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Global warming accelerates uptake of atmospheric
mercury in regions experiencing glacier retreat
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As global climate continues to warm, melting of glaciers releases a
large quantity of mercury (Hg) originally locked in ice into the
atmosphere and downstream ecosystems. Here, we show an
opposite process that captures atmospheric Hg through glacier-to-
vegetation succession. Our study using stable isotope techniques at
3 succession sites on the Tibetan Plateau reveals that evolving
vegetation serves as an active “pump” to take up gaseous elemen-
tal mercury (Hg®) from the atmosphere. The accelerated uptake
enriches the Hg pool size in glacier-retreated areas by a factor of
~10 compared with the original pool size in the glacier. Through an
assessment of Hg source-sink relationship observed in documented
glacier-retreated areas in the world (7 sites of tundra/steppe suc-
cession and 5 sites of forest succession), we estimate that 400 to 600
Mg of Hg has been accumulated in glacier-retreated areas (5%. of
the global land surface) since the Little Ice Age (~1850). By 2100, an
additional ~300 Mg of Hg will be sequestered from the atmosphere
in glacier-retreated regions globally, which is ~3 times the total Hg
mass loss by meltwater efflux (~95 Mg) in alpine and subpolar
glacier regions. The recapturing of atmospheric Hg by vegetation
in glacier-retreated areas is not accounted for in current global Hg
models. Similar processes are likely to occur in other regions that
experience increased vegetation due to climate or land use changes,
which need to be considered in the assessment of global Hg cycling.

global warming | glacier retreat | atmospheric mercury deposition

o alleviate global mercury (Hg) pollution, international efforts

to curb anthropogenic Hg emissions have culminated in the
Minamata Convention on Mercury, a legally binding international
treaty that went into force in 2017. The execution of this con-
vention and assessment of regulatory efforts rely on a clear un-
derstanding of global Hg sources, sinks, and their dynamics. Major
uncertainties exist in our understanding on Hg transport and ac-
cumulation in remote ecosystems due to the complex interplays of
biological, orographic, and climatic factors (1-4). The cycling of
Hg in subpolar and alpine regions is increasingly modulated by
global climate changes (3, 5). Specifically, the alpine and subpo-
lar glaciers (6, 7) have been shrinking rapidly due to accelerated
warming in recent decades (8, 9). Earlier studies show that Hg
efflux from glaciers to meltwater-fed ecosystems causes a distinct
risk of bioaccumulation of Hg, especially methyl Hg, in ecosystems
(10-13). As glaciers retreat, vegetation tends to establish in the
retreated areas, and an entirely new ecosystem (e.g., forest, steppe,
and tundra) evolves over time. Vegetation uptake of elemental Hg
(Hg") from the atmosphere has long been recognized as an im-
portant pathway of atmospheric Hg deposition (3, 14, 15). How-
ever, little is known on the significance of Hg uptake by vegetation
established in glacier-retreated area.

The Himalaya-Tibetan Plateau (TP) region is home to the
largest and highest mountain ranges where ~15% of the world’s
glacier mass resides (8). This study determines the source-sink
relationship and accumulation pathways of Hg during the glacier-
to-vegetation succession by investigating the signatures of stable
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Hg isotopes at a whole-ecosystem scale in 3 forest chronosequences
of the glacier-retreated areas in the TP. The chronosequences
span 1 to 2 km within a narrow altitude range at the Hailuogou
Glacier, Mingyong Glacier, and Midui Glacier (the site descrip-
tion is detailed in SI Appendix). The glacier retreat period ranged
from 1830 to 2015 at Hailuogou and from 1925 to 2015 at Mingyong
and Midui (SI Appendix, Figs. S1-S3). We quantified Hg pool sizes
in the soil horizons across the sites. The Hg isotopic compositions
of the air, precipitation, vegetation, rock, and soil samples (S/
Appendix, Tables S1-S14) are measured to infer the Hg sources
and their relative contributions during vegetation succession. We
further assessed Hg source-sink transitions in documented
glacier-retreated areas in the world, including 7 sites of tundra/
steppe succession and 5 sites of forest succession, and their im-
plications for the global Hg cycling.

