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Abstract

Carbonyl sulfide (OCS) is a major precursor of stratospheric sulfate aerosols and a proxy for terrestrial photo-
synthesis. In recent years, sulfur-isotope measurements (5>S) of OCS emerged as an approach to constrain the
OCS budget. Yet, such measurements are still scarce for aquatic OCS. Here we present a large dataset of %S
values of marine OCS. In addition, we present 53*S values of marine carbon disulfide (CS,) and dimethyl sulfide
(DMS), which in the air, act as important precursors of tropospheric OCS. Samples were collected at the Atlantic
Ocean, the Red Sea, the Mediterranean Sea, the Wadden Sea, and the North Sea. The gases were sampled by a
water-air equilibrator, preserved in canisters, and analyzed via a preconcentration system coupled to a gas chro-
matograph connected to a multi-collector inductively coupled plasma mass spectrometer. We found **S values
of —3.8%o0 to 19.4%o for OCS, —10.5%o0 to 20%o for CS,, and 14-23%o for DMS. These 53S values are controlled
mainly by two endmembers: production in the water column and production in sediments. Lab experiments
suggest that the 3*S-fractionation of OCS photo-production is 0.8%o = 0.5%o. In addition, based on measure-
ments from the Atlantic Ocean, we calculated the **S-fractionation of OCS dark-production as —6%o + 2%so.
This new data significantly improves our knowledge of the sulfur isotope distribution of marine OCS and helps
identify its different sources, sinks, and production pathways.

Carbonyl sulfide (OCS) is the most abundant long-lived sul- which helps estimate the water fluxes over entire forest plots
fur gas in the troposphere, with a lifetime of a few years (Wehr et al. 2017).
(Chin 1992). Tropospheric OCS acts as an important precursor Oceans are considered the largest natural source of OCS

for stratospheric sulfate aerosols, which increase Earth’s albedo and emit OCS both directly and indirectly via atmospheric
(Crutzen 1976; Hanson et al. 1994; Nagori et al. 2022). In the oxidation of dimethyl sulfide (DMS) and carbon disulfide
last two decades, OCS has been used as a proxy for terrestrial (CS,) (Chin and Davis 1993; Barnes et al. 1994; Von Hobe
gross primary production, which controls atmospheric CO, et al. 2023). An additional pathway of OCS production via the
concentration and regulates the Farth’s climate (Montzka  photolysis of aqueous phase DMS was also found (Modiri
et al. 2007; Campbell et al. 2017; Lai et al. 2024). Tropospheric ~ Gharehveran and Shah 2018).

OCS is also used as a proxy for plants’ stomatal conductance, Estimates of the atmospheric OCS budget are usually based
on limited measurements backed by modeling, which leads to

large uncertainties associated with OCS sinks and sources (Berry

et al. 2013; Campbell et al. 2017; Whelan et al. 2018). Previ-
*Correspondence: alon.angert@mail.huji.ac.il; alon.amrani@mail.huji.ac.il ously, the ocean-atmosphere flux was suggested to be as large
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OCS concentrations suggest a smaller oceanic source of less
Associate editor: Rafel Simé than 300 Gg yr ! (Lennartz et al. 2017; Lennartz et al. 2021).
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Sulfur isotope measurements of OCS were suggested as a
new approach to reduce OCS budget uncertainties in the
atmosphere, using an isotopic mass balance (Angert
et al. 2019; Hattori et al. 2020; Davidson et al. 2021). To use
this approach effectively, 5**S values of OCS in seawater and
its precursors are required. In addition, 3*S-fractionations of
the main production and destruction pathways of oceanic
OCS are also needed.

For marine DMS and its precursor, dimethylsulfoniopropio-
nate (DMSP), several studies have presented relatively large
datasets of §3*S values (Oduro et al. 2012; Amrani et al. 2013;
Osorio-Rodriguez et al. 2021). However, such measurements
for OCS and CS, are currently scarce. Only two studies
reported 5%4S values of OCS and CS, in natural seawater, based
on limited measurements from the Mediterranean Sea and the
Red Sea, which are not representative of the open ocean
(Davidson et al. 2021; Davidson et al. 2025).

In the open ocean, OCS and CS, are produced by the deg-
radation of dissolved organic sulfur (DOS) compounds,
which is the sulfur-containing fraction of dissolved organic
matter. Surface ocean DOS was recently found to have a quite
uniform §3*S value of 18.6%o + 0.6%0 (Phillips et al. 2022).
The degradation of DOS can form OCS and CS; via two main
pathways: photochemical and light-independent, referred to
here as photo-production and dark-production (Flock and
Andreae 1996; Von Hobe et al. 2003; Lennartz et al. 2021).

Previous studies suggested several pathways for photo-
production of OCS and CS,, involving intermediate radicals
that react with various types of organic sulfur precursors
within the DOS pool (Pos et al. 1998; Modiri Gharehveran
and Shah 2018; Li et al. 2021).

Dark-production of OCS was suggested to be related to bac-
terial processes (Flock and Andreae 1996) or to a reaction of
organic sulfur compounds with thiyl radicals that can be gen-
erated in the dark, through metal catalyzation (Flock
et al. 1997; Von Hobe et al. 2001; Modiri Gharehveran and
Shah 2018).

