
1.  Introduction
In most of the surface ocean today, photosynthetic algae and bacteria produce organic matter (OM) that is 
cycled efficiently and locally through metabolic networks linking bacteria, viruses, zooplankton, and their 
exudates. OM may also become incorporated into aggregates with sufficient density to sink, or it can be 
transported out of the mixed layer by other particle “pumps” (Boyd et al., 2019). Large (≥∼1 mm), sink-
ing particles may travel thousands of meters to the seafloor in a few days (De La Rocha & Passow, 2007). 
As particles sink, they are continually used as a food source, so the downward flux of sinking particulate 
OM is strongly attenuated with depth due to oxic respiration. As a result, only a tiny fraction (∼1.5%) of 

Abstract Organic matter (OM) sulfurization can enhance the preservation and sequestration of 
carbon in anoxic sediments, and it has been observed in sinking marine particles from marine O2-
deficient zones. The magnitude of this effect on carbon burial remains unclear, however, because the 
transformations that occur when sinking particles encounter sulfidic conditions remain undescribed. 
Here, we briefly expose sinking marine particles from the eastern tropical North Pacific O2-deficient 
zone to environmentally relevant sulfidic conditions (20°C, 0.5 mM [poly]sulfide, 2 days) and then 
characterize the resulting solid-phase organic and inorganic products in detail. During these experiments, 
the abundance of organic sulfur in both hydrolyzable and hydrolysis-resistant solids roughly triples, 
indicating extensive OM sulfurization. Lipids also sulfurize on this time scale, albeit less extensively. In 
all three pools, OM sulfurization produces organic monosulfides, thiols, and disulfides. Hydrolyzable 
sulfurization products appear within ≤200-μm regions of relatively homogeneous composition that are 
suggestive of sulfurized extracellular polymeric substances (EPS). Concurrently, reactions with particulate 
iron oxyhydroxides generate low and fairly uniform concentrations of iron sulfide (FeS) within these 
same EPS-like materials. Iron oxyhydroxides were not fully consumed during the experiment, which 
demonstrates that organic materials can be competitive with reactive iron for sulfide. These experiments 
support the hypothesis that sinking, OM-rich and EPS-rich particles in a sulfidic water mass can sulfurize 
within days, potentially contributing to enhanced sedimentary carbon sequestration. Additionally, sulfur-
isotope and chemical records of organic S and iron sulfides in sediments have the potential to incorporate 
signals from water column processes.

Plain Language Summary Vast amounts of organic carbon are stored in sediments on the 
ocean floor. This organic carbon is potentially food for organisms, and yet, under specific environmental 
conditions, it can escape being eaten and instead persist in sediments and rocks for millions of years. 
Here, we conduct experiments that test how the organic and inorganic materials in sinking marine 
particles can be transformed by 2 days of exposure to sulfidic environmental conditions, which are often 
associated with high rates of organic carbon burial in sediments. We find that these sulfidic conditions 
substantial alter the chemistry of (“pickle”) particle organic materials, yielding products that resemble 
preserved organic materials in ancient deposits. Marine particles that encounter sulfidic conditions in the 
environment are therefore more likely to be preserved and buried in sediments, sequestering carbon out 
of the ocean and atmosphere. This process, called “sulfurization,” may act as a stabilizing feedback in the 
carbon cycle as ocean anoxic zones expand in response to ongoing climate change.
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global marine primary production is buried in sediments. In contrast, the efficiency of OM burial can be 
much higher in certain types of near-shore (coastal, shelf, or borderland basin) environments (Bianchi 
et al., 2018; Dunne et al., 2007), especially those with low dissolved O2 concentrations like the O2-deficient 
zones (ODZs) of the Eastern Tropical Pacific and Arabian Sea (Devol & Hartnett, 2001; Hartnett & De-
vol, 2003; Keil et al., 2016; Martin et al., 1987; Van Mooy et al., 2002). Under the more strongly reducing, 
frequently sulfidic conditions found in the southern North Atlantic during the Cretaceous ocean anoxic 
events, OM burial in sediments served as a major sink for CO2 and likely mitigated a hothouse climate 
(Arthur et al., 1988; Hülse et al., 2019; Sinninghe Damsté & Köster, 1998). Nonetheless, without a more 
mechanistic understanding of the underlying causes of enhanced sinking particle fluxes in anoxic environ-
ments, we are unable to quantitatively predict how ongoing ODZ expansion and other changes in marine O2 
availability (Breitburg et al., 2018; Deutsch et al., 2011; Schmidtko et al., 2017; Stramma et al., 2011; Takano 
et al., 2018) will impact carbon fluxes to the sediments.

Multiple physical, chemical, and biological mechanisms contribute to the enhanced sinking organic parti-
cle flux through anoxic water columns (Keil et al., 2016). Especially in anoxic environments, clays and other 
minerals physically protect sedimentary OM by occlusion or sorption onto surfaces (Arnarson & Keil, 2007; 
Salmon et al., 2000). Anaerobic microorganisms also gain less energy from the oxidation of organic matter 
than aerobic organisms (Froelich et al., 1979), and some individual organic molecules may become energet-
ically inaccessible at certain redox potentials (Boye et al., 2017). However, anoxic sedimentary systems often 
preserve greater quantities of OM than can be explained by surface protection, microbial energetics, or the 
availability of alternative electron acceptors like sulfate (Arndt et al., 2013), indicating that there is a role for 
condensation and kerogenization reactions that render OM inaccessible to microbes and their exoenzymes. 
A special category of kerogenization reactions that is specific to anoxic environments, OM sulfurization, 
was observed in sinking ODZ particles under in-situ conditions and could be a significant contributor to 
OM burial (Raven et al., 2021).

OM sulfurization reduces the effective lability of OM by replacing certain functional groups (e.g., aldehydes, 
conjugated double bonds) with organic S functionalities and by bridging molecules together, increasing 
their molecular weight (Kohnen et al., 1989; Kutuzov et al., 2020; Sinninghe Damsté et al., 1988). Sulfur-
ized OM is thus less susceptible to breakdown by microbial exoenzymes than fresh or degraded algal bio-
mass (Boussafir & Lallier-Verges, 1997; Sinninghe Damsté & Köster, 1998). The reactants for sulfurization 
on time scales of days or less appear to be polysulfides (Sx

2−, 2 ≤ x ≤ 8), which form spontaneously in the 
presence of dissolved sulfide (HS−) and elemental S (S0) or other oxidants (Kamyshny et al., 2004; Rickard 
& Luther, 2007). In experiments, algal biomass has been shown to sulfurize rapidly in the presence of dis-
solved polysulfides, producing pyrolysates interpreted as deriving from carbohydrates cross-linked with 
organic sulfides and polysulfides (Gelin et  al.,  1998; Kok, Schouten, & Sinninghe Damsté,  2000; Pohla-
beln et  al.,  2017). Experiments with model compounds have shown similar cross-linking following pol-
ysulfide exposure (Amrani & Aizenshtat, 2004a; van Dongen et al., 2003). Over the past few years, OM 
sulfurization has been reported across a growing diversity of environments, including coastal mangrove 
forests, hydrothermal systems, marine surface sediments exposed to variable redox conditions (Gomez-
Saez et al., 2016, 2021; Jessen et al., 2017; Raven, Fike, Gomes, & Webb, 2019), and sinking marine particles 
in both sulfidic basins and anoxic (nonsulfidic) ODZs (Raven, Sessions, Adkins, & Thunell, 2016; Raven 
et al., 2021). The sulfurization of OM in sinking marine particles could have a particularly large effect on 
fluxes in the marine carbon cycle because it impacts a relatively large and reactive pool of sinking biomass, 
where moderate changes in preservation efficiency can translate into substantial changes in the rates of 
sedimentary OM burial (Raven et al., 2018).

In this study, we investigate how sinking marine particles from the eastern tropical North Pacific ODZ 
respond to a brief exposure to environmentally relevant sulfidic conditions. The 48-hr duration of these 
experiments could be analogous to, for example, the experience of a large particle sinking through a poly-
sulfide-rich chemocline in the water column. Previous sulfurization experiments that demonstrated rapid 
OM sulfurization generally used model compounds (Amrani & Aizenshtat, 2004c) or elevated temperatures, 
phase transfer agents, and/or elevated polysulfide concentrations that make them challenging to directly 
compare with modern marine environments (e.g., 50°C, 13 mM [poly]sulfide, 30 days) (Gelin et al., 1998; 
Kok, Rijpstra, et  al.,  2000; van Dongen et  al.,  2003). Here, we conduct 2-day experiments with natural 
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particle samples under environmental conditions (20°C, 0.5 mM [poly]sulfide), and use an expanded suite 
of X-ray spectroscopic techniques, to investigate how sulfidic conditions transform sinking marine particles.

2.  Materials and Methods
2.1.  Polysulfide Solution Preparation

Polysulfide solutions were prepared by combining 50 mg of natural-abundance S0(s) (Sigma Aldrich, trace 
metal grade) and 1 mg of 34S-labeled (≥98%) 34S0(s) in O2-free ultrapure water with 1.25 mL of 400-mM sodi-
um sulfide solution adjusted to pH 8 (with HCl). Solutions were equilibrated in the presence of this excess 
S0(s) at 18°C in the dark for >60 days before use, at which point S-isotope compositions in the aqueous 
phase were stable and fully equilibrated with solids. The total concentration of dissolved (poly)sulfide S in 
solution under these conditions was ∼12 mM.

In a fully aqueous system, polysulfide speciation would be controlled primarily by pH and the relative abun-
dances of sulfur and sulfide precursors. In the presence of excess S0(s), however, the major species present 
in mixed polysulfide solutions are primarily a function of pH. At pH 8, experimental polysulfide solutions 
are largely composed of bisulfide anions and mid-chain-length polysulfides: HS− > S5

2− > S6
2− > S4

2− (Rick-
ard & Luther,  2007). Solid-phase S0 was removed by inline filtration during injection of the polysulfide 
solution into experiments.

2.2.  Sampling Site

Samples (IGSN: IEMRRETNP) were collected from the eastern tropical North Pacific ODZ in spring 2018 
as part of cruise RR1807 on the R/V Roger Revelle. We deployed a surface-float-tethered particle trap with a 
2-m-diameter, 50-μm-mesh net (Van Mooy & Keil, 2015) at two sites: a relatively low-particle flux site (“P2,” 
200 km from the Mexican coast, 17.0°N × 107.0°W, ∼3,500-m water depth), and a relatively high particle 
flux site (“P1,” ∼50 km from shore, 20.3°N × 106.1°W, ∼1,500-m water depth). This same population of 
samples was also used for radiosulfur measurements of microbial sulfate reduction rates and the identifica-
tion of in-situ organic S formation (Raven et al., 2021). Particles were trapped at the depth of the secondary 
nitrite maximum (120–143 m at P1 and 147 m at P2) for ∼48 hr. After recovery, the 2-m-diameter net, which 
closed in situ before recovery, was rinsed with filtered surface seawater to collect particles. Samples for this 
study (Table S1) include one sample from P2 (“F”) and five samples from P1 (“A” through “E”), all of which 
were collected from the “net wash.” During processing, the experimental sample from P2 was lost due to an 
unfortunate wind incident. Aliquots for controls (“AC,” “BC,” etc.) were syringe-filtered in a N2-filled glove-
bag onto precombusted, 0.7 μm (GF-F) glass fiber filters and immediately frozen under N2 headspace at 
−20°C. Aliquots for polysulfide exposure experiments (“ASx,” “BSx,” etc.) were transferred to 250-mL serum 
bottles and sparged with N2. Each experiment received 10 mL of the 12-mM, filtered, 34S-labeled, mixed 
polysulfide solution yielding a total reduced sulfur concentration in experiments of 0.52 mM. Bottles were 
incubated for 48 hr at ∼20°C in the dark. After incubation, 1-mL aliquots of seawater were filtered through 
GF-F filters into vials containing concentrated HCl to volatilize H2S and then preserved with BaCl2 for sul-
fate S-isotope analysis. Particle solids were collected anoxically onto precombusted GF-F filters and frozen 
under N2 at −20°C.

