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Mercury (Hg) concentrations and isotope compositions in sedimentary rocks are
widely used to trace volcanism, but their natural variabilities through climate changes
remain to be fully understood. Here, we present Hg isotope records from the North
Pacific Shatsky Rise, a region without direct terrestrial input, to reconstruct the evo-
lution of open ocean Hg isotopes. During the early Holocene (11–8 ka), the sedimen-
tary Δ199Hg increased from 0.16‰ to 0.21‰, along with the increase in δ13C of CO2

caused by the expansion of terrestrial vegetation. A higher Δ199Hg (0.23 ‰) is also
observed during the warm Pliocene (3.8–2.5 Ma) with higher terrestrial productivity.
By constructing a time dependent global Hg box model, we demonstrate that the
higher open ocean Δ199Hg in warm climates reflects enhanced atmospheric Hg(0)

uptake by terrestrial vegetation. This is likely driven by vegetation expansion and/or biome shifts, which absorb more gaseous
Hg with lower Δ199Hg.
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Introduction

Sedimentary mercury (Hg) concentrations and isotope compo-
sitions are widely employed as volcanism proxies in palaeoen-
vironmental studies (Grasby et al., 2019). The ratio of total
mercury (THg) to total organic carbon (TOC) in sediments is
suggested to reflect the changes in seawater Hg concentration
and thus the atmospheric Hg load (Grasby et al., 2019).Mercury
isotopes exhibit both significant mass dependent (MDF) and
mass independent fractionations (MIF) in natural systems, with
the latter primarily generated through specific photochemical
reactions (Blum et al., 2014). Of particular interest, the odd
MIF imparts negative Δ199Hg values to atmosphere gaseous
Hg(0) and positive values to oxidised Hg(II). Consequently,
the terrestrial and open ocean Hg pools, sourced predomi-
nantly from atmospheric Hg(0) and Hg(II), exhibit negative
and positive Δ199Hg signatures, respectively (Jiskra et al.,
2021; Wang et al., 2022).

Open ocean Hg burial is primarily driven by sinking par-
ticulate organic matter (POM) produced in the surface ocean.
As POM sinks and degrades, the Hg bound to POC continu-
ously exchanges with deep water through a process known
as “regenerative scavenging” (Lamborg et al., 2016). Since
the inorganic Hg is the dominant Hg form in seawater
(Bowman et al., 2020), the Hg MIF preserved in open ocean
sediments (mostly inorganic Hg) is interpreted to represent
that of total Hg in the open ocean (Figueiredo et al., 2022).

Although the Hg-based proxies have been widely used in
palaeoclimate research, the potential reorganisation of the
global Hg cycle under different climate regimes remains to
be constrained.

Here we present sedimentary records of open ocean Hg
concentration and isotope compositions across contrasting cli-
mate states. The sediment records are recovered from Shatsky
Rise in the North Pacific open ocean, a remote region far from
the continental shelf and receiving minimal direct terrestrial
input. A previous study indicates that its sedimentary organic
matter is predominantly marine sourced (Maeda et al., 2002).
Dissolved Hg in the deep Northwest Pacific reflects both the
deep water source signatures as well as the accumulation
resulting from release during organic carbon remineralisation
along the global ocean conveyer belt (Zhang et al., 2014).
Therefore, the Shatsky Rise sediment has the potential to pro-
vide valuable insights into global scale open ocean Hg cycling,
while more records from other open ocean sites might help to
assess regional variability in the future. Two climate periods
without large scale volcanism are examined to assess the
response of global Hg cycle to climate change, including the
period since the Last Glacial Maximum (LGM, about 26 ka)
and the warm Pliocene (3.8–2.5 Ma). The former reflects
gradual warming and Earth system adjustments, while the lat-
ter represents the most recent period significantly warmer than
the last glacial-interglacial cycle.
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Materials and Methods

Sediment samples were recovered from Shatsky Rise in the
North Pacific open ocean (36.13° N, 158.21° E, water depth of
3346 m). Gravity core KEC records the period since the LGM,
whereas ODP Site 1208 archives the warm Pliocene period.
Concentrations of total mercury and total organic carbon were
determined, with relative standard deviations (RSD) less than
5 % and 2 %, respectively. The easily reducible Fe-Mn oxides
are leached, which mainly represent authigenic Fe and Mn
oxides in the Shatsky Rise sediment (Qu et al., 2024). The Hg
isotope compositions were measured in Tianjin University,
with 2 s.d. uncertainty for δ202Hg, Δ199Hg and Δ200Hg of
0.10 ‰, 0.05 ‰, and 0.04 ‰, respectively. To evaluate the
response of the global Hg cycle to climate changes, we adapted
a five-box model comprising atmospheric Hg(0) and Hg(II)
reservoirs, a terrestrial reservoir, and a coastal and open ocean
reservoir. Detailed information on samples, analytical protocols,
and model configuration is provided in the Supplementary
Information.