In addition to the surface ocean, there are several reports of
enhanced OCS and CS, production near sea coasts, salt
marshes, and estuaries that reflect possible sedimentary sources
(Zhang et al. 1998; DeLaune et al. 2002; Xu et al. 2024). This
enhanced production is related to hydrogen sulfide (H,S/HS™),
which is produced via microbial sulfate reduction in anoxic
sediments (Cutter and Radford-Knoery 1993; DeLaune
et al. 2002; Xu et al. 2024).

Microbial sulfate reduction produces H,S with a large 3*S-
fractionation, in the range of —20%o to —75%0 (Wortmann
et al. 2001; Brunner and Bernasconi 2005; Canfield et al. 2010).
In addition, porewater DOS from different sediments was mea-
sured previously in the range of —2.7%o to +2.9%o0 (Phillips
et al. 2022; Ibrahim and Tremblay 2023). Thus, we expect
that OCS and CS, which are related to sediments, will result
in 34S-depleted OCS and CS,, similar to DMS (Sela-Adler
et al. 2016) and other volatile organic sulfur compounds
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(Oduro et al. 2013). Yet, direct 5**S measurements of such OCS
and CS, that are associated with sedimentary sources are cur-
rently unavailable.

The main sink of oceanic OCS is hydrolysis, which is tem-
perature and pH-dependent (Elliott et al. 1989; Radford-
Knery and Cutter 1994; Cutter et al. 2004). Marine OCS
hydrolysis was recently found to have a **S-fractionation of
—2.6%0 £ 0.3%0 (Avidani et al. 2024). The ocean-atmosphere
flux accounts for the main sink of oceanic CS, and the sec-
ond most important sink for oceanic OCS after hydrolysis
(Elliott 1990).

Here, we assess the main sources, production pathways,
and associated 3*S-fractionations that control the sulfur iso-
tope distribution of marine OCS. We apply a two-pronged
approach combining photochemical experiments to deter-
mine the 3*S-fractionation of OCS formation and a multi-
location data set of 83*S measurements of OCS, CS,, and DMS,
including the first open ocean samples.

Methods

Study sites

Several research campaigns were conducted. Research
cruises were conducted at the Atlantic Ocean, the Wadden
Sea, the North Sea, and the Mediterranean Sea. Shoreline cam-
paigns were conducted at the Red Sea and Mediterranean Sea,
as detailed in Fig. 1, Supporting Information Text S1, and
Supporting Information Table S1. In all research campaigns,
discrete samples were taken for later analysis of sulfur isotopes
of OCS, CS,, and DMS, as detailed below. In most research
cruises, continuous onboard OCS measurements were con-
ducted (Supporting Information Text S2), and in one cruise,
DMSP samples were taken for later analysis of sulfur isotopes,
as detailed below. We assume that all samples were taken from
within the mixed layer, as sampling was done in depths of
0.5-5 m for most sampling campaigns (Supporting Informa-
tion Text S1). Sampling from slightly deeper water (~ 11 m)
was done onboard RV Polarstern during the open ocean cam-
paign (Supporting Information Text S1). Yet, in this
campaign, all samples were taken during sailing; hence, the
ship’s motion had mixed the water.

Sampling procedure

For discrete OCS, CS,, and DMS samples, we used a 20-L
poly(methyl methacrylate) water-air equilibrator as described
elsewhere (Davidson et al. 2021; Davidson et al. 2025). The
equilibrator works with a seawater flow of ~ 10-L min~"'. After
a minimum of 1 h equilibration, the headspace air was trans-
ferred to a 5, 10, or 25-L sampling bag via a cold trap that was
used to capture water vapor. Then, the equilibrated gas sam-
ples were transferred to 3-L Silitek-treated canisters (SilicoCan;
Restek, PA, USA) for preservation of up to 4.5 months before
analysis.
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Fig. 1. Study sites: sampling locations at the Mediterranean Sea, the Red Sea, the Atlantic Ocean, the Wadden Sea, and the North Sea, detailed in

Supporting Information Text S1 and Supporting Information Table S1.

For DMSP, we sampled seawater in 40 mL amber glass vials,
covered with aluminum foil. For preservation of up to 1 yr, an
HCl (37%) solution was added. For analysis, DMSP was
converted to DMS using NaOH as detailed elsewhere (Amrani
et al. 2013; Said-Ahmad and Amrani 2013). The 534S values of
DMSP in this paper are presented for total aqueous phase
DMSP (dissolved and particulate).

Sulfur isotope analysis

A description of the Materials and Standards used in this
work is detailed in the Supporting Information Text S3. A pre-
concentration system connected to a gas chromatograph
(Trace 2000 series, Thermo, Germany) coupled with a Nep-
tune Plus™ multi-collector inductively coupled plasma mass
spectrometer (Thermo Scientific, Germany) was used, as
described elsewhere (Angert et al. 2019; Davidson et al. 2021).
The pre-concentration system is based on a Tenax resin trap
(TA, 60-80 mesh; Sigma-Aldrich [MO, USA]), connected to a
ten-port valve (Valco Instrument Co, TX, USA).

Our system demonstrates a precision of 6% (RSD) for con-
centrations and 0.6%o for §**S analysis of equilibrated gas
samples from natural seawater, as detailed elsewhere
(Davidson et al. 2025), and in the Supporting Information
Text S4. A comparison of OCS concentrations measured on
the multi-collector inductively coupled plasma mass spectrom-
eter, vs. continuous OCS measurements (Supporting Informa-
tion Text S4), excluding samples from the Wadden Sea, fits a
linear regression with a slope of 0.92 (R* = 0.65; Supporting
Information Text S4; Supporting Information Fig. S2).

