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Abstract. The Tibetan Plateau and its surrounding regions, collectively known as the Third Pole, constitute one
of Earth’s largest topographic and cryospheric features, playing a pivotal role in the cycling of trace elements at
both regional and global scales. Mercury (Hg), a toxic heavy metal of global concern, has garnered increasing
attention due to its detrimental effects on environmental and human health. Large-scale atmospheric circulation
facilitates the long-range transport of atmospheric Hg pollutants, which can subsequently be deposited across
the Third Pole. Over recent decades, the Atmospheric Pollution and Cryospheric Change (APCC) program has
established and sustained an integrated monitoring network throughout this region to systematically examine
the interactions between Hg biogeochemical cycling and cryospheric changes. This paper presents a compre-
hensive Hg dataset encompassing air (2 stations), aerosols (9 stations), precipitation (16 stations), glaciers (12
glaciers; including snowpit, surface snow, and cryoconite samples), soils (50 sites), surface waters (53 locations;
including river, lake, and glacial meltwater), glacier ice cores (1 core), and lake sediment cores (8 cores) col-
lected across the Third Pole. The data were acquired through both in situ (online) monitoring and laboratory
analyses. High-resolution atmospheric Hg concentrations were measured using a Tekran 2537B analyzer at the
Nam Co and Tanglha stations. Spatial and temporal distributions of Hg in aerosols, precipitation, glaciers, soils,
and sediment cores revealed distinct patterns and trends across different sectors of the Third Pole, influenced
significantly by emission sources, transport pathways, and environmental processes. Depositional chronolo-
gies derived from glacier ice and lake sediment cores reflect anthropogenic perturbations in the historical Hg
record since the Industrial Revolution. Stable Hg isotope compositions from aerosols, soils, and lake sediments
provide evidence for transboundary transport of Hg pollution and its northward incursion into the interior Ti-
betan Plateau from South Asia. This updated dataset is made publicly available to support interdisciplinary
research linking the cryosphere, atmosphere, soils, and hydrology. The APCC dataset (v1.0) is archived at the
Cold and Arid Regions Science Data Center at Lanzhou, released on 3 December 2024 with the persistent DOI
https://doi.org/10.12072/ncdc.qzkk.db6654.2024 (Kang et al., 2024).
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1 Introduction

The Tibetan Plateau and its surrounding regions, referred
to as the Third Pole, form the highest and most exten-
sive plateau on Earth, with an average elevation exceeding
4000 m a.s.l. and an area of approximately 2.5 million km2.
Known as the “Asian Water Tower” (Immerzeel et al., 2010;
Yao et al., 2022), this hydrologically critical region acts as
the headwater source for many major Asian rivers, supply-
ing freshwater to billions of people downstream. Owing to its
vast and complex topography, the Third Pole significantly in-
fluences climate systems, cryospheric changes, environmen-
tal processes, and biogeochemical cycles at both regional
and global scales. It has experienced accelerated warming
at a rate of 0.34 °C decade−1 (You et al., 2021), surpassing
the Northern Hemisphere average (0.29 °C decade−1) and
global trends (Kang et al., 2010; Chen et al., 2015). This
pronounced warming drives rapid cryospheric loss, including
glacier retreat, permafrost degradation, and decline in snow
cover (Yao et al., 2019), profoundly impacting Earth system
dynamics across the Third Pole.

Mercury (Hg) is a globally prioritized pollutant owing
to its high toxicity, bioavailability, and capacity for trophic
magnification in aquatic ecosystems (Kim et al., 2016).
Methyl Hg (MeHg), one of the most concerning organic
Hg species (Mergler et al., 2007), bioaccumulates in aquatic
food webs and biomagnifies across trophic levels, posing
substantial neurotoxic threats to human health (Grandjean et
al., 2010; Beckers and Rinklebe, 2017). Recognized as a crit-
ically problematic contaminant (Driscoll et al., 2013), Hg be-
came regulated under international policy through the adop-
tion of the Minamata Convention in 2013 (Kessler, 2013;
Selin et al., 2018).

Under rapid warming conditions, environmental transfor-
mations across the Third Pole may exhibit distinctive fea-
tures in Hg biogeochemical cycling (Kang et al., 2019; Sun et
al., 2020a). However, the remote and expansive nature of the
region-coupled with complex topography, limited accessibil-
ity, extreme climate, and harsh environmental conditions-
poses considerable challenges for Hg investigation across
various compartments. Although regional and global chem-
ical transport models (e.g., GEOS-Chem, CMAQ-Hg) have
provided valuable insights into Hg dynamics (Lin et al.,
2010; Wang et al., 2014), observational data remain essen-
tial for validating and refining atmospheric transport mod-
els in this data-scarce region. Furthermore, while models ex-
cel at simulating spatial patterns of Hg over broad scales,
they often lack the temporal resolution needed to capture
rapid changes and underlying transformation mechanisms-
gaps that high-resolution Hg measurements can help address.
The current scarcity of Hg data underscores the urgent need
for enhanced observational efforts across the Third Pole.

In recent decades, our research team has established the
Atmospheric Pollution and Cryospheric Change (APCC)
program-an integrated monitoring network and research ini-
tiative focused on interactions between atmospheric pollu-
tion and cryospheric environments across the Third Pole
(Kang et al., 2019). Building on the APCC framework, recent
advances in observational instrumentation and techniques
have been employed to characterize environmental Hg pro-
cesses, including its spatial and temporal distributions, trans-
port pathways, and deposition mechanisms in this region. A
series of observational findings linked to the APCC program
have been consistently published. Consequently, research on
Hg across various environmental compartments of the Third
Pole has achieved substantial scientific progress over the past
decades. In this paper, we provide a concise overview of our
previous studies and present an organized compilation of sys-
tematic Hg datasets derived from air, aerosols, precipitation,
glaciers, soils, surface water (river, lake, and glacial meltwa-
ter), glacier ice and lake sediment core across the Third Pole.

The paper is structured as follows: Sects. 2 and 3 out-
line the descriptions of observation sites, field sampling
procedures, and measurement methodologies; Sect. 4 pro-
vides a comprehensive presentation of Hg datasets from air,
aerosols, precipitation, glaciers, soils, surface water, glacier
ice, and lake sediment cores, along with a detailed descrip-
tion of Hg stable isotope compositions in aerosols, soils, and
lake sediments; Sect. 5 provides the data description; Sect. 6
addresses data accessibility; and Sect. 7 presents the conclud-
ing remarks.

2 Observation site descriptions

2.1 Overview of site distributions

The Third Pole comprises the Himalayas and Tibetan Plateau
(hereafter Himalaya-Tibet), along with surrounding areas in-
cluding China’s Xinjiang Uyghur Autonomous Region and
parts of South Asia (e.g., Nepal, India) and Central Asia
(e.g., Kazakhstan, Tajikistan) (Fig. 1). Topographically, it
is characterized by the high-altitude Himalaya-Tibet region
(mean elevation > 4000 m a.s.l.) in the south and extensive
arid basins (e.g., Tarim, Qaidam) in the northwest. The re-
gion is divided into two atmospheric regimes: a northern do-
main dominated by westerlies (winter) and a southern do-
main influenced by monsoons (summer), driven by seasonal
circulation shifts (Fig. 1).

Under the APCC program, multi-compartment Hg obser-
vations were conducted across dozens of stations (Fig. 1; Ta-
ble 1), including: 2 stations for online air monitoring, 9 sta-
tions for aerosol sampling, 16 stations for precipitation col-
lection, 12 glaciers for snowpit, surface snow, and cryoconite
sampling, 50 sites for soil sampling, and 53 locations for sur-
face water sampling. Sampling elevations ranged from 13 to
6000 m a.s.l., covering diverse landscapes (e.g., forest, grass-
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Figure 1. A map of the Third Pole, showing the geographical locations of the observation sites (see Table 1 for the detailed information
of each station) from the Atmospheric Pollution and Cryospheric Change (APCC) program. Also shown are the general patterns of atmo-
spheric circulation systems. The gray dashed line shows the northern boundary of the Indian monsoon based on seasonal δ18O changes in
precipitation (Tian et al., 2007), which divides the Tibetan Plateau into the monsoon domain in the south and the westerlies domain in the
north.

land, glacier, river, lake, frozen ground, and desert). Addi-
tionally, one alpine ice core and eight lake sediment cores
were obtained to reconstruct historical Hg deposition (Fig. 1;
Tables 2, 3). This study releases a comprehensive Hg dataset
from these environmental matrices (APCC datasets I-1 to I-
8). All sampling details-location, elevation, and sample type-
are provided in Table 1 and illustrated in Fig. 1. Sites are de-
scribed in the following sections by environmental category.

2.2 Air sites

Total gaseous Hg (TGM) concentrations were monitored
at two inland Tibetan Plateau stations: Nam Co Station
(30°46.44′ N, 90°59.31′ E; 4730 m a.s.l.) and Tanglha Station
(33°00′35′′ N, 91°58′28′′ E; 5050 m a.s.l.) (APCC dataset I-
1; Yin et al., 2018; Sun et al., 2020b). Both sites experi-
ence minimal local anthropogenic influence. Land-air Hg ex-
change fluxes were additionally quantified at Tanglha Station
(Sun et al., 2020b).