Mercury Sources Determined by Stable Isotope Composition
The soil profiles show the organic soil and C horizon soil (soil
parent horizon) overlying the bedrock. The absence of a distinct A
(mineral) horizon is attributed to the relatively short time period
of vegetation succession. Due to the difference in plant pro-
ductivity, the thickness of the organic soil horizon in the glacier-
retreated area ranges from 0 to 10 cm at Hailouguo after 125 y of
succession to as thin as 0 to 5 cm at Mingyong and Midui after 90y
of recession. At all sites, the soil is not well developed beyond
20-cm C soil. Therefore, the soil profile at Hailuogou is classified
into 5 layers of organic soil, 0- to 5-, 5- to 10-, 10- to 15-, and 15- to
20-cm C soil, whereas at Mingyong and Midui, soil profile is
divided into 0- to 5-, 5- to 10-, 10- to 15-, and 15- to 20-cm
soil horizons.

Significance

In this study, we identify a process that recaptures atmo-
spheric Hg in glacier-retreated areas driven by global
warming. Melting of glaciers is known to release Hg originally
locked in ice into the atmosphere and downstream ecosys-
tems. Recession of glaciers promotes rapid establishment of
vegetative ecosystems that capture more atmospheric Hg over
the long run than the Hg released from glacier melting. The
increased vegetative biomass driven by climate change can
result in significant changes in global Hg cycling.
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In general, the soil Hg concentrations gradually decrease
with depth at Hailuogou (SI Appendix, Fig. S4), often 1 order of
magnitude higher in the surface organic soil than in the deep
C-horizon soil and bedrock. The soil Hg concentrations in Oe
(underlain by a partially decomposed layer) and Oa (a very dark
layer of well-decomposed humus) are higher than those in Oi
(litter and twigs) at Hailuogou, which can be attributed to the
greater litter mass loss during the initial litter decomposition,
leading to Hg accumulation in Oe and Oa. This is consistent with
earlier studies showing Hg concentration changes during litter
decomposition (16, 17) and also supported by the increase in the
Hg/C ratio from Oi to Oa (SI Appendix, Fig. S5). The Hg con-
centrations in the 0- to 5-cm soil at Mingyong and Mitui are 1 to 3
times higher than the values in 15- to 20-cm soil and bedrock (S7
Appendix, Fig. S6). Below the 5-cm C soil (Hailuogou) or 15- to
20-cm soil (Mingyong and Midui), the soil Hg concentrations are
comparable with the values in the bedrock (P = 0.902 and 0.923,
respectively; ANOVA). These suggest that the influence of vege-
tation succession in the glacier-retreated areas on Hg biogeo-
chemical processes is limited to the surface soil over a temporal
scale of ~100 y. Therefore, we focus only on the organic soil and
0- to 5-cm C soil at Hailuogou and 0- to 15-cm soil at Mingyong
and Midui.

The sources of Hg in the surface soil may or1g1nate from at-
mospheric deposition of Hg’ (e.g., atmospheric Hg’ uptake by
vegetation with subsequent deposition to soil following plant de-
tritus), from atmospheric Hg(II) (e.g., via precipitation), and
from weathering of geological Hg in bedrocks. Recent advance-
ment of stable Hg isotope techniques makes it possible to de-
lineate the origins and accumulation pathways. Mercury 1sotopes
undergo both mass-dependent fractionation (reported as 5 Hg)
and mass-independent fractionation (MIF; reported as A'*’Hg,
A?Hg, and A*"Hg) in the environment (18). The MIF signa-
tures of Hg isotopes have been shown to be a useful tracer to
identify specific sources (4, 18, 19). Three distinct MIF endmembers
were identified (Fig. 1), including the mean MIF observed in the
canopy fohage lichen, and moss samples as the signature of atmo-
spheric Hg? input; the MIF in the precipitation samples as the sig-
nature of atmospheric Hg(IT) input; and the MIF in the bedrock and
deep soil samples of the C horizon as the signature of geological Hg.

