ORIGINAL RESEARCH
published: 08 May 2019
doi: 10.3389/feart.2019.00098

Chemical and Isotopic Evidence for
Organic Matter Sulfurization in
Redox Gradients Around
Mangrove Roots
M. R. Raven 1* , D. A. Fike 2 , M. L. Gomes 3 and S. M. Webb 4
1

Department of Earth Sciences, University of California, Santa Barbara, Santa Barbara, CA, United States, 2 Department
of Earth and Planetary Sciences, Washington University in St. Louis, St. Louis, MO, United States, 3 Department of Earth
and Planetary Sciences, Johns Hopkins University, Baltimore, MD, United States, 4 Stanford Synchrotron Radiation
Lightsource, Stanford University, Menlo Park, CA, United States

Edited by:
Samuel Abiven,
University of Zurich, Switzerland
Reviewed by:
Gonzalo V. Gomez-Saez,
University of Oldenburg, Germany
Alexey Kamyshny,
Ben-Gurion University of the Negev,
Israel
*Correspondence:
M. R. Raven
raven@ucsb.edu
Specialty section:
This article was submitted to
Biogeoscience,
a section of the journal
Frontiers in Earth Science
Received: 21 November 2018
Accepted: 18 April 2019
Published: 08 May 2019
Citation:
Raven MR, Fike DA, Gomes ML
and Webb SM (2019) Chemical
and Isotopic Evidence for Organic
Matter Sulfurization in Redox
Gradients Around Mangrove Roots.
Front. Earth Sci. 7:98.
doi: 10.3389/feart.2019.00098

Coastal environments like mangrove forests are increasingly recognized as potential
hotspots for organic carbon burial, giving them a crucial and yet poorly constrained role
in the global carbon cycle. Mangrove sediments are frequently anoxic, which facilitates
elevated organic matter (OM) burial via several mechanisms, including sulfurization –
abiotic reactions between dissolved (poly)sulfide and OM that decrease its lability.
Although sulfurization was estimated to account for roughly half of OM preservation
in a Bermuda mangrove forest, both its mechanisms and its global significance remain
poorly understood. In this study, we investigate S cycling in mangrove forest sediments
from Little Ambergris Cay, Turks and Caicos Islands, an environment with predominantly
microbial OM inputs and no major source of terrestrial iron. We characterize the Sand C-isotope composition and organic S speciation of sedimentary OM fractions
with varying degrees of resistance to acid hydrolysis, along with other inorganic S
phases. Near the surface of a 3-mm-diameter, O2 -releasing root, abundant organic
and elemental S with a 34 S-depleted composition indicates microbial sulfur cycling
and OM sulfurization. A mixture of pyrite, elemental S, and organic S form a plaque
within the outer 50 µm of the root, which also contains strongly 34 S-depleted
sulfate in its xylem. OM sulfurization products in the sediments include both the alkyl
sulfides and disulfides associated with the root plaque and more oxidized forms,
especially sulfonates. Hydrolysis-resistant organic S in the sediments is consistently
3–5h more 34 S-enriched than coexisting elemental S, matching the reported kinetic
isotope fractionation factor for OM sulfurization via reaction with polysulfides. These
sediments also contain a substantial pool of solid-phase, hydrolyzable organic S with
a seawater sulfate-like isotope composition, largely in the form of sulfate esters, which
may represent excretions from abundant gastropods. The coexistance of sulfurized OM
and aerobic macrofauna highlights how understanding spatial scales and/or temporal
cycles in local redox state is critical for predicting net OM preservation, especially in
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dynamic, coastal environments. Future attempts to mechanistically predict changes
in carbon storage in coastal systems will benefit from incorporating OM sulfurization
as both a sink for microbially produced sulfide and a mechanism for enhanced
carbon sequestration.
Keywords: X-ray absorption spectoscropy, sulfur isotope, coastal carbon cycle, organic sulfur, organic matter
lability, mangrove sediment, sulfurization

found that sulfurization occurs more rapidly, and in a broader
range of environments, than previously realized, including
hydrothermal systems (Gomez-Saez et al., 2016), sinking marine
particles (Raven et al., 2016, 2019), and surface sediments exposed
to variable redox conditions (Jessen et al., 2017). However,
relatively little is known about how this process impacts the
preservation of carbon in coastal ecosystems. OM sulfurization
in mangrove sediments was first observed in a Thai mangrove
forest (Holmer et al., 1994) and further explored in a study of
Mangrove Bay, Bermuda (Canfield et al., 1998). Measured rates of
microbial sulfate reduction in Mangrove Bay are extremely high –
up to 25 µM/hr (Boudreau et al., 1992) – and it was estimated
that sulfurization contributed roughly half of the buried organic
S in that system, with the remainder having a seawater sulfate-like
S-isotope composition (Canfield et al., 1998).
Sulfurization increases the preservation potential of OM by
replacing energy-rich moieties like alcohols, aldehydes, and
conjugated double bonds and generating high-molecular-weight
polymers that are thought to be less amenable to breakdown and
utilization by microorganisms (Kohnen et al., 1989; Boussafir
et al., 1995; Hebting et al., 2006). Experimental data indicate
that the key reactants for sulfurization on short timescales (hours
to weeks) are polysulfides (Sx 2− , where x = 2–7), which are
highly reactive, rapidly equilibrating dissolved species (Kohnen
et al., 1991; Amrani and Aizenshtat, 2004; Raven et al., 2016)
that form spontaneously from dissolved sulfide in the presence
of elemental sulfur or other mild oxidants (Rickard and Luther,
2007). Accordingly, although they are challenging to measure
directly in the field, polysulfides can be thermodynamically
favorable and potentially quite abundant near redox interfaces in
water columns, sediments, hydrothermal systems, or microbial
mats (Luther et al., 2001; Rickard and Luther, 2007; Findlay,
2016; Findlay and Kamyshny, 2017). In mangrove sediments,
redox gradients are generated by O2 -releasing roots of species
like Rhizophora mangle, Avicennia germinans, and Laguncularia
racemosa, burrowing macrofauna, and, in some cases, the
surface layers of benthic microbial mats. These redox gradients
are favorable locations for polysulfide formation and are thus
potential hotspots for Sx 2− –driven OM sulfurization.
Here, we present results for the abundance, isotopic
composition, and speciation of solid-phase S in mangrove
sediments, including multiple pools of organic S. Our samples
come from Little Ambergris Cay, Turks and Caicos Islands,
where low iron availability, the absence of significant terrestrial
detritus, and thick microbial mats allow us to isolate the
effects of biogeochemical sulfur cycling on OM sulfurization
reactions in an end-member-type mangrove forest environment.
By investigating patterns in the distribution and chemical form

