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The particulate organic matter buried in carbonate-rich seagrass ecosystems is an important blue
carbon reservoir. While carbonate sediments are affected by alkalinity produced or consumed in
seagrass-mediated biogeochemical processes, little is known about the corresponding impact on
organic matter. A portion of particulate organic matter is carbonate-associated organic matter. Here,
we explore its biogeochemistry in a carbonate seagrass meadow in central Florida Bay, USA. We
couple inorganic stable isotope analyses (δ34S, δ18O) with a molecular characterization of dissolved
and carbonate associated organic matter (21 tesla Fourier-transform ion cyclotron resonance mass
spectrometry). We find that carbonate-associatedmolecular formulas are highly sulfurized compared
to surface water dissolved organic matter, with multiple sulfurization pathways at play. Furthermore,
97% of the formula abundance of surface water dissolved organic matter is shared with carbonate-
associated organicmatter, indicating connectivity between these twopools.We estimate that 9.2%of
the particulate organic matter is carbonate-associated, and readily exchangeable with the broader
aquatic system as the sediment dissolves and reprecipitates.

Dissolved organic carbon (DOC) comprises the second largest pool of
carbon in the ocean, second only to dissolved inorganic carbon (DIC)1.
Likewise, dissolved organic sulfur (DOS) is ubiquitous in the ocean, and is
the largest dissolved sulfur pool besides sulfate2. Consequently, the
mechanisms of formation and stability of DOS is critical to our under-
standing of the global carbon and sulfur cycles. One potential, yet unex-
plored, hotspot for the sulfurization of organic matter is modern shallow
carbonate sediments, inferred because oil extracted from reservoirs com-
posed of carbonate source rocks is known to be highly sulfurized3,4. Sul-
furization of organic matter here is thought to be governed by iron content
in two competing ways, 1) as iron is also reactive towards sulfide and
can compete with organic sulfur formation5, and conversely, 2) iron
oxides can promote sulfide oxidation which can produce sulfur inter-
mediates, such as polysulfides and sulfite, which are also reactive towards
organic matter4,6.

Another important aspect of carbonate sediments is that they are
responsive to small scale7, and global scale8,9 changes in saturation state due
to local factors like ecosystem metabolism, as well as broader factors like
ocean acidification. We know that natural organic matter can directly
associate with carbonates10, however the biogeochemical implications have
been highlighted as an urgent research need11,12. These aspects of carbonate
sediments (i.e. sulfurization of sedimentary organic carbon, as well as the
solubilizationof carbonate sediments) couldmean that sedimentary organic
carbon and organic sulfur buried in these areas are more intimately con-
nected to the broader carbon and sulfur cycles.

We hypothesized that seagrass vegetation in shallow carbonate sedi-
ments contributes to the sulfurization of sedimentary organicmatter and its
connectivity with dissolved organic sulfur and carbon, as driven by two
connected processes. First, seagrasses promote sulfide oxidation in the
rhizosphere without providing a competitive sink for sulfide (unlike the
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competing roles of iron), which could lead to increased sulfurization of
sedimentary organic matter due to the increased diversity of sulfur inter-
mediates available for sulfurization of organic matter. Subsequently, this
sulfide oxidation induces localized carbonate dissolution, potentially liber-
ating smallmolecule sedimentary organicmatter associatedwith carbonates
(carbonate-associated organic matter, CAOM) into the dissolved organic
matter (DOM) pool. We use a combination of porewater and sediment
geochemical analyses, including stable isotope (δ34S, δ18O) of sulfate and
sulfides, and DOM molecular characterization (21 T FT ICR MS) techni-
ques to explore the link between seagrass density, sulfide oxidation, sul-
furization of CAOM, and its connectivity to other DOMpools in a seagrass
meadow in central Florida Bay, USA. Our findings suggest that vegetated
shallow carbonate systems are a source of potentially photorefractory DOS,
whereby CAOM is sulfurized in the sediments, yet also highly connected to
DOM in the broader aquatic system. This process is of global significance
considering the ubiquity of similar systems throughout the tropics and
subtropics, and suggests that a subset of the “blue carbon” buried in car-
bonate seagrass meadows has a uniquely active biogeochemical role.

Results and Discussion
Cryptic sulfur cycling is mediated by seagrasses
We posited that seagrass meadows in Florida Bay could facilitate sulfur-
ization of organic matter by promoting sulfide oxidation in sediments with

low iron contents, and test this hypothesis through an assessment of
porewater and sediment geochemical profiles in adjacent areas of relatively
high and relatively low seagrass density. We based this hypothesis on the
observation that iron content can be associated with increased organic
matter sulfurization inmodern sediments due to its role in the productionof
polysulfides6, despite iron often being inversely correlated with organic
matter sulfurization due to competitive pyrite formation in the geologic
record5. At our study site near Bob Allen Keys in central Florida Bay, which
has carbonate contents around 80% (Fig. 1a), we observe low apparent rates
of net sulfate reduction, as evidenced by minimal porewater sulfate con-
sumption for cores fromboth lowandhigh seagrass density (Fig. 1d). This is
despite having ample available particulate organic carbon (POC) for
respiration, at 2-3% (Fig. 1b), and despite C/N ratios steadily increasing,
which indicates consistent remineralizationof themorebioavailable organic
carbon (Fig. 1c).