Results

In the record since the LGM, the TOC concentration is higher
during the glacial period (26–11 ka) than the Holocene (11–0 ka)
(Fig. 1). An increase in authigenic Fe and Mn oxide concentra-
tions is observed during the Holocene, when THg exhibits large
variations and the THg/TOC ratio increases (Fig. 1b,c).
Compared to core KEC, the warm Pliocene record displays lower
TOC and THg concentrations but a slightly higher and more
variable THg/TOC ratio.

TheHg isotope data for core KEC and Site 1208 are shown
in Figure 2. The δ202Hg for core KEC has no long-term trend

since the LGM (Fig. 2a). The Δ199Hg rises during the early
Holocene (11–8 ka), and is significantly higher in the mid- to late
Holocene (8–0 ka; 0.21 ± 0.03‰, 2 s.d., n= 5) than in the glacial
period (26–11 ka; 0.16 ± 0.06 ‰, 2 s.d., n= 14; unpaired
Wilcoxon test, p< 0.05). For Site 1208, the δ202Hg and Δ199Hg
exhibit no secular change. The average Δ199Hg of Site 1208 sam-
ples for the Pliocene is 0.06 ‰ higher (unpaired Wilcoxon test,
p< 0.05) than that of core KEC samples since the LGM (0.23‰
vs. 0.17 ‰) (Fig. 2g). The Δ200Hg shows no secular change and
has no systematical difference between core KEC and Site 1208
sediments. Details on Hg isotope data are provided in the
Supplementary Information.

Discussion

Higher sedimentary Δ199Hg during warm climate states. In the
record since the LGM, the lower TOC and higher authigenic
Fe and Mn oxides (Fig. 1) indicate lower productivity and higher
bottom water oxygenation during Holocene than the glacial
period (Maeda et al., 2002; Galbraith et al., 2007). In the oxic
Holocene sediment, the THg/TOC ratio has a higher value
and larger variability than the glacial period due to the early dia-
genetic effect (Qu et al., 2024). Similar phenomenon in THg/TOC
ratio is also observed in the warm Pliocene sediment (Fig. 1f)
with high bottom water oxygenation (Abell and Winckler,
2023). The diagenetic mobilisation of Hg prohibits using THg/
TOC and δ202Hg to reliably record past seawater signatures.
However, the sedimentary Δ199Hg has been shown to be resist-
ant to diagenesis, thus mostly retaining the seawater signal
(Chen et al., 2022).

The observedΔ199Hg values in Shatsky Rise sediment are
significantly higher than those reported for pre-anthropogenic
marine sediments deposited along continental margins

Figure 1 The geochemical data of the Shatsky Rise sediment. (a–c) The geochemical data of core KEC, including the TOC concentration, THg
(blue circles) in comparisonwith authigenic Fe (purple) andMn (red lines) concentration, and THg/TOC ratio. The red triangles in (a) indicate
age control points by 14C dating (see details in Supplementary Information). The bold brown line in (c) is the regression line of the 5-point
LOESS smoothing of THg/TOC. (d–f) The geochemical data of Site 1208, including the TOC concentration, THg, and THg/TOC ratio. The bold
lines in (d–f) are regression lines with 12-point LOESS smoothing. Squares outlined in black denote samples analysed for Hg isotopes. (g–i)
Box-plots comparing the TOC, THg, THg/TOC data between core KEC and Site 1208.
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(Fig. 2e) (Gehrke et al., 2009; Gleason et al., 2017; Figueiredo
et al., 2022), suggesting little influence from terrestrial input
of negative Δ199Hg. Given its open ocean setting, the
Shatsky Rise has the potential to provide an open ocean
Δ199Hg reference value, and most likely records the open ocean
Δ199Hg evolution through climate changes (see details in the
Supplementary Information). The most prominent feature of
the Δ199Hg record since the LGM is the clear increasing trend
during the early Holocene (∼11 to 8 ka), which is similar to the
rise in atmosphere CO2 carbon isotope (δ13Catm) (Fig. 2b,c). The
deglacial atmospheric CO2 (pCO2) increase results in a warmer
and wetter climate in the early Holocene, which promotes the
expansion of terrestrial vegetation (Prentice et al., 2011; Ciais
et al., 2012). The enhanced terrestrial productivity preferentially
assimilates the lighter carbon isotope (12C relative to 13C) from
the atmosphere and leads to the δ13Catm increase. The same
process has been shown to increase terrestrial uptake of
Hg(0) (Jiskra et al., 2018), characterised by a negative Δ199Hg
value. Therefore, the increased terrestrial Hg fixation and burial
would elevate the Δ199Hg of the atmosphere and open ocean
system considering the mass balance of Hg isotopes in the
whole Earth surface system.

