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ABSTRACT
Mercury is a global pollutant that can undergo long-range transport in the atmosphere. 

While anthropogenic activities have largely increased atmospheric Hg emission and deposi-
tion since global industrialization, mechanisms governing the atmospheric Hg cycle in pre-
industrial periods remain unclear. Alpine peatlands receive Hg mainly from atmospheric Hg 
deposition and are sensitive to climatic changes, therefore alpine peat cores can be a useful 
archive for understanding the relationship between atmospheric Hg deposition and climate 
change. Here we reconstruct a 1200-year Hg deposition record based on a core drilled from 
an ombrotrophic peat bog in Yunnan-Guizhou Plateau, SW China. This core shows a dra-
matic change of Hg deposition fluxes (30.3–515 μg/m2/yr) associated with variable Hg isotopic 
composition (δ202Hg: −1.02‰ to −2.01‰; Δ199Hg: −0.16‰ to −0.50‰; Δ200Hg: −0.08‰ to 
0.07‰). Using a Δ200Hg-based model, deposition fluxes of atmospheric Hg(0) and Hg(II) were 
estimated, which vary coherently with climatic indices (e.g., temperature, precipitation, and 
monsoon intensity). Results of this study imply that atmospheric Hg deposition in SW China 
is governed by two climate scenarios. In warm-house climates, low precipitation intensity and 
vegetation growth rates in SW China caused low atmospheric Hg(II) and Hg(0) deposition 
fluxes, respectively. In cold-house climates, high precipitation intensity and vegetation growth 
rates caused high atmospheric Hg(II) and Hg(0) deposition fluxes. This study highlights that 
climate changes can have a strong control on atmospheric Hg deposition.

INTRODUCTION
Mercury (Hg) is a volatile and toxic heavy 

metal, and the atmosphere plays a vital role 
in the global Hg cycle (Driscoll et al., 2013). 
In ecosystems, Hg is readily transformed into 
methylmercury, a bioaccumulative neurotoxin 
of potent health threat to wildlife and humans 
(Mergler et al., 2007). The Minamata Conven-
tion on Mercury, adopted by the United Nations 
Environment Programme in 2013, entered into 
force in 2017 with the goal of reducing global 
anthropogenic Hg emissions. The success of 
this convention requires our knowledge of 

atmospheric Hg emission and deposition of the 
past, present, and future.

Mercury is released into the atmosphere via 
natural and anthropogenic processes (Pirrone 
et al., 2010). Atmospheric Hg emission was 
dominated by natural processes in preindustrial 
periods, whereas anthropogenic processes have 
increased global Hg emission by a factor of 
three to five since global industrialization (Amos 
et al., 2013). Studies on sediment cores world-
wide have reported elevated Hg influx in the past 
decades, which were attributed to anthropogenic 
Hg enrichments to lakes and oceans via either 
atmospheric deposition or soil erosion (Kang 
et al., 2016; Taylor et al., 2022). These studies 
also demonstrated dramatic changes in Hg input 
over preindustrial periods, but the driving forces 
for these variations were rarely discussed. Few 
studies imply that, in addition to anthropogenic 

activities, climate may be an important fac-
tor governing atmospheric Hg deposition. For 
instance, some remote areas have shown elevated 
atmospheric Hg deposition due to large amounts 
of rain and snowfall sequestrating atmospheric 
Hg(II) species (Dastoor et al., 2022; Jiskra et al., 
2022). Atmospheric Hg(0) levels in global for-
ests are lower in summer due to the assimilation 
of atmospheric Hg(0) by forests (Jiskra et al., 
2018). Jitaru et al. (2009) reconstructed a 670 
k.y. Hg deposition record using an ice core col-
lected from Dome C, Antarctica, and showed 
greater atmospheric Hg deposition during cooler 
climatic stages. Yet, the Hg deposition history in 
the preindustrial era is poorly constrained and 
little is known about the relationship between Hg 
and climate change in non-polar regions.

