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ENVIRONMENTAL STUDIES

Human perturbations to mercury in global rivers

Dong Peng'?, Zeli Tan3, Tengfei Yuan*, Peipei Wu®, Zhengcheng Song?, Peng Zhang?,
Shaojian Huangz, Yanxu Zhang"*, Ting Lei6, Beth A. Middleton’, Jeroen E. Sonkes,

Guangchun Lei6, Jianhua Gao'

Mercury compounds are potent neurotoxins that pose threats to human health, primarily through fish consump-
tion. Rivers, critical for drinking water and food supply, have seen rapid increases in mercury concentrations and
export to coastal margins since the Industrial Revolution (~1850). However, patterns of these changes remain
understudied, limiting assessments of environmental policies. Here, we develop a global model to simulate prein-
dustrial riverine total mercury and assess human perturbations by comparing it to present-day conditions. We
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find that global rivers transported ~390 megagrams annually of mercury to the oceans in the preindustrial era,
with spatial variability. Human activities have elevated riverine mercury budgets by two to three times in the pres-
ent day. Establishing a baseline riverine mercury level, our findings reveal rapid responses of riverine mercury to
human perturbations and could be used to inform targets for global riverine mercury restoration. Total riverine
mercury concentrations could also be used as indicators to comprehensively understand the effectiveness of mer-

cury pollution governance.

INTRODUCTION

Highly toxic mercury (Hg) compounds (1), especially methylmercury
(MeHg), are regulated by the Minamata Convention on Mercury
(hereafter referred to as the Minamata Convention) that took effect in
2017 (2). Hg compounds originate from both natural sources, such as
volcanic degassing, and human-induced emissions and releases, in-
cluding coal combustion, metal mining, artisanal and small-scale gold
mining (ASGM), and industrial manufacturing (3). These sources re-
lease Hg into the atmosphere, land, and water, forming an intricate
biogeochemical cycle (4), with rivers playing a pivotal role as major
conduits for the transfer of Hg from terrestrial to marine environ-
ments (5). Rivers also profoundly influence human exposure to Hg
because aquatic products, the consumption of which is the major Hg
exposure pathway (6), are primarily sourced from wild-catching and
aquaculture activities in inland waters and near-shore environments
(7-9). In addition, rivers and coastal wetlands serve as vital habitats for
diverse wildlife (10), leading to efforts to protect these areas from Hg
pollution (11), as highlighted by the Ramsar Convention on Wetlands
and the Convention on Biological Diversity (8, 9).

Riverine Hg undergoes complex biogeochemical processes, with
most Hg bound to suspended particulate matter (SPM; or, i.e., micro-
scopic particles in water), such as 90% particulate phase of Hg in the
Yukon River and >70% in the Yangtze River (12, 13). While human-
induced Hg releases are important sources of Hg in rivers in the
present day (14), soil erosion was the major source during the prein-
dustrial era, which was influenced by the soil Hg contents, texture
and erodibility, land cover/scape, precipitation, and runoff (12, 15).
Atmospheric deposition serves as a source of Hg to rivers; however,
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short-term Hg fluxes from the atmosphere to rivers via air-water
exchange remain minimal (16). Over the long term, atmospheric de-
position primarily contributes to riverine Hg through its effect on
elevating soil Hg concentrations, as soil, with its larger exchange
area, plays a more dominant role than direct water exchange within
the watershed. Riverine particulate Hg is subjected to settling and
resuspension in the riverbeds (12), which is affected by the different
attributes of rivers such as their slopes, water velocity, runoffs, and
bedrock characteristics (17, 18). Most riverine Hg bound to SPM is
effectively exported downstream into the coastal environment with-
out dam blocking such as in the preindustrial era (13, 19, 20), when
most riverine Hg was buried in coastal sediment (7, 21).

Human activities have perturbed the riverine Hg budget (the
gross riverine Hg fluxes to oceans), evidenced by the dated sediment
records in river channels and estuaries (22-24). It is estimated that
up to 1540 Gg of Hg had been released into the environment due to
human activities from 2000 BCE to 2010 CE, of which 1130 Gg were
released (336 Gg to air and 790 Gg to land/water) during the 1850-
2010 period (25), so that most Hg was released to land/water. It was
estimated that about 20% of the Hg released could enter the river
systems (26), i.e., ~150 Gg has been released into the water. Some of
the rivers in different regions have become among the most polluted
ecosystems due to the marked increases in wastewater input and soil
erosion (8, 12, 27-29). Meanwhile, the building of dams and reser-
voirs has played an important role in the riverine processes, because
dams act as barriers for SPM and result in enhanced Hg storage in
global rivers (12, 15). Taking the Yangtze River as an example, only
about 30% of the riverine Hg flux can pass the Three Gorges Dam to
downstream areas (12, 15). It is estimated that more than 100 billion
metric tons of sediment has been retained in reservoirs since 1850
(18). Earlier studies, such as Selin et al. (30), estimated the preindus-
trial riverine export of all types of Hg to oceans at 40 Mg/year using
a box model; however, this assumption lacked observational con-
straints and spatial resolution. Riverine processes were usually ignored
in global Hg models, and the baseline of the riverine Hg budget is
thus lacking (6, 19, 21, 31).

Here, we develop a process-based river Hg model (MOSART-Hg)
based on the MOdel for Scale Adaptive River Transport (MOSART)
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included in the Community Earth System Model version 2.1.3
(CESM2) to simulate the total riverine Hg budget in the preindus-
trial era (32) (refer to the Materials and Methods). The model in-
cludes the soil Hg erosion processes and the riverine transport of Hg
to oceans. The empirical relationships between precipitation events,
runoff, soil erosion, and soil Hg dynamics are considered in this
model, based on previous studies (13, 15, 19, 33). The model results
are evaluated against published coastal and estuarine sediment re-
cords of Hg collected worldwide. We also assess the human pertur-
bation of the global riverine Hg budget by comparing the simulated
preindustrial budget with the present-day Hg budget derived from
observations and models. The objectives of this study are to (i) in-
troduce the processes-driven model for riverine Hg simulation, (ii)
establish the riverine Hg dynamics in the preindustrial era, and (iii)
provide an assessment of riverine Hg pollution from the preindus-
trial to the present day.

