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ABSTRACT: Significant knowledge gaps exist regarding the emission of
elemental mercury (Hg0) from the tropical forest floor, which limit our
understanding of the Hg mass budget in forest ecosystems. In this study,
biogeochemical processes of Hg0 deposition to and evasion from soil in a
Chinese tropical rainforest were investigated using Hg stable isotopic
techniques. Our results showed a mean air−soil flux as deposition of −4.5 ±
2.1 ng m−2 h−1 in the dry season and as emission of +7.4 ± 1.2 ng m−2 h−1 in
the rainy season. Hg re-emission, i.e., soil legacy Hg evasion, induces negative
transitions of Δ199Hg and δ202Hg in the evaded Hg0 vapor, while direct
atmospheric Hg0 deposition does not exhibit isotopic fractionation. Using an
isotopic mass balance model, direct atmospheric Hg0 deposition to soil was
estimated to be 48.6 ± 13.0 μg m−2 year−1. Soil Hg0 re-emission was estimated
to be 69.5 ± 10.6 μg m−2 year−1, of which 63.0 ± 9.3 μg m−2 year−1 is from
surface soil evasion and 6.5 ± 5.0 μg m−2 year−1 from soil pore gas diffusion.
Combined with litterfall Hg deposition (∼34 μg m−2 year−1), we estimated a ∼12.6 μg m−2 year−1 net Hg0 sink in the tropical forest.
The fast nutrient cycles in the tropical rainforests lead to a strong Hg0 re-emission and therefore a relatively weaker atmospheric Hg0

sink.
KEYWORDS: mercury isotope, tropical forest, air−soil mercury exchange, mass balance model, legacy mercury re-emission

1. INTRODUCTION
Mercury (Hg) is a persistent pollutant that causes health and
ecological concerns across the globe due to the long-range
transport of its gaseous elemental form (GEM, Hg0) via
atmospheric circulation.1,2 Globally, forest ecosystems repre-
sent a significant atmospheric sink (with 2100−3200 Mg
year−1) of total atmospheric Hg0, equivalent to 40−65% of the
total Hg pool in the atmosphere (5000−5600 Mg).3,4

Quantification of Hg deposition and re-emission in forest
ecosystems is the foundation to understand the global Hg mass
budget. Earlier studies have documented Hg biogeochemical
cycles in temperate and boreal forest ecosystems.5−8 However,
the data remain scarce for tropical forests, which account for
45% of the global forest areas.9 It had been postulated that
tropical forests have the largest soil Hg storage and litterfall Hg
sink among the terrestrial ecosystems across the globe.10,11

These initial findings required further investigation to better
understand the global Hg budget in forest ecosystems.

Tropical forests have unique climate, vegetation, and
biogeochemical cycles. The warm and wet climatic conditions
produce a large amount of biomass and a canopy height over
25 m.12 Litter decomposition is comparatively rapid with >95%
mass loss within a year,13 leading to highly productive tropical
forests often with nutrient-poor soils.14 One important

question is that the high biodiversity and nutrient turnover
in tropical rainforests15,16 likely result in the tropical Hg
accumulation and sequestration different from other forest
types.17 Litterfall Hg deposition in tropical rainforests was
estimated to be 34−75 μg m−2 year−1, 1−2 times higher than
that in subtropical forests and 2−5 times higher than that in
temperate and boreal forests (10−20 μg m−2 year−1).10,17−19

The reported elevated litterfall Hg deposition does not seem to
lead to a correspondingly higher Hg concentration of surface
soil compared to other forests.17,18,20−25 This raises questions
that the warm and wet conditions in tropical rainforests
potentially cause elevated Hg0 re-emissions from the forest
floor. Measurements of air−soil Hg0 exchange in tropical
rainforests remain few, existing data points to the forest soil
being a net atmospheric Hg0 source with uncertainties because
of limited data availability and soil spatial heterogeneities.26−28
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Air−soil Hg0 flux over the forest floor is a result of
complicated bidirectional processes, including Hg0 evasion
from forest soil and direct atmospheric Hg0 deposition.29−32

