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Carbon disulfide in the North Atlantic and Pacific Oceans 
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Abstract. Carbon disulfide (CS2) was determined in surface waters of the North Atlantic and 
Pacific Oceans. The mean concentrations (and ranges) of CS2 in open ocean waters were 13.4 
(7.8-26.1) pM S (picomol sulfur per liter) for the North Atlantic and 14.6 (7.2-27.5) pM S for 
the Pacific. The concentrations in the coastal waters of the North Atlantic averaged 26.4 pM 
S and ranged from 17.9 to 40.4 pM S. Warm waters generally contained higher levels of CS• 
than did cold waters. All the study areas were found to be supersaturated in CS• relative to 
the atmosphere based on calculations from published CS• mixing ratios in the marine bound- 
ary layer and their Henry's law constants. Sea-to-air fluxes of CS• were estimated using ex- 
change velocities for spot and climatological wind speeds. The global oceanic flux extrapo- 
lated from this study is 0.18 Tg CS2 yr -• and in the range 0.13-0.24 Tg CS• yr -•. It is suggested 
that microbial processes, photochemical reactions, and phytoplankton activity are potential 
sources for oceanic CS•. 

1. Introduction 

Carbon disulfide is considered to be a minor sulfur-bearing 
constituent in the global sulfur budget [Wine e! al., 1981; Kim 
and Andreae, 1987; Andreae, 1990]. However, the impor- 
tance of this reduced sulfur species is recognized by its po- 
tential role as a major precursor for atmospheric carbonyl sul- 
fide (OCS), which indirectly affects Earth's climate and envi- 
ronment through its involvement in the formation of strato- 
spheric sulfate aerosols [Crutzen, 1976; Barns e! al., 1983; 
Khalil and Rasmussen, 1984; Holmann, 1990; Chin and 
Davis, 1993]. As a result of cloud transportation and its rela- 
tively long lifetime (-1 week) compared with other reactive 
reduced sulfur species, such as dimethyl sulfide, methyl mer- 
captan, and dimethyl disulfide (minutes to hours), CS, is also 
probably a significant contributor to sulfur dioxide in the 
middle and upper troposphere [Chatfield and Crutzen, 1984]. 

Since the first seawater measurements of CS,_ made by 
Lovelock [1974], the ocean has been on the list of candidates 
as sources for atmospheric CS:. Kim and Andreae [1987, 
1992] measured CS•_ in the midlatitudes of the North Atlantic 
and arrived at an oceanic emission rate of 0.26 Tg CS_, yr-'. In 
an expedition to the Antarctic region, Staubes and Georgii 
[1993] failed to detect the existence of CS_, for most of their 
water samples, probably owing to a high instrumental detec- 
tion limit (13 pM S) (picomol sulfur per liter). Although a 
number of workers [Bandy et al., 1982; J•rgensen and Ok- 
holm-Hansen, 1985; Turner and Liss, 1985; Wakeham et al., 
1987] reported sporadic measurements in coastal, saline 
marsh, or estuarine waters, the work of Lovelock [1974] and 
Kim and Andreae [1987, 1992] remains the only reasonably 
well documented field CS_, analysis, particularly for the open 
ocean. 

In 1995 and 1996, we determined CS, in the high latitudes 
of the North Atlantic and in the Pacific Ocean from 40øN to 
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40øS. The purposes of these studies are to expand the current 
CS,_ data set and thus improve its ocean-to-atmosphere flux 
estimate and to better characterize the biogeochemical proc- 
esses responsible for CS,_ production in seawater. Results 
from surface water measurements are presented here. 

2. Methods 

Measurements were made during three cruises covering the 
areas of Labrador Sea (Figure l a), northeast Atlantic off Ire- 
land (Figure lb), and the Pacific Ocean (Figure 1 c). The Lab- 
rador Sea survey was carried out on the Canadian Scientific 
Ship (CSS) Hudson in July 1995, the northeast Atlantic voy- 
age was on the British Royal Research Ship (RRS) Chal- 
lenger from early June to early July 1996, and the Pacific ex- 
pedition was conducted on the National Oceanic and Atmos- 
pheric Administration Ship (NOAAS) Discoverer in October 
and November 1995. 