RESULTS

Riverine Hg budget in 1850

The modeled global erosional flux of soil Hg for the 1845-1859 sim-
ulation period is 397 + 8.1 Mg/year, representing the mean + SD and
serving as the major source of Hg for preindustrial rivers (Fig. 1A).
This flux was calculated by the Hg-embedded soil erosion processes
of land components of the model, which consider the erosion driven
by rainfall and runoft and the deposition of eroded material in the
hillslope (refer to the Materials and Methods). The erosional sources
of riverine Hg are affected by the spatial distribution of soil Hg con-
centrations on land (fig. S1). We set the global soil Hg concentra-
tion dataset based on Selin et al. (30) for the preindustrial era. We
also assume that the soil Hg concentration had not changed during
the 1845-1859 simulation period, which is reasonable given the
large mass of Hg stored in the land (up to 1 X 10° Mg) (30).

Erosional Hg fluxes were the major sources of riverine Hg in the
preindustrial period but may no longer dominate in the present day
due to high-level releases from anthropogenic Hg sources. The chang-
es in erosional Hg fluxes from preindustrial to present day are rela-
tively small (fig. S2), as they are constrained by limited variations in
soil Hg and sediment yield. However, the magnitude of anthropo-
genic Hg releases surpasses natural sources. For instance, previous
estimates suggest that ~7300 Mg/year of Hg has been released to land
and water (25).

In general, higher Hg erosion is simulated in the 30°N to 30°S
region due to intense subtropical precipitation and highly erodible
highlands (Fig. 1B). Notably, interannual and seasonal variability
for the erosion of Hg and riverine Hg budget are simulated at both
global and regional scales (figs. S3 to S6). The higher erosional flux-
es of soil Hg are mostly simulated in highlands with relatively high
precipitation and/or runoff (fig. S7). For example, the Himalayan
mountains (average altitude: 6096 m; highest altitude: 8849 m) have
the highest contribution of soil Hg fluxes to rivers. The larger differ-
ence in altitude between the Himalayan mountains and the nearby
regions is the precondition to the formation of giant rivers, such as
the Yangtze, Yellow, and Brahmaputra Rivers. These energetic rivers
have strong erosional power and deliver sediment downstream, con-
tributing to high Hg erosion fluxes in Asia. These rivers are also the
major riverine Hg exporters to oceans in the present day (5).

Likewise, the Andes Mountains (average altitude: 3962 m; highest
altitude: 6962 m), East African Plateau (~1000 m; 5895 m), Brazilian
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Plateau (~1000 m; 2993 m), and Mexico Plateau (1825 m; 5636 m)
cause comparatively elevated Hg erosion fluxes. Specifically, in moun-
tainous regions near the coasts, such as the Andes Mountains and
the Barisan Mountains (Sumatra Island) (~2400 m; 3805 m), the com-
bination of extensive basin areas, high elevations, and steep slopes
results in high sediment loading. This is also true for relatively small
mountain rivers, such as the Salinas River (California, USA) (34).
Many of these rivers flow directly into active margins (coast and es-
tuary) (35) and can swiftly deliver erosional Hg and SPM to the
coast within hours or days after precipitation (36). Flood deliveries
of erosional Hg are short-lived events, often challenging to sample,
and therefore difficult to observe. For instance, the Hg concentra-
tion and flux in flooding waves in the Vistula River changed very
fast by observation, while the flooding wave only lasted 2 to 3 days
(36). Consequently, their global contribution to soil erosion Hg flux
has often been overlooked.

The modeled riverine Hg fluxes are influenced by the SPM loads
of the rivers and the SPM-Hg concentrations, which are controlled
by the soil Hg contents (Fig. 1C). The model suggests that the Nile,
Yangtze, Amazon, Ganges, and Mekong rivers have higher riverine
Hg fluxes than other rivers. Both the Nile and Yangtze rivers had
high sediment loading before the giant dams were constructed (e.g.,
the Aswan High Dam in the Nile River and the Three Gorges Dam
in the Yangtze River). Taking the Nile River as an example, the large
riverine Hg flux is primarily attributed to its extensive watershed
compared to other rivers and the resuspension of settled sediments.
The sediments in the Nile River are mostly originate from Ethiopia
(>95%), 60% of sediment fluxes of the mainstream are delivered by
the Blue Nile, and in the Blue Nile, its flow velocity is highly corre-
lated with SPM and bedload, contributing to the suspended loads
(37, 38). More than 22 Mg/year of riverine Hg settles within the Nile
River bed, accounting for 48% of the Nile River watershed gross ero-
sional Hg budget (referred to as the deposition Hg ratio, to represent
the annual Hg storage in the river channel divided by the annual gross
erosion flux of the corresponding watershed; table S1). We also cal-
culate that the settled Hg in the riverbeds accounted for 49% of the
total input riverine Hg (referred to as the bedload Hg ratio, repre-
senting the annual Hg storage in the river channel divided by the an-
nual gross riverine Hg export flux of the corresponding river; table S1).
Note the differences in the deposition Hg ratio and bedload ratio
caused by the settling or resuspension of Hg along the hillslopes.

Several other rivers exhibit high riverbed Hg settling in our model.
For instance, the Amur, Mackenzie, Mekong, Yellow, and Ob Rivers
all have deposition Hg ratios exceeding 30% and bedload Hg ratios
surpassing 20% (table S1). In contrast, the Amazon River, Amu Darya
River, Colorado River, Helmand River, Mississippi River, Parana
River, Rio Grande, and Congo River have less Hg settled in the riv-
erbed, characterized by relatively lower deposition Hg ratios (<10%)
and bedload Hg ratios (<10%) in the model.

The modeled preindustrial riverine Hg export to oceans is influ-
enced by the watershed Hg erosion and riverine transport efficacy,
which are influenced by the river flow and flow speed. The model
simulates a global river Hg export flux of 390 Mg/year (range: 321 to
483) to the coastal oceans (including inland lakes) in 1845-1859
(Fig. 1D). Compared to the global soil Hg erosion flux of 397 Mg/
year, this implies an overall high efficiency of riverine transport and
export (98%, bedload Hg not considered). There is only about 7 Mg/
year Hg, calculated as the difference between the modeled global
erosion and export fluxes, settled in the bedload of sheet flow or the
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Fig. 1. Global riverine Hg budget for the preindustrial era. (A) Soil erosion flux from land to runoff. (B) Mean latitude distribution of riverine Hg flux. Lat, latitude.
(C) Hg fluxes inrivers. (D) Export flux of Hg to the coastal ocean. (E) Hg concentration in SPM at river mouths. (F) Comparison of modeled Hg concentrations in SPM against

preindustrial Hg concentrations in dated sediment records near river mouths.

river channels. The modeled riverine export of Hg is primarily af-
fected by the multiyear erosional Hg budget of the watershed. Even
when a river exhibits lower transport efficiency, settled SPM and Hg
can still be resuspended as a source once the storage capacity is
reached (i.e., sediments have settled and equilibrated in the riverbed;
fig. S4) (39). For example, the Nile River contributes the most (53 Mg/
year) to the riverine Hg export globally, although its watershed’s
mean Hg erosion budget is only about 46 Mg/year, demonstrating
that the bedload acts as an important Hg source of 7 Mg/year.

