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Mercury isotopic compositions of amphipods and snailfish from
deep-sea trenches reveal information on the sources and transformations of mercury in the deep oceans. Evidence for methylmercury subjected to photochemical degradation in the photic zone
is provided by odd-mass independent isotope values (Δ199Hg) in
amphipods from the Kermadec Trench, which average 1.57‰
(±0.14, n = 12, SD), and amphipods from the Mariana Trench, which
average 1.49‰ (±0.28, n = 13). These values are close to the average
value of 1.48‰ (±0.34, n = 10) for methyl-mercury in fish that feed
at ∼500-m depth in the central Pacific Ocean. Evidence for variable
contributions of mercury from rainfall is provided by even-mass independent isotope values (Δ200Hg) in amphipods that average
0.03‰ (±0.02, n = 12) for the Kermadec and 0.07‰ (±0.01, n =
13) for the Mariana Trench compared to the rainfall average of
0.13 (±0.05, n = 8) in the central Pacific. Mass-dependent isotope
values (δ202Hg) are elevated in amphipods from the Kermadec
Trench (0.91 ±0.22‰, n = 12) compared to the Mariana Trench
(0.26 ±0.23‰, n = 13), suggesting a higher level of microbial demethylation of the methyl-mercury pool before incorporation into the
base of the foodweb. Our study suggests that mercury in the marine foodweb at ∼500 m, which is predominantly anthropogenic, is
transported to deep-sea trenches primarily in carrion, and then incorporated into hadal (6,000-11,000-m) food webs. Anthropogenic
Hg added to the surface ocean is, therefore, expected to be rapidly
transported to the deepest reaches of the oceans.
mercury

oxidized to form Hg(II), which is then deposited to the ocean
surface primarily in rainfall. A portion of the deposited Hg(II)
is microbially and abiotically reduced back to Hg(0) and returned
to the atmosphere (13, 14). Hg(II) can also be microbially (11, 15)
and abiotically (16–18) methylated in the water column. The
oxygen minimum zone (OMZ, ∼400–800 m in the central Pacific
Ocean) appears to be the depth where methylating organisms
occur and facilitate methylation (19). Some of the produced
monomethyl-mercury (MMHg) may be advected to the photic
zone, where it can be partially photochemically demethylated, and
some may be demethylated microbially and abiotically below the
OMZ (17, 18, 20).
Several studies have estimated what proportion of Hg in the
oceans is anthropogenic, and into what water masses anthropogenic Hg has been transported (21, 22). Lamborg et al. (23) used
the ratio of Hg to remineralized phosphorus in water masses to
determine that about two-thirds of the anthropogenic Hg in the
oceans was in the upper 1,000 m and that the Hg concentration
in surface waters had approximately tripled compared to preindustrial times, suggesting that the Hg was ∼70% anthropogenic.
Outridge et al. (24) estimated that about 12% of the Hg transported to the deep ocean was of anthropogenic origin, but did
not specifically consider transport to marine trenches. These
conceptual models suggest that the proportion of anthropogenic
Hg decreases with depth in the ocean and thus would be less
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ercury (Hg) of both natural and anthropogenic origin circulates throughout the atmosphere and oceans. In the
atmosphere gaseous elemental mercury [Hg(0)] has a residence
time of about 1 y and is thus considered a global pollutant (1, 2).
Deposition of mercury from the atmosphere to the land surface
has been observed in even the most remote and pristine terrestrial ecosystems including the high Arctic tundra, Greenland, and
Antarctica (3–6). This study investigates the sources and cycling of
Hg in biota from deep-sea trenches, which are generally considered to be among the most remote and pristine ecosystems in the
world’s oceans (7, 8). Amphipods and snailfish were collected and
analyzed for Hg isotopic composition and concentration from
depths of 6,900–10,250 m in the Mariana Trench, ∼320 km
southwest of Guam in the northwest Pacific Ocean (12°N), and
6,000–10,000-m depths in the Kermadec Trench, ∼400 km
northeast of New Zealand in the southwest Pacific Ocean (32°S).
For detailed locations see ref. 9. These trenches are among the
deepest locations in the world’s oceans.
Although much is known about the sources, concentrations,
and transfer rates of Hg in the atmosphere, the inventories and
dynamics of Hg in the oceans are much less well known. Recently, a
few oceanographic studies have measured Hg biogeochemical parameters in biota and sinking particles in the relatively accessible
upper ∼1,000 m of the oceans (e.g., refs. 10–12). A general consensus has developed which suggests that Hg in the atmosphere
can be deposited to the ocean surface as Hg(0) or photochemically
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Mercury is a globally distributed neurotoxic pollutant that can
be biomagnified in marine fish to levels that are harmful for
consumption by humans and other animals. The degree to
which mercury has infiltrated the oceans yields important information on the biogeochemistry of mercury and its expected
effects on fisheries during changing mercury emissions scenarios. Mercury isotope measurement of biota from deep-sea
trenches was used to demonstrate that surface-ocean-derived
mercury has infiltrated the deepest locations in the oceans. It
was found that when fish living in the surface ocean die and
their carcasses sink (along with marine particles), they transfer
large amounts of mercury to the trench foodwebs leading to
high concentrations of mercury in trench biota.
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Fig. 1. Depth of sample collection in meters on log scale versus δ202Hg of
samples. Symbol colors are keyed to the color of text labeling each sample
type. Red and green symbols are analyses from this study of snailfish and
amphipods from the Mariana (red) and Kermadec (green) trenches, respectively. Blue and black symbols are precipitation and marine particles from
the central Pacific Ocean from ref. 12. Purple x’s are analyses of fish from the
central Pacific Ocean from refs. 26 and 12. See SI Appendix, Table S2 for
analytical uncertainty of isotope values.