Compared to lake and ocean sediments that 
receive a substantial amount of Hg from soil 
erosion, peat cores are suitable natural archives 
for reconstructing long-term atmospheric Hg 
deposition because peatlands receive Hg mainly 
via vegetation uptake of gaseous Hg(0) and wet 
deposition of atmospheric Hg(II) (Enrico et al., 
2016). Mercury isotopes undergo mass-depen-
dent fractionation (MDF, reported as δ202Hg) and 
mass-independent fractionation (MIF, reported 
as Δ199Hg, Δ200Hg, and Δ201Hg), which offer 
key insights into the sources and fate of Hg in 
the environment (Blum et al., 2014; Kwon et al., 
2020). A recent study yielded a dramatic varia-
tion of peat Δ200Hg, which was used to quan-
tify the relative importance of atmospheric 
Hg(0) and Hg(II) deposition during the Holo-
cene (Enrico et al., 2016). Yet, the application 
of Hg isotopes in peat cores across low lati-
tudes, especially in alpine areas characterized by 
atmospheric Hg deposition over a large regional 
scale, is lacking.
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Here, we analyze the Hg concentration and 
isotopic composition of a peat core taken from 
Yunnan-Guizhou Plateau, SW China. Combined 
with high-precision 14C dating and paleoclimatic 
data in East Asia, we reconstruct a 1200-year 
record of Hg deposition in SW China and dem-
onstrate that climate changes can have a strong 
control on atmospheric Hg deposition.

STUDY AREAS AND SAMPLES
The Yejiping peat bog (26°27′N, 104°41′E, 

2241 m above sea level) is an alpine peat bog 
located in Yunnan-Guizhou Plateau (Fig. 1). Its 
remote location precludes local anthropogenic 
influences. It has steep topography and lacks riv-
ers or streams nearby. The annual precipitation 
is 1200 mm and the vegetation is dominated by 
herbaceous plants at the study location (Zhang 
and Wu, 2021).

A 450-cm-long peat core, YJP01, covering 
the past 1200 years based on accelerator mass 
spectrometry (AMS) 14C dating, was collected 
from the Yejiping peat bog (Zeng et al., 2022). 

The core was sliced into 1 cm sub-samples, 
freeze-dried, ground, and homogenized prior 
to chemical analysis at the Institute of Geochem-
istry, Chinese Academy of Sciences. Sedimenta-
tion rates of the core have been recently reported 
(Zeng et al., 2022).

ANALYTICAL METHODS
Total organic carbon (TOC) concentra-

tions (Table S1 in the Supplemental Material1) 
were measured following Nelson and Sommers 
(1996), which yielded a relative standard devia-
tion of <5% for duplicate samples. Total Hg 
(THg) concentrations (Table S1) were deter-
mined using a DMA-80 Hg analyzer (Milestone, 
Italy), which yielded Hg recoveries of 90%–
110% for GSS-5 soil standard reference material 
(SRM; n = 6) and relative standard deviations of 

<10% (2SD) for sample duplicates. Hg deposi-
tion influx (Hginflux) for each time interval was 
calculated by multiplying sedimentation rates 
by THg concentrations.

Mercury isotopic composition (Table S2) was 
measured following Yin et al. (2016). Briefly, the 
samples were preconcentrated into 40% HNO3/
HCl (2/1, v/v) trapping solutions using a double-
stage tube furnace. The trapping solutions were 
diluted to 1 ng/mL Hg with ∼10% acidity and 
measured using a Neptune Plus multi-collector–
inductively coupled plasma–mass spectrometer. 
Hg-MDF is expressed in δ202Hg notation in units 
of per mil (‰) referenced to the NIST-3133 Hg 
standard:

 

δ202 202 198
sample

202 198
standard

Hg Hg/ Hg /

Hg/ Hg 1 1

( ) [( )

( ) ]

‰ =

− × 0000.  
(1)

Hg-MIF is reported in Δ notation, which 
describes the difference between the measured 
and the theoretically predicted δ values defined 
by MDF law:

 
∆xxx xxx 202Hg Hg Hg ,( )‰ = − ×δ δ β

 
(2)

where xxx equals 199, 200, or 201, with cor-
responding β values of 0.252, 0.502, or 0.752, 
respectively (Blum and Bergquist, 2007). 
GSS-4 soil SRM was prepared and measured 
the same way as the samples. NIST-3177 sec-
ondary Hg standard solutions (1 ng/mL Hg in 
10% HCl) were measured for every 10 samples. 
The results of NIST-3177 (δ202Hg = −0.52‰ ± 
0.09‰; Δ199Hg = −0.03‰ ± 0.06‰; Δ200Hg 
= −0.01‰ ± 0.06‰; Δ201Hg = −0.02‰ ± 
0.06‰; 2SD, n = 7) and GSS-4 (δ202Hg = 
−1.60‰ ± 0.07‰; Δ199Hg = −0.44‰ ± 
0.08‰; Δ200Hg = −0.02‰ ± 0.08‰; Δ201Hg 
= −0.36‰ ± 0.11‰; 2SD, n = 4) agree well 
with previous results (Blum and Bergquist, 
2007; Yin et al., 2022).