2.3.  Sample Collection, Handling, and Processing

Particle samples were subdivided into three pools for analysis: extractable lipids (OMLipid), acid-soluble/vol-
atile materials (OMHyd), and acid-resistant organics (OMRes), as diagrammed in Figure S1. After filters were 
washed with N2-sparged pH 7.8 tris buffer solution to remove inorganic sulfate and lyophilized, splits were 
set aside for “whole particle” spectroscopy, and selected controls with sufficient particle material were split 
to allow elemental and isotopic analysis of “whole particles” with minimal disruption. Remaining particles 
were microwave-extracted (CEM MARS-6) twice in 9:1 dichloromethane:methanol. Solvent extracts were 
concentrated under N2 and exposed to activated Cu0 for 12 hr to remove elemental S. Lipid extract aliquots 
for XAS were dried onto quartz slides, and the remaining material was trapped onto washed and dried sil-
ica gel for elemental analysis. Splits of solvent-extracted particle filters were set aside for X-ray absorption 
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spectroscopy and X-ray fluorescence mapping (XAS/XRF), and experimental samples with sufficient ma-
terial were split for elemental analysis. Experimental particles were split after solvent extraction to ensure 
removal of reactant polysulfide before S quantification.

All solvent-extracted particles were subjected to acid-volatile sulfide (AVS) extraction with hot (∼70°C) 6N 
hydrochloric acid under flowing N2 (Raven, Fike, Gomes, & Webb, 2019; Rickard & Morse, 2005). In addi-
tion to volatilizing sulfides from FeS, this method solubilizes a large proportion of the carbohydrates and 
proteins in OM (Hill, 1965). After AVS hydrolysis, remaining solids were washed in ultrapure water and 
divided into splits for XAS and for elemental analysis.

2.4.  EA-IRMS Analysis

Carbon isotopes and S:N:C elemental ratios of lipid extracts and whole and AVS-extracted particles were 
analyzed at UCSB with an Elementar Vario Isotope Select elemental analyzer (EA), which includes 
a ramped-temperature column to improve SO2 peak shape, coupled to a Nu Horizon isotope ratio mass 
spectrometer (IRMS). C-isotope data were internally standardized to CO2 gas standards and calibrated to 
VPDB using the caffeine isotope standards USGS-61, USGS-62, and USGS-63. Reported uncertainties reflect 
long-term uncertainties for replicate sulfanilamide standards. Whole particle samples before acidification 
retain some seawater sulfate, as quantified by XAS (below); reported S:C ratios for “whole particle” and 
“solvent-extracted” OM were corrected (uncorrected data included in Table S2) to remove the proportional 
contributions from inorganic phases (sulfate and FeS) based on the relative abundances of these phases in 
XAS spectra. S-isotope values for dissolved sulfate at the end of the polysulfide exposure experiment and 
for the initial polysulfide spike were measured by EA-IRMS as barium sulfate and zinc sulfide, respectively. 
Samples contained WO3 as a combustion aid, and S-isotope values were calibrated to VCDT using the iso-
tope standards IAEA-S1, IAEA-S2, IAEA-S3, and IAEA-S5. The δ34S values for the 34S-labeled polysulfide 
spike are estimates because they exceed the calibration range of these standards.

2.4.1.  XAS/XRF Analysis and Data Processing

The redox speciation and bonding environment of sulfur and iron in the filter-bound particles were analyzed 
at the Stanford Synchrotron Radiation Lightsourse (SSRL). Glass fiber filter pieces were adhered onto Saint 
Gobain M60 S-free polyester tape and covered in 5-μm-thick SPEX 3520 polypropylene XRF film. “Bulk” 
sulfur K-edge spectra (500 μm2 spot size) were collected on beam line 14-3 on whole particles, solvent-ex-
tracted particles, HCl-extracted particles, and lipid extracts, before and after copper exposure. Additionally, 
a microfocused X-ray beam was used to map S and Fe species by rastering over selected mapping areas at 
specific energies (for sulfur: 2472.0, 2472.9, 2473.9, 2474.25, 2476.15, 2477.8, 2481.4, 2482.6, and 2486.0 eV; 
for iron: 7116.0, 7128.0, 7133.0, 7139.0, and 7147.0 eV) to create elemental and chemical distribution maps. 
Full XAS spectra were collected from 2,460 to 2,540 eV (sulfur) or 6,900–7,500 eV (iron) at selected spots.

Sulfur data were collected at SSRL beam line 14-3, which is equipped with a Si(111) (Φ = 90) double crys-
tal monochromator and calibrated to the thiol pre-edge peak of thiosulfate at 2472.02 eV. The S Kα flu-
orescence line was measured with a Si Vortex Si drift detector (Hitachi) using Xspress3 pulse processing 
electronics (Quantum Detectors). The X-ray beam was focused using an axially symmetric focusing mirror 
(SIGRAY) to a size of 5 × 5 μm at a flux of ∼8 × 1010 photons/s; maps were collected at a resolution of 5 μm2. 
Sulfur XAS spectra were processed in the SIXPACK (Webb, 2005, 2020) software package using a K-edge E0 
of 2,473 and pre-edge and post-edge linear normalization ranges of −20 to −7 and 35–70 eV, respectively. 
Sulfur K-edge fitting standards are shown in Figure S2. Uncertainties reported in Table S3 refer to the confi-
dence in the linear combination fit calculated in SIXPACK. Iron data were collected at SSRL beam line 2–3, 
a bending magnet workstation equipped with a Si(111) (Φ = 0) double crystal monochromator calibrated 
such that the first derivative of an Fe metal foil was set to 7,112 eV. The beam line uses an axially symmetric 
focusing mirror (SIGRAY) to achieve a spot size of 5 × 5 μm at a flux of ∼5 × 108 photons/s at 7,100 eV, and 
uses a similar fluorescence data collection system as above with 14-3 to collect K-edge Fe spectra from 6,900 
to 7,500 eV and elemental maps of Ca, P, Mn, Ti, S, and other metals at 5-μm resolution. XRF maps from 
both beam lines were processed using the MicroAnalysis Toolkit (SMAK; Webb et al., 2011). Sulfur XANES 
fitting used 3-pt blurred maps (standard deviation 0.5) and a set of six standard spectra (FeS, methionine, 
glutathione disulfide, methionine sulfoxide, cysteic acid/sulfonate, and sulfate ester, Figure S2).
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3.  Results
3.1.  EA-IRMS Results

The carbon-isotope compositions of sinking particle materials are similar for samples from both the 
high-particle and low-particle flux sites (A–E and F, respectively; Figure 1a and Table S2). Whole washed 
particles before acidification, which may contain both organic C and calcium carbonate, have δ13C values 
between −26.0‰ and −23.7‰ (mean −24.6‰), while lipid extracts have relatively 13C-depleted composi-
tions (Hayes, 2001) between −32.9‰ and −28.3‰ (mean −30.4‰). Accordingly, the δ13C values for Sx-ex-
posed, solvent-extracted particles are higher (mean −22.0‰) than those for whole particle controls due to 
the removal of 13C-depleted lipids by solvent extraction (Figure 1a). After both lipid extraction and strong 
acidification (6N HCl, 70°C, 2 hr), residual particle material (OMRes) from both experiments and controls 
has a δ13C value between −27.4 and −25.0 (mean −25.7‰). There is no significant change in the C-isotope 
composition of either OMRes or OMLipid associated with Sx exposure.

The nitrogen contents of whole particles, lipids, and OMRes primarily track the abundance of protein in each 
pool (Figure S3). Whole particles N:C ratios (8.9–15.3 mol%) are typical for protein-rich, primary producer 
biomass that has experienced some degradation (16:117 = 13.7%; Anderson & Sarmiento, 1994), while li-
pid extracts have lower N:C ratios (0.6–3.8 mol%). Molar N:C ratios in OMRes controls are between 2.5 and 
4.7 mol%. In some cases, Sx-exposed OMRes contains significantly more N than OMRes controls, with N:C 
ratios of up to 7.8 mol% (sample DSx; Figure S3).

Sulfur-isotope compositions of dissolved sulfate in experimental bottles are between 22.6‰ and 24.3‰, 
summarized in Table S2. Replicates of the polysulfide spike were trapped as zinc sulfide and thus reflect 
thio sulfur (bisulfide and roughly half of polysulfide S); the effect of excluding zero-valent polysulfide S is 
negligible in this case given the much larger uncertainties from standard extrapolation. Spike δ34S values 
average 342.2‰ (Table S3).

Particle S:C ratios (Figure 1b) increase in response to Sx exposure, reflecting the addition of (poly)sulfide 
S to particulate OM. In controls, the S:C ratio of organic materials in whole particles is 0.64–0.74 mol% at 
high-flux site P1 and 1.3 mol% in one sample from low-flux site P2 (Table S2). OMRes and lipids have lower 
S:C ratios, averaging 0.3 and 0.4 mol%, respectively. After sulfurization, organic materials in whole and sol-
vent-extracted particles from P1 have S:C ratios between 1.7 and 2.1 mol%, a roughly 2.8-fold increase over 

Figure 1.  Carbon-isotope composition and molar S:C ratio of particle materials, before and after Sx exposure. S:C ratios exclude inorganic phases (sulfate and 
FeS) quantified by XAS; uncorrected ratios are reported in Table S2. Filled symbols represent controls (e.g., “AC”), and hollow symbols represent experiments 
(e.g., “ASX”), as detailed in Table S2. The six discrete sets of samples are listed on the x-axis in arbitrary order. Whole and organic-solvent-extracted particles 
represent the combination of OMHyd and OMRes. Samples with multiple symbols represent discrete filter splits rather than replicates of homogenized samples. 
Error bars indicate the long-term reproducibility of standards (2σ). In panel (b), purple and green lines highlight the consistent increase in the S:C ratio of 
OMRes and whole particle samples following sulfurization; bulk lipids do not show a consistent trend.
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P1 controls. Similarly, average Sx-exposed OMRes S:C ratios average 1.1% (range 0.5–1.7%), a roughly 3.3-fold 
increase over P1 controls. Lipid extract S:C ratios are variable among samples (0.1–1.1%) and do not differ 
systematically between controls and Sx-exposed samples.

3.2.  Bulk Particle XAS Speciation

The redox speciation of sulfur in particles varies systematically among lipid, hydrolyzable, and hydroly-
sis-resistant materials, and these distributions are consistent across samples from both sites and all depths 
(Figure 2). Broadly speaking, the organic S (OS) in whole (control) particles from the ETNP is ∼60% oxi-
dized (sulfonates and sulfate esters) and 40% reduced (sulfides, disulfides, and aromatics). Organic-solvent 
extracts are predominantly (58–78%) sulfate esters with up to 16% sulfonates, and the remaining 3.2–16.1% 
of the lipid OS pool is reduced. Hot acidification (6N HCl, 70°, 2 hr) removed ∼85% of the total sulfur in 
the particles, which included most of the non-lipid oxidized OS as subequal pools of sulfate esters and 
sulfonates. A reduced OS component is also removed by acidification that is best fit as aromatic S. After 
acidification, residual solids (OMRes) contain sulfur predominantly as sulfides and disulfides, with smaller 
amounts of aromatics and oxidized forms, as was previously reported for parallel experiments with this 
population of particles (Raven et al., 2021).