While we did not measure gross sulfate reduction rates (SRR) directly
in this study, we can rely on a robust suite of literature studies, from both
central Florida Bay and elsewhere, to infer the role of seagrasses on gross
rates of both sulfate reduction and sulfide oxidation. A prior study from the
unvegetated mudbanks nearby Bob Allen Keys found high gross SRR,
reaching 620 nmol·cm−3·d−1with sulfate concentrations reaching near zero
mM within the top 10 cm of surface sediments13, suggesting high net SRR.
However, there is still likely substantial sulfide oxidationmediatedby sulfide

Fig. 1 | Porewater and sediment inorganic and stable isotope geochemical data.
Data collected from sediment cores in seagrass areas of high (green) and low (orange)
seagrass density, as well as local surface water (blue triangles). Porewater values are
presented as an average of n = 2 for each seagrass density, with an error bar denoting
range, except in panel h. Solid phase values are from n = 1 sample for each seagrass
density. Surface water values are presented as an average of n= 3, with the error bars
denoting the standarddeviation, except inpanelh.aCalciumcarbonate content (%dwt),
legend applies to a–h. b Total organic carbon content (% dwt). c Atomic total organic

carbon to total nitrogen ratio. dDissolved sulfate concentration (mM). eDissolved iron
concentration, with the limit of quantification (LOQ) provided as the purple dashed line
(µM). f δ34S isotopes of SO4 (mUr vs. VCDT). g δ18O isotopes of SO4 (mUr vs. SMOW).
hδ34S isotopes (mUrvsVCDT)ofdissolved sulfide (*, dotted line) andCRS(circles, solid
line). i Covariation of δ34SSO4 and δ18OSO4. Individual cores are presented rather than
averages. Reference lines, which pass through the average of surface water δ34SSO4 and
δ18OSO4 values are provided for a slope of 1 (solid black line), 1.5 (dashed black line), and
2 (dotted black line).
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oxidizing bacteria and bioturbation, as results from a previous study suggest
that up to half of the carbonate produced in similarly reworked surface
sediment could be cycled between dissolution and reprecipitation14. Some
studies suggest that seagrasses generally may increase gross SRR through
root exudation of labile organic matter15–17, although the species and light
effects on root exudation quantity and quality are complicated18, and other
studies have suggested that seagrasses can decrease gross SRR through
suppression with oxygen in the rhizosphere19. Nevertheless, vegetated
sediments of Rabbit Key basin (nearby our study site at Bob Allen Keys)
show similarly high gross SRR in the surface sediments15 as compared with
the unvegetatedmudbanksnearbyBobAllenKeys13.Our relatively low rates
of net sulfate reduction, therefore, appear to be masking high gross rates of
both sulfate reduction and sulfide oxidation, a process known as cryptic
sulfur cycling20. While seagrasses are not necessary for sulfide oxidation14,
they likely contribute to increased gross rates of sulfide oxidation relative to
unvegetated nearby sediment.

We used paired δ34SSO4 and δ18OSO4 measurements to assess the
relative rates of sulfate reduction and sulfide oxidation (see Methods for a
more detailed literature review of δ34SSO4 and δ18OSO4 with respect to
sulfur cycling), which indicate that seagrass mediated O2 pumping
promotes a substantial amount of sulfide oxidation relative to sulfate
reduction (Fig. 1f g i). This finding is consistent with prior studies21, and
consistent with our understanding of sulfur cycling dynamics Thalassia
testudinium meadows of Florida Bay22. Our observed slopes of δ18OSO4

vs. δ34SSO4 are between 1.5 and 2.5 (Fig. 1i) which are quite high com-
pared to other coastal sediments, but similar to slopes observed in the
deep sea with very low net rates of sulfate reduction23. However, we
observe buildup of sulfide between 1 and 3mM within a few
centimeters24 (Supplementary Fig. 1a), suggesting that net rates cannot be
as low as in the deep sea. We instead suggest that our δ18OSO4 vs. δ

34SSO4
signature arises through sulfide oxidation derived from both atmospheric
and photosynthetic oxygen21, as seagrasses are known to supply their
rhizosphere with photosynthetic oxygen during the day and dissolved
water column oxygen at night25, which highlights the important role of
seagrasses in driving the observed biogeochemistry.

The presence of iron in sediments acts as a secondary sink for reduced
sulfur, promoting the burial of iron sulfide minerals at the expense of
organic matter sulfurization5. The carbonate muds of central Florida Bay
have around 50 µmol Fe·g−1 dry sediment24 (Supplementary Fig. 1c), which
is low compared to many other sediments26. The formation of iron-sulfur
minerals in Florida Bay is suggested to be iron limited27, with iron additions
to seagrass sediments acting as a porewater sulfide sink28. We can confirm
thiswith theδ34SH2S andδ

34SCRSdata (Fig. 1h), andwith the observation that
dissolved iron only occasionally accumulates above the limit of quantifi-
cation (Fig. 1e). We observed that for both vegetation densities, the δ34SCRS
(Fig. 1h, circles and solid lines) is generally larger than δ34SH2S (Fig. 1h,* and
dotted lines), and bothmetrics decreasewith depth.However, the difference

between δ34SCRS and δ34SH2S is close to 0 mUr at the surface and increases
with depth, suggesting that most CRS is formed near the surface where
δ34SH2S is larger, and that very little iron is available to form CRS at depths.
We see clear differences based on seagrass density for both δ34SH2S and
δ34SCRS,with larger values observed in thehigh-density cores, possiblydue to
increased cell-specific rates of sulfate reduction29 in higher-density
meadows15. Thus we conclude that most sulfur is internally cycled
through iterative sulfate reduction and sulfide oxidation, and the primary
sink for sulfur to leave this internal cycle here is organicmatter sulfurization
rather than pyrite formation5.

Sulfurization of carbonate-associated organic matter
Sulfurization of organic matter has been observed in many places where
sulfide accumulates30–32. While its formation is very rapid, observed
experimentally over the course of hours33, reactions between organicmatter
and polysulfides is thought to be even faster6. Sulfite and thiosulfate, short-
lived intermediates of sulfide oxidation34, also react with organicmatter35–37.
Sulfite reacts quite rapidly in laboratory reactions with organic
electrophiles38,39 due in part to its similar nucleophilicity to sulfides40,41.
While sulfite is often found in very low concentrations, higher concentra-
tions are observed in vegetated coastal sediments42. While sulfite and thio-
sulfate reactivity withDOMor POM is comparatively understudied relative
to sulfide and polysulfides, one study suggests that sulfite could be an
important factor inDOS formationwhenpresent, and that thiosulfate is not
likely to be very reactive43. The organic sulfonates produced via sulfite
reactivity with organicmatter have been shown to be amajor component of
sedimentary organic matter and to accumulate even in anoxic sediments,
suggesting their stability to reducing conditions35,44. Organic sulfonates are
also the most abundant type of DOS in the deep ocean45, which further
argues for their stability, and as oxidation of organic sulfonates under the
majority of environmental conditions produces disulfides46,47, it is possible
that the role of sulfite in DOS formation has been overlooked. Compound-
specific sulfur isotope analysis of sedimentary organic sulfur suggests that
many pathways can be important to its formation48. We hypothesized that
the accumulation of sulfide, as well as the prevalence of sulfide oxidation,
would both contribute to the sulfurization of organic matter in the sedi-
ments of Bob Allen Keys.