RESULTS
The studied core shows a large variation of 

TOC (2.86–65.6 wt%; Fig. 2A), THg (62.2–
302 ng/g; Fig. 2B), and Hginflux (30.3–515 μg/
m2/yr; Fig. 2C). This core shows consistently 
negative values of δ202Hg (−1.02‰ to −2.01‰; 
Fig. 2F) and Δ199Hg (−0.16‰ to −0.50‰; 
Fig.  2E) and variable Δ200Hg (−0.08‰ to 
0.07‰; Fig. 2D).

In the past 1200 years, East Asia experi-
enced three climatic events (Fig. 2): the Medi-
eval Warm Period (MWP, 1000–500 calibrated 
[cal] yr B.P.), the Little Ice Age (LIA, 500–100 
cal. yr B.P.), and the Current Warm Period 
(CWP, 100 cal. yr B.P. to present) (Sun et al., 
2021). Distinct patterns are shown in the three 
events. The MWP shows the lowest values of 
THg (128 ± 24.7 ng/g, SD), Hginflux (113 ± 80 
μg/m2/yr, SD), and TOC (19.8 ± 11.8 wt%, 

1Supplemental Material. Tables S1 and S2. Please 
visit https://doi .org /10 .1130 /GEOL .S.23647029 
to access the supplemental material, and contact 
editing@geosociety.org with any questions.
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Figure 1. (A) Location of Yejiping peat bog in SW China and wind direction of East Asian 
summer monsoon, East Asian winter monsoon, and Indian summer monsoon. (B) Topography 
of Guizhou province, SW China. (C) Satellite image of sampling site.
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SD). The LIA shows the highest values of THg 
(179 ± 38.2 ng/g, SD), Hginflux (214 ± 67.7 μg/
m2/yr, SD), and TOC (40.6 ± 10.0 wt%, SD). 
The CWP shows intermediate values of THg 
(155 ± 20.3 ng/g, SD), Hginflux (181 ± 19.8 μg/
m2/yr, SD), and TOC (32.8 ± 9.5 wt%, SD). As 
for Hg isotopes, the δ202Hg values are consistently 
negative among the MWP (−1.46‰ ± 0.22‰, 
SD), LIA (−1.54‰ ± 0.16‰, SD), and 
CWP (−1.49‰ ± 0.21‰, SD). The 
Δ199Hg values show an overall increase 
from the MWP (−0.38‰ ± 0.05‰, SD) 
to LIA (−0.33‰ ± 0.05‰, SD) to CWP 
(−0.27‰ ± 0.07‰, SD). A variation of 
0.15‰ in Δ200Hg is observed throughout the 
MWP (−0.08‰ to 0.07‰), LIA (−0.03‰ 
to 0.06‰), and CWP (−0.08‰ to 0.04‰). It 
should be noted that the period ca. 650–850 yr 
B.P. is associated with anomalously high δ202Hg, 
Δ199Hg, and Δ200Hg values compared to the rest 
of the MWP. These anomalies correspond to a 
slight decrease in temperature (∼0.2 °C) in the 
Northern Hemisphere during the same period 
(Mann et al., 2009).

DISCUSSION
Limited Anthropogenic Control on 
Atmospheric Hg Deposition to the Studied 
Peat Bog

In contrast with the rapid rise of anthropo-
genic Hg emissions since global industrializa-
tion (Amos et al., 2013), a sharp increase in Hg 

concentrations and Hginflux during the CWP was 
not observed in the Yejiping core (Figs. 2B and 
2C). This could be due to either (1) the remote 
nature of the Yejiping peat bog far away from 
anthropogenic Hg emission sources, or (2) the 
lack of a valid 14C-based age model for the Yeji-
ping core for the past 150 years (Zeng et al., 
2022). The observation of higher Hg concen-
trations and Hginflux in the LIA samples than the 
CWP samples likewise suggests that natural pro-
cesses, potentially induced by climate changes 
(discussed below), may play a more important 
role in introducing Hg to the biosphere.

