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Deepseacoldseepsareasink formercury
and source for methylmercury

Check for updates

Jiwei Li 1,8, Xiyang Dong 2,8, Yongjie Tang1, Chuwen Zhang 2, Yali Yang1, Wei Zhang3, Shanshan Liu4,
Wei Yuan3, Xinbin Feng 3,5, Lars-Eric Heimbürger-Boavida 6, Feiyue Wang 7, Lihai Shang 3 &
Xiaotong Peng 1

The effect of seafloor cold seeps on the biogeochemical cycling of mercury (Hg) remains enigmatic. Here
we demonstrate substantial enrichments of mercury and methylmercury, along with the presence of
microbes capable of metabolizing mercury in sediments of the Haima cold seep, South China Sea, by
analyzing mercury and methylmercury concentrations, mercury isotopic composition analyses and
metagenomic analyses of sediment cores. Compared to the reference area, the sediments in the upper
sediment column of the active-seep area were 2.4 times enriched in Hg and 10.5 times inmethylmercury.
The slope of the capital delta ratio of mercury 199 to mercury 201 (Δ199Hg/Δ201Hg) with 1.23 ± 0.10 in the
active-seep area indicate the occurrence of dark redox reactions. Genes related to mercury methylation
(hgcA), demethylation (merB) and reduction (merA) were phylogenetically associated with several
bacterial and archaeal linages. We roughly estimated an additional 2,835 Mg mercury and 9 Mg
methylmercury are stored in cold seep globally. In summary, we propose that cold seeps globally
function as a previously unrecognized sink for mercury and source for methylmercury in the deep ocean.

Mercury (Hg) is a metal of environmental concern, with most natural and
anthropogenic inputs occurring in its inorganic form1. In aquatic ecosys-
tems, inorganic Hg can be transformed into methylmercury (MMHg),
which is a bioaccumulative and biomagnifying neurotoxin and can pose a
potent threat to human and ecosystemhealth globally2,3. The ocean plays an
important role in global Hg cycling4–7, as it receives Hg from various
pathways such as atmospheric deposition, gas invasion, riverine and sub-
marine groundwater discharge, and hydrothermal venting8–10. MMHg has
been found to be enriched in the subsurface ocean10–14, which represents a
major exposure pathway for humans via the consumption of fish and
marine mammals foraging at these depths (100–1000m). However, it is
uncertain whether the deep ocean has the capacity for Hg methylation and
demethylation13.

Seafloor cold seeps occur in a variety of geological settings along tec-
tonic plate margins15,16. In cold seep environments, microbial sulfate
reduction, anaerobicmethane oxidation, andmethanogenesis are known to
occur, supporting a diverse community of chemosynthetic organisms17–19.
As sulfate-reducing bacteria, methanogens, and anaerobic methane-
oxidizing archaea are known Hg methylators3,20, seafloor cold seeps could

be globally important hotspots for Hg(II) methylation and/or MMHg
demethylation, which have not been accounted for in global Hg models.

To test this hypothesis, here we investigated Hg and MMHg con-
centrations, Hg isotopic composition, and metagenomic analyses for 5
sediment cores (A2, A3, A4, B1, B2, and C1) and two species of bivalves (a
mussel (Gigantidas haimaensis) and a vesicomyid clam (Calyptogena
marissinica)) collected from three different environments of theHaima cold
seep, South China Sea (Supplementary Fig. 1). Cores A2, A3, and A4 were
collected from a reference area around the cold seep, Cores B1 and B2 from
an active methane seep area densely covered with livingG. haimaensis, and
coreC1froman inactivemethane seepareacoveredwithC.marissinicawith
both living and dead clams.

Results and discussion
Enrichment of Hg and MMHg in cold seep environments
In this study, Hg concentrations are significantly higher in the
upper sediment column (0–12 cm) from the active area than those in the
inactive area (p < 0.01) and reference site (p < 0.001). The average con-
centrations of Hg in sediments above 12 cm from the active seep area
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(97.2 ± 37.2 ng g−1, n = 10) are 2.3 and 2.4 times higher than those of
inactive seep area (42.8 ± 4.18 ng g−1, n = 6) and the reference site
(40.4 ± 6.49 ng g−1, n = 14) (Supplementary Fig. 2 and Supplementary
Data 1), respectively. In contrast, sediment samples below 12 cm from the
active seep area (38.7 ± 5.88 ng g−1, n = 12) have similar Hg levels to the
inactive seep area (33.5 ± 6.00 ng g−1, n = 16) and reference area
(41.1 ± 0.91 ng g−1,n = 5).Our reference site correspondswell with the deep
basin sediment Hg concentrations (38.0 ± 21.0 ng g−1) in the Atlantic
Ocean21. The concentration of Hg in the core-top layer (0–2 cm) of the
active seep area is three times higher (164 ng g−1) than those of the reference
area (51.1 ng g−1) (Fig. 1 andSupplementaryData1).This value is alsomuch
higher than those of recently reported Hg-rich Mariana hadal trench zone5

