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ABSTRACT 

Global ecosystems face mercury contamination, yet long-term data are scarce, hindering understanding of 
ecosystem responses to atmospheric Hg input changes. To bridge the data gap and assess ecosystem 

responses, we compiled and compared a mercury accumulation database from peat, lake, ice and marine 
deposits worldwide with atmospheric mercury deposition modelled by GEOS-Chem, focusing on trends, 
magnitudes, spatial–temporal distributions and impact factors. The mercury fluxes in all four deposits 
showed a 5- to 9-fold increase over 1700–2012, with lake and peat mercury fluxes that generally mirrored 
atmospheric deposition trends. Significant decreases in lake and peat mercury fluxes post-1950 in Europe 
evidenced effective environmental policies, whereas rises in East Asia, Africa and Oceania highlighted 
coal-use impacts, inter alia . Conversely, mercury fluxes in marine and high-altitude ecosystems did not align 
well with atmospheric deposition, emphasizing natural influences over anthropogenic impacts. Our study 
underscores the importance of these key regions and ecosystems for future mercury management. 
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synergistically reduce Hg emissions through end-of- 
pipe controls. Notable examples of these policies in- 
clude the UK’s Clean Air Act of 1956 and the USA’s 
Clean Air Act of 1970, which are among the earliest 
regulations for controlling air pollution. 

Due to these pollution control efforts, recent ob- 
servations have shown reduced Hg emissions and 
ambient concentrations in the Arctic [7 ], Europe 
and North America [8 –10 ]. However, these reduc- 
tions in emissions and ambient concentrations might 
not fully indicate changes in contamination levels 
w ithin underly ing surface ecosystems. Ecosystems 
include various elements such as organisms, wa- 
terbodies and natural deposits, each governed by 
unique Hg deposition mechanisms. Of particular 
concern and research interest are natural deposits, in- 
cluding peat, lake sediments, marine sediments and 
ice, as they serve as the final Hg sinks and poten- 
tial Hg sources of the respective ecosystems. These 
natural deposits inherently preserve and accumulate 
environmental contaminants such as Hg in chrono- 
logical order [11 –13 ] and thus are known as nat- 
ural archives. In particular, the Hg that has accu- 
mulated in nature archives in undisturbed regions 
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NTRODUCTION 

ercury (Hg) is recognized as one of the top 10
lobal pollutants due to its high toxicity and strong
endency to bioaccumulate in the environment [1 ].
ercury is mobilized by anthropogenic activities
uch as metal mining and fossil-fuel burning [2 ,3 ],
nd natural activities such as volcanic eruptions
nd biomass burning, as well as re-emissions from
egacy Hg [1 ]. Emitted Hg primarily exists in a
aseous form (Hg0 ) that can travel long distances.
uring transport, Hg0 may be oxidized to Hg2 + 

nd methylmercury, both of which are more bio-
ccumulative and water-soluble. This transported
g is subsequently deposited into terrestrial and
arine ecosystems through dry and wet deposition
rocesses, leading to contamination [4 ]. Once de-
osited, Hg eventually accumulates in environmen-
al compartments such as aquatic sediments and
eat [1 ], posing long-term risks to ecosystems and
uman health [5 ]. To mitigate the adverse effects
f Hg, the Minamata Convention on Mercury—
n international legally binding treaty—came into
orce in 2017 [6 ]. This convention complements

ational atmospheric protection policies that could 
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as considered to be primarily sourced from atmo-
pheric depositions [14 ]. Therefore, such long-term
atural archive Hg records are valuable for studying
ow respective ecosystems—particularly their natu-
al deposit component—respond to changing atmo-
pheric Hg deposition. 
Different types of natural archives may not re-

pond in the same way to changing atmospheric
nputs due to unique Hg deposition processes. For
nstance, Hg in peat is primarily from atmospheric
eposition, which encompasses vegetation uptake
hrough active absorption by plant roots and fo-
iage [15 –19 ] and is influenced by peat growth and
icrobial decomposition [20 ]. In lake sediments,
g accumulates from direct atmospheric deposi-
ion including vegetation fixation and catchment
unoff, and legacy Hg from catchment soil [21 –23 ].
arine sediments acquire Hg through a balance
f atmospheric deposition and re-emissions, with
aterbodies [24 ] and sea ice as natural barriers to
g exchange [25 ]. Coastal erosion can also con-
ribute to Hg inputs into marine sediments [26 ].
n ice sheets and glaciers, Hg accumulates primarily
hrough atmospheric deposition. Significant pho-
oreduction of Hg [27 ], along with ice sublimation
nd melting [27 –29 ], contributes to annual Hg
eposition loss. Table S1 summarizes that major
epositional processes of Hg to peat, lake sediments,
arine sediments and ice. Previous studies reviewed
g records from natural archives such as peat and

ake sediments and offered qualitative assessments at
egional and hemispheric scales [3 0 –33 ] ( Text S1).
owever, these studies were limited in providing
uantitative comparisons across ecosystems and
egions. Such comparisons would be invaluable for
nderstanding different ecosystem responses, evalu-
ting the effectiveness of source-control policies and
nforming future mitigation strategies. 
In this study, we aim to utilize the Hg records

rom natural archives along with atmospheric mod-
lling to understand how different ecosystems—at
east their natural deposit components acting as
he Hg sinks—respond to changing atmospheric
g deposition. First, we compiled a natural archive
g database from 1700 to 2012. The database
onsisted of Hg accumulation fluxes of 221 cores
xtracted from ice, peat, lake and marine deposits.
hese deposits, primarily influenced by atmo-
pheric Hg deposition, were sampled from eight
ey regions worldwide, covering the period from
700 to 2012. Second, we compared the trends,
ates and magnitudes of Hg accumulation in four
atural archives throughout 1980–2012 with the
espective atmospheric Hg deposition modelled
y GEOS-Chem. This comparison elucidated how
g levels in these archives respond to atmospheric
Page 2 of 13
changes, thereby enhancing our understanding of 
Hg records across eight key regions. Last, based 
on the unique responses of natural archives across 
regions, we discussed policy effectiveness and high- 
lighted key regions and ecosystems that may require 
more targeted Hg management strategies. 