abundant in deep-sea trenches such as the Mariana and Kermadec
trenches.
Much has been learned about the sources and cycling of Hg in
the oceans from measurement of the stable isotopic compositions of Hg over the past decade (25–28). Hg has seven stable
isotopes with nominal abundances of 196Hg = 0.16%, 198Hg =
10.0%, 199Hg = 16.9%, 200Hg = 23.1%, 201Hg, =13.2%, 202Hg =
29.7%, and 204Hg = 6.83%; and their relative abundances can be
measured with high precision in a wide range of sample types
(29). During mass spectrometry analysis, each major isotope is
referenced to 198Hg, yielding five isotope ratios. Each isotope
ratio for an environmental sample is referenced to a standard
reference material (SRM-3133) and the deviation of the ratio
from the standard is reported as a delta (δ) value in permil (‰).
The δ202Hg value is a measure of the difference in isotope ratios
imparted by mass-dependent fractionation (MDF). Capital delta
values (Δ) are a measure of the magnitude of mass-independent
fractionation (MIF) for each isotope, that is, the difference in
‰ between the measured δ-value and the δ-value predicted for
that isotope ratio due to MDF.
Based on isotope fractionation experiments and studies of Hg
isotopes in environmental samples it has been found that there
are six unique isotopic “signatures,” each of which provides
different clues to the complex biogeochemistry of Hg (30, 31). In
some cases in this paper, we discuss the variation in “Δ” and “δ”
values with depth in the ocean, which gives us a measure of the
extent to which various reactions that affect Hg speciation have
progressed and how this varies with depth. In other cases, we
discuss the relationships between the various values of Δ and δ
which yield information on the mechanisms of reactions that
modify the chemical speciation of Hg in the oceans.
Results
Hg Concentrations. The Hg concentration (dry mass, see SI Ap-

pendix, Table S1) of snailfish muscle tissue from the Kermadec
Trench ranges from 3.09 to 3.71 μg/g (average [ave.] 3.31 ±
0.35 μg/g, n = 3, SD) whereas the Mariana values range from 1.53
to 3.34 μg/g (ave. 2.38 ± 0.91 μg/g, n = 3). Amphipods display a
much wider relative range of Hg concentrations with Kermadec
amphipods ranging from 0.408 to 13.6 μg/g (ave. 3.54 ± 4.65 μg/g,
n = 12) and Mariana amphipods ranging from 0.162 to 0.711 μg/g
(ave. 0.338 ± 0.156 μg/g, n = 13). Note that the values following
“±” throughout this paper represent SDs.
Blum et al.