We assessed the sulfur content of molecular species present in surface
water (BASWsample) and porewaterDOM(BAPWsample), aswell as that
of CAOM at Bob Allen Keys. CAOM here is defined as the DOM released
through the incomplete dissolution of washed carbonate sediment with
dilute acid, and is represented by the BASed sample (see methods). FT-ICR
MS observations clearly show the sulfurization of CAOM, with than 42% of
the 13280 BASed assigned species (Table 1) contained sulfur, which
amounted to 26%of the total abundance (Fig. 2e), as compared to28%of the
7029 assigned species for BASW (16% of the total abundance). These DOS
formulas were spread across the broad range of H/C and O/C ratios

Table 1 | Measured and calculated bulk parameters of DOM (δ13C-DOC, DOC, and SUVA254) and SPE-DOM (Calibrated peaks,
Screened Formulas, RMS Error, MassW, O/CW, H/CW, S/CW, NOSCW, CRAM, SCRAM, DBE_O) in samples taken from Taylor
Slough (TS) and Bob Allen (BA) in Florida Bay

Sample δ13C-DOC (mUr) DOC (mg/L) SUVA254 (L · mg C−1 · m−1) Calibrated Peaks (#) Screened Formulas (#) RMS Error (ppb) MassW (Daltons)

TS −22.7 8.4 4.1 14,657 6133 48 422.13

BASW −13.5 3.7 1.8 17,103 7029 45 437.13

BAPW −11.5 1.8 2.4 17,758 6738 45 427.88

BASed −10.6 56.5 1.9 24,364 13280 41 475.72

Sample O/CW H/CW S/CW NOSCW CRAM (%RA) SCRAM (%RA) DBE-OW

TS 0.35 1.39 0.0076 −0.59 45.4 3.6 0.76

BASW 0.43 1.31 0.0082 −0.34 58.4 5.2 −0.19

BAPW 0.45 1.32 0.0083 −0.32 56.7 4.9 −0.42

BASed 0.54 1.22 0.0166 −0.03 43.9 9.1 −1.28
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(Fig. 2d), suggesting abiotic sulfurization as a primary method of
formation49.

Kendrick Mass Defect (KMD) analysis50 was applied to explore
potential pathways for sulfurization32. We identified molecular species
within the same sample linked by the addition or removal of H2S, H2S2,
H2SO, H2SO2, H2SO3, and SO3 as those sharing a KMD of that particular
scale (Supplementary Table 1, see Methods). However, a shared KMDH2S,
for example, does not prove that chemical addition by hydrogen sulfide
occurred, because elemental compositions ofmolecular species are identical
for structural isomers. Instead, we interpret the wide variety of KMD-
suggested pathways as indicative of the numerous potential chemical
pathways controlling OM sulfurization. Principal component analysis
(PCA) of the CAOM sulfur-containing species (Supplementary Table 1)

identifies a clear separation between these KMD-suggested pathways, with
PC-1 separatingNONEandKMDH2S2 from the other sub-datasets (Fig. 3a).
PC-2 separates the second group of sub-datasets along their oxidation level,
with KMDH2S and KMDH2SO grouping in positive PC-2, KMDH2SO2 close
to zero along PC-2, and KMDH2SO3 and KMDSO3 in negative PC-2. This
suggests that a similar pathway, potentially sulfite or thiosulfate addition,
forms the species sharing a KMDH2SO3 or KMDSO3, and that hydrogen
sulfide addition could be important for KMDH2S and KMDH2SO. It is dif-
ficult to distinguish the polysulfide pathway, as very few species are present
in the KMDH2S2 sub-dataset, and oxidation of the second sulfur can lead to
shared KMDH2SO and KMDH2SO2

32. As most species sharing a KMDH2S2

group near those species with no identified pair (NONE) along PC-1, it is
likely that most species produced by the polysulfide pathway react further.

Fig. 2 | Molecular analysis of dissolved organic matter and carbonate-associated
organic matter. Results from the molecular species assignments for the four dif-
ferent samples. a–d vanKrevelen diagrams of the elemental compositions, the size of
each point corresponds to the relative abundance, plotted separately for each sample
and not identified through a legend. a Taylor Slough surface water (TS). b Bob Allen
surface water (BASW). c Bob Allen porewater (BAPW). d Bob Allen sediment HCl

extract (BASed), here a corollary for CAOM. e Relative abundance fraction for each
formula type. Legend for the formula type in a–e is provided in b, where CHO are
indicated in blue, CHON in yellow, CHOS in green, and CHONS in pink. f Venn
Diagram of the count of elemental compositions that designates whether the species
was detected in each of the 4 samples.
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As polysulfides are implicated in the formation of insoluble macro-
molecules, it is also possible that our analytical strategy (i.e. a molecular
weight window of ~150-1200Daltons from SPE extracts of DOM) does not
fully capture the polysulfide pathway either51. van Krevelen diagrams of the
elemental compositions, whichmake up the different PCA regions suggests
that a very similar distribution of DOM is produced, regardless of potential
pathway (Fig. 3b–e).