F1g 1 and S7 Appendtx Tables S7-S14 show that A'*°Hg
and 5°"*Hg signatures in the soil samples of Halluogou Mmgyong,
and Midui generally increase with the depth, while A°*Hg values
are close to 0 rather than typically positive values found in at-
mospheric water. The 6°?Hg values of surface soil at Hailuogou
are much closer to the values of vegetation due to the higher plant
productivity at this site, whereas the values at Mingyong and Midui
are closer to those found in deep soil (SI Appendix, Figs. S7-S15).

The large differences in & Hg at these sites allow for devel-
oping a constrained Hg MIF mixing model with good confidence
(Egs. 1-4; details are in Methods and SI Appendix). The triple-
endmember mixing model us1ng 5°%?Hg as the constrain shows
that the Hg source fractions in the soil depend on the lapsed time
after glacier retreat. At Hailuogou where glacier-to-vegetation
succession has undergone 125 y with a high plant productivity,
atmospheric Hg? is the dominant source for the organic soil (Fig. 2
and SI Appendix, Fig. S16), accounting for 36 to 96% (mean =
71%, median = 69%) of the total Hg. ST Appendvc Fig. S16 shows
that the Oi has the highest atmospheric Hg’ fraction (>85%)
followed by Oe (66 to 84%), Oa (36 to 93%, mean = 66%, me-
dian = 68%), and 0- to 5-cm C soil (35 to 40%). This agrees with
earlier findings that atmospheric Hg” deposition is the dominant
Hg source on the forest floor (4, 15, 20-22) and in organic soil of
the biome of tundra/steppe (3, 20). In contrast, at the sites with
smaller accumulated plant biomass in Mingyong and Midui where
the succession has only taken place in the past 90 y, atmospheric
Hg" deposition accounts for only 20 to 77% (mean = 50%,
median = 60%) and 9 to 34% (mean = 24%, median = 30%),
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respectively, of the Hg in the 0- to 5-cm soil (SI Appendix, Fig.
S17). Atmospheric Hg(II) has the smallest contribution, account-
ing for 2 to 18% of total Hg in organic soil at Hailuogou and 3 to
11% and 3 to 7% in the 0- to 5-cm soil at Mingyong and Midui,
respectively (SI Appendix, Figs. S16 and S17). As expected, the
contribution of geological sources to soil Hg increases with depth
at all 3 sites, reaching up to 70 to 95% at the deepest depth above
the bedrock at Mingyong and Midui (SI Appendix, Fig. S17).

Overall, we found that soil Hg originated primarily from at-
mospheric sources at Hailuogou and from geological sources at
Midui. This is also supported by a significant positive correlation
(r=10.8235, P < 0.001, n = 93) between the content of soil organic
carbon (SOC), which can serve as a surrogate for plant pro-
ductivity in glac1er retreated regions (4, 17), and the fraction of
atmospheric Hg’ in soil. Higher plant productrvrty at Hailuogou
thus induces greater atmospheric Hg® accumulation than at
Mingyong and Midui.

