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ABSTRACT: Knowledge gaps of mercury (Hg) biogeochemical
processes in the tropical rainforest limit our understanding of the
global Hg mass budget. In this study, we applied Hg stable isotope
tracing techniques to quantitatively understand the Hg fate and
transport during the waterflows in a tropical rainforest including
open-field precipitation, throughfall, and runoff. Hg concentrations
in throughfall are 1.5−2 times of the levels in open-field rainfall.
However, Hg deposition contributed by throughfall and open-field
rainfall is comparable due to the water interception by vegetative
biomasses. Runoff from the forest shows nearly one order of
magnitude lower Hg concentration than those in throughfall. In
contrast to the positive Δ199Hg and Δ200Hg signatures in open-
field rainfall, throughfall water exhibits nearly zero signals of
Δ199Hg and Δ200Hg, while runoff shows negative Δ199Hg and Δ200Hg signals. Using a binary mixing model, Hg in throughfall and
runoff is primarily derived from atmospheric Hg0 inputs, with average contributions of 65 ± 18 and 91 ± 6%, respectively. The
combination of flux and isotopic modeling suggests that two-thirds of atmospheric Hg2+ input is intercepted by vegetative biomass,
with the remaining atmospheric Hg2+ input captured by the forest floor. Overall, these findings shed light on simulation of Hg cycle
in tropical forests.
KEYWORDS: mercury isotope, wet deposition, throughfall, runoff, tropical rainforest

1. INTRODUCTION
Mercury (Hg) is a global pollutant. There are mainly two
forms of Hg in the atmosphere, namely, gaseous elemental
mercury (Hg0) and oxidized Hg (Hg2+). Hg2+ is active and can
be quickly scavenged from air via wet or dry deposition in
several days to weeks.1,2 Hg0 accounts for more than 95% of
total Hg in the air and has a 0.5−1.5 year atmospheric
residence time due to its high vapor pressure and low oxidation
potential.2,3 Atmospheric Hg0 can be assimilated by vegetation
and then deposition into soil via litterfall4−6 and also oxidized
to Hg2+ and then deposition into remote ecosystems.7,8 The
increasing atmospheric Hg deposition in remote ecosystems
poses an increasing concern of Hg pollution across the
globe.9−11

Forests act as an important Hg sink due to up to global
2200−3400 Mg year−1 atmospheric total Hg deposition.12

Tropical rainforests account for 45% of the global forest
areas.13 Yet, observations and understanding of Hg cycling in
this terrestrial ecosystem remain limited.12,14−17 Given the
climate and canopy structure in contrast to other forest types,
Hg biogeochemical cycles in tropical rainforests may exhibit
unique features. Tropical rainforests have a canopy height up
to 60−70 m, a large amount of biomass, and usually >2000

mm open-field rainfall amount.18,19 The canopy structure and
high precipitation may increase atmospheric Hg deposition.
The water cycle, including rainfall and throughfall (rainfall

passing through the forest canopy) and runoff, can shape Hg2+
deposition and output flux of Hg2+ in forests.20−22 The ratio of
throughfall Hg concentration over open-field rainfall Hg
concentration in Amazon remote tropical rainforests is in the
range of 2−423,24 while 1−2 for most subtropical, temperate,
and boreal forests.12,25,26 However, the runoff in the tropical
rainforest is typically deficient in Hg concentration (<5 ng L−1)
and distinctly low in Hg flux (<5 μg m−2 year−1).23,27 Such
unique characteristics of Hg input and output warrant
investigation on Hg transport via waterflow in tropical
rainforests.
Additionally, there were distinct knowledge gaps on the fate

of atmospheric Hg0 and Hg2+ in forests. Previously deposited
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Hg on the surface of foliage can be washed off into throughfall
in the process of water passing through the canopy.28−30 Thus,
throughfall Hg deposition was usually regarded as a proxy for
atmospheric Hg2+ deposition in forest ecosystems.12,26,31,32

However, the recent studies suggest that throughfall Hg
deposition is not a good proxy for atmospheric Hg2+
deposition because Hg0 uptake by the canopy and the
subsequent detritus mixing into precipitation contribute a
large fraction of throughfall Hg deposition.33−35 Additionally,
Hg in the runoff of temperate and boreal forests likely
originates from the atmospheric Hg0 deposition stored in
degraded vegetative biomass where Hg is bound by organic
soil rather than from atmospheric Hg2+ deposition.36,37 There
are still large uncertainties due to the absence of continuous
monitoring in the whole hydrological year or lack of
observations at the ecosystem scale. Hence, the source of Hg
in throughfall and runoff in forest ecosystems, specifically in
tropical rainforests, remains unknown.
Signatures of stable Hg isotopes, reported as the mass-

dependent fractionation (MDF, reported as δ202Hg) and mass-
independent fractionation (MIF, reported as Δ199Hg and
Δ201Hg for odd-MIF and Δ200Hg and Δ204Hg for even-MIF),
are an effective signal to trace the Hg sources and
biogeochemical processes in throughfall and runoff.36,38