Existing measurement of air−soil Hg0 flux using a flux chamber
only represents a net flux and does not provide insight
regarding the source and sink terms. The microbial and organic
degradation in soil and the photoreduction at the air−soil
interface facilitate Hg0 evasion from the forest floor5,33 at
various degrees depending on forest types and environmental
conditions. Fractionation of stable Hg isotopes, quantified as
mass-dependent fractionation (MDF, reported as δ202Hg), odd
mass-independent fractionation (odd-MIF, reported as Δ199Hg
and Δ201Hg), and even mass-independent fractionation (even-
MIF, reported as Δ200Hg and Δ204Hg), is an effective tracing
signal for Hg biogeochemical processes during air−soil Hg0

exchange.34 Earlier studies have documented that microbial
reduction does not induce the odd-MIF shift.35,36 Organic
matter-induced dark reduction is associated with a small
positive odd-MIF in the product Hg0 (<0.3‰).37 Photo-
reduction leads to a relatively large positive odd-MIF in the
product Hg0 of Hg and organic sulfur complexes.38−40 The Hg
odd-MIF signals can be utilized to quantify the contribution
from the individual Hg biogeochemical process to soil Hg
emission flux.

We hypothesized that the high nutrient turnover in tropical
rainforests effectively facilitates Hg0 re-emission from the forest
floor. The objective of this study is to quantify the contribution
of individual Hg biogeochemical processes underlying the air−
soil Hg0 exchange in a Chinese tropical rainforest using
isotopic tracing techniques. We measured the vertical
distribution of Hg0 concentrations and isotopic fingerprints
in ambient air and the gas samples from the inlet and outlet of
a dynamic flux chamber using ambient and Hg-free air. We
discussed the implications of Hg re-emission from tropical
forests in relation to the global forest Hg mass budget.

2. MATERIALS AND METHODS
2.1. Site Description. The study site locates at 725−766

m above the sea level (asl) within the P55 Tropical Forest
Dynamic Plot (P55, 21°57′40″N, 101°12′1.08″E) in Xish-
uangbanna, Yunnan Province in Southwest China. The P55
plot was located at the northern edge of the tropical region,9

showing a tropical monsoon climate with an annual mean
temperature of 22.6 °C and precipitation of 1350 mm.17 The
year-round frost-free condition is a representative feature of
tropical climate. There is a distinct dry season (November−
April) and a rainy (May−October) season. The precipitation
in the rainy season accounts for ∼87% of total annual
precipitation. The dominant tree species of the plot are
Pometia pinnata and Barringtonia fusicarpa with a canopy
height of 30−45 m.17,41 The vegetation represents a typical
tropical rainforest.42,43 The mineral soil is composed of
limestone-derived soils with pH values of 4.5−5.5.42

2.2. Field Observations and Sample Collections. We
measured the vertical profile of Hg0 concentrations at 2 m
above the forest floor, 5 cm above the forest floor, and soil
pore Hg0 gas at 10, 20, and 40 cm depth of soil. We also
conducted measurements of air−soil Hg0 exchange flux in
August 2019 (representing the rainy season) and from
December 2020 to January 2021 (representing the dry season)
(Section S1). Simultaneously, the environmental parameters
including air and soil temperature, soil moisture (by volume

content of soil), and photosynthetically active radiation (PAR)
were measured nearby the measurement plot.

The abovementioned protocols have been described in
detail in our previous work.34,44 Briefly, a Teflon tube with a 1/
4 inch outer diameter covered a 0.22 μm pore size, and a 13
mm-diameter polytetrafluoroethylene filter was utilized for
collecting soil pore gas. The Hg0 concentration was measured
using an automated Hg vapor analyzer (Model 2537X, Tekran
Instruments Corp., Canada) via a synchronized eight-port
sampling system (Tekran Model 1115). The time resolution
was 5 min for Hg0 during the rainy season and 15 min during
the dry season due to the lower soil gas content. Three
replicate air−soil Hg0 exchange flux measurements were made.
Each flux measurement cycle ranged from 4 to 6 days during
the rainy season and from 8 to 10 days during the dry season
by using a novel dynamic flux chamber (NDFC), as described
in our earlier work.44,45 The air−soil Hg0 flux was calculated as
follows:

F
Q C C

S
( )