Fig. 2. Depth of sample collection in meters on log scale versus Δ200Hg of
samples. Symbols are the same as in Fig. 1. See SI Appendix, Table S2 for
analytical uncertainty of isotope values.
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ranges within each combined group of snailfish and amphipods
analyzed at each site. In SI Appendix, Tables S1 and S2 we report
the five delta values we use to fully describe changes in the
isotopic composition of each sample. In all studies of Hg isotopes
in biota Δ201Hg has been shown to be strongly correlated with
Δ199Hg (in this study for all amphipods r2 = 0.98; SI Appendix,
Fig.S1). Similarly, Δ204Hg has been shown to be correlated with
Δ200Hg, but with greater uncertainty because of the effects of
analytical uncertainty for the relatively small Δ200Hg and Δ204Hg
values (in this study for all amphipods r2 = 0.54; SI Appendix, Fig.
S2). For simplicity in our discussions below, we use Δ199Hg
values to describe the magnitude of odd MIF and Δ200Hg values
to describe the magnitude of even MIF.
δ202Hg values of biota display a strong contrast between the
two trenches (Fig. 1). For Kermadec snailfish, δ202Hg values
range from 1.02 to 1.05‰ (ave. 1.04 ± 0.02‰, n = 3) and
Mariana values range from 0.43 to 0.65‰ (ave. 0.54 ± 0.16‰,
n = 2). Kermadec δ202Hg values for amphipods range from 0.56
to 1.39‰ (ave. 0.91 ±0.22‰, n = 12), whereas Mariana values
for amphipods range from 0.02 to 0.70‰ (ave. 0.26 ± 0.23‰,
n = 13). A Wilcoxon rank sum test (calculated using Microsoft
Excel) for the amphipods yields a P value of <<0.01 indicating a
significant difference in δ202Hg values of amphipods between the
two trenches.
Δ200Hg values of biota also exhibit systematic differences between the two trenches (Fig. 2). Kermadec values for snailfish
range from 0.018 to 0.022‰ (ave. 0.021 ± 0.003‰, n = 3) and
Mariana values for snailfish range from 0.082 to 0.083‰ (ave.
0.083 ± 0.001‰, n = 2). Δ200Hg values of amphipods in the
Kermadec Trench (ave. 0.031 ± 0.020‰, range −0.010 to
0.060‰, n = 12) are lower than those in the Mariana Trench
(ave. 0.069 ± 0.013‰, range 0.049 to 0.098‰, n = 13). A
Wilcoxon rank sum test yields a P value of <<0.01 indicating a
significant difference in Δ200Hg values of amphipods between
the two trenches.
In contrast to δ202Hg and Δ200Hg, Δ199Hg values of biota in
the two trenches are indistinguishable (Fig. 3). Kermadec
Δ199Hg values for snailfish range from 1.559 to 1.563‰
(ave.1.560 ± 0.002‰, n = 3). Values for Mariana snailfish range
from 1.55 to 1.78‰ (ave.1.66 ± 0.16‰, n = 2). Kermadec
Δ199Hg values for amphipods average 1.57 ± 0.14‰ (range
1.38–1.79‰, n = 12), whereas Δ199Hg values for Mariana amphipods average 1.49 ± 0.28‰ (range 1.13–2.31‰, n = 13). A
Wilcoxon rank sum test yields a P value of 0.13, indicating that
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Hg Isotopic Composition. The Hg isotopic values fall into narrow

Fig. 3. Depth of sample collection in meters on log scale versus Δ199Hg of
samples. Symbols are the same as in Fig. 1. See SI Appendix, Table S2 for
analytical uncertainty of isotope values.

the Δ199Hg values of amphipods between the two trenches are
not statistically different.
Discussion
Previous Work. Two papers that are closely related to our study

