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Karst regions have long been recognised as landscapes of ecological vulnerability, however themass balance and
fate of mercury (Hg) in karst regions have not been well documented. This study focused on the largest contig-
uous karst area in China and investigated Hg mass balance in two catchments, one with high geological Hg
(Huilong) and the other representative of regional background Hg (Chenqi). The mass balance of Hg was calcu-
lated separately for the two catchments by considering Hg in throughfall, open field precipitation, total
suspended particulate matter (TSP), litterfall, fertilizer, crop harvesting, air-surface Hg0 exchange, surface runoff
and underground runoff. Results show that litterfall Hg deposition is the largest loading (from atmosphere) of Hg
in both catchments, accounting for 61.5% and 38.5% of the total Hg input at Huilong and Chenqi, respectively. Air-
surfaceHg0 exchange is the largest efflux, accounting for 71.7% and 44.6% of the total Hg output fromHuilong and
Chenqi, respectively. Because both catchments are subject to farmand forest landuse, cultivation plays an impor-
tant role in shaping Hg fate. Mercury loading through fertilizer was ranked as the second largest input (28.5%) in
Chenqi catchment and Hg efflux through crop harvest was ranked as the second largest output pathway in both
Huilong (27.0%) and Chenqi (52.9%). The net Hg fluxes from the catchments are estimated to be 1498 ±
1504 μg m−2 yr−1 and 4.8 ± 98.2 μg m−2 yr−1. The significantly greater magnitude of net Hg source in Huilong
is attributed to higher air-surface Hg0 exchange. The output/input ratio of Hg in this studywasmuch greater than
has been reported for other forest or agricultural ecosystems and indicates that the karst region of Southwest
ironmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China.
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China is a significant source of atmospheric Hg. The results of this study should be considered in the development
of pollution control policies which seek to conserve fragile karst ecosystems characterised by high geological
background of Hg.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Mercury (Hg) is a toxic, bioaccumulative, and volatile heavy metal,
and can transform into more toxic species, i.e., methylmercury (MeHg)
in the environment (Barkay and Wagner-Dobler, 2005; Hong et al.,
2013). Mercury biogeochemical processes in terrestrial and aquatic eco-
systems have therefore been investigated extensively worldwide.
Existing Hg catchment-scale mass balance models are mainly based on
measured and estimated Hg fluxes at various input/output locations,
and such models are useful tools for deriving source-sink relationships,
and for assessing associated historical or future environmental impacts
in different ecosystems (Gao et al., 2006; Lessard et al., 2013; Macleod
et al., 2005). Most research on Hgmass balance in terrestrial ecosystems
has focused on the biogeochemical cycle of Hg in forest ecosystems at
regional to global scales (Ma et al., 2016; Nelson et al., 2007). For exam-
ple, in a subtropical forest in southwest China, Hg input by throughfall
and litterfall were estimated to be 32.2 and 42.9 μg m−2 yr−1, respec-
tively, while Hg output was found to be dominated by fluxes across
the soil-air interface (18.6 μg m−2 yr−1) and runoff and/or stream
flow (7.2 μg m−2 yr−1) (Ma et al., 2016).

To date, studies on Hg biogeochemical processes in environmentally
fragile regions such as karst landscapes have been limited (Ci et al.,
2014; Liu et al., 2019). Karst landscapes worldwide have long been
recognised for their ecological vulnerability (Jiang et al., 2014). Soil ero-
sion is generally severe in karst areas, and this may lead to the loss of a
large amount of soil Hg. In addition, due to the limited availability of ar-
able land in karst areas, forest lands are at risk of conversion to farm-
land, and this may aggravate soil erosion while at the same time
increasing Hg input through fertilization. Therefore, the biogeochemical
cycle of Hg in karst ecosystemsmay be different from those in the other
terrestrial ecosystems.