There is debate as to whether DOS represents a more refractory or
more labile pool of DOC2,52, as some forms of DOS (especially those pro-
duced through assimilatory sulfate reduction) can be rapidly cycled
microbially53, and DOS formed through the sulfurization of humic com-
pounds is particularly susceptible to photodegradation30,54. However,
refractory DOS is a major component of oceanic DOS, and in particular
includes highly oxidized and stable sulfonates resistant to degradation45. A
large proportion of the organic sulfur in BASed is in the carboxylic-rich
alicyclic molecule (CRAM) region of van Krevelen space55 (Table 1,
SCRAM). CRAM compounds tend to lack aromatic groups that can act as
sensitizers, a main pathway for the photodegradation of DOS54. The BASed
sample also has very low SUVA254, which could an indicator of photo-
degraded organic matter56 or an indication of increased non-aromatic
organic matter for other reasons. BASW also has a low SUVA254 (Table 1),
and experiences intense and prolonged subtropical sunlight (Supplemen-
tary Fig. 2). Additionally, molecular species which have a DBE-O < 9 are
thought to be resistant to photodegradation57, and while the majority of
formulas in all samples have DBE-O < 9, this is particularly true for BASed
(Supplementary Fig. 3e). The S/C vs O/C plots (Supplementary Fig. 3a–d)
indicate increased S/C vs O/C for BASed, suggesting the organic sulfur is
potentially more photo-oxidized in CAOM than in the other pools. Taken
together, while all of the samples explored here show signs of being already
photodegraded, BASed (and therefore CAOM) shows the most signs,
although this would still need to be confirmed experimentally. The sig-
nificance of this sedimentary organic sulfur formation to broader carbon

and sulfur cycling depends on the connectivity between CAOM andDOM,
which is explored in the next section.

Carbonate-associated organic matter links the sedimentary and
dissolved pools
In comparison with siliciclastic sediments, vegetated carbonate sediments
are more sensitive to post-depositional changes in saturation state due to
biogeochemical processing7,21,58. Seagrasses in Florida Bay are known to
promote a rapid coupling of dissolution and reprecipitation cycles, itera-
tions which formmore stable carbonates and can lead to the net carbonate
accumulation24, however seagrass presence often has a dissolving effect
relative to unvegetated mudbanks59. The amount of CAOM likely scales
with the surface area of the carbonate grains10, and it is also theorized that a
reduction in excess carbonate surface area is one of the kinetic drivers for the
coupling of dissolution and reprecipitation cycles in Florida Bay sediments7.
Therefore, we suggest that CAOM can be subject to release and exchange
with porewaters due to the high gross rates of dissolution and reprecipita-
tion, regardless of net calcification balance11. The BASed sample provides
insight into the culmination of these exchange processes. We estimate that
9.2% of the POC in the sediments of Bob Allen keys is likely CAOM, about
two-thirds of which was accessed in the incomplete dissolution, which
formed the BASed sample (see methods).

Although it is known for quite some time that absorption of acidic
organic matter onto sediment carbonate grains occurs10,60, this is the first
study,whichhighlights themolecular diversity ofCAOMusingFT-ICRMS.
91% of the molecular formulas present in BAPW (and 97% of the abun-
dance) are also present in BASed (Fig. 2f). While only 46% of the formulas
present in BASed are shared with BAPW, this is likely due to the sample
being much more concentrated in DOM and having many more identified
molecular species (Table 1), as 75% of the abundance of BASed is shared
with BAPW. This suggests that CAOM is highly evolved through repeated
connectivity with porewater. While molecular formula or structural

Fig. 3 | Kendrick Mass Defect analysis to explore the sulfurization pathway.
Statistical analysis of KMD sub-datasets from the BaSed sample. a PCA of abun-
dance normalized molecular species abundances present in sub-datasets created
with sulfur-containing species of the BASed sample sharing a KMD along the var-
ious scales (H2S, H2S2, H2SO, H2SO2, H2SO3, and SO3) (Supplementary Table 1).
The points represent the center for each sub-dataset, and the label indicates theKMD
scale used for that sub-dataset. Some species can be present inmultiple sub-datasets,
with the exception of NONE. NONE contains sulfurized species with no “parent”
formula, or no identified pairing along the specified KMD scales. For clarity,

individual formulas (i.e the variables) are not shown in a. The lines (green for I,
yellow for II, blue for III, and pink for IV) indicate approximate regions for the
locations of molecular formulas more heavily associated with that region, and
plotted via van Krevelen diagram in b–e. b van Krevelen diagram of elemental
compositions present in region I of the PCA. c van Krevelen diagram of elemental
compositions present in region II. d van Krevelen diagram of elemental composi-
tions present in region III. e van Krevelen diagram of elemental compositions pre-
sent in region IV.
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controls on adsorption and desorption were not explicitly addressed in this
study, the compositional similarities suggest that a large diversity of DOM
molecular species can associate with carbonates.

We presentmultiple lines of evidence indicating that benthic processes
shape the DOM quantity and quality of surface water in Florida Bay,
especially via transit through the CAOMpool. In support of this, Van Dam
et al. [2021] reported a large but variable DOM flux from flow-through core
incubations in cores also collected during our study period24. We find that
92% of the molecular species (and 97% of the abundance) in BAPW are
shared with BASW, indicating that advection and bio-irrigative exchange
does indeed directly connect the porewater and surface water DOM pools.
Many additional parameters for DOC follow an order of TS – BASW –
BAPW – BASed (Table 1), suggesting a direct continuum with CAOM
supplying the molecular diversity (Fig. 4). For example, the δ13C-DOC of
CAOM (−10.6 mUr) has a stronger influence on that of BAPW (−11.5
mUr) and BASW (−13.5 mUr) than the river input TS (−22.7 mUr).
Although over 4000 molecular species are shared between all samples
(Fig. 2F), very few species are uniquely brought byTS (Fig. 4a), or thenatural
(i.e. non-laboratory created) samples of BAPWandBASW(Fig. 4c). BASed,
however, has many unique molecular species (Fig. 4d) which span a very
similar van Krevelen space to those species shared among all Bob Allen
samples (Fig. 4b). These analyses suggest that benthic processes of sulfur-
ization, carbonate dissolution, and release of CAOM shapes the quality of
surface water DOM, through an iterative process whereby reprecipitation
can reform CAOM with a signature influenced by porewater DOM. The
importance of benthic processes in shaping surface water DOM in Florida
Bay is in contrast to growing evidence that benthic processes contribute only
a small percent (around 8%) to surface oceanDOS (although the proportion
of benthic contribution toDOS is higher in the deep ocean)61,62 The different
roles of the benthos in our study could in part be due to the rapid inter-
connected cycling of sulfur and carbon, the shortwater column (1-2m), and
the long residence time (~1 year), found in Florida Bay seagrass meadows.