Water was taken using either a submersible pump (Hudson 
cruise) or 1-L stainless steel Knudsen bottles equipped with 
Teflon seals (Challenger cruise) or 10-L Niskin bottles (Dis- 
coverer cruise). Surface water was also intermittently col- 
lected with a galvanized bucket. Prior to the field trip, the 
Knudsen bottles were checked for CS,_ contamination. This 
involved filling the bottles with deionized water (Nanopure 
UV) and analyzing aliquots of this water at an interval of-2 
hours. None of the bottles showed contamination for a tested 

period of-12 hours. The difference in CS,_ concentrations 
between the bucket samples and the samples from the Knud- 
sen bottles was within 5%. Samples from the pump or the 
Niskin bottles were cross-checked against those from the 
bucket and no significant differences between the three meth- 
ods were observed. Subsamples were drawn into 100-mL 
ground glass syringes and stored in a covered seawater tank 
or a bucket of seawater. They were analyzed within 6 hours, 
with no significant storage artifacts detected. 

Analysis was performed using gas chromatography-mass 
spectrometry interfaced with a purge-trap technique. Moore e! 
al. [1996] describe the details of this system. In summary, a 
40-mL sample was purged for 12 mins with an ultrahigh pu- 
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Figure 1. Location maps showing (a) cruise track and station 
positions of CSS Hudson, 1995; (b) investigated area (framed 
solid lines) by RRS Challenger, 1996; and (c) cruise track 
and station positions of NOAAS Discoverer, 1995. 

rity (UHP) helium stream (40 mL min-•). CS•_ and other vola- 
tiles from the purge stream were cryotrapped into a stainless 
steel tube, subsequently desorbed, and then transported by a 
stream of UHP helium (5 mL min -') to a DB-624 column for 

separation. The eluted components were detected using a 
VG MD800 mass selective detector. Reanalysis of stripped 
water samples showed no detectable CS•_. The precision of 
this method was evaluated by sequentially measuring six rep- 
licates of a water sample collected at 100 m at a station dur- 
ing the Challenger cruise. The relative standard deviation 
was 1.4% at a 10 pM S level. The detection limit of the sys- 
tem, defined either as the amount of CS,_ corresponding to a 
peak area of twice the instrumental noise or as 3(• of 17 
blanks determined during the Challenger cruise, was 1.5 pM 
S. 

For the Hudson cruise a liquid standard was gravimetrically 
prepared by injecting a known amount of pure CS,_ into a 
known amount of ethylene glycol. Calibrations were made by 
analyzing a series of water samples containing varying 
amounts of the standard. For the Challenger and Discoverer 
cruises, measurements were calibrated using a gravimetri- 
cally produced gas standard containing 1.49 parts per million 
by volume (ppmv) of CS,_ in UHP nitrogen stored in a 29.5-L 
Aculife-treated aluminum cylinder. Calibration curves were 
constructed by injecting volumes of the standard between 10 
and 50 laL via a septum port using Hamilton syringes. The 
liquid and gas standards were checked against each other, and 
no difference exceeding the analytical uncertainty was ob- 
served. 

Determinations of methyl chloride, methyl bromide, methyl 
iodide, and isoprene were also made. Results of methyl chlo- 
ride from the Hudson and Discoverer cruises have been re- 

ported by Moore et al. [1996]. 

3. Results and Discussion 

3.1. Surface Concentrations 

Relative to the open oceans, higher concentrations of CS,_ 
were observed in coastal waters (Table 1), as reported by pre- 
vious studies [Lovelock, 1974; Kim and Andreae, 1987, 
1992]. The concentration in nearshore waters off Nova Scotia 
and Greenland averaged 25.8 pM S, similar to the concentra- 
tion of 27.1 pM S observed in waters near or in Galway Bay, 
Ireland. These values were almost twice as high as those from 
the open ocean waters. 