Pengetal., Sci. Adv. 11, eadw0471 (2025) 11 June 2025

Throughout long-term preindustrial simulations (15 to 20 years),
the riverine Hg export budgets tend to align closely with the mean
erosion budgets of the corresponding watersheds. Consequently, our
model suggests that rivers located in highland areas that have larger
multiyear erosional Hg budgets exhibit relatively higher riverine Hg
exports, e.g., those rivers in proximity to the Tibetan Plateau and the
Deccan Plateau in Asia, such as Yangtze River (23 Mg/year), Ganges-
Brahmaputra Delta (20 Mg/year), Mekong River (13 Mg/year), and
others (table S1). Similarly, rivers near the western Guinea Plateau
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and East African Plateau in Africa also have higher riverine Hg ex-
port, such as the Congo (6 Mg/year). In North America, rivers near
the Mexico Plateau exhibit elevated Hg levels, while in South America,
rivers near the Andes Mountains and the Brazilian Plateau also play
a notable role, such as the Amazon (23 Mg/year).

We find that these high-export rivers are not necessarily the larg-
est rivers, and small mountain rivers also contribute to the global Hg
export to oceans, such as the west coast of South Central America.
An illustrative pattern emerges in rivers along the west coast of
Mexico, as exemplified by Rio Yaqui (2.46 Mg/year) and Rio Santiago
(3.30 Mg/year), both demonstrating a comparatively higher riverine
Hg export to the coast than larger rivers such as the Colorado River
(2.18 Mg/year). Similarly, rivers along the west coast of South
America, such as Rio Chira in Peru (2.43 Mg/year), exhibit a parallel
trend with elevated riverine Hg export to oceans.

The exported preindustrial Hg concentrations in the SPM (ng/g)
at river mouths and inland lakes are calculated as the ratio of the
export fluxes of Hg and SPM (Fig. 1E), which are largely determined
by the soil Hg contents in the corresponding watersheds. The model
suggests that the coast in the high latitudes in the Northern Hemi-
sphere such as the Russian Arctic has a much higher exported Hg
concentration than the coast of the Southern Hemisphere. The estu-
aries of the Ob and Yenisei rivers and the rivers in the Russian Far
East export high riverine Hg concentration to the near coast (>40 ng/
g) than other regions due to the relatively lower SPM load and high
peat soil Hg concentrations (refer to fig. S1). The lakes that are in the
surrounding of the Sahara Desert also have high simulated riverine
Hg concentrations (>40 ng/g). The model simulates lower Hg con-
centrations at the coast of many islands, the west coast of North
America, and the coast of the East China Sea because of the lower
soil Hg contents in the corresponding watersheds.

We compare the simulated preindustrial exported Hg concentra-
tions against published sediment core records dated back to ~1850
(Fig. 1F). The sediment cores were collected from diverse locations,
spanning the Eastern Mediterranean, Gulf of Finland, Seine River,
and Southern Gulf of America, representing a global array of estuar-
ies. We assumed that the dominant form of Hg discharged by these
rivers is in SPM and settled in estuaries. Rivers are also assumed as
the only source of Hg to estuaries in the preindustrial era within the
model. The Hg concentrations in the sediment records of the prein-
dustrial era mostly ranged from ~10 to 45 ng/g, dating back to ~1850
or earlier, as determined by the 210-lead isotope method, and were
regarded as background levels (table S2). We find that the simulated
exported Hg concentrations agree well with the sediment records in
both magnitude and spatial patterns. The Hg concentrations in the
upper layers of sediment cores after 1850 display much higher levels
than in the preindustrial era, such as in Coronel Bay (Chile) and the
Pettaquamscutt River estuary (table S2), underscoring the impact
of anthropogenic Hg release since the Industrial Revolution. Some
cores, such as those from the Pettaquamscutt River estuary, reveal
human influences dating back to the early 1800s and exceed our
model estimates, showing a rapid increase in Hg concentration after
1830, with an initial peak around 1850 resulting from early indus-
trial activities in this region (40). We thus use the ~1800 baseline
levels from these cores for our model evaluation. The model shows
a slightly larger discrepancy for some of the smaller rivers, likely
caused by the model’s representation of the related topography, hy-
drology, meteorology, and soil characteristics, but the discrepancy is
generally within the random errors of the sediment sampling, dating,

Pengetal., Sci. Adv. 11, eadw0471 (2025) 11 June 2025

and Hg measuring methods (41). Furthermore, the MOSART simu-
lates 15.1 Gt/year of sediment export in the preindustrial era, which is
also close to previous observational and model studies (fig. S8) (20),
indicating that our estimate of global riverine Hg export is reliable.

Human perturbation of global river Hg export

We find that the global riverine Hg budget potentially increased by
a factor of 2 to 3 due to human perturbation since the preindustrial
era (Fig. 2). We use the simulated riverine Hg budget in the prein-
dustrial era as the baseline to compare with present-day riverine Hg
discharge inventories from observations. Amos et al. (19) estimated
a high global riverine total Hg discharge of 5500 Mg/year, largely
driven by uncertain and potentially overestimated contributions from
Asian rivers (21). In contrast, Liu ef al. (21) updated the global riv-
erine total Hg budget to 1000 Mg/year (range: 893 to 1224 Mg/year)
based on more recent data and a more comprehensive statistical fit-
ting approach (referred to as the “Liu budget”). Compared to the Liu
budget, our MOSART Hg budget indicates an increase of 595 Mg/
year since the preindustrial era, representing a two- to threefold
growth in river Hg export (Fig. 2).

We also compare the simulated preindustrial Hg levels to the
modeled results in the present day (26). The present-day simulation
builds on the preindustrial model, incorporating additional pro-
cesses such as anthropogenic Hg release, the effects of reservoirs and
dams, and using present-day meteorological, hydrological, land use/
cover, and soil Hg datasets. The present-day model simulates a simi-
lar riverine Hg budget to the global ocean of ~1000 Mg/year (range:
777 to 1146 Mg/year). Unlike the observation-based data prediction
and training methods used in Liu budget, the present-day simula-
tion incorporates the spatial distribution of anthropogenic Hg sources
as model inputs, tracking their pathways from land to oceans. This
approach helps fill gaps in regions with limited observations and
improves estimations, particularly for smaller rivers. Moreover, un-
like Liu budget, our method provides a source-sink framework for
Hg cycling in terrestrial rivers. While the agreement between the
present-day model and observations demonstrates the model’s pre-
dictive accuracy, the differences between the present-day and prein-
dustrial simulations reveal the scale and distribution of human
perturbation in riverine Hg levels (Fig. 2).