Hg
outlet inlet

NDFC
0 = ×

(1)

where FHg0 is the Hg0 flux (ng m−2 h−1); Q is the internal
flushing flow rate (m3 h−1, nearly 0.6 in this study); SNDFC is
the NDFC footprint area (m2, 0.09 m2 in this study); and Cinlet
and Coutlet represent the Hg0 concentration at the NDFC inlet
and outlet, respectively. A positive FHg0 means Hg0 emission
from the forest soil to the atmosphere, while a negative FHg0

means atmospheric Hg0 deposition onto the forest soil.
Exposure by Hg-free air was used for eliminating Hg0

deposition into the soil and therefore only measuring the
unidirectional potential Hg0 evasion rate from soil. Stable Hg
isotope sampling in soil pore gas and during air−soil Hg0

exchange has been described in our earlier work.34 Briefly, we
used 0.8 g of chlorine-impregnated activated carbon (ClC)
traps46 with a flow rate of 8−10 L min−1 to collect the air gas
from 2 m above the forest floor, 5 cm above the forest floor,
and the outlet of the flux chamber. The ClC trap collects total
gaseous mercury (TGM). Since the GEM concentration
accounts for more than ∼98% of TGM in a remote forest of
Southwestern China,47,48 the isotopic signatures of Hg
collected by the ClC trap realistically represent GEM isotopic
compositions in this study.

2.3. Measurements of Hg Isotopes. The pre-concen-
tration of ClC-trap samples and measurements of isotopic
compositions were made at the State Key Laboratory of
Environmental Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences, followed by our previous
studies.21,34,49,50 Briefly, the ClC traps were processed by the
double-stage heating pyrolysis in a tube muffle furnace51 using
25 mL min−1 of high-purity oxygen with 5 mL of oxidizing
trapping solution of 40% mixture of concentrated nitric and
hydrochloric acid (“reverse aqua regia”, HNO3/HCl = 2:1, v/
v). The trapping solution Hg concentration was analyzed by
cold vapor atomic fluorescence spectrometry using the US-
EPA method 1631.52 Then, the diluted HgII trapping solution
with 1 ng mL−1 was measured for Hg isotope compositions
using a multi-collector inductively coupled plasma mass
spectrometer (MC-ICPMS, Neptune II, Thermo Scientific,
USA). Following the calculation of Bergquist and Blum,53

MDF is reported as
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Hg (‰) ( Hg/ Hg) /( Hg/ Hg)

1 1000

202 202 198
sample

202 198
ref= [

] × (2)

MIF is calculated as

Hg (‰) Hg Hgx
x

x
xxx

x

x

x 202= × (3)

where βxxx is 0.252 for 199Hg, 0.502 for 200Hg, and 0.752 for
201Hg, respectively. (202Hg/198Hg)ref represents the result in a
standard sample, NIST 3133. The NIST 3177 (UM-Almadeń
standard solution), as a secondary standard, was measured
every 10 samples during the isotope measurement, which was
determined as δ202Hg = −0.49 ± 0.10, Δ199Hg = 0.00 ± 0.06,
Δ200Hg = 0.01 ± 0.08, and Δ201Hg = 0.01 ± 0.10‰ (mean ±
2σ, n = 6). The certified reference material of BCR-482
(Lichen) and GSS-4 (calcific soil) was combusted in an oven-
enrichment system at a frequency of every 10 samples to test
the potential isotopic bias. The measured isotope signatures of
BCR-482 were δ202Hg = −1.49 ± 0.03, Δ199Hg = −0.62 ±
0.09, Δ200Hg = 0.05 ± 0.08, and Δ201Hg = −0.58 ± 0.12‰
(±2σ, n = 3) and of GSS-4 as δ202Hg = −1.60 ± 0.05, Δ199Hg
= −0.46 ± 0.03, Δ200Hg = 0.00 ± 0.06, and Δ201Hg = −0.42 ±
0.06‰ (±2σ, n = 6), consistent with the reported values,50,54

suggesting few biases induced during pre-concentration by a
double-stage offline combustion-trapping technique.

2.4. Hg Isotopic Mass Balance Model. We used a mass
balance model of Hg isotopes to quantify the contribution of
Hg0 deposition and evasion that occurred at the surface of
topsoil and soil pore Hg0 emission. The modeling config-
uration has been described in detail in our earlier study:34

M M M M Minlet top emi outlet dep+ + = + (4)

M M M

M M

Hg Hg Hg

Hg Hg

inlet
199

atm top
199

top emi
199

emi

outlet
199

exc dep
199

atm

· + · + ·

= · + · (5)

