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ABSTRACT: Mercury accumulation in montane forested
areas plays an important role in global Hg cycling. In this
study, we measured stable Hg isotopes in soil and litter
samples to understand Hg accumulation on the forest floor
along the eastern fringe of the Tibetan Plateau (TP). The low
atmospheric Hg inputs lead to the small Hg pool size (23 ± 9
mg m−2 in 0−60 cm soil horizon), up to 1 order of magnitude
lower than those found at sites in Southwest China, North
America, and Europe. The slightly negative Δ199Hg (−0.12 to
−0.05‰) in the litter at low elevations (3100 to 3600 m)
suggests an influence of local anthropogenic emissions,
whereas the more significant negative Δ199Hg (−0.38 to
−0.15‰) at high elevations (3700 to 4300 m) indicates
impact from long-range transport. Hg input from litter is more important than wet deposition to Hg accumulation on the forest
floor, as evidenced by the negative Δ199Hg found in the surface soil samples. Correlation analyses of Δ199Hg versus total carbon
and leaf area index suggest that litter biomass production is a predominant factor in atmospheric Hg inputs to the forest floor.
Precipitation and temperature show indirect effects on Hg accumulation by influencing litter biomass production in the eastern
TP.

1. INTRODUCTION

Elevated atmospheric mercury deposition to pristine ecosys-
tems is a persisting environmental issue.1−3 Remote mountain
forests represent a class of pristine ecosystems that have a
landscape at an elevation of 2500 m above sea level (a.s.l.) or
higher, or at an elevation of 300−2500 m with sharp changes in
elevation within a short distance.4 Such forests account for 20%
of the total global forested area.4 There is growing evidence for
augmented atmospheric Hg deposition at high-elevation sites,
and montane areas act as convergence zones for atmospheric
Hg.5,6 Enriched Hg concentrations in soil,6 vegetation,
precipitation, and wildlife (e.g., birds, salamanders, etc.)7 have
been reported in montane areas. However, because of
biological, orographic, and climatic influences, the biogeochem-
ical cycling of Hg in montane ecosystems remains unclear.6,8

The Tibetan Plateau (TP), with an average elevation of
>4000 m a.s.l., is the “Third Pole” on earth. The TP has a
remote location and low population density. However,
anthropogenic influences have become more and more
pronounced over past three decades. Industrialization in
South and East Asia has accelerated the loading of Hg to the
TP.9−11 The Hg concentration in the forest floor has increased
by a factor of 2 to 3 since the 1980s.10,12,13 Hg accumulated in
the soil can be methylated through microbial and abiotic
processes.14,15 The produced methylmercury (MeHg) has a
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strong bioaccumulation capability, can be transported to
aquatic ecosystems via surface runoff, and leads to contami-
nation in aquatic food webs of the TP.8,16−18 As a result, the
source, deposition, and accumulation of Hg in the forests of the
TP need to be better understood.
Stable Hg isotopes are useful tracers to understand the

sources and fate of Hg in the environment. Hg isotopes can
undergo mass-dependent fractionation (MDF) and mass-
independent fractionation (MIF) during geochemical cycling
of Hg.19−22 Photochemical reactions are associated with both
MDF and MIF of Hg, whereas biotic and dark abiotic reactions
display Hg MDF without significant Hg MIF.20,23,24 Isotopic
ratios such as Δ199Hg/Δ201Hg and Δ199Hg/Δ202Hg have been
applied to diagnose specific processes.19,20,23,24 Hg isotopic
composition offers insights into the geochemical cycling of Hg
(e.g., deposition, accumulation, and re-emission) in the forest
ecosystem.23,25,26 Distinct Hg isotope signatures have been
documented in foliage, rainwater, forest soil, and bedrocks.20,24

The Hg MIF signature is particularly useful to differentiate Hg
inputs from atmospheric depositions and rock weath-
ering.23,25,27

In this study, we investigated the isotope composition of Hg
in leaf litter and soil profiles. We aimed to identify the sources
of Hg in leaf litter and the inputs of atmospheric Hg to the TP
forest floor. The implications in terms of Hg accumulation in
the TP forests are discussed.