Precipitation Hg usually displays negative δ202Hg and unique
positive Δ199Hg (∼0.50‰ of mean value) and Δ200Hg signals
(∼0.25‰ of mean value).39−42 Hg in forest foliage and surface
soil usually has negative δ202Hg, distinct negative Δ199Hg
(−0.50 to −0.20‰), and slightly negative Δ200Hg signatures
(−0.08 to −0.02‰).12,35,43−47 The hydrological processes in
throughfall and runoff do not produce even-MIF.48,49 There-
fore, we can use the Δ200Hg signatures to construct the Hg
source tracing model to improve our knowledge of Hg fate in
throughfall and runoff.
This study aims to quantify the source contributions and fate

of Hg in throughfall and runoff to better quantify the
deposition of atmospheric HgII using data of Hg flux and
isotopic signatures in a Chinese tropical rainforest. We
measured the concentration and the associated isotopic
signatures of different Hg species (THg, DHg, and PHg)
and calculated the cumulative Hg flux over a hydrological year.
The cycle and implication of atmospheric Hg0 deposition and
precipitation HgII retention occurring on the canopy in a
tropical rainforest are discussed.

2. MATERIALS AND METHODS
2.1. Site Description. Our study site locates at the Bu-

Beng Tropical Forest Dynamic station (BB, 21° 36′ 42.05″N,
101° 34′ 57.72″E, and 711−737 m above the sea level) of
Mengla, Xishuangbanna, Yunnan Province in Southwest China.
BB has a tropical monsoon climate with an annual mean
temperature of 22.5 °C and precipitation of 1650 mm.50 Up to
80% of the total annual precipitation occurs during the rainy
season (May to October). The year-round frost-free condition
is a representative feature of a tropical climate. The forest at
BB has a typical canopy structure of rainforest including the
canopy layer, understory layer, and undergrowth layer. The
dominant tree species in the canopy layer are Parashorea
chinensis and Pometia tomentosa, which are representative
tropical plants with a canopy height of 60−65 m and account
for >45% of total foliage biomass.19,51 The dominant tree
species in the understory layer are Pittosporopsis kerrii,
Baccaurea ramiflora, and Cleidion brevipetiolatum, and the

dominant tree species in the undergrowth layer are Saprosma
ternate and Alpinia conchigera.50,52 A small valley passes
through our studied site, and the south side of the valley has
relatively more intensive canopy height compared to the north
side of the valley (details in Figure S1). The whole catchment
area is 373,645 m2.
2.2. Sample Collections. The open-field rainfall samples

were collected just outside of the forest. Two sites were
prepared for collecting throughfall samples at the south and
north sides of the valley, respectively. The open-field
precipitation, throughfall, and runoff samples were collected
every 10 days from August 2021 to July 2022 to explore the
monthly variations. Additionally, we sampled each event of
precipitation, throughfall, and runoff samples in August 2021
(i.e., rainy season), November to December 2021, and March
2022 (i.e., dry season) for measurements of Hg isotopic
signatures. We recorded the quantities of rainfall and
throughfall continuously by tipping bucket rain gauges
automatically (Onset, HOBO RG3-M).
The protocols for sample collections have been described in

our earlier work.9,33,53 Briefly, we used 0.4 g of chlorine-
impregnated activated carbon (ClC) traps with a flow rate of
1.5 L min−1 to collect the Hg0 of air gas every 10 days from
August 2021 to July 2022. Additionally, we collected the
precipitation, throughfall (south and north), and runoff
samples by using a 1.35 m2 stainless steel rain board covered
by the 0.3 mm Teflon film. A 5 L borosilicate glass bottle was
cleaned with 60% aqua regia and distilled water successively
before each field collection. After collection, 50 mL of water
sample was transferred into a Hg-free fluorinated ethylene
propylene (FEP) bottle for total Hg analysis. Another 50 mL
of water sample was filtered with a 0.45 μm polyethersulfone
filter membrane and then transferred into a Hg-free FEP bottle
for dissolved Hg (DHg) analysis. All samples were preserved
with 0.25 mL of ultraclean grade HCl, double-packed in Ziploc
bags and stored in a refrigerated chamber, and transported
back to the laboratory for further analysis of Hg and dissolved
organic carbon (DOC).
Given the 5−10 ng Hg mass needed for measuring Hg

isotopic compositions, we collected 10 L rainfall, throughfall,
and runoff samples to ensure sufficient Hg mass in each
sample. The preconcentration of DHg and particulate Hg
(PHg) from the water sample follows the protocol developed
in our previous study.53 Briefly, the water samples were filtered
by microglass filters (Munktell, Sweden) to collect PHg, and
DHg was preconcentrated by adding BrCl and SnCl2 to reduce
Hg2+ into Hg0 vapor and punching into 0.4 g of chlorine-
impregnated activated carbon (ClC) trap. The microglass filter
was placed in a 450 °C-muffle furnace for 2 h to remove any
potentially absorbed Hg before field experiments.
2.3. Measurements of Hg Concentration and Isotope.