The substantial augmentation in the global riverine Hg budget
from the preindustrial era to the present quantifies alterations in Hg
release resulting from industrial and other anthropogenic activities.
First, it has been estimated that there was an ~15% increase in aver-
age topsoil (0 to 15 cm) Hg concentrations across the global land
from the preindustrial to the present day due to enhanced atmospheric
Hg deposition (30), contributing to higher Hg inputs into global riv-
ers via erosion (figs. S2 and S8). Second, the direct wastewater dis-
charged into rivers from both domestic and industrial sources led to
an increase in riverine Hg (14, 42). For instance, an estimated 162 Gg
of Hg has been discharged into water bodies between 1850 and 2010
due to commercial Hg usage (14), equating to a mean annual release
of ~950 Mg over the 170-year period. This stands in stark contrast to
the preindustrial era, during which we estimate riverine Hg exports
were ~400 Mg annually.

The development of dams altered the sediment settling and resus-
pension patterns, decreasing riverine transport efficiency (12, 15).
The estimations of sediment flux export to oceans in 1950 and 2010
are 15.7 and 8.5 Gg annually, respectively, implying that a minimum
of 40% of sediments has been retained by dams during this period
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Fig. 2. Changes in the global riverine Hg budget from the preindustrial era to the present day. (A) Riverine Hg budgets of simulations in some Intergovernmental
Panel on Climate Change WGI reference regions. The regions include North South America (NSA), Southeast Asia (SEA), South Asia (SAS), East Asia (EAS), Central Africa
(CAF), Western Africa (WAF), Mediterranean (MED), East North America (ENA), South Central America (SCA), Russian Arctic (RAR), Northwest South America (NWS), North-
east South America (NES), East Southern Africa (ESAF), Russian Far East (RFE), and Southeast South America (SES). (B) Differences between model simulation in the prein-
dustrial era and Liu budget (217). (C) Differences between model simulation in the preindustrial era and the present day (26).

(18, 20). In addition, the previously settled sediments could have
higher Hg concentration than the newly settled sediments, the re-
suspension of which could cause higher riverine Hg export to oceans
(12, 15). For instance, an analysis of dated sediment cores from To-
dos os Santos Bay in Northeast Brazil revealed notable elevated Hg
concentrations in deeper layers corresponding to the approximate
time frame of the 1980s (24).

These factors exhibit considerable spatial heterogeneity, and
their relative importance varies across regions, resulting in changes

Pengetal., Sci. Adv. 11, eadw0471 (2025) 11 June 2025

in regional riverine Hg budgets within Intergovernmental Panel on
Climate Change Sixth Assessment Report Working Group I (IPCC
AR6 WGI) reference regions (Fig. 2A) (43). On the basis of the Liu
budget, North and South America became the largest contributor
(41%, 245 Mg/year) to the global Hg river export growth, compared
to the preindustrial era, followed by Southeast Asia (22%, 130 Mg/
year) and South Asia (19%, 111 Mg/year) (Fig. 2B). The modeled
differences between the present day and the preindustrial era have
similar export patterns with the largest contributions also from
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North and South America (31%, 192 Mg/year) and Southeast Asia
(16%, 97 Mg/year), followed by East Asia (14%, 86 Mg/year) to the
global riverine Hg export growth (Fig. 2C) (26). Regions experienc-
ing rapid growth in Hg releases, particularly those with poorly man-
aged ASGM activities, highlight the profound impact of the ASGM
sector. Notably, ASGM has become the largest contributor to Hg re-
leases across all sectors [Arctic Monitoring and Assessment Pro-
gramme (AMAP)/UN Environment Programme (UNEP), 2019]. The
Amazon watershed in South America exemplifies this trend. The
marked increase in riverine Hg fluxes in North and South America
is linked to higher erosional Hg inputs into the Amazon River. Be-
cause of land-use changes, erosional Hg fluxes in the Amazon have
doubled from the preindustrial era to the present day. In a scenario
without human-induced Hg releases, the Amazon’ riverine Hg bud-
get would have increased from 25 Mg/year (preindustrial) to 46 Mg/
year (present day) solely due to intensified erosion. This rise is driv-
en, in part, by deforestation, as ~20% (788,353 km?) of the Amazon
has been cleared over the past 60 years (26), leading to increased soil
erosion. However, the impact of human-induced Hg releases in this
region is even more pronounced. Because of rapidly increasing an-
thropogenic releases, the Amazon River’s Hg budget now exceeds
200 Mg/year, with three-quarters of this originating from human
activities and primarily ASGM.

Some regions experienced an even lower riverine Hg budget in
the present day than during the preindustrial era. For example, the
present-day Hg budget for the Mediterranean region is 26 Mg/year
lower than that during the preindustrial era based on the Liu budget
(43 Mg/year lower based on our present-day simulation) (table S3).
This pattern may be attributed to the impact of dam-induced trap-
ping effects within the Nile River watershed, exemplified by sediment
retention in structures such as the Aswan High Dam and other up-
stream reservoir systems. Rivers with lower anthropogenic Hg releas-
es and increased dam construction are likely to face similar decreases
in riverine Hg budgets in the present day.

Our analysis reveals the role of key Hg sources such as ASGM in
determining the riverine Hg budget. The substantial contribution
from South Central America is primarily driven by ASGM (3, 25).
In countries with a higher fraction of Hg loss per unit of gold pro-
duction, such as Honduras (44), high levels of Hg releases from
ASGM have driven a ~6-fold increase in riverine Hg flux between
1850 and 2010 (from 4 to 22 Mg/year in the Liu budget). The rate of
increase is also high in Southeast Asia (3 to 4; 39 versus 169 Mg/year
of Liu budget, 135 Mg/year in the present day). ASGM activities
emerge as an important factor in this region, contributing to an an-
nual discharge of more than 300 Mg of Hg into water ecosystems
(3, 45). Besides, the increase in riverine Hg fluxes in rivers is associ-
ated with the increase in Hg concentration in the soil and water and
the high sediment loading exported to oceans (46, 47). Similarly, the
present-day simulation shows higher growth in riverine Hg export
in Central Africa (+30 Mg/year in the Liu budget versus +85 Mg/
year in the present-day simulation), northwestern South America
(+12 Mg/year versus +69 Mg/year), and southeastern Africa (-2 Mg/
year versus +26 Mg/year) than in the Liu budget (Fig. 2, B and C,
and table S3). These regions also experience high Hg releases and
emissions from ASGM but have weaker industrialization (Fig. 2, B
and C) (3). The discrepancy between the model and the Liu budget
might be caused by the lack of observations in these regions. The poten-
tial difference in the Liu budget for South Asia (+111 Mg/year versus
+45 Mg/year by the simulation) also highlights how observational
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records of riverine Hg in these regions could refine model pre-
dictions.