The Nam Co Station, located between Nam Co Lake and
the Nyainqêntanglha mountain range, is characterized by
minimal local anthropogenic Hg emission sources (Fig. 1).
Situated in continuous permafrost with alpine grassland land-
scapes, Tanglha Station lies near the northern limit of In-

dian summer monsoon (ISM) intrusion (Fig. 1). Atmospheric
circulation shifts seasonally between ISM (warm months)
and mid-latitude westerlies (cold seasons) (Tian et al., 2007;
Yao et al., 2013). The nearest settlements-Yanshiping (65 km
north) and Anduo (110 km south)-are distant, with nomadic
grazing as the primary human activity. This station pro-
vides an ideal setting for studying atmospheric Hg dynam-
ics, including long-range transport and land-air exchange
processes, in the remote central Tibetan Plateau (Sun et al.,
2020b).

2.3 Aerosol sites

Aerosol Hg sampling was conducted at 9 sites across the
Third Pole (Fig. 1; APCC dataset I-2). Three stations-Bode
(BD), Dhulikhel (DHK), and Lumbini (LMB)-are located on
the southern Himalayan slope in Nepal, capturing Hg emis-
sions from urban, agricultural, and industrial sources to trace
transboundary pollution transport (Guo et al., 2017, 2021,
2022). Kathmandu (BD and DHK sites) represents a rapidly
urbanizing area with severe air pollution; LMB, a UNESCO
World Heritage site situated in the Indo-Gangetic Plains, re-
flects mixed agricultural and industrial influences.
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Table 1. Detailed geographic characteristics of observation stations from the Atmospheric Pollution and Cryospheric Change (APCC)
program in this paper.

Regions Abbreviations Site Sampling Latitude Longitude Elevation Observations,
classification location (° N) (° E) (m a.s.l.) Sample types

Tibetan
Plateau

MZ Remote Muztagh Ata Station for Westerly
Environment Observation and
Research, Western Tibetan Plateau

38.291 75.055 5725 Muztagh Ata glacier, precipitation,
snowpit, surface snow

NA Remote Ngari Station for Desert Environment
Observation and Research, Western
Tibetan Plateau

33.392 79.701 4270 precipitation

LHG Remote Qilian Observation and research
Station of Cryosphere and Ecologic
Environment, Northern Tibetan Plateau

39.429 96.556 4230 Laohugou glacier No.12/Shiyi
glacier, precipitation, snowpit,
surface snow, cryoconite, glacial
meltwater

TGL Remote Tanglha Cryosphere and Environment
Observation Station, Central Tibetan
Plateau

33.083 92.067 5000 Xiao Dongkemadi/Ganglongjiama
(Guoqu) glaciers, air, snowpit,
cryoconite

NMC Remote Nam Co Station for Multisphere
Observation and Research, Southern
Tibetan Plateau

30.779 90.991 4730 Zhadang glacier, air, precipitation,
snowpit, surface snow, cryoconite,
glacial meltwater

EV Remote Qomolangma Atmospheric and
Environmental Observation and
Research Station (Everest), Southern
Tibetan Plateau

28.35 86.933 4276 East Rongbuk glacier,
precipitation, snowpit, surface
snow, glacial meltwater

SET Remote South-East Tibetan plateau Station for
integrated observation and research of
alpine environment (Lulang),
Southeast Tibetan Plateau

29.767 94.733 3326 Demula glaciers/Parlong glacier
No. 4, precipitation, snowpit,
cryoconite

YL Background Yulong Snow Mountain Glacial and
Environmental Observation and
Research Station, Southeastern Tibetan
Plateau

27.167 100.167 2650 Baishui glacier No.1/
Mingyong/Hailuogou glaciers,
precipitation, snowpit, cryoconite,
glacial meltwater

MT Background The Motuo Observation and Research
Center for Earth Landscape and Earth
System of the Chinese Academy of
Sciences, Southeast Tibetan Plateau

29.325 95.293 820 precipitation

LS Urban Lhasa city, Tibet Autonomous Region 29.633 91.3 3642 Qiangyong/Kuoqionggangri
glaciers, aerosol, precipitation,
glacial meltwater

Xinjiang JMN Background Altai Observation and Research Station
of Cryospheric Science and
Sustainable Development (Jimunai,
Northern Xinjiang)

47.100 87.966 997 Muz Taw glacier, snowpit

AK Background Field Scientific Experiment Base of
Akdala Atmospheric Background,
China Meteorological Administration
(Northern Xinjiang)

46.843 88.133 563 precipitation

TS Background Tianshan Glaciological Station, Central
Xinjiang

43.105 86.807 2100 Urumqi glacier No.1, precipitation,
snowpit, cryoconite

KS Urban Kashgar, Southern Xinjiang 39.29 75.45 1386 aerosol
MF Urban Minfeng, Southern Xinjiang 37.04 82.72 1410 aerosol
TZ Background Tazhong, Southern Xinjiang 38.58 83.39 1099 aerosol
RQ Urban Ruoqiang, Eastern Xinjiang 39.02 88.10 889 aerosol
TX Background Taxkorgan, Southern Xinjiang 37.47 75.14 3094 aerosol

Nepal DC Urban Dhunche 28.117 85.3 2065 precipitation
DM Background Dimsa 28.183 83.983 3078 precipitation
GSK Background Gosainkunda 28.095 85.65 4417 precipitation
JMS Background Jomsom 28.87 83.73 2750 precipitation
BD Urban Bode, Kathmandu 27.683 85.4 1314 aerosol, precipitation
DHK Urban Dhulikhel, Kathmandu 27.619 85.538 1514 aerosol
LMB Rural Lumbini 27.483 83.283 100 aerosol
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On the Tibetan Plateau, aerosol Hg was measured at Lhasa
Station (LS) (Fig. 1), the region’s largest city, where eco-
nomic growth has intensified local Hg pollution through ur-
banization and industrial expansion (Huang et al., 2016).
Five additional stations were established in the Taklimakan
Desert (Fig. 1)-Kashgar (KS), Taxkorgan (TX), Minfeng
(MF), Ruoqiang (RQ), and Tazhong (TZ)-to monitor dust-
associated Hg in this major Northern Hemisphere dust source
(APCC dataset I-2; Huang et al., 2020a).

2.4 Precipitation sites

Precipitation Hg was measured at 16 stations across the Third
Pole (APCC dataset I-3; Huang et al., 2022, 2024), includ-
ing 11 stations in western China and 5 stations in Nepal.
In western China, 6 stations are located in the monsoon do-
main: Nam Co (NMC), Lhasa (LS), Southeast Tibet (SET),
Mt. Everest (EV), Yulong (YL) and Motuo (MT). The re-
maining 5 stations fall within the westerlies domain: Akedala
(AK), Tianshan (TS), Muztagh Ata (MZ), Laohugou (LHG),
and Ngari (NA) (Fig. 1; Table 1). Both regions show strong
seasonal precipitation concentration, with∼ 80 % (monsoon)
and∼ 86 % (westerlies) occurring in summer due to moisture
transport from the Indian Ocean and North Atlantic, respec-
tively, and minimal rainfall from October to April (Huang et
al., 2022).

On the southern Himalayan slopes, 5 precipitation Hg
sampling stations were established in Nepal (APCC dataset
I-3; Table 1), spanning urban to remote alpine environments:
Kathmandu (1314 m a.s.l.), Dhunche (DC) (2065 m a.s.l.),
Jomsom (JMS) (2750 m a.s.l.), Dimsa (DM) (3078 m a.s.l.),
and Gosainkunda (GSK) (4417 m a.s.l.) (Tripathee et al.,
2019, 2020). These sites represent varied settings-urban, ru-
ral, forested, and high-altitude remote areas-along key geo-
graphic and trekking corridors in the central Himalayas.

2.5 Glacier sites

Hg distribution across glaciers in the Third Pole was system-
atically documented using a dataset from 12 glaciers (Zhang
et al., 2012; APCC dataset I-4), selected to represent diverse
climatic and geographic settings. Sampling elevations ranged
from ∼ 3600 m a.s.l. (Muz Taw Glacier, northern Xinjiang)
to ∼ 6500 m a.s.l. (East Rongbuk Glacier, Mt. Everest) (Ta-
bles 1 and 2), providing a pronounced spatial and temporal
gradients for examining Hg variability.

Five glaciers are located within the monsoon domain
(Fig. 1 and Table 2): Baishui No.1 (Mt. Yulong), Demula and
Yarlong No.4 (southeastern Tibetan Plateau), East Rongbuk
(central Himalayas), and Zhadang (western Nyainqentanglha
Mts.). Seven glaciers fall within the westerlies domain (Fig. 1
and Table 2): Xiao Dongkemadi (headwaters of the Yangtze
River, Tanglha Mts.), Ganglongjiama (Mt. Geladaindong,
Tanglha Mts.), Laohugou No.12 (Qilian Mts.), Shiyi (Yeniu-
gou basin, Qilian Mts.), Muztag Ata (Pamir Plateau), Urumqi

No.1 (headwaters of Urumqi River, eastern Tianshan), and
Muz Taw (Sawir Mts., northern Xinjiang).