INTRODUCTION
Mangrove sediments are important loci of organic matter (OM)
preservation and burial, accounting for 10–15% of coastal carbon
preservation on Earth today (Alongi, 2014) or an average burial
flux of 24 Tg C/yr globally (Twilley et al., 1992; Jennerjahn
and Ittekkot, 2004; Duarte and Prairie, 2005; Kristensen et al.,
2008). At the same time, mangrove ecosystems are susceptible
to disruption associated with changes in land use, restoration
activities, habitat migration, and sea level on both human and
geologic timescales (Gilman et al., 2008; Ellison and Zouh, 2012;
Lovelock et al., 2015). Despite the potential importance of these
critical environments for the global C cycle, there is a great deal
we do not yet understand about the mechanisms controlling OM
preservation in mangrove forest sediments.
Elevated organic C burial fluxes in mangrove sediments result
from both elevated OM inputs and limited OM degradation.
Mangrove litterfall (leaves) generally represents ∼25% or less
of the net primary productivity of a mangrove forest, with
other organic C inputs including belowground mangrove
biomass (wood and roots), planktonic, benthic, and epiphytic
phototrophs, and terrestrial detritus (Jennerjahn and Ittekkot,
2004; Kristensen et al., 2008). This abundant OM fuels high
organic C remineralization rates in shallow mangrove sediments
(on the order of 20–200 mmol/m2 /d; Kristensen et al., 2008),
which cause rapid consumption of dissolved oxygen in pore
water. Once conditions are anoxic, multiple processes suppress
rates of carbon remineralization. Less metabolic energy for
growth is available for microorganisms that reduce sulfate or
other electron acceptors in place of O2 , and many exoenzymes
that break down macromolecular OM for consumption operate
only under oxic conditions (Kristensen et al., 1995; Hulthe
et al., 1998; Burdige, 2007). Further, bioturbating macrofauna
like crustaceans and mollusks that consume sedimentary OM
(Middelburg and Levin, 2009; Jessen et al., 2017) have only
a limited tolerance for anoxic conditions (Aguirre-Velarde
et al., 2018). Dissolved sulfide generated from microbial sulfate
reduction can accumulate in pore water (Jorgensen, 1982), which
further limits the distribution of many metazoans. Importantly,
dissolved sulfide can also react abiotically to “sulfurize” OM and
reduce its lability (Brassell et al., 1986; Boussafir et al., 1995).
Understanding the impacts of these processes on sedimentary
OM cycling is critical for evaluating how rates of organic C burial
may vary under future scenarios of environmental change.
Sulfurization is frequently a major contributor to OM
preservation in OM-rich, anoxic, open marine sediments, in both
modern and ancient systems (Francois, 1987; Eglinton et al.,
1994; Wakeham et al., 1995; Raven et al., 2019). Recent work has
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of S in these sediments, we can assess the significance of OM
sulfurization for preserving and burying microbial carbon in
mangrove ecosystems and the role of aerating mangrove roots
in this process.

production rather than mixed terrestrial, litterfall, or
algal sources. It contrasts mangrove systems dominated
by fluvial sediment input and peat generation like the
Maira-gawa mangrove area on Iriomote Island, Japan
(Mazda and Ikeda, 2006).

Study Site
Little Ambergris Cay is an uninhabited island in the southern
portion of the Turks and Caicos Islands, British West Indies,
located in the Atlantic, south of the Bahamas (Figure 1).
Siliciclastic influx is insignificant in this marine carbonate
platform (Wanless and Dravis, 2008). The emergent island is
composed of a bedrock rim of ooid grainstone surrounding
a shallow bay lined with mangroves and microbial mats
(Orzechowski et al., 2016; Stein et al., 2016). Tidal pumping
and storms are removal mechanisms for mangrove leaf
litter. Besides the mangrove wood and roots, organic carbon
production in these systems is mostly from benthos, similar
to observations from mangrove environments in Florida
and Belize (Wooller et al., 2003). Microbial mats with
various morphologies are common in the island’s inner
channels and bays (Gomes et al., 2016; Stein et al., 2016;
Trembath-Reichert et al., 2016). Production in these mats
is mostly cyanobacterial, and O2 penetration is typically
very shallow (∼1–5 mm during the day; Trembath-Reichert
et al., 2016). Accordingly, Little Ambergris Cay represents
an end-member case, with OM influxes dominated by
benthic microbial mats and/or below-ground mangrove

MATERIALS AND METHODS
We investigated OM and S pools in two samples of mangrove
sediments containing allochthonous concentrically laminated
carbonate grains (ooids) from Little Ambergris Cay. Sediment
samples were collected from the edge of the southeastern bay
(N21.29298◦ , W71.70636◦ ) in August 2017 (Figure 1), stored in
sealed bags at 2◦ C, and sectioned under an O2 -free atmosphere.
Two samples were analyzed: (1) bb10, in which a ∼3 mmdiameter, presumably O2 -releasing portion of a mangrove root
is surrounded by dark brown, spongey, ooid-rich sediments
and overlain by a ∼2-cm-thick gray surface microbial mat; and
(2) bb07, which contains ∼2-cm-diameter woody trunk that is
surrounded by less apparent organic-rich material and no visible
microbial mat. Images of subsamples are shown in Figure 2. For
bb10, a thin layer of lighter-colored material along an exposed
field sampling surface was isolated as sample “S.” Sediments in
the 1–2 cm zone surrounding the ∼3 mm-diameter mangrove
root (“R”) were split in half as shown in Figure 2D. Spongey
brown sediments containing micro-roots were divided into two

