
280

Limnol. Oceanogr., 51(1), 2006, 280–287
q 2006, by the American Society of Limnology and Oceanography, Inc.

Vertical distributions of thiosulfate and sulfite in the Cariaco Basin
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Abstract

Water column profiles of S2O and SO were obtained in January and May 2004 in the eastern portion of the22 22
3 3

Cariaco Basin (108309N 648409W). Mean concentrations in the chemocline (250 to 450 m) decreased from 2.3 6
1.1 mmol L21 S2O in January to 1.4 6 0.3 mmol L21 S2O in May and from 4.8 6 2.9 mmol L 21 SO in22 22 22

3 3 3

January to 2.7 6 0.7 mmol L21 SO in May. Integrated over this same depth interval, S2O was 459 mmol m2222 22
3 3

in January and 287 mmol m22 in May and SO was 799 mmol m22 in January and 574 mmol m22 in May. During22
3

this time, the integrated chemoautotrophic production in the chemocline decreased from 26 to 13 mmol C m22 d21.
The concurrent decreases in S2O and SO inventories and chemoautotrophic production are consistent with a22 22

3 3

decrease in the frequency or intensity of intrusion events. S2O and SO were present in the oxic portion of the22 22
3 3

water column, suggesting lateral transport from shallower areas containing H2S. Calculations suggest that sufficient
O2 and H2S can be supplied to the interface by advection and diffusion to form S2O in sufficient quantities to22

3

support the observed levels of chemoautotrophic production. However, apparently ,2% of the H2S needed to form
the observed amount of S2O can be produced from the degradation of organic carbon sinking through the interface22

3

at this site. This suggests either that the H2S or carbon flux must be supplied laterally, perhaps from shallower areas
(not yet sampled), or that chemoautotrophic production near the interface is overestimated.

The Cariaco Basin, located on the continental shelf of Ven-
ezuela, is the largest truly marine anoxic basin on earth. The
basin is made up of two 1,400-m-deep subbasins separated
by a saddle reaching 900 m and is connected to the southern
Caribbean Sea by two channels at the eastern and western
ends of the basin that reach depths of no more than ;140
m. The waters above sill depth interact with the open sea,
but vertical mixing below ;100 m is inhibited by the ge-
ometry of the basin and a strong pycnocline (Astor et al.
2003). Seasonal upwelling is usually observed in the surface

1 Present address: GZA GeoEnvironmental of New York, 440
Ninth Avenue, 18th Floor, New York, New York 10001.

2 Corresponding author (mscranton@notes.cc.sunysb.edu).

Acknowledgments
We are indebted to the personnel of the Fundación La Salle de

Ciencias Naturales, Estación de Investigaciones Marinas Isla Mar-
garita (FLASA/EDIMAR) and the crew of the R/V Hermano Ginés
for their enthusiasm and professional support. Ramon Varela pro-
vided unwavering leadership in coordinating and carrying out field
expeditions. Russell Cuhel provided valuable advice regarding de-
velopment of the HPLC method. We also thank Laura Lorenzoni
for her assistance with the figures and the reviewers of this manu-
script for their many helpful comments. This work was supported
by the National Science Foundation through grants OCE 0118491
and OCE 0326175 to M.I.S. and G.T.T. and, in Venezuela, by Proy-
ecto Cariaco by FONACIT (Fondo Nacional de Ciencia, Tecnologia
e Innovacion) under grant 2000001702 to Ramon Varela of Fun-
dacion La Salle. This is contribution 1305 from the Marine Sciences
Research Center, Stony Brook University.

waters between November and May, and annual primary
production is estimated to vary between 500 and 600 g C
m22 yr21 (Muller-Karger et al. 2001). Because of the restrict-
ed circulation and the degradation of the large amount of
organic matter produced in the region, oxygen is completely
consumed, and the waters below ;300 m are permanently
sulfidic.