Two types of samples were introduced to the system,
aqueous samples and equilibrated gas samples. Aqueous sam-
ples included total DMSP (both particulate and dissolved frac-
tions [Del Valle et al. 2011]) from the Atlantic Ocean, and
aqueous OCS and CS; from photo-production experiments
(Supporting Information Text S5). The aqueous samples were
purged with helium and trapped on the preconcentration sys-
tem, as detailed elsewhere (Said-Ahmad and Amrani 2013).
Equilibrated gas samples from natural seawater, stored in 3-L
canisters (see Sampling procedure), were connected to the
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preconcentration system and pressurized with N,. The pres-
sure in the canisters was then used to transfer the equilibrated
gas samples from the canisters to the preconcentration system
(Angert et al. 2019; Davidson et al. 2025).

After preconcentration, the samples were injected into the
GC column (60 m x 0.320 mm, GS-GASPRO, Agilent Technol-
ogies, CA, USA) for the separation of sulfur compounds. The
calibration gas standard (Supporting Information Text S3) was
injected into the GC using a 100 pL Sulfinert coated loop
(Restek, PA, USA), connected to the 10-port valve. An addi-
tional six-port valve (Valco Instrument Co, TX, USA) was used
to introduce SF¢ as an internal gas standard (Supporting Infor-
mation Text S3). A transfer line, heated to 150°C, was used to
transfer the samples from the GC to the plasma source (Said-
Ahmad et al. 2017). The S species were atomized and ionized
in the plasma source and yielded *2S* and **S* ions that were
transferred to the mass spectrometer unit for isotope ratio
analysis.

Equilibrated gas samples (containing OCS, CS,, and DMS
from natural seawater) were measured in the gas phase. To
convert OCS, CS,, and DMS concentration from the gas phase
to the aqueous phase, we used Henry’s Law conversions. A
temperature and salinity-dependent function was used for the
OCS Henry constant (Ulshofer et al. 1995), and a temperature-
dependent Henry constant for DMS and CS, (Sander
et al. 2006). The &*S values of OCS, CS,, and DMS in this

Sources of marine carbonyl sulfide

study are presented as measured in the gas phase, which is
representative of the &**S values of the ocean-atmosphere
flux. To convert the §**S values from the gas phase to the
aqueous phase, a *S-fractionation during the aqueous-gas
transition must be considered. Such fractionation was mea-
sured as 0.6%o £ 0.2%o0 for OCS (Davidson et al. 2025) and
0.5%o0 + 0.2%0 for DMS (Amrani et al. 2013). The 3%S-
fractionation during the aqueous-gas transition of CS, is cur-
rently unknown.

Results

Large range of 5>*S values for oceanic OCS and CS,

Presented here is a data set of sulfur isotope measure-
ments of marine OCS and its precursors, CS, and DMS
(Fig. 2). The concentrations of marine OCS from all of our
sampling campaigns ranged from 2 to 243 pM, and OCS
8%*S values ranged from —3.8%o to +19.4%o (Fig. 2a;
Supporting Information Table S2). The concentrations of
CS, ranged from 8 to 176 pM, and CS, &°*S values ranged
from —10.5%0 to +20%o (Fig. 2b; Supporting Information
Table S2).

Dimethyl sulfide from our campaigns showed variable
concentrations in the range of 0.2 to 30.5nM (Fig. 2c;
Supporting Information Table S2). Yet, §**S values of DMS
showed a much narrower range (14-23%o) than OCS and CS,.
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Fig. 2. Concentrations and 53*S values of the main volatile sulfur compounds in different marine and oceanic basins: (a) carbonyl sulfide (OCS), (b) car-

bon disulfide (CS;), and (c) dimethyl sulfide (DMS).
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Furthermore, excluding the Wadden and North Seas, DMS
shows a relatively uniform &**S value of 20%o + 1%o (Fig. 2¢;
Supporting Information Table S2). The DMS samples from the
Wadden and North Seas had low DMS concentrations
(£ 0.4 nM) combined with interference from the water peak,
which resulted in a larger analytical error for DMS 8*S values
that can exceed 1%o.

Total DMSP was sampled only during the Atlantic open
ocean campaign. The DMSP concentrations in the Atlantic
Ocean were in the range of 10.3-77.4 nM, yet their §3*S values
were almost uniform at 19.6%o + 0.5%o0 (Supporting Informa-
tion Table S3; Supporting Information Fig. S2). The relatively
uniform values of marine DMS and DMSP, presented here, are
close to previously reported values of 18-21%o0 for DMS and
DMSP in surface marine water (Oduro et al. 2012; Amrani
et al. 2013; Carnat et al. 2018).

In contrast to the uniform §3*S values of DMS/DMSP, the
8*S values of OCS and CS, show a much larger variability at
surface seawater across different basins (Fig. 2). Moreover, the
5%4S values of OCS and CS, from all marine environments,
measured in the present study, were found to be correlated
(R? = 0.68; Fig. 3a). However, a much weaker correlation was
found for §3*S values of OCS vs. DMS (R% = 0.40; Fig. 3b).