Industrial Hg releases are the primary driver of riverine Hg in-
creases in regions such as East Asia. Observations indicate that riv-
ers in China contribute more than 70% of the riverine Hg budget in
East Asia (5). Hence, the elevated riverine Hg fluxes in East Asia
(+41 Mg/year in Liu budget versus +86 Mg/year in this study) are
largely attributed to industrial Hg releases. The Yangtze River ex-
emplifies this trend. Its riverine Hg flux has increased from 22.5 Mg/
year (preindustrial) to 48 Mg/year (Liu budget), highlighting the
contribution of industrial releases within its watershed. In contrast,
ASGM-related Hg releases are negligible due to strict legal regula-
tions in China. In addition, the Three Gorges Dam plays a crucial
role in regulating Hg transport, blocking more than 50% of riverine
Hg from reaching downstream (15).

The human perturbation to the riverine Hg budgets aligns with
increasing Hg trends observed in the atmosphere and ocean since
the Industrial Revolution (around 1850), characterized by enrich-
ment (25, 48). The present-day atmospheric Hg levels are generally
considered to have increased by a factor of 3 since preindustrial times,
evidenced by lake sediment records that have atmospheric deposi-
tion as the major input (49). A similar level of enrichment is found
for the surface ocean due to its fast exchange with the atmosphere
(50). While the enrichment ratios in the atmosphere and surface ocean
largely reflect the atmospheric emissions from sources such as coal
burning and mining, the enrichment in the rivers is more driven by
the Hg input via wastewater release from chemical manufacturing,
Hg-contained produce usage, and gold mining, which have different
historical trajectories from 1850 to 2010 (25).

Compared with the relatively homogeneous atmosphere and ocean
Hg budgets, land-river systems have much higher spatial heteroge-
neity and thus show more regional variabilities, reflecting the local
input from soil erosion and wastewater discharge. More riverine and
estuarine sediment records could help to reveal the scale and pattern
of human perturbation to the riverine Hg budgets.

Uncertainty analysis
Our model results bear uncertainties because of limitations in the
resolution of the global datasets and models. The relatively coarse
resolution (0.9° latitude X 1.25° longitude) cannot fully resolve the soil
erosion processes and its influencing factors, such as small-scale to-
pography and land cover changes (refer to the Materials and Meth-
ods). As computing power continues to improve, there is substantial
potential for advancing global soil erosion simulations, thereby en-
hancing the accuracy of erosional Hg flux simulations. Our Hg model
is built on the basis of the simulation of erosion processes and the riv-
erine water/sediment budgets of MOSART, the uncertainties of which
are mostly inherited for the budget of Hg (51-53). The sensitivity ex-
periments provide insights into the constrained model bias stemming
from resolution discrepancies for sediment flux (fig. S8), thereby
constraining the uncertainties for riverine Hg flux, as well as the bias
from the soil Hg concentration dataset (fig. S9) and Hg deposition/
escape processes (fig. S10) (refer to the Materials and Methods).
The erosion processes estimated in this study are based on an im-
proved version of the Morgan model (refer to the Materials and Meth-
ods) tailored for Earth system models, exhibiting a superior capacity
to elucidate spatial variability in sediment yield when compared to
other models such as the Revised Universal Soil Loss Equation
(RUSLE) model (33, 54). The improved Morgan model has been
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validated and can well explain erosion processes with soil carbon
simulation (51). This model also has a 59% lower discrepancy com-
pared with observations than the other hydrology models, such as
the RUSLE model, in the present-day simulation (54). Recognizing
the potential limitations of the improved Morgan model, we use the
sediment fluxes derived from the BQART model (global sediment
load model) to constrain the original erosion fluxes of sediment in
our simulation (refer to the Materials and Methods) (20), which aligns
well with observed Hg concentrations in estuaries (Fig. 1F and fig. S7).

Potential limitations in the simulation may also arise from the
soil Hg concentration dataset, as it assumes uniform soil Hg concen-
trations within the 0- to 15-cm-depth range. However, given that soil
erosion predominantly occurs in the surface soil layer, the uncer-
tainties associated with the vertical distribution of soil Hg concen-
trations can be deemed acceptable. The model does not consider the
soil Hg concentration changes by leaching, erosion, and atmospher-
ic deposition, which might be an important factor for longer model
simulation periods (refer to the Materials and Methods and fig. S10).
Chemical transformations among different Hg species and air-river
Hg exchange within river channels are omitted because of their
minimal influence on the overall Hg budgets (see the Materials and
Methods and fig. S10).

The uncertainties of the processes that govern the riverine sedi-
ment routing and their evaluation against observations are presented
in previous studies (52). The validated sedimentation and resuspen-
sion processes within the Earth system model are applicable to Hg
dynamics, given that riverine Hg is predominantly associated with SPM
(refer to the Materials and Methods), but certain sedimentary pro-
cesses, such as grain size alteration, are not considered in the context
of Hg dynamics. Besides, the complicated reservoir trapping pro-
cesses are not included in our simulation due to the scenario of pre-
industrial era. In terms of the runoff driving factors, the absence of
comprehensive datasets relating to the preindustrial era may intro-
duce additional uncertainties. For instance, the meteorology forcing,
commencing from 1900, may not accurately reflect climate condi-
tions around 1850. However, its direct impact on riverine Hg bud-
gets is limited, given the negligible atmospheric deposition of Hg
to water surfaces during the preindustrial period and the atmo-
spheric deposition to watersheds has mostly been identified as the
changes of soil Hg concentration in the model simulations (refer to
the Materials and Methods and figs. S9 and S10). The model also
incorporates present-day river channel distributions, resulting in
less precise simulations for rivers such as the Yellow River, which
have experienced channel changes over time.