were published recently. Liu et al. (32) measured Hg and
monomethyl-Hg (MMHg) concentrations in amphipods collected from 6,990 to 10,840-m depth in the Massau, New Britain,
and Mariana Trenches. They found that total-Hg (THg) and
MMHg concentrations were higher in trench amphipods compared to amphipods from coastal and freshwater environments
and suggested that this may be due to trench amphipods feeding
on carrion from high trophic-level predators, which is consistent
with fatty acid analyses of the same samples. Sun et al. (2020)
measured THg and MMHg concentrations and Hg isotopic
compositions of amphipods from the Mariana and nearby Yap
Trench, as well as a single snailfish from the Yap Trench. They
found that 2–59% of the Hg in amphipods (and 83% in the single
snailfish) was in the form of MMHg, but they argued that the
isotopic composition of THg in each sample was representative
of the isotopic composition of MMHg in that sample because the
inorganic Hg (IHg) in the biota was produced by in vivo degradation of MMHg rather than by assimilation of IHg. Sun et al.
(33) provided four lines of evidence that make a strong case for
the idea that IHg formed by degradation of MMHg. Our study
and the study of Sun et al. (33) each measured THg and Hg
isotopic composition of amphipods from the Mariana Trench.
We have additionally measured Hg isotope ratios in amphipods
from the Kermadec Trench and snailfish from both the Kermadec and Mariana trenches.
Odd MIF. Odd MIF in fish and other aquatic organisms is known
to result exclusively from the photochemical degradation of
MMHg dissolved in seawater and associated with dissolved organic carbon (DOC) (34). Remaining MMHg that is not degraded
acquires elevated Δ199Hg values, which scale with the proportion
of MMHg that has been photodegraded (29). Blum et al. (26) and
Motta et al. (12) analyzed the Hg isotopic composition of particles, fish, and zooplankton from the central Pacific Ocean and
found that Δ199Hg values were highest in flying fish feeding near
the surface and declined in other biota with feeding depth down to
1,000 m. These authors suggested that MMHg was produced in
the photic zone as well as deeper in the water column in the OMZ.
Decreasing Δ199Hg values with depth can only occur through
addition of MMHg newly formed below the photic zone; consequently, this trend results from MMHg that has been near the
29294 | www.pnas.org/cgi/doi/10.1073/pnas.2012773117

surface (and acquired high Δ199Hg values) sinking through the
water column on particles and the production of additional MMHg
(with Δ199Hg ∼0‰) at greater depths, which is then added to these
sinking particles lowering the foodweb Δ199Hg values. It may also
be possible that the MMHg is produced in the OMZ and advected
to the photic zone where it is partially photochemically degraded
before being transported back to greater depths. Given these conceptual models for variation in Δ199Hg values with depth, one might
expect organisms living at great depths in deep-sea trenches to have
low Δ199Hg values that approach zero.
Surprisingly, for the biota we measured from the Kermadec
and Mariana trenches, Δ199Hg values at 6,000–10,250 m are
equivalent to values for biota at ∼500-m depth (375–625 m) in
the central Pacific Ocean (Fig. 3). Hadal zone (6,000–11,000-m)
amphipods are opportunistic scavengers (e.g., ref. 35) and they
rely on many types of organic matter for nutrition, including
detritus and infauna as well as carrion falls (32, 36). Light stable
isotope studies of hadal amphipods indicate wider ranges of δ15N
and δ13C values compared to abyssal plain (3,000–6,000-m) species, suggesting extreme trophic diversity (36) and wide ranges of
source amino acid- δ15N values, which reflect a diversity in basal
foodweb nutritional sources (9). Genetic analysis of amphipod
stomach contents further confirms consumption of diatoms (from
sinking particles), infauna, and pelagic carrion such as salps and
tuna (36). Thus, amphipod diets likely integrate a variety of
components and their Δ199Hg values are likely indicative of the
range of mercury sources to the hadal foodweb.
Total Hg in different size fractions of sinking particles (1–53
μm and >53 μm) in the central Pacific has Δ199Hg values (12)
that are much lower than in trench biota (Fig. 3). For particles to
be the source of Hg to trench biota there would need to be a very
small fraction of MMHg that has much higher Δ199Hg values
(∼1.5‰), compared to the Δ199Hg values for bulk particles from
the central Pacific (ave. 0.16‰±0.09, n = 12; range 0.05–0.37‰).
Bioaccumulation of a small, high-Δ199Hg (1.5‰) MMHg fraction
in particles could possibly provide the source of MMHg to trench
biota. However, we find that a more parsimonious explanation is
that an important component of the trench biota diet is carrion
from fish that lived at a depth of ∼500 m where the Δ199Hg of fish
averages about 1.5‰. We expect that the Δ199Hg values of Hg
reaching the trenches as carrion would be equivalent to a weighted
average of Δ199Hg values in fish sinking through the water column
above the Kermadec and Mariana trenches. Recent studies have
determined that mesopelagic (200–1,000-m depth) fish dominate
the fish biomass of the oceans (37) and when mixed with fish
from other depths could provide the appropriate Δ199Hg value
of the Hg flux to the trench environments.
The ratio of Δ199Hg to Δ201Hg values in fish and mammals
from the world’s oceans is remarkably constant at a value of ∼1.2
(25, 27, 38–41). A York regression (42) of the hadal zone samples analyzed for this study yields a slope of 1.24 ± 0.02, whereas
a York regression of fish from a range of depths in the mesopelagic of the central Pacific yield a slope of 1.23 ± 0.01. The
consistency of Δ199Hg/Δ201Hg slopes suggests a common mechanism of photoreduction for the Hg bioaccumulated in the mesopelagic and the hadal zone biota. This is consistent with the
generation of odd-MIF by photochemical degradation of MMHg
in the photic zone and transfer of Hg from the mesopelagic to
the hadal zones in sinking carrion.
Although sinking particles clearly transport some Hg to the
deep ocean floor, low Δ199Hg values of marine particles and
zooplankton (ref. 12); Fig. 3), and low particulate MMHg concentrations (43, 44), suggest particles are probably not the dominant source of Hg to amphipods or snailfish in the Kermadec or
Mariana trenches. Approximately 1% of the total Hg in sinking
particles is in the form of MMHg (12, 43, 44) and the ratio of
Blum et al.