Quantifying Wet versus Dry Hg Deposition 
Using Hg Isotopes

Quantifying the relative importance of atmo-
spheric Hg dry and wet deposition pathways, 
which occurs in the forms of Hg(0) and Hg(II), 
respectively, can aid in understanding the role of 
climatic control on the variation of Hg concentra-
tions and isotope ratios in the peat core. δ202Hg 
provides a poor constraint on these two path-
ways because Hg-MDF occurs during various 
processes (Blum et al., 2014). Vegetation uptake 
of Hg(0) favors incorporation of lighter Hg iso-
topes (Yin et al., 2013), which may explain the 
negative δ202Hg values of our samples. Vegeta-
tion uptake of Hg(0) is thought to trigger MIF in 
odd-mass Hg isotopes due to photoreduction of 
Hg(II) in leaf cells (Demers et al., 2013); there-
fore, Δ199Hg may also not be an ideal Hg source 

tracer. MIF of 200Hg is thought to be generated by 
upper tropospheric or stratospheric photochemi-
cal reactions (Chen et al., 2012; Fu et al., 2021). 
Therefore, Δ200Hg is considered a conservative 
tracer for atmospheric Hg deposition, and the 
variation of Δ200Hg in peat cores is reflective of 
varying proportions of atmospheric Hg(0) and 
Hg(II) deposition (Enrico et al., 2017). With 
well-estimated mean Δ200Hg values of −0.06‰ 
and 0.16‰ for global atmospheric Hg(0) and 
Hg(II) samples, respectively, the proportions of 
atmospheric Hg(0) and Hg(II) deposition to peat-
lands can be calculated using a binary mixing 
model, based on the Δ200Hg of the peat sample 
(Enrico et al., 2017).

Based on the same model by Enrico 
et al. (2017) and the mean Δ200Hg values of 
samples for the MWP (−0.01‰ ± 0.04‰, 
SD), LIA (0.01‰ ± 0.03‰, SD), and CWP 
(−0.04‰ ± 0.05‰, SD), we calculate the 
proportions of atmospheric Hg(0) and Hg(II) 
deposition during the three periods. The model 
outputs reveal Hg(0) proportions of 79% ± 19% 
(1SD), 67% ± 12%, and 90% ± 21% dur-
ing the MWP, LIA, and CWP, respectively 
(Fig. 3A). The estimated Hg(II) proportions 
are 21% ± 19%, 33% ± 12%, and 10% ± 21%, 
respectively. By multiplying Hginflux by the esti-
mated proportions, Hginflux of atmospheric Hg(0) 
and Hg(II), termed Hginflux-Hg(0) and Hginflux-Hg(II), 
respectively, was calculated (Fig.  3B). The 
estimated Hginflux-Hg(0) values are 93.2 ± 77.5 
μg/m2/yr (SD), 144 ± 58.2 μg/m2/yr (SD) and 
166 ± 50.9 μg/m2/yr (SD) during the MWP, 
LIA, and CWP, respectively. The estimated  
Hginflux-Hg(II) values are 19.4 ± 21.3 μg/m2/yr 
(SD), 70 ± 33.1 μg/m2/yr (SD) and 15.3 ± 33.3 
μg/m2/yr (SD) during the MWP, LIA, and CWP, 
respectively. Overall, we find that on a tempo-
ral scale, the CWP reflects the highest propor-
tion of Hg(0) deposition and the LIA reflects 
the highest proportion of Hg(II) deposition. No 
Hginflux-Hg(II) and Hginflux-Hg(0) anomalies are shown 
during 650–850 yr B.P. compared to the rest of 
the MWP (Fig. 3B), suggesting that the previ-
ously reported slight decrease in temperature 
during this period (Mann et al., 2009) was of 
little importance to the changing of atmospheric 
Hg deposition pattern during the MWP.