(89.0 ± 33.0 ng g−1, top ~10 cm) but lower than maximum concentrations
in Atacama trench (up to 400 ng g−1, top 2 cm)22. Consistent with the
sediment results, the tissues of G. haimaensis living in the active seep area
also contained higher total Hg (gill, 280 ng g−1; mantle, 90.7 ng g−1) com-
pared to C. marissinica (gill, 68.3 ng g−1; mantle, 41.5 ng g−1) living in the
inactive seep area (Supplementary Data 1). This phenomenon is compar-
able to mussel samples from the Site F cold seep in the South China Sea.
Yuan et al. reported that the bathymodiolin mussel Bathymodiolus

aduloides (592–920 ng g−1) living in the center of the cold seep had a much
higher Hg concentration than those of Gigantidas platifrons
(46.0–173 ng g−1) living more distant23.

Sediment organic matter is an important factor controlling Hg dis-
tribution and speciation inmarine sediments22,24–26. Reduced sulfurmoieties
in the natural organic matter can bind Hg27,28. Correspondingly, the
observed total Hg was significantly correlated with total organic carbon
content (TOC) in all sediment cores (R2 = 0.39, p < 0.05, Supplementary
Fig. 3). Hg/TOC is commonly used as an indicator to measure the ability of
TOC to sorb Hg22,25. The value of Hg/TOC in sediments of the active seep
area is enriched when compared to the inactive seep area and reference area
(Fig. 1). This suggests that the ability of TOC to sorb Hg in the active seep
area is, on average, higher than that of background marine sediments, or
organic carbon that do not bind strongly to mercury are preferentially
degraded.

MMHg concentrations (Supplementary Fig. 2 and Supplementary
Data 1) in theupper sediment column(0–12 cm) fromthe seepareas (active:
0.21 ± 0.37 ng g−1,n = 5; inactive: 0.21 ± 0.36 ng g−1,n = 6)were, onaverage,
higher than those of the reference area (0.02 ± 0.01 ng g−1, n = 6). We
observed the MMHg and MMHg/Hg maxima co-occurred in sediment

Fig. 1 | The depth profile of the geochemical characteristics in the sediment cores
from the Haima cold seep, South China Sea. Hg, MMHg, MMHg/Hg, TOC, and
Hg/TOC in the sediments, and DIC, δ13C-DIC, and SO4

2 in the pore water of the

sediment cores (A2–+A4) from the reference area, the active seep area (B1 and B2),
and the inactive seep area (C1) of the Haima cold seep, South China Sea.
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cores of both active and inactive seep areas (Fig. 1 and Supplementary
Data 1). The value of MMHg/Hg maxima is about 8 and 18 times higher,
respectively than those of the reference area. In the active seep area, the
MMHgmaximumalso coincidedwith thedepthofHg/TOCmaximumand
appeared within the sulfate methane transition zone (SMTZ) of this site16,
where low sulfate concentrations (0.47–0.49mM) and depleted δ13CDIC

values (up to−56.31‰) were observed. This may be because the dynamic
microbial sulfate reduction and anaerobic methanotrophic activities in the
SMTZ create conditions conducive to the activity of known Hg
methylators29,30. In the inactive seep area (Fig. 1 and SupplementaryData 1),
however, the MMHg and MMHg/Hg both peaked at the core-top layer,
where strong organic matter decomposition activities were found as evi-
denced by extremely high content of dissolved inorganic carbon (DIC,
19.1mM) and values of δ13C-DIC (−5.95‰) are much higher than those
found in the surface sediment of the active area and similar to those of the
reference area. This result is consistent with the observation of many dead

clams (C. marissinica) in this area (Supplementary Fig. 1d). The degra-
dation of clam tissues would also lead to the increase of pore water DIC
content31, which is possibly an additional driver of Hg methylation as it
influences both Hg bioavailability and microbial activities32. In addition,
consistent with Yuan et al.23, the methylmercury content of bivalves was
extremely low: below detection limits (0.002 ng g−1) and less than 1% of
total mercury. This may be related to shorter food chains resulting in a
less pronounced biomagnification effect in hydrothermal fields and cold
seep environments.