Water column processes, including methylmercury deg-
radation and Hg(II) reduction, may also have an influence on
the Δ199Hg signature of the open ocean Hg and thus the sedi-
ment record. However, if these processes were the primary
driver of sedimentary Δ199Hg evolution, the record would be
expected to follow the glacial-interglacial changes in environ-
mental factors in the northwest Pacific (Rae et al., 2020), such as
solar radiation, dissolved oxygen, and productivity. The
absence of a distinct Δ199Hg shift during deglaciation, coupled
with its co-variation with δ13Catm during the Holocene

(11–0 ka) (ρ = 0.85, p < 0.05; Spearman’s rank correlation
analysis), suggests that water column processes are likely not
the primary drivers. The Δ200Hg versus Δ199Hg relationship fur-
ther supports limited net MIF in the water column, where the
sedimentary data are mostly on the mixing line of atmospheric
Hg(0) and Hg(II) sources (see details in the Supplementary
Information). The open ocean Δ199Hg signature is thus dictated
by its major source, the atmospheric Hg(0) and Hg(II) deposi-
tion (Jiskra et al., 2021), followed by transport to the deep ocean
through deep water formation and POM remineralisation, and
deposition in the sedimentary matter. Therefore, the increasing
Δ199Hg observed in Shatsky Rise sediments during the early
Holocene can be well explained by elevated atmospheric
Δ199Hg due to enhanced terrestrial vegetation growth and
associated Hg sequestration.

Another typical warm climate state is the Pliocene when
there was limited Northern Hemisphere Glaciation (Fedorov
et al., 2013). The terrestrial vegetation was more productive
and the arid areas such as deserts were smaller during the warm
Pliocene when the Northern Hemisphere was covered by high-
latitude forests rather than the modern tundra-type vegetation
(Haywood and Valdes, 2006). The open ocean Δ199Hg recorded
by Shatsky Rise sediment is also higher (unpairedWilcoxon test,
p< 0.05) during the warm Pliocene (Δ199Hg= 0.23 ± 0.09 ‰,
2 s.d., n= 11) than the period since the LGM (Δ199Hg=
0.17 ± 0.06‰, 2 s.d., n= 25). The comparison of the two climate
states reveals a consistently higher open ocean Δ199Hg during
warmer climates when terrestrial vegetation productivity is
enhanced. In the following, we will use a time-dependent
atmosphere-terrestrial-ocean box model to quantitatively
explore the mechanism for the observed Δ199Hg changes.

Figure 2 TheHg isotope data of the ShatskyRise sediment. (a,b) The δ202Hg andΔ199Hg records. Error bars represent the 2 s.d.measurement
uncertainty, which are 0.10‰ and 0.05‰ for δ202Hg and Δ199Hg, respectively. The dark red bold line is the regression line of 5-point LOESS
smoothing of Δ199Hg. (c,d) The atmosphere CO2 concentration and δ13Catm recorded in ice cores (Schmitt et al., 2012). The thick lines re-
present the weighted average across different sites and approaches as indicated by different symbols. (e) The Hg isotope data of this study
are comparedwith a compilation of published pre-anthropogenic Hg data. The Hg isotope data of core KEC and Site 1208 are in orange and
red, respectively. Brown symbols are samples from the Arctic Ocean (Gleason et al., 2017) and the South Atlantic Ocean (Figueiredo et al.,
2022), which are known to receive direct terrestrial input. Purple symbols areMediterranean sediments (Gehrke et al., 2009). Peat sediments
(Enrico et al., 2017; Li et al., 2023) deposited before 1500 AD are summarised as natural terrestrial Hg isotope endmember. (f,g) Box-plots
comparing the dataset shown in (e).
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Modelling representation of natural Hg cycles. Using the
simplified Hg isotope box model, we first test whether the
observed Δ199Hg shift could be explained by enhanced Hg(0)
uptake by the terrestrial vegetation system. Given that atmos-
pheric and oceanic circulation may experience adjustment dur-
ing the early Holocene, other scenarios that could affect open
oceanΔ199Hg are also explored, including increased atmospheric
Hg(II) deposition to the open ocean, decreased sedimental Hg
burial efficiency in open ocean, and decreased coastal to open
ocean connectivity due to sea level rising.