FIGURE 1 | Geographic setting and site photos. (A) Location of the Turks and Caicos Islands within the southwest North Atlantic Ocean and Little Ambergris Cay
within the Caicos platform (Trembath-Reichert et al., 2016); (B) Image of Little Ambergris Cay (image from Google Earth with map data from SIO, NOAA, U.S. Navy,
NGA, GEBCO; image 2019 DigitalGlobe); (C) Site bb10; (D) Exposure of peat-textured material near bb10; (E) Site bb07.
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including elemental S. One split of this non-polar fraction was
exposed to activated copper pellets (10 h, room temperature,
with occasional agitation) to remove S0 and quantify S in
non-polar organic extracts; reported S0 concentrations and δ34 S
values are corrected for S in non-polar lipids. The remaining
extracted solids were divided in half. One split was used for a
stepped hydrolysis experiment, with aliquots collected after each
of two steps: mild hydrolysis (1N HCl, 1 h, 20◦ C) to dissolve
calcium carbonate, and moderate hydrolysis (6N HCl, 2 h,
70◦ C) to solubilize the operationally defined low-temperature
hydrolyzable OS pool. The second split of the extracted solids
was acidified in a gas-tight distillation apparatus under more
intense hydrolysis (6N HCl, 4 h, 176◦ C) to trap acid-volatile S
(AVS), and then Cr+2 solution (∼3M CrCl2 in 6N HCl, 4 h,
176◦ C) to distill chromium-reducible S (CRS) and trap it in 1M
Zn acetate solution as ZnS (Canfield et al., 1986; Burton et al.,
2008); residual solids were washed in DI water and freeze-dried.
All temperatures listed here represent equipment setpoints and
are practically ±5◦ C. Solid-phase samples were analyzed at
Washington University in St. Louis to measure their S and C
concentrations, δ13 C values, and δ34 S values. Extracted inorganic
S phases (S0 , AVS, and CRS) were quantified after oxidation
to sulfate (30% H2 O2 , 70◦ , 24 h) by ion chromatography
(Metrohm 881 ion chromatograph on a Metrosep A Supp7
150 mm × 4.0 mm anion column), precipitated as BaSO4
(with excess BaCl2 in ultra-pure water), and analyzed for δ34 S by
combustion EA-IRMS (Costech 4010 EA + Thermo Delta V Plus,
configured for S). C-isotope analyzes and TOC concentrations
were also made by combustion EA-IRMS (Thermo Flash 2000
EA with zero-blank autosampler + Delta V Plus, configured
for C). Reported δ34 S and δ13 C values have estimated analytical
uncertainties (1 SD) of ±0.2h and ±0.1h, respectively, based
on long-term standard reproducibility.
Using this sequential extraction procedure, we were able
to quantify the concentration and δ34 S values of five pools
of organic and inorganic S (Supplementary Table 1): (1)
zero-valent sulfur (S0 ), (2) moderate-temperature hydrolyzable
OSHy , (3) high-temperature hydrolyzable OSHy , (4) chromium
reducible sulfides (CRS: mostly pyrite; Canfield et al., 1986),
and (5) non-hydrolyzable S (OSRes ). Minimal recovery of AVS
(<1.1 µmol/g, Supplementary Table 1) precluded S-isotope
analysis of that pool. Reported S0 concentrations and δ34 S values
are corrected for S in non-polar lipids by comparing the split
exposed to activated copper pellets to the split not treated
with activated copper; polar lipids were not analyzed further
for this study. The abundance and S-isotope composition of
moderate-temperature OSHy were calculated as the difference
between the solids remaining after moderate (70◦ C) and mild
(20◦ C) hydrolysis. The abundance and S-isotope composition
of high-temperature OSHy were calculated as the difference
between the solids remaining after CRS extraction (176◦ C)
and moderate (70◦ C) hydrolysis, accounting for CRS removal
during the high temperature treatment. Together, the moderate
and high temperature pools constitute total hydrolyzable OS
(OSHy ). Remaining solid-phase S after CRS extraction constitutes
“residual” OS (OSRes ) and is equivalent to the “NonCROS”
pool in Canfield et al. (1998). Concentrations of carbon

FIGURE 2 | Images of sediment samples. Samples were subdivided in an
anaerobic chamber based on differences in sediment texture, color, and
structure. Sample bb07 (A,C,E) included three distinctive textures: sands
adjacent to the juvenile trunk (“NBr” and “NP”), cohesive sheets with black
spots (“Sp,” C), and spongey brown materials (“Pt,” E). Sample bb10 (B,D,F)
was divided into a side layer that was most susceptible to exposure during
initial sampling (“S”), a region within ∼1 cm of a root with few gastropods (“R,”
D), gastropod-rich or -poor brown spongey materials (‘M’ and ‘B,’
respectively), and a gray sandy surface mat (“G,” F). Multiple subsamples for
each region were not homogenized and instead represent spatially coherent
sub-divisions of the region (D). The spatula for scale in panels B–D and F
measures 0.8 cm across its flat end.

sections with abundant gastropods (21–27 wt%, M1 and M2)
and one section with less abundant gastropods (8 wt%, B). The
surface microbial mat was separated by color into green-gray
(G1, see Figure 2F) and warm brown portions (G2, G3). For
sample bb7, near-trunk, carbonate-rich materials were separated
based on their brownish or pinkish coloring (NBr and NP,
respectively). Certain spatially coherent zones were composed
of brown materials with a peaty texture (Pt, see Figure 2E).
We also observed a cohesive sandy layer with distinctive black
spots, surrounding the juvenile trunk at a distance of a few
centimeters (Sp, Figure 2).
We used a sequential extraction procedure to separate
operationally defined pools of organic and inorganic S. Samples
were washed with O2 -free water to remove salts and then
microwave-extracted with 9:1 dichloromethane:methanol.
Organic extracts were separated on silica gel with 4:1
hexane:dichloromethane to elute non-polar compounds,
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FIGURE 3 | Sample preparation methods. Orange stars indicate fractions analyzed for S content and δ34 S by EA-IRMS and S-speciation by XAS; blue stars indicate
fractions analyzed only for S content and δ34 S by EA-IRMS.

and pestle, and analyzed for total S content and δ34 S by EAIRMS as above.

and δ13 C values of the organic pools (moderate-temperature
OSHy , high-temperature OSHy , and OSRes ) were also quantified
using this scheme.
In order to determine the bonding environment of organic
S, three aliquots of each sample (following mild, moderate,
and strong hydrolysis, see stars in Figure 3) were analyzed
by X-ray absorption spectroscopy at the Stanford Synchrotron
Radiation Lightsource (SSRL) at the SLAC National Accelerator
Laboratory. Sulfur K-edge spectra were collected on beam line
14–3, a bending magnet workstation with a flux of 2 × 1010
photons/sec. The incident X-ray beam was set to a size of
500 µm × 1000 µm and the energy calibrated to the sodium
thiosulfate (Na2 S2 O3 ) pre-edge peak at 2472.02 eV. Spectra
were processed using SIXPACK (Webb, 2005), using linear preand post-edge normalization for background removal. Similar
methods, but with a smaller 10 µm × 10 µm beam size
obtained by focusing the beam with a Kirkpatrick-Baez mirror
pair, were used to map root S speciation across a 0.5 mm
wide × 3 mm region of the freeze-dried, split mangrove
root from sample bb10. Maps were collected for six X-ray
energies associated with distinctive spectral features of various S
phases (2472.5, 2473.0, 2473.8, 2476.0, 2482.3, and 2482.7 eV).
Finally, root samples were freeze-dried, powdered by mortar