The concentration of total Hg and dissolved Hg in each water
sample was determined by following US EPA Method
1631.9,33,54 The Hg concentration analytic uncertainty was
1.0 ng L−1. Hg in the blank solution of rain board and bottle
blank solution was below 0.01 ng L−1 (n = 12), which was less
than 2% of total Hg concentrations in water samples. In
addition, the average concentration of Hg for the reagent blank
and measurement system blank was 0.02 ± 0.02 ng L−1 (n =
6). The DOC concentration in water was determined using a
total organic carbon analyzer (Shimadzu, Japan, detection limit
of 4 μg L−1).
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The measurement of Hg isotopic compositions in samples
collected in ClC traps and on microglass filter (representing
particulate Hg) had been described in our earlier studies.9,33,53

All samples were processed by double-stage heating pyrolysis
in a tube muffle furnace for Hg preconcentration.55,56 The
preconcentrated Hg solution (40% reverse aqua regia, HNO3/
HCl = 2:1, v/v) was diluted to 0.5 ng mL−1 prior to Hg isotope
measurements. The recoveries of preconcentration were in the
range of 88−96% (92.2 ± 2.9%, n = 6) for the standard
vegetative reference material (Lichen, BCR-482 with a Hg
content of 480 ± 20 ng g−1) and 92−105% (97.8 ± 4.9%, n =
6) for the soil reference material (GSS-4 with a Hg content of
590 ± 30 ng g−1). The recovery of Hg in trapping solution was
95.5 ± 8.9% (range of 85−115%, n = 71, detailed in Tables
S1−S3). Additionally, the blank of ClC traps was 150−300 pg
g−1, less than 5% of the amount loaded after experiments.
Hg isotopic compositions were measured by a multicollector

inductively coupled plasma mass spectrometer (MC-ICPMS,
Nu II, Nu Instruments, UK). Concentrations and acid matrices
of Hg standard solutions (NIST-3133 and NIST-8610 as the
secondary standard solution) were also matched to those of
the sample solutions. Following the calculation of Bergquist
and Blum,57 δ202Hg is reported as

= [

] ×

Hg(‰) ( Hg/ Hg) /( Hg/ Hg)

1 1000

202 202 198
sample

202 198
ref

(1)

MIF is calculated as

= ×Hg(‰) Hg Hgx
x

x
xxx

x

x

x 202
(2)

where βxxx values are 0.2520 for 199Hg, 0.5024 for 200Hg,
0.7520 for 201Hg, and 1.4930 for 204Hg. The isotopic signatures
of the NIST-8610 standard, which were measured every 10
samples, were determined to be δ202Hg = −0.5 ± 0.08‰,
Δ199Hg = −0.02 ± 0.09‰, Δ200Hg = 0.02 ± 0.08‰, Δ201Hg
= −0.04 ± 0.08‰, and Δ204Hg = 0.03 ± 0.16‰ (mean ± 2σ,
n = 20). The measured isotope signatures of the BCR-482
standard were δ202Hg = −1.58 ± 0.12‰, Δ199Hg = −0.63 ±
0.13‰, Δ200Hg = 0.05 ± 0.05‰, Δ201Hg = −0.63 ± 0.12‰,
and Δ204Hg = −0.16 ± 0.10‰ (n = 5), and those of the GSS-4
standard were δ202Hg = −1.74 ± 0.12‰, Δ199Hg = −0.42 ±
0.09‰, Δ200Hg = −0.04 ± 0.10‰, and Δ201Hg = 0.12 ±
0.11‰ (n = 5). All Hg isotopic signatures of these certificated

reference materials were consistent with the reported
values.9,58 The analytic uncertainty of BCR-482 was applied
to represent the sample isotopic uncertainties due to the largest
uncertainty of replicate analyses of BCR-482.
2.4. Hg Isotopic Mixing Model. We suggested geogenic

Hg as the negligible source in runoff. There are two reasons to
support this hypothesis. One is that geogenic Hg is mainly
fixed in the soil minerals and hardly dissolves into water.59 The
other is that much more negative signatures of δ202Hg and
Δ199Hg in runoff water than the isotopic features in bedrock
(δ202Hg = −0.42 ± 0.19‰ and Δ199Hg = −0.09 ± 0.03‰)50

also confirm negligible contribution from geogenic Hg. Hg in
throughfall and surface runoff comes primarily from atmos-
pheric Hg0 and Hg2+. The hydrological process of throughfall
and runoff does not cause even-MIF.48,49 Therefore, the
Δ200Hg signal is conserved and can be used for estimating the
source contributions to throughfall and runoff samples as
follows:

+ =+F F 1Hg Hg0 2 (3)