Mercury isotope fractionation in cold seep environments
Hg-stable isotopes are nowwidely used to trace the sources and processes of
Hg in the environment13. Distinct mass-dependent fractionation of Hg
isotopes (MDF, δ202Hg) and mass-independent fractionation of odd-mass
number Hg isotopes (odd-MIF, Δ199Hg, and Δ201Hg) occur during Hg
biogeochemical cycling33,34.

Fig. 2 | The depth profile of Hg isotopes in the sediment cores from the Haima cold
seep, South China Sea. δ202Hg, Δ199Hg, Δ200Hg, Δ201Hg, and Δ204Hg values in the
sediment cores from the reference area (A2), the active seep area (B1), and the

inactive seep area (C1) of the Haima cold seep, South China Sea. The error bars on
individual samples represent 2 SD analytical uncertainty.
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Our results show that Hg isotopic compositions for both MDF and
MIF in the active seep area are different from those in the inactive seep area
and reference site and those typical of the upper ocean (Figs. 2 and 3 and
Supplementary Data 1).

In this study, δ202Hg in G. haimaensis has a positive value of 0.32‰,
which is comparable to the core-top sediment in the active seep area with
0.20‰. In contrast, δ202Hg in C. marissinica living in the inactive seep area
shows a distinct negative value with −0.62‰, which is much lower than
biota in the active seep area but is comparable to those of mussel samples
from the Site F cold seep (−0.74‰ to −0.42‰)23. Notably, δ202Hg in the
sediment core of the active seep area shows an evidently decreasing pattern
from 0.20‰ to −0.72‰ with depth (Fig. 2), while their values in the
reference site (0.02‰ to −0.83‰) and inactive seep area (−0.21‰ to
−0.64‰) are variable buthavenodepth trend in the vertical profile. Positive
odd Hg-MIF values were observed in most of these sediments and biota
samples (Figs. 2 and 3, and Supplementary Data 1). The Δ199Hg has a value
of 0.35‰ in G. haimaensis, and 0.26‰ in C. marissinica, respectively. The
Δ199Hg has average values of 0.07‰ ± 0.06‰ (n = 15) in the reference site,
and 0.11‰ ± 0.05‰ in the inactive site (n = 11), respectively. Although in
the active site, the Δ199Hg have average values of 0.06‰ ± 0.15‰ (n = 10),
respectively, the two cores (B1 and B2) both have an evident decrease trend
with depth (from 0.27‰ to −0.14‰ of Δ199Hg).

It has been reported that Hg odd-MIF mainly accompanies photo-
reduction of Hg(II) or photodegradation of MMHg in the aqueous
environment10,35. The Δ199Hg/Δ201Hg ratio is diagnostic of these two path-
ways, with a ratio of 1.3 for MMHg photodegradation and 1.0 for Hg(II)
photoreduction35. In this study, Δ199Hg and Δ201Hg values of sediments in
the inactive seep area and reference area are significantly correlated
(R2 = 0.95, p < 0.05) with aΔ199Hg/Δ201Hg slope of 0.96 ± 0.04 (Fig. 3). This

result indicates that part of Hg in the inactive seep area and reference area
might have experienced a photoreduction process before settling down into
the dark zone of the deep ocean. This conclusion is also supported by the
near-zero Δ200Hg values in this whole region (with average values of
0.01‰ ± 0.03‰, 0.03‰ ± 0.02‰ and 0.02‰ ± 0.02‰ in the active site,
inactive site and reference site, respectively; Supplementary Data 1), which
were similar with sediment samples taken from hadal trench zone5 and
Mediterranean Sea36. Notably, an interesting finding is that the slope of
Δ199Hg/Δ201Hg in the sediments of the active seep area is 1.23 ± 0.10, which
significantly differs from those of the reference and inactive seep areas.
Given that the location of the active seep area is very close to the reference
and inactive seep area, the Hg deposition from the top sea should be
comparable among the above three areas. It is speculated that the distinctive
slope of Δ199Hg/Δ201Hg with 1.23 ± 0.10 is induced by some characteristic
processes that occurred at an active cold seep system. Zheng and
coauthors37,38 reported that abiotic dark redox reactions of Hgwould lead to
negative MIF owing to nuclear volume effects, with a linear slope of 1.28
(oxidation) and 1.60 (reduction) for Δ199Hg/Δ201Hg ratios. Therefore, we
propose that the Hg deposition process in active seep areas might be also
influencedbyabiotic dark redoxprocesses. Thepresenceof large amounts of
organic matter in the active cold seep may stimulate dark redox processes.