Frontiers in Earth Science | www.frontiersin.org

RESULTS
Carbon and Sulfur Pools in Sediments
After extraction with organic solvents and carbonate removal
with 1N HCl, sediment samples consist mostly of OM, with
TOC concentrations ranging from ∼40 wt% (bb07_Sp2, NP) to
nearly 48 wt% (bb10_R2). Roughly half of this (organic solvent–
insoluble) OMTot is hydrolyzable in 6N HCl at 176◦ C (Figure 4)
and the other half is resistant. Due to dilution with variable
amounts of carbonate, on a whole-sediment basis, these TOC
concentrations are equivalent to between 3.1 wt% (in bb07_Pt1)
and 20.7 wt% TOC (in bb10_M1). Broadly, whole-sediment OM
concentrations are highest in the dark brown, spongey sediment
from bb10 (12.1–20.7 wt% TOC), moderate in the overlying
gray mat and the exposed surface layer bb10_S (5.0–8.0 wt%
TOC), and lowest in sample bb07 (3.1–4.2 wt% TOC). The
OM in all of our samples contains elevated 13 C, with δ13 C
values ranging from –11.7h (bb07_Sp1) to –15.3h (bb10_R1).
The hydrolyzable and residual portions of OMTot (OMHy and
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FIGURE 4 | Abundance and C-isotope composition of OM in Little Ambergris Cay sediments. Sample ordering on the y-axis is designed to group sub-samples of
similar materials together but is otherwise arbitrary (see images in Figure 2). OMHy abundances are shown separately for moderate- and high-temperature
hydrolysis; δ13 C values are shown for the total OMHy pool, calculated from summing the low-and mid-temp pools. Uncertainties on δ13 C values are smaller than
symbols ( ±0.15h, 1σ).

to –1.7h in sample bb07, although no S0 δ34 S data are
available for comparison.

OMRes , respectively) have significantly and consistently different
C-isotope compositions, with OMRes an average of 3.9h more
13 C-depleted than OM
Hy (Figure 4).
Concentrations of elemental S, CRS, OSHy and OSRes are
all highest in the dark, spongey portions of sample bb10 (R,
M, and B, Figure 5). Sample bb10_R1 contains the maximum
concentrations of OSRes (94 µmol/g) as well as S0 (55 µmol/g)
and CRS (19 µmol/g). In contrast, in sample bb07_Sp(1,2),
OSRes concentrations are ∼2 µmol/g. Part of this difference in
OMRes concentrations stems from variable amounts of carbonate.
Importantly, however, the S:C ratios of OMRes in these samples
also vary spatially, ranging from a maximum of 1.2 mol
of S per 100 mol of C (hereafter, mol%) in bb10_R1 to a
minimum of 0.2 mol% in bb07_Sp(1,2). The average S:C ratio
of OMHy (3.0 mol%) is substantially higher than that of OMRes ,
(0.7 mol%), and OMHy S:C ratios do not show any obvious spatial
pattern (Figure 5).
The S-isotope compositions of OMRes and OMHy from the
same sample differ by more than 20h. OMRes is more 34 Sdepleted, similar to concurrent S0 and CRS where data are
available. OMRes is most strongly 34 S-depleted in the relatively
S-rich parts of the bb10 sediment (R, M, and B), reaching −23h
or a ∼45h offset from local sulfate (21.9 ± 0.2h; Trower
et al., 2018). In bb10_G3, both OMRes and S0 are less 34 Sdepleted, at −11 to –15h. OMRes δ34 S values range from −11.3
Frontiers in Earth Science | www.frontiersin.org

Sulfur Speciation by X-ray Absorption
Spectroscopy (XAS)
The XAS speciation of OS is broadly consistent for multiple
samples from the same region and varies systematically between
regions (Figure 6). Hydrolyzable OS in all of the samples
is predominantly (58–94%) in oxidized forms: sulfonates and
especially sulfate esters. All of the OSHy samples contained
moderate amounts of disulfides (6–23%) and very low amounts
of sulfoxides (≤3%). The greatest source of variability among
the OSHy samples is in the amount of alkyl sulfides in this pool,
which represent 0–26% of OSHy (up to 38 µmol S/g). Small
amounts of aromatic OS were observed in OSRes but not OSTot ;
they may either have been unresolved in the latter spectra or
they may have formed during 176◦ C 6N HCl treatment. Iron
monosulfides (FeS) were not detected in any sediment samples,
consistent with AVS results.
Unlike OSHy , OSRes is dominated by reduced forms of S,
especially alkyl sulfides. Sulfides become increasingly dominant
in the abundant OSRes pool near the bb10 root, and represent 68%
of OSRes or as much as 145 µmol S/g in bb10_R1. Disulfides and
aromatic structures comprise relatively consistent proportions of

6
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FIGURE 5 | Sulfur pools in mangrove sediments. Sample ordering on the y-axis is the same as in Figures 4, 6. Concentrations are relative to total dry sediment
mass. AVS concentrations are too low to be visible at this scale (≤1.1 µmol/g). The green shaded vertical bar represents anticipated values of biomass derived from
sulfate assimilation (Kaplan and Rittenberg, 1964). The pink asterisks represent the δ34 S values of total S in two splits of the bb10 root cortex. Analytical uncertainties
in δ34 S and S:C data are smaller than symbols; however, values for OSHy were calculated by difference and therefore have larger estimated (1 SD) uncertainties of
∼2h for δ34 S (e.g., δ34 S = –10 ± 2h) and ∼7% relative for molar S:C (e.g., S:C = 1.0 ± 0.07 mol%).

OSRes , averaging 16 and 15% (n = 14), respectively. Sulfonates
represent a substantial proportion of OS in bb10_G samples
(averaging 29% of OSRes or 3.9 µmol/g) and an even larger
quantity in bb10_M (15.4 µmol S/g). Sulfonates represent only
∼6% of OS or 4.5 µmol S/g in bb10_R.
Two-dimensional XAS mapping (Figure 7) shows that sulfur
is present in two distinct zones of the bb10 root: the outermost
∼50 µm of the root surface, and the vascular tissues in the
central root. At the root surface, S is present as a mixture of
organic and inorganic phases with various redox states, including
pyrite, organic sulfides and disulfides, sulfate, and S0 . Within the
vascular tissues, S consists of more than 90% sulfate with smaller,
poorly constrained amounts of S0 and reduced organic S. Root
tissues after removal of the outer cortex contained 0.97 wt% S
with a δ34 S value of −7.2h, while two sections of the outer
cortex contained 2.2 and 2.7 wt% S with δ34 S values of −19.6
and −22.2h, respectively.

illustrated schematically in Figure 8. Resistance to strong acid
hydrolysis is a meaningful, although imperfect, indicator of the
susceptibility of OM to breakdown by extracellular hydrolytic
enzymes, a key factor limiting rates of microbial heterotrophy
in the environment (Chróst, 1991; Burdige, 2007; Arnosti et al.,
2014). Broadly, because OMHy can be released from highmolecular-weight “proto-kerogen” by a hydrolytic mechanism,
it should have a lower preservation potential than OMRes .
Therefore, we use OMHy and OMRes to represent materials with
lower or higher preservation potentials, respectively.
The δ34 S values of concurrent OMRes and OMHy in Little
Ambergris Cay sediments are dramatically different (Figure 5
and Table 1), which constrains the source(s) of S to each

DISCUSSION

TABLE 1 | Summary of the characteristics of hydrolyzable and residual OM.