Open ocean carbonyl sulfide shows diurnal cycles

The sulfur isotope values of OCS from the Atlantic open
ocean showed the most **S-enriched OCS among our different
sampling campaigns, with a mean &**S value of 17%o =+ 2%o
(Fig. 2a; Supporting Information Table S2). Samples of OCS
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from the open ocean showed pronounced diurnal cycles in
concentrations and &**S values for most sampling days
(Fig. 4). As opposed to OCS, the concentrations and &**S
values of CS, and DMS from the same samples did not show
diurnal cycles (Supporting Information Fig. S3).

A comparison between OCS samples taken during the after-
noon and samples taken during dawn indicates two distinct
groups (p-value < 0.05). Where OCS that was sampled during
dawn (n = 9) showed a mean concentration of 8 £ 1 pM and
83*S value of 15%o =+ 2%o, while OCS samples taken during
the afternoon (n = 6) showed concentrations of 20 £ 5 pM
and OCS 8*S values of 18%o + 1%o (Fig. 5).

Wadden Sea has 3*S-depleted volatile sulfur compounds

Our samples from the Wadden Sea, representing sediments-
associated environments (see Supporting Information
Text S1), show much higher OCS and CS, concentrations
(by an order of magnitude) compared with all other sam-
pling campaigns (Fig. 2; Supporting Information Table S2).
In addition, the §3*S values of OCS and CS, from the
Wadden Sea were **S-depleted by 15-25%0, compared with
all other sampling campaigns (Fig. 2). Moreover, §**S values
of DMS from the Wadden Sea (16%o =+ 2%0) were 3*S-
depleted by ~ 4%o, compared with §**S values of DMS from
most sampling campaigns (20%o £ 1%o0 excluding the
Wadden and North Seas). Similarly, in other environments
with sediment inputs, a **S-depleted DMS was previously
reported (Sela-Adler et al. 2016).
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Fig. 3. Sulfur isotope values (§3*S) of: (a) carbon disulfide (CS,) vs. carbonyl sulfide (OCS), (b) dimethyl sulfide (DMS) vs. OCS.
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Fig. 4. Carbonyl sulfide (OCS) concentrations and sulfur isotopes from the Atlantic open ocean. Continuous onboard measurements of OCS concentra-
tion (blue line; pM), discrete measurements of OCS concentrations (blue circles; pM), and 53S values (red circles; %o). Error bars represent the standard

deviation (1c) for OCS concentration and &3S values of duplicate samples.
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Fig. 5. Atlantic open ocean 534S values of carbonyl sulfide (OCS) vs. its
concentrations. The samples taken during dawn (blue triangles) and the
samples taken during the afternoon (orange triangles) have distinct con-
centrations and §*S values (p-value < 0.05). The samples taken during
dawn show a mean concentration of 8 + 1 pM and &3S value of 15%o =+
2%o (n = 9). The samples taken during the afternoon show higher concen-
trations of 20 & 5 pM and higher 5**S values of 18%o + 1%o (n = 6).

Wadden Sea carbonyl sulfides diurnal cycle

Samples of OCS from the Wadden Sea showed a pro-
nounced diurnal cycle (Fig. 6), yet CS, and DMS showed a
much weaker correlation to such a diurnal cycle (Supporting
Information Fig. S3). The diurnal cycle of OCS in the Wadden
Sea showed an opposite trend in 8**S values compared with
the open ocean: In the Wadden Sea, OCS &S values showed
a negative peak during maximum OCS concentration (Fig. 6),
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Fig. 6. Diurnal cycle of carbonyl sulfide (OCS) concentrations (blue) and
53*S values (red) in the Wadden Sea. The trendlines are fitted to second-
order polynomial equations: y = —768.48x* + 7 x 107x — 2 x 10'2 for
concentrations (R? = 0.93) and y = 9.8928x%> — 87,996x + 2 x 10'° for
534S values (R? = 0.96).

while in the open ocean, OCS §**S values showed a positive
peak during maximum OCS concentration (Fig. 4).

Steady state of carbonyl sulfide during photo-production
experiments

For convenience, we use here A%*S (%o) values, which are
defined as the difference between the §**S values of the prod-
ucts and the source (cysteine) according to Eq. 1.

A34S = 834SOCS - 6345cysteine (1)
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where §**Sgcs is the measured §3*S value of carbonyl sulfide
(OCS), or carbon disulfide (CS,) in the vial, and 634Scysteme is
the 8°!S value of the precursor, cysteine (3.8%o + 0.2%o;
Supporting Information Text S5).

All the data from the photo-production experiment pres-
ented here (OCS and CS, concentrations and A3*S values) are
corrected for a “non-photochemical background” that was cal-
culated based on dark and photo control experiments (see
Supporting Information Tables S4, S5; Supporting Information
Text S6). For information on dark-production experiments, see
Supporting Information Text S7. Along the photo-production
experiment, OCS concentration increased linearly up to
2.0 nM after 16 h (at a rate of 0.125 nM h™!) and then, toward
the end of the experiment (~ 29 h), continued to increase at a
much slower rate (0.03nMh™!) up to 2.4nM (Fig. 7a;
Supporting Information Table S5). The A®*S values of OCS
increased to a value of 3.4%o £+ 0.5%0 and remained stable
after 16 h until the end of the experiment (Fig. 7a; Supporting
Information Table S5).