As mentioned above, both of MDF andMIF have an evident decrease
trend with depth, while they remain relatively constant in the inactive seep
area and reference area. In the sediment cores of the active seep area, the
upper sediments have a pronounced positive MDF (δ202Hg up to 0.20‰)
and odd-MIF when compared to those of lower parts (Fig. 2 and Supple-
mentary Data 1). Among many possible scenarios for this, two of them are
provided here. Firstly, inorganic Hg from the upper ocean transfers into the
seep area, where abundant reduced sulfur moieties from seep ecosystems

Fig. 3 | Plots of Hg isotopes in the sediment cores and mussels from the Haima
cold seep, South China Sea. a Δ199Hg versus δ202Hg values in the sediments of the
active seep area. b Δ199Hg versus Δ201Hg values in the sediments of the active seep
area. cΔ199Hg versus δ202Hg values in the sediments of the reference and inactive seep

areas. d Δ199Hg versus Δ201Hg values in the sediments of the reference area and
inactive seep area. The yellow star represents the C. marissinica from the inactive
seep area, and the red star represents the G. haimaensis from the active seep area.
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provide binding sites27,28, facilitating the Hg deposition and enrichment
here. Thus, Hg deposited through this process can inherit the isotopic
fingerprint of theHg in the upper ocean, resulting in a positive odd-MIF but
slightly negativeMDF 10,13,36. Secondly, a large amount ofHg0 rising from the
deep would be oxidized to Hg(II) through dark reactions in the absence of
light slightly below the sediment-water interface. This process can cause the
produced Hg(II) to exhibit a distinct positive MDF 38,39. Considering these
two processes collectively, the surface sediments in the active seep area
exhibit significant enrichment of total-Hg concentration and show evident
positive MDF and odd-MIF characteristics.

Furthermore, the lower part sediments in the active seep area gradually
shift towards negative MDF and odd-MIF characteristics. These features
could be attributed to the occurrence of secondary processes, such as abiotic
dark reduction and adsorption of Hg, in the sediment columns after Hg
deposition. In the active seep area, the lower section of the sediment core is
primarily under anoxic conditions. In this environment, the organicmatter-
driven dark reduction ofHg converts sedimentHg(II) intoHg°, leading to a
notable negative odd-MIF in the remainingHg(II)38. In addition, it has been
reported that processes such as adsorption by sulfhydryl and Fe groups can
retain the lighter fraction ofMDF in the residualHg fraction40. Therefore, as
time goes on, the deep sediments exhibit negative shifts in both MDF and
odd-MIF, which has also been observed in iron-rich soil profiles40. In
addition, such a reduction would cause a decrease in Hg concentrations.

Evidence for microbially mediated Hg cycling in the cold seep
environments
To identify potential microbially-mediated Hg transformations within the
cold seep environments, we performed metagenomic sequencing of
microbial community DNA extracted from sediment samples of the active-
area (B1 and B2) and inactive-area (C1). Results showed that Hg-related
functional genes, encoding the capability for Hg methylation (hgcA),
reduction (merA) and demethylation (merB) were abundant in cold seep
sediments based on gene-revolved analysis (Fig. 4a and Supplementary
Data 2). For the inactive seep core C1 and active core B1, the abundance of
hgcA gene increased with depth, both peaking at 4–6 cm below the

sediment-water interface (37 genes per million; GPM) in core C1; 18 GPM
in core B2). In the active core B2 samples, hgcA gene abundance showed a
maximum at the surface sediments (0–2 cmdepth, 18GPM) and decreased
with depth. The vertical distribution of the abundance was similar for the
merB gene and hgcA gene. This result suggests the co-occurrence of
methylators and de-methylators regulating the apparentMMHg levels. The
merA gene was observed in low abundance in all cold seep samples.