Separation of Hydrolyzable and
Residual OM
Sedimentary OMTot can be categorized based on its resistance
to hydrolysis with high-temperature (176◦ C) hydrochloric acid,
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OMHy

OMRes

S:C ratio

1.6–3.9%

0.2–1.2%

δ34 S
δ13 C

+10 to +20h (sulfate-like)

Strongly 13 C-enriched

−1 to −23h (sulfide-like)

S species

Sulfate esters >
sulfonates > (disulfides,
sulfides) > sulfoxides

Sulfides > > (sulfonates,
disulfides) > (esters,
sulfoxides)

13 C-enriched,

but
∼4h less than OMHy
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OSHy

bb10

bb07

OSRes

(calculated by di erence)

Pt1
NP
NBr
Sp2
Sp1

Pt1
NP
NBr
Sp2
Sp1

G3
G2
G1
S
B
M2
M1
R2
R1

G3
G2
G1
S
B
M2
M1
R2
R1

induced
aromatization?

0%

50%

100%

0%

50%

alkyl sul de

aromatic S

sulfonate

disul de

sulfoxide

sulfate (esters)

100%

FIGURE 6 | Redox speciation of OSRes and OSHy . Relative abundance of organic S with different redox states within the OSRes pool, with the same vertical ordering
as Figures 4, 5. OMHy speciation was calculated as the difference in absolute amounts of each S moiety between sediments after mild and strong hydrolysis. Small
amounts of aromatic S moieties were calculated as having negative “losses,” shown as negative relative abundances, potentially suggesting their formation during
strong hydrolysis.

FIGURE 7 | Sulfur redox speciation across a transect of a ∼3 mm mangrove root by X-ray fluorescence multi-energy mapping. The photo at top shows the root
prior to splitting, with gastropods from bb10_R1 sediment. Map colors indicate the intensity (concentration) of sulfur at 2473 eV (pink, characteristic of various
reduced forms) and 2482.3 eV (yellow, characteristic of sulfate). The pink color scale saturates at minimum and maximum values of 10–1000 counts (full data
range = 0–1941 counts), and the yellow color scale ranges from 10 to 150 counts (full data range = 0–186 counts). White open circles show the locations at which
full spectra were collected; the inset spectrum labeled “data” is an example for the outermost ∼50 µm of the root, shown with its fitted components: iron mono- and
disulfides, elemental S, sulfate, and organic (di)sulfides. Uncertainties from spectrum fitting (1σ) on listed relative abundances are ≤1%.
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observations from laboratory sulfurization experiments (Amrani
and Aizenshtat, 2004), modern sites (Kohnen et al., 1991;
Eglinton et al., 1994) and ancient rocks (Raven et al., 2018,
2019). At the same time, however, more oxidized forms are also
significant contributors to OSRes in these sediments. Sulfonates
represent 23–25% of OSRes in the bb10 gray surface mat
and nearly that percentage throughout sample bb07; similar
proportions were observed for shallow (<2 m sediment depth)
Peru Margin sediments (Eglinton et al., 1994). Additionally,
sulfate esters represent as much as 6.2% of OSRes (in bb07_Sp2
and NBr) despite treatment with strong acid, which is generally
expected to hydrolyze these structures. There are no obvious
mixing relationships between the proportion of oxidized OS
species in OSRes and its S-isotope composition. Instead, OMRes
and S0 δ34 S values in different samples are offset by a consistent
amount, regardless of OS speciation (Figure 5). By implication,
the oxidized OS structures in OMRes appear to be sulfide-derived,
resulting from either (1) OM sulfurization by (poly)sulfides,
followed by later oxidation of organic sulfides to sulfonates
(Gomez-Saez et al., 2016), or (2) sulfide oxidation to an
intermediate species like sulfite, followed by subsequent reactions
with OM to form sulfonates (Vairavamurthy et al., 1994).
The majority of OSHy is in the form of sulfate esters,
at concentrations of up to 148 µmol S/g. These esters were
measured after repeated washings with water and two, 30-min
treatments with 1N HCl at room temperature, which will remove
free sulfate salts but not hydrolyze ester-bound S (King and Klug,
1982). Sulfate esters are common in terrestrial, soil, and lake
environments (King and Klug, 1982; David and Mitchell, 1985;
Jokic et al., 2003; Prietzel et al., 2007) and are generally sourced
from the aerobic biosphere: polysaccharides and excretions
of animals, higher plants, and some algae (Fitzgerald, 1976).
Abundant sulfate esters in Little Ambergris Cay push the S:C
ratios of OMHy to as much as 3.9 mol%, ratios that are more
typical of OMRes from strongly sulfurized marine deposits and
much higher than expected for biomass (Francois, 1987). In
this system, potential sources for remarkably abundant sulfate
esters include both mangrove plant exudates and products of
benthic fauna like foraminifera, nematodes, and gastropods
[historically used as a source of sulfate ester dyes (Scheuer, 1977)].
Due to the mismatch in C-isotopes between the plants and
sediment OM (Figure 4, also discussed the following section),
as well as the presence of plentiful esters in the root-free but
gastropod-containing bb10 gray mat, excretions associated with
macrofaunal digestion are the most likely sulfate ester source.
In addition to this pool of oxidized, hydrolyzable OS, ∼7–
41% of the S in OMHy is reduced, in the form of sulfides
and disulfides. Some of this contribution may simply illustrate
the imperfect nature of our separation and could result
from hydrolysis of OSRes -like, abiotically sulfurized material.
The lower-temperature portion of the OSHy pool was less
strongly 34 S-depleted than the higher-temperature portion of
OSHy (Figure 5 and Supplementary Table 1), which would
be consistent with some hydrolysis of (di)sulfides during
the higher temperature treatment. Additionally, there is a
moderately significant correlation (linear regression R2 = 0.64,
Supplementary Figure 1) between the proportion of alkyl

FIGURE 8 | Conceptual model for organic sulfur and its precursors in Little
Ambergris Cay sediments. OSTot in mangrove sediments is composed of a
mixture of biogenic and sulfurized OM (proportions not to scale), which derive
sulfur from oxidized (SO4 ) and reduced (HS− , Sx 2− ) sulfur forms. Potential
direct assimilation of HS− is shown as a dashed line. Potential iron sulfide
formation via polysulfides is omitted for simplicity. Green, brown, and orange
colors represent OSHy (moderate temp), OSHy (high temp), and OSRes pools,
as in Figures 4, 5.