M M

M M

Hg Hg

( ) Hg

top
199

top emi
199

emi

top emi
199

zero exc

· + · ·

= + · · (6)

where Minlet, Moutlet, Mdep, Mtop, and Memi represent the Hg0 flux
of the inlet of the chamber, outlet of the chamber, atmospheric
deposition into the chamber, topsoil evasion in the chamber,
and soil pore gas diffusion in the chamber, respectively (ng
m−2 h−1). Δ199Hgatm, Δ199Hgtop, Δ199Hgemi, Δ199Hgexc, and
Δ199Hgzero − exc represent the Hg0Δ199Hg signature of near-
surface ambient air, Hg0 reduction that occurred at topsoil, soil
pore gas, and efflux under ambient air and Hg-free air,
respectively. ξ is a correction factor to offset the increased
emission-driven change in the data collected with Hg-free air
and can be estimated by

C

C C

soil pore
Hg

soil pore
Hg

surface
Hg

0

0 0=
(7)

where Csoil − pore
Hgd

0

represents the Hg0 concentration in 10 cm soil
pore gas, and Csurface

Hgd

0

represents the Hg0 concentration in near-
surface air.

2.5. Quality Assurance/Quality Control and Statistical
Methods. To eliminate cross-contamination during field
observation, the tubing inlet, Teflon filter, and soda-lime
scrubber in the inlet of the Tekran 2537X were changed in
each experiment period. The Tekran 2537X was calibrated
before each flux measurement to ensure the difference between
two gold tubes within 3% and the peak area within 5%. The
field blank of ClC traps was determined to be 150−300 pg g−1,
less than 3% of the amount loaded after an experiment. The
breakthrough of ClC traps is lower than 0.6% under a gas rate
of 10 L min−1. The ability of the ClC to capture gaseous Hg0

ranges between 90 and 108% (n = 31), which does not induce
Hg isotopic fractionation.46,55

We used the conceptual structural equation model (SEM) to
quantify interplays among environmental parameters (air
temperature, soil water content, and PAR), gas Hg0

concentration (air and soil pore gas), and air−soil exchange
flux. SEM was developed by using χ2 tests with maximum
likelihood estimations. More detailed information has been
described in our earlier studies.11,44 Briefly, all variables were
standardized into Z scores using SPSS version 17, and model

Figure 1. Box charts for atmospheric Hg0 concentration at 2 m above ground, in near-surface air, 10 cm soil pore gas, 20 cm soil pore gas, and 40
cm soil pore gas in rainy and dry seasons, respectively.
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fitting was performed by Amos software version 24. From the
SEM path network, the standardized path coefficient (β)
represents the direct effect of one variable on our targeted
value. Additionally, we used independent-samples t-test and
one-way ANOVA for significant difference analysis at a 95%
confidence level when data were normally distributed.
Otherwise, the Kruskal−Wallis test was applied.

3. RESULTS
3.1. Vertical Distribution of Hg0 Concentrations. The

mean and median Hg0 concentrations in air 2 m above the
forest floor were 1.38 ± 0.56 and 1.29 ng m−3 (N = 266) for
the rainy season and 1.92 ± 0.98 and 1.68 ng m−3 (N = 144)
for the dry season (Figure 1). The daytime atmospheric Hg0

concentration in the rainy season was significantly higher than
that in nighttime (1.47 ± 0.65 versus 1.28 ± 0.42 ng m−3; p <
0.01, independent-samples t-test). The difference between the
daytime and nighttime Hg0 concentration is insignificant in the

dry season (1.94 ± 1.00 ng m−3 for night versus 1.89 ± 0.96 ng
m−3 for day).

The Hg0 concentration in soil near-surface air was 1.57 ±
0.52 ng m−3 for the rainy season and 1.80 ± 0.98 ng m−3 for
the dry season (Figure 1). The Hg0 concentrations in soil pore
gas during the rainy season showed a slight decreasing trend
with soil depth from 1.79 ± 0.40 ng m−3 at 10 cm, 1.73 ± 0.51
ng m−3 at 20 cm, to 1.66 ± 0.43 ng m−3 at 40 cm depth of soil.
The Hg0 concentration gradient in soil pores in the dry season
was much smaller than that in the rainy season, from 0.23 ±
0.10 ng m−3 at 10 cm, 0.15 ± 0.09 ng m−3 at 20 cm, to 0.21 ±
0.19 ng m−3 at 40 cm depth of soil (Figure S1).