Rapid Hg Accumulation during Vegetation Development

Over the 125-y period, the total Hg pool size (6,434 + 1,911
g km™2, mean + 1 SD) at Hailuogou is comparable with those
found in organic soil of mature coniferous forest ecosystems in
North America and Europe (3,400 to 6,800 g km™2) (23-26). The
Hg MIF mixing model shows that the Hg pool derived from at-
mospheric deposition increases continuously in the organic layer
and C-horizon soil (0 to 5 cm) at Hailuogou (Fig. 2). Over the
125-y period, the soil accumulates a total of 4,802 + 3,122
g Hg km™2 from atmospheric Hg" deposition and 509 + 1,589
g Hg km™ from atmospheric Hg(II) deposition. The total atmo-
spheric pool size [derived from the sum of atmospheric Hg and
Hg(II) sources] in the organic layer is ~17 times larger than in the
0- to 5-cm C soil at Hailuogou, suggesting that the organic soil
is the most important reservoir storing atmospheric Hg deposition
in forest ecosystems. Over a 90-y period of vegetation success1on
(Fig. 2), the Hg pool sizes contributed by atmospheric Hg and
Hg(II) at Mingyong are 1,580 + 978 and 275 + 689 g km , Te-
spectively. At Mrdu1 these amount to 908 + 708 g km™ for at-
mospheric Hg® and 201 + 613 g km™2 for atmospheric Hg(II) over
the same 90-y per10d Overall, we estimate that 90 + 71% of the
total Hg pool size derives from atmospheric Hg” deposition at
Hailuogou over a 125-y period and 85 + 63% at Mingyong and
80 + 64% at M1du1 over a 90-y penod The accumulatlon rate of
atmospheric Hg" at Hailuogou is 38.4 + 24. 9 ng m~2y~! over
the past 125y, and they are 17.5 +10.9 pg m~2y~ ! at Mingyong
and 10.1 + 7.9 pg m~2 y~' at Midui over the 90-y period.
Variation of the Hg pool contributed by atmospheric deposi-
tion in glacial-retreated regions elsewhere is estimated using an
SOC-Hg model (Fig. 3; details are in SI Appendix). This includes
7 sites of tundra/steppe succession and 5 sites of forest succession
(Fig. 3). Applying the 80 + 64% (lowest fraction in this study)
contribution of atmospheric Hg" to the total Hg pool size in s01l
the accumulation rate of atmospheric Hg’ is 9.5 + 7.1 pgm~2y™*
(n=7)in the global tundra—shrub/steppe succession and 14.7 +
10.6 pg m~2 y~' (n = 8) in the global forest succession (SI Ap-
pendix, Table 816) Amos et al. (27) suggested an average of
12.3 + 9.0 pg m 2 y! total Hg accumulation rate in peat during
the prerndustr1al per10d and a present-day accumulation rate of
211 +91pgm2y" (n =21). leen that 80 to 90% of peat Hg is
attributed to atmospheric Hg" deposition (3, 20) we estimate
that the accumulation rate of atmospheric Hg in the tundra—
shrub/steppe succession is comparable with the average rate in
peat during preindustrial period but significantly lower than the
present-day accumulation rate (27). This suggests that forest
chronosequences potentially provide a new record that can be
used for deducing the enhanced ratio of Hg at present day
compared with that in the preindustrial era. Litterfall Hg de-
position has been suggested as the main contributor for atmo-
spheric Hg® deposition in forest ecosystems (5, 28). The
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estimated accumulation rates of atmospheric Hg during the
global forest successions are comparable with the average value
of litterfall Hg deposition (15.2 + 8.4 pg m~2 y~') in global
temperate/boreal forest ecosystems (28).

Over a relatively short timescale, climate warming leads to an
Hg release from retreated glaciers (12, 13, 29). However, glacier
retreat facilitates atmospheric Hg fixation in newly developed
vegetation and soil over the long term. The original Hg pool size
in the glacier at Hailuogou is 355 + 71 g km™2 as determined by
the Hg concentration (3.0 + 0.6 ng L™") in the glacier ice cores
and the mean depth (~130 m in the Little Ice Age) of the glacier
(SI Appendix, Table S15). The total Hg pool size in organic soil
reaches this level in 30 y after glacier retreat (Fig. 2) and in-
creases to 12 times greater after 125 y. The Hg pool sizes over
the 90-y vegetation succession at Mingyong and Midui (Fig. 2)
are also 1 order of magnitude higher than the original glacier Hg
pool sizes based on the estimated Hg concentration in ice cores
(SI Appendix, Table S15) and ice glacier volumes in the Little Ice
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Age. Fig. 3 shows that the Hg pool size increases by a factor of 2
to 5 in global tundra and steppe glacier-retreated regions and by
a factor of 4 to 10 in forested regions within 80 to 125 y of vege-
tation succession. These imply that, within a few decades after
glacier retreat, vegetation succession can fully compensate the Hg
loss due to glacier melting and serve as an increasingly large at-
mospheric Hg sink.