× + × =+
+F FHg Hg HgHg

200 0
Hg

200 2 200
sample

0 2 (4)

where FHg0 is the fraction of atmospheric Hg0 input, and FHg2+ is
the fraction of atmospheric Hg2+ input. Δ200Hg0 is the isotopic
signature of atmospheric Hg0 inputs. Δ200Hg2+ is the isotopic
signature of atmospheric Hg2+ inputs. Δ200Hgsample represents
the isotopic signatures of throughfall and runoff. We used the
Δ200Hg signal of DHg in precipitation as the endmember of
DHg in throughfall and runoff and the Δ200Hg signal of PHg in
precipitation as the endmember of PHg in throughfall and
runoff. Two methods were applied to calculate the source
contributions. One is to average the isotopic values of each
sample before calculation (eqs 3 and 4). The other is to
calculate the contribution of each sample (in Tables S2 and
S3) and then average them. Two methods showed the
consistent results in Table S5, and the method 2 result was
applied in this study. To quantify the mean results and
uncertainties of the model, Monte Carlo simulation was
applied in 100,000 simulations with normal distribution
(around 1σ) random variation of Hg isotopic signatures
using Rstudio (Section S1). The model uncertainties are
discussed in detail in Section S2 of the Supporting
Information.

Figure 1. Total mercury (THg), dissolved mercury (DHg), particulate mercury (PHg), and dissolved organic carbon (DOC) in precipitation,
throughfall (south and north sides of the watershed), and runoff.
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2.5. Hg Flux Budget in Water. Combining the Hg
isotopic model results and Hg concentrations and fluxes, the
atmospheric Hg0 and Hg2+ mass flows were estimated as
follows:

= × +

×
_

_

F

F

TFlux (Flux Flux

)

Hg DHg Hg DHg PHg

Hg PHg

0 0

0 (5)

= × +

×
_

_

+ +

+

F

F

TFlux (Flux Flux

)

Hg DHg Hg DHg PHg

Hg PHg

2 2

2 (6)

where TFluxHg0 and TFluxHg2+ represent the annual total Hg0
and Hg2+ flux in throughfall and runoff, respectively. FluxDHg

and FluxPHg represent the DHg and PHg flux, respectively.
FHg0_DHg and FHg2+_DHg represent the fraction of atmospheric
Hg0 and Hg2+ in DHg, respectively. FHg0_PHg and FHg2+_PHg
represent the fraction of atmospheric Hg0 and Hg2+ in PHg,
respectively. Then, we estimated the lower limit of atmospheric
Hg2+ canopy retention flux (i.e., CRFlux) and forest floor
retention flux (i.e., FRFlux) as

= _ _+ + +CRFlux Flux TFluxHg Hg pre Hg thr2 2 2 (7)

= _ _+ + +FRFlux Flux TFluxHg Hg thr Hg run2 2 2 (8)

where FluxHg2+_pre represents the annual open-field precip-
itation deposition flux. TFluxHg2+_thr refers to the throughfall
Hg2+ deposition, and TFluxHg2+_run is the total atmospheric

Figure 2. Hg isotopic compositions in litterfall, surface soil, atmospheric Hg0, precipitation HgII, throughfall, and runoff. (A) Δ199Hg versus δ202Hg
for DHg in the rainy season, (B) Δ199Hg versus δ202Hg for DHg in the dry season, (C) Δ200Hg versus Δ199Hg for DHg in the rainy season, (D)
Δ200Hg versus Δ199Hg for DHg in the dry season, (E) Δ199Hg versus δ202Hg for PHg in the rainy season, (F) Δ199Hg versus δ202Hg for PHg in the
dry season, (G) Δ200Hg versus Δ199Hg for PHg in the rainy season, and (H) Δ200Hg versus Δ199Hg for PHg in the dry season. The litterfall and
surface soil isotopic data were from Xia et al.50 The error bars represent ±2 standard deviation.
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Hg2+-contributed flux in runoff. More details about the
assumption of eqs 7 and 8 can be found in Section 4.3.

3. RESULTS
3.1. Distribution of Hg Concentration for Each

Species. The mean THg in open-field precipitation was 8.1
± 2.8 ng L−1, including 4.0 ± 1.9 ng L−1 of DHg and 4.1 ± 2.2
ng L−1 of PHg (Figure 1). The mean DHg concentration in the
rainy season was significantly lower than the concentration in
the dry season (3.5 ± 1.7 ng L−1 versus 4.7 ± 1.9 ng L−1; p <
0.05, independent-samples t test). However, PHg concen-
trations were comparable (4.3 ± 2.1 ng L−1 versus 3.9 ± 2.5 ng
L−1).
The THg concentrations in throughfall were 16.2 ± 5.2 ng