The pathways of organic matter decomposition in the ba-
sin are reflected in vertical distributions of the major electron
acceptors and their reduced products (Ho et al. 2004). Au-
totrophic H2S- and S2O -oxidizing denitrifiers, S2O -oxi-22 22

3 3

dizing Mn reducers, S0 disproportionaters, and SO reduc-22
4

ers have all been cultivated from selective enrichment
experiments with waters from near the O2/H2S interface in
the Cariaco Basin (Madrid 2000). Elevated concentrations of
autotrophic and heterotrophic bacteria have also been found
near the interface of other anoxic water columns, including
the Black Sea and Framvaren Fjord (Karl 1978; Sorokin et
al. 1995; Vetriani et al. 2003).

Because the interface is located well below the illuminat-
ed layer, the interface community of the Cariaco Basin must
be supported by chemoautotrophs that use a variety of oxi-
dants and reductants to obtain energy for the fixation of CO2

(Taylor et al. 2001; Ho et al. 2004). Chemoautotrophs con-
serve chemical energy and reducing power in the form of
ATP and NADPH, respectively. Three moles of ATP and 2
mol of NADPH are needed for each mole of CO2 fixed, at
a basic cost of 191 kJ (Thauer et al. 1977). ATP synthesis
is coupled to the oxidation of an electron donor, whereas
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Fig. 1. Map of Cariaco Basin with station for CARIACO time
series (108309N, 648409W) indicated by the bull’s-eye. Isobaths are
in meters.

NADPH is generated from reverse electron transport reac-
tions, metabolic mechanisms required for generating the nec-
essary negative redox potential. A variety of reactions that
yield enough energy for the fixation of CO2 are listed in Eqs.
1 to 4. In particular, the most common sulfur compounds
used as electron donors for ATP synthesis in chemoauto-
trophs are H2S, S0, and S2O (Madigan et al. 2003).22

3

22 1H S 1 2O → SO 1 2H2 2 4

21DG8 5 2798 kJ mol (1)

1
H S 1 O → S 1 H O2 2 0 22

21DG8 5 2209 kJ mol (2)

3
0 22 1S 1 H O 1 O → SO 1 2H2 2 42

21DG8 5 2587 kJ mol (3)
22 22 1S O 1 H O 1 2O → 2SO 1 2H2 3 2 2 4

21DG8 5 2818 kJ mol (4)

In these reactions, O2 is the electron acceptor. However, al-
ternative electron acceptors, such as NO , can also be used2

3

for chemoautotrophic H2S oxidation (Jannasch and Mottl
1985).

For chemoautotrophic production to proceed, both elec-
tron donors and acceptors are required. If vertical transport
of these species controls supply, fluxes of H2S, O2, and
NO calculated from vertical concentration profiles and es-2

3

timates of vertical eddy diffusion should balance biological
demand calculated from the measured chemoautotrophic
production. However, in the Cariaco Basin, Taylor et al.
(2001) found that measured rates of chemoautotrophic pro-
duction were much higher than could be supported by the
diffusive supply of H2S, O2, and NO to the interface. Ver-2

3

tical diffusive H2S fluxes could provide between 0.7% and
2.8% of the demand for reductant, whereas O2 and NO2

3

supply could provide 2.5–4.3% and 1.0–1.4%, respectively,
of the demand for oxidant.

Horizontal intrusions of O2-rich water from the Caribbean
Sea have been reported in the Cariaco Basin (Scranton et al.
2001; Astor et al. 2003), and these could increase supply of
oxidant. In addition, we considered it probable that reduc-
tants other than H2S, including intermediate oxidation sulfur
species like S2O and SO , might be important in che-22 22

3 3

moautotrophic production and thus that measurement of H2S
alone would underestimate reductant supply. The reaction of
O2 with H2S in the basin could form sulfur species of inter-
mediate oxidation states, such as S2O , SO , and S0, that22 22

3 3

could be used in disproportionation reactions, such as those
in Eqs. 5 and 6, in which a compound is transformed into
two compounds of lower and higher oxidation states, or as
a reductant in reactions like Eqs. 7 or 8, in which metal
oxides serve as the oxidant (Nealson and Myers 1992; Zhang
and Millero 1993a; Janssen et al. 1996).