Implications

The global mean air temperature is projected to increase by 2.0
to 4.9 °C (median: 3.2 °C) by 2100 (30). This will potentially
cause melting of 21 to 27% of alpine and subpolar glaciers
globally (31). Regions such as western Canada and the European
Alps may lose as much as 70 to 75% of their alpine glaciers (31-34).
Although Hg mass in forest succession reaches a plateau after
120 to 200 y after glacier retreat (Figs. 2 and 3), atmospheric
Hg" uptake in glacier-retreated regions is anticipated to acceler-
ate because of the formation of new vegetation ecosystems and
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Fig. 2. Mercury source fractions (mean + 1 SD) in the forest chronosequence zone: (7) organic soil and 0- to 5-C soil profiles at Hailuogou, (2) 0- to 15-cm soil
profiles at Mingyong, and (3) 0- to 15-cm soil profiles at Midui. The source fractions are the summary of specific fraction in each soil profile in S/ Appendix,

Figs. S16 and S17. The uncertainties are discussed in detail in S/ Appendix.

the continuous accumulation facilitated by vegetative biomass.
The current rate of Hg mass loss in subpolar and alpine glacier
regions is estimated to be 0.4 to 0.6 Mg y~", assuming a water loss
rate of 200 to 300 Gt y~' (31) and an mean Hg concentration of
2 pg g~! (SI Appendix, Table S15). By 2100, the total Hg mass loss
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from glacier melt is projected to be ~95 Mg (~47,000 Gt water
loss because of higher glacier retreat rates in the future [31]),
while the Hg mass captured by the new ecosystems in glacier-
retreated areas is ~2 times greater (~300 Mg based on the
present-day mean Hg’ accumulation rate and predicted new

Wang et al.
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Fig. 3. Hg pool sizes resulted from atmospheric deposition in the surface soil of documented glacier-retreated regions in the world. More de-
tailed information can be found in S/ Appendix, Table S16. Briefly, the forest succession is for sites of Mt. Gongga (Hailuogou), Midui, Mingyong,

Mt. Baker, Morteratsch, southwest (SW) Svalbard, Santa Inés Island, Glacie
succession.

glacier-retreated areas in the next 100 y [31, 35]) (detailed in
SI Appendix). Therefore, while glacier melting releases Hg originally
locked in the ice into the atmosphere and downstream ecosystems
(12, 13, 29), the establishment of new vegetative ecosystems will

Wang et al.

r Bay in Alaska, and Klutlan; the other sites are all in a tundra-shrub/steppe

counter the release through an opposite process that captures at-
mospheric Hg through glacier-to-vegetation succession. Over a
timescale of ~100 y, the latter process is capable of capturing more
atmospheric Hg than the Hg released from glacier melt.
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Furthermore, glacier melting increases regional water avail-
ability (36, 37) and enhances vegetation development well beyond
the glacier-retreated regions (38-40). The increased vegetation
productivity forced by climate change also occurs in regions where
permafrost exists (41, 42). For instance, the warmer and wetter
climate in high-altitude alpine regions during 2000 to 2009 has
been shown to increase the net primary productivity by 1.28 Pg C
in the north hemisphere (41). This represents a net accumulation
of ~60 Mg of Hg over the same period assuming an Hg/C ratio of
50 ng g~' in vegetation (14, 16), which may have contributed to the
observed decreasing trend of atmospheric Hg” level in these re-
gions over the past 20 y (14). The increased vegetative coverage
also cools down soil temperature by 2.7 to 5.7 °C (43), reduces
solar irradiation reaching the ground, and therefore, restrains
Hg" reemission from soil. The net effect of climate warming on Hg
cycling in glacier regions needs to be studied further.