RESULTS AND DISCUSSION 

Natural archive mercury database 

We meticulously selected 221 cores that were primar- 
ily impacted by atmospheric Hg deposition, as indi- 
cated in the respective literature (Fig. 1 a; see detailed 
methods in Text S2, Figs S1–S3 and Dataset S1). 
The core selection was based on five stringent cri- 
teria, including the requirements that the cores 
should be free from significant physical and chem- 
ical disturbances, provided Hg accumulation flux 
(mg m−2 yr−1 ) and covered the period from 1700 to 
2012 with a temporal resolution finer than 20 years, 
considering potential chronological errors. These 
selected cores were categorized into eight key re- 
gions, with the highest number of cores from North 
America (47%), followed by Europe (11%), the Arc- 
tic (11%, mainly Greenland), Latin America (9%, 
mainly Central America and the western Andes), 
Central Asia (8%, mainly Tibetan Plateau), East Asia 
(6%), Central and Southern Africa (3%) and Ocea- 
nia (2%) (see Table S2 for a full list). In terms of core 
types, 72% were lake cores (distributed globally), fol- 
lowed by peat cores (13%, mainly in Europe), marine 
cores (11%, in continental shelf areas) and ice cores 
(4%, in polar and mountainous regions). 

Cores from different studies exhibit varying 
temporal scales, which can significantly impact the 
accuracy of regionally synthesized data. This incon- 
sistency affects the precision of annually averaged 
Hg accumulation flux data within each region. To 
resolve this issue, we employed the General Additive 
Model (GAM), which offers flexibility by allowing 
for non-linear relationships between predictors and 
the response variable [34 ]. This approach enabled 
the prediction of Hg accumulation fluxes up to 2012 
for cores whose uppermost layers did not date to the 
year 2012, thereby ensuring temporal consistency 
and enhancing the accuracy and reliability of our Hg 
flux predictions. We fed GAM with eight selected 
predictors (detailed in Table S4): local anthro- 
pogenic emission, local non-anthropogenic emis- 
sion (i.e. natural emissions and re-emissions), global 
total emission, surface temperature, precipitation, 
greenness fraction, elevation (or depth for marine 
cores) and the ratio between catchment area and 
lake area (applicable only for lake cores). The GAM 

analysis established correlations between these 
predictors and Hg accumulation fluxes in each of 
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Ice core
Lake core
Marine core
Peat core

Ice core (9)
Lake core (159)
Marine core (25)
Peat core (28)

Fold difference between
core flux and modelled flux

GEOS-Chem modelled
atmospheric total 
deposition of mercury
in 1980 (mg m-2 yr-1)

0.074
0.045
0.000

51 - 108 (5)

10 - 50 (23)
5 - 9 (25)
2 - 4 (70)
1 (95)

(a)

(b)

Figure 1. (a) Spatial distributions of natural archive records of Hg. The numbers in brackets represent the number of cores from the respective natural 
archives compiled in the database. Note that some cores collected from the same or nearby locations are not fully visible in the figure; please refer to 
Dataset S1 for detailed core information. (b) A comparison between natural archive Hg fluxes and total (wet + dry) atmospheric Hg deposition fluxes 
modelled by GEOS-Chem at each coring site in the base year 1980—a year with the greatest number of cores. Larger circles indicate greater disparities 
in magnitude. Generally, lake-Hg, peat-Hg and marine-Hg fluxes are greater than the modelled total atmospheric Hg deposition fluxes, while ice-Hg 
fluxes are smaller. A total of 42% of the cores show good agreement with the modelled values, indicated by a difference within 1-fold. However, 12% 

of the cores exhibit differences of > 10-fold, mostly marine and ice cores. 
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he four types of natural archives. The GAM result
howed that the four correlations explained 65%,
8%, 85% and 83% of the deviances in lake, peat,
arine and ice deposits, respectively (Table 1 and
igs S4–S12). Based on the four established corre-
ations, we predicted the Hg accumulation flux data
or each core that does not extend to 2012. 
Page 3 of 13
Combining the Hg accumulation flux data 
extracted from literature and the GAM predic- 
tions, we compiled a natural archive Hg database 
from 1700 to 2012 (referred to as ‘the database’). 
The database showed distinctive patterns of Hg 
accumulation fluxes in the four types of natu- 
ral archives over the last three centuries. The 
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averaged Hg fluxes in peat, lake, ice and marine 
cores—hereafter referred to as ‘peat-Hg fluxes’, 
‘lake-Hg fluxes’, ‘ice-Hg fluxes’ and ‘marine-Hg 
fluxes’—have increased by 5-, 6-, 8- and 9-fold, re- 
spectively, culminating in peak contemporary levels 
at 0.033 ± 0.034, 0.055 ± 0.123, 0.002 ± 0.004 
and 0.124 ± 0.175 mg m−2 yr−1 (mean ± standard 
deviation; detailed data in Table S3). These sub- 
stantial variations in changing rates and magnitudes 
highlight the differences between the Hg deposition 
mechanisms in the four types of natural deposits 
and reflect the key responses of those Hg sinks of 
each ecosystem to the changing atmospheric Hg 
deposition. Therefore, the following sections further 
discuss these responses by analysing the deviances 
and similarities between each type of natural archive 
Hg accumulation and the respective atmospheric 
Hg deposition. These responses help in further 
understanding the changes in Hg accumulation in 
key regions. 