22 22S O 1 H O → SO 1 H S2 3 2 4 2

21DG8 5 221.9 kJ mol (5)f

1 3 1
22 1 22SO 1 H → SO 1 H S3 4 22 4 4

21DG8 5 258.9 kJ mol (6)f

2 1 2 2
0 22 1S 1 FeOOH → SO 1 FeS 1 H43 3 3 3

21DG8 5 234.4 kJ mol (7)f

22 1 21 22S O 1 4MnO 1 6H → 4Mn 1 2SO 1 3H O2 3 2 4 2

21DG8 5 2733 kJ mol (8)f

In these examples, DG is the standard Gibb’s free energy8f
at pH 7. The above reactions are schematic and might not
reflect exact reaction pathways. However, these and similar
reactions would yield sufficient energy to support chemo-
autotrophic growth. To investigate the potential importance
of S2O and SO in the redox budget of the Cariaco Basin,22 22

3 3

measurements of S2O and SO were made during January22 22
3 3

and May 2004.

Methods

The CARIACO time series station is in the eastern sub-
basin at 1,400 m depth (108309N, 648409W; Fig. 1). Water
samples were collected from the Cariaco Basin during 20
January 2004 (CAR-96) and 18 May 2004 (CAR-100) as
part of the ongoing CARIACO time series program. All dis-
crete water samples were collected with Teflon-lined 8-liter
Niskin bottles mounted on a Seabird Rosette system. Before
drawing samples from waters depleted in oxygen, the Niskin
bottles were fitted at the top with a source of nitrogen gas
to minimize oxygen contamination.

Profiles of temperature, salinity, and O2 were obtained
with a Seabird CTD system with attached YSI oxygen probe.
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Fig. 2. O2 and H2S profiles on 20 January (CAR-96) and 18
May 2004 (CAR-100). Horizontal dashed line represents the subox-
ic–anoxic interface.

In addition to measurements made by the YSI probe, O2

concentrations were also determined in discrete samples by
standard Winkler titrations (Aminot 1983). Detection limit
for O2 in this system has been estimated at ;2–5 mmol L21

(Scranton et al. 2001).
Samples for H2S were collected with a glass gas-tight sy-

ringe from a continuously flowing stream of water to mini-
mize contact with the atmosphere and then immediately in-
jected into a vial containing ZnCl2. The resulting ZnS
precipitate was derivatized and analyzed with a modification
of the method of Cline (1969). The detection limit was es-
timated to be 1–2 mmol L21 (Scranton et al. 2001).

Two techniques were used for S2O and SO samples.22 22
3 3

In January, triplicate samples for S2O and SO were col-22 22
3 3

lected in plastic rubberless syringes, derivatized, and ana-
lyzed following the procedure of Vairavamurthy and Mopper
(1990). Time between collection and derivatization was on
the order of 2–3 min. For each sample, 20 mL of water was
added to a vial containing sodium acetate buffer and im-
mediately derivatized with 2,29dithiobis(5-nitropyridine).
The derivatives were stored on Sep-Pak tC18 cartridges and
frozen onboard. After return to the lab in Venezuela, argon
gas was blown through the cartridges and field blanks were
prepared from distilled water and the same reagents used
onboard. S2O and SO analysis by high-performance liq-22 22

3 3

uid chromatography (HPLC) was completed at Stony Brook
within 3 weeks of sample collection.

In May, quadruplicate 10-mL samples were taken with a
10-mL glass gas-tight syringe from a continuously flowing
stream of water. Samples were derivatized immediately (on
the order of seconds) after collection, and derivatives were
transferred to Sep-Pak tC18 cartridges and frozen onboard.
As before, after return to the lab in Venezuela, argon gas
was blown through the cartridges. In May, field blanks were
prepared onboard ship after each cast with the reagents used
for that cast. The derivatives were analyzed at Stony Brook
by HPLC within 6 weeks of collection.