The mean concentrations of CS,• in the open oceans were 
fairly constant, whereas the concentration ranges for the Hud- 
son (7.8-26.1 pM S) and Discoverer (7.2-27.5 pM S) cruises 
were much greater than those for the Challenger cruise (8.3- 
17.6 pM S) (Table 1), probably because of wider ranges of 
biological and physical properties spanned by the Hudson and 
Discoverer transects. To test for possible relationships be- 
tween CS,_ concentration and biological or physical parame- 
ters, we plotted CS: concentration, chlorophyll a level and sea 
surface temperature along cruise tracks and found no simple 
correlations (Figures 2-4). However, it was obvious that, in 

Table 1. CS,• Concentrations in Surface Waters 
Surveyed Area Concentration, pM S 

Coastal Waters 

Labrador Sea 25.8 (17.9-34.5) 
Northeast Atlantic 27.1 (19.9-40.4) 

Open Ocean Waters 
Labrador Sea 13.4 (7.8-26.1) 
Pacific Ocean 14.6 (7.2-27.5) 
Northeast Atlantic 12.2 (8.3-17.6) 

Concentrations are mean values with ranges in parentheses. 
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Stream waters (stations 30 and 33 in Figure 2). Kim and An- 
dreae [1987] also reported elevated CS,_ levels in the Gulf 
Stream. Excluding the coastal areas, the broad data set em- 
bracing all the three cruises displays a positive linear correla- 
tion between CS•_ concentration and temperature ([CS,_] = 7.2 
+ 0.39 t, r- 0.584, n = 57, where ! is temperature in degrees 
Celsius, r is correlation coefficient, and n is number of sam- 
ples). No such relationship exists between CS•_ and chloro- 
phyll. 
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Figure 2. Surface data along the Hudson cruise track. (a) sea 
surface temperature (SST); (b) chlorophyll a; (c) concentra- 50 
tion of CS• (d) exchange velocities from the Wanninkhof ,, 
[1992] relationship using spot wind speed (solid squares) and •,, 4o 
climatological wind speed (open circles); and (e) flux esti- • 30 
mates of CS,, using exchange velocities in figure 2d, with •o 
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doubling of the CS•, concentration when the Hudson trav- Figure 3. Same as Figure 2, but along the Challenger cruise 
ersed from the cool Labrador Sea waters into the warm Gulf track 
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concentrations of the compound, respectively; and/4 is the 
dimensionless Henry's law constant. Using the Henry's law 
constants provided by Elliott [1989] and assuming the at- 
mospheric mixing ratio of CS2 to be 2 parts per trillion by 
volume (pptv) in the marine boundary layer over the open 
ocean and 10 pptv over coastal waters [Kim and Andreae, 
1987; Bandy et al., 1993; Johnson and Bates, 1993; Thornton 
and Bandy, 1993], we found a mean saturation ratio of 41 in 
the range from 6 to 124. De Bruyn et al. [1995] also meas- 
ured the Henry's law constants for CS,_ and their values are, 
on average, 41% larger than those from Elliott [1989] in the 
range 5ø-25øC. Thus the saturation ratio would be accord- 
ingly 41% higher had we used the Henry's law constants from 
De Bruyn et al. [ 1995]. It is therefore evident that all the in- 
vestigated waters were highly supersaturated in CS,_. 

Estimates of CS,_ flux across the sea-air interface were made 
using the laminar layer model of Liss and Slater [1974] ex- 
pressed as 

F: k ( Cl- Cg/ Y) 
F = Cl(- 

where k is the exchange velocity and other terms are defined 
as above. A number of formulas are available addressing the 
relationship between the exchange velocity and wind speed 
[Liss and Merlivat, 1986; Wanninkhof, 1992; Erickson, 
1993], and substantial differences exist in the value of k 
yielded from these formulas. The Wanninkhof relationship is 
normalized to the global measurements of •4CO,_ and fitted to 
wind speed on a quadratic dependence: 
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Figure 4. Same as Figure 2, but along the Discoverer cruise 
track. 

or 

k = 0.31 u-'(Sc / 660) -ø' 

k = 0.39 u •v (Sc / 660) -ø' 

(2) 

(3) 

where u is a spot measurement of wind speed in meters per 
second, u,,v is a long-term averaged wind speed, and Sc is the 
Schmidt number for CS,_ at the appropriate temperature. Sc is 
the ratio of the kinematic viscosity of seawater to the diffu- 
sion coefficient of CS_,. The kinematic viscosity of distilled 
water was obtained using its dynamic viscosity [Sengets and 
Waston, 1986] and density [Lide, 1996]; the diffusion coeffi- 
cient of CS, in distilled water was derived from the relation- 

_ 

ship of I4/ilke and Chang [1955]. The two terms were con- 
verted to values in seawater using the methods given by 
I47anninkhof[1992]. We fitted Sc of CS,_ to a temperature re- 
lationship of Sc = 3377.8 - 221.71 t + 6.9370 t 2 - 0.08751 t • 
(r: = 0.9999, n = 301), where t is temperature in degrees Cel- 
sius. 