After exposure to polysulfides for ∼48 hr, the speciation of sulfur in all five of the particle samples from site 
P1 was transformed, as summarized on the right-hand side of Figure 2. Compared to controls, Sx-exposed 
particles contain a larger proportion of reduced species (sulfides and disulfides) and iron sulfides. Sx-ex-
posed whole particles contain some elemental sulfur derived from the polysulfide reactant solution that was 
subsequently removed by solvent extraction and copper exposure. Copper-treated lipids after polysulfide 
exposure contained nearly 50% reduced OS in addition to the sulfate esters and sulfonates observed in the 

Figure 2.  Sulfur speciation in sinking ETNP particles, with and without polysulfide exposure. Samples A through F represent six separate trap deployments 
(see Table S1). Heavy black lines between the orange and yellow bars broadly separate “reduced” from “oxidized” organic sulfur species. Inorganic sulfate 
was also detected in samples before hot acidification and is excluded from normalization. Non-sulfate materials lost during hot acidification are calculated by 
difference using X-ray spectrum step heights and are subject to errors of 5%–10%. One sample labeled E* used an assigned step height. Fit uncertainties on each 
component are typically <2% (see Table S4). The elemental S detected in experimental whole particles (gray) may derive from polysulfide reactants; this was 
removed from lipid extracts before analysis by Cu exposure.
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OMLipid controls. Reduced OS in the Sx-exposed lipids is composed of sulfides and disulfides with some 
zero-valent S. Particle materials lost during acidification include iron sulfides (AVS) and roughly subequal 
pools of reduced and oxidized OS (OMHyd). OS in OMRes, on the other hand, is almost exclusively reduced 
(sulfides and disulfides). Oxidized OS thus makes a smaller contribution to total OS in the experimental 
particles than in corresponding controls.

3.3.  Particle XRF Maps

To examine the spatial variability in particle OS speciation, we mapped particles at 5–7-μm resolution using 
X-ray fluorescence imaging. Figure 3 presents maps of sulfur speciation in whole, buffer-washed particles 
from site P1 at 123-m depth (sample “AC”). Sulfur was not detected in filter backgrounds. Organic sulfur 
speciation is spatially heterogeneous in control particles, with separate regions that are rich in reduced 
versus oxidized organic S. The abundance of reduced organic S at specific spots ranges from 20.5% (spot 
8) to 72.5% (spot 2). Reduced organic S, including organic monosulfides, thiols, aromatics, and disulfides, 
appears as localized concentrations ranging from ≤7 μm (single pixel) to nearly 80 μm in diameter. Oxidized 
components (sulfonates and sulfate esters) are also found in discrete regions up to several hundred microns 
in size.

After exposure to polysulfides, particles accumulate organic monosulfides and disulfides (Figure 4). The 
proportion of OS in reduced forms (sulfides, disulfides, and aromatics) ranges from 59.3% to 78.3% (Fig-
ure 4a and Table S5), and the overall proportion of reduced S is higher, consistent with the results for bulk 
speciation (Figure 2). Newly formed disulfides appear as irregularly sized splotches that are generally but 
not exclusively associated with other forms of organic S, especially organic monosulfides (e.g., spot 7). Re-
gions that are relatively rich in oxidized OS are discrete and 100–200 μm in size, similar to those observed 
in controls. In contrast, iron monosulfides are found throughout sulfurized particle materials and do not 
generally accumulate as singular particulates. Despite its relatively low abundance, the presence of FeS in 
these samples is confirmed by the characteristic pre-edge peak near 2,470 eV in the XAS spectra from Fig-
ure 4a (shown in Figure S4). Gypsum (calcium sulfate) was also detected as an individual 25-μm-diameter 
particulate (spot 6).

Figure 3.  Sulfur speciation of whole particle controls by X-ray absorption spectroscopy (XAS) and X-ray fluorescence mapping (XRF). Particles were collected 
from site P1 (123 m, sample “AC”) and are mounted on GFF filters. Panel (a): Fitted XAS spectra for specific (∼1 μm2) spots, numbered at right. Uncertainties 
are typically <2%, see Table S5. Panel (b): Tri-color XANES fits to multiple-energy maps showing organic monosulfides and thiols (red), disulfides (blue), and 
sulfate esters (green). Map step size = 7 μm.
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Most of the iron on the particle filters is present as discrete, 15–40 μm particulates (Figure 5). Prior to poly-
sulfide exposure, iron oxyhydroxides are scattered throughout the samples and are not spatially associated 
with either carbonates or organic matter (P or S). After polysulfide exposure, some of these discrete iron 
particulates remain (e.g., CSx, Figure 5), but iron also accumulates throughout the particles as a low, uni-
form-abundance phase that is broadly colocated with sulfur. Based on XAS spectra in Figure 4, at least some 
of this material is FeS (e.g., mackinawite).

4.  Discussion
4.1.  Controls: Organic Sulfur Speciation in Sinking Marine Particles

Sulfur is a major component of biomass. Molar S:C ratios for marine biomass are typically 0.5–1‰, although 
they can be lower in woody plants and higher in some S-cycling microorganisms (Chen et al., 1996; Matrai 
& Eppley, 1989). The speciation of organic sulfur in particles (Figure 2) reflects the contributions of various 
compound classes to functionally defined categories of OM, as well as any subsequent transformations of 
that OM due to enzymatic degradation, condensation, oxidation, and/or sulfurization.

Sinking particles from the ETNP ODZ contain the full suite of reduced and oxidized OS moieties that have 
been previously described for proteins, lipids, and carbohydrates. A large proportion (42–65%) of the assim-
ilatory S in microplankton is typically found as proteins and polypeptides (Cuhel et al., 1982), specifically 
the amino acids cysteine, which is a thiol, and methionine, which is an organic monosulfide. Cysteine and 
methionine are highly susceptible to oxidation, both in the environment and during laboratory handling, 
which will produce sulfoxide (Vogt, 1995) and/or sulfonate (Phillips et al., 2021). The AVS hydrolysis meth-
od used here to isolate OMRes is less intense (shorter duration and lower temperature) but otherwise similar 
to some early methods for protein hydrolysis (e.g., 24 hr, 110°, 6N HCl) (Hill, 1965). Therefore, AVS hydrol-
ysis is likely to solubilize many proteins in our particles, which is supported by the drop in molar N:C ratios 

Figure 4.  Sulfur speciation maps of polysulfide-exposed particles by X-ray absorption spectroscopy (XAS) and X-ray fluorescence mapping (XRF). As in 
Figure 3, particles were collected from site P1 (123 m, sample “ASx”) and are mounted on GFF filters. Panel (a): Fitted XAS spectra for specific (∼1 μm2) spots, 
numbered at right. Uncertainties are typically <2%, see Table S5. Panel (b): Tri-color XANES fits to multiple-energy maps from two adjacent filter regions, 
showing organic monosulfides and thiols (red), disulfides (blue), and sulfate esters (green). Step size = 5 μm. Newly formed disulfides appear as 50–100-μm 
regions surrounding more discrete particles containing various forms of organic S.
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from whole particles (averaging 11.6%) to OMRes (averaging 4.5%; Figure S1). However, we find that most 
of the OS in the OMHyd pool is relatively oxidized (Figure 2), suggesting that cysteine and methionine are 
not major contributors to OMHyd (We calculate speciation by comparing solids before and after hydrolysis, 
so the lack of reduced S in OMHyd is not caused by amino acid oxidation during hydrolysis). Instead, the re-
duced OS species in OMHyd are best fit as aromatic, and the main peak in their XAS spectra at ∼2473.5 eV is 
resolvably shifted relative to cysteine and methionine. Although aromatic OS compounds have been attrib-
uted to rapid OM sulfurization in a few cases (i.e., phytol thiophene; LaLonde et al., 1987; Raven, Sessions, 
Adkins, & Thunell, 2016), aromatic OS is generally rare in modern samples, and we do not observe aromatic 
OS formation during polysulfide experiments (below). The immediate provenance of apparent aromatic OS 
in OMHyd from untreated particles is thus not yet known. Rather than appearing in OMHyd, organic mono-
sulfides and thiols account for ∼80% of the S in OMRes from control particles. These functional groups are 
localized in cell-sized (≤20 μm) structures, which suggests they may be proteinaceous (Raven et al., 2021). 
In addition to amino acids, these structures contain organic disulfides that may reflect amino acid dimers, 
like cystine. Finally, even in these unamended “control” samples, we expect to have at least trace contribu-
tions of sulfides and/or disulfides to OMRes from in-situ OM sulfurization, as we observed using radiolabels 
in Raven et al. (2021).

Oxidized OS compounds comprise the majority of total OS in lipids, OMHyd, and whole particles. Lipid 
extracts are particularly rich in sulfate esters, which could represent sulfated hormones (e.g., cholesterol 
sulfate) and/or various sulfoglycolipids common in animals (Anderson et al., 1978; Benson et al., 1959; 
Ishizuka, 1997). Lipids also contain sulfonates, which could reflect contributions from common S-bearing 
lipids like sulfoquinovosyl diacylglycerides (SQDGs). In OMHyd, carbohydrates appear to be major sources 
of oxidized OS, especially sulfate esters (Figure 2). Exudates from macrophytoplankton can be major sourc-
es of such sulfate-ester-bearing polysaccharides (Percival et al., 1980; Ramus & Groves, 1974) and are likely 
to be particularly important here, because these extracellular polysaccharides, which can be produced in 

Figure 5.  Maps of iron, calcium, and sulfur on particle filters by X-ray fluorescence mapping (XRF). Samples were prepared by washing with buffer under 
anoxic conditions; sulfur maps in all panels thus include trace inorganic sulfate. Maps show representative regions from sample splits, not the same regions 
after treatment. Pixels are 5 μm2. Colors show iron at 7,133 eV (red), total calcium (blue), and total sulfur (green).
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vast quantities by diatoms, are thought to contribute directly to the formation of large, sinking particles 
(Alldredge & Silver, 1988; Arnosti et al., 2021; De La Rocha & Passow, 2007; Vidal-Melgosa et al., 2021). 
Hydrolyzable sulfate esters are also frequently localized in irregularly sized particles (Figure 3) that could 
represent detritus from plants and animals and/or sulfated polysaccharides from algal exudates (Vidal-Mel-
gosa et al., 2021). Overall, these XAS data underscore the substantial contributions of oxidized OS species to 
lipids and carbohydrates in marine particles, which can be clearly distinguished from amino acids and the 
products of abiotic OM sulfurization.

4.2.  Experiments: Organic Products of Particle Sulfurization Reactions

In a separate study (Raven et al.,  2021), we used radiolabeled sulfate to identify organic S formation in 
sinking marine particles under anoxic, sulfide-limited, ODZ-like conditions. Here, we investigate how this 
same population of particles would be transformed by short-term exposure to more strongly reducing, 
sulfidic conditions. Polysulfide concentrations in our experiments (∼0.5 mM) are equivalent to or slightly 
higher than reported concentrations in a range of modern environments: the Great Salt Marsh (Boulegue 
et al., 1982; Luther et al., 1986), sulfidic lakes like Mahoney Lake (Overmann et al., 1996) and Fayetteville 
Green Lake (Zerkle et al., 2010), and the Black Sea (Holmkvist et al., 2011). Polysulfide concentrations can 
be even higher in specific environments like microbial mats, where up to 100s of mM polysulfides have been 
reported (Findlay, 2016). Conditions in experimental bottles therefore coarsely reproduce the experience of 
particles in certain modern and ancient Earth environments.