We conducted metagenomic binning to examine the dominant Hg-
metabolizing microbiota in seep sedimentary environments. A total of 487
metagenome-assembled genomes (MAGs) were recovered from all cold-
seepmetagenomic datasets (Supplementary Data 3). From these, 38MAGs
were identified as putative Hg methylators encoding the hgcA genes. They
belong to 14 diverse phyla: Desulfobacterota, Zixibacteria, Verrucomicro-
biota, TA06, Spirochaetota, Planctomycetota, Krumholzibacteriota, Fibro-
bacterota, Eisenbacteria, Chloroflexota, Bacteroidota, Acidobacteriota,
Halobacteriota and Asgardarchaeota (class of Lokiarchaeia) (Fig. 4b).
Among these, Zixibacteria, TA06, Krumholzibacteriota, Eisenbacteria and
Lokiarchaeia have not been implicated in Hgmethylation. These five newly
identified cladeswere rare (0.04%of themicrobial communities on average)
in all cold seep samples (Supplementary Data 4). Thirteen hgcA-carrying
MAGswere associatedwithDesulfobacterota, representing themost diverse
Hg-methylating clade currently known41. Desulfobacterota were identified
as the dominant Hg-methylator in the upper zone of three sediment cores;
their abundance decreasedwith the sediment depth (Supplementary Fig. 4).
Five hgcA-carrying MAGs represented members of Chloroflexota, a wide-
spread and dominant clade inmostmarine sediments42. Chloroflexota were
observed to bemore abundant in the inactive cores than in active cores. One
MAGaffiliatedwithHR1 (i.e., ANME-2)withinHalobacteriota represented
the most abundant archaeal Hg methylators (up to 2.9% of the microbial
communities in core C1). The abundance of HR1 showed an increasing
trend with depth.

Microbes have been shown to respond toMMHg stress43 by using the
organomercurial lyase encoded by the merB gene to demethylate MMHg
into Hg2+. In this study, six MAGs, assigned to Chloroflexota, Planctomy-
cetota, and Gammaproteobacteria, were observed to harbor themerB gene

Fig. 4 | Themicrobially-drivenHgmetabolism in theHaima cold seep sediments.
a The abundances of the Hg-metabolizing genes for different depths in three cores
are shown as GPM (Genes Per Million). B1 and B2 were collected from the active
area, and C1 was collected from the inactive area. Detailed information on gene
abundances is presented in Supplementary Data 4. b Maximum-likelihood

phylogenetic tree of HgcA amino acid sequences. HgcA sequences recovered in this
study are highlighted in blue. HgcA sequences retrieved from public databases are
shown in black. Experimentally confirmedHgcA fromprevious studies are indicated
with stars. Bootstrap values of >70% are indicated as black circles at the nodes, and
the scale bar indicates substitutions per site.
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(Supplementary Fig. 4 and Supplementary Data 4). Among them, Planc-
tomycetota and Gammaproteobacteria were present in all three sediment
cores, while Chloroflexota only occurred in the inactive seep area. Mean-
while, the relative abundance of Proteobacteria andChloroflexota decreased
with sediment depth, while Planctomycetota increased with depth. Addi-
tionally, microbes have been shown to cope with Hg2+ toxicity by trans-
forming it into volatile Hg0 using mercuric reductase encoded by themerA
gene43. OneMAG belonging to Gammaproteobacteria was found to harbor
the merA gene.

A schematic model for the biogeochemical Hg cycle in the seep
environment and implications
Based on the above geochemical and microbial evidence in the Haima cold
seep, we propose a schematic model for the biogeochemical Hg cycle in the
cold seep environment (Fig. 5). The thriving seep ecosystem (e.g., G. hai-
maensis) supplies a large amount of thiol compounds and organicmatter in
the sediments of the active seep area,which canprovide binding sites forHg.
Consequently, Hg deposited from surrounding environments would con-
tinue to be accumulated here. Within the surface sedimentary environ-
ments, part of inorganic Hg(II) is converted into MMHg by Hg-
methylators, such as sulfate-reducing bacteria and methanotrophic
microorganisms. Microbial mediated-demethylation processes of MMHg
might also occur, indicated by the presence of members of Chloroflexota,
Planctomycetota and Gammaproteobacteria. The rate and efficiency of
microbial methylation and demethylation processes would peak under
certain conditions due to diagenesis andmicrobial activities in the sediment
core. As indicated by the Hg odd-MIF values in the active seep area, a large
amount of thiol compounds and organic matter creates an ideal condition
for the occurrence of abiotic dark redox transformation of Hg. In the upper
oxidized environment, asHg0 undergoes oxidationwhile ascending through
the sediment column, the remaining Hg0 becomes enriched in the 202Hg
isotope, leading to increased δ202Hg values in the produced Hg(II) at higher
sediment layers. While under anoxic conditions of the deep sediments,
organic matter-driven dark reduction converts sediment Hg(II) into Hg°,
leading to a notable negative odd-MIF.