The relationship of Liss and Merlivat [1986] (herein after 
referred as to LM) expresses the exchange velocity as a func- 
tion of wind speed in three linear segments, 

k = 0.17 u, u _< 3.6 (4) 

3.2. Flux Estimates 

The saturation ratio (SR) of CS2 is defined as 

SR '--' Cg, eq/Cg 
SR = H C1/Cg 

where C•, e• is the atmospheric CS: concentration in equilib- 
rium with seawater, Cl and C2 are water phase and air phase 

k=2.85u-9.65, 3.6<u_<13 (5) 

k= 5.9 u- 49.3, u >13. (6) 

The three equations are normalized to a gas with Sc = 600, 
and corrections need to be made if Sc :/: 600. Specifically, k 
oc Sc -•: for u _< 3.6 m s -• and k cr Sc -•'- for higher wind speeds 
[Liss and Merlivat, 1986]. It is suggested that short-term wind 
speeds are more appropriate than long-term averaged wind 
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Figure 5. Exchange velocity as a function of wind speed. 
Solid line is from the Wanninkhof [1992] relationship (see 
equation (2)) dotted line is from the Liss and Merlivat [1986] 
relationship, and dashed line is the ratio of the dotted line to 
the solid line. 

speeds for the LM equations [Wanninkhof, 1992]. The LM 
approach is based on the results from tracer experiments con- 
ducted on small lakes and from wind-wave tank studies 

[Wanninkhof, 1992, and reference therein]. Recent dual tracer 
experiments implemented on sea [Watson et al., 1991; Liss et 
al., 1993] provided support for the LM predictions, although 
the double-tracer technique is suspected to yield low ex- 
change velocities at high wind speeds [Wanninkhof, 1992, 
and reference therein]. 

Figure 5 compares the relationship of LM with that of 
Wanninkhof. With the exception of extremely low wind 
speeds (_<0.5 ms-'), the LM relationship gives significantly 
lower exchange velocities than the Wanninkhof relationship. 
In a wind speed range 1-15 m s -l, the average exchange ve- 
locity derived from the LM relationship is 46% lower than 
that obtained from the Wanninkhof formulation. 

We estimated CS2 fluxes using exchange velocities from 
either (2), (3), or (4)-(6) and the Henry's law constants from 
Elliott [1989]. Spot wind speeds, recorded concurrently with 
sampling of water samples, were taken for (2) and (4)-(6), and 
climatological wind speeds were used for (3). The clima- 
tological wind speeds were extracted from the Comprehensive 
Ocean-Atmosphere Data Set (COADS) (1946-1989). Moore 
and Webb [1996] and Moore et al. [1996] discussed the ad- 
vantages and disadvantages of adopting spot or climatological 
wind speed. The exchange velocities and fluxes derived from 

(2) and (3) are plotted along cruise tracks (Figures 2-4). As 
expected, the exchange velocity and flux calculated from the 
climatological wind speeds are less variable than those from 
the spot wind speeds. Table 2 summarizes flux estimates for 
the three cruises. In the coastal regions where we sampled, 
fluxes obtained from spot wind speeds are much smaller than 
those from climatological wind speeds, indicating that the 
spot wind speeds in these areas were greatly biased toward 
low values. To a lesser extent, this also happens in the open 
NE Atlantic. By contrast, in the open ocean of the Labrador 
Sea and the Pacific, the fluxes derived from the spot wind 
speeds are slightly greater than those from the climatological 
wind speeds. Consistent with Figure 5, the LM relationship 
yields significantly lower fluxes than the Wanninkhof for- 
mulation. The mean flux derived from the former is only 29% 
of that from the latter for the coastal waters and 57% for the 