Experiments with particles and (poly)sulfide generated organic S in the proto-kerogen, hydrolyzable, and 
lipid pools. Based on XAS fits, organic S accounts for the majority (67–82%) of the newly formed non-lipid 
particle solids (Figure 6); inorganic products (iron sulfides) are discussed in Section 4.3. The initial molar 
S:C ratios in total particle OM from high-flux site P1 average 0.69% (range 0.64–0.74%), and these ratios 

Figure 6.  Speciation of products formed during polysulfide exposure. Heavy black lines broadly separate “reduced” from “oxidized” organic sulfur species. 
Results were calculated by linear combination fitting of Sx-exposed sample spectra for solvent-extracted particles (OMRes + OMHyd, left) and lipid extracts (right) 
using the control spectra from each sample as a component. Upper and lower panels show the same data, but the lower panel highlights the proportion of Sx-
exposed materials that were attributed to preexisting (control) materials. Newly formed organic S in both pools is largely sulfides and disulfides.
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increase after 48 hr of polysulfide exposure to an average of 1.9% (range 1.7–2.1%). OM S:C ratios are some-
what lower in the OMRes pool, averaging 0.33% before, and 1.1% after, polysulfide exposure (Figure 1b). 
These S:C ratios are similar to those found in OMRes in sediments from O2-limited continental margin sed-
iments, including the Santa Barbara Basin (OM S:C ratios average 2.1 mol% in the upper 50 cm; Raven, 
Sessions, Fischer, & Adkins, 2016), the Peru Margin (0.5–2.3% in the upper meter of sediments; Mossman 
et al., 1991; Suits & Arthur, 2000), and the Namibian Margin (OM S:C ratios average 2.3% for all data; Dale 
et al., 2009). But, sulfurized particle S:C ratios remain below those observed for OM in sulfidic basins like 
the Cariaco Basin (∼4 mol%; Werne et al., 2003). It is likely that longer-term exposure to polysulfides would 
further increase the S content of particle OM, eventually reaching “saturation” or full sulfurization of the 
functional groups that are reactive on the time scale of interest, as modified by other environmental factors 
(Amrani et al., 2007). The change in particle S:C ratios as a result of sulfurization indicates that organic 
precursor molecules contained at least that density of rapidly sulfurizable functional groups (aldehydes, ke-
tones, certain rearrangeable alcohols, and conjugated double bonds; Kutuzov et al., 2020). Primary biogenic 
molecules can also gain sulfide-reactive functional groups like carbonyls through photochemical reactions 
in the euphotic zone (Amrani & Aizenshtat, 2004b).

The short duration of these 48-hr experiments makes it possible to investigate potential OM preservation 
processes on the same time scale as particle OM breakdown and remineralization. Typical sinking particle 
OM remineralization rates are ∼12% per day (Cavan et al., 2017; Iversen & Ploug, 2013), which means that 
reactions that transform particle OM within days are particularly important for impacting the extent of OM 
remineralization in sinking particles and, by extension, carbon fluxes to the sediments. Additionally, the 
large changes in organic S chemistry observed within 48 hr in these experiments demonstrate that even 
intermittently sulfidic conditions—on the time scale of hours to days—can have a dramatic effect on the 
composition of particulate OM.

The initial products of particle sulfurization are primarily organic monosulfides and disulfides (Figure 6). 
Although three of the five sulfurized samples also contained more sulfonates or sulfate esters than their re-
spective controls, this likely represents heterogeneity in the distribution of assimilatory OS particles among 
control and experiment filter aliquots. In Figure 6, the speciation of newly formed materials is calculated by 
assuming that sulfurization adds new sulfur to an unchanging pool of biogenic OS, as measured in the con-
trol sample. The calculated, newly formed OS is very similar to the overall speciation of Sx-exposed OMRes 
(Figure 2) and is consistent with observations from the sulfurization of standard compounds under condi-
tions similar to those investigated here (Amrani & Aizenshtat, 2004c). In those experiments, α, β-unsatu-
rated aldehydes, including the chlorophyll-derived C20 isoprenoid phytenal, were exposed to a polysulfide 
solution and the products were identified as disulfide-bridged oligo-polymers. Nucleophilic polysulfides 
attacked the conjugated double bond rapidly (within hours) and the carbonyl group more slowly, leading 
to carbon skeletons cross-linked by two or more Sx (e.g., polysulfide) bridges within days to weeks (Amrani 
& Aizenshtat, 2004c). Similar mechanisms could explain the observed rapid formation of organic sulfides, 
disulfides, and polysulfides (Sx≥3) during the sulfurization of sinking marine particles.

Newly formed organic disulfides appear within certain particle regions that range from 30 to 300 μm in di-
ameter (Figure 4). These “strongly sulfurized” regions often envelop clusters of small (single pixel; ≤5 μm), 
sulfide-rich particulates that are interpreted as cells. And, they are also frequently associated with the larger 
(20–200 μm), sulfate-ester-rich irregular particles that may represent concentrations of polysaccharide ex-
udates or contributions from plant or animal detritus. These spatial relationships suggest that sulfurization 
affects a ubiquitous particle component that naturally contains a lower concentration of organic S than 
other forms of biomass. Exopolymeric substances (EPS) are a leading candidate for this component. EPS 
is a loosely defined blend of polysaccharides, proteins, nucleic acids, and lipids, with carboxylate, amine, 
hydroxyl, sulfate, and phosphate functional groups (Alvarado Quiroz et al., 2006; Braissant et al., 2007). EPS 
is an important contributor to the formation of large, sinking particles, building particle size and density by 
binding organic and inorganic solid materials together (Alldredge & Silver, 1988; Bhaskar & Bhosle, 2005; 
Passow et al., 1994). The abundance of EPS in large sinking particles may make these organic materials 
particularly susceptible to rapid sulfurization.

XAS results strongly indicate that lipids sulfurize alongside non-lipid OM over 48  hr of polysulfide ex-
posure, despite the lack of consistent trends in lipid S:C ratios. Variable lipid S:C ratios among samples, 
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both before and after sulfurization, most likely reflect the heterogeneous distributions of specific particle 
components (e.g., animal detritus; Ishizuka, 1997) that are key sources of sulfated lipids. Sulfurization may 
also reduce the solubility of lipid molecules and transfer them functionally to the OMRes pool, although 
here this process was insufficient to significantly lower the C-isotope composition of OMRes (Figure 1a). 
Newly formed lipid OS is compositionally similar to newly formed non-lipid OS, with varying proportions 
of organic sulfides, disulfides, and oxidized species. Sulfurized lipids also contain zero-valent S that may 
represent the S0 atoms in S3 and longer organic polysulfides, which may therefore be more important in li-
pids than for other organic precursors (Figure 6). Rapid lipid sulfurization has been documented for specific 
lipid molecules both experimentally and in the environment (Amrani & Aizenshtat, 2004c; Raven, Sessions, 
Adkins, & Thunell, 2016; Van Mooy et al., 2002), while other specific lipids are known to sulfurize over 
thousands of years (Kok, Rijpstra, et al., 2000; Werne et al., 2000). The observed changes in the speciation 
of total extractable lipid OS help to scale up these compound-specific observations and indicate that rapid 
sulfurization can impact a substantial proportion of the bulk sedimentary lipid pool.

4.3.  Experiments: Competitive Sinks for Polysulfides

Dissolved sulfide (H2S/HS−) has many possible reaction pathways in real, complex marine particles. In ad-
dition to reactions with OM, both microbial sulfide oxidation and iron sulfidization can occur rapidly, gen-
erating inorganic sulfur species with redox states ranging from S0 to sulfate, and iron sulfides, respectively.

We use the appearance of 34S-labeled sulfate to estimate the scale of polysulfide oxidation during the 
48-hr experiment. The δ34S value of seawater sulfate increased during the experiment to values between 
22.6 ± 0.4‰ and 24.3 ± 0.4‰, a significant change from initial sulfate at ∼21‰. Given a 28 mM concen-
tration of seawater sulfate, these values indicate the addition of between 140 and 295 μM sulfate with a 
δ34S value matching the polysulfide spike (∼342‰), which represents a substantial proportion (27–57%) of 
the 520 μM polysulfide solution originally added to each experiment. Some of this (poly)sulfide oxidation 
may have occurred abiotically through reaction with any dissolved O2 that was introduced during on-deck 
handling of these “net wash” samples and incompletely removed during gentle sparging with N2. However, 
even dissolved O2 concentrations of as much as 10 μM would account for only a few percent (∼5 μM) of 
this sulfate production. Instead, most (poly)sulfide oxidation likely occurred through microbial processes, 
which can be highly efficient at drawing down limiting sulfide concentrations, generating a tightly coupled 
and often cryptic sulfur cycle in sediments (Canfield et al., 1992; Jorgensen, 2019) and the water column 
(Canfield et al., 2010; Johnston et al., 2014). Given ETNP ODZ conditions, nitrate is likely to be a main ox-
idant powering sulfide oxidation in the dark (Devol et al., 2019). Net rates of (poly)sulfide oxidation in our 
experimental bottles were ∼100 μM/day, which is similar to sulfide oxidation rates reported for very differ-
ent environments like shallow marine sediments (Findlay et al., 2020). Notably, OM sulfurization occurs in 
particles despite this active competition for (poly)sulfide from oxidative sinks. Although this oxidative cycle 
likely generated some quantity of more oxidized inorganic sulfur species (e.g., thiosulfate), the key reactant 
for OM sulfurization is still most likely polysulfide because this matches the redox state of the newly formed 
organic S.

Another important sink for (poly)sulfide in particles is the formation of iron sulfides. The initial product 
of the reaction between Fe2+ and S2− is an iron monosulfide (e.g., FeS(aq), mackinawite). Given unlimiting 
sulfide, the rate of this reaction depends on the availability of Fe2+, which is typically sourced from the re-
duction of Fe(III)-oxyhydroxides and other reactive Fe(III) species. Marine particles from ODZs frequently 
contain Fe3+ in the form of iron(III) oxyhydroxides, which appear to be actively recycled between dissolved 
Fe2+ and particulate Fe(III) minerals (Heller et al., 2017; Resing et al., 2015). We observe similar iron species 
in our control particle samples; the first-derivative X-ray spectra for iron in these particulates (Figure 5) 
have similar spectral features to Fe(III) oxyhydroxide standards. Before Sx exposure, these iron oxyhydrox-
ides are found in discrete, 10–50-μm-diameter particles with a broadly round morphology. These iron-bear-
ing particulates are found throughout the mapped samples (A, B, and C) and are not spatially associated 
with calcium, phosphorus, or total sulfur.

After 48 hr of exposure to polysulfides, iron sulfides (FeS) form that have a distinctly different distribution 
than their Fe(III) precursors. FeS does not appear as discrete, resolvable particles and instead accumu-
lates to low, uniform concentrations throughout the same, ∼200-μm-scale particle regions that accumulate 
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organic S (Figure 5). Although Fe(III) particulates do not appear to be local FeS formation hotspots, they 
must be the source of iron for FeS formation because dissolved Fe2+ concentrations in the ETNP ODZ are 
only ∼2 nM and iron backgrounds in the EPS from controls are low (Figure 5). FeS formation therefore 
most likely proceeded through the reductive dissolution of Fe(III) oxyhydroxides by sulfide to dissolved 
Fe2+, which was subsequently precipitated from solution as FeS. Iron-cycling microbes may also play a role 
in the generation of dissolved Fe2+. Although greater temporal resolution is needed to evaluate the kinetic 
competition between sulfurizable organic moieties and Fe2+ for sulfide, the concurrent and colocated for-
mation of FeS and OS within 48 hr illustrates the tightly coupled formation of both inorganic and organic 
sulfur phases in sedimentary systems.

Sulfide-derived organic S has been seen to accumulate prior to the complete consumption of iron oxyhy-
droxides across diverse marine and lacustrine environments (Dale et  al.,  2009; Filley et  al.,  2002; Fran-
cois, 1987; Hartgers et al., 1997; Raven, Sessions, Fischer, & Adkins, 2016; Urban et al., 1999; van Dongen 
et al., 2003). At the same time, environments with abundant reactive iron and active iron cycling can sup-
press the formation of organic and inorganic S (Shawar et al., 2018). The relative rates of formation for 
organic and inorganic S are complex and will depend on the identities and morphologies of organic and 
inorganic precursors, local geochemical conditions, and spatial relationships between sulfide sources and 
potential sinks. It is clear, however, that organic S has the potential to preserve S-isotope signals that reflect 
a water column, particle-hosted sulfur cycle. We speculate that relatively rapid microbial sulfate reduc-
tion with fresh, particle OM may generate smaller S-isotope fractionations between sulfate and sulfide and 
therefore more 34S-enriched dissolved sulfide, OS, and FeS than equivalent metabolisms in near-surface 
sediments. The S-isotope composition of sulfide in particles may also be impacted by closed-system process-
es within diffusively limited particle microenvironments, and by the activity of tightly coupled microbial 
metabolisms in addition to microbial sulfate reduction. In all of these cases, OS δ34S values can be influ-
enced by processes outside of a traditional, one-dimensional sedimentary diagenetic framework.