OM pool. The S-isotope composition of OSHy ranges from
9.5 to 20.0h, approaching local seawater sulfate at 21.9h
(Trower et al., 2018). Microbial primary producers assimilate
seawater sulfate to synthesize S-bearing amino acids and other
biochemicals (Figure 8), yielding fresh marine biomass with
a similar δ34 S value (Kaplan and Rittenberg, 1964). Under
some conditions, microbes can also assimilate environmental
sulfide with a more 34 S-depleted composition (dashed line in
Figure 8; Francois, 1987), but the size of this flux is poorly
constrained. In clear contrast with OMHy , OSRes is strongly
34 S-depleted and similar to concurrent inorganic S phases
(Figure 5). OSRes , S0 , and CRS all appear to derive their S
from sulfide, which has a 34 S-depleted composition due to
isotopic fractionation during microbial sulfate reduction (Kaplan
and Rittenberg, 1964). In detail, the δ34 S value of OSRes is
consistently 3–5h more 34 S-enriched than coexisting S0 , even
as the absolute δ34 S values of these pools differ (compare
bb10_G3 and bb10_M in Figure 5). This 3–5h offset matches
that observed experimentally between polysulfides (estimated
from S0 ) and sulfurized OM (Amrani and Aizenshtat, 2004).
Plentiful S0 in these sediments indicates that highly reactive
polysulfides, which are thought to be primary reactants for both
rapid OM sulfurization and pyrite formation (Kohnen et al.,
1989; Amrani and Aizenshtat, 2004; Raven et al., 2016), were
likely present in porewater (Rickard and Luther, 2007; Findlay
and Kamyshny, 2017). The CRS pool, interpreted to primarily
represent pyrite (Canfield et al., 1986), has δ34 S values matching
those of S0 . Therefore, OSRes likely formed from reactions with
the same pool of polysulfides that precipitated S0 and FeS2 . No
contribution of biogenic S to OMRes is required to explain its
S-isotope composition.

Sulfur Sources and Speciation
Alkyl sulfides and disulfides are the major products of
sulfurization in Little Ambergris Cay sediments, similar to
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sulfides in OMHy and the δ34 S value of OMHy , which suggests
mixing between a 34 S-rich, mostly oxidized OS pool and a
more 34 S-depleted source. The y-intercept of this trendline
(equivalent to the projected composition of purely oxidized
OS) is 20.7h, which is similar to the prediction for seawater
sulfate-derived biomass [i.e., 18–22h; (Kaplan and Rittenberg,
1964)]. Alternatively, some or all of the (di)sulfides in OMHy
could represent small, hydrophilic S-bearing molecules that are
released from association with higher-molecular-weight OM
by acidification. For example, 3-mercaptopropionate, a product
of the anaerobic degradation of dimethyl sulfoniopropionate
(DMSP), is present at high concentrations in the tissue of certain
salt marsh grasses and can bind to humic substances via dior poly-sulfide linkages (Vairavamurthy et al., 1997). Although
some disulfide bonds clearly persist after acidification (Figure 6),
hydrolysis causes the loss of as much as 60 µmol disulfide S/g
from the solid phase.
The acid hydrolysis-sequential extraction method used here is
comparable to standard AVS and CRS techniques for separating
organic and inorganic S pools in sediments. In marine and deeptime studies, the OSHy pool is frequently presumed to be minor
and discarded. However, OSHy can be a significant pool of both
C and S in environments that are rich in biomass, as seen both
here as well as in sediments from Mangrove Bay, Bermuda, where
OSHy is similarly abundant and 34 S-enriched below 10 cm depth
(∼30 µmol S/g and 10–13h) (Canfield et al., 1998).
Unlike Mangrove Bay, Little Ambergris Cay sediments do
not contain large amounts of chromium-reducible organic S
(CROS), which is thought to represent organic polysulfides in
the solid phase (Canfield et al., 1998). As shown in Figure 5,
CRS concentrations in Little Ambergris Cay sediments are
consistently low and similar to estimated pyrite concentrations in
pre-CRS sediments by XAS (Supplementary Table 2). Although
some organic polysulfides could have been lost to oxidation
from exposed surfaces of Little Ambergris Cay sediments during
transport, S0 concentrations are generally insufficient to account
for the oxidation of a large organic polysulfide pool, and we find
no evidence for S ≥ 3 linkages in even the most interior parts of
the sediment by XAS. Therefore, abundant organic polysulfides
do not appear to be universal in mangrove sediments, and the
controls on organic polysulfide formation relative to other forms
of abiogenic OS remains an open question.