2. EXPERIMENTAL SECTION
2.1. Sample Collection. Details of the study area, sample

sites, and sample collection have been described previ-
ously.12,28−30 Briefly, 23 timberline forest sites in the eastern
TP (30.3−31.6° N, 94.2−98.6° E; Figure 1 and Table S1) were
selected, having elevation ranges of 3100 to 4300 m a.s.l. The
dominant tree species of the studied area is Picea crassifolia, and
the soil is mainly Luvisol. The studied area is influenced by the
southwestern monsoon, and annual air temperatures and
annual precipitation are 3−5 °C and 400−700 mm,
respectively.30,31

We collected both soil and litter samples at 15 of the 23
forest sites (SL01−SL15), litter samples only at sites L001 and
L002, and soil samples only at sites S001−S006 (Figure 1). To
minimize potential seasonal influences, all of the samples were
collected from July to August 2012. At each site, three 20 m ×
30 m plots were established for sample collection. Each plot
contained 24 subplots (5 m × 5 m). Fresh litter from 12
subplots of each plot was randomly sampled and mixed as one
composite sample. The leaf area index (LAI) of each subplot
was measured using an LAI-2200 instrument.32 Similar
sampling schemes were applied for 0−8 cm surface soil, 8−
20 cm soil, 20−30 cm soil, and 30−60 cm soil. The sample
pretreatment is discussed in detail in the Supporting
Information (SI).

2.2. Measurements. Hg concentrations of the samples
were measured by a Lumex RA-915+ Hg analyzer.33 Total
carbon (C) was measured by an Vario Macro Cube C analyzer
(Elementar, Langenselbold, Germany; limit of detection ≤10
ppm; discussed in detail in the SI).33 The soil bulk density was
measured using the methodology described by Maynard and
Curran.34 The Hg pool size in each horizon was estimated as

= × × × −P B T FHg (1 )i i i i i (1)

where Pi is the soil Hg pool, Hgi is the soil Hg concentration, Ti
is the horizon thickness, Bi is the soil bulk density, and Fi is the
fraction of coarse fragment by volume (%).
Prior to Hg isotope measurements, all of the litter and soil

samples were processed by a double-stage tube furnace
(discussed in detail in the SI),35 allowing for complete
oxidation of organic substances and thermal reduction of
HgII. MDF is reported in δ notation using the unit of per mil
(‰) referenced to the NIST-3133 Hg standard solution:

δ = × −
‐
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Figure 1. Hg concentrations in litter (L), 0−8 cm surface soil (D1), 8−20 cm soil (D2), 20−30 cm soil (D3), and 30−60 cm soil (D4) for each
sampling site.
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MIF is reported as ΔnHg (n = 199, 200, 201) in per mil (‰)
and was calculated following the convention suggested by Blum
and Bergquist:19

δ δΔ = − ×Hg(‰) Hg 0.2520 Hg199 199 202
(3)

δ δΔ = − ×Hg(‰) Hg 0.5024 Hg200 200 202
(4)

δ δΔ = − ×Hg(‰) Hg 0.7520 Hg201 201 202
(5)

The reproducibility of the Hg isotopic data was assessed by
measuring replicate sample solutions. UM-Almadeń secondary
standard solution was analyzed for every 10 samples. The acid
matrices and Hg concentrations of NIST-3133 and bracketed
samples were matched. The results of UM-Almadeń (mean ±
standard deviation (SD): δ202Hg = −0.53 ± 0.04‰; Δ199Hg =
−0.00 ± 0.04‰; Δ201Hg = −0.03 ± 0.02‰; n = 16) and BCR-
482 (δ202Hg = −1.67 ± 0.08‰; Δ199Hg = −0.57 ± 0.05‰;
Δ201Hg = −0.58 ± 0.04‰; n = 7) are consistent with previous
studies.19,36

3. RESULTS AND DISCUSSION
3.1. Hg Concentration and Soil Hg Pool Size. The Hg

concentrations for all of the samples are shown in Figure 1. The
Hg concentration in litter ranges from 15 to 81 ng g−1, with a
mean value of 35 ± 16 ng g−1 (n = 17). For the soil samples,