4.4.  Implications for the Long-Term Preservation of Sulfurized OM

Because particle OM can sulfurize rapidly, even brief periods of sulfidic conditions in the environment 
have the potential to transform the chemical structure of sinking particulate OM and impact its lability. OM 
sulfurization is thus capable of transforming OM in temporally dynamic systems with only intermittent-
ly sulfidic conditions, ranging from tidally and photosynthetically cyclic systems like microbial mats and 
intertidal habitats to environments with strong seasonal upwelling. In sulfidic lakes and basins, sinking 
particles that encounter a layer of polysulfide-rich water near the O2-H2S chemocline (Li et al., 2008; Over-
mann et al., 1996) are likely to carry a signal of rapid OM sulfurization reactions to underlying sediments, 
similar to interpretations of pyrite δ34S values from the Black Sea and Cariaco Basin (Lyons, 1997; Lyons 
et al., 2003). The isotopic composition and speciation of organic sulfur preserved in sediments will in part 
reflect rapid reactions in polysulfide-rich hotspots.

Prior to long-term burial, however, the initial products of particle sulfurization may experience additional 
condensation reactions, enzymatic attack, and changing environmental conditions that could further al-
ter their chemistry. Organic disulfide and polysulfide may be particularly susceptible to isotope exchange 
with inorganic polysulfides and chemical maturation—the rearrangement of bonds to more energetically 
stable forms during sedimentary diagenesis (Amrani et al., 2006; Canfield et al., 1998). Organic polysulfide 
maturation would decrease the proportion of organic polysulfides and disulfides over time and increase 
the abundance of monosulfidic or aromatic moieties (Amrani et al., 2006; Kohnen et al., 1991), which are 
more common in ancient deposits. S-isotope exchange between organic and inorganic polysulfides could 
also help explain puzzling S-isotope distributions among sedimentary phases in shallow anoxic sediments 
(i.e., Dale et al., 2009; Raven, Sessions, Fischer, & Adkins, 2016). Here, our experiments with relatively high 
concentration of polysulfides strongly favor the formation of organic disulfide and polysulfide relative to 
reactions with sulfide (Kohnen et al., 1989). As a result, OM contains an average of 52.4% disulfides (range 
46.8–67.4%; Figure 6, excluding FeS), which is significantly higher than control OMRes from untreated parti-
cles, which averages 31.3% (range 23.4–47.7%) disulfides, or than kerogens from 100-million-year-old black 
shales, which have a maximum reported disulfide content of ∼28% (Raven, Fike, Bradley, et al., 2019; Ra-
ven et al., 2021). Depending on the scale and timing of organic polysulfide exchange and maturation in 
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the environment, the δ34S values recorded in sedimentary OM may partially reflect later generations of 
environmental (poly)sulfide rather than the S-isotope composition of the (poly)sulfide that initially drove 
OM sulfurization. Further work is needed to better understand the stability of OM δ34S values during very 
early diagenesis and the preservation potential of rapidly formed organic polysulfides. Organic polysulfide 
maturation could also serve as a source of sulfur to other sedimentary reactions, including the conversion 
of iron monosulfides to pyrite, S0 disproportionation, or gradual lipid sulfurization.

OM sulfurization in sinking marine particles has substantial implications for the carbon cycle, both in 
response to anthropogenic climate change and during periods of Earth history with relatively widespread 
sulfidic conditions. In the modern ocean, sinking particle sulfurization could help explain the observation 
that sediments below a water column ODZ can have higher carbon contents than those under water col-
umns without a strong O2 minimum, even when bottom water is oxygenated (Devol & Hartnett, 2001; Keil 
et al., 2016; Lückge et al., 1996; Van Mooy et al., 2002). Due to the potential for rapid OM sulfurization 
in the water column, the ongoing expansion of ODZs (Schmidtko et al.,  2017) may increase OM burial 
in even deep-water, O2-exposed sediments. OM burial during Ocean Anoxic Event 2 (∼94 Mya) was also 
likely enhanced due to water column particle sulfurization, drawing down atmospheric CO2 and impact-
ing climate (Hülse et al., 2019; Raven, Fike, Bradley, et al., 2019; Sinninghe Damsté & Köster, 1998). On 
even longer time scales, there is widespread evidence for locally sulfidic conditions at intermediate water 
depths throughout the Proterozoic (Lyons et al., 2014; van de Velde et al., 2020). OM sulfurization may 
have influenced the efficiency of carbon burial throughout this period, modifying the organic carbon burial 
processes that contributed to the oxygenation of the surface Earth. On all of these time scales, particle OM 
sulfurization in the water column is a powerful lever connecting changes in local redox state to substantial 
transformations in the pool of OM delivered to, and preserved in, marine sediments.

5.  Conclusions
Sinking, OM-rich marine particles are transformed by reactions with polysulfides within 48 hr. Organic 
materials in the acid-soluble, acid-resistant, and lipid pools can all sulfurize on this time scale. Iron mono-
sulfides (FeS) also form concurrently, prior to the complete consumption of Fe(III) minerals, which indi-
cates that organic matter and iron minerals can be competitive sinks for (poly)sulfide over short (day) time 
scales. Both of these phases appear within regions of particles that are suggestive of extracellular polymeric 
substances (EPS), which may therefore be particularly important substrates for sinking particle sulfuriza-
tion. Rapid, particle-hosted OM sulfurization has the potential to enhance total organic carbon burial in 
sediments and to help explain why marine sediments in sulfidic environments often preserve abundant 
OM.

The initial products of particle OM sulfurization are primarily organic monosulfides and disulfides, al-
though subsequent transformations of this sulfurized OM during sedimentation and early diagenesis could 
further modify the speciation and/or isotopic composition of organic S. In ancient deposits, the S-isotope 
compositions of organic S and iron sulfides will depend on the availability and speciation of iron and or-
ganic reactants during their formation—potentially in the water column—as well as these later reactions.

Data Availability Statement
All of the processed data used in this manuscript are presented in the main text and Supporting Informa-
tion S1. Data files are also archived on FigShare (10.6084/m9.figshare.16550790).

References
Alldredge, A. L., & Silver, M. W. (1988). Characteristics, dynamics and significance of marine snow. Progress in Oceanography, 20, 41–82. 

https://doi.org/10.1016/0079-6611(88)90053-5
Alvarado Quiroz, N. G., Hung, C.-C., & Santschi, P. H. (2006). Binding of thorium(IV) to carboxylate, phosphate and sulfate functional 

groups from marine exopolymeric substances (EPS). Marine Chemistry, 100, 337–353. https://doi.org/10.1016/j.marchem.2005.10.023
Amrani, A., & Aizenshtat, Z. (2004a). Mechanisms of sulfur introduction chemically controlled: δ34S imprint. Organic Geochemistry, 35, 

1319–1336. https://doi.org/10.1016/j.orggeochem.2004.06.019
Amrani, A., & Aizenshtat, A. (2004b). Photosensitized oxidation of naturally occurring isoprenoid allyl alcohols as a possible pathway for 

their transformation to thiophenes in sulfur rich. Organic Geochemistry, 35, 693–712. https://doi.org/10.1016/j.orggeochem.2004.02.002

Acknowledgments
This work was made possible through 
the support and generosity of A. Devol, 
G. Rocap, J. Neibauer, and M. Duffy at 
the University of Washington; D. Fike at 
Washington University in St. Louis; and 
V. Orphan and S. Connon at Caltech. 
Special thanks are also owed to K. Bol-
ster (University of Southern California), 
M. O'Beirne (University of Pittsburgh) 
and the full science party and crew 
of the R/V Roger Revelle (RR1805). 
The manuscript was greatly improved 
by reviews from B. Toner and an 
anonymous reviewer. Financial support 
was provided under NSF Dimensions 
of Biodiversity award no. 1542240 (to 
R. G. Keil) and the Agouron Institute 
Geobiology Postdoctoral Fellowship (to 
M. R. Raven). Use of the Stanford Syn-
chrotron Radiation Lightsource, SLAC 
National Accelerator Laboratory (pro-
posal 5359) is supported by the U.S. De-
partment of Energy, Office of Science, 
Office of Basic Energy Sciences under 
contract no. DE-AC02-76SF00515. The 
SSRL Structural Molecular Biology 
Program is supported by the DOE 
Office of Biological and Environmental 
Research and by the National Institutes 
of Health, National Institute of General 
Medical Sciences (P30GM133894). The 
contents of this publication are solely 
the responsibility of the authors and 
do not necessarily represent the official 
views of NIGMS or NIH.

https://doi.org/10.6084/m9.figshare.16550790
https://doi.org/10.1016/0079-6611%2888%2990053-5
https://doi.org/10.1016/j.marchem.2005.10.023
https://doi.org/10.1016/j.orggeochem.2004.06.019
https://doi.org/10.1016/j.orggeochem.2004.02.002


Global Biogeochemical Cycles

RAVEN ET AL.

10.1029/2021GB007062

15 of 18

Amrani, A., & Aizenshtat, Z. (2004c). Reaction of polysulfide anions with α, β unsaturated isoprenoid aldehydes in aquatic media: Simu-
lation of oceanic conditions. Organic Geochemistry, 35, 909–921. https://doi.org/10.1016/j.orggeochem.2004.04.002

Amrani, A., Said-Ahamed, W., Lewan, M., & Aizenshtat, Z. (2006). Experiments on d34S mixing between organic and inorganic sulfur 
species during thermal maturation. Geochimica et Cosmochimica Acta, 70, 5146–5161. https://doi.org/10.1016/j.gca.2006.07.030

Amrani, A., Turner, J. W., Ma, Q., Tang, Y., & Hatcher, P. G. (2007). Formation of sulfur and nitrogen cross-linked macromolecules under 
aqueous conditions. Geochimica et Cosmochimica Acta, 71, 4141–4160. https://doi.org/10.1016/j.gca.2007.06.051

Anderson, L., & Sarmiento, J. L. (1994). Redfield ratios of remineralization determined by nutrient data analysis. Global Biogeochemical 
Cycles, 8, 65–80. https://doi.org/10.1029/93GB03318

Anderson, R., Kates, M., & Volcani, B. E. (1978). Identification of the sulfolipids in the non-photosynthetic diatom Nitzschia alba. Marine 
and Petroleum Geology, 528, 89–106. https://doi.org/10.1016/0005-2760(78)90055-3

Arnarson, T. S., & Keil, R. G. (2007). Changes in organic matter-mineral interactions for marine sediments with varying oxygen exposure 
times. Geochimica et Cosmochimica Acta, 71, 3545–3556. https://doi.org/10.1016/j.gca.2007.04.027

Arndt, S., Jorgensen, B. B., LaRowe, D. E., Middelburg, J. J., Pancost, R. D., & Regnier, P. (2013). Quantifying the degradation of organic 
matter in marine sediments: A review and synthesis. Earth-Science Reviews, 123, 53–86. https://doi.org/10.1016/j.earscirev.2013.02.008

Arnosti, C., Wietz, M., Brinkhoff, T., Hehemann, J. H., Probandt, D., Zeugner, L., & Amann, R. (2021). The biogeochemistry of marine 
polysaccharides: Sources, inventories, and bacterial drivers of the carbohydrate cycle. Annual Review of Marine Science, 13, 81–108. 
https://doi.org/10.1146/annurev-marine-032020-012810

Arthur, M. A., Dean, W. E., & Pratt, L. M. (1988). Geochemical and climatic effects of increased marine organic carbon burial at the Cen-
omanian/Turonian boundary. Nature, 335, 714–717. https://doi.org/10.1038/335714a0

Benson, A. A., Daniel, H., & Wiser, R. (1959). A sulfolipid in plants. Proceedings of the National Academy of sciences of the United States of 
America, 45, 1582–1587. https://doi.org/10.1073/pnas.45.11.1582

Bhaskar, P. V., & Bhosle, N. (2005). Microbial extracellular polymeric substances in marine biogeochemical processes. Journal of Paleon-
tology, 88, 45–53.