Responses of lake and peat core records 
to changing atmospheric deposition 

Lake-Hg and peat-Hg fluxes generally 
changed with atmospheric Hg deposition 
We compared the natural archive Hg accumulation 
fluxes with the GEOS-Chem modelled atmospheric 
Hg deposition at each of the coring locations (Fig. 1 b 
and Fig. S13). The GEOS-Chem model was driven 
by EDGAR anthropogenic Hg emissions [35 ] and 
MERRA2 meteorological data [36 ]. The modelling 
generated atmospheric Hg deposition fluxes (total, 
wet and dry) in 2° × 2.5° grids, which offer a cost- 
effective balance between simulation accuracy and 
computational efficiency. Model validation against 
observations indicated an acceptable error margin 
of ∼50% ( Fig. S13). Our comparison revealed that 
lake and peat cores exhibited similar figures, with 
45% of lake-Hg fluxes and 46% of peat-Hg fluxes be- 
tween 1980 and 2012 falling within a 1-fold range 
of their respective modelled total atmospheric de- 
position fluxes ( Fig. S14). However, extremes were 
noted: 7% of lake-Hg fluxes (11 cores) and 7% of 
peat-Hg fluxes (2 cores) deviated by > 10-fold, sur- 
passing the modelled deposition. Additionally, 55% 

of lake cores and 48% of peat cores exhibited Hg ac-
cumulation trends that aligned with their respective 
modelled deposition trends over the same period. 

Apart from the similarities mentioned above, 
the key impact factors influencing both lake- 
Hg and peat-Hg fluxes also showed similar pat- 
terns, despite their distinctive deposition mech- 
anisms. We analysed the impact of eight relevant 
environmental, geographical and emission-related 
factors on the changes in lake-Hg and peat-Hg fluxes 
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sing the GAM approach (see Text S2 for meth-
ds). The analysis revealed that local anthropogenic
g emissions had the most significant impact on
oth lake-Hg and peat-Hg fluxes, evidenced by the
ighest F values among all factors, with temperature
eing the next most influential factor (Table 1 ).
he fact that lake-Hg and peat-Hg fluxes share
he same primary and secondary impact factors is
ikely because lakes and peatlands are both generally
overed by stagnant water and these cores were
aken from relatively remote areas with limited
xternal disturbances. These conditions make at-
ospheric deposition the dominant input in these
atural archives, making them more susceptible to
ocal atmospheric emissions. The significance of
emperature is due to its impact on disrupting the
iogeochemical cycles of Hg within lake and peat
cosystems. For instance, rising temperatures can
romote vegetation growth and aquatic system pro-
uctivity. These changes could lead to an increase in
egetation fixation and the input of organic matter-
ound Hg into peat and lake sediments [18 ,37 ].
esides, rising temperatures could contribute to
lacier retreat, providing additional Hg input from
eltwater into proglacial lakes [29 ,38 ,39 ]. 
The general concordance in trends and mag-

itudes between the modelled data and lake-Hg
nd peat-Hg fluxes suggests that both types of nat-
ral archives are responsive to changes in atmo-
pheric Hg depositions. Besides, the shared key
mpact factors—particularly local anthropogenic
missions—indicate that lake and peat cores could
e used in tandem to assess the impact of anthro-
ogenic activities, such as the onset of major indus-
ries and the implementation of pollution control
olicies. In the following subsection, we leverage this
nowledge to discuss regional changes in lake and
eat records. 

egional lake and peat records reflected con-
emporary anthropogenic impact 
rom 1900 onwards, lake-Hg and peat-Hg fluxes
n all regions started to rise, but their trajecto-
ies diverged after the 1950s. Europe was the only
egion that showed a significant reduction, with
ake-Hg and peat-Hg fluxes decreasing by 94% and
7%, respectively, from the respective peaks in the
950s and 1970s to 2012 (Fig. 2 a). In 2012, fluxes
ropped to 0.039 (0.026, 0.052) [mean (confidence
nterval (CI) 2.5%, CI 97.5%)] mg m−2 yr−1 in
ake cores and 0.022 (0.014, 0.030) mg m−2 yr−1 

n peat cores. These 2012 levels closely resem-
le pre-industrial levels, when the lake-Hg flux
as 0.027 (0.015, 0.039) mg m−2 yr−1 in 1866
nd the peat-Hg flux was 0.006 (0.004, 0.008)
g m−2 yr−1 in 1760 (the earliest year with mul-
Page 5 of 13
tiple cores). The significant reductions observed in 
lake and peat cores in recent decades align well 
with the decreasing trends and rates of modelled to- 
tal atmospheric Hg depositions during 1980–2012 
(Table 2 and Fig. S15) and with the observed 
Hg° concentration and Hg2 + wet deposition during 
1990–2010 [10 ]. Besides, the reduction rate in lake- 
Hg (–1.7%/yr) closely mirrored the modelled reduc- 
tion rates (–1 .6%/yr). These general concurrences 
in decreasing trends and rates between lake and 
peat cores indicate that similar factors drove these 
changes. One major driver contributing to these re- 
ductions could be the effective implementation of 
environmental policies aimed at reducing air pollu- 
tant emissions from coal burning in Europe. These 
policies trace back to the UK’s Clean Air Act of 1956,
which was prompted by the Great London Smog and
has been strengthened by a series of regulations en- 
acted by the European Union since 1970 [40 ]. Con-
sequently, most European countries have progres- 
sively decoupled their economic development from 

coal consumption ( Fig. S16). 
North America exhibits a mixed flux trend, with 

lake-Hg fluxes initially increasing at a rate of 1.8% 

per year unti l the 1970s, fol lowed by a statistically in- 
significant decrease (Fig. 2 b). By 2012, the lake-Hg 
flux reached 0.023 (0.021, 0.025) mg m−2 yr−1 , rep- 
resenting a 5-fold enrichment from the pre-industrial 
level of 0.005 (0.0042, 0.0061) mg m−2 yr−1 in 
the year 1700. These overall insignificant decreas- 
ing trends in North America resulted from diverse 
changing patterns of lake-Hg and peat-Hg trends 
across its subregions. Figure 3 i l lustrates the spatial–
temporal changes in Hg accumulation in North 
America that were derived from GAM analysis (see 
Text S2 for methods). The result showed declin- 
ing Hg accumulation fluxes on the eastern and west- 
ern sides of North America and increasing Hg ac- 
cumulation fluxes with slowing year-on-year chang- 
ing rates in the central region during 1980–2012. 
These non-uniformed subregional trends from nat- 
ural archives align with the general decreasing pat- 
terns in wet deposition observed in the eastern and 
western regions of the USA, alongside the increasing 
[41 ] or slowing decreasing trends [10 ] in the central
region, depending on targeted periods. The mixed 
trends are likely a result of locally specific environ- 
mental regulations, including the USA’s Clean Air 
Act of 1970, the continuous reliance on coal in the
USA until 2008 ( Fig. S16) and contributions from 

trans-boundary Hg pollution across continents [41 ]. 
Unlike the declines observed in Europe and 