Conclusions
A conceptual diagram showing the primary biogeochemical arguments is
presented in Fig. 5. The rapid, yet mostly balanced cryptic sulfur cycling
fueled by seagrasses lays the groundwork for both the sulfurization of
sedimentary organicmatter, and the connectivity of theCAOMcomponent
of this POCwith DOMpools. Thus, we would expect that as the number of
paired sulfur and inorganic carbon cycles increases, the proportion of DOS
in surface waters could increase as well, driven by CAOM dynamics. It is
unknown how much of this CAOM-produced DOS is photodegraded, but
we suggest that it could be relatively resistant to photodegradationdue to the
largeproportionof sulfurizedCRAM.Wehave calculated that around9%of
the POC at our study site should be considered CAOM (see Methods),
whichmeans that a substantial portion of the blue carbon63 stored in Florida
Bay seagrassmeadows is exchangeable with theDOMpool, and available to
the broader aquatic carbon and sulfur cycles.

While sulfurization of sedimentary organic matter likely occurs in
seagrass meadows regardless of sediment type, governed in part by the
iron content, the presence of carbonate sediment is essential for its con-
nectivity. Seagrass meadows globally store substantial quantities of car-
bonates, especially in the tropics and subtropics, with large ranges in POC
contents, an important “Blue Carbon” service64. Thus, the benthic pro-
cesses described here are of global significance, as they relate to the ulti-
mate fate and biogeochemical role of a substantial portion of this POC.
This studywas undertaken in oneThalassiaTestudinum seagrassmeadow
in central Florida Bay. We hope that future studies will help increase our
understanding of species- and site-specific impacts of paired sulfur and
carbonate cycling on DOM quality as described here. The fraction of
CAOM in the POC stored in seagrass sediments could also vary widely,
depending in large part on the highly variable surface areas of carbonate
grains10,65. While “Blue Carbon” is premised on the assumption that
organic matter buried in vegetated sediments is sequestered from the
broader carbon cycle, our study suggests that the CAOM portion of this

Fig. 4 | Comparison of molecular species from different samples. van Krevelen
diagrams of molecular species either unique to or shared between specific samples.
a Elemental compositions unique to TS. The bright pink rhombus in a–d designates
the approximate boundaries of CRAM49. b Elemental compositions shared among

all Bob Allen samples (BASW, BAPW, BASed). c Elemental compositions shared
between BAPW and BASW, but not present in BASed. Many of these species,
especially of the CHO, CHON, and saturated CHOS are also shared with TS.
d Elemental compositions unique to BASed, or CAOM.
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sedimentary organic carbon can be highly connected to the broader car-
bon cycle.

CAOM may also be important to biogeochemical cycling outside of
seagrass meadows, as other factors besides vegetation can have similar
impacts on carbonate dissolution. A recent study in Texas estuaries found
that drought conditions accentuated by climate change drove increases in
sulfate concentration, fueled by rapid sulfide oxidation and carbonate dis-
solution in the sediments66. While the observations were ubiquitous across
Texas estuaries, the impact of this large-scale carbonate dissolution on
DOM cycling is unknown. Carbonate dissolution will also increase with
ocean acidification via the uptake of anthropogenicCO2by the ocean

67. This
implies that the largepool ofCAOMin thedeepocean8may alsobe sensitive
to ongoing ocean acidification, although the potential connections between
deep ocean CAOM and deep ocean DOM is again unknown. As climate
change progresses, considering the unique biogeochemical role of CAOM,
which bridges the POC and DOM pools, will be of increasing importance.

Methods
Site description
The majority of sampling took place near the Everglades National Park
water qualitymonitoring station at BobAllen Keys (25°1.718′N, 80°40.736′
W). For a detailed site description see Van Dam et al. [2021], a study which
reports on the same field and sampling campaign. The area is shallow (1-
2m) and has sparse to medium density seagrass cover, primarily of Tha-
lassia testudinium, which typically occupies a rhizosphere around 10-15
cmbsf 68. Seagrasses are known to supply oxygen into the sediments through
their rhizosphere69, in order to limit sulfide toxicity70 and release phosphate

adsorbed to carbonates71, so the location of the rhizosphere is important for
interpretation of porewater and sediment geochemical profiles.

DOM composition can be sensitive to photodegradation, and the
subtropical study site experiences a large amount of photosynthetically
active radiation (PAR), which could impact DOM quantity and quality.
Duringmore than a year surrounding thefield campaign (March 23 2019 to
June 30 2020), the area received 1711 ± 321 µE·m−2·s−1 of PAR at 1 pm72.
The residence time of waters in central Florida Bay is likely around 6 to
12months73, such that by our sampling campaign in November of 2019, an
average square meter of water would have received approximately 8000 to
16600 E of radiation over its residence time in central Florida Bay. This was
calculated by integrating the PAR data from the water quality monitoring
station at Bob Allen Keys72, using the date range 16 May 2019 to 16 Nov.
2019 for the 6-monthwindow, and 23March 2019 to 23March2020 for the
12-monthwindow, and using the average PAR for the date range in order to
interpolate data gaps (Supplementary Fig. 2).