Even MIF. Values for Δ200Hg in biota are different for the two
trenches, with statistically lower values for Kermadec (amphipods ave. 0.03‰±0.02, n = 12), and higher values for Mariana
(amphipods ave. 0.07‰ ±0.01, n = 13) (Fig. 2). Even MIF is
believed to be produced in the tropopause or stratosphere due to
photochemical oxidation of Hg(0) by ultraviolet light (47, 48).
Once produced and deposited to the Earth’s surface the intensity
of this isotopic signature can only be changed by mixing with
another pool of Hg with contrasting Δ200Hg. Rainfall in the
central Pacific ranges in Δ200Hg from 0.03 to 0.21‰ (ave.
0.13‰ ± 0.05, n = 8; ref. 12). Atmospheric Hg(0) on the Pacific
Coast of North America (Mt. Bachelor, Oregon; ref. 49) ranges
in Δ200Hg from −0.05 to −0.17‰ (ave. −0.09‰ ± 0.04, n = 26).
Biota in the central Pacific range in Δ200Hg from 0.05 to 0.18‰
(ave. 0.08‰ ± 0.03, n = 36; refs. 12, 26).
One potential explanation for the higher even-MIF values in
Mariana versus Kermadec biota is mixing of Hg from rainfall
with either geogenic Hg from seafloor hydrothermal systems or
turbidity flows, which would have Δ200Hg values of ∼0‰, or
mixing with Hg(0) from the atmosphere, which would have
Δ200Hg values of ∼ −0.09‰. A mix of about 50% geogenic Hg
with rainfall-sourced Hg could shift the Mariana values to be
equivalent to those of the Kermadec biota. A mix of about 25%
atmospheric Hg(0) could also shift the Mariana values to be
equivalent to those of the Kermadec biota. However, if this were
a viable mechanism responsible for the difference in Δ200Hg
values between the two trenches, we would also expect input of
geogenic or atmospheric Hg(0) to result in a lowering of Δ199Hg
values in Kermadec samples by about 50% due to mixing with
either geogenic Hg or atmospheric Hg(0). Instead, we find that
Δ199Hg values of Kermadec biota are indistinguishable from
Mariana Trench biota.
As an alternative explanation for the differing Δ200Hg values
of Kermadec versus Mariana biota, we suggest the possibility
that the Δ200Hg value of rainfall in the vicinity of the Kermadec
Trench could be lower than in the vicinity of the Mariana Trench.
There appears to be a latitudinal gradient by which Δ200Hg values
of northern hemisphere rainfall increases with latitude due to
changes in mixing between the tropopause and the troposphere
(48, 50). Although speculative and as yet unverified, we suggest
the possibility that rainfall could have variable Δ200Hg values in
different global regions. We note that atmospheric modeling
studies have demonstrated that atmospheric Hg in the southern
hemisphere originates largely from the oceans rather than from
the northern hemisphere atmosphere (14). In the northern hemisphere negative Δ204Hg anomalies are preserved in precipitation in
conjunction with positive Δ200Hg anomalies, but with approximately
twice the magnitude. When biota values for each trench are
plotted as Δ200Hg versus Δ204Hg (SI Appendix, Fig. S1) we see that
they display a slope of approximately −0.5, suggesting that the Hg
Blum et al.
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isotope trends observed in trench biota are formed by the same
atmospheric oxidation fractionation mechanism that controls the
even-MIF isotopic signature of rainfall.
MDF. In contrast to odd MIF, MDF values for hadal biota differ