2.6 Soil sites

The Third Pole contains the most extensive low- and mid-
latitude permafrost on Earth, accounting for 74.5 % of North-
ern Hemisphere high-mountain permafrost (Yang et al.,
2010). A total of 31 surface frozen soil samples (5± 0.5 cm
depth) were collected from permafrost sites > 3000 m a.s.l.
along this transect, including 21 sites on the southern Hi-
malayan slope and 10 on the northern slope (Huang et al.,
2020b; APCC dataset I-5).

Climatic, topographic, and biological gradients support di-
verse vegetation types including forests, steppes, meadows,
grasslands, and shrublands (Yin et al., 2024). A total of 336
soil samples were collected from 28 sites (meadow: n= 5;
grassland: n= 7; desert: n= 10; forest: n= 6) across the
Tibetan Plateau (2917–4762 m a.s.l.). An additional 36 soil
samples were obtained from Langtang National Park (28.15–
28.21° N, 85.39–85.56° E) in the Nepal Himalayas.

Topsoil samples (0–5 cm) were also collected from arid
regions of Central Asia (Tajikistan, Uzbekistan, Kyrgyzstan;
Figs. 1 and 6), covering 2.45× 106 km2. These 182 samples
(Yang et al., 2023; APCC dataset I-5) enable comparative
analysis of soil Hg across different arid landscapes and as-
sessment of anthropogenic impacts in Central Asia.

2.7 Surface water sites

Surface water Hg datasets (APCC dataset I-6) across the
Third Pole include 2 rivers (Zheng et al., 2010; Sun et al.,
2020c), 42 lakes (Li et al., 2015), and 9 glacier-fed streams
(Sun et al., 2016, 2017, 2022; Paudyal et al., 2017, 2019;
Pu et al., 2024; Wang et al., 2024). The rivers comprise
the Yarlung Zangbo (Brahmaputra upstream), a high-altitude
(> 4000 m a.s.l.) system originating from the Jiemayang-
zong Glacier (30°48′ N, 82°42′ E) and draining 239 228 km2

across southern Tibet, and the transboundary Koshi River,
which flows through China (33 % of its 87 311 km2 basin),
Nepal (45 %), and India (22 %).

Lake waters were sampled from 42 endorheic lakes
(APCC dataset I-6) spanning altitudes of 3469–5145 m a.s.l.
and surface areas from < 1 to > 1000 km2, providing broad
geographic and limnological coverage of Hg distribution pat-
terns (Li et al., 2015).

Glacial meltwater sampling covered 9 glacier runoffs
(APCC dataset I-6) representing key regions: Laohugou
No.12 (Qilian Mts.), Xiao Dongkemadi (Tanglha Mts.),
Zhadang and Kuoqionggangri (Nyainqentanglha Mts.),
Qiangyong and Rongbuk (Himalayas), and Hailuogou (Mt.
Gongga), Baishuihe No.1 (Mt. Yulong), and Mingyong (Mt.
Meili) on the southeastern Tibetan Plateau.
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Table 2. Detailed information for the observed glaciers based on the APCC program in this paper.

Regions Mountains Glacier name Latitude Longitude

Southeastern Tibetan Plateau Hengduan Mts. Baishui glacier No.1 27.17° N 100.15° E
Southeastern Tibetan Plateau Hengduan Mts. Mingyong glacier 28.468° N 98.799° E
Southeastern Tibetan Plateau Hengduan Mts. Hailuogou glacier 29.566° N 102.001° E
Southeastern Tibetan Plateau Gangrigabu Mts. Demula glacier 29.355° N 97.02° E
Southeastern Tibetan Plateau Gangrigabu Mts. Parlung glacier No.4 29.233° N 90.633° E
Southeastern Tibetan Plateau Eastern Himalayas Qiangyong glacier 28.883° N 90.217° E
Inland Tibetan Plateau Nyainqengtanglha Mts. Zhadang glacier glacier 30.467° N 90.633° E
Inland Tibetan Plateau Nyainqengtanglha Mts. Kuoqionggangri glacier 29.870° N 90.211° E
Inland Tibetan Plateau Tanglha Mts. Xiao Dongkemadi glacier 33.066° N 92.066° E
Inland Tibetan Plateau Tanglha Mts. Ganglongjiama glacier (Guoqu glacier) 33.833° N 91.683° E
Northern Tibetan Plateau Qilian Mts. Laohugou glacier No.12 39.44° N 96.542° E
Northern Tibetan Plateau Qilian Mts. Shiyi glacier 38.35° N 100.466° E
Himalayas Mt. Everest East Rongbuk glacier 28.031° N 86.961° E
Xinjiang Eastern Tianshan Urumqi glacier No.1 43.116° N 86.8° E
Xinjiang Sawir Mts. Muz Taw glacier 47.06° N 85.56° E
Xinjiang Mt. Muztagh Muztagh Ata glacier 38.283° N 75.067° E

Note: An ice core with depth of 147 m was collected in 2005 from the upper basin of the Ganglongjiama glacier (Guoqu glacier, 33.58° N, 91.18° E; 5750 m a.s.l.) on
the northern slope of the Mt. Geladaindong. Mts.: Mountains

2.8 Glacier ice and sediment cores sites

A 147 m ice core was retrieved in 2005 from Gan-
glongjiama Glacier (same as Guoqu Glacier, 33.58° N,
91.18° E; 5750 m a.s.l.) on Mt. Geladaindong (6621 m a.s.l.),
which is the headwaters of the Yangtze River and the highest
peak in the Tanglha Range, central Tibetan Plateau (Kang et
al., 2016; APCC dataset I-7; Fig. 1).

Eight profundal sediment cores were collected between
2008 and 2011 using a 6 cm diameter gravity corer from
Himalayan (Phewa, Gokyo, Gosainkunda) and Tibetan
(Qiangyong Co, Nam Co, Bangong Co, Lingge Co, Tanglha)
Lakes (APCC dataset I-7; Fig. 1; Table 3). These lakes rep-
resent key environmental gradients: Phewa Lake (28.21° N,
83.95° E; 782 m a.s.l.; 4.35 km2; 22.5 m depth) receives ur-
ban/agricultural runoff in the Pokhara Valley; Gosainkunda
Lake (28.08° N, 85.42° E; 4300 m a.s.l.; 0.14 km2; 24.1 m
depth) is an oligotrophic system in Langtang National Park;
Gokyo Lake (27°58′ N, 86°40′ E; 4700–5000 m a.s.l.) is an
ultra-oligotrophic system near Mt. Everest. The five Tibetan
lakes span southern (Qiangyong Co), southwestern (Ban-
gong Co), and inland (Nam Co, Lingge Co, Tanglha) regions
(Fig. 1).

3 Field sampling and measurement methods

Building on the site descriptions in Sect. 2, this section de-
tails the field sampling procedures and laboratory analytical
methods. Specific site information (e.g., elevation, latitude,
longitude) linked to the sample collection protocols is pre-
sented in Tables 1–4, and laboratory protocols supporting
QA/QC procedures are provided in Table 5, respectively.

3.1 Air

Atmospheric TGM was monitored at Nam Co Station (2012–
2014) using a Tekran 2537B analyzer (Tekran Instruments
Corp., Canada). Air was sampled through a rooftop inlet
equipped with a 0.2 µm Teflon filter, replaced biweekly. The
instrument employed dual gold cartridges for continuous Hg
collection, thermal desorption, and detection by CVAFS at
253.7 nm. Sampling interval was 5 min at 0.8 L min−1. Cal-
ibration was performed automatically every 25 h and man-
ually annually using a Tekran 2505 unit. TGM at this site
consisted predominantly (> 98 %) of gaseous elemental Hg
(GEM) (Yin et al., 2018; de Foy et al., 2016).

At Tanglha Station, TGM was measured similarly with
a ground-level inlet ∼ 1 m above the surface, but only for
a short period of one month (January 2016) (Sun et al.,
2020b). The relative standard deviation (RSD) values for
TGM determinations were lower than 8 % (Table 5). Land-
air Hg fluxes were quantified using a dynamic flux cham-
ber (DFC) coupled to a Tekran 2537B, alternating between
ambient and chamber air every 5 min at 1.5 L min−1. Hg
fluxes were calculated from the TGM difference, normal-
ized to flow rate and chamber area. A 0.2 µm Teflon fil-
ter was used to remove particulate-bound Hg (HgP) from
sampled air. Quality assurance showed system blanks of
0.00± 0.01 ng m−3 in 95 % of measurements. Flux blanks
averaged 0.002± 0.010 ng m−2 h−1, demonstrating negligi-
ble systematic bias (Sun et al., 2020b).