The concentrations of CS, increased exponentially throu-
ghout the experiment and reached a concentration of 0.7 nM
after ~ 29 h (Fig. 7b; Supporting Information Table S5). The
A**S values of CS, showed an abrupt increase to 8.9%o in the
first 18 h and then an abrupt decrease to 3.8%o after ~ 29 h
(Fig. 7b; Supporting Information Table S6).

Discussion

Small isotopic fractionation during carbonyl sulfide photo-
production

The photo-production experiment was aimed at calculat-
ing a first approximation of the effective 3*S-fractionation
during the photo-production of OCS and CS,. To calculate
this for OCS, one must consider the isotopic effect of the
simultaneous OCS hydrolysis. This hydrolysis is a first-order
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reaction, with a rate that depends on temperature and pH
(Elliott et al. 1989). A recent study found that OCS hydroly-
sis has a 3*S isotope fractionation of —2.6%o =+ 0.3%0
between temperatures of 4-22°C (Avidani et al. 2024).
Assuming there are no other significant production and
destruction pathways, the OCS photo-production and OCS
destruction via hydrolysis should eventually reach a steady
state (Eq. 2).

d[OCS]
dr

= thoto - thdro =0 (2)

where [OCS] is carbonyl sulfide (OCS) concentration, Fpnoto iS
the flux of OCS photo-production, Fpnygro is the flux of OCS
hydrolysis. In our experiment, the OCS reached conditions
that are close to a steady state after 16 h (Fig. 7a). To calculate
the S isotope fractionation during OCS photo-production
(€photo), assuming such a steady state (Eq. 2), we created an
isotopic flux mass balance by multiplying each flux with its
isotopic signature (Eq. 3).

thoto * (634Scysteine + 6'photo) - thdro * (634SOCS + fhydro) =0 (3)

We then combined Eqgs. 2 and 3, resulting in Eq. 4.

34 34
€photo = 87*Socs + Ehydro — 8 Scysteine (4)

where gphot0 is the 348 fractionation associated with carbonyl
sulfide (OCS) photo-production from cysteine, 5%4Socs is the
OCS isotopic value at steady state (after 16 h), epyqro is the 34g.
fractionation associated with OCS hydrolysis at 4-22°C
(—2.6%o; after Avidani et al. 2024), and §**Scysteine is the S
value of the precursor, cysteine (3.8%o + 0.2%o0; Supporting
Information Text S5).
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Fig. 7. Results of the photo-production experiment. Presented are the concentrations (nM) and the A3*S values (%o) of the evolving products: (a) car-
bonyl sulfide (OCS) and (b) carbon disulfide (CS,). The A**S values are the difference between the §3*S values of the products (CS, or OCS) and the pre-

cursor, cysteine (Eqg. 1).
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Based on Eq. 4, we calculated the **S-fractionation associ-
ated with OCS photo-production from cysteine (gpnoto) to be
positive and small, with a value of +0.8%0 £+ 0.5%o0. A nega-
tive fractionation is usually the case for kinetic processes.
However, a multi-step pathway, which involves several inter-
nal fractionations, may result in an overall positive apparent
fractionation. Such a multi-step pathway is expected, as the
photo-production of OCS is thought to be indirect, involving
intermediate radicals (Pos et al. 1998; Modiri Gharehveran
and Shah 2018; Li et al. 2021).

An important caveat in our experiment is that we used only
cysteine as a precursor, which may not represent the large
diversity of organosulfur precursors in natural seawater DOS.
Nevertheless, photochemical studies of OCS formation have
suggested that different organic sulfur precursors may
have similar photochemical pathways (Modiri Gharehveran
and Shah 2018). Hence, our calculated fractionation for OCS
photo-production from cysteine (0.8%o + 0.5%0) can be used
as a first approximation.

As for the CS,, measured in our photo-production experi-
ment, the large increase followed by a large decrease in A3*S
values is difficult to explain by the fractionation of photo-
production alone. While CS, hydrolysis is assumed to be neg-
ligible for the removal of CS, in surface water (Elliott 1990),
CS, destruction by photolysis is substantial (Lennartz
et al. 2024), yet, with unknown associated 348 fractionation.
Thus, at this stage, we cannot determine the effective 34g.
fractionation associated with the photo-production of CS,.

Similar 8**S for carbonyl sulfide and dissolved organic
sulfur in open ocean

The OCS samples from the Atlantic open ocean showed a
mean 5°*S value of 17%o 4 2%o (Fig. 2a; Supporting Informa-
tion Table S2) with relatively stable &**S values over a vast
area, between latitudes 34°N to 22°S. Furthermore, these sam-
ples show the most **S-enriched OCS among our different
sampling campaigns, which may indicate a negligible contri-
bution of sediment-associated OCS (see Discussion). Thus, we
suggest that the OCS &*S values from the Atlantic open ocean
sampling campaign can be used as representatives for open
oceans worldwide.

The 17%o0 + 2%o0 value measured for open ocean OCS is
close to the 5°*S value of its precursor, open ocean DOS in sur-
face water (+18.6%o0 £ 0.6%o; after Phillips et al. 2022). We
measured OCS in the gas phase, but DOS is found in the aque-
ous phase. Hence, the +0.6%o + 0.2%o **S-fractionation dur-
ing the aqueous gas transition must be considered (Davidson
et al. 2025), as detailed in Eq. S.