0−8 cm soil (surface soil) has the highest Hg concentration
(mean = 70 ± 37 ng g−1, n = 21), followed by 8−20 cm soil (35
± 16 ng g−1, n = 21), 20−30 cm soil (34 ± 16 ng g−1, n = 21),
and 30−60 cm soil (26 ± 18 ng g−1, n = 21). In addition, the
soil Hg pool size (Figure S1) is 4.6 ± 1.8 mg m−2 for 0−8 cm
soil (n = 15), 3.7 ± 2.1 mg m−2 for 8−20 cm soil (n = 15), 4.4
± 2.5 mg m−2 for 20−30 cm soil (n = 15), and 8.9 ± 5.8 mg
m−2 for 30−60 cm soil (n = 15).
Figure 2 shows the differences in Hg concentration, Hg pool

size, and Hg deposition influx between the TP and other forests
worldwide.5,10,11,13,33,37−54 For the Hg concentration in litter,
the data are comparable to values reported in other TP forests
(t test, P = 0.67) and in conifer forests from Europe and North
America (P = 0.49; Figure 2.1) but significantly lower than
values reported in rural sites of China (P = 0.00; Figure 2.1).
The Hg concentration in 0−8 cm soil is comparable to that of
the surface soil of the other TP forests (P = 0.65; Figure 2.2)
but lower than that of the surface soil in rural forests of China
(P = 0.01; Figure 2.2) and North America and Europe (P =
0.02; Figure 2.2). The Hg pool sizes in this study are lower than
those reported for 0−60 cm soil in China, North America, and
Europe (P = 0.01; Figure 2.3). Our sampling sites are mature
forest sites. The relatively low surface Hg concentration and
low soil Hg pool size are attributed to lower Hg deposition
influxes over the TP. This is consistent with earlier observations

Figure 2. Differences in (1) Hg concentration of litter, (2) Hg concentration of surface soil, (3) Hg pool size of the 0−60 cm soil horizon, (4) Hg
wet deposition, and (5) Hg deposition through litter between this study and documented forests.5,10,11,13,33,37−54
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that both wet and dry Hg depositions in the TP region can be
up to 1 order of magnitude smaller than those in other forest
sites in China, North America, and Europe (Figure 2.4,5). At
the sites where low Hg dry deposition was observed, one
important cause is the relatively smaller forest productivity,
which is 2−4 times lower than the average value for global
forests.55

3.2. Hg Isotopic Composition in Litter. As shown in
Table S1, litter δ202Hg ranges from −3.53 to −2.38‰ (mean =
−2.93 ± 0.32‰, n = 17), and the range of litter Δ199Hg is
−0.38 to −0.05‰ (mean = −0.18 ± 0.09‰, n = 15). The litter
δ202Hg values are relatively more negative than those reported
for the coniferous litter of North America and Europe (−2.78
to −1.34‰, mean = −1.99 ± 0.55‰, n = 9)23,25 but
comparable to the values observed at a high mountain site in
China (Mt. Ailao) with an elevation of 2600 m (−2.43 to
−4.18‰, mean = −3.03 ± 0.28‰, n = 73).56 Such Δ199Hg
values are comparable to the findings in a deciduous forest in
northern Wisconsin, USA (Δ199Hg: −0.22 to −0.15‰, mean =
−0.21 ± 0.07‰, n = 5)23 and a coniferous forest at a mountain
site in Eastern China (Mt. Daomei) (Δ199Hg: −0.02 to
−0.37‰, mean = −0.22 ± 0.10‰, n = 11)56 but relatively less
negative than those found in a Fennoscandia boreal coniferous
forest (Δ199Hg: −0.48 to −0.40‰, mean = −0.44 ± 0.02‰, n
= 4)25 and at the sites of Mt. Ailao (Δ199Hg: −0.62 to −0.17‰,
mean = −0.40 ± 0.08‰, n = 73).56