3.2 Aerosol

Total Suspended Particles (TSP) were collected on pre-
combusted quartz fiber filters (Whatman® GF/F; 90 mm,
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Table 3. Detailed information for the lake sediments cores in this paper.

Regions Lake name Latitude (N) Longitude (E) Elevation (m a.s.l.)

Tibetan Plateau Qiangyong Co 28°53.409′ 90°13.558′ 4866
Nam Co 30°49.269′ 90°48.788′ 4710
Tanglha 32°54.209′ 91°57.162′ 5152
Lingge Co 33°49.85′ 88°36.15′ 5051
Bangong Co 33°31.2′ 79°49.1′ 4240

Nepal Gokyo 27°57.063′ 86°41.414′ 4750
Phewa 28°12.72′ 83°56.779′ 793
Gosainkunda 28°5.717′ 85°39.017′ 4390

2.2 µm pore size) using high-volume samplers (KC-120H
or RP 1400a) operated at 100 L min−1. Sampling durations
were 24 h at urban/rural sites and 48 h at remote sites. Sam-
plers were mounted on building rooftops to minimize ground
interference. Filters were equilibrated (> 24 h, 25 °C, 30 %
RH) before and after sampling for gravimetric analysis. Col-
lected samples were sealed and stored at 4 °C until analysis.

Aerosol Hg concentrations were measured in duplicate us-
ing a Leeman Hydra IIC Direct Hg Analyzer (Teledyne Lee-
man Labs, Hudson, New Hampshire, USA). A 0.5 cm2 fil-
ter aliquot was thermally decomposed, amalgamated, and
quantified by cold vapor atomic absorption spectroscopy
(CVAAS) following US EPA Method 7473. Quartz filters
were selected for their low Hg blanks, thermal stability, and
suitable airflow properties (Huang et al., 2016; Guo et al.,
2017, 2021).

3.3 Precipitation

Precipitation samples were collected using an automated wet
deposition sampler (SYC-2, Laoshan Electronic Instrument
Complex Co., Ltd.). After 24 h collection in HDPE bags,
samples were partitioned for analysis of total Hg (HgT), dis-
solved Hg (HgD), and MeHg. Aliquots for HgT were trans-
ferred to 50 mL polypropylene BD Falcon® centrifuge tubes,
and for MeHg to acid-cleaned 50 mL borosilicate glass bot-
tles; both were preserved with HCl to 0.5 % (v : v). Samples
exceeding 50 mL were filtered within 24 h using a borosili-
cate filtration system with 0.45 µm pore size and 47 mm di-
ameter Durapore membranes (Millipore). Filtered samples
were collected in polypropylene tubes and acidified for HgD
analysis. HgP was calculated as HgT–HgD. Field blanks were
prepared using ultra-pure water exposed during sampling.
All samples were stored at 4 °C under strict contamination
control protocols (Huang et al., 2013, 2022).

HgT and HgD were analyzed following US EPA Method
1631 (rev. E) via BrCl oxidation, NH2OH qHCl quenching,
SnCl2 reduction, and detection by CVAFS in an ultra-clean
laboratory (Class 100-1000). MeHg was determined by aque-
ous distillation, ethylation with NaBEt4, purge and trap on
Tenax, and analysis by gas chromatography (GC)-CVAFS.

The method detection limit for MeHg was 0.01 ng L−1

(Huang et al., 2012a). All procedures were conducted in a
metal-free environment to prevent contamination.

3.4 Glacier

Snowpit sampling was conducted to determine the vertical
variations of Hg in glaciers (Zhang et al., 2012; Huang et al.,
2014b). Pits were excavated to 1–2 m depth, and duplicate or
quadruplicate samples were collected from each layer to en-
sure representativeness. Samples were placed in pre-cleaned
Whirl-Pak bags, sealed immediately, and stored in insulated
coolers to maintain frozen conditions during transport. Field
blanks and duplicates were used for quality control. Samples
were stored at−20 °C until analysis. Hg concentrations were
measured following US EPA Method 1631, as applied to pre-
cipitation samples (Sect. 3.3), after melting at room temper-
ature in a clean lab (Huang et al., 2012b; Zhang et al., 2012).

Surface snow and cryoconite samples were collected to as-
sess the spatial and altitudinal distribution of Hg across the
Tibetan Plateau (Huang et al., 2012b, 2019). Surface snow
was sampled in triplicate at 5 cm intervals using acid-washed
polystyrene scoops under a “clean hands-dirty hands” pro-
tocol with non-powder gloves and protective clothing. Cry-
oconite granules (solid-phase,< 5 % ice) were collected with
pre-cleaned stainless steel tools, stored in amber glass bot-
tles, and kept frozen throughout. Tools were rinsed with
0.1 % HCl and ultrapure water between samples to avoid
cross-contamination.

Hg concentrations in surface snow were determined us-
ing US EPA Method 1631, consistent with the methodol-
ogy applied to snowpit samples. Cryoconite samples were
freeze-dried, and HgT was analyzed using a Leeman Hydra-
IIC Hg analyzer (Huang et al., 2019). Approximately 0.2 g
of sample was used per measurement. The method detection
limit (MDL) was 0.06 ng g−1, RSD was < 5 %, and recover-
ies for certified reference material GSS-9 ranged from 98 %
to 103 %.
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Table 4. APCC subset repository overview for the Third Pole Hg dataset.

APCC Repository file Environmental Number of Temporal Spatial Main Associated
subset name matrix records/samples coverage coverage variables publication(s)

I-1 Real-time
atmospheric
Hg observation
data

TGM 17 183 2012–2016 Nam Co, Tanggula, 2
stations

TGM concentration
(ng m−3)

Yin et al. (2018);
Sun et al. (2020b)

I-2 Aerosol Hg
data

PBM 650 2013–2018 Kashgar, Minfeng,
Tazhong, Ruoqiang,
Taxkorgan, Lhasa,
Bode, Dhulikhel,
Lumbini, 9 sites

PBM concentration
(pg m−3)

Huang et al. (2020,
2016a); Guo et al.
(2017, 2021)

I-3 Precipitation
Hg data

Rainwater 424 2010–2013 Xinjiang, Tibetan
Plateau, Nepal. 16 sites

THg concentration
(ng L−1), Wet THg
flux (µg m−2 month−1)

Huang et al. (2022,
2012a, 2015, 2024,
2013); Tripathee et al.
(2019)

I-4 Glacier Hg data Snowpit,
surface snow,
cryoconite

142 2005–2016 Mt. Everest, Mt.
Geladaindong et al. 12
glaciers

THg (ng L−1 for
snowpit, surface snow,
ng g−1 for cryoconite)

Zhang et al. (2012);
Huang et al. (2012b,
2014b, 2019)

I-5 Soil Hg data Surface soil 585 2014–2021 Central Asia, Tibetan
Plateau, Nepal. 50 sites

THg (ng g−1), MeHg
(ng L−1), depth (m),
Landscape

Yang et al. (2023); Yin
et al. (2024); Huang et
al. (2020b); Tripathee
et al. (2019)

I-6 River and lake
water Hg data

River and lake
water

919 2007–2021 Rivers and lakes:
Koshi, Yarlung Zangbo
et al. Glacial
meltwaters:
Qiangyong, Zhadang,
Rongbuk,
Kuoqionggangri,
Mingyong et al. 53
locations

THg (ng L−1), PHg
(ng L−1)

Sun et al. (2020c);
Zheng et al. (2010); Li
et al. (2015); Sun et al.
(2023); Pu et al. (2024)

I-7 Ice core Hg
data

Ice core 506 1477–1982 Geladaindong THg concentration
(ng L−1), age (year),
flux (µg m−2 yr−1),
depth

Kang et al. (2016)

I-8 Lake sediment
cores Hg data

Sediment cores 204 1850–2018 Gosainkunda, Phewa,
Gokyo, Nam Co,
Tanglha, Qiangyong
Co, Banggong Co,
Lingge Co

THg concentration
(ng g−1),
210Pb-inferred Year
(year), flux
(µg m−3 yr−1), depth

Kang et al. (2016)

I-9 Hg isotope data Multiple
matrices
(aerosols, soils,
lake sediments)

146 2008–2018 Selected sites from I-1,
I-4, I-6

THg concentration
(ng g−1), δ202Hg,
1199Hg, 1200Hg,
1201Hg

Guo et al. (2021);
Huang et al. (2020b);
Yin et al. (2016b);
Huang et al. (2020c,
2023)

3.5 Soil

During topsoil sampling, Global Positioning System (GPS)
coordinates and land cover type were documented at each
site. Surface debris was cleared prior to collecting the 0–5 cm
layer with a stainless-steel shovel. Samples were sealed in
labeled polyethylene bags and stored in insulated containers
(Yang et al., 2023). For soil pit sampling, three replicate pits
were excavated within a 1 m× 1 m area (Yin et al., 2024).
Samples were taken at 0–10, 10–20, 20–30, and 30–40 cm
depths from a 20 cm× 20 cm face, placed in pre-labeled zi-

plock bags, and transported to the laboratory for frozen stor-
age.