3.2. Variations of Air−Soil Hg0 Exchange Flux. Figure 2
and Table S1 show the seasonal pattern of air−soil Hg0

exchange flux in the rainy and dry seasons. In the rainy
season, the Hg0 flux in three replicate experiments was 10.26 ±
2.19, 4.35 ± 1.38, and 7.48 ± 2.29 ng m−2 h−1, respectively,
with a mean value of 7.36 ± 1.15 ng m−2 h−1. We observed a

Figure 2. Diurnal variation of air−soil Hg0 flux and environmental parameters. The error bar is ±1 standard deviation of multiple day observations.
The column filled with cyan and purple represents the air−soil Hg0 flux under ambient air exposure and Hg-free gas exposure, respectively. The
green line represents the 5 cm above ground temperature (°C). The orange line represents the 5 times air Hg0 concentration (ng m−3). The error
bars represent ±1 standard deviation.

Figure 3. Observed Hg isotopic compositions (Δ199Hg vs δ202Hg) in each compartment of the tropical forest ecosystem. The litterfall (orange filled
circles), surface soil (pink filled diamonds), and deep soil (purple filled diamonds) isotopic data were from Xia et al.17 The error bars represent ±2
standard deviation.
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clear diurnal trend for air−soil Hg0 flux and air Hg0

concentration with the lowest values observed at midnight
and the highest values during 12:00−16:00 (Figure 2). In
contrast, the Hg0 flux in three replicate experiments in the dry
season was −2.18 ± 1.81, −2.19 ± 5.26, and −3.07 ± 2.83 ng
m−2 h−1 with a mean value of −2.48 ± 2.08 ng m−2 h−1

without any distinct diurnal variation. The evasion Hg0 flux
under Hg-free air exposure was 3.28−6.05 ng m−2 h−1 in the
rainy season but nearly zero in the dry season (0.03−0.22 ng
m−2 h−1).

3.3. Variation of Hg Isotopic Signatures. The measured
isotopic signatures in air samples at 2 m above ground were:
δ202Hg = 0.99 ± 0.10‰, Δ199Hg = −0.10 ± 0.03‰, Δ200Hg =
−0.05 ± 0.05‰, and Δ201Hg = −0.11 ± 0.05‰ in the rainy
season and δ202Hg = 0.90 ± 0.51‰, Δ199Hg = 0.01 ± 0.04‰,
Δ200Hg = −0.01 ± 0.05‰, and Δ201Hg = 0.00 ± 0.05‰ in the
dry season (Figure 3). The Hg isotopic signatures in air
samples near the surface were δ202Hg = 0.74 ± 0.13‰, Δ199Hg
= −0.07 ± 0.07‰, Δ200Hg = −0.02 ± 0.05‰, and Δ201Hg =
−0.06 ± 0.05‰ in the rainy season and slightly more positive
in the dry season (δ202Hg = 0.93 ± 0.44‰, Δ199Hg = 0.01 ±
0.04‰, Δ200Hg = 0.00 ± 0.05‰, and Δ201Hg = 0.00 ±
0.05‰). In the rainy season, the Hg0 in the exit gas of the flux
chamber showed 0.01 ± 0.34‰ of δ202Hg, −0.13 ± 0.08‰ of
Δ199Hg, −0.02 ± 0.03‰ of Δ200Hg, and −0.12 ± 0.12‰ of
Δ201Hg, with more negative signatures under Hg-free gas
exposure (δ202Hg = −0.71 ± 0.40‰, Δ199Hg = −0.16 ±
0.07‰, Δ200Hg = −0.03 ± 0.05‰, and Δ201Hg = −0.11 ±
0.11‰). In the dry season, the Hg isotopic signatures in the
air samples of the chamber outlet (δ202Hg = 0.87 ± 0.51‰,
Δ199Hg = −0.03 ± 0.05‰, Δ200Hg = 0.00 ± 0.05‰, and
Δ201Hg = −0.03 ± 0.05‰) and inlet (i.e., near-surface air)
were comparable (p > 0.05 by independent-samples t-test).
The Hg0 flux under Hg-free exposure is comparatively lower in
the dry season, with Hg isotopic signatures of δ202Hg = −0.75
± 0.08‰, Δ199Hg = −0.02 ± 0.03‰, Δ200Hg = 0.06 ±
0.05‰, and Δ199Hg = −0.06 ± 0.05‰ (Tables S2 and S3).