The detection limit for S2O and SO was calculated as22 22
3 3

the average of quadruplicate field blanks. In January, the
field blank was 0.8 6 0.3 and 1.5 6 0.5 mmol L21 for
S2O and SO , respectively. In May, the values were 0.622 22

3 3

6 0.03 and 2.2 6 0.2 mmol L21 for S2O and SO , re-22 22
3 3

spectively.
Chemoautotrophic production was measured by 14C-bicar-

bonate incorporation into particles as described previously
by Taylor et al. (2001). After addition of the sample into a
40-mL ground glass-stoppered bottle, 200 mL of chilled N2-
purged 14C-bicarbonate in an alkaline brine (pH 9.5, salinity
60) was injected (Tuttle and Jannasch 1973) into it. Samples
were incubated for 14 to 20 h and particles were collected
on 0.22-mm cellulosic membranes. Filters were purged of
unassimilated 14C in a saturated HCl atmosphere for .1 h,
then dried and suspended in Hionic-Fluor scintillation cock-
tail and radioassayed. Data were corrected for abiotic sorp-
tion by use of samples processed immediately after intro-
duction of the radiotracer. Rates of dark 14C-assimilation
were corrected for isotopic discrimination and normalized
(mmol C L21 d21) by use of values of dissolved inorganic
carbon derived from pH, temperature, and alkalinity mea-

surements obtained as a part of the standard CARIACO data
set (unpubl. data).

Results

O2 and H2S—In January, O2 concentrations decreased
from ;190 mmol L21 in the surface water to ,5 mmol L21

at 250 m (Fig. 2). The O2 profile in May was similar, with
concentrations decreasing from ;196 mmol L21 at the sur-
face to ,5 mmol L21 at 290 m. During both cruises, the
interface (defined as the first appearance of H2S) was at a
depth of 300 m, leaving a zone 50 (January) to 10 m (May)
thick where neither O2 nor H2S was detected. Below the
interface, H2S concentrations increased to a bottom water
concentration of ;60 mmol L21. May H2S concentrations
increased more rapidly with depth, reaching a bottom water
concentration of 68 mmol L21.

Chemoautotrophic production—In January, chemoauto-
trophic production was highest (0.31 mmol C L21 d21) at 360
m and exhibited a secondary maximum (0.14 mmol C L21

d21) at 310 m (Fig. 3). In May, a broad maximum was ob-
served at and slightly below the interface, with a value of
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Fig. 3. Chemoautotrophic production on (A) 20 January 2004
(CAR-96) and (B) 18 May 2004 (CAR-100). Horizontal dashed
lines represent the suboxic–anoxic interface. Symbols and error bars
represent means and 1 standard deviation of triplicate incubation
vials.

Fig. 4. (A) S2O and (B) SO profiles from 20 January 200422 22
3 3

(CAR-96). Plotted data are not blank corrected. Vertical dashed
lines represent the values of the field blank. At depths with no error
bar, the value was obtained from a single sample.

0.14–0.16 mmol C L21 d21 (Fig. 3). Integrated production in
the chemocline (250–450 m) decreased from 26 to 13 mmol
C m22 d21 between January and May.

S2O and SO —S2O and SO were present at all22 22 22 22
3 3 3 3

measured depths in January, with values ranging from 0.9
to 6.3 and 1.5 to 16.6 mmol L21, respectively (Fig. 4A).
Although S2O and SO also seemed to be present in the22 22

3 3

bottom waters, concentrations of H2S below 400 m were 10
mmol L21 and higher. Laboratory analysis of seawater so-
lutions of 10 mmol L21 H2S, treated like the shipboard sam-
ples, showed concentrations of S2O and SO at or below22 22

3 3

our detection limits (data not shown). At higher concentra-

tions of H2S, it is possible that S2O and SO could have22 22
3 3

been formed by oxidation during sampling. Therefore, data
below 400 m are not discussed here.