Freeze-dried soil samples were ground with a quartz mor-
tar and sieved to < 150 µm. HgT was analyzed in duplicate
using a Leeman Hydra IIC Hg analyzer via thermal decompo-
sition, amalgamation, and CVAAS detection, following US
EPA Method 7473. Approximately 0.2 g of sample was used
per measurement. Calibration was performed with HgCl2
standard solutions, yielding linear response (r2> 0.999).
Quality assurance included analysis of certified reference
materials GSS-9 and Tort-2 every 10 samples, with recover-
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Table 5. Comprehensive QA/QC details for Hg analysis across all sample matrices.

Matrix (Sample Type) Analytical Metod Method Method
Detection
Limit (MDL)

Field/Method
Blank Level

Analytical
Precision
(RSD)

Number of
Replicates

Recovery of
certified
reference
material (%)

Air (Total Gaseous Hg,
TGM)

Gold amalgam
pre-concentration + Cold
Vapor Atomic Fluorescence
Spectrometry (CVAFS)

0.1 ng m−3 < 0.1 ng m−3 < 8 % Not Applicable Not Applicable

Aerosols (Particulate
Bound Hg)

Calcination in O2 stream +
amalgamation on Au trap +
cold vapor atomic absorption
spectrometry (CVAAS)

0.5 pg m−3 < 0.2 pg m−3 < 10 % 3 per batch 85 %–
115 % (GSS-9)

Precipitation CVAFS with SnCl2 reduction 0.2 ng L−1 < 0.1 ng L−1 < 10 % 2 per sample 90 %–
110 % (ORMS-
3)

Snow CVAFS with SnCl2 reduction 0.2 ng L−1 < 0.15 ng L−1 < 9 % 2 per sample 88 %–112 %
(ORMS-3)

Cryoconite/Soil Calcination in O2 stream +
amalgamation on Au trap +
CVAAS

0.1 ng g−1 < 0.06 ng g−1

< 0.02 ng g−1
< 5 % 2 per sample 98 %–103 %

(GSS-9)

Surface Water CVAFS with SnCl2 reduction 0.2 ng L−1 < 0.1 ng L−1 < 8 % 2 per sample 97 %–101 %
(ORMS-3)

Ice Cores CVAFS with SnCl2 reduction 0.1 ng L−1 < 0.15 ng L−1 < 9 % 2 per sample 96 %–103 %
(ORMS-3)

Sediment Cores Calcination in O2 stream +
amalgamation on Au trap +
CVAAS

0.1 ng g−1 < 0.05 ng g−1 < 6 % 2 per sample 95 %–104 %
(GSS-9)

Hg Stable Isotopes Multi-Collector Inductively
Coupled Plasma Mass
Spectrometry (MC-ICP-MS)

1 ng g−1 < 2 pg g−1 < 0.1 ‰
(δ202Hg)

2 per sample NIST 8610
(within 0.1 ‰)

Notes: MDL = method detection limit; RSD = relative standard deviation. Certified reference materials (CRMs) are indicated in parentheses. Continuous online TGM monitoring recorded
measurements at 5 min intervals without replicates. The certified reference material for measuring air samples (Total Gaseous Mercury, TGM) was generated using a Tekran Model 2505 Mercury
Vapor Calibration Unit, which is an ultra-precise and accurate closed-vessel saturated gaseous mercury source.

ies ranging from 95 % to 105 %. The method detection limit
(MDL) was < 0.1 ng g−1, and RSD was < 5 % (Yang et al.,
2023).

3.6 Surface water

Surface water samples were collected in duplicate using
pre-cleaned 50 mL centrifuge tubes or 250 mL FPE (fluo-
rinated high-density polyethylene) bottles (Nalgene®). All
containers were pre-tested for blanks and adsorption, meet-
ing field sampling requirements. Samples were obtained us-
ing a “Clean Hands-Dirty Hands” protocol with polyethy-
lene gloves to prevent contamination. Prior to sampling,
each bottle was rinsed 3 times with ambient water. Sam-
ples were taken with the bottle opening facing upstream to
collect surface water without disturbing bottom sediments.
Field blanks, prepared using ultrapure water in pre-cleaned
polypropylene tubes, were included at a rate of 10 %.

Within 24 h of collection, water samples were filtered
through Millipore membranes (0.45 µm and 47 mm). The fil-

tration apparatus was rinsed 3 times with ultrapure water
before and after each sample to avoid cross-contamination.
Both HgT and HgD were preserved on-site by acidification
to 0.5 % (v/v) with MOS-grade (metal-oxide-semiconductor
grade, ultrapure) HCl to minimize adsorption and transfor-
mation. Samples were transported refrigerated and stored at
4 °C until analysis.

HgT and HgD were analyzed following US EPA Method
1631, as applied to precipitation and snow samples (Sect. 3.3,
3.4). Samples were oxidized with 50 µL BrCl, followed by
quenching with NH2OH qHCl and reduction with SnCl2; Hg0

was quantified by CVAFS. HgP was calculated as the differ-
ence between HgT and HgD.

3.7 Glacier ice core and lake sediment cores

The ice core was maintained at <−15 °C during transport
and storage. In a cold laboratory, it was sectioned into 5–
10 cm segments using a bandsaw. Each segment was de-
contaminated with a ceramic knife to remove outer layers
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and subsequently melted at room temperature in a Class-100
metal-free clean lab (Kang et al., 2016), yielding> 30 mL of
meltwater for Hg analysis. Hg concentrations are reported in
ng L−1 and were determined following the same analytical
protocols applied to precipitation, snow, and water samples
(Sect. 3.3, 3.4, 3.6).

Sediment cores were sub-sectioned at 0.5–1 cm intervals
with a stainless steel slicer, stored in pre-cleaned polyethy-
lene bags, and kept frozen until analysis. Freeze-dried and
homogenized sediment aliquots (∼ 0.2 g dry weight) were
used for both Hg analysis and complementary radiometric
dating (Kang et al., 2016). Hg concentrations in sediments
were analyzed using the same Hg analyzer as for aerosol,
cryoconite, and soil samples (Sect. 3.2, 3.4, 3.5), in accor-
dance with US EPA Method 7473.

3.8 Stable Hg isotopic composition analysis

Solid samples (e.g., aerosols, soils and sediments) and
MESS-1 reference materials (National Research Council
Canada) were processed using a dual-stage combustion-
trapping protocol (Sun et al., 2013; Huang et al., 2015). Hg
isotope measurements for air, precipitation, snow, and ice are
planned for future studies as analytical sensitivity improves.
Approximately 0.1–10 g of sample was combusted in a pure
O2 stream at programmed temperatures (ambient to 950 °C),
and the released Hg was trapped in 5 mL of 40 % (v/v, 1 : 3)
HNO3/HCl solution. The trapping solution was then diluted
to 0.5–2 ng mL−1 Hg in a 20 % acid matrix for isotopic anal-
ysis on a Neptune MC-ICP-MS coupled with a cold va-
por generator. Both Hg concentration and acid matrix were
matched between samples and the NIST SRM 3133 stan-
dard. Hg isotopic ratios (δ202 Hg, 1199Hg, 1200Hg) were
reported relative to NIST SRM 3133 using standard delta no-
tation (Bergquist and Blum, 2007).

Quality control included repeated analyses of UM-
Almadén secondary standard and MESS-1. Measured val-
ues for UM-Almadén (δ202Hg = −0.52± 0.08 ‰; 1199Hg
= −0.01± 0.03 ‰; 1200Hg = 0.00± 0.02 ‰; 1201 Hg =
−0.02± 0.03 ‰) and MESS-1 (δ202Hg = −1.86± 0.08 ‰;
1199Hg = 0.01± 0.04 ‰; 1200Hg = 0.01± 0.02 ‰;
1201Hg = −0.02± 0.04 ‰) agree well with published val-
ues (Yin et al., 2016a, b).

4 Data descriptions

4.1 Real-time atmospheric Hg observation

In situ Hg monitoring activities are summarised in Fig. 2 and
APCC dataset I-1. The average TGM concentration at Nam
Co Station (2012–2014) was 1.33± 0.24 ng m−3 (Fig. 3),
among the lowest values reported for remote areas in China
(APCC dataset I-1; Yin et al., 2018). It was slightly lower
than the Northern Hemisphere background but higher than
Southern Hemisphere averages (Sprovieri et al., 2016). A

Figure 2. Count of valid hourly measurements of TGM per month
at Nam Co Station. Source: Yin et al. (2018).

slight decreasing trend in yearly TGM was consistent with
hemispheric-scale declines in atmospheric Hg (Tong et al.,
2016; Zhang et al., 2016). Seasonal variation showed a sum-
mer peak (1.50± 0.20 ng m−3), likely due to soil re-emission
and transport from South Asia (Yin et al., 2018), and a winter
minimum (1.14± 0.18 ng m−3), potentially resulting from
halogen-driven removal processes (de Foy et al., 2016). Di-
urnal variations exhibited morning and evening peaks, accu-
rately captured by model simulations (r2

= 0.91–0.99; Yin
et al., 2018).