China has the largest karst areas (1.3 million km2) in the world, ac-
counting for 13.5% of the global total. Nearly half of China's karst land-
scape (0.62 million km2) is distributed in Southwest China (Huang
et al., 2008). Mercury concentrations in the top (0–25 cm) and deep
soils (below 100 cm or C-horizon) of the karst area in southwest
China are reported to be 3 to 5 times higher than those in the other geo-
graphical landscapes in China (Nie et al., 2019). Such elevated soil Hg
concentrations in Southwest China are known to be a function of the
high geochemical Hg background due to the extensive and continued
mining activities that occurred during 1640–1970 (Liu et al., 2019;
Wang et al., 2005). The karst area in Southwest China is located in the
global Hg mineralization belt and is also part of China's “large area of
low temperature mineralization in Southwest China.” This is the region
with the most abundant Hg mineral resources in China, with several
well-known Hg mines such as the Wanshan Hg Mine, Wuchuanmu Hg
Mine, Danzhai Hg Mine and Lanmuchang Hg Mine. The mining and
smelting of Hg and other mineral resources has released large amounts
of Hg to the air and the Earth's surface environment. Areas with severe
Hg pollution caused by Hg mining and local smelting have shown strong
atmospheric Hg deposition, e.g., up to 6178 μgm−2 yr−1 (Dai et al., 2012).

Given the elevated Hg concentrations in karst surface soils of South-
west China, we suspect that the karst region of Southwest China re-
mains a distinct Hg source, despite the enhanced environmental
protection policies in recent years that have sealed pollution from
areas of historic mine waste Hg mining areas (Li et al., 2012; Yan et al.,
2019). To verify this hypothesis, we assessed the Hg mass balance and
input/output pathways including throughfall (rainfall under the forest),
open field precipitation (rainfall in the open field), litterfall, TSP (total
2

suspended particles), fertilizer, crops harvesting, air-surface Hg0 ex-
change, surface runoff and underground runoff, in two selected catch-
ments in this region. Implications of the results from this study on the
management of Hg pollution in karst regions are also discussed.

2. Materials and methods

2.1. Sampling areas

We chose two karst catchments, which are geologically representa-
tive of the karst landscapes in Southwest China, to assess the mass bal-
ance of Hg (Fig. 1). The two catchments, Huilong and Chenqi, were
evolved from detrital sandstone and limestone, respectively (Sun
et al., 2012; Zhao et al., 2010). The Huilong catchment (25°32′N,
105°31′E) in southwest Guizhou has a size of 18 ha and an elevation
of 1400–1600 m, and is located at the margin of Lanmuchang Hg\\Tl
mine. Mean annual air temperature is 15.2 °C and precipitation is
1315 mm. Soil Hg concentrations at the Lanmuchang Hg\\Tl mine
ranged from 0.41 to 610 mg kg−1 (n = 31), suggesting that Huilong
catchment is contaminated with Hg (Qiu et al., 2006). For this work,
Huilong catchment therefore represents a high Hg geological karst re-
gion. Chenqi catchment (26°15′N, 105°46′E) in central Guizhou has a
size of 150 ha and has an elevation of 1300–1500 m. Mean annual air
temperature is 15.1 °C and mean annual precipitation is almost
1378 mm. No historic or current-day Hg mining has been practiced
within 50 km of this catchment, and Hg concentrations in soil, water
and air in this area are used in this work to represent regional back-
ground values. The land use across the two catchments were calculated
using Arc GIS 10.4. About 17% and 20% of the catchment area were used
for agricultural production in Huilong and Chenqi, respectively, and
forestry accounts for most of the remaining land use. Special consider-
ations were given to the characteristics of the topography and geomor-
phology of both catchments when selecting the sampling sites so that
the two catchments used were relatively closed with a clear boundary.