Bianchi, T. S., Cui, X., Blair, N. E., Burdige, D. J., Eglinton, T. I., & Galy, V. (2018). Centers of organic carbon burial and oxidation at the 
land-ocean interface. Organic Geochemistry, 115, 138–155. https://doi.org/10.1016/j.orggeochem.2017.09.008

Boulegue, J., Lord, C. J. III, & Church, T. M. (1982). Sulfur speciation and associated trace metals (Fe, Cu) in the pore waters of Great 
Marsh, Delaware. Marine and Petroleum Geology, 46, 453–464. https://doi.org/10.1016/0016-7037(82)90236-8

Boussafir, M., & Lallier-Verges, E. (1997). Accumulation of organic matter in the Kimmeridge Clay Formation (KCF): An update fossilisa-
tion model for marine petroleum source-rocks. Marine and Petroleum Geology, 14, 75–83. https://doi.org/10.1016/s0264-8172(96)00050-5

Boyd, P. W., Claustre, H., Lévy, M., Siegel, D. A., & Weber, T. (2019). Multi-faceted particle pumps drive carbon sequestration in the ocean. 
Nature Publishing Group, 568, 327–335. https://doi.org/10.1038/s41586-019-1098-2

Boye, K., Noël, V., Tfaily, M. M., Bone, S. E., Williams, K. H., Bargar, J. R., & Fendorf, S. (2017). Thermodynamically controlled preservation 
of organic carbon in floodplains. Nature Geoscience, 10, 415–419. https://doi.org/10.1038/ngeo2940

Braissant, O., Decho, A. W., Dupraz, C., Glunk, C., Przekop, K. M., & Visscher, P. T. (2007). Exopolymeric substances of sulfate-reducing 
bacteria: Interactions with calcium at alkaline pH and implication for formation of carbonate minerals. Geobiology, 5, 401–411. https://
doi.org/10.1111/j.1472-4669.2007.00117.x

Breitburg, D., Levin, L. A., Oschlies, A., Grégoire, M., Chavez, F. P., Conley, D. J., et al. (2018). Declining oxygen in the global ocean and 
coastal waters. Science, 359, eaam7240. https://doi.org/10.1126/science.aam7240

Canfield, D. E., Boudreau, B. P., Mucci, A., & Gundersen, J. K. (1998). The early diagenetic formation of organic sulfur in the sediments of 
Mangrove Lake, Bermuda. Marine and Petroleum Geology, 62, 767–781. https://doi.org/10.1016/s0016-7037(98)00032-5

Canfield, D. E., Raiswell, R., & Bottrell, S. H. (1992). The reactivity of sedimentary iron minerals toward sulfide. American Journal of Sci-
ence, 292, 659–683. https://doi.org/10.2475/ajs.292.9.659

Canfield, D. E., Stewart, F. J., Thamdrup, B., De Brabandere, L., Dalsgaard, T., Delong, E. F., et al. (2010). A cryptic sulfur cycle in oxy-
gen-minimum-zone waters off the Chilean coast. Science, 330, 1375–1378. https://doi.org/10.1126/science.1196889

Cavan, E. L., Trimmer, M., Shelley, F., & Sanders, R. (2017). Remineralization of particulate organic carbon in an ocean oxygen minimum 
zone. Nature Communications, 8, 14847. https://doi.org/10.1038/ncomms14847

Chen, C., Lin, C. M., Huang, B. T., & Chemistry, L. C. M. (1996). Stoichiometry of carbon, hydrogen, nitrogen, sulfur and oxy-
gen in the particulate matter of the western North Pacific marginal seas. Marine and Petroleum Geology, 54, 179–190. https://doi.
org/10.1016/0304-4203(96)00021-7

Cuhel, R. L., Taylor, C. D., & Jannasch, H. W. (1982). Assimilatory sulfur metabolism in marine microorganisms: Sulfur metabolism, pro-
tein synthesis, and growth of alteromonas luteo-violaceus and pseudomonas halodurans during perturbed batch growth. Applied and 
Environmental Microbiology, 43, 151–159. https://doi.org/10.1128/aem.43.1.151-159.1982

Dale, A. W., Bruchert, V., Alperin, M., & Regnier, P. (2009). An integrated sulfur isotope model for Namibian shelf sediments. Geochimica 
et Cosmochimica Acta, 73, 1924–1944. https://doi.org/10.1016/j.gca.2008.12.015

De La Rocha, C. L., & Passow, U. (2007). Factors influencing the sinking of POC and the efficiency of the biological carbon pump. Deep Sea 
Research Part II: Topical Studies in Oceanography, 54, 639–658.

Deutsch, C., Brix, H., Ito, T., Frenzel, H., & Thompson, L. (2011). Climate-forced variability of ocean hypoxia. Science, 333, 336–339. 
https://doi.org/10.1126/science.1202422

Devol, A., & Hartnett, H. E. (2001). Role of the oxygen-deficient zone in transfer of organic carbon to the deep ocean. Limnology and 
Oceanography, 46, 1684–1690. https://doi.org/10.4319/lo.2001.46.7.1684

Devol, A. H., Keil, R., Rocap, G., & Haskins, C. (2019). CTD bottle data for all CTD casts during R/V Roger Revelle RR1804, RR1805 cruises in 
the eastern tropical North Pacific ocean, from March to April 2018. www.bco-dmo.org/dataset/.779185/data

Dunne, J. P., Sarmiento, J. L., & Gnanadesikan, A. (2007). A synthesis of global particle export from the surface ocean and cycling through 
the ocean interior and on the seafloor. Global Biogeochemical Cycles, 21, GB4006. https://doi.org/10.1029/2006GB002907

Filley, T., Freeman, K., Wilkin, R., & Hatcher, P. (2002). Biogeochemical controls on reaction of sedimentary organic matter and aque-
ous sulfides in Holocene sediments of Mud Lake, Florida. Geochimica et Cosmochimica Acta, 66, 937–954. https://doi.org/10.1016/
s0016-7037(01)00829-8

Findlay, A. J. (2016). Microbial impact on polysulfide dynamics in the environment. FEMS Microbiology Letters, 363, fnw103. https://doi.
org/10.1093/femsle/fnw103

Findlay, A. J., Pellerin, A., Laufer, K., & Jorgensen, B. B. (2020). Quantification of sulphide oxidation rates in marine sediment. Geochimica 
et Cosmochimica Acta, 280, 441–452. https://doi.org/10.1016/j.gca.2020.04.007

https://doi.org/10.1016/j.orggeochem.2004.04.002
https://doi.org/10.1016/j.gca.2006.07.030
https://doi.org/10.1016/j.gca.2007.06.051
https://doi.org/10.1029/93GB03318
https://doi.org/10.1016/0005-2760%2878%2990055-3
https://doi.org/10.1016/j.gca.2007.04.027
https://doi.org/10.1016/j.earscirev.2013.02.008
https://doi.org/10.1146/annurev%2Dmarine%2D032020-012810
https://doi.org/10.1038/335714a0
https://doi.org/10.1073/pnas.45.11.1582
https://doi.org/10.1016/j.orggeochem.2017.09.008
https://doi.org/10.1016/0016-7037%2882%2990236-8
https://doi.org/10.1016/s0264-8172%2896%2900050-5
https://doi.org/10.1038/s41586-019-1098-2
https://doi.org/10.1038/ngeo2940
https://doi.org/10.1111/j.1472-4669.2007.00117.x
https://doi.org/10.1111/j.1472-4669.2007.00117.x
https://doi.org/10.1126/science.aam7240
https://doi.org/10.1016/s0016-7037%2898%2900032-5
https://doi.org/10.2475/ajs.292.9.659
https://doi.org/10.1126/science.1196889
https://doi.org/10.1038/ncomms14847
https://doi.org/10.1016/0304-4203%2896%2900021-7
https://doi.org/10.1016/0304-4203%2896%2900021-7
https://doi.org/10.1128/aem.43.1.151-159.1982
https://doi.org/10.1016/j.gca.2008.12.015
https://doi.org/10.1126/science.1202422
https://doi.org/10.4319/lo.2001.46.7.1684
http://www.bco-dmo.org/dataset/.779185/data
https://doi.org/10.1029/2006GB002907
https://doi.org/10.1016/s0016-7037%2801%2900829-8
https://doi.org/10.1016/s0016-7037%2801%2900829-8
https://doi.org/10.1093/femsle/fnw103
https://doi.org/10.1093/femsle/fnw103
https://doi.org/10.1016/j.gca.2020.04.007


Global Biogeochemical Cycles

RAVEN ET AL.

10.1029/2021GB007062

16 of 18

Francois, R. (1987). A study of sulphur enrichment in the humic fraction of marine sediments during early diagenesis. Geochimica et 
Cosmochimica Acta, 51, 17–27. https://doi.org/10.1016/0016-7037(87)90003-2

Froelich, P. N., Klinkhammer, G. P., Bender, M. L., Luedtke, N. A., Heath, G. R., Cullen, D., et al. (1979). Early oxidation of organic matter 
in pelagic sediments of the eastern equatorial Atlantic: Suboxic diagenesis. Geochimica et Cosmochimica Acta, 43, 1075–1090. https://
doi.org/10.1016/0016-7037(79)90095-4

Gelin, F., Kok, M. D., De Leeuw, J. W., & Damsté, J. S. S. (1998). Laboratory sulfurisation of the marine microalga. Nannochloropsis Salina, 
29, 1837–1848. https://doi.org/10.1016/s0146-6380(98)00171-5

Gomez-Saez, G. V., Dittmar, T., Holtappels, M., Pohlabeln, A. M., Lichtschlag, A., Schnetger, B., et al. (2021). Sulfurization of dissolved 
organic matter in the anoxic water column of the Black Sea. Science Advances, 7(25), eabf6199. https://doi.org/10.1126/sciadv.abf6199

Gomez-Saez, G. V., Niggemann, J., Dittmar, T., Pohlabeln, A. M., Lang, S. Q., Noowong, A., et al. (2016). Molecular evidence for abiotic 
sulfurization of dissolved organic matter in marine shallow hydrothermal systems. Geochimica et Cosmochimica Acta, 190, 35–52. 
https://doi.org/10.1016/j.gca.2016.06.027

Hartgers, W. A., Lopez, J. F., Damste, J. S., Reiss, C., Maxwell, J., & Grimalt, J. O. (1997). Sulfur-binding in recent environments: II. Spe-
ciation of sulfur and iron and implications for the occurrence of organo-sulfur compounds. Geochimica et Cosmochimica Acta, 61, 
4769–4788. https://doi.org/10.1016/s0016-7037(97)00279-2

Hartnett, H. E., & Devol, A. H. (2003). Role of a strong oxygen-deficient zone in the preservation and degradation of organic matter: A 
carbon budget for the continental margins of northwest Mexico and Washington State. Geochimica et Cosmochimica Acta, 67, 247–264. 
https://doi.org/10.1016/s0016-7037(02)01076-1

Hayes, J. M. (2001). Fractionation of the isotopes of carbon and hydrogen in biosynthetic processes (pp. 1–31). National Meeting of the Geo-
logical Society of America.