North America, lake-Hg fluxes in Oceania, central 
and southern Africa and East Asia experienced in- 
tensified Hg accumulation up until 2012 (Fig. 2 c–e). 
The recent increases in lake-Hg fluxes agree with 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae417#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae417#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae417#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae417#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae417#supplementary-data
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Figure 2. The synthesized regional Hg accumulation fluxes reconstructed from ice, peat, lake sediments and marine sedi- 
ments from 1700 to 2012. In this context, Africa refers to central and southern areas, Oceania covers Australia and New 

Zealand, Latin America covers Mexico and the western Andes area, and the Arctic represents Greenland and nearby islands. 
The shaded areas represent 95% confidence intervals and ‘n’ next to each line indicates the maximum number of cores used 
in plotting. Here, only the fluxes that were averaged from two or more cores are plotted. Dotted extended lines indicate that 
the fluxes were calculated by using both core data and predicted values generated by the General Additive Model (GAM). 
The use of core + GAM predicted data aims to avoid errors induced by inconsistent numbers of cores each year, particularly 
after 2000, when the number of cores decreased significantly. 

t
2  

c  

w  

o  

t  

s  

i  

s  

a  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/11/12/nw

ae417/7905065 by M
assey U

niversity user on 05 January 2025
he modelled atmospheric deposition during 1980–
012. The increases were likely driven by escalated
oal usage in Australia, South Africa and China,
hich rose by 71%, 190% and 533%, respectively,
ver the same period [42 ]. Additional contributions
o these increases could have stemmed from Arti-
anal and Small-Scale Gold Mining (ASGM) activ-
ties, which are currently the largest Hg emission
ource [1 ]. Triggered in part by surging gold prices
fter the 20 0 0s, ASGM has proliferated in develop-
ng regions worldwide, including central and south-
Page 6 of 13
ern Africa and China [43 ,44 ]. However, the magni- 
tude of ASGM emissions carries substantial uncer- 
tainties and needs further validation (see Text S4 for 
more discussion). 

In Central Asia, high-altitude lake-Hg fluxes re- 
mained constant from the eighteenth century to the 
1930s and then increased steadily to 2012, stand- 
ing at 0.020 (0.013, 0.027) mg m−2 yr−1 (Fig. 2 f). 
Central Asia is an extensive mountainous region 
spanning the Third Pole area. Therefore, the re- 
gion is influenced by global mercury emissions, 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae417#supplementary-data
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Table 2. Spatial comparison between natural archive data of Hg accumulation fluxes and modelled total atmospheric Hg deposition fluxes (in brackets) 
by trend, changing rate and magnitude. Modelled results were extracted from respective coring locations and are presented in brackets for easy 
comparison. ↑ indicates a general increasing trend, ↓ indicates a general decreasing trend. * indicates the trend is at a significance level of 0.05. 

Core type North America Europe Latin America Oceania 

Central and 
Southern 
Africa Central Asia East Asia The Arctic 

Trend from 1980 to 2012 
Lake core ↓ ( ↑ *) ↓ *( ↓ *) ↑ *( ↑ *) ↑ *( ↑ *) ↑ *( ↑ *) ↑ *( ↑ *) ↑ *( ↑ *) ↑ *( ↑ ) 
Peat core ↓ ( ↑ *) ↓ *( ↓ *) ↓ *( ↑ ) ↓ *( ↑ *) 
Ice core ↓ ( ↑ *) ↑ ( ↑ *) 
Marine core ↑ ( ↑ ) ↑ ( ↑ *) ↑ *( ↓ ) 

Changing rate (%/year) from 1980 to 2012 
Lake core –0.3 (0.3) –1.7 (–1.6) 0.4 (0.6) 1.1 (0.6) 2.2(0.8) 1.3 (0.7) 1.9 (3.7) 2.2 (0.2) 
Peat core –0.2 (0.4) –0.4 (–0.6) –0.6 (0.3) –0.9 (1.8) 
Ice core –3.5 (0.5) 0.1 (0.7) 
Marine core 0.4 (0.8) 0.6 (1.9) 0.4 (–0.2) 

Mean flux (mg m−2 yr−1 ) in 2012 
Lake core 0.023 (0.014) 0.039 (0.017) 0.034 (0.024) 0.021 (0.018) 0.045 (0.021) 0.020 (0.010) 0.414 (0.017) 0.007 (0.007) 
Peat core 0.054 (0.011) 0.022 (0.014) 0.010 (0.017) 0.025 (0.019) 
Ice core 0.0 0 01 (0.0 06) 0.001 (0.007) 
Marine core 0.144 (0.005) 0.067 (0.006) 0.108 (0.008) 