between the two trenches that we investigated. The Mariana
Trench amphipods have lower δ202Hg values (ave. 0.26 ±
0.23‰, n = 13), whereas the Kermadec Trench amphipods have
higher δ202Hg (ave. 0.91 ± 0.22‰, n = 12) (Fig. 3). It has been
established experimentally that microbial degradation of MMHg
results in an increase in the δ202Hg value of remaining MMHg
(51) that is then available for uptake into foodwebs. This is
consistent with transport of MMHg via the tissues of carcasses to
the trench floor where it is partially degraded by microbes with
the remaining MMHg reincorporated into the foodweb. Methylation may also occur in this environment and this would lead to
MDF in the opposite direction (lower δ202Hg values in the
MMHg). However, Cossa et al. (15) argued that demethylation
dominated over methylation in the Mediterranean thermocline
and we suggest that this may also be occurring in deep-ocean
trench environments. Gerringer et al. (52) measured source
amino acid δ15N values in snailfish from the Kermadec and
Mariana trenches and these values are higher in the Kermadec,
consistent with greater bacterial reworking of particles at the
base of the foodweb. Source amino acid values would propagate
through the foodweb, so even if the main source of Hg to hadal
organisms was carrion sinking from ∼500 m, the Gerringer et al.
(52) results on snailfish would still be consistent with this interpretation. Thus, microbial alteration is consistent with amino
acid isotope data on amphipods and fish and is consistent with
the trends we see in δ202Hg values.
Combining MDF and Odd MIF. To summarize the various stages of

Hg isotope fractionation that occur through the marine biogeochemical cycle, we include a plot of Δ199Hg versus δ202Hg with
data from the central Pacific as well as the Kermadec and
Mariana trenches. To help in the interpretation of trends in the
data, we also include arrows indicating the trajectories for MDF
and odd MIF based on experimental studies (Fig. 4). This
graphic is meant to depict the minimum number of fractionation
steps that we foresee occurring; the actual process could be more
complex with Hg taking additional pathways. We begin with the
addition of Hg(II) to the surface ocean in rainfall with an isotopic composition defined by measurements of rainfall collected

Fig. 4. Δ199Hg versus δ202Hg of all samples. Symbols are the same as in
Fig. 1. Lines with arrows illustrate the shift in isotopic composition of residual MMHg during important fractionation processes (30). See SI Appendix, Table S2 for analytical uncertainty of isotope values.
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MMHg to C is ∼50× higher in mesopelagic fish (26) compared to
particles in the central Pacific (∼1,000 ng MMHg/g C versus
∼20 ng MMHg/g C; Motta et al., ref. 12).
We argue that the flux of MMHg to the deep sea is most easily
accounted for by carrion because they have the appropriate
Δ199Hg values and much higher ratios of MMHg/C. In addition,
studies of the biogeochemical importance of carrion falls to the
seafloor have concluded that a minimum of ∼4% (45) and up to
∼11% (46) of the organic carbon flux to the deep seafloor is
from carrion. Since the MMHg/C ratio in average central Pacific
fish compared to the ratio of MMHg to C in particles is about 50,
if 4% of the organic carbon flux is from carrion, we calculate that
at a minimum of 66% of the MMHg flux would be from carrion;
if 11% of the organic carbon flux is from carrion, 86% of the
MMHg flux would be from carrion.