2.2. Sample collection and chemical analysis

2.2.1. Throughfall, open field precipitation and runoff sampling
Two sites in Chenqi and three sites in Huilong catchments were

established to collect monthly throughfall (the part of rainfall which
falls to the forest floor from the canopy) from August 2018 to July
2019. One site at each catchment was established to collect open field
precipitation for the sameperiod of throughfall. A 1.2m2 rain board cov-
ered with poly tetra fluoro ethylene (PTFE) was placed 0.6 m above the
ground to collect rain samples (Fig. S1). A 5 L brown borosilicate glass
bottle was used to collect the water sample. To avoid possible interfer-
ence of litterfall and insect debris, a plastic bag was used to cover the
rain board during the non-sampling period, and this bag was opened
at the start of precipitation and closed at the end of precipitation. A
portion of the collected precipitation sample (100 mL) was manually
transferred into new polypropylene BD Falcon® centrifuge tubes, and
spiked with 5 mL of ultra-clean grade HCl (BV-III grade, Beihua Chemi-
cal, China). Another 100 mL of the collected precipitation was filtered
through a cellulose membrane (0.45-μm pore size, 47-mm diameter,
Durapore®, Millipore) into polypropylene BD Falcon® centrifuge
tubes, and then spiked with HCl (final concentration 0.5% (v: v)) for
dissolved Hg (DHg) analysis. During the field procedure, ultra-pure de-
ionized water was flushed through the precipitation collector and was
then collected as a field blank solution. Three blank samples were



Fig. 1. Locations of Huilong (H) and Chenqi (C) catchments (marked in red square in the left panel) in Guizhou province of Southwest China.
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taken every month. All precipitation samples were stored in a dark re-
frigerating chamber (4 °C) and transported back to a metal-free labora-
tory room for further processing.

Flow monitoring and sampling of surface runoff in each catchment
was conducted above the surface converges of runoff. Flow monitoring
and sampling of underground runoff was conducted in water heads of
underground runoff at low terrain (see Figs. S2 & S3). Monthly surface
runoff and underground runoff samples were collected in each catch-
ment from August 2018 to July 2019. About 100 mL surface/under-
ground runoff water was collected using a PTFE bottle for each outlet,
and 5‰ ultra-pure hydrochloric acid was then added for acidification.
Dissolved Hg (DHg) in runoff samples was analysed using the method
for precipitation sampling. Surface runoff and underground runoff
water samples were stored in a 4 °C refrigerator and were analysed
for Hg concentration within a week.

The data of throughfall, open field precipitation, and surface and
underground runoff depth in Chenqi catchment were obtained
from the Puding Karst Ecosystem Research Station, Chinese Academy
of Sciences. We quantified throughfall and open field precipitation in
Huilong catchment using a rain bucket (φ= 200 mm, TZZT Co., Ltd.)
and the surface and underground runoff depth using a Parshall flume
(Green Co., Ltd.).

2.2.2. Litterfall sampling
The annualmass of litterfall was estimated by collecting themonthly

litterfall using 1 m × 1 m nylon nets hanging 0.3 m above ground
(Fig. S1) at 7 and 15 random sites in Huilong and Chenqi catchments, re-
spectively. A polyethylene net was installed within a box to permit
water flow through the net while retaining the litterfall. Litterfall was
sampled monthly from August 2018 to July 2019, and three months'
samples were combined to generate a composite sample which was
air-dried, ground, homogenized and analysed.
3

2.2.3. Total suspended particulate matter (TSP) and air-surface Hg0

exchange
In this study, Hg concentration of TSP and its deposition rate

were used to calculate total particulate-bound Hg deposition flux
(Fang et al., 2014). TSP was sampled monthly from August 2018 to
July 2019 using a TSP sampler (gas flow rate 100 L min−1, KB-
120F, Qingdao jingcheng instrument co. LTD) with a φ 90 mm
quartz filter film (Munktell Inc. Sweden). Sampling was collected
every 48 h in every non-rainy period. To obtain TSP deposition,
TSP was simultaneously collected using a TSP collecting cylinder
(30-cm high, 15-cm diameter, Taiheng plastics co. LTD; 100 mL of
pure water and 50mL of ethylene glycol were added), and the depo-
sition velocity of TSP was calculated from the weight of collected
TSP (see Fig. S4).

Air-surface Hg0 exchange flux for the Huilong catchment has
been investigated in previous study (Wang et al., 2005). Considering
that there have been no significant changes in the topography and
land use of the area and no implemented soil pollution remediation
projects in the past two decades, we hypothesized that the previ-
ously observed air-surface Hg0 exchange flux represents the current
conditions. Previously established values were thus directly used in
the present study.