Sampling and analysis for porewater and sediment geochemical
profiles
During the sampling campaign inNovember of 2019, adjacent areas of high
and low seagrass density were visited. Surface water (n = 3, 5mL) was col-
lected with an acid-washed syringe from 30 cm below the surface, filtered
(0.7 µm, precombusted glass fiber), and treated with 5% Zn(OAc)2. Sedi-
ment cores (10 cm inner diameter) were collected via push core for pore-
water (n = 2 for each density) and sediment (n = 1 for each density)
geochemical analyses. The lining for porewater cores had been predrilled
with threaded holes. Porewater was collected with Rhizons (0.15 µm,

Fig. 5 | Conceptual diagram. Seagrasses can
decrease the concentration of accumulated sulfide
(H2S) through oxygen (O2) pumping in the rhizo-
sphere, which fuels sulfide oxidation and produces
protons (H+). Incomplete sulfide oxidation pro-
duces sulfur intermediates which are also reactive
towards organic matter (i.e. Sx

2-, SO3
2-, S2O3

2-),
which along with accumulated sulfide, leads to sul-
furization of CAOM. Carbonate dissolution using
H+derived from sulfide oxidation releases CAOMto
the porewaters, in an iterative process as reprecipi-
tation is promoted in part through sulfate reduction.
Paired sulfur and inorganic carbon cycling leads to
increased DOS composition of surface water DOM.
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Rhizosphere Research) at 5 cm intervals within 3 h of core collection, and
treated with 5% Zn(OAc)2 for spectrophotometric measurements of total
dissolved sulfide with a Spectrocord 40 spectrophotometer74. The samples
were subsequently filtered for δ34S of sulfide from ZnS, and the eluent was
subsampled for ICP-OES determination of major and trace elements (S,
Fe)75. Subsequently, SO4 was precipitated as BaSO4 for δ34S and δ18O
determination of SO4

76 from both pore- and surface-water samples.
Sediment cores were sampled via extrusion, and the sediment not

touching the core liner was separatedwhereby one portion was treated with
20% Zn(OAc)2 solution, and the second portion was left untreated, and all
sediment samples were frozen until further analysis. Untreated frozen
sediment was freeze-dried, and the resulting dried sediment was analyzed
for total carbon (TC) and total nitrogen (TN) with a CHNS Elemental
Analyzer (Euro Vector EuroEA 3,052), as well as total inorganic carbon
(TIC) with an Elemental Analyzer multi-EA (Analytik Jena). Total organic
carbon (TOC) was calculated from the difference of TC and TIC.
Chromium-reducible sulfur (CRS, a measure of S0 and FeS2) and acid-
volatile sulfur in the sediments (AVS, a measure of H2S and FeS) were
quantified by 2-step distillation using 6NHCl at room temperature for the
first step and hot CrCl2 solution for the second77. The produced H2S was
analyzed for the stable sulfur isotope composition as described in the next
paragraph76. Concentrations of dissolved sulfide, CRS, and AVS (Supple-
mentary Fig. 1) were previously published in Van Dam et al. [2021] and
included in the supplementary information as they are highly relevant to the
current communication24. The data is also publicly available on figshare72.

The δ34S of sulfides, for either dissolved sulfide or the sulfide produced
fromAVS or CRS during the 2-step distillation, was determined by transfer
of the ZnS to Ag2S by using AgNO3 solution. The δ34S of sulfate was
determinedonBaSO4.Afterwashing anddrying, the samplewasplaced into
a Sn cup with added p.a. quality V2O5, and was combusted in a Thermo
Scientific FLASH 2000 element analyzer, connected to a Thermo Finnigan
253 gasmass spectrometer via aThermoScientificConFlo IV split interface.
Isotope comparison materials (IAEA-S-1, IAEA-S-2, and IAEA-S-3) were
used to link the mass spectrometric results to the Vienna Canyon Diablo
Toilite (VCDT) scale78. The δ18O of sulfate was determined on BaSO4, by
means of pyrolysis in silver cups using a high-temperature conversion ele-
mental analyzer (HTO-, Hekatech, Germany) connected to a Thermo
Finnigan 253 gasmass spectrometer. Isotope comparisonmaterials (IAEA-
SO-5 and IAEA-SO-6) were used to link the mass spectrometric results to
the Vienna Standard Mean Ocean Water (VSMOW) scale. Sulfur isotope
measurements (34S/32S) and oxygen isotope measurements (18O/16O) are
given in the conventional δ-notation, and replicate measurements on
reference materials agreed with better than ± 0.3 mUr for S and ± 0.6 mUr
forO.The presentedmUr (milliurey) values are equivalent to the traditional
permille (‰) notation79.

Sulfate reduction preferentially uses lighter 32S, and residual sulfate is
enriched in the heavier isotope80. In typical unvegetated sediments, the δ34S
of sulfide is generally smaller towards the surface, and often becomes larger
with depth as the available pool of sulfate becomesmore enriched in 34S. The
fractionation between 32S and 34S upon sulfate reduction is variable, and
depends on many factors, including the bacterial species81, cell-specific
sulfate reduction rate29,82, electron donor83, and sulfate availability84,85. Sul-
fide oxidation is often thought to have minimal fractionation86, although
fractionations of up to 12.5 mUr have been observed in pure cultures of
Desulfurivibrio alkaliphilus87. The bacterial disproportionation of inter-
mediates of sulfide oxidation can induce additional fractionation88. As
oxygen exchange between SO4 and water is very slow in the absence of
enzyme activation, residual sulfate δ18OSO4 becomes enriched through the
isotopic exchange of enzyme-activated sulfate and sulfur intermediates
formed upon sulfate reduction89, sulfide oxidation, and sulfur
disproportionation90,91. In most shallow coastal areas with faster rates of
sulfate reduction, the δ18OSO4 enriches more slowly than δ34SSO4

23,92, while a
slope of δ18OSO4 vs. δ

34SSO4 greater than 1 is thought to be reserved for deep-
sea sedimentswith very lownet rates of sulfate reduction23,93. Thus, the slope
of δ18OSO4 vs. δ34SSO4 is thought to be indicative of net rates of sulfate

reduction, even though many factors affect δ18OSO4 and δ34SSO4
23. In vege-

tated sediments, the oxidant for sulfide oxidation, and thus the oxygen
which incorporates into sulfate, is not necessarily entirely derived from
water. This may have consequences for interpreting the slope of δ18OSO4 vs.
δ34SSO4. Plants such as seagrasses pump both photosynthetic oxygen,
derived from water, as well as atmospheric oxygen into their rhizosphere,
depending on whether it is day or night22,25. As atmospheric oxygen is
generally 18O enriched relative to ocean water, this means that the slope of
δ18OSO4 vs. δ34SSO4 increases faster if atmospheric oxygen rather than
photosynthetic oxygen is exchanging with sulfate21.