Ignoring the deeper samples, the maximum in S2O was22
3

found at 360 m, coincident with the peak in chemoautotro-
phic production. In the oxic and suboxic zone, where no H2S
was present, S2O concentrations were as high as 4.9 mmol22

3

L21. The SO values are harder to interpret than the22
3

S2O data because of the large uncertainty associated with22
3

the concentrations and the relatively high blanks (indicated
by the vertical line in Fig. 4B). However, the average values
for each depth seem to follow the same trends observed in
the S2O profile.22

3

In May 2004, S2O concentrations were similar to those22
3

found during January, ranging from 0.7 to 3.2 mmol L21
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Fig. 5. (A) S2O and (B) SO profiles from 18 May 200422 22
3 3

(CAR-100). Plotted data are not blank corrected. Vertical dashed
lines represent the values of the field blanks.

(Fig. 5A). The reproducibility of SO measurements was22
3

better in May, presumably because of the different sampling
method, and concentrations ranged from 1.4 to 7.4 mmol L21

(Fig. 5B). The trends in both the S2O and SO profiles22 22
3 3

were similar. A broad maximum was apparent above the
interface at 200 m, a secondary peak occurred at the inter-
face, and concentrations remained relatively constant from
the interface to 400 m. Linear regressions of S2O concen-22

3

tration against SO concentration showed that the two spe-22
3

cies were highly correlated, with r 5 0.988 (p , 0.0001)
for January and r 5 0.983 (p , 0.0001) for May.

In both Figs. 4 and 5, the error bars are a measure of

analytical variability. Triplicate samples were collected in
January and quadruplicate samples were collected in May.
However because of instrument problems, in some cases
data are not available for all replicates. The error bars rep-
resent the range of values for duplicate analyses and the
standard deviation when three or more samples were mea-
sured from a single depth.

Discussion

Microbiological implications of S2O and SO —Previ-22 22
3 3

ous researchers have reported the growth of bacteria by dis-
proportionation of S2O , SO , or S0 into H2S and SO22 22 22

3 3 4

(Bak and Cypionka 1987; Jørgensen and Bak 1991; Janssen
et al. 1996). Most of the organisms known to metabolize
inorganic sulfur compounds by a disproportionation mech-
anism are gram-negative bacteria that cluster within the delta
subclass of Proteobacteria (Kramer and Cypionka 1989).
Bak and Pfenning (1987) showed that Desulfovibrio sulf-
odismutans strain ThAc01 and strain NTA3 obtain energy
for growth from S2O or SO disproportionation. Strain22 22

3 3

ThAc01 required acetate in addition to CO2 but was unable
to use acetate as an oxidizable energy source. Strain NTA3
was able to grow without an added carbon source and there-
fore exhibited true chemoautotrophic growth. For growth by
S0 disproportionation, free H2S had to be removed from the
cultures. Jørgensen et al. (1991) also demonstrated the pres-
ence of truly autotrophic sulfur-oxidizing bacteria in the
Black Sea that used S0 or S2O as energy sources.22

3

Sulfur isotope data has confirmed the environmental im-
portance of disproportionation in the sulfur cycle of euxinic
waters. Because of mass-related differences in the properties
of the isotopes, which result in different reaction rates, dis-
proportionation preferentially oxidizes 34S and reduces 32S.
In culture studies, isotope fractionations during dispropor-
tionation are 7–20‰ (Canfield et al. 1998). Sørensen and
Canfield (2004) showed that isotopic depletion of water col-
umn H2S in the Mariager Fjord could be explained by
S2O or S0 formation followed by disproportionation to H2S22

3

and SO . Most probable number counts confirmed that cells22
4

capable of growing by disproportionation of these com-
pounds were present at all depths in the fjord.