8**Socs(aq) = 8>*Socs(gas) T €aq-gas ()

where §°*Socsag) is the §**S value of carbonyl sulfide (OCS) in
the aqueous phase, 8**Socs(gas) is the 8**S value of OCS in the

Sources of marine carbonyl sulfide

gas phase, and e,q.¢. is the S isotope fractionation associated
with the OCS aqueous-gas transition.

Considering the **S-fractionation during the aqueous-gas
transition brings the §°*S value of OCS and DOS in the open
ocean even closer. Thus, the **S-fractionations during OCS
formation from DOS in the open ocean seem small. This is in
agreement with our photo-production experiment, which
found a small isotopic fractionation.

Diurnal cycles of carbonyl sulfide in the open ocean

Pronounced diurnal cycles were found for OCS concentra-
tions and 5°*S values in the open ocean, and can be used to
gain additional knowledge of OCS formation. During the
afternoon, OCS is mostly controlled by daytime photo-
production. Thus, we assume that the 8%*S values of OCS in
the afternoon are mostly controlled by the §**S value of the
OCS precursor (DOS) and the 348 fractionation associated with
OCS photo-production as detailed in Eq. 6.

6345OCS (afternoon) = 6345DOS + €photo (6)

where §**Socsafternoon) is the mean §**S value of carbonyl sul-
fide (OCS) samples taken from the open ocean during the
afternoon and corrected for the aqueous phase (Eq. 5), 5**Spos
is the 8**S value of open ocean dissolved organic sulfur (DOS)
at surface water, and epnoro is the S isotope fractionation asso-
ciated with the photo-production of OCS.

Using Eqg. 6, and the previously reported value of 18.6%o +
0.6%o for open ocean DOS (Phillips et al. 2022), we calculated
an independent estimate of the sulfur isotope fractionation
during the photo-production of OCS (gpnoto) as 0%o % 1%o.
The calculated epno0 (based on Eq. 6) and the lab-measured
€photo (0.8%0 £ 0.5%0) for OCS photo-production from cyste-
ine (see Photo-production experiments) have a similar value.
This similarity increases our confidence that cysteine can be
used as a representative model compound for OCS precursors
in natural seawater DOS.

Dark-production of carbonyl sulfide in the open ocean

During the nighttime, when no photo-production occurs,
OCS concentration decreases until it reaches a minimum con-
centration before dawn. Assuming vertical transport within
the mixed layer may be neglected (Von Hobe et al. 2003;
Lennartz et al. 2019), a steady state between dark production
and hydrolysis can be assumed at this time of day (Lennartz
et al. 2017; Von Hobe et al. 2001), as shown in Eq. 7.

%:Fdark_lshydro:o (7)
where [OCS]gawn is the mean carbonyl sulfide (OCS) concen-
tration of samples taken from the open ocean during dawn,
Fyarx is the flux of OCS dark-production, and Fyyqro is the flux
of OCS destruction via hydrolysis.
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The 3*S-fractionation of OCS hydrolysis was recently mea-
sured as —2.6%o + 0.3%o0 (Avidani et al. 2024), which causes
the remaining OCS in the water to be **S-enriched. Hence,
qualitatively, the 3*S-fractionation of OCS dark-production
must be negative to explain the decrease in OCS 8**S values
during nighttime (Figs. 4, 5). To calculate a first approxima-
tion of the 3*S-fractionation during OCS dark-production, we
multiply each flux in Eq. 7 by its isotopic signature to create
an isotopic flux mass balance (Eq. 8).

Fdark* (8**Spos + edark ) — Fhydro * (8**Socs (dawn) + ehydro) =0 (8)
We then combine Egs. 7 and 8 to create Eq. 9.
€dark = 8°*S0Cs (dawn) — 8>*SD0S + Enydro 9)

where 8%*Spos is the §%*S value of the open ocean dissolved
organic sulfur (DOS) at surface water, eq, iS the S isotope
fractionation associated with the dark production of carbonyl
sulfide (OCS), 5**Socs@awn) is the mean §°*S value of OCS
samples taken from the open ocean during dawn and
corrected for the aqueous phase (Eq. 7), and epyqro is the S iso-
tope fractionation associated with OCS hydrolysis (Avidani
et al. 2024).

Based on Egs. 7-9, we calculated a first approximation of the
348 fractionation during OCS dark-production (eqan) —as
—6%o0 + 2%o. This is a distinct fractionation compared with the
S isotope fractionation associated with OCS photo-production
(ephoto = 0.8%0 £ 0.5%0; see Photo-production experiment).
The mechanism controlling OCS dark-production is debated; it
was suggested to be related to either bacterial processes (Flock
and Andreae 1996) or chemical reactions of organic sulfur com-
pounds with thiyl radicals (Flock et al. 1997; Von Hobe
et al. 2001; Modiri Gharehveran and Shah 2018). Future work
on OCS S isotope measurements from dark incubation experi-
ments may be beneficial to resolve this debate, as chemical and
biological-production pathways often have different S isotope
fractionations.

Sedimentary sulfurization in the Wadden Sea

Our samples from the Wadden Sea showed **S-depleted
values for OCS, CS,, and DMS compared with all other sam-
pling campaigns (Fig. 3). These **S-depleted values suggest the
contribution of sedimentary reduced sulfur species, such as
H,S, HS™, and S, produced via microbial sulfate reduction.
Indeed, previous work showed §**S values of porewater H,S/
HS™ in a tidal flat at the Wadden Sea to be in the range of
—13%o0 to —21%0 (Bottcher et al. 1998).