Sampling and analysis of dissolved organic matter and CAOM
During the same November 2019 campaign, additional surface water
samples (550mL)were collected atBobAllenKeys (BASW,n = 1) aswell as
at themouthofTaylor Slough (25°11.438’N,80°38.343’W,TS,n = 1)with a
syringe from below the surface. Porewater was collected from Bob Allen
Keys (BAPW, n = 1) via a porewater sipper, with a 10 cmdiameter guard to
limit surface water intrusion. A sediment grab sample (132 g wet sediment)
was collected at Bob Allen Keys for subsequent extraction of carbonate-
associated organic matter (CAOM, BA Sed, n = 1). The wet sediment was
washed with 3×250mL E-pure water, and then taken up in 700mL E-pure
water, and a substantial yet incomplete amount of the carbonates dissolved
with dropwise addition of 25mL trace metal-free concentrated HCl (Fisher
Chemical) while stirring the mixture. The pH was measured and remained
buffered, similar to Zeller et al. (2020)11. Similar to Zeller et al. (2020), this
laboratory method was not intended to mimic natural dissolution condi-
tions, but rather to acquire a substantial portion of CAOM while main-
taining a buffered solution prior to filtering. Samples for DOC analyses (TS,
BASW, BAPW, and BASed) were filtered (0.7 µm, pre-combusted glass
fiber), subsampled for absorbance at 254 (Aqualog Fluorometer, JobinYvon
Horiba, France), and acidified to pH 2 with trace metal grade HCl (Fischer
Chemical). These samples were again subsampled for δ13C-DOC analysis
(NCSU, Raleigh, North Carolina, USA). The Specific Ultraviolet Absor-
bance at 254 nm (SUVA254), used to assess the aromaticity94 of the DOM in
a sample as well as its potential for photodegradation56, was calculated from
the absorbance at 254 nm and the DOC concentration94. The remaining
500mL of each sample were shipped frozen to the National HighMagnetic
Field Laboratory (NHMFL, Tallahassee, Florida, USA) where they were
loaded onto 1 gram Bond Elute PPL SPE cartridges95 and eluted with 3mL
HPLC grade methanol, and further diluted in methanol to yield a final
concentration of 50 ppm C, prior to analysis by 21 T FT-ICR MS.

Estimating the amount of CAOM
The fraction of sedimentary organic matter, which our acidic laboratory
leaching released as CAOM is a lower boundary of the total amount of
CAOM present in the sediment sample, as the dissolution performed was
incomplete in order to maintain the buffering of the solution. This means
that a large fraction of sediment remained undissolved. However, this lower
boundary can be estimated from the organic carbon content of the sedi-
ment, and the DOC data of the leachate, as follows:

TOCsample g
� � ¼ WetSediment

g
� � � 1�WaterContentð Þ �%TOC

100
ð1Þ

CAOM
mg

leachate

� �
¼ DOCBASed

mg
L

� � � 1L
LeachateVolume Lð Þ ð2Þ

%CAOM ¼
CAOM mgð Þ

1000

� �
TOCsample g

� � ð3Þ

Using a 0.60 water content, a 2.6% TOC content (Fig. 1b, average of all
points), and the 132 g wet sediment we can estimate that about 1.4 grams of
sedimentary organic carbon was present in the sediment sample which we
dissolved according to Eq. (1). Using the 0.7 L leachate volume and the
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measuredDOCconcentrationof the leachate (56.5 mg·L−1), we can estimate
that of this 1.4 gram of TOC in the sample, our incomplete dissolution
experiment releasedabout 81mgper leachate volume (Eq. 2),which is about
6% of the available TOC in the sample (Eq. 3). So, our lower estimate is that
at least 6% of the total sedimentary organic matter present at Bob Allen is
actually organic matter that would be categorized as a dissolved organic
matter if the carbonate sediments were dissolved.

Additional estimates of the proportion of CAOM can be made by
considering the surface area of the carbonate sediment, and estimates of the
amount of organic carbon that associateswith carbonates. Prior estimates in
central Florida Bay suggest that the surface area of the biogenic carbonate
exceeds 2m2·g−1 7. A detailed analysis of recent carbonate sediments and the
associated natural organic matter suggest that the amount of CAOM scales
with the surface area, such that a consistent 1.20mg C is associated with
every square meter of carbonate surface area irrespective of the
minerology10. ThismeansCAOMis about 2.4 mg Cper gramdry carbonate
sediment in central Florida Bay, andwith a 2.6%TOCcontent this amounts
to 9.2% of the TOC being CAOM, which is consistent with our estimates
from incomplete dissolution. However, this value is heavily dependent on
the surface area of the carbonates, as for example, if the carbonate sediments
were entirely composedof the red algaeGoniolithon (which is alsopresent in
Florida Bay, just likely not the entirety96), which has a surface area of 24
m2·g−1, thiswouldmean111%of theTOCcould beCAOM65.As dissolution
and reprecipitation cycles occur, it is expected that the surface area of car-
bonate grains decreases, as prior studies suggest that it is the removal of
excess surface area energy rather thana change inmineralogy (grain size and
microstructure97) that drives the kinetics of the process in Florida Bay7. This
suggests that with rapid iterative dissolution and reprecipitation cycles, the
sediments would release CAOMthrough decreasing carbonate surface area,
irrespective of whether net dissolution or net calcification occurs.