Atmospheric air samples at background sites show δ202Hg
values ranging from −0.35 to 1.19‰, much higher than those
reported for litter samples (−1.64 to −4.18‰) at the same
sites.20,22,23,56 This can be explained by the Hg MDF during
uptake of atmospheric Hg by plants. Lighter Hg isotopes in air
can be preferentially accumulated in the foliage, leading to a
shift from −3.0 to −1.0‰ in foliage δ202Hg.23,27,56

The Δ199Hg versus Δ201Hg scatter plot for litter samples
yields a slope of ∼1 (Figure 3.1), consistent with the observed
slope caused by photoreduction of aqueous HgII showing a
magnetic isotope effect (MIE).20,57,58 Atmospheric Hg shows
negative MIF with a Δ199Hg:Δ201Hg ratio of ∼1.23,26,56,59 Litter
MIF is mainly inherited from atmospheric Hg,23,26,27,56

although recent studies have demonstrated that re-emission
of Hg in the foliage can shift the litter Δ199Hg by −0.1 to
−0.05‰.23,56 In our study, litter Δ199Hg decreases with
increasing altitude (Figure 3.2), and re-emission of Hg in the
foliage cannot fully explain the large variation of Δ199Hg from
3100 (−0.05‰) to 4300 m (−0.38‰).

Another hypothesis for the smaller Δ199Hg (−0.12 to
−0.05‰) at lower altitudes (3100−3600 m) is the adsorption
of a greater quantity of particulate-bound Hg (PBM) on the
litter surface, since PBM at background sites has positive
Δ199Hg values (0.48 ± 0.35‰, n = 10),60 and the mixing of
PBM and gaseous Hg0 in the litter could lead to more positive
Δ199Hg at lower altitudes. However, the PBM absorbed at the
foliage surface tends to be released through photochemical
reduction or washed off by precipitation, and thus, PBM
accounts for a small fraction of the total Hg in foliage.61−64

The most likely reason for the observed Hg isotopic
composition is the stronger influence of anthropogenic Hg at
lower altitudes, as Hg directly emitted from anthropogenic
sources has been shown with Δ199Hg ∼ 0.20,24,56,65 Recent
studies have suggested a sharp decrease in the anthropogenic
Hg contribution from low to high altitudes of the eastern TP.10

As shown in Figure S2, higher population densities occur at the
low altitude sites of the study area and therefore have a greater
influence of anthropogenic Hg emissions. Mountains in the
eastern TP have led to relatively poor air diffusion at lower
altitudes than higher altitudes.66 The more negative Δ199Hg
(−0.38 to −0.15‰) in litter at high-altitude sites (3700−4300
m) possibly reflects long-range transport of atmospheric Hg,
which has a stronger negative Δ199Hg than anthropogenic Hg
sources. Samples of high-elevation mountain glaciers, snow, and
ice also point to Hg from long-range transport as the main
sources.9,67,68

The relationship between Hg concentrations and Hg
isotopes is provided in Figure S3. Higher litter Hg
concentrations did not occur at lower altitudes (Figure S3.1),
and a strong correlation between Δ199Hg and the Hg
concentration was not identified (Figure S3.2). It is likely
that in addition to the atmospheric Hg concentration, tree
species, leaf age, and leaf mass can also influence Hg
accumulation in foliage.62,69,70 An earlier study in the TP
suggested the longer leaf lifespan at higher elevations, for
instance, 10.4 years for Picea crassifolia at 2750 m versus 13.2
years at 3350 m.71 A longer leaf lifespan leads to extended
foliage exposure to atmospheric Hg.5,72 Therefore, litter
Δ199Hg does not have to be correlated to litter Hg
concentrations.