At Tanglha Station, TGM exhibited a clear decreas-
ing trend during the growing season: emergence period
(2.32± 0.51 ng m−3) > active growth (2.01± 0.25 ng m−3)
> peak vegetation (1.80± 0.26 ng m−3) (Sun et al., 2020b;
APCC dataset I-1). Higher TGM during emergence was
associated with enhanced land-air Hg emissions. A sub-
sequent increase during the ISM period coincided with
strengthened westerlies (Sun et al., 2020b). Autumn TGM
(2.11± 0.25 ng m−3) reached levels similar to the emergence
phase, despite lower terrestrial fluxes, suggesting limited
ISM-transported Hg influence inland (Sun et al., 2020b).
This pattern contrasts with summer maxima observed at
southern Tibetan sites (Yin et al., 2018).

Land-air Hg fluxes decreased logarithmically during the
growing season-from 3.47± 4.39 ng m−2 h−1 (emergence)
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to near zero (peak vegetation; APCC dataset I-1), primarily
due to vegetation shading suppressing soil emissions. Plant
uptake played a minor role given the sparse biomass (Sun et
al., 2020b). Surface emissions represent a major TGM source
across the remote Tibetan Plateau, where anthropogenic im-
pacts are negligible (Sun et al., 2020b).

4.2 Hg from aerosol

Measurements of HgP on TSP were conducted at multiple
stations across the Third Pole as part of the Atmospheric Pol-
lution and Cryospheric Change (APCC dataset I-2). In the
Taklimakan Desert, HgP concentrations ranged from 224.4 to
257.1 pg m−3, markedly higher than those observed at typical
Chinese background sites. A distinct seasonal peak occurred
during frequent dust storm episodes from March to August
(Huang et al., 2020b). Preliminary emission estimates indi-
cate that atmospheric dust originating from this region could
export Hg at a rate of 59.7± 60.3 Mg yr−1 (Huang et al.,
2020b).

At the high-altitude Lhasa Station, HgP concentrations
varied widely from 61.2 to 831 pg m−3, with a mean value
of 224 pg m−3, comparable to levels recorded in heavily pol-
luted Chinese megacities (Huang et al., 2016). Dry deposi-
tion was identified as the dominant process in the local Hg
cycle, with an estimated flux of 35.3 µg m−2 yr−1, signifi-
cantly exceeding the wet deposition flux of 8.2 µg m−2 yr−1.

In the Kathmandu Valley, HgP levels were exceptionally
high, averaging 850.5± 962.8 pg m−3, which was among the
highest reported for urban areas globally (Guo et al., 2017).
Concentrations exhibited strong seasonality, with elevated
values during winter and pre-monsoon periods. The corre-
sponding dry deposition flux reached 135 µg m−2 yr−1. Sim-
ilarly, at LMB on the Indo-Gangetic Plains, HgP concentra-
tions (range: 6.8–351.7 pg m−3; mean: 99.7± 92.6 pg m−3)
exceeded those at most remote global sites. Consistently
higher values were observed during the dry season compared
to the wet season (Guo et al., 2022), with an estimated dry
deposition flux of 15.7 µg m−2 yr−1.

4.3 Hg from precipitation

Precipitation Hg measurements from multiple stations across
the Third Pole reveal distinct spatial and temporal patterns
(APCC dataset I-3). At Nam Co station, mean HgT concen-
trations measured 4.8 ng L−1 with a clear seasonal pattern
showing two-fold higher levels during non-monsoon peri-
ods compared to monsoon seasons (Huang et al., 2012a).
Despite lower concentrations, monsoon rainfall accounted
for 83± 5 % of annual wet deposition fluxes, demonstrating
precipitation-driven scavenging efficiency. Speciation analy-
sis showed HgP dominated precipitation HgT (71.2 %), with
MeHg constituting 1.82 % of HgT.

The Lhasa station exhibited significantly higher HgT con-
centrations (24.8 ng L−1) with different deposition dynam-

Figure 3. Monthly average of TGM at Nam Co Station during the
whole measurement period. Source: Yin et al. (2018).

ics (Huang et al., 2013). Here, HgT wet deposition flux
was primarily concentration-driven rather than precipitation-
dependent as observed at Nam Co. Seasonal variations
showed higher HgT and HgP concentrations during non-
monsoon periods, while reactive Hg (HgR) in precipitation
peaked during monsoon seasons. Speciation indicated HgP
accounted for 77 % of HgT, with HgR representing only 5 %.

In Southeast Tibet station, while mean HgT concentration
(4.0 ng L−1) was relatively low, MeHg levels (0.112 ng L−1)
and deposition flux (0.11 µg m−2 yr−1) were among the high-
est reported globally (Huang et al., 2015). HgD emerged
as the dominant species, suggesting significant contributions
from gaseous oxidized Hg scavenging.

Expanded monitoring precipitation stations in both mon-
soon and westerlies domains across the Third Pole re-
vealed contrasting regional patterns (Huang et al., 2022).
The westerlies domain showed higher HgT concentrations
and HgP percentages (Fig. 4a), while the monsoon domain
exhibited greater wet Hg deposition fluxes (Fig. 4b). Ex-
treme values were recorded at Motuo station in the Yarlung
Tsangpo Grand Canyon (56.3 ng L−1 HgT concentration,
84.7 µg m−2 yr−1 flux) (Huang et al., 2024).

Nepal Himalayan measurements demonstrated strong spa-
tial gradients, with Kathmandu showing urban-level Hg
concentrations (34.91 µg m−2 yr−1 flux) compared to back-
ground sites like Dhunche (15.89 µg m−2 yr−1) (Tripathee et
al., 2019). All sites exhibited pronounced seasonal variabil-
ity, with higher concentrations during non-monsoon periods
(Tripathee et al., 2019, 2020).

4.4 Hg from glacier

Systematic snowpit surveys conducted at 9 of the 12 glaciers
(Fig. 1 and Table 2) between 2005–2010 revealed to-
tal Hg concentrations ranging from below detection limit
(< 1 ng L−1) to 43.6 ng L−1 across all sampling sites (APCC
dataset I-4; Fig. 5; Zhang et al., 2012). The seasonal am-
plitude of Hg concentrations showed winter maxima av-
eraging 28.3± 8.7 ng L−1 compared to summer minima of
5.2± 3.1 ng L−1 (n= 9). Spatial distribution patterns indi-
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Figure 4. Spatial distribution of precipitation Hg concentration (a)
and wet Hg deposition flux (b) between the monsoon and westerlies
domains over the Third Pole (Acronyms are as same as Table 1).
Source: Huang et al. (2022).

cated 35 %–42 % higher concentrations in northern glaciers
(Xiao Dongkemadi, Laohugou No.12) relative to southern
sites (East Rongbuk, Zhadang) (Figs. 1 and 4). Correspond-
ing annual deposition fluxes varied from 0.74± 0.21 to
7.89± 2.34 µg m−2 yr−1 across different glaciers (Zhang et
al., 2012).

Detailed analysis of July 2013 samples from Laohugou
Glacier No. 12 (northeastern Tibetan Plateau) demonstrated
HgP accounted for 82± 11 % of total Hg in snow/ice matri-
ces (APCC dataset I-4; Huang et al., 2014b). Vertical snowpit
profiles (n= 5) exhibited consistent Hg enrichment patterns,
with concentration increasing from 3.2± 1.1 ng L−1 in sur-
face layers to 18.6± 5.3 ng L−1 at 1.8 m depth (Huang et al.,
2014b).

Surface snow sampling campaigns during 2008–2010
covered 4 high-altitude glaciers (East Rongbuk: 6350 m;
Zhadang: 5800 m; Ganglongjiama: 5600 m; Muztagata:
4900 m), with mean elevation of 5200± 620 m (APCC
dataset I-4; Huang et al., 2012b). Measured Hg con-
centrations showed site-specific variations: Mt. Muztagata
(range: 2.1–15.0 ng L−1; mean: 8.56± 3.72 ng L−1) consis-

Figure 5. The red circle shows the location of the glacier sampling
sites over the Third Pole, while its area represents the average HgT
concentrations from the glacier snowpits (Acronyms are as same as
Table 1). Source: Zhang et al. (2012).

tently displayed higher values than Mt. Nyainqêntanglha
(0.9–3.2 ng L−1; mean: 1.8± 0.7 ng L−1). Mass balance cal-
culations indicated 31± 9 % of initially deposited Hg was
lost during snow metamorphosis processes (Huang et al.,
2012b).