L−1 for the south side and 13.5 ± 5.0 ng L−1 for the north side
of the watershed, 1.5−2 times the Hg concentration in
corresponding open-field precipitation. The DHg concen-
tration in throughfall at the south side was significantly higher
than the DHg concentration of the north side (9.8 ± 4.2 ng
L−1 vs 7.4 ± 3.3 ng L−1, p < 0.01, independent-samples t test),
while the PHg concentrations were comparable (6.4 ± 3.5 ng
L−1 versus 6.2 ± 3.8 ng L−1, p > 0.05, independent-samples t
test).
The throughfall THg and DHg concentrations in the dry

season (16.3 ± 5.0 and 9.7 ± 4.8 ng L−1) were significantly
higher than values in the rainy season (13.7 ± 4.5 and 7.7 ±
3.1 ng L−1; p < 0.05, independent-samples test). The seasonal
trend of throughfall PHg concentration is not significant. The
mean THg concentration in runoff was 3.1 ± 2.1 ng L−1 and
showed no seasonal trend. The ratios of DHg/PHg were 1:2 in
runoff, 1:1 in precipitation, and 1.2−1.5:1 in throughfall.
3.2. Variations of Hg Flux of Each Species. With the

annual 1576 mm precipitation in the hydrological year (Figure
S2), the open-field rainfall Hg deposition flux was estimated at
13.0 μg m−2 year−1 with 73% of the wet Hg deposition flux
occurring in the rainy season. PHg constituted 53% of the THg
deposition. The annual fluxes of THg throughfall deposition
were 12.4 μg m−2 for the south side of the forest watershed and
10.6 μg m−2 for the north side. The throughfall DHg fluxes at
the south side were significantly greater than the flux at the
north side (7.8 μg m−2 year−1 versus 5.8 μg m−2 year−1).
The annual runoff was 384 mm, leading to 1.8 μg m−2 year−1

THg flux (0.4 μg m−2 year−1 DHg and 1.4 μg m−2 year−1

PHg). Over 85% runoff Hg occurred in the rainy season. There
was a rainstorm in June 2022, which sharply increased the
runoff Hg flux and contributed to 1.2 μg m−2 year−1 in the
month.
3.3. Hg Isotopic Signatures. Figure 2 shows the isotopic

compositions of Hg species in the dry and rainy seasons
(Tables S1−S3). The Hg isotopic signatures in atmospheric
Hg0 were δ202Hg = 1.19 ± 0.58‰, Δ199Hg = −0.11 ± 0.05‰,
Δ200Hg = −0.04 ± 0.04‰, Δ201Hg = −0.08 ± 0.06‰, and
Δ204Hg = 0.07 ± 0.12‰ (n = 28) without seasonal differences
(Table S4). The DHg of open-field precipitation displayed
slightly negative MDF and positive odd- and even-MIF
signatures without any seasonal trend, with δ202Hg = −0.34
± 0.47‰, Δ199Hg = 0.54 ± 0.25‰, Δ200Hg = 0.20 ± 0.06‰,
Δ201Hg = 0.57 ± 0.26‰, and Δ204Hg = −0.29 ± 0.16‰ (n =
25; Figure 2A−D and Table S2). The isotopic signatures in
throughfall DHg pointed from signals of precipitation to
litterfall (δ202Hg = −2.31 ± 0.13‰, Δ199Hg = −0.32 ±
0.05‰, and Δ200Hg = −0.04 ± 0.03‰).50 The isotopic
signatures in throughfall samples were −1.77 ± 0.56‰ of

δ202Hg, 0.17 ± 0.24‰ of Δ199Hg, 0.05 ± 0.07‰ of Δ200Hg,
0.14 ± 0.22‰ of Δ201Hg, and −0.07 ± 0.16‰ of Δ204Hg (n =
36; Table S2). δ202Hg was comparable in rainy and dry
seasons, while Δ199Hg was more negative (∼-0.18‰) in the
rainy season than in the dry season. We observed more
negative δ202Hg and Δ199Hg at the south side throughfall in
contrast to those at the north side in the rainy season, while the
difference was insignificant in the dry season. In addition,
runoff DHg had the isotopic compositions of δ202Hg = −1.19
± 0.78‰, Δ199Hg = −0.02 ± 0.04‰, Δ200Hg = 0.04 ±
0.04‰, Δ201Hg = −0.04 ± 0.03‰, and Δ204Hg = −0.01 ±
0.15‰ (n = 6) in the dry season and δ202Hg = −1.61 ±
0.18‰, Δ199Hg = −0.10 ± 0.03‰, Δ200Hg = −0.01 ± 0.04‰,
Δ201Hg = −0.12 ± 0.03‰, and Δ204Hg = 0.01 ± 0.04‰ (n =
4) in the rainy season (Table S3).
Precipitation PHg displayed a δ202Hg value of −0.59 ±