DISCUSSION

Implications

Rivers assume a pivotal role in the biogeochemical cycle of Hg and
constitute a substantial component of the overall Hg budget. As a
linkage between the land and ocean, the export of riverine Hg to
oceans is estimated as ~400 Mg/year during the preindustrial era,
which is comparable with the atmospheric Hg deposition to oceans
(500 Mg/year) at that time (25). Rivers play an even more important
role in the present day than during the preindustrial era, represent-
ing a factor of 2 increase and contributing ~1000 Mg/year to oceans
(21). Its impact on the cycling of Hg in oceans and other environ-
mental compartments cannot be neglected. In addition, riverine Hg
serves as a crucial source for remote coastal wetlands and the Arctic
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Ocean, thereby contributing to substantial Hg exposure in such less-
polluted regions (19, 21, 55). Moreover, our study reveals that the
levels of riverine Hg are sensitive to human activities, which reflect
the intensity of human-induced perturbations, including altera-
tions in land cover, climate change, and the outcomes of environ-
mental policies.

Over the period from 1850 to the present, human activities have
exerted influence on riverine Hg fluxes, consequently elevating Hg
levels and posing ecological risks to both human populations and
wildlife. The consumption of freshwater fishes and associated prod-
ucts emerges as a notable pathway for Hg exposure, carrying inherent
risks to human health (6). Elevated concentrations of Hg in rivers can
be discharged into both inland and coastal wetlands, posing a threat
to wildlife (11). These wetlands, acknowledged for their high biodi-
versity and ecological significance as wildlife habitats (10), can be
particularly vulnerable to the detrimental effects of Hg contamina-
tion, potentially leading to the degradation of their fragile ecosystems.

The coastal wetlands in East and Southeast Asia are experiencing
an increase in riverine Hg (Fig. 2, B and C), which could potentially
harm the migratory habitats in the East Asian-Australasian Flyway
(56), one of the most crucial flyways for wetland birds globally. Sim-
ilarly, the increased riverine Hg in the coastal wetlands of the west
coast of the Pacific and the Gulf of America threatens habitats in the
Pacific Flyway, Mississippi Flyway, and Atlantic Flyway (57). Conse-
quently, assessing human perturbation on changes in riverine Hg is
crucial for pollution restoration, with potential benefits for human
health, biodiversity conservation, and wetland protection.

The establishment of a baseline for riverine Hg budgets during
the preindustrial era serves as a fundamental reference point, pro-
viding a framework for contemporary objectives in international
agreements such as the Ramsar Convention on Wetlands (58), the
Convention on Biological Diversity (59), and the Minamata Con-
vention (60). While the Minamata Convention’s Hg phaseout initia-
tives have effectively reduced Hg emissions in various regions, some
areas are experiencing increased Hg release from ASGM in South
Asia, Southeast Asia, and South America. In a global context, the
established baseline for the riverine Hg budget may serve as a poten-
tial objective for nations worldwide in efforts toward the reduction
of Hg emissions and the restoration of Hg-polluted environments.
One of the main focuses of the Minamata Convention is to address
human-induced Hg releases to land and water, including setting re-
lease limits to reduce emissions from relevant sources. Given the
strong correlation between riverine Hg and Hg release from human
activities, riverine Hg fluxes and concentrations could serve as a
rapid response metric to assess the effectiveness of Hg pollution gov-
ernance and the effectiveness of the convention in watersheds where
anthropogenic Hg releases are the major sources of the river, such as
the Yangtze River (12, 15).

Long-term monitoring could help to enhance our understanding
of the sedimentation and resuspension of particulate Hg, as well as
other riverine Hg processes. The 1850 Hg budgets and Hg concentra-
tions could be considered as broad targets for Hg pollution gover-
nance. The simultaneousincrease in background soil Hg concentrations
and the influence of dams on riverine Hg delivery since the Indus-
trial Revolution can be taken into account by MOSART for indi-
vidual rivers. In addition, the 1850 Hg budgets and concentrations can
still serve as a reference baseline, providing a historical benchmark
to gauge the impacts of both natural and anthropogenic factors and
the progress and effectiveness of Hg pollution reduction initiatives.
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MATERIALS AND METHODS
Model platform
We use the MOSART-Hg to simulate the transport and fate of Hg
in global rivers. This model is a part of the CESM2 (32, 61). The
river model is coupled with the Community Land Model 5.0 for Hg
(CLM5-Hg). The model comprises a soil erosion module and a riverine
sediment transport module, which are based on previously published
code and studies from the Energy Exascale Earth System Model
(E3SM) (33, 52, 62, 63). This model allows us to simulate the processes
of the transfer of Hg from soil to rivers and ultimately to oceans/lakes.
The structure of MOSART-Hg is illustrated in Fig. 3. After inte-
grating the erosion module into CESM2, the processes and modules
of CLM5 become connected to riverine Hg simulations. CLM5-Hg
includes features from CLM5, such as vegetation processes, which can
affect riverine Hg fluxes. For instance, vegetation changes can influ-
ence riverine Hg through their impact on erosion processes, as veg-
etation cover plays a crucial role in soil conservation. In addition,
atmospheric forcing changes, CO; levels, and other parameters can
affect Hg cycling on land. However, because of the simplified struc-
ture of MOSART, Hg cycling processes in rivers incorporate only
sediment-based and liquid-based material flows. Without biogeo-
chemical processes within the MOSART, transformations of Hg chem-
icals among its different forms in rivers are not considered. Instead, we
assume that all riverine Hg exists in particulate form to simplify the
modeling approach, following previous studies that have identified
particulate phases as the dominant form of Hg in rivers (12, 13, 19).
Given the limited sedimentation rates in river processes—where
only 1% of riverine Hg is trapped—the uncertainties arising from
the lack of Hg form transformations are estimated to be less than 1%.
To balance the model-resolving power and calculation efficiency,
the CLM5-Hg is run at a resolution of 0.9° latitude X 1.25° longitude
and the MOSART-Hg at 0.5° X 0.5°. The simulation is conducted from
1840 to 1859 to represent the riverine Hg processes in the preindustrial

era. The first 5 years are used as spin-up (to initiate the model sys-
tems), while the subsequent 15 years are used for analysis. We ignore
the atmospheric Hg deposition and the air-freshwater Hg exchange,
as a preliminary calculation indicates their much smaller magni-
tudes than soil erosion.

We assume that soil Hg concentrations remain constant through-
out the 20-year simulation, with initial soil Hg concentrations derived
from Selin et al. (30). The spatial variability of soil concentrations is
determined by assuming that each 4° X 5° model land grid square is
in a yearly steady state (30). The spatial scaling factor used to repre-
sent the spatial heterogeneity of soil Hg concentration is determined
iteratively. Starting from a uniform field set to 1, a 1-year preindus-
trial simulation is conducted. The factor is then locally adjusted for
steady state, and this process is repeated over successive years until
convergence (text S1).