By using well constrained parameters (sizes of reservoirs,
fluxes between reservoirs, and isotope fractionation factors of
Δ199Hg), the model is set as steady states during the late
Holocene and the deglacial, and all perturbations in different
simulation scenarios are introduced during the early
Holocene. Modelling details are provided in the Supplementary
Information. In the first scenario, the model prescribes that veg-
etation Hg(0) uptake contributes about 70 % of the terrestrial Hg
fixation relative to about 30% from atmospheric Hg(II) in the late
Holocene, based onmodern observations (Wang et al., 2022). The
atmospheric Hg(0) deposition flux into the vegetation before the
early Holocene is set at a low value to account for the change in
terrestrial biosphere since the early Holocene. The result suggests
that enhanced terrestrial Hg(0) uptake flux by a factor of 1.7 rel-
ative to the deglacial steady state could broadly reproduce the
observed Δ199Hg shift during the early Holocene (Fig. 3a). This
is consistent with previous studies of the δ13Catm record andmod-
elling results, which suggest that the expansion of the terrestrial
biosphere during the early Holocene (Schmitt et al., 2012)
increased the terrestrial primary productivity by a factor of 1.43
to 2.00 (Prentice et al., 2011; Ciais et al., 2012).

In the second and third scenarios, the increase in atmos-
pheric Hg(II) deposition flux and the decreased Hg burial in the
open ocean are considered during the early Holocene. To repro-
duce the observed Δ199Hg shift, large variations in precipitation
(2.4×) or POM-related open ocean Hg burial flux (0.6×) are
needed during the early Holocene, which are not supported
by previous studies (Cartapanis et al., 2016; Hancock et al.,
2023). In the fourth scenario, Hg transport flux from the coastal
to open ocean decreased by a factor of 0.33. However, the degla-
cial sea level rise and the associated decrease in coastal-open
ocean connectivity starts at about 17.5 ka (Yokoyama et al.,
2018), predating the observed Δ199Hg increase. The timing thus
precludes the change in coastal to open ocean Hg transport as
the prominent driver of open ocean Δ199Hg shift. Based on
the open ocean Δ199Hg record and the four modelling scenarios,
we suggest that the early Holocene Δ199Hg increase is most
probably caused by increased Hg(0) uptake by the terrestrial
ecosystem.

Conclusions and Implications

The Hg isotope record from North Pacific open ocean sedi-
ments at the Shatsky Rise reveals elevated Δ199Hg values dur-
ing warm periods, including the mid- to late Holocene and the
warm Pliocene. Using a simplified Hg isotope box model, we
propose that the expansion of the terrestrial biosphere is likely
the primary driver of this pattern, highlighting the significant
role of terrestrial vegetation in the global Hg cycle. Previous
research on modern atmospheric Hg(0) indicates that vegeta-
tion uptake of Hg(0) is a crucial factor in regulating Hg distri-
bution between the atmosphere and terrestrial system on a
seasonal timescale (Jiskra et al., 2018). This work suggests that
the vegetation uptake of Hg(0) might also be the dominant fac-
tor driving the global Hg cycle across various climate states on a
longer timescale. In the context of global change, the responses

of terrestrial Hg and carbon cycles remain unclear due to the
intricate mechanisms governing terrestrial ecosystem responses
(Luo, 2007). By showing enhanced terrestrial productivity and
Hg and carbon stocks during past warm climate states, our study
offers insights into potential future responses. With the forest
ecosystem restoration (Watson et al., 2018), the terrestrial bio-
sphere has the potential to store more Hg from the atmosphere
and thus alleviate Hg pollution in the open ocean. Additionally,
our results highlight the need to consider significant climate
and environmental adjustments when using Hg concentrations
and isotopes to trace large scale volcanism in the geological
history.

Figure 3 Modelling output illustrating the impact of enhanced
atmospheric Hg(0) uptakeby the terrestrial systemduring the early
Holocene. (a) The observed (grey points) and model output (blue
lines) of the open oceanΔ199Hg. (b) The atmospheric Hg deposition
flux to the terrestrial system, with the blue and purple shades indi-
cating Hg(0) and Hg(II) deposition flux, respectively. The percent-
ages indicate the relative contribution of Hg(0) and Hg(II). (c) The
atmospheric Hg deposition flux to the open ocean. The shades and
percentages are the same as the second row. (d) The Hg burial flux
and burial ratio through terrestrial (brown), coastal (yellow), and
open ocean (blue) systems.
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