0.37‰, Δ199Hg of 0.18 ± 0.11‰, Δ200Hg of 0.17 ± 0.06‰,
Δ201Hg of 0.13 ± 0.07‰, and Δ204Hg of −0.31 ± 0.20‰ (n =
4) in the dry season and δ202Hg of −0.73 ± 0.48‰, Δ199Hg of
0.37 ± 0.09‰, Δ200Hg of 0.18 ± 0.01‰, Δ201Hg of 0.47 ±
0.19‰, and Δ204Hg of −0.38 ± 0.04‰ (n = 4) in the rainy
season (Figure 2E−H). Throughfall PHg showed values of
−1.58 ± 0.27‰ for δ202Hg, −0.24 ± 0.13‰ for Δ199Hg, 0.00
± 0.04‰ for Δ200Hg, −0.25 ± 0.13‰ for Δ201Hg, and 0.00 ±
0.10‰ for Δ204Hg (n = 21; Table S2). The seasonal and
spatial trends were insignificant. The isotopic signatures in
runoff PHg showed little seasonal trend, as δ202Hg = −1.46 ±
0.11‰, Δ199Hg = −0.30 ± 0.05‰, Δ200Hg = −0.04 ± 0.04‰,
Δ201Hg = −0.30 ± 0.04‰, and Δ204Hg = 0.05 ± 0.08‰ (n =
10; Table S3).
The two-endmember mixing model results are detailed in

Table S5. The mean contributions of atmospheric Hg0 to PHg
of throughfall were 69 ± 14% for the rainy season and 77 ±
11% for the dry season, and those to DHg were 62 ± 18% for
the rainy season and 58 ± 18% for the dry season. The
contribution of atmospheric Hg0 in throughfall at the south
side averaged at 74 ± 11% without seasonal difference. The
contribution of atmospheric Hg0 in throughfall at the north
side annually averaged at 60 ± 20%. Additionally, atmospheric
Hg0 accounted for 84 ± 10% in the rainy season and 59 ± 14%
in the dry season for runoff DHg and 97 ± 1% in the rainy
season and 81 ± 10% in the dry season for runoff PHg.

4. DISCUSSION
4.1. Hg Sources in Throughfall. The median value of 7.7

ng L−1 THg concentration in open-field precipitation is
comparable to values in remote Amazonian tropical forests
(median of 9.2−9.8 ng L−1)23,60 and in a remote broadleaf
forest of China (median of 6.3 ng L−1).12 The THg
concentration in throughfall was comparable to observations
in remote Amazonian tropical forests with a median of 16−20
ng L−1.12,24 The open-field rainfall Hg deposition (13.0 μg m−2

year−1) flux is comparable to observations in background
forests (9.3 ± 4.3 μg m−2 year−1).12 However, the throughfall
flux in this tropical rainforest (11.5 ± 1.2 μg m−2 year−1) is 1−
2 times lower than the reported throughfall fluxes in Amazon
tropical rainforests (20−34 μg m−2 year−1) due to the higher
throughfall amount in Amazon tropical rainforests.
We observed the distinct positive δ202Hg, negative Δ199Hg

and Δ200Hg signatures of atmospheric Hg0, which is
comparable to observations of background atmospheric Hg0
in Southwest China (δ202Hg = 0.36 ± 0.35‰, Δ199Hg = −0.12
± 0.09‰, and Δ200Hg = −0.04 ± 0.04‰).35,43,44,61
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Additionally, we observed distinctive positive Δ199Hg and
Δ200Hg signatures of open-field precipitation of DHg and PHg.
Their values are around 0.20‰, consistent with the global
atmospheric precipitation mean values of 0.23‰.39−42,53,62

The PHg in precipitation shows a more negative Δ199Hg value
than DHg (0.28 ± 0.14‰ versus 0.54 ± 0.25‰). This is
consistent with observations in North America and Tibetan
Plateau.39,40,63,64 The cloud droplet accumulation in atmos-
pheric particle and rainfall water scavenging processes can
incorporate the atmospheric particulate-bound Hg (PBM) into
wet deposition.39,40,63 This also can be supported by the
isotopic evidence because of the comparable Δ199Hg signatures
between PHg in rainfall and PBM in air (0.40 ± 0.36‰ in
remote regions).65−67

Throughfall Hg has more negative signals of MDF and MIF
than open-field precipitation Hg (Figure 2). The Hg
concentration in throughfall (13.5−16.2 ng L−1) is 1.5−2
times higher compared to the values in open-field precipitation
(190−260% higher for DHg and 150% higher for PHg, Figure
1). These observations suggest that the additional Hg sources
with negative signals of MDF and MIF mixed into the rainfall
when water passes through the canopy. The significantly
negative correlations of DOC to δ202Hg and Δ200Hg in DHg (p
< 0.05, Figure S3) further suggest the Hg source on the canopy
with the elevated organic matter and negative signals of δ202Hg
and Δ200Hg. The additional Hg in throughfall can be mainly
derived from Hg2+ and HgP already deposited on the canopy
surface being washed into throughfall.68,69 However, the
isotopic signatures in throughfall do not support this process,
because both atmospheric Hg2+ and HgP have the positive
Δ199Hg and Δ200Hg signals,65,67 which cannot induce the
negative transition observed in the throughfall.
Figure 2 shows that the Hg isotopic compositions of

throughfall DHg and PHg range between the signals of
precipitation Hg2+ and atmospheric Hg0. Hence, it is