Although quantitative data are not available at this point, we can still
speculate on the importance of methane seep activities on deep-sea Hg
cycling. In this study,weobserved thatHgandMMHgenriched in theupper
12 cm of sediment cores in the active area with an average concentration of
97.2 ng g−1 and 0.21 ng g−1, respectively, which is 2.4 times and 10.5 times

more than those in the reference area.Given that the total active seep areas in
Haima is about 350 km2 44, and the sedimentmean bulk dry density is 1.3 g/
cm3 45, an additional 3.15 Mg Hg and 0.01 Mg MMHg will be preserved in
the active seep sediments, compared to the same area scale of the reference
area. There are approximately more than 900 cold seeps that have been
found globally up to date46. To appropriately contextualize our findings on a
global scale, we have extrapolated the data from the Haima seep area to
estimate the potential Hg and methylmercury (MMHg) storage across
global seep systems. If we assume that other cold seeps have a comparable
scale of active areawithHaima, thenwe estimate that an additional 2835Mg
Hg and 9 Mg MMHg could be stored in cold seeps globally. According to
Hayes et al.21, the global deep-sea burial fluxes of Hg are on the order of 220
MgHg per year, and Zhang et al.47. report a global burial flux of about 9Mg
MMHg per year. Based on these figures, the total amount of additional Hg
and MMHg stored in global cold seep surface sediments could correspond
to about 13 year’s and1year’sworthof the global deep-sea annual burialflux
for Hg and MMHg, respectively. This speculation may underestimate the
influence of cold seeps on global Hg cycling, as more andmoremarine cold
seeps will be discovered, accompanying growth in seafloor survey coverage.
Moreover, while the cold seep Hg/MMHg reservoir (in Mg) is relatively
small, fluxes (in Mg/y) may be important, and future work should address
this. Nevertheless, our result suggests that cold seeps are an important sink
of Hg and a source of MMHg in the deep ocean, which had not been
previously accounted for.

Methods
Sampling
Bivalve samples and sediment cores A2, A3, A4, B1, B2, and C1 were
collected in thenorthernpart of the SouthChina Sea (SupplementaryFig. 1),
the Haima cold seep area48 via the R/V Tansuo Yihao using the manned
submersible ShenHai YongShi in 2018–2019. G. haimaensis collected from
the active area was approximately 8 cm long, while C. marissinica collected
from the inactive area was approximately 13 cm long. The length of the
sediment push cores fell in a range of 14–30 cm. Porewater was extracted
on-board immediately using a Rhizon sampler, which can effectively avoid
oxidation during the extractionprocess. Beforemeasurement formajor ions
and dissolved inorganic carbon, porewater was stored at 4 °C for one week.
After pore water extraction, sediment subsamples were immediately sec-
tioned onboard into slices of 2 cm in thickness and stored at −80 °C for
geochemical and molecular analyses. The gill and tissue subsamples of the

Fig. 5 | The schematic model for the biogeochemical Hg cycle in the seep envir-
onment. The cold seep environment continuously receives inorganic Hg deposited
from the surrounding environments as the thriving seep ecosystem supplies a large
amount of organic matter, which can provide binding sites for Hg absorptions. Part

of inorganic Hg(II) is converted into MMHg by Hg-methylators, and microbially-
mediated demethylation processes of MMHg also occur. Hg0 rising from the deep
would be oxidized to Hg(II) in the upper oxidized environment, while organic
matter-driven abiotic dark reduction converts sediment Hg(II) into Hg°.
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bivalves were separated with sterile scissors onboard and stored at −80 °C
for Hg analyses.