open ocean. The lower percentage for the coastal waters is 
mainly a result of the lower wind speeds encountered during 
the field investigations. The spot wind speed measured for the 
coastal waters averaged 2.9 ms-' and ranged from 2.0 to 4.4 
ms-', while the mean spot wind speed for the open ocean was 
6.9 ms-' with 79% of the individual wind speeds above 4.0 m 
s-'. As shown in Figure 5, the ratio of the exchange velocity 
from the LM relationship to that from the Wanninkhof for- 
mulation is much lower at a wind speed of---3 ms-' than at-7 
ms-', which obviously exerts similar effects on the fluxes de- 
rived from these two relationships. We also calculated the 
fluxes using the Henry's law constants from De Bruyn et al. 
[1995]. The results were essentially identical to those ob- 
tained using the constants from Elliott [ 1989]. This is not sur- 
prising because the atmospheric concentration of CS,_ is neg- 
ligible compared with that in equilibrium with seawater, no 
matter which set of Henry's law parameterizations is chosen 
to compute the equilibrated concentrations. Therefore the 
term in (1) that involves the ratio Cg/HC, (i.e., 1 / SR) can 
actually be ignored in the flux calculation. 

Two methods have been employed to extrapolate our flux 
estimates to the global oceans. Following the procedures of 
Bates et al. [1987] and Mihalopoulos et al. [1992], the first 
method separates the ocean into coastal and open sea areas 
and further divides the open sea into five latitudinal regions. 
Each region is assigned a unit area flux obtained from our 
measurements in the corresponding region. The calculated 
regional fluxes and other related data are shown in Table 3. 
The unit area flux gradually decreases poleward, except in the 
subtropical regions, where it is smaller than in the temperate 
waters. This may reflect the seasonal variations of CS2 flux 
since most of the measurements in the subtropical areas were 
made in austral spring while all the field surveys in the tem- 
perate latitudes took place in boreal summer. The contribu- 

Table 2. Flux Estimates of CS2 in the Investigated Oceans 
Surveyed Area Exchange Velocity From 

Wanninkho f [ 1992] 
SWS CWS 

Exchange Velocity From Liss 
and Merlivat [ 1986] 

SWS 

Coastal Waters 

Labrador Sea 1.6 (0.8-2.5) 13.4 (5.0-22.4) 0.4 (0.2-0.6) 
Northeast Atlantic 7.2 (6.7-8.0) 30.8 (22.7-45.6) 2.4 (1.0-3.1) 

Open Ocean Waters 
Labrador Sea 12.9 (0.6-31.1) 11.3 (5.6-28.7) 7.3 (0.1-15.9) 
Pacific Ocean 21.0 (1.0-63.6) 18.0 (6.9-26.9) 11.8 (0.2-34.0) 
Northeast Atlantic 11.2 (0.4-33.8) 15.0 (9.6-21.5) 6.4 (0.1-16.9) 

Fluxes (in [tmol m -2 yr') are mean values with ranges in parentheses. SWS is spot wind speed and CWS is cli- 
matological wind speed. 
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Table 3. Flux Estimates of CS,_ in the Global Oceans Using Method 1 
Latitude, Area, Unit Flux, Flux, 

Region degree 10 •2 m 2 •mol S m-'- yr • Tg CS: yr' 
Equatorial 0-5 32 25.1 0.030 
Tropical 5-20 92 21.4 0.075 
Subtropical 20-35 77 14.2 0.042 
Temperate 35-50 67 16.8 0.043 
Subarctic 50-65 48 13.5 0.025 
Coastal 0-50 49 20.8 0.039 
Total 365 0.25 

Area data are from Bates et al. [ 1987], except for the coastal waters, which are from Andreae [ 1986]. 

tion of CS2 evasion from each region to the atmosphere results 
from a combination of the unit area flux and the area for that 

region, ranking the tropical oceans as a main contributor and 
the subarctic areas as a minor one. CS2 flux from coastal re- 
gions is comparable with that from the subtropical or temper- 
ate waters. The annual oceanic flux is thus estimated to be 

0.25 Tg CS,_. 
The second method is based on our observation that CS,_ 

flux is strongly related to sea surface temperature (Figure 6). 
Figure 6 includes all the open ocean flux data from the three 
cruises, using (2) for calculating exchange velocities. The in- 
crease in flux with water temperature is a coupled conse- 
quence of the positive correlation found between CS,_ concen- 
tration and water temperature and the inverse relationship 
between the Schmidt number and water temperature. We 
have grouped the open ocean into three types of waters by 
temperature, specifically, waters below 10øC, between 10 ø 
and 20øC, and above 20øC. Areas of these waters are 12- 
month averages estimated from the COADS monthly mean 
sea surface temperature data. In a fashion analogous to that in 
the first method, a unit area flux is assigned to each type of 
water. The estimated global flux is 0.24 Tg CS2 yr-' (Table 4), 
in good agreement with the result of the first method. This 
agreement is not surprising since the regional subdivisions of 
the world ocean in method 1 basically reflect the general pat- 
terns of the surface ocean temperature. 