hypothesized that the additional Hg in throughfall (compared
to open-field precipitation) is predominantly from atmospheric
Hg0 uptake by the canopy. The Δ200Hg source mixing model
confirmed this hypothesis. Averagely, the contribution of
atmospheric Hg0 in throughfall was 67 ± 12% in our tropical
rainforest. Earlier studies suggest that the Hg0 sources in the
throughfall of coniferous forests are mainly from Hg0 uptake by
foliage, bark, moss, and lichen grown on the canopy and the
subsequent detritus mixing into precipitation.33 The taller
canopy height and denser structure in the tropical rainforest
further promote the atmospheric Hg0 mixing into throughfall
due to the fact that higher vegetation biomass induced the
elevated Hg0 uptake in tropical rainforests.50,70 We observed
the greater atmospheric Hg0 contribution and DHg concen-
trations at the south side throughfall compared to the north
side (Figures 2 and 3) because of a much more intensive
canopy height at the south side. The greater atmospheric Hg0
contribution in throughfall PHg than in DHg also confirms the
process of Hg from canopy detritus dissolving in throughfall
water.
Previous studies have estimated that the atmospheric Hg0

source contributed to 54% of Hg in throughfall in a subtropical
karst forest and 82% in a mature alpine coniferous forest.33,62

The different source contributions can be attributed to two
aspects. One is that the taller canopy height of the tropical
forest and alpine coniferous forest increases the atmospheric
Hg0 contribution, while the lower canopy height (5−8 m) of
the subtropical karst forest decreases the atmospheric Hg0
contribution.33,62 The other is that substantial epiphytes in the
alpine coniferous forest canopy in contrast to the subtropical
karst forest led to a higher contribution of atmospheric Hg0.33

4.2. Hg Sources in the Runoff. Runoff comes from
excessive precipitation escaping from forest ecosys-
tems.22,31,36,71 We compare the Hg concentrations and fluxes
of runoff, open-field rainfall, and throughfall. The runoff DHg

Figure 3. Source apportionment by the mercury (Hg) isotopic model and cumulative Hg flux in throughfall and runoff. (A) Source estimations for
throughfall (south and north) and runoff. (B−D) Cumulative THg flux (in blue line), Hg0 flux (in orange line), and HgII flux (in gray line) in
throughfall on the south side and runoff and throughfall on the north side.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c09265
Environ. Sci. Technol. 2024, 58, 4968−4978

4973

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09265/suppl_file/es3c09265_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c09265?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c09265?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c09265?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c09265?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c09265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


concentration is about 1/4 of the rainfall DHg and 1/8 of the
throughfall DHg concentrations. The forest floor is rich in
decomposing organics and could retain the Hg carried by
throughfall and rainfall.12 The comparable runoff DHg (1.0 ng
L−1 vs 1.1 ng L−1) and PHg concentration (2.0 ng L−1 vs 2.1
ng L−1) between rainy and dry seasons further indicate Hg
interception by the forest floor. The runoff THg flux is
significantly lower than open-field precipitation and throughfall
THg fluxes.
The δ202Hg signatures of DHg in runoff water are among

values of throughfall DHg, rainfall DHg, litter Hg, and surface
soil Hg (Figure 2). Rainwater leaching processes lead to the
dissolution and desorption of Hg from litter and soil into
runoff water.20−22 This suggests that, in addition to Hg from
throughfall and rainfall, Hg desorption from decomposed litter
and surface soil contributes to Hg in runoff. Heavier Hg
isotopes tend to be enriched in the dissolved free Hg2+ during
the Hg partitioning between the dissolved and particulate
phases.72,73 However, this is unlikely in the runoff processes
because leaching Hg−DOM complexes does not lead to a
distinct Hg-MDF shift.36

The slightly negative Δ199Hg values in runoff DHg (−0.02 ±
0.05‰ in the dry season and −0.10 ± 0.03‰ in the rainy
season) also suggest Hg contribution from rainfall and
throughfall that shows relatively positive Δ199Hg signals. PHg
in runoff shows primarily negative Δ199Hg (−0.28 ± 0.05‰ in
the dry season and −0.34 ± 0.04‰ in the rainy season),
similar to the Δ199Hg values in PHg of throughfall (−0.24 ±
0.13‰), litterfall Hg (−0.32 ± 0.05‰), and surface soil Hg
(−0.35 ± 0.05‰).50 The forest floor can intercept rainfall and
throughfall particulates during runoff, as evidenced by the
depleted PHg concentration. Thus, PHg from decomposed
biomasses and surface soil is the additional PHg source in the
runoff.
We applied the Hg isotopic mixing model to quantify the Hg

source contributions in runoff (Figure 3). The contribution of
atmospheric Hg0 for runoff is significantly higher in the rainy
season than that in the dry season (84 ± 10% versus 59 ± 14%
for DHg and 97 ± 1% versus 81 ± 10% for PHg) while
without seasonal differences in throughfall. The greater runoff

flow in the rainy season promotes the desorption of surface soil
Hg into runoff water. The lower contribution of atmospheric
Hg0 in DHg than in PHg of runoff is because runoff DHg
comes from multiple Hg sources (e.g., rainfall, throughfall, and
forest soil desorption), while PHg is mainly from the organic
soil particle and throughfall PHg.
4.3. Hg Flux Budget in Water. Combining the Hg