Hg, MMHg, and Hg isotope measurements
TotalHg,MMHg, andHg isotopes in the bivalve tissues and sedimentswere
measured at the State Key Laboratory of Environmental Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences. Total Hg was
measured in a total of 5 different cores. Itwasmeasured on aDirectMercury
Analyzer (DMA 80, Milestone Inc., Italy) following the US Environmental
Protection Agency Method 747349. The quality assurance and quality con-
trol were conducted using method blanks, sample duplicates, and certified
reference materials (CRM, ERM-CC580, estuarine sediment). Method
blanks were <1% of the Hg mass of the measured samples. The recoveries
were 103%–105%, as assessed by ERM-CC580. The measured total Hg in
ERM-CC580 was 137 ± 1.2mg kg−1 (SD, n = 3), while the certified value is
132 ± 3mg kg−1. The relative standard deviations of sample/CRM dupli-
cateswere <5% for totalHg concentration.MMHgwasmeasured in the two
bivalve samples and three cores (A2,B1, andC1). For the analysis ofMMHg,
the bivalve tissue samples were digested with 25% KOH solutions at
75 ~ 80 °C in a water bath for three hours, while the sediment samples were
pretreated with CuSO4–HNO3 leaching, CH2Cl2 extraction, and back
extraction50,51. Then, the solution was ethylated with NaB(C2H5)4, followed
by a purge and trap with a Tenax trap, and finally analyzed by the combi-
nation of gas chromatography and cold vapor atomic fluorescence
spectrometry52. Method blanks were 0.001 ± 0.010 ng g−1. The recoveries
were 93%–104%as assessed byERM-CC580 for sediments and104%–111%
by DORM-4 for bivalve samples. The measured MMHg in ERM-CC580
was 73.9 ± 4.20 ng g−1 (SD, n = 3), while the certified value is
75.0 ± 4.00 ng g−1. ThemeasuredMMHg inDORM-4was 376 ± 14.5 ng g−1

(SD, n = 3), while the certified value is 355 ± 28.0 ng g−1. The relative
standard deviations of sample/CRM duplicates were <10% for MMHg
concentrations.

Hg isotopes were measured in the two bivalve samples and three cores
(A2, B1, and C1). For the analysis of Hg isotopes, biological tissue samples
were digested in 5mL HNO3 at 95 °C in a water bath for 3 h, and then the
digestion was oxidized by BrCl overnight, followed by hydroxylamine
hydrochloride reduction before isotope determination53. For sediment
samples, a double-stage tube furnace coupled with 40% reverse aqua regia
(HNO3/HCl = 3/1, v/v) trapping solutions were used for Hg pre-
concentrationprior to the isotope analysis54.All the solutionswerediluted to
0.5–1mg L−1 Hg and analyzed on aNu-Plasma IIMC-ICP-MS. NIST SRM
997 Tl standard was used as an internal standard for simultaneous instru-
mental mass bias correction of Hg. The NIST SRM 3133 Hg standard
solution was used as a bracketing standard to obtain high precision of Hg
isotope analysis.

Hg isotopic results are expressed as delta (δ) values in units of permille
(‰) variation relative to the bracketed NIST-3133 Hg standard, as follows:

δ202Hg ¼ ½ð202Hg=198HgÞsample=ð202Hg=198HgÞstandard � 1�× 1000

The Hg concentration and acid matrices in the bracketing NIST-3133
solutions were matched with neighboring samples. Any Hg-isotopic value
that didnot follow the theoreticalmass-dependent fractionation (MDF)was
considered an isotopic anomaly caused by mass-independent fractionation
(MIF). MIF values, reported in Δ notation (ΔxxxHg), were calculated as the
difference between measured δxxxHg and the theoretically predicted δxxxHg
value, in units of per mille (‰), as follows:

ΔxxxHg ¼ δxxxHg�β× δ202Hg

where xxx = 199, 200, 201, and β is equal to 0.2520, 0.5024, and 0.7520 for
199Hg, 200Hg, and 201Hg, respectively. NIST-3177 secondary standard
solutions were diluted to 0.5–1mg L−1 Hg and measured every 10 samples.
Standard referencematerial GSS-4 (soil) was prepared andmeasured in the
same way as the samples. Analytical uncertainty was estimated based on

replicate analyses of the NIST-3177 secondary standard solution and
reported as 2 SD of NIST-3177.