Maximum number of cores 
Lake core 91 8 14 5 6 15 5 5 
Peat core 2 14 6 2 
Ice core 4 2 
Marine core 2 6 16 
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Figure 3. Spatial–temporal variations in natural archive data of Hg accumulation fluxes denoted as partial effects across North America (104 cores 
with 93% being lake cores), the Arctic (24 cores with 67% being marine cores) and Europe (24 cores with 58% being peat cores and 33% lake cores) 
from 1980 to 2012, analysed by using GAM. The plots were overlaid with map contours spanning the coordinates 38°N–82°N, 150°W–23°E. The 
change in partial effects visually demonstrates how Hg accumulation fluxes at specific locations change along with time while holding other variables 
constant. This spatial–temporal GAM analysis does not distinguish between core types, aiming for a comprehensive comparison among ecosystems 
and geographical locations. Note that lake and peat cores are more likely to mirror total atmospheric deposition compared with marine cores. Plots 
show decreasing accumulation fluxes in Europe (terrestrial environment), increasing fluxes in the Arctic region (marine environment) and mixed effects 
in North America (terrestrial environment). 
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articularly from neighbouring regions of East Asia
nd South Asia, both of which have experienced in-
reasing anthropogenic emissions [45 ]. The high-
ltitude lake-Hg flux trend aligned with the rising
mission trends, as expected. However, the lake-Hg
uxes had a year-on-year changing rate of 1.3%/year
uring 1980–2012, which surpassed the modelled at-
ospheric deposition rate of 0.7% at lake locations.
his acceleration in the high-altitude lake-Hg chang-
ng rate could be attributed to a heightened atmo-
pheric supply of oxidated Hg2 + at higher elevations
ue to the increased availability of oxidants [46 –49 ].
dditionally, high-altitude proglacial lakes also re-
eive Hg inputs from glacier meltwater, which have
een enhanced by rising temperatures over recent
ecades [29 ,39 ]. 

esponses of marine core records to 

hanging atmospheric deposition 

arine cores generally overstated atmo-
pheric Hg deposition 
n contrast to fluxes in lake and peat cores, marine-
g fluxes significantly differed from the modelled at-
ospheric deposition in trends and displayed sig-
ificant differences in magnitudes. Notably, 58% of
arine-Hg fluxes between 1980 and 2012 showed
isparities of > 10-fold, with only 19% of marine-Hg
uxes falling within the 1-fold range of the respec-
ive total atmospheric Hg deposition fluxes. In gen-
ral, marine-Hg fluxes were ∼20-fold greater than
he modelled deposition ( Fig. S14). These substan-
ial differences between marine-Hg fluxes and mod-
lled atmospheric deposition suggest that the fac-
ors driving the changes in atmospheric deposition,
uch as emission control policies, are not the pri-
ary drivers of marine-Hg fluxes. This observation

s fur ther suppor ted by the GAM impact factor anal-
sis, which revealed that the ocean depth at the sam-
ling location exerted the most significant impact.
cean depth can alter the marine-Hg fluxes by influ-
ncing the physical movement of marine sediments
o which Hg binds. These movements include sedi-
ent focusing [50 ] and sediment export to the deep
ea [51 ,52 ]. Ultimately, the discrepancies in trends
nd magnitudes between the modelled data and sed-
mentation records suggest that marine-Hg fluxes are
nlikely to respond in a timely or consistent manner
o changes in atmospheric deposition. 

ll regional marine cores showed rising trends
arine-Hg fluxes in the oceans of Europe, the Arctic
nd East Asia all exhibited increasing trends. These
ises are especially noteworthy for Europe and the
rctic, where atmospheric deposition trends were
Page 8 of 13
decreasing. In Europe, marine cores showed a signif- 
icant upward trend of 3% per year before the 1960s, 
which then slowed to 0.4% per year until 2012. This 
increasing trend is in stark contrast to the previously 
discussed declines in the modelled atmospheric de- 
position of the region and the lake-Hg and peat- 
Hg fluxes following the pivotal periods of the 1950s 
and 1970s, respectively. By 2012, marine-Hg fluxes 
in Europe reached 0.144 (0.140, 0.148) mg/m2 per 
year, ranking among the highest levels within the 
database. 

Similarly, the marine-Hg fluxes in the Arctic 
showed significant monotonical increasing trends 
from 1920 to 2012, although the growth rate de- 
creased from 2.8%/year to 0.6%/year after 1980 
(Fig. 2 g). This contemporary increasing trend con- 
trasted with the decreasing ambient atmospheric Hg 
concentration of the region, which has declined by 
–0.95%/year since 1995 based on data from Station 
Alert at the northern tip of Greenland [7 ]. The in-
creasing trend also opposed the decreasing modelled 
atmospheric deposition rate of –0.2%/year during 
1980–2012, ave raged from ma rine core locations. By 
2012, marine-Hg fluxes in the Arctic stood at 0.108 
(0.077, 0.140) mg m−2 yr−1 , designating it as a Hg 
accumulation hotspot, as shown in Fig. 3 . 

The sustained rises in marine-Hg fluxes in both 
the Arctic and Europe could be attributed to vari- 
ous factors. These include the continuous cycling of 
Hg within the marine environment [53 ], continuous 
inputs from coastal erosions [26 ] and possible en- 
hanced ecosystem productivity in coastal areas [37 ]. 
The Arctic region also receives additional Hg inputs 
from melting Greenland glaciers and permafrost—
processes that have been amplified by rising temper- 
atures [54 ,55 ]. The increasing marine-Hg flux trends 
in the Arctic and Europe suggest delayed or limited 
responses of the marine ecosystems to changing at- 
mospheric Hg deposition. We also acknowledge that 
the above analyses of marine-Hg fluxes are limited 
by the smaller number of marine cores (25 cores) 
compared with peat and lake cores. Therefore, future 
studies are encouraged to provide additional valida- 
tion to bolster the findings and further investigate the 
dynamics of Hg deposition in marine environments. 