3.4. Hg Isotopic Composition in Soil. δ202Hg and Δ199Hg
values of surface soil range from −2.98 to −0.69‰ (mean =
−1.56 ± 0.54‰, n = 21) and from −0.46 to −0.04‰ (mean =
−0.19 ± 0.12‰, n = 21), respectively (Table S1). The Δ199Hg
values are comparable to earlier observations on the forest floor

Figure 3. (1) Mass-independent fractionations Δ199Hg (mean ± SD) vs Δ201Hg (mean ± SD) in litter and surface soil samples and (2) Δ199Hg in
litter vs altitude. The Williamson−Yor- type regression deployed for (1) considers uncertainties of measurements, and detailed information can be
found in an earlier report.90
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elsewhere (−0.48 to −0.18‰, mean = −0.35 ± 0.08‰, n =
15).23,25,73 The 30−60 cm soil has a much smaller Δ199Hg
(−0.06 ± 0.02‰ for the SL01, S002, and SL10 sites; Table S2)
compared with surface soil. In addition, the mean δ202Hg in
30−60 cm soil is −1.39 ± 0.17‰ (Table S2).
Hg in surface forest soil is mainly contributed from

precipitation, litter, and weathered rocks. Surface soil has a
more positive δ202Hg than litter (P = 0.00; Figure S3) and a
more negative δ202Hg than precipitation (−0.80 to 0.40 ‰,
mean = 0.60 ± 0.15‰, P = 0.00, n = 4).74 Variations of soil
δ202Hg can be explained by the mixing of Hg input sources and
postdepositional processes that fractionate Hg isotopes.
Evasion of soil Hg through biotic reduction followed by
volatilization has been shown to induce MDF but no MIF of
Hg isotopes.20,22,75

There are two possible pathways that can induce the MIF of
postdeposited Hg: one is photoreduction of soil Hg, which is
associated with the MIE (Δ199Hg:Δ201Hg ∼ 1); the other is
dark reduction by natural organic matter, which is associated
with the nuclear volume effect (NVE) (Δ199Hg:Δ201Hg ∼
1.6).20,23,25 The dense canopy shading in forest ecosystems
largely limits photoreduction of soil Hg.76−78 An earlier study

in northern Wisconsin forests suggested that photoreduction
mainly occurred on leaf surfaces but not in soil.23 A recent
study in a boreal coniferous forest in northern Europe
demonstrated that NVE can occur in histosol soils, but this
effect seems to be limited.25 In this study, the Δ199Hg:Δ201Hg
ratio of ∼1 for the TP soils is consistent with that of litterfall
(Figure 3.1) and in precipitation,74 indicating that soil MIF is
mainly inherited from atmospheric inputs and that postdeposi-
tional processes play a less important role in changing soil MIF
signatures.
Figure 4 shows that except for the sites SL01, SL04, SL05,

and SL09, the Δ199Hg values in the surface soil (−0.37 to
−0.13‰, mean = −0.23 ± 0.10‰) are more consistent with
the Δ199Hg in litter (−0.38 to −0.09‰, mean = −0.20 ±
0.08‰; t test, P = 0.61) than the Δ199Hg of −0.06 ± 0.02‰ in
30−60 cm soil and the positive Δ199Hg in the precipitation of
the TP (0.35‰ to 0.75‰).74 In addition, the litter and surface
soil both have Δ200Hg close to 0 (Table S1). Such Δ200Hg
values are distinctively different from the values in precipitation
in the TP (0.10 to 0.16‰).74 These results suggest that Hg
deposition through litterfall dominates Hg accumulation in soil
at these sites. Earlier studies reported negative Δ199Hg in soil

Figure 4. (1) Δ199Hg vs δ202Hg for precipitation, litter, and surface soil samples and (2) Δ199Hg in litter and in surface soil for each sampling site.
The Hg isotope composition in precipitation (≤10 ng L−1) is derived from the literature.23,74,79−81

Figure 5. (1) Leaf area index vs Hg concentration in surface soil. (2) Leaf area index vs Δ199Hg in surface soil. (3) C content in surface soil vs Hg
concentration in surface soil. (4) C content in surface soil vs Δ199Hg in surface soil.
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from North American and European forests, which has been
explained by litter contribution (80−90%).23,25,26
For deep soil and soil at sites SL01, SL04, SL05, and SL09,

we observed less negative Δ199Hg values ranging from −0.10 to
0‰ (Table S2). This may be explained by dilution of MIF by
other Hg sources such as Hg wet deposition (with positive
MIF)23,74,79−81and weathering of rocks (with no MIF).24 Hg
deposition through litterfall dominates the atmospheric Hg
inputs at most sites in the TP. However, in contrast to the
Δ199Hg in litter, we did not observe an elevation gradient for
Δ199Hg in surface soil (R2 = 0.02, P = 0.90). Earlier studies have
suggested that litter biomass production can play a more
important role than the Hg concentration in controlling the Hg
deposition from litterfall at elevated mountain forests sites.82−84