4. DISCUSSION
4.1. Understanding the Hg0 Vertical Profiles. The Hg0

concentration during the rainy season showed an increasing
trend from 40 to 10 cm depth soil pore gas and a decreasing
trend from the forest floor to 2 m air above ground. These
trends indicate Hg0 emission from the forest floor. The high
PAR and temperature in the surface soil promote soil Hg0

evasion by enhancing HgII photoreduction, microbial reduc-
tion, abiotic dark reduction, and gas diffusion.36−38,56 These
Hg0 re-emission processes preferentially release lighter Hg
isotopes from soil,6,34 thus the more negative δ202Hg signature
in near-surface air than in air of 2 m above ground (p < 0.05,
by independent-samples t-test). This is also consistent with the
anticorrelation of the observed δ202Hg signature between the
near-surface air and net flux (Figure S2).

During the dry season, Hg0 concentrations in soil pore gas
showed comparable results at various depths, which were 8−10
times lower than in ambient air. This indicates atmospheric
Hg0 deposition (−2.48 ± 2.08 ng m−2 h−1). The Hg MDF and
odd-MIF signatures in near-surface air and 2 m air above
ground are comparable, suggesting that the direct deposition
did not cause an observable isotopic shift because of the
relatively fast vertical transport. Compared to the rainy season,
the limited rate of microbial Hg reduction in the dry
season13,57,58 largely constrains the soil pore Hg0 gas

concentrations regardless of the higher porosity of soil during
this period.44,57,58

We compared the vertical distribution of soil pore Hg0

concentrations to the reported values in other forest sites
(Figure S3). The soil pore Hg0 concentration varies
significantly. The soil pore Hg0 gas concentration in this
tropical rainforest is lower than those found at other forest
sites. Soil pore Hg0 concentrations of 10−30 ng m−3 had been
reported at subtropical sites (Figure S3), which were attributed
to the elevated soil Hg concentrations and organic matter on
the forest floor that promote HgII reduction and Hg0 formation
in soil.57−60 Interestingly, the observed soil pore Hg0

concentrations in the summer season were significantly higher
than those found in the winter season in tropical, subtropical,
and temperate forests. This is a strong indication that stronger
HgII reduction occurs in summertime forests across the globe.
This is also consistent with flux data that Hg0 evasion prevails
in summer.44,61,62 Furthermore, these observations show
elevated soil pore Hg0 concentrations at 10 cm depth of soil
(Figure S3), indicating that Hg reduction mainly occurs in
litter-covered profiles.

4.2. Source Contribution and Mass Balance of Hg0

Flux. Hg0 evasion from the forest floor has been attributed to
the Hg0 re-emission from the litter decompositions associated
with fast carbon cycling and photoreduction driving Hg0 away
from organic surface soil.21,31 Pore gas Hg0 is mainly derived
from the slow deposition of organic matter (i.e., slow carbon
cycling pool) in soil, followed by microbial reduction.21 In
forest soil enriched with organic matter, dark reduction also
contributes to a small amount of Hg0 production in soil pore
gas.34 These biogeochemical processes are sensitive to the
change of environmental and climatic conditions. We analyzed
the effect of environmental factors on air−soil Hg0 exchange
flux by SEM. In the rainy season, the effect appears to be site-
specific (Figure S4). PAR, soil water content, and soil
temperature are most predominant at various sites. This
suggests that process heterogeneities exist on the forest floor of
the same site, e.g., solar exposure inducing strong Hg
photoreduction at one location while enrichment of forest
floor water promoting microbial Hg reduction at another. The
effect of environmental factors is weaker in the dry season
because of the stronger Hg0 deposition flux compared to the
evasion from soil. Atmospheric Hg0 concentration limits Hg0

evasion (Figure S4) due to the concentration gradient favoring
atmospheric Hg0 deposition. The slightly varied atmospheric
Hg0 concentration resulted in no diel pattern in air−soil Hg0

flux during the dry season.
We applied the Hg isotopic mass balance model to quantify