Responses of ice-core records to 

changing atmospheric deposition 

Ice cores generally under-recorded atmo- 
spheric Hg deposition 
Similarly to marine cores, Hg fluxes in ice 
cores also significantly differed from modelled 
atmospheric deposition in trends and magnitudes. 
When magnitudes are compared with modelled 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae417#supplementary-data
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otal atmospheric Hg deposition fluxes, 66% of
ce-Hg fluxes from 1980 to 2012 showed dispar-
ties of > 10-fold, with only 10% within a 1-fold
ange. In general, ice-Hg fluxes were nine times
maller than the modelled deposition ( Fig. S14).
he GAM impact factor analysis revealed that
he elevation of the sampling location exerted
he most significant impact. This finding is likely
ue to higher elevations correlating with height-
ned ultraviolet intensity, which could linearly
nfluence the photoreduction process of Hg in
ce deposits [56 ], leading to the loss of deposited
g. Eventual ly, al l the differences in trends and
agnitudes, along with the primary impact factor,
uggest that ice-Hg fluxes are unlikely to respond
romptly or consistently to changes in atmospheric
eposition. 

igh-altitude ice records were prone to natural
nfluences 
n the ice-covered mountainous regions of Cen-
ral Asia, ice-Hg fluxes remained constantly low
ntil the 1930s and then increased rapidly until
960. Following this period, the fluxes fluctuated
t ∼0.001 mg m−2 yr−1 until 2012. The post-1960
rend of ice-Hg fluxes diverged from the rising trends
f both global and regional Hg emissions that af-
ect Central Asia [45 ]. The fluctuations in ice-Hg
uxes may have resulted from several factors, includ-
ng the loss of deposited Hg through photoreduc-
ion, which is intensified by high ultraviolet radiation
t elevated altitudes. Additionally, these fluctuations
ight have resulted from the release of stored histor-

cal Hg as ice melting, driven by rising temperatures,
hich are particularly pronounced in high-altitude
egions [57 ,58 ]. Nevertheless, the current analysis is
imited by the small number of ice cores available
n this region (just two cores). More ice cores are
eeded to improve the robustness of the trend anal-
sis and provide more convincing evidence. 

eflections of natural archive responses 
n global mercury management 
evisiting the anthropogenic emissions during
he eighteenth and nineteenth centuries 
everal global estimates on Hg emissions in the
ighteenth and nineteenth centuries revealed an
nimodal curve with a peak matching contemporary
evels [2 ,59 ], largely driven by silver [60 ], mercury
nd gold mining [2 ] during the Spanish colonization
1570–1850) and Gold Rush era (1800 onwards).
hese high historical estimates were considered
verestimated and strongly contested by geochem-
cal records [53 ,61 ,62 ]. Our synthesized regional
Page 9 of 13
lake-Hg fluxes in Central Asia and Latin America 
(Fig. 2 h) during the period showed mi ld ly elevated
lake-Hg fluxes, supporting the notion that mining 
emissions were likely overestimated and/or had 
only local impacts. Consequently, some studies 
revised these emissions to one-third to half of the 
original estimates [53 ,63 ], using natural archive 
Hg accumulation fluxes as references. However, 
it is important to note the influence of sampling 
locations. If the distances between natural archives 
and mining locations exceed the local impact range 
(typically 50 km [64 ] to 100 km [22 ]), the natural
archive Hg fluxes might be biased when evaluating 
and calibrating the mining Hg emissions. Notably, 
no cores from California, USA—the hotbed of the 
Gold Rush—were analysed by Zhang et al. [53 ] 
or Engstrom et al. [62 ], nor were any included in
this study. An accurate estimate of historical mining 
Hg emissions is crucial for contemporary Hg man- 
agement, as legacy Hg pollution can sti l l influence 
current Hg biogeochemical cycling [63 ]. Hence, for 
further revision of the mining emissions, the use of 
natural archive fluxes for validation or calibration 
should be approached with caution and additional 
core samples are needed in key mining areas. 

Effectiveness of pollution control policies and 
impact of coal use 
The lake-Hg and peat-Hg fluxes in three regional 
groups (i) Europe, (ii) North America and (iii) East 
Asia, Africa and Oceania provide a clear basis for 
comparing the effectiveness of environmental poli- 
cies. Both Europe and North America pioneered 
environmental management but exhibited different 
pollution trajectories. In Europe, contemporary lake- 
Hg and peat-Hg fluxes had almost returned to pre- 
industrial levels, indicating effective ecosystem re- 
covery and the success of pollution control mea- 
sures. In contrast, the declining trends of lake-Hg 
and peat-Hg fluxes in North America were insignif- 
icant. This discrepancy is likely due to the reliance 
on coal—a major Hg emission source. European 
countries decoupled their economies from coal use 
early on, whereas the USA maintained its reliance 
until 2008 ( Fig. S16). A more profound impact of 
coal use is evident in East Asia, Africa and Ocea-
nia, where coal remained a primary energy source 
at least until 2012. Consequently, lake-Hg fluxes 
in these regions showed monotonic increases, with 
East Asia emerging as a particularly intensified Hg 
accumulation hotspot. The comparison results un- 
derscore that general environmental policies can be 
effective in managing Hg pollution; however, the 
ongoing use of coal significantly undermines this 
effectiveness. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae417#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae417#supplementary-data
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ritical ecosystems for Hg pollution recovery 
ompared with terrestrial lake and peat ecosystems,
arine ecosystems are more challenging to recover
rom Hg contamination. This is evidenced by the
ubstantially reduced contemporary Hg fluxes in
ake and peat cores in Europe, whereas marine core
uxes in the same region continued to rise. The diffi-
ulties in change partly stem from the fact that ma-
ine ecosystems, including ocean water bodies and
ediments, represent the largest Hg sink on Earth
1 ]. Additionally, the open nature of marine systems,
ith ocean currents mobilizing Hg both horizontally
nd vertically, significantly diminishes the effective-
ess of environmental policies that focus on reducing
tmospheric Hg emissions and deposition on marine
cosystem recovery. 
High-altitude ecosystems face similar challenges.

hey are more susceptible to environmental and ge-
graphical factors, making recovery difficult through
he sole control of anthropogenic Hg emissions. The
AM analysis indicated that elevation is the primary
riving factor for changing Hg fluxes in ice cores, and
 secondary and tertiary factor in peat and lake cores,
espectively (Table 1 ). At higher elevations, the Hg
n natural archives would be affected by the presence
f more oxidants [47 ], greater photochemical reduc-
ion [56 ] and more intense temperature increases
57 ,58 ]. Additionally, the dynamic interactions
etween melting ice and proglacial lakes [29 ,38 ,39 ]
nder climate change pose new challenges for
ontaining Hg contamination in high-altitude
cosystems. 

