfur
isotope analysis of sulfide, sulfate, and even sulfur interme-
diate pools in the Cariaco Basin have the potential to fur-
ther distinguish the relative roles of sulfide oxidation, SR,
and disproportionation.

5. CONCLUSIONS

Small magnitude variations in 3*Ssq, values in the water
column were observed repeatedly in the Cariaco Basin. These
variations are broadly consistent with a reservoir effect asso-

ciated with sulfide production via SR and may be slightly lar-
ger than that allowed by the standing pool of dissolve sulfide
alone (e.g., they predict a sink for **S-depleted sulfur such as
iron sulfide that settles from the water column). Changes in
the isotopic composition and concentrations of dissolved
sulfate and sulfide appear to reflect temporal variability asso-
ciated with carbon supply and recirculation of oxygenated
water throughout the basin.

Sulfur isotope variations (5>*S) and concentration data
for the upper 400 m of the water column appear to be consis-
tent with fractionation related to sulfide loss tied to chemoau-
totrophic and/or chemical sulfide oxidation, but *3S/*?S
relationships (1) imply that additional processes have also
contributed to the observed isotopic variations. These pro-
cesses may reflect changes in the magnitude of the fraction-
ation associated with SR within the water column, perhaps
as a result of variation in the quantity and quality of organic
matter present and acting as electron donors. The sulfur
isotope (3**S and **A) and concentration data for the water
column below 500 m are consistent with a significant contri-
bution of sulfate reducers to the sulfur cycle, and we interpret
the large fractionations as solely controlled by the slow rates
for SR. The fractionations also appear to decrease toward the
sediment-water interface, suggesting a contribution of
sulfide from the sediment and/or a water column source that
is more 3*S-depleted. Although our isotope data cannot rule
out disproportionation of sulfur intermediate in the Cariaco
water column, they do point to a more important role played
by sulfide oxidation and SR.
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