The model is driven by the Global Soil Wetness Project Phase 3
(GSWP3) climate dataset at a horizontal resolution of 0.5°, spanning
from 1901 to 1920 with a time resolution of 6 hours. This dataset is
developed on the basis of the Climatic Research Unit -National Cen-
ters for Environmental Prediction (CRUNCEP) 6-Hourly Atmo-
spheric Forcing Dataset (64), and the missing values for wind are
filled on the basis of (65) that are interpolated by Climatological Data
Atmosphere to the GSWP3 grid. This dataset includes the atmosphere-
driving variables, such as precipitation, incoming solar radiation,
temperature, pressure, wind speed, humidity, and downward long-
wave radiation. Specifically, the precipitation data play a crucial role
in driving soil erosion, the water cycle, and river dynamics.

The present-day simulations account for processes related to human-
induced Hg releases, trapping effects by dams, and other influencing
factors. The former includes Hg sources from various sectors, such
as industrial activities and ASGM (Fig. 3) (26). The magnitude of
human-induced Hg releases is evaluated using observations and dif-
ferent scenarios, while the spatial distribution of Hg sources is based
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on the AMAP inventory (66, 67) and the Streets inventory (68). The
trapping effects of dams are represented through both process-
based modeling and observational datasets. The trapping processes
follow sediment dynamics described by Vorésmarty et al. (69) and
Li et al. (52) and are integrated into Earth system models. The data-
sets are derived from the Global Reservoir and Dam database (70),
with grid-based initialization following (71). Consequently, the spa-
tial distribution of global riverine Hg is shaped by both Hg sources
and dam construction. Dams act as barriers that reduce downstream
and oceanic Hg fluxes, while anthropogenic Hg releases contribute
to increased Hg levels in rivers.

CLM5-Hg

We add Hg modeling capacity to the CLMS5 for the soil erosion mod-
ule. The erosion module considers geographical and biogeochemical
processes for Hg. The geographical processes are based on the im-
proved Morgan model (33, 72). This approach effectively represents
soil erosion driven by precipitation and runoft. Specifically, the ero-
sional Hg fluxes are calculated by erosional sediment flux times the
soil Hg concentration in the corresponding grid cell. The performance
of the estimation of the erosional sediment flux is validated in the
previous studies (33, 54). In addition, the soil erosion processes com-
prehensively consider the erosive impacts of throughfall and rain-
drops from the canopy (referred to as leaf drip power) and consider
runoff-driven erosion. The soil particle detachment by raindrop im-
pact F (in kilograms per square meter) is defined as

F, = 107K f,(1 - ST)(KEp;+KE, ) M
F, = 107K, f,(1- ST)(KEp +KEy ) 2)
F,=107°K,f,(1 - ST) (KEp; + KE ) 3)

where F, F,, and F; are the clay, silt, and sand of soil detachment by
rainfall F, respectively. The £, f,, and f; are the fractions of clay, silt,
and sand particles in the surface soil, respectively; ST is the fraction
of rock fragments on the soil surface; K is the erodibility of the soil
(in grams per joule); and K, K, and Kj are the three soil erodibility
parameters for clay, silt, and sand particles, respectively. The total
energy of the effective rainfall (in joules per square meter) is the sum
of the kinetic energy of the direct throughfall (KEpr) and leaf drain-
age (KErp). KEpr is determined as a function of the rainfall inten-
sity I (in millimeters per hour) and the effective rainfall reaching the
ground surface
KEpr=RX[(1-CC)+CCx (1-A)]

X [11.87+8.73log,,(I)] @

where R is the total rainfall (in millimeters), A is the fraction of the
rainfall intercepted by the vegetation or canopy cover, and CC is the
canopy cover fraction. The parameter KE;p is estimated by

KE;,=RX CCX A X DR x (15.8PH** —5.87) (5)

where PH is the height of the plant canopy (in meters), and DR is the
fraction of leaf drainage.

The calculations of the soil detachment by runoff H (in kilograms
per square meter) for clay, silt, and sand particles are calculated as

H_=19.1X107’DR_f.Q,"*sin0[1 — max(GC,ST)| (6)
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H,=19.1x107°DR, f,Q,"*sin0[ 1 — max(GC, ST)] (7)

H, =19.1x107°DR_£.Q,"*sin0[1 — max(GC, ST)] (8)

where DR,, DR,, and DR; are the detachability of clay, silt, and sand
particles by rain (in grams per millimeter), respectively. Q is the
runoff (in millimeters), 0 is the slope angle, GC is the fraction of
ground cover, and ST is the fraction of rock fragments on the soil
surface. We use the maximum value of GC and ST rather than their
sum to avoid severely overestimating the protective effect of stone
cover against erosion in forested areas (33).

We assume that the sediment transport in the runoff is only lim-
ited by the transport capacity. The transport capacity of runoff flow
for three primary particles is given by

TC.(Q,) =19.1 X 107°f,f.Q’sin(6) )

TC,(Q,) =19.1 X 107°f,f,Q’sin(6) (10)

TC,(Q,) = 19.1 X 107f,£.Q%sin(6) (11)

where f, is the adjustment factor of transport capacity due to the
deviation from a standard flow velocity. We considered the effects of
concentrated flow depth, vegetation, and stone covers on flowvelocity

_ﬁ, — (d/0.005)0.67e—0.018X5TC (12)

where Cis the crop or plant cover factor, and d is the flow depth. The
flux of eroded sediment to rivers is calculated as

Y., = min(F+H, TC) X CCoef

St

(13)

where Yeq is the fluxes of erosional sediment to rivers (in kilograms
per square meter), and CCoef is a scaling factor to match the calcu-
lated flux with observed global riverine export of sediment (17, 20).
The input of soil Hg fluxes to rivers is calculated as

ﬂung = Yoq X ConCHg (14)

where fluxy, is the erosional Hg fluxes to rivers (in nanograms per
square meter), and Concyy is the soil Hg concentration (in nanograms
per kilogram). This method can also be applied to other sediment-
based element cycling processes, such as particulate organic carbon.