Heller, M. I., Lam, P. J., Moffett, J. W., Till, C. P., Lee, J.-M., Toner, B. M., & Marcus, M. A. (2017). Accumulation of Fe oxyhydroxides in the 
Peruvian oxygen deficient zone implies non-oxygen dependent Fe oxidation. Geochimica et Cosmochimica Acta, 211, 174–193. https://
doi.org/10.1016/j.gca.2017.05.019

Hill, R. L. (1965). Hydrolysis of proteins. In Advances in protein chemistry. (Vol. 20, pp. 37–107). Elsevier. https://doi.org/10.1016/
s0065-3233(08)60388-5

Holmkvist, L., Ferdelman, T. G., & Jorgensen, B. B. (2011). A cryptic sulfur cycle driven by iron in the methane zone of marine sediment 
(Aarhus Bay, Denmark). Geochimica et Cosmochimica Acta, 75, 3581–3599. https://doi.org/10.1016/j.gca.2011.03.033

Hülse, D., Arndt, S., & Ridgwell, A. (2019). Mitigation of extreme ocean anoxic event conditions by organic matter sulfurization. Pale-
oceanography and Paleoclimatology, 34, 476–489. https://doi.org/10.1029/2018PA003470

Ishizuka, I. (1997). Chemistry and functional distribution of sulfoglycolipids. Marine and Petroleum Geology, 36, 245–319. https://doi.
org/10.1016/s0163-7827(97)00011-8

Iversen, M. H., & Ploug, H. (2013). Temperature effects on carbon-specific respiration rate and sinking velocity of diatom aggregates; po-
tential implications for deep ocean export processes. Biogeosciences, 10, 4073–4085. https://doi.org/10.5194/bg-10-4073-2013

Jessen, G. L., Lichtschlag, A., Ramette, A., Pantoja, S., Rossel, P. E., Schubert, C. J., et  al. (2017). Hypoxia causes preservation of la-
bile organic matter and changes seafloor microbial community composition (Black Sea). Science Advances, 3, e1601897. https://doi.
org/10.1126/sciadv.1601897

Johnston, D. T., Gill, B. C., Masterson, A., Beirne, E., Casciotti, K. L., Knapp, A. N., & Berelson, W. (2014). Placing an upper limit on cryptic 
marine sulphur cycling. Nature, 513, 530–533. https://doi.org/10.1038/nature13698

Jorgensen, B. B. (2019). The biogeochemical sulfur cycle of marine sediments. Frontiers in Microbiology, 10, 849. https://doi.org/10.3389/
fmicb.2019.00849

Kamyshny, A., Goifman, A., Gun, J., Rizkov, D., & Lev, O. (2004). Equilibrium distribution of polysulfide ions in aqueous solutions at 25°C: 
A new approach for the study of polysulfides' equilibria. Environmental Science and Technology, 38, 6633–6644. https://doi.org/10.1021/
es049514e

Keil, R. G., Neibauer, J. A., Biladeau, C., van der Elst, K., & Devol, A. (2016). A multiproxy approach to understanding the “enhanced” 
flux of organic matter through the oxygen-deficient waters of the Arabian Sea. Biogeosciences, 13, 2077–2092. https://doi.org/10.5194/
bg-13-2077-2016

Kohnen, M., Damste, J. S., Haven ten, H. L., & De Leeuw, J. W. (1989). Early incorporation of polysulfides in sedimentary organic matter. 
Nature, 341, 640–641. https://doi.org/10.1038/341640a0

Kohnen, M., Sinninghe, D. A. K.-V., De Leeuw, J. W., & Jan, W. D. L. (1991). Di- or polysulphide-bound biomarkers in sulphur-rich 
geomacromolecules as revealed by selective chemolysis. Geochimica et Cosmochimica Acta, 55, 1375–1394. https://doi.
org/10.1016/0016-7037(91)90315-v

Kok, M., Rijpstra, I., Robertson, L., Volkman, J. K., & Damste, J. S. (2000). Early steroid sulfurisation in surface sediments of a permanently 
stratified lake (Ace Lake, Antarctica). Geochimica et Cosmochimica Acta, 64, 1425–1436. https://doi.org/10.1016/s0016-7037(99)00430-5

Kok, M. D., Schouten, S., & Sinninghe Damsté, J. S. (2000). Formation of insoluble, nonhydrolyzable, sulfur-rich macromolecules via in-
corporation of inorganic sulfur species into algal carbohydrates. Marine and Petroleum Geology, 64, 2689–2699. https://doi.org/10.1016/
s0016-7037(00)00382-3

Kutuzov, I., Rosenberg, Y. O., Bishop, A., & Amrani, A. (2020). The origin of organic sulphur compounds and their impact on the paleoen-
vironmental record. In Hydrocarbons, oils and lipids: Diversity, origin, chemistry and fate (pp. 1–54). Springer International Publishing. 
https://doi.org/10.1007/978-3-319-90569-3_1

LaLonde, R., Ferrara, L., & Hayes, M. (1987). Low-temperature, polysulfide reactions of conjugated ene carbonyls: A reaction model for the 
geologic origin of S-heterocycles. Organic Geochemistry, 11, 563–571. https://doi.org/10.1016/0146-6380(87)90010-6

Li, X., Taylor, G. T., Astor, Y., & Scranton, M. I. (2008). Relationship of sulfur speciation to hydrographic conditions and chemoautotrophic 
production in the Cariaco Basin. Marine Chemistry, 112, 53–64. https://doi.org/10.1016/j.marchem.2008.06.002

Lückge, A., Boussafir, M., Lallier-Verges, E., & Littke, R. (1996). Comparative study of organic matter preservation in immature sediments 
along the continental margins of Peru and Oman. Part I: Results of petrographical and bulk geochemical data. Organic Geochemistry, 
24, 437–451. https://doi.org/10.1016/0146-6380(96)00045-9

Luther, G. W., Church, T. M., Scudlark, J. R., & Cosman, M. (1986). Inorganic and organic sulfur cycling in salt-marsh pore waters. Science, 
232, 746–749. https://doi.org/10.1126/science.232.4751.746

Lyons, T. W. (1997). Sulfur isotopic trends and pathways of iron sulfide formation in upper Holocene sediments of the anoxic Black Sea. 
Geochimica et Cosmochimica Acta, 61, 3367–3382. https://doi.org/10.1016/s0016-7037(97)00174-9

Lyons, T. W., Reinhard, C. T., & Planavsky, N. J. (2014). The rise of oxygen in Earth's early ocean and atmosphere. Nature, 506, 307–315. 
https://doi.org/10.1038/nature13068

https://doi.org/10.1016/0016-7037%2887%2990003-2
https://doi.org/10.1016/0016-7037%2879%2990095-4
https://doi.org/10.1016/0016-7037%2879%2990095-4
https://doi.org/10.1016/s0146-6380%2898%2900171-5
https://doi.org/10.1126/sciadv.abf6199
https://doi.org/10.1016/j.gca.2016.06.027
https://doi.org/10.1016/s0016-7037%2897%2900279-2
https://doi.org/10.1016/s0016-7037%2802%2901076-1
https://doi.org/10.1016/j.gca.2017.05.019
https://doi.org/10.1016/j.gca.2017.05.019
https://doi.org/10.1016/s0065-3233%2808%2960388-5
https://doi.org/10.1016/s0065-3233%2808%2960388-5
https://doi.org/10.1016/j.gca.2011.03.033
https://doi.org/10.1029/2018PA003470
https://doi.org/10.1016/s0163-7827%2897%2900011-8
https://doi.org/10.1016/s0163-7827%2897%2900011-8
https://doi.org/10.5194/bg%2D10-4073-2013
https://doi.org/10.1126/sciadv.1601897
https://doi.org/10.1126/sciadv.1601897
https://doi.org/10.1038/nature13698
https://doi.org/10.3389/fmicb.2019.00849
https://doi.org/10.3389/fmicb.2019.00849
https://doi.org/10.1021/es049514e
https://doi.org/10.1021/es049514e
https://doi.org/10.5194/bg%2D13-2077-2016
https://doi.org/10.5194/bg%2D13-2077-2016
https://doi.org/10.1038/341640a0
https://doi.org/10.1016/0016-7037%2891%2990315%2Dv
https://doi.org/10.1016/0016-7037%2891%2990315%2Dv
https://doi.org/10.1016/s0016-7037%2899%2900430-5
https://doi.org/10.1016/s0016-7037%2800%2900382-3
https://doi.org/10.1016/s0016-7037%2800%2900382-3
https://doi.org/10.1007/978-3%2D319-90569-3%5F1
https://doi.org/10.1016/0146-6380%2887%2990010-6
https://doi.org/10.1016/j.marchem.2008.06.002
https://doi.org/10.1016/0146-6380%2896%2900045-9
https://doi.org/10.1126/science.232.4751.746
https://doi.org/10.1016/s0016-7037%2897%2900174-9
https://doi.org/10.1038/nature13068


Global Biogeochemical Cycles

RAVEN ET AL.

10.1029/2021GB007062

17 of 18

Lyons, T. W., Werne, J. P., Hollander, D. J., & Murray, R. W. (2003). Contrasting sulfur geochemistry and Fe/Al and Mo/Al ratios 
across the last oxic-to-anoxic transition in the Cariaco Basin, Venezuela. Chemical Geology, 195, 131–157. https://doi.org/10.1016/
s0009-2541(02)00392-3

Martin, J. H., Knauer, G. A., Karl, D. M., & Broenkow, W. (1987). VERTEX: Carbon cycling in the northeast Pacific. Marine and Petroleum 
Geology, 34, 267–285. https://doi.org/10.1016/0198-0149(87)90086-0

Matrai, P. A., & Eppley, R. W. (1989). Particulate organic sulfur in the waters of the Southern California Bight. Global Biogeochemical 
Cycles, 3, 89–103. https://doi.org/10.1029/GB003i001p00089

Mossman, J. R., Aplin, A. C., Curtis, C. D., & Coleman, M. L. (1991). Geochemistry of inorganic and organic sulphur in organic-rich sedi-
ments from the Peru Margin. Geochimica et Cosmochimica Acta, 55, 3581–3595. https://doi.org/10.1016/0016-7037(91)90057-c

Overmann, J., Beatty, J. T., Krause, H. R., & Hall, K. J. (1996). The sulfur cycle in the chemocline of a meromictic salt lake. Limnology and 
Oceanography, 41, 147–156. https://doi.org/10.4319/lo.1996.41.1.0147

Passow, U., Alldredge, A. L., & Logan, B. E. (1994). The role of particulate carbohydrate exudates in the flocculation of diatom blooms. 
Marine and Petroleum Geology, 41, 335–357. https://doi.org/10.1016/0967-0637(94)90007-8

Percival, E., Rahman, M. A., & Weigel, H. (1980). Chemistry of the polysaccharides of the diatom Coscinodiscus nobilis. Marine and Petro-
leum Geology, 19, 809–811. https://doi.org/10.1016/0031-9422(80)85116-8

Phillips, A. A., Wu, F., & Sessions, A. L. (2021). Sulfur isotope analysis of cysteine and methionine via preparatory liquid chromatog-
raphy and elemental analyzer isotope ratio mass spectrometry. Rapid Communications in Mass Spectrometry, 35, e9007. https://doi.
org/10.1002/rcm.9007

Pohlabeln, A. M., Gomez-Saez, G. V., Noriega-Ortega, B. E., & Dittmar, T. (2017). Experimental evidence for abiotic sulfurization of marine 
dissolved organic matter. Frontiers in Marine Science, 4, 265. https://doi.org/10.3389/fmars.2017.00364

Ramus, J., & Groves, S. T. (1974). Precursor-product relationships during sulfate incorporation into porphyridium capsular polysaccharide. 
Plant Physiology, 53, 434–439. https://doi.org/10.1104/pp.53.3.434

Raven, M. R., Fike, D. A., Bradley, A. S., Gomes, M. L., Owens, J. D., & Webb, S. A. (2019). Paired organic matter and pyrite δ34S records 
reveal mechanisms of carbon, sulfur, and iron cycle disruption during Ocean Anoxic Event 2. Earth and Planetary Science Letters, 512, 
27–38. https://doi.org/10.1016/j.epsl.2019.01.048