In addition to disproportionation reactions, sulfur com-
pounds of intermediate oxidation states might also be im-
portant in reactions involving particulate metal oxides as the
electron acceptors. Culture studies have shown that organ-
isms are capable of anaerobic growth through the reduction
of Mn and Fe oxides (DiChristina et al. 1988; Lovley and
Phillips 1988; Myers and Nealson 1988). Madrid (2000)
demonstrated that cultures from the chemocline of the Car-
iaco Basin could reduce MnO2 autotrophically at the expense
of S2O . Thus, in addition to S2O and SO , it might be22 22 22

3 3 3

important to consider the distributions of iron and manga-
nese oxides when comparing chemoautotrophic production
to the supply of electron acceptors and donors to the inter-
face.

S2O and SO in the Cariaco Basin—S2O and SO22 22 22 22
3 3 3 3

in the Cariaco Basin might be formed as a result of the
reaction between O2 in water entrained from the southern
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Caribbean Sea with H2S from waters at intermediate depths
in the basin (Scranton et al. 2001; Taylor et al. 2001; Astor
et al. 2003). Zhang and Millero (1993a) examined sulfur
chemistry in the Cariaco Basin, showing that the main prod-
ucts of abiotic H2S oxidation are S2O and SO .22 22

3 3

22 12H S 1 2O → S O 1 H O 1 2H (9)2 2 2 3 2

3
22 1H S 1 O → SO 1 2H (10)2 2 32

Lateral intrusions of O2-rich water are known to occur in the
Cariaco, as demonstrated by the presence in some months
of subsurface maxima in O2 profiles (Astor et al. 2003). Ven-
tilation events observed in 1997 and 1998 were associated
with eddies near the shelf in the southeastern Caribbean Sea,
and Astor et al. (2003) hypothesized that this would result
in colder and denser Caribbean Sea water being drawn up
over the sill, subsequently sinking within the Cariaco Basin
and spreading along isopycnals. Other intrusions, not asso-
ciated with eddies, have also been observed (Astor unpubl.
data).

The reaction of O2 and H2S and subsequent formation of
S2O and SO has been found in the chemocline of other22 22

3 3

anoxic water columns. Zopfi et al. (2001) observed S2O 22
3

and SO in the anoxic Mariager Fjord, presumably pro-22
3

duced as a result of mixing and oxygenation of the water
column. Peak concentrations of 5.3 mmol L21 S2O and 1.222

3

mmol L21 SO were observed in the chemocline, with con-22
3

centrations decreasing to 2 mmol L21 S2O and 0.7 mmol22
3

L21 SO 1 day after an intrusion and to 1.3 mmol L21 for22
3

both S2O and SO after 2 days. The decrease in concen-22 22
3 3

trations over time suggests that elevated concentrations of
S2O and SO might be transient, reflecting microbial con-22 22

3 3

sumption and the length of time since oxygenation of the
water column.

A few earlier measurements of S2O and SO are avail-22 22
3 3

able for the Cariaco Basin. Tuttle and Jannasch (1979) re-
ported maximum values of 14 mmol L21 S2O and 2 mmol22

3

L21 SO at the same depth as that at which elevated levels22
3

of chemoautotrophic production were found. Zhang and Mil-
lero (1993a) found that both species increased from ,0.5
mmol L21 at the interface to 1 mmol L21 S2O and 1.5 mmol22

3

L21 SO at 600 m but did not find distinct maxima. During22
3

this study, S2O and SO concentrations were similar to22 22
3 3

those found by Zhang and Millero (1993a) but lower than
the maximum values reported by Tuttle and Jannasch (1979).
Maximum values in the chemocline during January 2004
were 4.2 mmol L21 for S2O and 10.4 mmol L21 for SO3

2.22
3

May values were 2.1 mmol L21 for S2O and 4.0 mmol L2122
3

for SO .22
3

Integrated S2O (between 250 and 450 m) was 459 mmol22
3

m22 in January and 287 mmol m22 in May, whereas inte-
grated SO was 799 mmol m22 in January and 574 mmol22

3

m22 in May. The decrease from January to May coincides
with a decrease in integrated chemocline chemoautotrophy
from 26 to 13 mmol C m22 d21, and a decrease in the thick-
ness of the suboxic zone from 50 to 10 m. The simultaneous
decreases in S2O and SO inventory, chemoautotrophic22 22

3 3

production, and thickness of the suboxic zone are consistent
with the idea that intrusions of O2-rich water are required to

form S2O and SO and that these compounds are then22 22
3 3

used by chemoautotrophs. No intrusions of water were ob-
served in the oxygen profiles between January and May
2004.