In anoxic marine sediments, the reaction of **S-depleted
HS™/S,>~ with organic compounds (abiotic sulfurization)
can produce organic compounds with an associated >*S-
fractionation of ~ 5%o0 (Amrani and Aizenshtat 2004; Amrani
et al. 2008). Thus, assuming no other fractionations, the

Sources of marine carbonyl sulfide

formation of OCS and CS, via sulfurization in the Wadden
Sea sediments should theoretically produce OCS and CS, with
a 8**S of —16%o to —8%.

Our measured CS, 8>S values from the Wadden Sea
(—10.5%0 to —9.2%0) are in the range of the theoretical calcu-
lation of sulfurization products above. This indicates that the
formation of CS, via sulfurization in porewater and transport
to the overlaying water may be the main pathway of CS, pro-
duction in the Wadden Sea. However, such a pathway may
not fully explain the 8**S values of OCS in these samples
(—3.8%o0 to —1.5%0), which are 3*S-enriched by ~ 5%o to 9%o0
compared with CS,.

Sedimentary and open-ocean sources in the Wadden Sea

The Wadden Sea is affected by a semi-diurnal tidal regime.
During high tides, North Sea surface water flows into the
Wadden Sea. During low tides, the water from the Wadden
Sea and porewater from the surrounding flats drains through
the tidal channels back to the North Sea. Therefore, it is possi-
ble that the measured §**S values of OCS at the Wadden Sea
are affected by the mixing of two sources: 1. sediment-
associated OCS (formed via sulfurization in porewater) and
2. “open ocean” OCS (formed via the photolysis of surface
water DOS).

Assuming two endmembers (sediment-associated and open
ocean), we used a keeling plot (Fig. 9) to calculate the **S sig-
natures of the sediment-associated endmember, where the
%S value of the sediment-associated endmember is given by
the y-intercept of the keeling plot. The OCS samples from the
Wadden Sea show a good fit (R = 0.90) to the Keeling plot
(Fig. 8), indicating a sediment-associated OCS endmember
with a §**S value of —4.2%o + 0.4%o. However, CS, samples
from the Wadden Sea show a much weaker correlation
(R* = 0.47) to the keeling plot, which may indicate that the
two-endmembers assumption is not valid for CS; at this sam-
pling location. The relatively uniform 8**S values of CS, in the
Wadden Sea (—9.6%o £ 0.6%0) may indicate that CS, at this
location is almost entirely affected by sediment-associated pro-
duction (sulfurization), with very little influence from the
open ocean endmember.

The fact that OCS in the Wadden Sea seems to be affected
by both endmembers, but CS, produced mainly by
sulfurization in the sediment may be related to the much
lower photo-production rates of CS, compared with OCS (Xie
et al. 1998; Modiri Gharehveran and Shah 2018; Li
et al. 2021). In addition, OCS in water is consumed rapidly by
hydrolysis, within hours to days (Elliott et al. 1989). Hence, a
considerable portion of the sulfurized OCS may be hydrolyzed
before it diffuses from sediment porewater to the overlying
water. The known removal processes of marine CS, are mostly
found at the sea surface (photolysis and degassing), whereas
CS, hydrolysis is assumed to be negligible (Elliott 1990;
Lennartz et al. 2024). Hence, at the sediment-water interface,
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Fig. 8. Keeling plots for samples from the Wadden Sea. Carbony! sulfide
(OCS; black diamonds) show a good linear fit, indicating a sediment-
associated OCS contribution with a 5**S value of —4.2%o + 0.4%o. Car-
bon disulfide (CS;; black triangles) show a weaker correlation, which may
indicate that a two-endmember assumption is not valid. The error bars
represent the standard variation (1c) for duplicates of OCS and CS, &3S
values.

CS, removal is negligible. Thus, a larger portion of the sulfu-
rized CS, can reach from the sediment to the overlying water.

Photo-production of carbonyl sulfide from sedimentary
precursors

An important difference between OCS and CS, in the
Wadden Sea is related to their diurnal variability. A weak diur-
nal cycle was found for CS, (Supporting Information Fig. S3),
which makes sense if indeed the main pathway of CS, produc-
tion in the Wadden Sea is via the sulfurization in porewater
and then transport to the overlaying water. Such a pathway is
not expected to be significantly affected by sunlight. However,
OCS showed a pronounced, 24 h cycle with a negative 5**S
value at its peak. We expected that during low tides, when
porewater drains from the sediments to the tidal channel,
OCS concentration would rise. However, it seems that there is
no correlation between OCS and the ~ 12-h semidiurnal
tides. Instead, the 24-h cycle of OCS in the Wadden Sea
(Fig. 7), together with the keeling plot (Fig. 9), may indicate a
different OCS production pathway.

We suggest a multi-step production pathway that starts
with the diffusion of **S-depleted sulfurized DOS from the
sediment to the overlaying water, which is then exposed to
sunlight (photochemistry) and produces OCS with a &**S
value of —4.2%o + 0.4%o. This suggested pathway is distinct
from the direct diffusion of sulfurized OCS from the sediment

Sources of marine carbonyl sulfide

to the water column or from the degradation of open ocean
DOS (Fig. 9) and seems to better explain our results.