Finally, alpine and subpolar glacier coverages have shrunk by
50 to 60% since 1850 (glacier loss area: 7 to 8 x 10° km?) (44-47).
Assuming that 10 to 20% of these glacier-retreated regions have
since been forested (44-47), 400 to 600 Mg Hg (calculations are in
SI Appendix) would have been accumulated in the organic soil in
these regions since 1850. This may be insignificant compared with
the total amount of global primary anthropogenic Hg emissions
(~470 Gg) since 1850 (48). However, our findings on Hg trans-
location dynamics in glacier-retreated chronosequences show
a rare example of an opposite process that counters the pre-
viously reported impact of a warming climate on Hg cycling.
Glacier-retreated chronosequences provide a natural laboratory
to explore the accumulation and availability of Hg in terrestrial
ecosystems in a changing climate. Our data show that a mature
forest results in greater Hg” deposition than a young forest, while a
net atmospheric Hg® accumulation rate is greater in young forest.
This is likely caused by the accelerated increase of biomass growth
in a young forest and the different Hg" reemission flux from soil.
Future studies to understand Hg exchanges in glacier-retreated
chronosequence are needed to better assess the fate of atmo-
spheric Hg under a changing climate.

Methods

Sample Collections and Measurements. Detailed information regarding the
study sites, sampling, and analytical methods is provided in S/ Appendix. The
Hg isotopic ratios in air, precipitation, soil, and vegetation samples were
determined on a Nu-Plasma Il multicollector-inductively coupled plasma
mass spectrometer.
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Mercury MIF Mixing Model. The Hg MIF mixing model and the model un-
certainties are described in detail in S/ Appendix. Briefly, given the unique
MIF signatures in atmospheric Hg®, atmospheric Hg(ll), and geological end-
members, the following triple-endmember mixing model is applied to trace
Hg sources in soil:

Fi1+F+F =1 [11
F1 x A" Hg, + F2 x A" Hg, + F3 x A"°Hg; = A" Hgsoll [2]
F1 x A%Hg, + F, x A*%Hg, + F3 x A?®Hg; = A?Hgsoil, 31

where F is the fraction ratio, subscript 1 denotes the atmospheric Hg input,
subscript 2 denotes the atmospheric Hg(ll) input, and subscript 3 denotes the
geological source. The mixing model is constrained using 52°?Hg as follows:

0 < 8%2Hg,q; - (F1 x §2%2Hg, + F» x 8%Hg, + F3 x §°Hg;) <a, [4]

where a is the limit for the shift of §2°2Hg caused by nonsource-mixing
processes in soil. The uncertainties caused by the Hg MIF mixing model are
described in detail in SI Appendix.

SOC-Hg Statistical Model to Estimate Soil Hg Concentration. SOC was used to
estimate the soil Hg concentration by 3 regression models (details are in S/
Appendix). The soil Hg concentrations in documented glacier-retreated re-
gions (Hg,,) elsewhere were taken as the average of estimates from 3 dif-
ferent empirical equations. The Hg pool contributed by atmospheric
deposition in these regions is estimated using

AHgPool = Hg,, x BD x (1 - f) x Depth x (1 = fgeo), [5]

where BD is the bulk density, f is the volume fraction of coarse material in the
surface soil, and fye, is the fraction of geological Hg source estimated by
SOC using the data collected at the 3 glacier recession sites (Hailuogou,
Mingyong, and Midui). The average atmospheric Hg® accumulation rate,
original glacier Hg pool size, and Hg mass captured by newly developed veg-
etation and soil after glacier retreat are described in detail in S/ Appendlix.

Data Availability. Data presented in this study can be found in S/ Appendix,
Tables S1-519. The GVolume (glacier volume) of each site is from World Gla-
cier Inventory (https:/nsidc.org/data-set/G01130/versions/1/form) and Randolph
Glacier Inventory 6.0 (https://www.glims.org/RGl/rgi60_dl.html).
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