During both January and May, the highest concentrations
of S2O and SO occurred near 200 m, where O2 was ;2022 22

3 3

mmol L21 and H2S was not present. If S2O and SO are22 22
3 3

formed by the reactions in Eqs. 9 and 10, then the depth of
the maxima suggests that S2O and SO must be formed22 22

3 3

in shallower areas containing H2S and transported laterally.
S2O and SO can also be formed by reaction with sed-22 22

3 3

imenting Fe or Mn oxides (Millero 1991; Yao and Millero
1993; Zhang and Millero 1993b; Eqs. 11–14).

1 21 226H 1 4MnO 1 2H S → 4Mn 1 5H O 1 S O (11)2 2 2 2 3

1 21 224H 1 3MnO 1 H S → 3Mn 1 SO 1 3H O (12)2 2 3 2

1 21 2214H 1 8FeOOH 1 2H S → 8Fe 1 S O 1 13H O (13)2 2 3 2

1 21 2210H 1 6FeOOH 1 H S → 6Fe 1 SO 1 9H O (14)2 3 2

The importance of H2S oxidation by MnO2 has been sug-
gested for anoxic portions of the Chesapeake Bay and Black
Sea (Luther et al. 1988; Konovalov et al. 2003). In addition
to reacting directly with H2S, Fe and Mn oxides might also
provide solid surfaces than can act as catalysts for the oxi-
dation of H2S. The concentrations of metal oxides present,
as well as the presence of O2, could affect the distribution
of sulfur compounds (Zhang and Millero 1993b). Unfortu-
nately, to date, we have inadequate data on either Fe or Mn
oxides to assess the importance of these processes in
S2O and SO formation in the Cariaco Basin.22 22

3 3

Estimates of O2 and H2S transport to the interface—If
S2O and SO are necessary to fuel the chemoautotrophy22 22

3 3

occurring near the interface in the Cariaco Basin, then
enough O2 needs to enter the basin to form these compounds.
If we assume that all chemoautotrophy is supported by
S2O or SO , using the May integrated production in the22 22

3 3

chemocline (13 mmol C m22 d21), we can estimate the
amount of O2 required to produce these compounds. It is
possible that some chemoautotrophic production is associ-
ated with aerobic H2S oxidation, which requires less oxygen
to fix 1 mole of CO2 than does S2O or SO . However22 22

3 3

Taylor et al. (2001) have already shown that only a small
fraction of chemoautotrophy can be supported by vertical
eddy diffusive fluxes of H2S.

With the use of DG from Eq. 5 and 191 kJ mol21 for8f
CO2 fixation, 9 mol of S2O should provide enough energy22

3

to fix 1 mol of CO2 through disproportionation. Culture stud-
ies have shown that growth yields are low for bacteria grown
autotrophically by S2O disproportionation (Bak and Cy-22

3

pionka 1987). Assuming 9 mol of S2O are required to fix22
3

1 mol of CO2 and that the entire CO2 fixation is supported
by S2O disproportionation, then 117 mmol S2O m22 d2122 22

3 3

would be required to support the chemoautotrophy occurring
in the chemocline. Because all of the chemoautotrophic pro-
duction in the chemocline probably does not result from the
disproportionation of S2O , this calculation likely will over-22

3

estimate the amount of S2O required. The O2 concentration22
3

outside the basin at sill depth is ;115 mmol L21 (Scranton
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et al. 2001). If S2O is produced according to the reaction22
3

in Eq. 9, then 2 mol of O2 are required to produce 1 mol of
S2O . The area of the entire Cariaco Basin at 320 m is 8.2222

3

3 109 m2 (Scranton et al. 1987), so if chemoautotrophy were
uniform throughout the basin, which we suspect is untrue,
then 1 3 1011 mmol d21 of carbon would be fixed basinwide,
requiring 1.7 3 1013 L d21 of water to enter the basin.