Dissolved organic sulfur transport affects the §3*S of
carbonyl sulfide

Our sampling location at the North Sea was only 50 km
away from the sampling location at the Wadden Sea and 15-
25 m above the seafloor. Thus, the contribution of sulfurized
OCS, CS,, and DOS was possible by vertical transport from
below the sediment and by lateral transport from the nearby
Wadden Sea. Indeed, the samples from the North Sea (OCS
534S = 8%o0 + 2%0; CS; &3S = —4%o + 2%0) showed 3%s-
depleted values compared with the open ocean (OCS
83%S = 17%o0 + 2%0; CS, 6**S = 14%0 + 4%o0). This indicates
that sedimentary-sourced OCS and CS, probably had reached
our sampling location in the North Sea. Similarly, wave mixing
effects in the Red Sea shoreline suggest that wave action
may have an important role in releasing sedimentary-sourced
OCS, CS,, or DOS in coastal regions (Supporting Information
Text S8).

Our samples from the Mediterranean Sea and NW Africa
upwelling zone showed slightly 3*S-depleted OCS and CS,
values compared with the open ocean (Fig. 2). However, the
short-lived OCS is consumed by hydrolysis within a timescale
of hours to days (Elliott et al. 1989), and the lifetime of CS, in
the surface ocean is thought to be in the order of weeks
(Elliott 1990). Thus, it is unlikely that sulfurized OCS and CS,,
which are produced in sediments, will survive the transport to
distant locations such as our sampling locations at the Medi-
terranean Sea and NW Africa upwelling zone (see Supporting
Information Text S9).

As a precursor of OCS and CS;, the long-lived DOS
(~ 4000 yr; after Ksionzek et al. 2016) can carry the
distinct **S-depleted signature of the sediments, via upwelling
or lateral currents, to vast distances. Then, such 34S-depleted
DOS can reach surface water, where it can produce OCS and
CS, by photo-production (Supporting Information Text S9).

Similarly, terrestrial-sourced DOS from plant residues,
which typically carries &**S values of 0-8%o (Peterson
et al. 1985; Alling et al. 2008; Ibrahim and Tremblay 2023),
can also be transported via river drainage and lateral ocean
currents. A recent study suggested that terrestrial DOS runoff
can significantly enhance OCS photo-production in the Bay
of Bengal (Xu et al. 2024). We expect that such terrestrial-
sourced DOS should produce **S-depleted OCS and CS; in the
surface ocean and may partially explain the natural variability
in OCS and CS, §**S values (Supporting Information Text S9).

On the global scale, sulfurized porewater DOS and terres-
trial DOS account for a small component of oceanic DOS
(Phillips et al. 2022; Ibrahim and Tremblay 2023). Neverthe-
less, due to the distinct 3*S-depleted values of sulfurized
porewater and terrestrial DOS, they may affect the 5**S value
of oceanic DOS even at small concentrations. Thus, the trans-
port and photolysis of such 3*S-depleted DOS may partially
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Fig. 9. Schematics of marine carbonyl sulfide (OCS) production and destruction pathways. The scheme present §**S values of marine OCS and its main
precursor, dissolved organic sulfur (DOS) from different sources and the associated >*S-fractionations related to major production and destruction path-
ways. Part of the 84S values and 3*S-fractionations presented here follow after other works as detailed: The 53*S value of atmospheric OCS after Davidson
et al. (2025); The 83*S value of sulfate, after Kaplan and Rittenberg (1964); The 534S values of porewater DOS, open ocean DOS, and terrestrial DOS after
Phillips et al. (2022) and lbrahim and Tremblay (2023); The **S-fractionation during OCS hydrolysis, after Avidani et al. (2024); The 3*S-fractionation dur-
ing sulfurization, after Amrani and Aizenshtat (2004) and Amrani et al. (2008); The 53*S value of sulfides in sediments and the 34S-fractionation during
microbial sulfate reduction, after Wortmann et al. (2001), Brunner and Bernasconi (2005), and Canfield et al. (2010).

explain the natural variability of 5°*S values of OCS and CS,
observed in our campaigns.

Conclusions

Large variability in the §**S values of marine OCS and CS,
was recorded in different marine environments. In contrast,
the 8**S values of DMS showed a narrower range across most
sampling locations. This suggests different formation path-
ways of OCS and CS, than those of DMS. We demonstrated
that the spatial %S variability of OCS and CS, is mainly
affected by two endmembers: open ocean and sediments.
Their proportional mixtures determine the §**S values of OCS
and CS,. In addition, OCS 8**S value varies on a diurnal basis
due to the different **S fractionations of OCS associated with
photo-production, dark-production, and hydrolysis. Fig. 9
summarizes the main production and destruction pathways of
marine OCS and their associated **S values and fractionations.

There is evidence that OCS in the Wadden Sea is mainly
produced by the transport of **S-depleted sulfurized DOS from

the sediment to surface water, followed by photolysis. Such
sulfurized DOS may influence the §**S values of OCS and CS,
at a lateral distance of tens of kilometers from estuaries or
coastal sediments. A similar influence of such precursors may
be associated with upwelling currents at even greater distances
from shore (~ 150 km).

These results significantly improve our knowledge of the
sulfur isotope distribution of marine OCS and help identify its
different sources, sinks, and production pathways. This, in
turn, can improve future models of the ocean-atmosphere
OCS flux.
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