Cryoconite samples collected from 7 glaciers (n=
112) revealed distinct spatial patterns in Hg accumula-
tion (APCC dataset I-4; Huang et al., 2019). Southern
glaciers influenced by monsoon circulation (East Rong-
buk, Ganglongjiama) showed higher mean Hg concen-
trations (66.0± 29.3 ng g−1; range: 22–143 ng g−1) com-
pared to westerlies-dominated northern glaciers (Laohugou
No.12, Muztagata: 42.5± 20.7 ng g−1; range: 15–89 ng g−1)
(t-test, p< 0.05). MeHg was detected in all cryoconite sam-
ples (n= 112), with concentrations ranging from 0.3 to
2.1 ng g−1 (overall mean: 1.0± 0.4 ng g−1) (Huang et al.,
2019). Elevation-dependent trends exhibited contrasting cor-
relations between northern and southern glacier sites, with
northern regions showing a decreasing trend and southern re-
gions displaying an increasing trend with elevation.

4.5 Hg from soil

Comprehensive soil sampling (n= 336) was conducted
across 28 locations representing meadow (n= 84), grass-
land (n= 112), desert (n= 92), and forest (n= 48) ecosys-
tems, covering an elevation range of 2917–4762 m across
the Tibetan Plateau (Fig. 6). Hg concentrations showed
considerable variability, ranging from 2.1 to 200.3 ng g−1

with an overall arithmetic mean of 31.8 ng g−1 (geometric
mean: 22.4 ng g−1) (APCC dataset I-5; Yin et al., 2024).
Among ecosystem types, forest soils consistently exhibited
the highest concentrations (range: 18.6–200.3 ng g−1; mean:
74.4 ng g−1), followed by meadow (mean: 29.2 ng g−1),
grassland (mean: 25.7 ng g−1), and desert ecosystems (mean:
12.8 ng g−1). Spatial interpolation analysis revealed a clear
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Figure 6. Spatial distribution of topsoil HgT concentrations across
the Tibetan Plateau. The map, based on 336 topsoil samples from
meadow, grassland, desert, and forest ecosystems, reveals a distinct
southeast-to-northwest decreasing gradient, with the highest con-
centrations in the southeastern forested regions. Source: Yin et al.
(2024).

southeast-to-northwest decreasing gradient, with maximum
values clustered in southeastern forested regions (Fig. 6; Yin
et al., 2024).

Along a 1200 km southwest-northeast transect across the
Himalaya-Tibet region, soil Hg analysis of 31 samples
showed distinct spatial variation (Huang et al., 2020b).
Southern slope soils (n= 21) displayed higher and more
variable concentrations (range: 15–189 ng g−1; mean±SD:
72± 54 ng g−1) compared to northern slopes (n= 10; range:
12–89 ng g−1; mean±SD: 43± 26 ng g−1) (t-test, p< 0.05)
(Huang et al., 2020b). In the central Himalayas (Lang-
tang region), soil Hg measurements (n= 45) averaged
35.75± 24.41 ng g−1 (range: 8.2–112.3 ng g−1), with a con-
sistent negative correlation between concentration and eleva-
tion (r =−0.63, p< 0.01) across the 3800–5200 m altitude
range (Tripathee et al., 2018).

The Central Asia topsoil survey (0–10 cm depth) encom-
passed 182 sampling sites across three countries (Tajik-
istan: n= 67; Uzbekistan: n= 72; Kyrgyzstan: n= 43), rep-
resenting five land use types (Fig. 7a). Hg concentra-
tions showed extreme variability (1.6–908 ng g−1), with ur-
ban areas exhibiting both the highest maximum values
and greatest variability (range: 8.6–908 ng g−1; mean±SD:
79.8± 112.3 ng g−1). Other land types showed progres-
sively lower mean concentrations: woodland (n= 38;
27.3± 18.4 ng g−1), grassland (n= 52; 20.6± 12.7 ng g−1),
farmland (n= 29; 18.3± 9.8 ng g−1), and desert (n= 23;
12.3± 6.5 ng g−1) (APCC dataset I-5; Yang et al., 2023). The
spatial distribution showed clear hotspots in capital city re-
gions, with 12 urban samples exceeding 200 ng g−1 (Fig. 7b).

4.6 Hg from surface water

Available surface water Hg measurements from various
aquatic systems across the Third Pole, including lakes, rivers,
and glacial meltwater, are summarized in Fig. 8. In the
Yarlung Zangbo River basin, surface water samples collected
from 17 sites along the upper/middle reaches and tributaries
(Lhasa and Niyang rivers) showed HgT concentrations rang-
ing from 1.46 to 4.99 ng L−1 (Zheng et al., 2010). Sea-
sonal sampling in the Koshi River basin, significantly in-
fluenced by the South Asian monsoon, revealed HgT con-
centrations varying between 0.64 and 32.96 ng L−1 (mean:
5.83± 6.19 ng L−1), with the highest values consistently ob-
served during post-monsoon periods (Sun et al., 2020c). HgP
accounted for more than 50 % of HgT, particularly during
and after monsoon seasons, indicating its dominant role in
seasonal and spatial Hg variations.

Surface water samples from 42 Tibetan Plateau lakes ex-
hibited HgT concentrations ranging from < 1 to 40.3 ng L−1

(APCC dataset I-6; Li et al., 2015; Paudyal et al., 2019;
Sun et al., 2023). The spatial distribution revealed a dis-
tinct northwest-southeast gradient, with higher concentra-
tions generally observed in northwestern regions (t-test,
p< 0.05) (Li et al., 2015). This comprehensive dataset pro-
vides valuable baseline information on Hg distribution pat-
terns across different aquatic ecosystems in the Third Pole,
documenting both spatial gradients and seasonal variations
while maintaining focus on observational evidence.

Glacial meltwater measurements from 9 glacier runoffs
(Laohugou No.12, Zhadang, Xiao Dongkemadi, Kuqiong-
gangri, Qiangyong, Hailuogou, East Rongbu, Mingyong and
Baishuihe No.1) during ablation periods showed HgT con-
centrations generally below background levels, with peaks
occurring during maximum melt periods (APCC dataset I-
6). Some sites, such as Laohugou No.12, occasionally ex-
ceeded 100 ng L−1 (Wang et al., 2024). Downstream sam-
pling at Zhadang glacier demonstrated increasing Hg trans-
port with meltwater flow (Sun et al., 2017, 2018), while
monthly observations at Rongbuk, Laohugou No.12, and
Mingyong glaciers revealed temporal variations correlated
with ablation intensity (Sun et al., 2022; Wang et al., 2022;
Pu et al., 2024). The Qiangyong glacier basin showed a 20 %
decrease in HgT concentrations between proglacial lake in-
flow and outflow (APCC dataset I-6; Sun et al., 2016), sug-
gesting lake systems may act as effective sinks for Hg trans-
ported by glacial meltwater.

4.7 Hg from glacier ice core and lake sediment cores

The Ganglongjiama (Guoqu) glacier ice core from Mt.
Geladaindong provides a 500-year record of atmospheric
Hg deposition, with concentrations ranging from < 0.1 to
9.8 ng L−1 (mean: 0.84 ng L−1) (APCC dataset I-7; Kang et
al., 2016). Calculated deposition fluxes reveal distinct tem-
poral patterns, with an overall mean of 0.36 µg m−2 yr−1, in-
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Figure 7. (a) Topsoil sampling sites and (b) spatial distribution of HgT concentrations in topsoils (0–10 cm) across Central Asia. Results
from 182 sites show extreme variability (1.6–908 ng g−1), with pronounced urban hotspots-particularly in capital cities-driving the spatial
distribution pattern. Source: Z. Yang et al. (2023).

creasing from 0.28 µg m−2 yr−1 in the pre-industrial period
to 0.91 µg m−2 yr−1 in the post-WWII era (Fig. 9). These
values are consistent with measurements from other Tibetan
Plateau glaciers (Loewen et al., 2007; Zhang et al., 2012).

Lake sediment records demonstrate significant spatial
variability across the Himalayas. Northern slope lakes
(Fig. 10; Qiangyong Co, Nam Co, Bangong Co, Lingge

Co, Tanglha Lake) exhibit mean Hg concentrations of
36 ng g−1 (range: 7.6–119.8 ng g−1), while southern slope
lakes (Fig. 11; Phewa, Gokyo, Gosainkunda) show higher
values (mean: 103 ng g−1; range: 6–647.7 ng g−1) (t-test,
p< 0.05) (Table 3). Post-WWII accumulation rates fol-
low a similar pattern, with northern lakes averaging
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Figure 8. Sampling sites and compiled measurements of HgT in
surface waters (rivers, lakes, glacier runoffs) across the Third Pole.
Data in Sect. 4.6 reveal a northwest-southeast increasing gradient
in lakes, seasonal peaks in post-monsoon rivers with HgP as the
dominant form, and generally low but temporally variable HgT in
glacial meltwater, influenced by ablation intensity and downstream
processes.

Figure 9. Historical trends of concentration and accumulation rate
of Hg reconstructed from the Geladaindong ice core (contours indi-
cate the year-by-year variability; gray bar represents the World War
II period). Source: Kang et al. (2016).

14.6 µg m−2 yr−1 compared to 112.1 µg m−2 yr−1 in south-
ern lakes (APCC dataset I-7; Kang et al., 2016).