ONCLUSION 

n summary, we compiled a natural archive Hg
ecord database spanning the years from 1700 to
012, utilizing data from 221 cores collected from
ce, peat, lake and marine deposits across eight key
egions. Our analysis focused on how these natu-
al deposits, acting as Hg sinks of respective ecosys-
ems, respond to changes in total atmospheric Hg
eposition. Our findings revealed that lake-Hg and
eat-Hg fluxes exhibited a strong association with
ocal anthropogenic Hg emissions and mirrored
he trend of total atmospheric Hg deposition, al-
eit with higher magnitudes. This distinct charac-
eristic evidenced the positive effect of past collec-
ive environmental policies in Europe in recovering
ake and peat ecosystems—at least their sedimen-
ary components—from Hg contamination. Addi-
ionally, our study revealed elevated Hg accumula-
ion in lake ecosystems in East Asia, Africa and Ocea-
ia, likely driven by economic development, includ-
ng coal consumption, among other factors. Con-
ersely, ice-Hg and marine-Hg fluxes were primarily
Page 10 of 13
regulated by natural processes, such as Hg photore- 
duction, ice melting and coastal erosions, and thus 
were not sensitive to changing atmospheric inputs 
driven by anthropogenic interventions such as emis- 
sion controls. As a result, we found universal rising 
trends in marine-Hg fluxes in Europe and the Arctic 
post the 1950s despite declining atmospheric emis- 
sions, concentrations and depositions. Additionally, 
our findings underscored the challenges in contain- 
ing Hg contamination in high-altitude ecosystems 
due to the dynamic Hg exchange and the remobiliza- 
tion of historical Hg through ice melting. 

Although natural deposits may not fully repre- 
sent entire ecosystems, they provide valuable in- 
sights into the principal responses from Hg sinks 
within these ecosystems, which can also act as po- 
tential Hg sources. Therefore, we call for targeted 
mitigation strategies that are tailored to key ecosys- 
tems in oceans and high-altitude areas, as well as 
critical regions such as East Asia and the Arc- 
tic. Besides, it is crucial to address Hg pollution 
and climate change simultaneously [65 ], as chang- 
ing natural conditions—such as variations in veg- 
etation types, organism productivity and soil ero- 
sion levels—can influence Hg contamination levels 
and offset the effectiveness of policies. Moreover, 
there is a need for more paleoenvironmental stud- 
ies in less-explored natural archive materials, such as 
ice and marine sediments, and in under-researched 
but important regions, particularly East Asia, Africa 
and historical mining regions. These studies are es- 
sential for enhancing our understanding of global 
biogeochemical Hg cycling and supporting assess- 
ments of the effectiveness of Hg mitigation poli- 
cies, especially under the Minamata Convention on 
Mercury. 

To push forward research in this direction, 
the established natural archive Hg database could 
potentially help to (i) reconstruct long-timescale, 
global-gridded, atmospheric Hg depositions, which 
could be achieved by combining and complement- 
ing natural archive Hg records (long temporal scale 
but limited in special coverage) and global modelled 
gridded depositions (global coverage but limited 
in temporal scales)—successful reconstruction 
can provide valuable Hg data for less-studied areas 
such as East Asia, Africa and South Asia; (ii) in- 
corporate global Hg cycle modelling to constrain 
Hg emission estimates, including anthropogenic 
emissions from sources such as metal mining and 
aquatic re-emissions; (iii) disentangle climate and 
socio-economic drivers of Hg accumulation fluxes 
in the identified key ecosystems, i.e. marine and 
high-altitude lake systems, and generate more tar- 
geted policies and measures for effective ecosystem 
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ETHODS 

e conducted this study by following the below pro-
esses (for detailed methods, please see Text S2 and
ig. S17): 

(i) Compiled a natural archive Hg flux database
by using data from lake, peat, marine and ice
deposits. 

(ii) Analysed the responses of natural archive Hg
fluxes to atmospheric Hg depositions. This
step is divided into three parts. First, natural
archive Hg fluxes were compared with atmo-
spheric Hg depositions modelled by GEOS-
Chem at each coring location to identify
disparities and similarities. Second, eight key
impact factors that influence changes in nat-
ural archive Hg fluxes were examined. Third,
spatial–temporal analysis was conducted to
understand the responses of natural archives
in eight key regions. 

(iii) Assessed impacts of anthropogenic activities,
including environmental policies and identi-
fied critical regions and ecosystems for priori-
tizing future Hg abatement policies. 

This study employed a multidisciplinary ap-
roach, incorporating elements from physical geog-
aphy and atmospheric sciences, which resulted in
ncertainties spanning various dimensions. These
ncertainties encompass but are not limited to the
ollowing aspects (for in-depth discussions, please
efer to Text S4): 

(i) Potential bias stemming from core distribu-
tion and numbers could be more pronounced
in regions such as Southeast Asia, the Arc-
tic, East Asia, central and southern Africa, and
South America. Such bias may have affected
the accuracy of trend and magnitude analyses.

(ii) Uncertainties in natural archive Hg records
arising from different deposition mechanisms.
See Table S1 for a summary detailing pre- and
post-depositional processes that contribute to
differences between natural archive Hg fluxes
and atmospheric Hg deposition fluxes. 

(iii) Uncertainties in natural archive Hg records
arising from chronologies, including dating
error ranges and differences in dating meth-
ods employed across studies. Consequently,
the geochemical Hg records discussed herein
should be understood as representing an ap-
proximate period of ±10 years, rather than
precise years. 

(iv) Uncertainties in natural archive Hg records
arising from the concentration-to-flux conver-
sion. Contemporary Hg accumulation fluxes
in ice and marine cores might have been
Page 11 of 13
underestimated due to the consistent sedi- 
mentation rates used in the conversion. 