The magnitude of our flux estimate will decrease to -0.13 
Tg CS,_ yr-' if we use the LM equations for calculating the ex- 
change velocities. Since there is no consensus on which rela- 
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Figure 6. Flux of CS,_ versus sea surface temperature (SST). 
See detailed description in text. 

tionship is more accurate, the best estimate from this study is 
defined as the average of the fluxes derived from the two re- 
lationships, the value being 0.18 Tg CS,_ yr -' with a range from 
0.13 to 0.24 Tg CS2 yr ". Kim and Andreae [1987] reported 
the sea-to-air flux of CS,_ to be 0.26 (0.13-0.52) Tg CS2 yr -' 
based on the measurements in the mid-latitudes of the North 

Atlantic. Chin and Davis [ 1993] tried to improve this estimate 
by taking into account the seasonal and diurnal variation in 
the flux and arrived at a value of 0.18 (0.09-0.36) Tg CS,_ yr -'. 
Therefore the flux estimate from this work agrees well with 
that obtained by Chin and Davis [1993], but it is 31% less 
than that yielded by Kim and Andreae [1987]. Our estimate 
represents 32% (23-42%) of the total annual CS: emission to 
the atmosphere derived by Chin and Davis [1993]. 

Seasonal variations in CS,_ flux were not taken into account 
in our estimates owing to lack of data with complete seasonal 
coverage in the visited ocean areas. In particular, no seawater 
measurements of CS,_ have ever been made in winter months, 
making it hard to further refine the flux estimates. Moreover, 
in the flux calculation, it is implicitly assumed that the con- 
centration of CS,_ is not affected by wind speed. As pointed 
out by Moore et al. [1996] in dealing with the case of methyl 
chloride, this is not true if a high wind speed persists for such 
a time that the resulting elevated flux cannot be sustained 
simply because the loss terms overtake the production proc- 
esses in a water column, inevitably resulting in a decrease in 
CS2 concentration. It is, however, difficult to quantify the un- 
certainty of this effect in the estimates of CS_, flux we have 
made, as we do not have a quantitative knowledge of the in 
situ loss and production processes. 

None of the present flux estimates is large enough to match 
predictions from atmospheric models, which suggest an oce- 
anic source of the order of-10 Tg CS_, yr -• [Rodhe and Isak- 
sen, 1980; Wine et al., 1981; Chatfield and Crutzen, 1984; 
Toon et al., 1987]. These models utilized-30 pptv of atmos- 
pheric CS,_ at ground level [SandalIs and Penkerr, 1977; Ma- 
roulis and Bandy, 1980; Bandy et al., 1981, 1986], which has 
been proved to be inappropriately high for unpolluted marine 
air. A more recent and generally accepted mixing ratio of CS, 
in remote marine boundary layer is a few parts per trillion by 
volume [Kim and Andreae, 1987; Bandy et al., 1993; Johnson 

Table 4. Flux Estimates of CS2 in the Global Oceans Using 
Method 2 

Temperature, Area, Unit flux, Flux, 
øC 10 • m • pmol S m -• yr • Tg CS,, yr • 

_<10 77 8.0 0.023 
10-20 75 14.4 0.041 
>20 164 22.1 0.138 
Coastal 49 20.8 0.039 
Total 365 0.24 
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and Bates, 1993; Thornton and Bandy, 1993], which would 
lead to much lower modeled fluxes. 

3.3. Sources of Oceanic CS2 

Previous studies [Kim and Andteac, 1987, 1992; Chin and 
Davis, 1993] and this work have indicated that the ocean is an 
important source for atmospheric CS_,. However, the proc- 
esses that produce CS2 in marine waters remain poorly under- 
stood. In this section we try to summarize the current knowl- 
edge about sources of this compound within the ocean. 