The combined records document three temporal phases:
(1) stable background levels (1500s–early 1800s), (2) ini-
tial increases (late 1800s), and (3) accelerated accumula-
tion post-WWII (Figs. 8–10). Southern slope sediments con-

sistently show 4-fold higher Hg concentrations and 8-fold
greater deposition fluxes than northern counterparts (t-test,
p< 0.05) (APCC dataset I-7; Kang et al., 2016). These pat-
terns are preserved across different environmental archives,
providing robust evidence of spatial and temporal variations
in Hg deposition across the Himalayan region.

The ice core was dated using annual layer counting (δ18O,
dust, ions), a 3H peak (1963 AD), 210Pb, volcanic markers,
and a flow model, with uncertainties of ±1 years (since 1963
AD),±5 years (since 1872 AD),±10 years (since 1600 AD),
and±20 years (back to 1477 AD). Hg fluxes are derived from
measured Hg concentrations and accumulation rates (from
the age depth model and ice density); sediment cores were
dated by 210Pb (CRS model), and all age depth models, un-
certainties, accumulation rates, and flux calculations are doc-
umented in Kang et al. (2016).

4.8 Hg stable isotopes from aerosol, soil and lake
sediment

Hg isotope measurements (δ202Hg, 1199Hg, 1200Hg) from
various environmental media in the Third Pole provide in-
sights into Hg sources and transport processes (Blum et al.,
2014). Atmospheric aerosols in the Kathmandu Valley show
δ202Hg values ranging from −1.42 ‰ to 0.28 ‰ (mean:
−0.82 ‰) and 1202Hg from −0.30 ‰ to −0.12 ‰ (mean:
−0.16 ‰) (APCC dataset I-8; Guo et al., 2021). Seasonal
variations were observed at LMB, with distinct isotopic sig-
natures between pre-monsoon and monsoon periods (Guo et
al., 2022). This dataset reveals that local dust resuspension
and combustion sources, rather than long-range transport
alone, dominate PBM in Nepal, providing a critical baseline
for regional Hg cycling.

Soil samples reveal a marked north-south contrast, with
southern Himalayan slopes exhibiting lower mean δ202Hg
values (−0.53 ‰) compared to northern slopes (−0.12 ‰)
(APCC dataset I-8; Huang et al., 2020b, 2020c). Negative
1199Hg values in most soils indicate widespread gaseous
Hg° deposition, while sporadic positive odd-MIF suggests
local precipitation-sourced Hg (Huang et al., 2020b, c).
Lake sediment cores from 4 lakes along a southwest-
northeast transect show positive 1199Hg (0.07 ‰–0.44 ‰)
and 1200Hg (0.03 ‰–0.08 ‰) values (APCC dataset I-8;
Huang et al., 2023). The 1199Hg values peak at Tanglha
Lake (0.44 ‰) before decreasing further northeast, suggest-
ing a southwest-northeast gradient in isotopic composition.
This dataset provides evidence that transboundary atmo-
spheric transport delivers Hg from South Asia northward to
at least the Tanglha Mountains in the northern Himalaya-
Tibet.

5 Dataset limitations and applications

The Third Pole Hg dataset has inherent spatial and tempo-
ral limitations. Specifically, atmospheric Hg monitoring is
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Figure 10. Hg concentration and accumulation rate profiles of the sediment cores taken from five lakes (Qiangyong Co, Nam Co, Bangong
Co, Lingge Co, and Tanglha Lake) in the northern slopes of the Himalayas. Gray bar represents the World War II period. Source: Kang et al.
(2016).
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Figure 11. Hg concentration and accumulation rate profiles of the sediment cores taken from three lakes (Phewa, Gokyo, and Gosainkunda
Lake) in the southern slopes of the Himalayas. Gray bar represents the World War II period. Source: Kang et al. (2016).

restricted to two inland stations (Nam Co and Tanggula); his-
torical reconstruction relies on a single ice core from the cen-
tral Tibetan Plateau; and several media (e.g., aerosols, pre-
cipitation) are sampled at discrete locations that cannot fully
capture the region’s strong environmental heterogeneity. Due
to extreme climatic conditions, unreliable power supply,
and logistical constraints, measurements are short-term, spo-
radic, and temporally inconsistent across sites and seasons,
which precludes long-term or synchronous multi-site mon-
itoring. Nevertheless, the data robustly support site-specific
and comparative analyses across distinct climatic regimes
(monsoon vs. westerlies, northern vs. southern slopes) and
along altitudinal/transboundary gradients. For example, the
north-south contrast can provide key evidence for assessing
transboundary pollutant transport. Regional extrapolation re-
quires caution, but future expansion of the monitoring net-
work and improvement of spatial coverage will gradually re-
duce current uncertainties.

Recommended uses include seasonal and inter-annual
variability analysis and model evaluation for atmospheric Hg
(Nam Co, Tanggula), which are particularly useful for test-
ing Hg concentration trends in atmospheric chemical trans-
port models; wet deposition-flux estimation from precipita-
tion data, which is a fundamental basis for assessing atmo-
spheric Hg input; regional spatial comparisons using glacier
snowpits (12 glaciers) and lake sediment cores (8 lakes) to
reveal Hg distribution patterns along environmental gradi-
ents; historical trend reconstruction and source attribution us-
ing Hg isotopes (δ202Hg, 1199Hg etc.) from ice cores and
sediment cores, helping to distinguish natural background
from anthropogenic contributions; spatial contrast and mix-
ing assessment (natural vs. anthropogenic) for soils; and sea-
sonal baseline establishment for river and lake water to pro-

vide background reference for aquatic Hg dynamics. In con-
trast, the following uses are not recommended regional ex-
trapolation of absolute fluxes (due to sparse site coverage
and strong environmental heterogeneity); long-term trend
detection for short-term media such as aerosols, precipita-
tion, and snow (limited and discontinuous time series); syn-
optic multi-site comparison across the entire plateau (non-
synchronous sampling at different sites); quantitative source
apportionment using only Hg isotopes without local contex-
tual knowledge (insufficient spatial isotope coverage); and
direct cross-matrix comparison (e.g., cryoconite in ng g−1

vs. snow in ng L−1-different matrices and units, not directly
comparable). Users are strongly advised to consult the meta-
data files and README documentation for each subset to
ensure proper application of the data.

6 Data availability

The APCC dataset (v1.0) is archived at the Cold and
Arid Regions Science Data Center at Lanzhou, re-
leased on 3 December 2024 with the persistent DOI
https://doi.org/10.12072/ncdc.qzkk.db6654.2024 (Kang et
al., 2024). This dataset is available under the CC BY 4.0
International License and will be updated annually with
newly acquired Hg concentration and deposition observa-
tions over the Third Pole. All raw field measurements,
quality-controlled intermediate data, and summary statistics
necessary to reproduce all manuscript figures and tables are
fully deposited in the repository. No proprietary or restricted
datasets were employed in this work, ensuring full repro-
ducibility of all results.

A specific directory was designated with data classified
into different categories:
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a. Real-time atmospheric Hg observation data (APCC
dataset I-1),

b. Aerosol Hg data (APCC dataset I-2),

c. Precipitation Hg data (APCC dataset I-3),

d. Glacier (snowpit, surface snow, cryoconite) Hg data
(APCC dataset I-4),

e. Soil Hg data (APCC dataset I-5),

f. River and lake water Hg data (APCC dataset I-6),

g. Ice core Hg data (APCC dataset I-7),

h. Lake sediment core Hg data (APCC dataset I-8),

i. Hg isotope data from aerosols, soils and lake sediments
(APCC dataset I-9).

7 Conclusions

Based on the APCC program, a comprehensive Hg dataset
has been assembled across the Third Pole. This study com-
piles measurements from diverse environmental matrices-
including air, aerosols, precipitation, glaciers, soils, surface
water, glacier ice and lake sediment cores-encompassing Hg
speciation, concentrations, fluxes, and isotopic compositions.
The dataset represents a coordinated effort to address key sci-
entific objectives, which include: (1) characterizing spatial,
seasonal, and long-term variations of Hg across different en-
vironmental compartments in the Third Pole; (2) elucidat-
ing the processes and mechanisms governing transboundary
transport and long-range deposition of atmospheric Hg into
the region; (3) apportioning sources of atmospheric Hg using
chemical tracers and modeling approaches, and identifying
the fate of Hg within environmental media; and (4) improv-
ing predictions of Hg cycling in cryospheric environments
and evaluating its impacts under rapid climate warming and
cryospheric shrinking. This information is essential for risk
assessment and mitigation of Hg pollution at both global and
regional scales, and provides scientific support for policy for-
mulation.

Appendix A: Abbreviations

TSP Total Suspended Particulates
TGM Total Gaseous Mercury
ISM Indian Summer Monsoon
HgT or THg Total Hg
HgP or PHg Particulate-bound Hg
HgD or DHg Dissolved Hg
HgR or RHg Reactive Hg
MeHg Methyl Hg
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