Negative-ion electrospray ionization 21 Tesla FT-ICR MS
The sample solutionwas infusedvia amicroelectrospray source98 (50 µm i.d.
fused silica emitter) at 500nL/minbya syringepump.Typical conditions for
negative ion formation were: emitter voltage, −2.4-2.9 kV; S-lens RF level:
45%; and heated metal capillary temperature, 350 °C. DOM extracts were
analyzed with a custom-built hybrid linear ion trap FT-ICR mass spectro-
meter equipped with a 21 T superconducting solenoid magnet99,100. Ions
were initially accumulated in an external multipole ion guide (1-5ms) and
released m/z dependently by a decrease of an auxiliary radio frequency
potential between themultipole rods and the end-cap electrode101. Ionswere
excited to m/z-dependent radius to maximize the dynamic range and
number of observed mass spectral peaks (32-64%)101, and excitation and
detectionwere performedon the samepair of electrodes102. The dynamically
harmonized ICR cell in the 21 T FT-ICR is operated with 6 V trapping
potential101,103. Time-domain transients of 3.1 swere conditionally co-added
and acquired with the Predator data station that handled excitation and
detection only, initiated by aTTL trigger from the commercial Thermo data
station, with 100 time-domain acquisitions averaged for all experiments104.
Mass spectra were phase-corrected105 and internally calibrated with 10-15
highly abundant homologous series that span the entire molecular weight
distribution based on the “walking” calibration method106. The achieved
resolving power at m/z 200 was 3,000,000 and at m/z 400 was 2,200,000.
Experimentally measured masses were converted from the International
Union of Pure andApplied Chemistry (IUPAC)mass scale to the Kendrick
mass scale50 for rapid identification of homologous series for each het-
eroatom class (i.e., species with the same CcHhNnOoSs content, differing
only be degree of alkylation)107. For each elemental composition,
CcHhNnOoSs, the heteroatom class, type (double bond equivalents, DBE =
number of rings plus double bonds to carbon, DBE = c –h/2 + n/2+ 1)108

and carbon number, c, were tabulated for subsequent generation of het-
eroatom class relative abundance distributions and graphical relative-
abundance weighted images and van Krevelen diagrams109,110.

Peaks with signal magnitude greater than 6 times the baseline root-
mean-square (RMS) noise at m/z 500 were exported to peak lists, and

molecular formula assignments (C4-100H4-200O2-30N0-2S0-2Na0-1Cl0-1) were
performedwith PetroOrg© software111. Formula assignments with an error
>0.15 parts-per-million were discarded, and only chemical classes with a
combined relative abundance of ≥0.05% of the total were considered for
further analysis. Formulas were trimmed based on the N-rule112, H/C ratio
<2.1, O/C ratio <1, and homologous series > 1113. Additionally, for each
OoNnSs class, DBE (double bond equivalents) vs carbon number were
plotted and unreasonable formulas in regions, which also were not present
in Oo-1NnSs or Oo+1NnSs were excluded prior to further analysis. All sodi-
ated and chlorinated adducts, as well as molecular species containing 13C,
were also excluded.

Further data analysis of assigned molecular formulas
A four-wayVennDiagram ofmolecular formulas, regardless of abundance,
shared or not shared between the four samples was conducted using the
ggVennDiagram package in R114. Various features could be calculated or
estimated from the molecular formulas, including the nominal oxidation
state of carbon (NOSC)115, carboxylic-rich alicyclic molecules55 (CRAM),
and double bond equivalents minus oxygen (DBE-O)57. Carboxylic-rich
alicyclicmolecules are thought to be resistant to photodegradation, asNMR
suggests they do not contain many aromatic groups, and therefore lack
light-sensitizing moieties55. However, CRAM compounds identified in an
FT-ICR MS dataset are really CRAM-like compounds, and in some cases
these CRAM-like compounds are highly vulnerable to photodegradation116,
which may suggest that molecular formulas calculated to be CRAM-like
may include aromatic as well as alicyclicmolecules. DBE-Ohas been shown
to be an indicator of photodegradability, asmolecules with aDBE-O > 9 are
found to be highly photodegradable while molecules with a DBE-O < 9 are
found to be resistant to photodegradation, likely because a higher oxygen
content decreases the DBE-O and oxygenation increases with
photodegradation57. Magnitude-weighted features (O:CW, H:CW, S:CW

NOSCW, andDBE-OW)of thedatasetwere calculated according toprevious
descriptions, by first creating an abundance for each formula, which is
normalized to the sum of the abundances of the sample117.

Kendrick Mass Defect50 analysis was performed to identify formulas
pairedbyH2S,H2S2,H2SO,H2SO2,H2SO3, andSO3massdifferences,which
has been used to identify potential sulfurization pathways32, using the fol-
lowing example equations for the H2S scale:

KMH2S ¼ MWIUPAC � 34
33:9877212388

� �
ð4Þ

KMDH2S ¼ MWnominal � KMH2S ð5Þ

Here, KMH2S is the Kendrick Mass on the H2S scale, MWIUPAC is the
exact mass of the molecular formula, 34 is the nominal mass of H2S,
33.9877212388 is the exact mass of H2S, KMDH2S is the Kendrick Mass
Defect of on the H2S scale, and MWnominal is the nominal mass of the
molecular formula. The following calculation, KMDH2S was rounded to
6 significant figures. Formulas, which shared an identical KMDH2S are
directly paired by the addition or removal of H2S to the formula.While this
strategy32 and similar strategies49,118 have been used to suggest reactivity
along a particular pathway, it is important to always keep in mind that
molecular formulas are not the same as molecular structures, and that this
addition or removal of 2 hydrogens and 1 sulfur can be split between
multiple sections of the molecule and over multiple chemical steps, with no
way to reliably prove a particular pathway. We also found that 96-98% of
formulas have at least one pair for KMDH2, KMDO, or KMDH2O, which
further highlights the challenge in arguing that formulas sharing H2S are
linked by a different sulfurization pathway than formulas linked by SO3, for
example. For this reason, we look instead at the diversity of the dataset as a
whole to suggest thatmultiple pathways are at play, rather than considering
specific pairings. We used PCA to analyze the sulfur-containing formulas
present in theBASed sample, which have a pair in the same sample based on
the different KMD scales (KMDH2S, KMDH2S2, KMDH2SO, KMDH2SO2,
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KMDH2SO3, and KMDSO3), using the normalized abundance of each for-
mula, calculated by dividing the relative abundance for a given formula by
the sum of all relative abundances in the dataset119. Some formulas are
present inmultiple sub-datasets, as they have pairs based onmultiple KMD
scales. This PCA was developed with the FactoMineR package in R120.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All FT-ICRMSrawfiles, calibratedpeak lists, and elemental assignments are
publicly available via the Open Science Framework at https://osf.io/pwzun/
at https://doi.org/10.17605/OSF.IO/PWZUN121. All porewater and sedi-
ment geochemical data are publicly available on PANGAEA122.
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