Climatic Change as a Dominant Control on 
Atmospheric Hg Deposition

To identify the potential climatic control on 
atmospheric Hg deposition in the Yejiping peat 
bog, we compared our results with available cli-
mate data in East Asia, including annual tem-
peratures in SW China (Fig. 3F), the East Asian 
summer monsoon (EASM) and East Asian win-
ter monsoon (EAWM) indexes (Figs. 3C and 
3E), and the Southern Oscillation index (SOI; 
Fig.  3D). Clearly, the LIA had consistently 
higher Hginflux-Hg(II), lower EASM intensities, 
higher EAWM intensities, and lower tempera-

A

B

C

D

E

F

Figure 2. Total organic carbon (TOC; A), total Hg (THg; B), Hg deposition influx (Hginflux; C), 
Δ200Hg; D), Δ199Hg; E), and δ202Hg; F) in YJP01 peat core. CWP—Current Warm Period; LIA—Little 
Ice Age; MWP—Medieval Warm Period.
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tures relative to other periods. The EAWM and 
EASM are two dominant monsoons governing 
the climate of East Asia, and their intensities 
are governed by temperatures (Hu et al., 2022). 
During the LIA, lower temperatures in East Asia 
led to enhanced EAWM and weakened EASM 
(Hu et al., 2022), resulting in a southward migra-
tion of rainfall (supported by more positive SOI 
values). This would have increased the amount 
of precipitation in SW China (Liu et al., 2022), 
resulting in wet Hg(II) deposition and therefore 
the enhanced Hginflux-Hg(II) during the LIA. Con-
versely, an increase in temperature and a north-
ward movement of rainfall and low rainfall rates 
in SW China would explain the lower Hginflux-Hg(II) 
during the MWP.

Increased precipitation during the LIA may 
also have indirectly increased the magnitude 
of Hg(0) uptake through promoting vegeta-
tive growth or altering the vegetation species 
of the peatland (Rydberg et al., 2010), which 
explains the higher degree of Hginflux-Hg(0) during 
this period than the MWP. Enhanced vegetative 
growth seems to be supported by the highest 
TOC levels during the LIA, although the TOC 
content may not fully represent the biomass of 
the peat bog due to organic matter decomposi-
tion during burial (Nieminen et al., 2021). Con-
versely, low rainfall rates in SW China would 
have resulted in changes in vegetation species 
and low vegetation growth and therefore low 

Figure 4. Schematic 
diagram showing two 
contrasting modes of 
atmospheric Hg depo-
sition in SW China. (A) 
In EI Niño–like climate, 
weakened East Asian 
winter monsoon (EAWM) 
resulted in dry sinking 
air, low precipitation and 
vegetation growth, and 
low Hg deposition influx 
of atmospheric Hg(0) 
and Hg(II) [Hginflux-Hg(0) and  
Hg influx-Hg( I I ), respec-
tively] in SW China. (B) 
In La Niña–like climate, 
enhanced EAWM resulted 
in more rainfall and veg-
etation growth and high  
Hginflux-Hg(0) and Hginflux-Hg(II)  
in SW China (Hu et  al., 
2022; Liu et  al., 2022). 
EASM—East  Asian 
summer monsoon.

A

B
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B
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D
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F

Figure 3. (A) Fractions (F) of atmospheric Hg(0) deposition and Hg(II) deposition. (B) Hg depo-
sition influx of atmospheric Hg(0) and Hg(II) (Hginflux-Hg(0) and Hginflux-Hg(II), respectively). (C, E) 
East Asian summer monsoon (EASM) index (C) and East Asian winter monsoon (EAWM) index 
(E) (Hu et al., 2022). (D) Southern Oscillation index (SOI; Yan et al., 2011). (F) Reconstructed 
annual temperature (T) of SW China (Yan et al., 2020). CWP—Current Warm Period; LIA—Little 
Ice Age; MWP—Medieval Warm Period.
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Hginflux-Hg(0) during MWP. An increase in Hginflux-

Hg(0) in the CWP may be explained by vegeta-
tion uptake of atmospheric Hg(0) that has been 
increased by a factor of three to five due to rapid 
anthropogenic Hg emission during this period 
(Amos et al., 2013).

CONCLUSIONS AND IMPLICATIONS
This study provides evidence of climatic con-

trol on atmospheric Hg deposition and proposes 
two contrasting modes of atmospheric Hg depo-
sition in SW China. In the first mode (Fig. 4A), 
such as that presented in the MWP and CWP, 
SW China was in an EI Niño–like (warm-house) 
climate, which is not conducive to atmospheric 
Hg deposition due to low rainfall rates and low 
vegetation growth rates. In the second mode 
(Fig. 4B), such as that presented in the LIA, SW 
China experienced a La Niña–like (cool-house) 
climate that favored atmospheric Hg deposition 
due to high rainfall rates and high vegetation 
growth rates. This study, therefore, sheds new 
light on understanding past and future atmo-
spheric Hg deposition driven by climate changes.
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