MOSART-Hg

We model the Hg transport processes in rivers following that of sedi-
ment in the MOSART. The erosion fluxes of Hg predicted by CLM5-
Hg are set as the input of the MOSART-Hg, in which the rivers are
classified as hillslopes, subnetworks, and main channels to represent
the confluence (73). The hillslopes are simulated by the Dominant
River Tracing algorithm in MOSART (62). The sediment processes
such as SPMs and wash loads are modeled following the MOSART
sediment model developed by Li et al. (52). Nevertheless, the wash
load processes of Hg are not taken into consideration due to the
much lower Hg concentrations than the SPM. In addition, only par-
ticulate phase Hg is included in the MOSART-Hg model, as its domi-
nant contribution to the total Hg content in riverine Hg budgets. The
present-day river distribution is used because data on preindustrial
river distribution are difficult to obtain following Syvitski and Kettner
(17) and Syvitski et al. (20).
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Considering the balance of simplicity and accuracy for sediment
transport, we apply the revised Engelund-Hansen equation for Earth
system models as the major equation to calculate the bed-material
load of rivers (52), and the riverine Hg fluxes are embedded in the
sediment fluxes. The total bed-material load Qo (in kilograms per
second) and Qg (in grams per second) are calculated as

Qtotal,Hg = Psed X Bq;kgml,Hg X \% R Xg ><1)50 X D50

where pj4 is the density of sediment (2650 kg/rn3), B is the channel
width (in meters), R is submerged specific gravity for quartz in wa-
ter (1.65), g is the gravity acceleration rate (9.8 m/s?), Ds is the me-
dian grain size of bed-material sediment particles (in meters), and
qfotal’Hg is the dimensionless total sediment flux per unit width for
bed-material load (52). The suspended sediment and the rest settled
fluxes are calculated as

(15)

: -Z
qus = Qtotal,Hg X mln(l’ 2.5e ) (16)

Qsettlz = Qtotal,Hg - qus (17)

where Qs is the flux of suspended sediment (in kilograms per sec-
ond), Hg (in grams per second), Z is the resuspension parameter (52),
and Qe is the temporary storage part of the bed-material load in the
river channel.

Sensitivity experiments

We conduct sensitivity experiments to assess the impact of finer
resolution on mitigating model biases in simulating sediment fluxes,
a crucial carrier of soil Hg from land to river systems. The accuracy
of sediment flux representation is paramount in reducing biases in
Hg flux simulations. We implement three scenarios: (i) a resolution
of 1° (0.9° latitude X 1.25° longitude) run, (ii) a resolution of 0.5°
(0.5° X 0.5°) run, and (iii) a constrained resolution of 1° run. The
constrained resolution of 1° run is established on the basis of Eq. 13
to effectively mitigate the model bias. In addition, sediment flux records
from other studies, representing prehuman, 1950, and present-day
scenarios, are incorporated into the bias correlation analysis (17, 18, 20).
Finer resolution provides enhanced detail in land topography, re-
sulting in a more accurate sediment budget compared to available
records (fig. S8). However, the finer resolution exhibits similar trends
to the coarse resolution, indicating the reliability of the coefficient
method (CCoef in Eq. 13) used in this study when compared to sedi-
ment records from other studies.

We address biases arising from Hg processes within land-river
systems. Given the historical context of lower Hg deposition during
the preindustrial era and limited gaseous Hg escape during soil Hg
erosion and riverine delivery, we posit that the contribution of dep-
ositional Hg to erosional Hg fluxes is within +5%, with gaseous Hg
escape accounting for a 5% loss of erosional Hg flux (25, 48, 74). We
establish three scenarios: (i) deposition plus 5%, (ii) escape loss 5%,
and (iii) both considered or not considered. Evidently, the deposi-
tion and escape of Hg exhibit relatively lower biases in the model
simulation (fig. S10). The actual impact of these two processes in the
preindustrial era is less than 5% of the erosional flux.

Given the uncertainties stemming from soil Hg concentrations,
we conduct sensitivity experiments encompassing a gradient of av-
erage global soil Hg concentrations (AGSHCs). Five scenarios of the
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Selin dataset (30) are established: (i) very high AGSHC at 50 ng/g
(model + 15%), (ii) high AGSHC at 46.5 ng/g (+7.5%), (iii) model
AGSHC at 43 ng/g, (iv) low AGSHC at 30 ng/g (—30%), and (v) very
low AGSHC at 20 ng/g (—53%). The uncertainties arising from soil
Hg concentrations are illustrated in fig. S9. We also designate the
high soil Hg concentration scenario as the upper bound of model
uncertainty ranges and the low scenario as the lower bound, with the
model exporting 390 Mg/year (range: 321 to 483) of Hg to oceans
during the simulation period.

We include the present-day soil Hg concentration datasets and
the atmospheric forcing data in ~2000 to understand the uncertain-
ties of the preindustrial simulation. Here, we use the soil Hg concen-
tration datasets (referred to as the Wang dataset) from Wang et al.
(75) and the atmospheric forcing data (GSWP3) during 1995-2004
to drive the preindustrial riverine Hg processes (details given in the
table of fig. S1). The results of this sensitivity simulation are used as
a reference, which represents the impact of climate (fig. S2). The dif-
ferences between the Wang dataset (present-day soil Hg) and the
Selin dataset (preindustrial soil Hg) reflect changes in soil Hg con-
centrations due to anthropogenic Hg releases and atmospheric Hg
deposition. The AGSHC values represented by the Wang and Selin
datasets are 47 & 26 and 43 ng/g, respectively. In addition, changes
in the atmospheric forcing data (GSWP3) from the preindustrial period
(~1850) to the present day (atmospheric forcing data for simulation are
from 1995 to 2004) reflect human-induced climate perturbations.
Hence, from this experiment, we find that the combined impacts of
increased soil Hg concentration (from 1850 to present day) and cli-
mate change (from 1850 to ~2000) have rather limited effects on the
riverine Hg budgets (an increase of 30 Mg/year or 7% compared to
preindustrial simulation; fig. S2).

Artificial intelligence assistance
We used ChatGPT-3.5 and 4o to assist in polishing the language and
checking grammar. The prompts used were the following:

1) “You are now acting as an expert in the field of environmental
science and biogeoscience. From a professional point of view, do
you think there is any need to modify the below content? Be careful
not to modify the whole text; you need to point out the places that
need to be modified one by one and provide revision opinions and
recommended revision content.”

2) “Please help rewrite the following sentence and polish it into
an academic tone.”

Supplementary Materials
This PDF file includes:
Supplementary Text S1

Figs.S1to S12

Tables S1 to S3
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can be downloaded from the CESM2 repository (https://svn-ccsm-inputdata.cgd.ucar.edu/
trunk/inputdata/) and the E3SM repository (https://web.lcrc.anl.gov/public/e3sm/inputdata/)
by following the respective instructions and policies of CESM2 (www.cesm.ucar.edu/models/

cesm2) and E3SM (https://e3sm.org/).
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