If water from the Caribbean Sea is entering the basin
through the bottom 50 m of the 1.9 3 104-m-wide eastern
channel at Canal de la Tortuga, then 1.7 3 1013 L d21 must
enter through 9.5 3 105 m2, giving a velocity of 19 cm s21.
This value is in general agreement with past observations of
current velocities in the Cariaco Basin, which usually range
from 0 to 20 cm s21, as measured at a mooring at the Cariaco
site (Weisberg pers. comm.). Unfortunately, the detailed ge-
ometry of the sill area and the thickness and velocity of the
layer of intruding water are not known in adequate detail.
Nonetheless, this estimate supports the idea that enough O2

could enter the basin to produce enough S2O to support22
3

the chemoautotrophic growth of bacteria.
In addition to O2, H2S also needs to be supplied to the

chemocline to produce S2O . The supply of H2S to the in-22
3

terface can be estimated indirectly from the flux of organic
matter because bacteria consume the organic matter directly
during biological SO reduction. At 275 m, there is an av-22

4

erage flux of 0.1 g C m22 d21 (0.008 mol C m22 d21) on the
basis of sediment trap data from 2003 (Thunell pers. comm.).
Assuming the organic matter starts out with a Redfield ratio
of 106 C : 16 N : 1 P, then 53 mol H2S would be produced
from 106 mol C, resulting in a potential H2S flux of 4.2
mmol H2S m22 d21. This is similar to the H2S flux from the
sediments of 3.8 6 2.4 mmol m22 d21 calculated by Scranton
et al. (1987). An H2S flux of 4.2 mmol m22 d21 would pro-
duce 2.1 mmol S2O m22 d21. This is ,2% of the 117 mmol22

3

of S2O m22 d21 needed to support chemoautotrophic pro-22
3

duction near the interface. Thus, the particulate sinking flux
at the CARIACO site is too low to support the required H2S
flux.

One possible explanation is that the carbon (or H2S or
both) is supplied laterally to the CARIACO site from another
location in shallower waters where surface productivity and
carbon flux are much higher than predicted from the sedi-
ment trap data at the CARIACO site. SeaWiFS satellite pro-
duction and transport models clearly illustrate that carbon
flux to the sediments is higher in other areas of the Cariaco
Basin than at the CARIACO site (Muller-Karger et al. 2004)
and that H2S fluxes out of the sediments are likely to be
higher as well. During both January and May, the highest
concentrations of S2O and SO occurred near 200 m,22 22

3 3

where no H2S was present. Horizontal transport of water in
the basin could be bringing H2S, S2O , and SO from22 22

3 3

shallower areas to the CARIACO site.
It has been shown previously that vertical diffusive sup-

plies of H2S, O2, and NO to the chemocline in the Cariaco2
3

Basin is insufficient to support the observed chemoautotro-
phic production (Taylor et al. 2001). Horizontal intrusions
of southern Caribbean Sea water could be a mechanism to
supply O2 into the basin. The reaction of H2S with oxidized
species, such as O2 or metal oxides, could form S2O and22

3

SO , which have not been routinely measured and could22
3

be used by chemoautotrophs. Estimates of O2 transport to
the interface suggest that enough O2 could enter the basin to
form S2O and SO and support the observed chemoau-22 22

3 3

totrophic production. However, the particulate sinking flux
at the CARIACO site is not large enough to support the
required H2S flux. The horizontal transport of water within
the basin could bring reduced sulfur species from shallow
areas to the CARIACO site, as supported by the measure-
ment of S2O and SO in the oxic zone. Further studies22 22

3 3

investigating horizontal variability within the basin are need-
ed.
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