shipboard and on the windward coast of the Island of Hawaii in the
central Pacific (12). The first fractionation process, which shifts
Hg(II) to lower δ202Hg values, is consistent with particle sorption
(12, 53, 54) or, alternatively, could be due to microbial methylation of a small fraction of the Hg(II) in ocean water (55, 56).
The second isotopic fractionation process is the photochemical reduction of MMHg attached to DOC and dissolved in water
of the photic zone (0–100 m). As photodegradation proceeds
both the Δ199Hg and δ202Hg values of the remaining MMHg
(that eventually enters the foodweb) increase in magnitude with
a slope of ∼2.4 (29, 57). Flying fish have been used as a monitor
of the maximum values of Δ199Hg and δ202Hg attained in the
near-surface open ocean (58). As MMHg sinks through the
photic zone and into the OMZ (∼400–800 m in the central Pacific) it has been suggested that microbial production of MMHg
occurs on particles (11) and in so doing dilutes the pool of
MMHg with MMHg that is devoid of a positive Δ199Hg value
(26). As discussed above, the Δ199Hg value of biota in the deep
trenches is equivalent to values at ∼500-m depth in the central
Pacific. δ202Hg values of Mariana biota are also the same as in
the central Pacific at ∼500-m depth, but δ202Hg values in the
Kermadec trench biota are higher by about 0.4–1.2‰. We
suggest that these higher δ202Hg values represent greater microbial degradation of MMHg during biogeochemical cycling in the
water column and/or the hadal environment.
Conclusions
Hg isotope ratios of snailfish and amphipods from 6,000 to
10,250-m depth in the Mariana and Kermadec hadal trenches
were measured and compared with Hg isotope measurements of
a wide range of fish species in the central Pacific that feed at
depths of 10–1,000 m. Based on odd-MIF and even-MIF isotopic
signatures we conclude that the majority of Hg in the tissues of
animals living in the hadal zone originates from the atmosphere,
is methylated in the epipelagic (upper 200 m) and mesopelagic
(200–1,000-m) zones, and is then delivered to the hadal zone
(6,000–11,000 m) by the carcasses of fish, and to a lesser extent
by particles (33). A near-surface source of Hg to hadal biota is
consistent with recent documentation of “bomb 14C” (59), lead
(60), and persistent organic pollutants (61) in hadal biota. The
importance of carrion to trench foodwebs is consistent with observations of seafloor communities of fish and amphipods that
depend upon carrion for nutrition in other deep-sea regions
(e.g., refs. 62–64). Sinking carcasses as a delivery mechanism
provides a means for increasing the efficiency of the biological
pump for Hg to the deep-seafloor in hadal environments and
possibly also in abyssal settings.
Anthropogenic Hg enters the marine system via rainfall, dry
deposition, and through runoff from rivers and estuaries. Some
previous studies argued that the infiltration of this Hg into ocean
water masses was mainly in the upper 1,000 m and that dissolved
and particulate Hg in deep-ocean waters was largely preanthropogenic (e.g., ref. 23). Sun et al. (33) measured Hg isotopic
compositions in amphipods from the Mariana Trench and concluded that Hg in them was transported from mesopelagic to
hadal depths by sinking particles. With our present study, we find
that the isotopic composition of Hg in sinking particles is inconsistent with that of trench biota and we suggest instead that
the majority of Hg in trench biota was transported to the seafloor
by carrion. Thus we provide evidence for a more direct vector
that anthropogenic Hg can take from the surface ocean to the
deep-ocean floor via the sinking of carcasses of animals. When
scavengers such as snailfish and amphipods eat carrion, MMHg
is transferred from the tissues of surface-dwelling organisms to
tissues of bottom-dwelling organisms. Thus, we suggest that the
majority of the Hg present in deep-sea trench organisms is
29296 | www.pnas.org/cgi/doi/10.1073/pnas.2012773117