the source contribution of air−soil Hg0 flux using eqs 4−7.
Given the negligible soil pore Hg0 gas diffusion in the dry
season, we used the Hg odd-MIF signatures of Hg0 evasion
from the forest floor to represent the signal of Hg re-emission
induced by photoreduction and microbial reduction in soil.
Our earlier work has verified that soil pore Hg0 was dominantly
produced by microbial reduction, which would induce the
extra odd-MIF transition.17,34 Thus, the soil pore Hg0 induced
by microbial reduction should have the same odd-MIF
signatures as the corresponding soil Hg. Therefore, the 0−10
cm soil Hg odd-MIF signature was applied to represent the
signal of Hg0 evasion caused by pore gas diffusion. We used the
Hg odd-MIF value in near-surface air to represent the
signature of direct atmospheric Hg0 deposition.
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The model results (Figure 4) show that the direct
atmospheric Hg0 deposition is 4.4 ± 4.9 ng m−2 h−1 in the
rainy season and 6.7 ± 4.0 ng m−2 h−1 in the dry season. This
can be explained by the higher atmospheric Hg0 level in the
dry season (1.80 ± 0.98 versus 1.57 ± 0.52 ng m−3). The Hg
evasion from the surface soil is 10.1 ± 5.0 ng m−2 h−1 in the
rainy season and 4.3 ± 4.0 ng m−2 h−1 in the dry season. The
soil pore Hg0 gas diffusion flux is estimated to be 1.5 ± 3.4 ng
m−2 h−1 in the rainy season and close to zero in the dry season.
Since litterfall Hg deposition derived from foliage uptake of
atmospheric Hg0 represents an important atmospheric Hg
input,10,63 the overall Hg0 mass balance over the forest floor
includes direct atmospheric Hg0 deposition, litterfall Hg
deposition, Hg0 evasion from soil, and soil pore Hg0 gas
diffusion. Combined with the litterfall deposition of 15.4 ± 3.1
μg m−2 in the dry season and 18.7 ± 3.3 μg m−2 in the rainy
season,17 the net exchange of atmospheric Hg0 at this site is
−26.2 ± 9.6 μg m−2 in the dry season (sink) and 13.6 ± 6.0 μg
m−2 in the rainy season (source). It is noted that the
estimation of sink and source still has uncertainties since the
recent study in the alpine forest indicated that the other
atmospheric Hg deposition terms possibly contain the Hg
derived from the atmospheric Hg0 sources (e.g., throughfall).64

We recommend further studies to focus on this issue.
Up to 90% of Hg0 re-emission dominantly driven by

microbial reduction during the sampling period is by evasion
over the forest floor in the tropical forest. This is different from
the result in the subtropical evergreen forest at Mt. Ailao where
2/3 of Hg re-emission is from soil pore Hg0 gas diffusion.34

The relatively rapid litter decomposition in the tropical forest
(>95% mass loss within a year13) causes a fast cycling of
nutrients and a lower organic content in 0−10 cm soil, in
contrast to the subtropical forest (e.g., 2.9% in this study versus
25.8% in the Mt. Ailao subtropical forest21). Meanwhile, the

soil organic matter content would further control the soil−air
Hg0 flux, showing that the elevated organic matter content
induced the higher Hg0 re-emission from soil pore gas diffusion
in subtropical forests.34 In addition, tropical rainforests have a
warmer and wetter climate, which promotes Hg reduction in
and re-emission from soil.65,66 The larger Hg0 re-emission from
the tropical rainforest floor results in a lower Hg concentration
in surface soil. The large Hg0 re-emission is mainly attributed
to microbial Hg reduction over the forest floor. The canopy
shading and low organic matter in tropical forests constrain
HgII photoreduction induced by organic matter.17 Rapid litter
decomposition caused by microbial reduction promotes Hg0

re-emission over the tropical forest floor.
We estimated a net sink of −12.6 μg m−2 year−1 atmospheric

Hg0 in this tropical rainforest. The Mt. Ailao subtropical forest
is a larger atmospheric Hg0 sink with a flux of −53.9 μg m−2

year−1 by micrometeorological measurements,67 although the
litterfall Hg deposition in the Mt. Ailao subtropical forest is
comparable to the deposition in this tropical rainforest (34.1 ±
4.5 μg m−2 year−1 versus 31.6 ± 6.5 μg m−2 year−1).17,19 The
weaker atmospheric Hg0 sink in the tropical rainforest also
explains its relatively lower soil Hg concentration compared to
the values in subtropical forests (70−90 ng g−1 in tropical
rainforests versus 200−300 ng g−1).17,20,21

At this study site and the Mt. Ailao subtropical forest site,34

a significant anti-correlation between direct Hg0 deposition
and atmospheric Hg0 concentration was evident [FHg = ( −
4.53 ± 0.97) Hgair