(Supplementary Table 1), are not likely to be a large contribution
to biomass. Slightly more 13 C-depleted OM in a root-adjacent
sample (R1) and both “peaty” samples from bb07 (∼ –15.2h)
could reflect a larger albeit still minor contribution from 13 Cdepleted, plant-derived OM in these regions. Nonetheless, the
flux of mangrove-derived carbon to sedimentary OMTot in Little
Ambergris Cay is small (Gomes et al., 2016).
The S:C ratios of OMRes at this site are quite low relative to
strongly sulfurized marine sites (S:C ≤ 8%; Raiswell et al., 1993;
Raven et al., 2019), with a maximum value of only 1.2 mol%
(in bb10_R1) and typical values closer to 0.6 mol%. In the latter
case, this means that OMRes contains 167 C atoms for every
added S, far more than can be causally linked to preservation
due to a single sulfurization event. The amount of C that can be
effectively preserved for each sulfur addition has been estimated
at roughly 8–30 C atoms (Raven et al., 2018). Accordingly, in
a sample with an S:C ratio of 0.6 mol%, OM sulfurization (as
a mechanism for enhancing hydrolysis resistance) accounts for
essentially all of the S in OMRes but only 5–18% of the C.
The remainder of C in OMRes represents OM that is naturally
hydrolysis resistant, 13 C-enriched, and S-poor. Likely sources
of this material are the degradation products of extracellular
polymeric substances (EPS), which are a blend of carbohydrates,
lipids, and other components, and/or the polysaccharide sheaths
from cyanobacteria in the surface mat (Underwood et al., 2004;
Flemming et al., 2007). In sum, OMRes in Little Ambergris Cay
sediment is a mixture of sulfurization products and naturally
hydrolysis-resistant, S-poor OM, potentially related to EPS from
benthic microbial mats.
OMRes is consistently more 13 C-depleted than OMHy , with
a δ13 C difference of 2.6–5.3h (Figure 4 and Table 1). One
likely contributor to this offset is the difference in C-isotope
compositions between lipids and carbohydrates. Lipids, which are
naturally hydrolysis-resistant and easily sulfurizable (Sinninghe
Damsté et al., 1988) are also generally 13 C-depleted relative to
bulk biomass due to kinetic isotope effects associated with their
biosynthesis. Carbohydrates, on the other hand, are typically
more 13 C-enriched than bulk biomass (Hayes, 2001). The size
of the isotopic offset between carbohydrates and lipids depends
on the organism and on the details of biosynthetic fluxes within
the cell: in a survey of aquatic and terrestrial plants, the offset
between glucose and fatty acids ranged from ∼3 to 16h (van
Dongen et al., 2002). This effect could be sufficient to explain
the δ13 C differences we observe between OMHy and OMRes ,
if lipids preferentially constitute OMRes while carbohydrates or
“bulk biomass” constitute OMHy . Additionally, the δ13 C offset
could be enhanced by trophic enrichment of heterotrophically
processed biomass in OMHy (e.g., gastropod excretions) relative
to OMRes (e.g., EPS generated by cyanobacteria).

Carbon Sources, Fluxes, and Offset
With Lipids
Throughout Little Ambergris Cay sediments, OMTot is
distinctively 13 C-enriched (–13.7h ± 1.1h) relative to
typical inputs from mangrove plants (δ13 C ∼ –28 to –30h) or
marine phytoplankton (–24 to –16h). Similarly 13 C-enriched
OM is common in microbial mats and is thought to result
from CO2 limitation within cyanobacterial mat layers, which
causes reduced discrimination against 13 C during carbon
fixation (Calder and Parker, 1973; Houghton et al., 2014).
Therefore, CO2 -limited benthic mats are the dominant source
of organic carbon to both OMRes and OMHy , and the fibrous
structures in dark brown bb10 sediments, termed “micro-roots”
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Spatial Patterns of Sulfur Cycling Near
Mangrove Roots
The extent of OM sulfurization varies spatially in Little
Ambergris Cay sediments. The most strongly sulfurized OM
in sediment, indicated by the highest OMRes S:C ratios and
the highest proportion of sulfides, is located in a 1–2 cm zone
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to accumulate on the surfaces of O2 -pumping roots, especially
under strongly anaerobic conditions (e.g., wastewater treatment
scenarios). Roots frequently develop a “plaque” of iron oxides on
their surfaces due to the oxidation of Fe2+ ions with O2 (Hansel
et al., 2001; Pi et al., 2010), which can effectively exclude Fe, Zn,
and other potentially toxic metals from the xylem (Machado et al.,
2005). Root-surface iron oxides could serve as a substrate for
microbial Fe reduction under fluctuating redox conditions and
support the formation of FeS2 on and/or near the root surface
(Holmer et al., 1994; Sherman et al., 1998). FeS2 could be thus be
a significant component of root plaque under strongly reducing
conditions and perhaps act as a barrier to further oxygenation
of the rhizosphere. Root-mediated Fe cycling may also lead to
elevated Fe concentrations in bb10_R (6.7 and 9.5 µmol Fe/g,
assuming a 1:2 Fe:S stoichiometry for CRS) relative to other
regions of the sediment.
Within the vascular tissues, S is composed of >90% sulfate
with smaller, less-well-constrained amounts of S0 and reduced
organic S. S in the root xylem has a δ34 S value of –7.2h, almost
30h more 34 S-depleted than seawater sulfate (21h). Given
its isotopic composition, the most probable source of this 34 Sdepleted sulfate is sulfide oxidation, followed by mixing with
seawater sulfate. Similar δ34 S values have been reported from
mangrove leaves, which led authors to propose that mangroves
actively assimilated and/or oxidized sulfide, potentially to reduce
their sulfide exposure (Fry et al., 1982; Canfield et al., 1998). Our
results thus indicate that mangroves do oxidize sulfide, either
directly (e.g., enzymatically) or indirectly (e.g., by releasing O2 )
resulting in 34 S-depleted sulfate in their root vascular tissues.