Andteac [1986] suggested that bacteria-mediated fermen- 
tation and reaction of H,_S with organic matter may produce 
CS2 in anoxic aquatic environments. This proposition explains 
well the high concentrations of CS2 found in sediment pore 
waters, stagnant bays, coastal wetlands, and salt marshes 
where anaerobic microbial processes predominate [Lovelock, 
1974; Bandy et al., 1982; Wakeham et al., 1987]. It is also 
supported by the observation that a strong concentration gra- 
dient of CS,. coincided with an O2-H,_S transition zone in a 
stratified coastal salt pond [Wakeham et al., 1987]. Diffusion 
from underlying sediments is probably responsible for high 
concentrations of CS• observed in the deep ocean [Kim and 
Andreae, 1992; Xie et al., 1998]. However, a sedimentary 
source alone is insufficient to account for vertical profiles that 
are characterized by either pronounced, high surface concen- 
trations or subsurface peaks [Kim and Andteac, 1992; Xie et 
al., 1998]. Processes other than microbial activities in sedi- 
ments must account for these observations. 

Xie et al. [1998] reported photochemical production of CS,_ 
in the northeast Atlantic off Ireland. The average apparent 
quantum yield spectrum indicates that the solar UV radiation 
(290-380 nm) is most effective at inducing formation of CS2, 
with visible light having little effect. Photoproduction rate of 
CS,_ is positively correlated with absorptivity at 350 nm, sug- 
gesting that this production is probably mediated by colored 
dissolved organic matter (CDOM). Coastal waters dominated 
by terrestrial CDOM are thought to be more photochemically 
reactive than open ocean waters mainly containing marine 
CDOM [Kieber et al., 1990; Dister and Zafiriou, 1993]. 
Higher concentrations of CS• observed in coastal waters rela- 
tive to the open ocean seem to be caused by enhanced photo- 
production as well as larger diffusional input from underlying 
sediments in coastal areas. The potential photoproduction of 
CS• in world oceans extrapolated from the Xie et al. [1998] 
study is 0.49 Tg CS• yr -•, which alone could account for the 
estimated ocean sources as presented above. Nevertheless, as 
discussed by Xie et al., it is not a simple matter to extrapolate 
from a small region, sampled in one season, to the global 
ocean. 

Little attention has been paid to the possibility of a marine 
algal source, perhaps because Lovelock [1974] reported no 
release of CS2 from the algal species he examined. Unfortu- 
nately, Lovelock did not reveal any details of the species 
tested and the experimental conditions employed. Unialgal 
cultures done in our laboratory have demonstrated that some 
species of phytoplankton are capable of producing a signifi- 
cant amount of CS2 [Xie et al., 1998]. The organisms that we 
have tested included Chaetoceros calcitrans, Phaeodactylum 
tricornutum, Phaeocystis sp., Porphyridium purpureum, 
Synechococcus sp., and Isochrysis sp.. Three of these six spe- 
cies, namely, Chaetoceros calcitrans, Phaeodactylum tricor- 
nutum, and Phaeocystis sp., were identified to be significant 
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Figure 7. Change of total amount of CS2 with time in a unial- 
gal and axenic culture of Chaetoceros calcitrans incubated 
under cool-white fluorescent light and temperature-controlled 
(18øC) conditions. Circles are total CS,_ in the culture, crosses 
are total CS,_ in the cell-free control, and triangles are total cell 
number in the culture. 

producers of CS2. Figure 7 shows the total amount of the sul- 
fur compound as a function of time in the C. calcitrans cul- 
ture. Accumulation of CS2 mainly occurred during cell growth 
and leveled off at senescence. Our experimental evidence in- 
dicated that cool-white fluorescent light, which was used for 
incubating the cultures, is essentially incapable of inducing 
CS,_ photoproduction. Thus the production of the compound 
in these cultures was more likely associated with biological 
processes. 

A direct algal source is also supported by depth profiles 
obtained in the North Pacific central gyre (Figure 8). A nota- 
ble feature of these profiles is the coexistence of the CS2 and 
chlorophyll a maxima within the density gradient at the base 
of the mixed layer. The maximum in CS,_ occurred below 50 
m. Photoproduction should be of little significance for for- 
mation of the subsurface CS• peak because of depletion of 
UV radiation at depth. As suggested by Moore et al. [1995] 
and Taguchi et al. [1988], the deep chlorophyll maximum 
was probably due to the abundant photosynthetic pigments 
produced by low-light-adapted algal cells held in the stabi- 
lized layers. These algal species might be able to emit CS,_ 
that was trapped within the pycnocline because of suppressed 
vertical mixing. 