Raven, M. R., Fike, D. A., Gomes, M. L., & Webb, S. M. (2019). Chemical and isotopic evidence for organic matter sulfurization in redox 
gradients around mangrove roots. Frontiers of Earth Science, 7, 98. https://doi.org/10.3389/feart.2019.00098

Raven, M. R., Fike, D. A., Gomes, M. L., Webb, S. M., Bradley, A. S., & McClelland, H.-L. O. (2018). Organic carbon burial during OAE2 driv-
en by changes in the locus of organic matter sulfurization. Nature Communications, 9, 3409. https://doi.org/10.1038/s41467-018-05943-6

Raven, M. R., Keil, R. G., & Webb, S. M. (2021). Microbial sulfate reduction and organic sulfur formation in sinking marine particles. Sci-
ence, 371, 178–181. https://doi.org/10.1126/science.abc6035

Raven, M. R., Sessions, A. L., Adkins, J. F., & Thunell, R. C. (2016). Rapid organic matter sulfurization in sinking particles from the Cariaco 
Basin water column. Geochimica et Cosmochimica Acta, 190, 175–190. https://doi.org/10.1016/j.gca.2016.06.030

Raven, M. R., Sessions, A. L., Fischer, W. W., & Adkins, J. F. (2016). Sedimentary pyrite δ34S differs from porewater sulfide in Santa Bar-
bara Basin: Proposed role of organic sulfur. Geochimica et Cosmochimica Acta, 186, 120–134. https://doi.org/10.1016/j.gca.2016.04.037

Resing, J. A., Sedwick, P. N., German, C. R., Jenkins, W. J., Moffett, J. W., Sohst, B. M., & Tagliabue, A. (2015). Basin-scale transport of 
hydrothermal dissolved metals across the South Pacific Ocean. Nature, 523, 200–203. https://doi.org/10.1038/nature14577

Rickard, D., & Luther, G. W. (2007). Chemistry of iron sulfides. Chemical Reviews, 107, 514–562. https://doi.org/10.1021/cr0503658
Rickard, D., & Morse, J. (2005). Acid volatile sulfide (AVS). Marine Chemistry, 97, 141–197. https://doi.org/10.1016/j.marchem.2005.08.004
Salmon, V., Derenne, S., Lallier-Verges, E., Largeau, C., & Beaudoin, B. (2000). Protection of organic matter by mineral matrix in a Ceno-

manian black shale. Organic Geochemistry, 31, 463–474. https://doi.org/10.1016/s0146-6380(00)00013-9
Schmidtko, S., Stramma, L., & Visbeck, M. (2017). Decline in global oceanic oxygen content during the past five decades. Nature, 542, 

335–339. https://doi.org/10.1038/nature21399
Shawar, L., Halevy, I., Said-Ahmad, W., Feinstein, S., Boyko, V., Kamyshny, A., & Amrani, A. (2018). Dynamics of pyrite formation 

and organic matter sulfurization in organic-rich carbonate sediments. Geochimica et Cosmochimica Acta, 241, 219–239. https://doi.
org/10.1016/j.gca.2018.08.048

Sinninghe Damsté, J. S., Irene, W., Rijpstra, C., De Leeuw, J. W., & Schenck, P. A. (1988). Origin of organic sulphur compounds and sul-
phur-containing high molecular weight substances in sediments and immature crude oils. Organic Geochemistry, 13, 593–606. https://
doi.org/10.1016/0146-6380(88)90079-4

Sinninghe Damsté, J. S., & Köster, J. (1998). A euxinic southern North Atlantic Ocean during the Cenomanian/Turonian oceanic anoxic 
event. Marine and Petroleum Geology, 158, 165–173. https://doi.org/10.1016/s0012-821x(98)00052-1

Stramma, L., Prince, E. D., Schmidtko, S., Luo, J., Hoolihan, J. P., Visbeck, M., et al. (2011). Expansion of oxygen minimum zones may 
reduce available habitat for tropical pelagic fishes. Nature Climate Change, 2, 33–37. https://doi.org/10.1038/nclimate1304

Suits, N. S., & Arthur, M. A. (2000). Sulfur diagenesis and partitioning in Holocene Peru shelf and upper slope sediments. Chemical Geol-
ogy, 163, 219–234. https://doi.org/10.1016/s0009-2541(99)00114-x

Takano, Y., Ito, T., & Deutsch, C. (2018). Projected centennial oxygen trends and their attribution to distinct ocean climate forcings. Global 
Biogeochemical Cycles, 32, 1329–1349. https://doi.org/10.1029/2018GB005939

Urban, N. R., Ernst, K., & Bernasconi, S. (1999). Addition of sulfur to organic matter during early diagenesis of lake sediments. Geochimica 
et Cosmochimica Acta, 63, 837–853. https://doi.org/10.1016/s0016-7037(98)00306-8

van de Velde, S. J., Reinhard, C. T., Ridgwell, A., & Meysman, F. J. R. (2020). Bistability in the redox chemistry of sediments and oceans. Pro-
ceedings of the National Academy of Sciences of the United States of America, 483, 202008235. https://doi.org/10.1073/pnas.2008235117

van Dongen, B. E., Schouten, S., Baas, M., Geenevasen, J. A. J., & Sinninghe Damsté, J. S. (2003). An experimental study of the low-temper-
ature sulfurization of carbohydrates. Organic Geochemistry, 34, 1129–1144. https://doi.org/10.1016/s0146-6380(03)00060-3

Van Mooy, B., Keil, R. G., & Devol, A. H. (2002). Impact of suboxia on sinking particulate organic carbon: Enhanced carbon flux and 
preferential degradation of amino acids via denitrification. Geochimica et Cosmochimica Acta, 66, 457–465. https://doi.org/10.1016/
s0016-7037(01)00787-6

Van Mooy, B. A. S., & Keil, R. G. (2015). Aquatic sample analysis system. U.S. Patent.
Vidal-Melgosa, S., Sichert, A., Ben Francis, T., Bartosik, D., Niggemann, J., Wichels, A., et al. (2021). Diatom fucan polysaccharide precip-

itates carbon during algal blooms. Nature Communications, 12, 1150. https://doi.org/10.1038/s41467-021-21009-6
Vogt, W. (1995). Oxidation of methionyl residues in proteins: Tools, targets, and reversal. Marine and Petroleum Geology, 18, 93–105. 

https://doi.org/10.1016/0891-5849(94)00158-g

https://doi.org/10.1016/s0009-2541%2802%2900392-3
https://doi.org/10.1016/s0009-2541%2802%2900392-3
https://doi.org/10.1016/0198-0149%2887%2990086-0
https://doi.org/10.1029/GB003i001p00089
https://doi.org/10.1016/0016-7037%2891%2990057%2Dc
https://doi.org/10.4319/lo.1996.41.1.0147
https://doi.org/10.1016/0967-0637%2894%2990007-8
https://doi.org/10.1016/0031-9422%2880%2985116-8
https://doi.org/10.1002/rcm.9007
https://doi.org/10.1002/rcm.9007
https://doi.org/10.3389/fmars.2017.00364
https://doi.org/10.1104/pp.53.3.434
https://doi.org/10.1016/j.epsl.2019.01.048
https://doi.org/10.3389/feart.2019.00098
https://doi.org/10.1038/s41467-018-05943-6
https://doi.org/10.1126/science.abc6035
https://doi.org/10.1016/j.gca.2016.06.030
https://doi.org/10.1016/j.gca.2016.04.037
https://doi.org/10.1038/nature14577
https://doi.org/10.1021/cr0503658
https://doi.org/10.1016/j.marchem.2005.08.004
https://doi.org/10.1016/s0146-6380%2800%2900013-9
https://doi.org/10.1038/nature21399
https://doi.org/10.1016/j.gca.2018.08.048
https://doi.org/10.1016/j.gca.2018.08.048
https://doi.org/10.1016/0146-6380%2888%2990079-4
https://doi.org/10.1016/0146-6380%2888%2990079-4
https://doi.org/10.1016/s0012-821x%2898%2900052-1
https://doi.org/10.1038/nclimate1304
https://doi.org/10.1016/s0009-2541%2899%2900114%2Dx
https://doi.org/10.1029/2018GB005939
https://doi.org/10.1016/s0016-7037%2898%2900306-8
https://doi.org/10.1073/pnas.2008235117
https://doi.org/10.1016/s0146-6380%2803%2900060-3
https://doi.org/10.1016/s0016-7037%2801%2900787-6
https://doi.org/10.1016/s0016-7037%2801%2900787-6
https://doi.org/10.1038/s41467-021-21009-6
https://doi.org/10.1016/0891-5849%2894%2900158%2Dg


Global Biogeochemical Cycles

RAVEN ET AL.

10.1029/2021GB007062

18 of 18

Webb, S. M. (2005). SIXpack: A graphical user interface for XAS analysis using IFEFFIT. Physica Scripta, 2005, 1011. https://doi.
org/10.1238/physica.topical.115a01011

Webb, S. M. (2020). SIXPACK: A graphical user interface for XAS analysis. International Tables for Crystallography I. https://doi.
org/10.1107/S1574870720003456

Webb, S. M., McNulty, I., Eyberger, C., & Lai, B. (2011). The microanalysis toolkit: X-ray fluorescence image processing software. In The 
10th International Conference on X-ray Microscopy (Vol. 1365, pp. 196–199). AIP. https://doi.org/10.1063/1.3625338

Werne, J., Hollander, D., Behrens, A., Schaeffer, P., Albrecht, P., & Damste, J. (2000). Timing of early diagenetic sulfurization of organic 
matter: A precursor-product relationship in early Holocene sediments of the anoxic Cariaco Basin, Venezuela. Geochimica et Cosmo-
chimica Acta, 65, 1741–1751. https://doi.org/10.1016/s0016-7037(99)00366-x

Werne, J. P., Lyons, T. W., Hollander, D. J., Chemical, M. F., & Sinninghe Damsté, J. S. (2003). Reduced sulfur in euxinic sediments of 
the Cariaco Basin: Sulfur isotope constraints on organic sulfur formation. Marine and Petroleum Geology, 195, 159–179. https://doi.
org/10.1016/s0009-2541(02)00393-5

Zerkle, A., Kamyshny, A., Kump, L., Farquhar, J., Oduro, H., & Arthur, M. (2010). Sulfur cycling in a stratified euxinic lake with moder-
ately high sulfate: Constraints from quadruple S isotopes. Geochimica et Cosmochimica Acta, 74, 4953–4970. https://doi.org/10.1016/j.
gca.2010.06.015

https://doi.org/10.1238/physica.topical.115a01011
https://doi.org/10.1238/physica.topical.115a01011
https://doi.org/10.1107/S1574870720003456
https://doi.org/10.1107/S1574870720003456
https://doi.org/10.1063/1.3625338
https://doi.org/10.1016/s0016-7037%2899%2900366%2Dx
https://doi.org/10.1016/s0009-2541%2802%2900393-5
https://doi.org/10.1016/s0009-2541%2802%2900393-5
https://doi.org/10.1016/j.gca.2010.06.015
https://doi.org/10.1016/j.gca.2010.06.015

	Rapid, Concurrent Formation of Organic Sulfur and Iron Sulfides During Experimental Sulfurization of Sinking Marine Particles
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	2.1. Polysulfide Solution Preparation
	2.2. Sampling Site
	2.3. Sample Collection, Handling, and Processing
	2.4. EA-IRMS Analysis
	2.4.1. XAS/XRF Analysis and Data Processing


	3. Results
	3.1. EA-IRMS Results
	3.2. Bulk Particle XAS Speciation
	3.3. Particle XRF Maps

	4. Discussion
	4.1. Controls: Organic Sulfur Speciation in Sinking Marine Particles
	4.2. Experiments: Organic Products of Particle Sulfurization Reactions
	4.3. Experiments: Competitive Sinks for Polysulfides
	4.4. Implications for the Long-Term Preservation of Sulfurized OM

	5. Conclusions
	Data Availability Statement
	References