0 + (2.18 ± 1.59), R2 = 0.58], as shown in
Figure 5. This regression relationship quantifies the dominant
effect of atmospheric Hg0 concentration on limiting direct Hg0

deposition at both forest sites. The direct Hg0 deposition flux
to the forest floor is nearly 1.5 times the litterfall Hg flux (48.6
± 13.0 versus 34.1 ± 6.5 μg m−2 year−1) at this tropical site.17

The Hg0 exchange flux on the ecosystem scale using the

Figure 4. Difference in Hg concentration and flux (mean ± SD) between dry and rainy seasons at the P55 tropical rainforest site. Soil Hg
concentration and litterfall Hg flux are from Xia et al.17 The positive flux means Hg emission from the forest soil to the atmosphere, while the
negative flux means atmospheric Hg0 deposition into the forest soil.
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microclimatological measurements is 2−3 times higher than
the litterfall deposition flux, implying that the other deposition
pathways are not considered fully.67,68 Therefore, litterfall Hg
deposition is insufficient to represent the total Hg0 deposition
to the forest floor.

4.3. Model Uncertainties. Uncertainties of the model
results arise from the assumption of Hg isotopic signatures of
endmembers. The isotopic signal of Hg0 efflux under Hg-free
gas exposure in the dry season was applied as the signature of
an evasion endmember without considering the potential
seasonal variation, thus contributing to uncertainties. In
addition, the Hg isotopic composition of soil pore Hg0 gas
was not measured due to the limited sample size of soil pore
gas, although this should not significantly influence the
modeling results. This is because microbial reduction does
not induce the odd-MIF shift,35,36 and although the abiotic
dark reduction can lead to a small MIF shift, the reduction rate
is limited in the soil profiles.37 Our earlier study has shown that
soil pore Hg0 inherits the odd-MIF value of surface soil.34

Furthermore, given the isotopic mixing of photoreduction and
microbial reduction in surface soil, it is not possible to separate
the flux contribution caused by an individual reduction
process. Given the extensive canopy shielding of sunlight,
photoreduction should be comparatively weaker compared to
microbial reduction. Finally, the measurements presented in
this work cannot represent the heterogeneities of the forest
floor and thus may cause model uncertainties. It is noted that
the flux measurements were conducted in two months
representing the dry and rainy reasons, and the data were
utilized for annual flux estimates. The dynamic flux chamber
measurements and the modified meteorological condition in
the chamber45 could induce additional uncertainties in this
assessment.

5. ENVIRONMENTAL IMPLICATIONS
Using the Hg isotopic mass balance model, we estimated the
direct atmospheric Hg0 deposition at this site to be −4.4 ± 4.9
ng m−2 h−1, surface soil Hg0 evasion to be 10.1 ± 5.0 ng m−2

h−1, and soil pore Hg0 gas diffusion to be 1.5 ± 3.4 ng m−2 h−1

in the rainy season and −6.7 ± 4.0, 4.3 ± 4.0 ng m−2 h−1, and
near-to-zero in the dry season. Combined with the litterfall Hg
flux,17 the tropical forest floor acts as a source in the rainy
season with a net flux of 13.6 ± 6.0 μg m−2, while as a sink in

the dry season with a net flux of −26.2 ± 9.6 μg m−2. In
addition, direct atmospheric Hg0 deposition most likely
exceeds litterfall Hg deposition. Using the regression equation
and the mean atmospheric Hg0 concentration in global forests
(1.2−1.6 ng m−3),48 direct atmospheric Hg0 deposition in
forests is approximately 1448 ± 184 Mg year−1 (detailed
results in SI Table S4), comparable to the global litterfall
deposition (1180−1500 Mg year−1).4,10 Furthermore, up to
90% of legacy Hg re-emission is from the tropical forest floor,
and fast Hg cycling in the surface soil leads to Hg depletion in
surface soil even with the Hg loading from litterfall. This study
demonstrates that stable Hg isotope techniques are capable of
quantifying the contribution of individual Hg biogeochemical
processes during air−soil Hg0 exchange in forest ecosystems.
In the studied Chinese tropical rainforest, legacy Hg re-
emission from the forest floor greatly reduces the atmospheric
Hg0 sink in tropical forests. We recommend further studies to
construct the mass balance of Hg in tropical forests to verify
this hypothesis.
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