derived from the mesopelagic ocean as indicated by identical
Δ199Hg values.
Materials and Methods
Sample Types and Sampling Procedures. Amphipods and snailfish were collected on the ocean floor in the Mariana (145E, 12N) and Kermadec (177W,
32S) deep-ocean trenches using full ocean depth lander vehicles equipped
with baited traps [see Linley et al. (65) for details of sample locations and
sampling techniques]. Twenty-five amphipods and six snailfish were analyzed from the two trenches: Kermadec (Hirondellea dubia, Scopelocheirus schellenbergi, and Notoliparis kermadecensis) and Mariana
(Alicella gigantea, Hirondellea gigas, and Pseudoliparis swirei). Weight
and length were measured upon recovery at the surface and samples were
immediately frozen and kept frozen until they were freeze-dried in the
laboratory. Work with fishes was approved by the University of Hawaii
Institutional Animal Care and Use Committee program under protocol 111225 to J.C.D.
Analytical Methods. The Hg concentrations and isotopic compositions of biota
were measured following methods identical to those used in previous studies
of biota by the Michigan Mercury Isotope Laboratory (12, 25, 26). Details on
specific procedures and reagent concentrations can be found in these previous publications. Briefly, freeze-dried whole specimens (amphipods) or
muscle tissue (fish) were thermally decomposed in a two-stage tube furnace
in a stream of O2 and released Hg(0) was oxidized to Hg(II) and trapped in a
solution of K-permanganate. An aliquot of this solution was measured for
Hg concentration by atomic fluorescence spectrometry using an eight-point
calibration curve and this yielded tissue total Hg concentrations. Hg(II) in the
remaining K-permanganate solution was reduced to Hg(0) with SnCl and
transferred in a stream of Hg-free air to another K-permanganate trap
where it was oxidized to Hg(II). The yield of this purge and trap procedure
was 98 ± 2%. Blanks prepared in the same manner as samples were determined to contribute an average of 0.12 ng Hg to sample Hg, or 0.3% ±0.2%
(1 SD) of Hg processed per sample.
Hg isotopic composition was measured using a Nu-instruments multiple
collector inductively coupled plasma mass spectrometer. Prior to isotope
measurement sample solutions were adjusted to concentrations that
ranged from 1 to 5 ng/g using Hg-free K-permanganate solution, which was
also used to prepare concentration-matched bracketing-standard solutions
of SRM-3133. Additional Hg-free permanganate solution was used for
on-peak-zero measurements during mass-spectrometer sessions in order to
monitor the effectiveness of signal washout between analyses. During isotope analysis a stream of gaseous Hg(0) was generated by online reduction
of Hg(II) using SnCl2 delivered with the sample to a frosted-tip phase separator, and combined with a Tl standard (SRM-997) added as a desolvated
aerosol to the Hg(0) stream for mass-bias correction. Sample-standard
bracketing was used for further mass-bias correction and for the determination of delta values for the Hg isotopes.
MDF is reported as δ202Hg values in ‰ relative to SRM-3133 (Eq. 1). MIF is
the difference between the measured δ202Hg value and that which would be
predicted based on mass dependence using Eq. 2, where xxx is the mass of
each Hg isotope 199, 200, 201, 204, and β is the mass proportionality constant (0.2520, 0.5024, 0.7520, 1.493; ref. 66). Analytical results and uncertainties based on analyses of SRMs are given for each isotope ratio in SI
Appendix, Tables S1 and S2. SRMs used in this study included UM-Almaden,
TORT-3, and DORM-4. The isotope values determined for preparations of
these materials (SI Appendix, Table S2) are within uncertainty of published
long-term average values for these materials (31). The larger 2 SD associated
with each isotope value of either UM-Almaden or TORT-3 is assigned as the
estimate of analytical uncertainty for each corresponding sample isotope
value. Analytical results for all analyses of snailfish and amphipods from this
study are given in SI Appendix, Table S1.

δHg202

⎛⎛ Hg
202
⎜⎜⎜⎜⎜⎜ (Hg198 )
sample
= ⎜⎜⎜⎜⎜⎜⎜⎜
⎝⎝ Hg202
(Hg )
198

⎞
⎞
⎟⎟⎟
⎟
⎟⎟⎟ − 1⎟⎟⎟⎟⎟ × 1,000,
⎟⎟⎠
⎟⎟⎠

[1]

NIST 3133

Δxxx Hg ≈ δxxx − (δ202 xβ).

[2]

Data Availability. All study data are included in the article and SI Appendix.
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