isotopic model results, Hg concentrations, and fluxes (Figure
4A), the atmospheric Hg0 and Hg2+ mass flows were estimated
by eqs 7 and 8. We assumed that atmospheric Hg2+ dry
deposition on the canopy surface is lower than precipitation
Hg2+ deposition due to the high frequency of rainfall in this
tropical region.33 Given the large soil Hg reservoir,46 the
transient Hg input by hydrological processes does not
distinctly influence soil Hg pool size. Based on these
assumptions, we estimated the lower limit of atmospheric
Hg2+ canopy retention flux and forest floor retention flux by
eqs 7 and 8.
Figure 4B shows the flux of Hg sources in the whole

ecosystem. The precipitation Hg2+ flux is 13.0 μg m−2 year−1,
of which 69 ± 7% of this Hg input is retained by the forest
canopy. Therefore, 4.0 ± 0.9 μg m−2 year−1 of atmospheric
Hg2+ deposits onto the forest floor via throughfall. The
atmospheric Hg2+ efflux via runoff water is 0.2 ± 0.2 μg m−2

year−1, suggesting the forest floor Hg2+ retention flux of 3.8 ±
1.1 μg m−2 year−1.
Up to 69% of atmospheric Hg2+ retention by the canopy is

significantly higher than those reported in the alpine coniferous
forest (37−48% retention flux).33 The elevated canopy Hg2+
retention in this tropical rainforest is attributed to the taller
canopy height and greater vegetation biomass compared to
coniferous forests (height: 65 m vs 20−30 m; biomass: 769 g
m−2 year−1 vs 444 g m−2 year−1).33,50 The retained Hg2+ could
re-emit back to the atmosphere after photoreduction74 and be
assimilated by epiphytes or sorbed by the canopy.34,75

The atmospheric Hg0 deposition via litterfall is 76.2 ± 10.7
μg m−2 year−1 (Figure 4B), about 20 times the atmospheric
Hg2+ retention by the forest floor. This is consistent with
earlier Hg isotopic evidence that up to 90% surface soil Hg is
derived from atmospheric Hg0 deposition.76 In addition to

Figure 4. Summary of (A) Hg concentrations and (B) annual Hg fluxes of litterfall, rainfall, throughfall, and runoff for different Hg sources. The
litterfall concentration and deposition flux are from Xia et al.50 The soil evasion flux is investigated at a nearby tropical rainforest (∼80 km far away
from this study site), which is from Yuan et al.61
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adsorption by soil organic matter,36,76 the retained atmospheric
Hg2+ on the forest floor can be released back to the
atmosphere after photochemical and microbial reduc-
tion.45,75,77

The atmospheric Hg0 deposition via throughfall is 7.5 ± 2.1
μg m−2 year−1, with its efflux via runoff at 1.6 ± 1.2 μg m−2

year−1. Our earlier study in a nearby tropical rainforest (∼80
km far away from this study site) showed 42.7 ± 20.8 μg m−2

year−1 soil Hg evasion flux.50,61 This suggests that the soil Hg0
emission can significantly offset atmospheric Hg0 inputs
(nearly 83 μg m−2 year−1). Such a small fraction of
atmospheric Hg deposition can be finally stored in the soil,
thus leading to the relatively low soil Hg concentration (70.9 ±
16.0 ng g−1) in the tropical rainforest, which is only 1/3 to 1/2
of soil Hg concentrations in subtropical and boreal
forests.45,78,79

5. IMPLICATIONS
Globally, the precipitation deposition ranges between 690 and
1000 Mg year−1 and the throughfall Hg deposition ranges
between 1100 and 1400 Mg year−1.5,10,12 Earlier studies
attributed such elevated Hg flux in throughfall to the
atmospheric Hg2+ dry deposition.12 However, the findings of
this study show that throughfall Hg is derived primarily from
atmospheric Hg0 deposition (by 67% on average). Combining
54% of Hg in throughfall in a subtropical karst forest,62 82% in
a mature alpine coniferous forest,33 and 67% in this study, we
approximated the atmospheric Hg0 deposition via throughfall
to be in the range of 600−1000 Mg year−1 globally,
representing 60−80% of the atmospheric Hg0 deposition via
litterfall.5,70 This suggests that treating throughfall Hg as
atmospheric Hg2+ deposition would significantly underestimate
the contribution of atmospheric Hg0 to forest ecosystems. In
the studied forest, 69% of atmospheric Hg2+ deposition is
intercepted by tropical vegetation biomass. The newly
deposited atmospheric Hg2+ on the surface of canopy
vegetation can be reduced into Hg0 and then re-emit back
into air, offsetting the deposition flux of atmospheric Hg0
uptake by foliage on the canopy. Finally, the small flux of
runoff Hg suggests that Hg in rainfall and throughfall is largely
retained by the canopy and rainforest floor, thus reducing the
potential ecological risk to the downstream aquatic ecosystems.
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