Sediment and pore water geochemistry
The pore water DIC concentrations and carbon isotopes (δ13C-DIC) were
measured at the Stable Isotope Laboratory, Third Institute of Oceano-
graphy, Ministry of Natural Resources. Samples were prepared by injecting
them into evacuated septum tubes with phosphoric acid. Released CO2 gas
was then analyzed with a continuous-flow isotope ratio mass spectrometer
(MAT253, Gasbench). The stable isotopic results are reported with δ values
as deviations permillion from the V-PDB standard. The precision based on
replicate analysis was ±0.2‰ for δ13C-DIC.

The sediment TOC and TN concentrations were measured on an
elemental analyzer, connected to a stable isotope mass spectrometer (EA/
IRMS, Elementar Vario Isotope Cube™/Isoprime 100™). Sulfate concentra-
tions in pore water were measured by ion chromatography (ICS-1100,
Thermo Inc., US).

Metagenome sequencing and analysis
DNAwas extracted from the three sediment core samples (B1, B2, and C1)
using PowerSoil DNA Isolation Kits (MO BIO Laboratories) according to
the manufacturer’s instructions. Metagenomic sequencing was performed
on DNBSEQ-T1 and BGISEQ500 sequencers (MGI Tech, China).

Raw reads derived from metagenome libraries were quality-
controlled by clipping off primers and adapters and filtering out arti-
facts and low-quality reads using the Read_QC module within the
metaWRAP pipeline v1.3.255. Filtered reads were individually assembled
and co-assembled using MEGAHIT v1.1.3 (k list: 21, 29, 39, 59, 79, 99,
119)56. Each assembly was binned using the binning module within the
metaWRAP pipeline v1.3.2 (–metabat2 –maxbin2 –concoct for indivi-
dual assembly and co-assembly from inactive samples; –metabat2 for co-
assembly from active samples). For each assembly, the three bin sets (one
for co-assembly from active samples) were consolidated into a final bin
set with the bin_refinement module of metaWRAP pipeline v1.3.2 (-c 50
-x 10). Finally, 865 MAGs were obtained from the 18 assemblies. They
were then combined and dereplicated using dRep v 3.0.0 (-comp 50 -con
10 -sa 0.95)57 at 95% average nucleotide identity clustering58,59. The
completeness and contamination of each MAG were assessed using the
lineage-specific workflow of CheckM v1.0.1860. After dereplication, a
total of 487 dereplicated MAGs were obtained. Contigs in each MAG
were renamed using anvi-script-reformat-fasta in anvi’o v661. Each MAG
was taxonomically assigned according to the Genome Taxonomy Data-
base (GTDB) (Release R06-RS202) using GTDB-tk v1.5.062. CoverM
v0.6.1 “genome” (https://github.com/wwood/CoverM) was used to
obtain coverage of genomes.

Functional annotations
To generate the reference gene catalog for microbial communities, genes
were predicted from 18 assemblies using Prodigal v2.6.3 (-p meta). All the
predicted geneswerepooled (n = 12,650,024) and clustered at 95%sequence
similarity and 90% alignment coverage of the shorter sequence using cd-hit-
estoption inCD-HITv4.8.163. The parameters are as follows: -c 0.95 -T0 -M
0 -G 0 -aS 0.9 -g 1 -r 1 -d 0. This produced 6,655,350 nonredundant gene
clusters, with the longest sequence of each cluster being selected for
downstream analysis. To quantify gene abundance from the reference gene
catalog in different metagenomes, Salmon v1.4.064 was used in mapping-
based mode (salmon quant, --validateMappings --meta). Annotation of
genes for Hg methylation (hgcAB), demethylation (merB), and reduction
(merA) was based on published hidden Markov model (HMM) profiles
(https://github.com/elizabethmcd/MEHG)65.

For phylogenetic analysis, amino acid sequences were aligned using
MAFFT v7.490 (-auto option)66, which was further trimmed using TrimAl
v1.2.59 (-gappyout option)67. Maximum likelihood trees were constructed
using IQ-TREE v2.1.268, using ModelFinder to select the best model of
evolution and 1000 SH-aLRT bootstraps.
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Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Raw metagenomic sequencing data were deposited in NCBI
(PRJNA739036). Large Supplementary Data, including geochemical data
and metagenome statistics, were deposited in Figshare.
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