(v) Uncertainties in total atmospheric Hg depo- 
sition linked to the transportation and depo- 
sition processes modelled in GEOS-Chem. 
The model employed a coarse resolution of 
2° × 2.5°, meaning that the grid-average re- 
sults might not fully represent Hg deposition 
at specific core sampling locations. Addition- 
ally, the model might have underestimated the 
total deposition onto ice surfaces and overesti- 
mated deposition onto lakes due to uncertain- 
ties in high-altitude modelling and lake-Hg re- 
emissions, respectively. These uncertainties 
could have affected the accuracy of the magni- 
tude comparisons between modelled and nat- 
ural archive Hg fluxes. 

(vi) Uncertainties in Hg emission estimates on 
ASGM, which may have further led to over- 
estimation of the GEOS-Chem-modelled at- 
mospheric deposition in East Asia, central and 
southern Africa, and Latin America in 1980–
2012. 

DATA AVAILABILITY 

The natural archive Hg flux data and core information, including
references, of the selected 221 cores are available in Dataset S1.
Ground observation data of wet mercury deposition and concen-
trations are available in Dataset S2. The data used to plot Figs 1 –3
are provided in Dataset S3. The GAM codes are available upon
reasonable request to the lead contact, Shuxiao Wang ( shxwang@
tsinghua.edu.cn). 
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2. Cossa D, Knoery J, Bănaru D et al. Mediterranean Mercury Ass
an updated budget, health consequences, and research perspe
Sci Technol 2022; 56 : 3840–62. 

3. Zhang Y, Jaeglé L, Thompson L et al. Six centuries of changing oc
Glob Biogeochem Cycles 2014; 28 : 1251–61. 

4. Dastoor A, Angot H, Bieser J et al. Arctic mercury cycling. Nat Re
2022; 3 : 270–86. 

5. Asmund G and Nielsen SP. Mercury in dated Greenland marine 
Total Environ 2000; 245 : 61–72. 

6. Mann EA, Mallory ML, Ziegler SE et al. Mercury in Arctic sno
the kinetics of photochemical oxidation and reduction. Sci Tota
509–510 : 115–32. 

7. Mountain Research Initiative EDW Working Group. Elevat
warming in mountain regions of the world. Nat Clim Change 20

8. Guo D, Yu E, Wang H. Will the Tibetan Plateau warming depen
in the future? JGR Atmos 2016; 121 : 3969–78. 

9. Streets DG, Devane MK, Lu Z et al. All-time releases o
the atmosphere from human activities. Environ Sci Techn
10485–91. 

0. Camargo JA. Contribution of Spanish–American silver mines (
the present high mercury concentrations in the global environm
Chemosphere 2002; 48 : 51–7. 

1. AMAP/UNEP. Technical Background Report for the Global Me
ment 2018 . Arctic Monitoring and Assessment Programme, Osl
Environment Programme, Chemicals and Health Branch, Geneva
2019. 

2. Engstrom DR, Fitzgerald WF, Cooke CA et al. Atmospheric Hg e
preindustrial gold and silver extraction in the Americas: a ree
lake-sediment archives. Environ Sci Technol 2014; 48 : 6533–43

3. Guerrero S and Schneider L. The global roots of pre-1900 legacy
Natl Acad Sci USA 2023; 120 : e2304059120. 

4. Gerson JR, Szponar N, Zambrano AA et al. Amazon forests ca
els of atmospheric mercury pollution from artisanal gold mining
2022; 13 : 559. 

5. UNEP. Chemicals, Wastes and Climate change: Interlinkages
for Coordinated Action . Geneva, Switzerland: United Nations En
gramme, 2021. 
ing & Media Ltd. This is an Open Access article distributed under the terms of the Creative 
s unrestricted reuse, distribution, and reproduction in any medium, provided the original 

f 13

http://dx.doi.org/10.1021/acsearthspacechem.0c00220
http://dx.doi.org/10.1016/j.scitotenv.2013.02.052
http://dx.doi.org/10.1016/j.scitotenv.2019.134800
http://dx.doi.org/10.1029/2020GB006904
http://dx.doi.org/10.7717/peerj.6876
http://dx.doi.org/10.1016/j.atmosenv.2018.04.017
http://dx.doi.org/10.1175/JCLI-D-16-0758.1
http://dx.doi.org/10.1016/j.oneear.2023.02.004
http://dx.doi.org/10.1016/j.gca.2019.01.009
http://dx.doi.org/10.1016/j.watres.2022.118474
http://dx.doi.org/10.5194/acp-16-3825-2016
http://dx.doi.org/10.1016/j.scitotenv.2016.01.061
http://dx.doi.org/10.1016/j.exis.2020.06.023
http://dx.doi.org/10.1021/acs.est.1c05816
http://dx.doi.org/10.5194/acp-16-4135-2016
http://dx.doi.org/10.1021/es9030408
http://dx.doi.org/10.1016/j.scitotenv.2014.05.078
http://dx.doi.org/10.1016/j.atmosenv.2011.10.008
http://dx.doi.org/10.1016/j.dsr.2019.03.007
http://dx.doi.org/10.1016/j.marpolbul.2009.03.013
http://dx.doi.org/10.1021/acs.est.1c03044
http://dx.doi.org/10.1002/2014GB004939
http://dx.doi.org/https://doi.org/10.1038/s43017-022-00269-w
http://dx.doi.org/10.1016/S0048-9697(99)00433-7
http://dx.doi.org/10.1016/j.scitotenv.2014.07.056
http://dx.doi.org/10.1038/nclimate2563
http://dx.doi.org/10.1002/2016JD024871
http://dx.doi.org/10.1021/es202765m
http://dx.doi.org/10.1016/S0045-6535(02)00047-4
http://dx.doi.org/10.1021/es405558e
http://dx.doi.org/10.1073/pnas.2304059120
http://dx.doi.org/10.1038/s41467-022-27997-3
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULTS AND DISCUSSION
	Natural archive mercury database
	Responses of lake and peat core records to changing atmospheric deposition
	Responses of marine core records to changing atmospheric deposition
	Responses of ice-core records to changing atmospheric deposition
	Reflections of natural archive responses on global mercury management

	CONCLUSION
	METHODS
	DATA AVAILABILITY
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