surrounding the 3-mm-diameter bb10 root (bb10_R). These
locations are also associated with elevated concentrations of
OMRes , S0 , and CRS, indicating enhanced rates of sedimentary
S cycling in the immediate vicinity of the root. A cascade of
redox reactions among O2 , OM, Fe, and S species may be
initiated by a flux of O2 from mangrove roots (Thibodeau
and Nickerson, 1986), as certain mangrove species actively
oxygenate their root environment to improve their tolerance
to waterlogged, anaerobic conditions (“Radial Oxygen Loss”;
Armstrong, 1980), which significantly impacts local sediment
geochemistry (Nickerson and Thibodeau, 1985). Parts of a
mangrove root system have been shown to transport O2 from
pneumatophores to root tips with minimal leakage (Andersen
and Kristensen, 1988); the woody trunk material in sample
bb07 may represent this type of O2 -transporting structure. Near
the tips of actively growing roots, translocated O2 is released
at measured rates on the order of 1–10 µmol O/cm2 /day (Pi
et al., 2010). At these approximate rates, the 5-cm-long, 3-mmdiameter bb10 root would generate 1.8–18 µmol O2 /day; for
comparison, region bb10_R contains a total of 81 µmols of S0 .
The outermost 50 µm or so of the bb10 root surface also hosts
a significant amount of solid-phase S – equivalent to ∼2.4 wt%
of dry root mass. This S seems to have a splotchy distribution
(Figure 7), which could result either from uneven microbial
communities on the root surface, or from heterogeneity in root
O2 release (Pi et al., 2010). The S-isotope composition of the root
surface averages to approximately –21h, very similar to OSRes
in adjacent sediment (bb10_R, averaging –22.5h). Accordingly,
reduced S phases in the root surface appear to derive from the
same pool of dissolved (poly)sulfide as surrounding sedimentary
OSRes and FeS2 .
The organic S in the root cortex has a distinctly different
speciation from that in the immediately surrounding sediments.
We find no evidence for more oxidized OS moieties like
sulfonates or sulfate esters in the root cortex. Additionally, the
root cortex has a much greater degree of S–S bonding than
the surrounding sediments, indicating that these locations host
distinct types of potential S reactivity. The high concentrations
of apparent disulfides and S0 that we observe in the root
cortex could potentially represent organic polysulfides, which
contain zero-valent S atoms that appear as S0 by XAS as well
as S–S bonds with a disulfide character. Whether zero-valent
S0 is present primarily as organic polysulfides or as a solid
or nano-particulate phase, it is expected to significantly affect
the favorability of abiotic reaction mechanisms (e.g., Avetisyan
et al., 2019) and microbial metabolisms (e.g., Findlay, 2016)
at this interface.
In the absence of local terrestrial weathering, the primary
source of Fe to Little Ambergris Cay is likely to be windblown dust from Saharan West Africa (Maloof et al., 2007).
Approximately 18% of the S in the root cortex is bound to Fe,
either as FeS or FeS2 . This represents a slight concentration of Fe
on the root surface relative to surrounding sediments, where CRS
and AVS together represent 12–17% of “sulfide-derived” S (OSRes
+ S0 + AVS + CRS) or ∼5% of total solid-phase S (including
OSHy ). In all other sediment samples, Fe phases represent an
average of 9% of sulfide-derived S (1.8% of total S). Fe is known
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Interactions With Macrofauna
Paradoxically, Little Ambergris Cay sediments are rich in both
sulfurized OM, suggesting sulfidic conditions, and gastropods,
suggesting oxic conditions. Observed gastropods are likely to
be Cerithidea obtusa, which favor consumption of benthic
microalgae over plant litter (Bouillon et al., 2002). The collective
impact of macrofauna activity on marine sediments is broadly
to reduce OM preservation, at least on decadal timescales
(Middelburg and Levin, 2009; Lichtschlag et al., 2015; Jessen
et al., 2017), and to support FeIII -cycling metabolisms during
oxic sediment reworking (Thamdrup, 2000; Nielsen et al.,
2003; Kristensen and Alongi, 2006). However, gastropods have
only a limited tolerance for sulfidic conditions, which stymie
their growth and reproduction (Aguirre-Velarde et al., 2018).
Gastropods were remarkably abundant (>21 wt%) in bb10_M
and somewhat less so (2–8 wt%) in other parts of sample bb10.
Although we cannot rule out the presence of deceased gastropods
that fell into the mat, these spatial patterns differ than what would
by predicted by chance trapping of the gastropods in sediment.
Despite abundant S0 and OSRes in bb10_M and B, which attest
to the activity of microbial sulfate reduction in these samples,
gastropods in these same sediments are clearly able to access
sufficient O2 for their metabolism.
Spatial gradients could allow for the concurrence of porewater
sulfide and macrofauna if the sources and sinks for sulfide
are localized within µm- to mm-scale microenvironments in
sediment aggregates. Sulfide production and precipitation on this
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and ooid-dominated sands surrounding woody trunks. OM
sulfurization is most extensive on and near the surface of a O2 releasing root, where it co-occurs with plentiful elemental S0
and indicates enhanced local microbial sulfur cycling. Overall,
these data thus support the hypothesis that radial oxygen loss
from mangroves enhances local OM preservation by facilitating
biogeochemical sulfur cycling.
Carbon preservation in mangrove sediments has the potential
to respond to small-scale heterogeneities in redox state and the
availability of OM, metals, O2 , and H2 S. Understanding the
competition among sulfide sinks at the sediment-root interface
will be critical for modeling overall environmental rates of
OM remineralization vs. OM sulfurization. OM sulfurization in
mangroves is not typically accounted for in regional or global
carbon budgets, which instead attribute non-mangrove carbon
burial to allochthonous sources (e.g., terrestrial runoff). However,
as illustrated in Little Ambergris Cay, sulfurization has the
potential to be a major control on the storage of microbially
derived OM in mangrove ecosystems. Understanding the scale
and sensitivities of this flux will require further investigations into
the small-scale redox gradients and critical hotspots for reactivity
associated with mangrove roots.

length-scale could co-exist with sufficient O2 in larger pore spaces
to allow for macrofauna respiration. Alternatively, diurnal or
tidal redox cycles could explain the coexistence of macrofauna
and sulfurization. Gastropods tolerate recurrent sulfide exposure
on the Peru Margin, although it comes at a significant metabolic
and reproductive cost (Levin et al., 2009; Aguirre-Velarde et al.,
2018). As a final option, the gastropods may have populated oxic
sediments that were exposed to sulfide during a previous year or
season. Porewater sulfide measurements in future work will help
discern among these options.

Impact of Sulfurization on Carbon Burial
In the specific case of Little Ambergris Cay, it is challenging
to meaningfully assess the contribution of sulfurization to longterm carbon burial because recurrent storms at this site cause
physical erosion and episodically remove accumulated material
(Wanless and Dravis, 2008). Still, the gray surface mat (bb10_G)
appears to be representative of the OM source to underlying
sediments (bb10_B, M, and R), which all show evidence for OM
sulfurization. The molar S:C ratio of OMRes increases from an
average of 0.5% in the mat to an average of 1.1% in bb10_B,
M, and R; and, there is a roughly two-fold increase in the
average carbonate–free concentration of OSRes between the gray
mat (90 µmol/g) and bb10_B, M, and R (201 µmol/g). This
pattern suggests that OM sulfurization below the benthic mat
leads to an approximate doubling in the amount of OSRes and,
using the estimated stoichiometry of 8–30 C atoms preserved for
each abiogenic OS atom, the additional potential preservation
of 0.35–1.3 mmol C/g sediment (2.5–9.2 mmol C/g carbonatefree sediment).
Contrasting marine systems, OM sulfurization in coastal
ecosystems occurs under more heterogeneous and dynamic
conditions, where oxidant availability is not controlled by a
simple one-dimensional diffusive gradient at the sediment-water
interface (Nedwell et al., 1994; Pan et al., 2018). Instead, the
local redox state in the sediments is likely variable, responding
to diurnal cycles in photosynthetic activity and tidal inundation
as well as local sources of O2 from roots. There is significant
evidence for biogeochemical S cycling and OM sulfurization
in the sediments even within the cohesive gray surface mat
(bb10_G), indicating that long-term (kyr) incubation with
dissolved sulfide is not driving the observed sulfurization.
Instead, rapid reactions between polysulfides and functionalized,
likely lipid-rich biomass generate OM with a very high resistance
to hydrolysis, enhancing the potential long-term preservation of
microbially reduced carbon and sulfur in the geosphere. OM
sulfurization is likely active in a variety of coastal and marginal
settings that experience intermittent sedimentary anoxia and may
be a critical mechanism impacting carbon cycling in many coastal
OM burial hotspots.
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