Figure 8 also shows that CS• concentration dropped rapidly 
below the subsurface maximum. However, the compound was 
detectable even at our maximum sampling depth of-300 m. 
In particular, the profile of station 9 showed fairly high con- 
centrations (-20 pM S) at 200 and 300 m. The likelihood of a 
sampling artifact at these two depths is small, because the 
same bottles were used to collect samples for other stations 
that showed much lower concentrations below 200 m. Verti- 

cal profiles reported in previous studies [Kim and Andreae, 
1992; Xie at al., 1998] indicate that CS• is present throughout 
the water column and that highly pronounced concentration 
of the compound in deep waters is not a rare phenomenon. In 
order to maintain the presence of CS• in deep waters, physical 
transport and/or dark production must exist to compensate for 
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Figure 8. Depth profiles of CSz (solid circles), chlorophyll a (open circles), and cr t (solid 
lines) obtained during the Discoverer cruise in the North Pacific. 
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loss due to hydrolysis and its reaction with the hydrogen per- 
oxide conjugate base HO • [Elliott, 1990]: 

CS 2 + OH- •i > products 

( k: = 1.0 x 10 -3 M-: s-:, room temperature) 

CS 2 + OH• k2 > products 

( k• = 20.4 M-: s-:, room temperature). 

The concentration of HO 2 can be derived from the acid diso- 
ciation [Evans and Uri, 1949] 

H202 '. kd r • H + + HO 2 

(kd = 2 X 10-:9 

The concentration of H20• below the euphotic zone is of the 
order of a few nanomoles per liter [Palenik and Morel, 1988; 
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$ikorski and Zika, 1993]. Assuming that [H_,O2] = 10 nM and 
pH = 8.2, we estimated the chemical destruction rate in the 
deep water (200-300 m) at station 9 to be---1.0 pM S yr -1. Dif- 
fusional input to the deep water from the overlying CS,_ en- 
riched layer (the subsurface maximum) was estimated to be in 
the range 0.6-10 pM S yr -1 using the vertical concentration 
gradients of CS_, at station 9 and the vertical mixing coeffi- 
cients reported by Ledwell et al. [1993] (350 m'- yr -•) and Liet 
al. [1984] (5400 m-' yr-'). Thus, physical transport alone could 
balance the destruction due to hydrolysis and reaction with 
hydrogen peroxide. It is unknown whether or not a dark proc- 
ess that produces CS,_ exists in oxic aquatic environments. 
Several groups [Radford-Knoery and Cutter, 1994; FlOck and 
,4ndreae, 1996] reported dark production of OCS under natu- 
rally occurring oxic conditions. The possibility of a similar 
dark production of CS_, cannot be excluded as similar path- 
ways have been found for the production of CS,_ [Xie et al., 
1998] and OCS [Ferek and,4ndreae, 1984] in surface waters 
(photochemically) and sediments (through anaerobic micro- 
bial processes) [Lovelock, 1974; Cutter and Radford-Knoery, 
1993]. 

4. Summary 

This study, for the first time, presents the results of CS_, 
measurements in the open oceans of the Pacific and the sub- 
arctic Atlantic. CS_, concentrations are higher in coastal and 
warm waters than in the open ocean and cool waters, respec- 
tively. All the investigated regions are greatly supersaturated 
in CS_, with respect to the atmosphere, and thus act as a source 
for atmospheric CS,_. Our best flux estimate is 0.18 Tg CS_, yr -1 
with a range from 0.13 to 0.24 Tg CS_, yr -•, making up 32% 
(23 to 42%) of annual CS,_ input to the atmosphere obtained 
by Chin and Davis [1993]. Major uncertainties in the flux es- 
timate arise from the choice of the formula for calculating ex- 
change velocity, the restricted spatial and temporal coverage 
of the data, and the assumption made in the flux computation 
that the concentration of CS,_ is independent of wind speed. 
Processes that significantly contribute to formation of oceanic 
CS2 include anaerobic bacterial activities, UV-induced photo- 
chemical transformations of CDOM, and possible release 
from biological activity. Diffusional input from surface wa- 
ters and sediments could account for the presence of this 
compound in the intermediate and deep ocean. 
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