Therefore, one hypothesis is that the litter biomass production
in the TP does not exhibit an elevation gradient because of the
complicated orographic impacts.
The C content in the surface soil (Table S2) comes from

decomposition of litter. Adaptation of plants to local climate
causes the LAI (Table S2) to be closely coupled with net
primary productivity,85,86 and a higher LAI implies greater litter
biomass production. We observed a clear correlation between
C content and LAI (R = 0.77, P = 0.00). Figure 5 shows that
higher C content and LAI are both associated with higher Hg
concentrations as well as more negative Δ199Hg. This suggests
the important role of litter biomass production in atmospheric
Hg inputs. Furthermore, poor correlations of altitude with LAI
(R2 = 0.04, P = 0.78) and C content (R2 = 0.01, P = 1.02) verify
the above hypothesis. This is consistent with the results from
earlier surveys at about 100 forest sampling sites in the TP.30,31

The Δ199Hg in litter (Δ199HgL, in‰), soil C content (in %),
and LAI (in m2 m−2) can be utilized to estimate the Δ199Hg in
surface soil of the TP (Δ199HgS, in ‰) with an empirical
(regression) model (R2 = 0.95):

Δ = − × + ×

+ × Δ + × ×

− × × Δ

+ × × Δ

Hg 0.3524 0.0855 LAI 0.0027 C

0.9169 Hg 0.0018 LAI C

0.2934 LAI Hg

0.1335 C Hg

199
S

199
L

199
L

199
L (6)

4. ENVIRONMENTAL IMPLICATIONS
Earlier mass balance studies have highlighted that Hg
deposition caused by the “cold trapping” effect is the dominant
deposition pathway for Hg accumulation in surface soil in
elevated montane regions.5,72,87,88 The cold trapping effect is
the preferential accumulation of Hg under the lower temper-
ature at higher elevations,5,72,87,88 which shifts predominant Hg
input from litter in low-elevation forests to precipitation in
high-elevation forests.5,72,87,88

Zhang et al.6 reported dramatic variations in Hg concen-
trations and isotopic compositions in surface soil collected from
a mountain gradient at Mt. Leigong in southwest China,6 where
enhanced Hg accumulation in the soil was observed at higher
elevations, caused by a combination of higher litterfall Hg
influx, higher precipitation rate, and mountain cold trapping
effect-related wet deposition. Negative MIF was observed in the
surface soil samples, with more negative MIF at higher
elevations.6 On the basis of the results in this and other
studies,23,25,56 Hg in litterfall is characterized with negative MIF
and is likely the main source of MIF in the soil samples of Mt.

Leigong. The less negative MIF at lower altitudes can be
explained by dilution of geogenic sources with no MIF or the
nearby anthropogenic Hg source in that area with relatively
positive MIF.6 This is consistent with the observations of our
study that Hg input from litterfall dominates the Hg
accumulation on the TP forest floor.
Litter biomass production has been well-documented

through observations at ∼100 forest sites in the TP.30,31 On
the basis of meteorological data from 36 nearby weather
stations, precipitation (R2 = 0.88, P = 0.00) and temperature
(R2 = 0.87, P = 0.00) are the primary causes for litter biomass
production in the TP.30,31 Therefore, the cold-trapping-related
precipitation and temperature in the TP likely have an indirect
effect on Hg accumulation in surface soil by influencing the
litter biomass production. A recent study also suggested that
soil Hg concretion in the western United States is controlled by
the water-limited plant primary productivity.89 This is
consistent with our results in the TP. Overall, this study
provides new insights in understanding Hg accumulation in
montane forested areas.
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