Air-surface Hg0 exchange flux for the Chenqi catchment was mea-
sured over an 8-day period (July 17–24, 2019) using the novel dynamic
flux chamber (NDFC) method (Lin et al., 2012; Yuan et al., 2019; Zhu
et al., 2015). The NDFC inlet and outlet were connected to a synchro-
nized multiport sampling system (Tekran® Model 1115) using a PTFE
tubewith 0.25-inch outer diameter connected to an automated ambient
air analyser (Tekran®Model 2537 B) for measuring the ambient air and
efflux air Hg concentration, respectively. Flow rates were converted to
values under a standard temperature (0 °C) and pressure (101.3 kPa)
condition. The Hg flux was calculated as follows:



Table 1
Annual mass in each input and output pathways and corresponding areas.

HL Area (ha) CQ Area (ha)

Throughfall (mm) 723.5 15 775.8 120
Open field precipitation (mm) 1315.5 3 1193.6 30
TSP deposit rate (cm s−1) 0.23 3 0.21 30
Litterfall (kg ha−1) 5270 15 4830 120
C-Fertilizer (kg ha−1) 900 3 750 30
O-Fertilizer (kg ha−1) 1500 3 1200 30
Surface runoff (mm) 174.1 18 58.8 150
Underground runoff (mm) 390.2 18 125.4 150
Corn seed (kg ha−1) 4500 0.9 5250 6
Corn straw (kg ha−1) 20,250 0.9 23,625 6
Rice seed (kg ha−1) 0 0 7500 18
Rice straw (kg ha−1) 0 0 3750 18
Coix seed (kg ha−1) 3000 1.5 0 0
Coix straw (kg ha−1) 6750 1.5 0 0
Vegetables (kg ha−1) 24,132 0.6 31,562 6
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F ¼ Q
S
� Cout−Cinð Þ ð1Þ

where F is Hg flux (ng m−2 h−1), Q is the NDFC internal flushing flow
rate (m3 h−1), S is the NDFC flux chamber area (m2), and Cout and Cin
are Hg concentration at the NDFC outlet and inlet, respectively. In this
work, S equals to 0.09 m2. A positive value for F represents Hg emission
from the soil to the atmosphere, while a negative one represents atmo-
spheric Hg deposition to the soil. Parameters such as solar radiation
(SR), air temperature and relative humidity (RH) in Chenqi catchment
were obtained from the Puding Karst Ecosystem Research Station,
Chinese Academy of Sciences.

2.2.4. Crop sampling
Crops were sampled every three months from August 2018 to July

2019. The dominant crops planted in the two catchments were col-
lected. Corn, coix, cabbage, Chinese cabbage and chili were sampled
from Huilong, and corn, rice, cabbage and chili were sampled from
Chenqi. Crop samples were washed with tap water, and then rinsed
with deionized water. The weight of fresh vegetables was recorded to
express the data on a wet weight basis. All crop samples were stored
at −18 °C prior to being freeze dried using a lyophilizer (EYELA FDU-
2110, Tokyo Physical and Chemical Equipment Co., Ltd. Japan) operated
at −80 °C and 3 Pa for 72 h. Freeze dried samples were crushed into
powder by an electronic grinder (Lixin Laboratory Instrumentation
Co., Ltd. Hebei, China). The annual crop biomass production was esti-
mated by harvesting crops in three replicate quadrats (1 m × 1 m) at
each sampling site and thenmultiplying quadrat biomass by planted area.

2.2.5. Fertilizer sampling
The annual mass of fertilizer used was quantified through consulta-

tionwith local farmers. Chemical fertilizer samples and livestockmanure
samples were collected from farmers in the villages nearby Chenqi and
Huilong, stored in individual polyethylene bags, and transported to the
laboratory. All visible roots, macro fauna and stones were removed
from fertilizer samples before samples were air-dried, homogenized
and passed through a 100-mesh nylon sieve for Hg analysis.

2.2.6. Chemical analysis
The total Hg concentration in the TSP filters, fertilizer, litterfall and

crops was measured directly using a Lumex RA915+ Hg analyser
equippedwith a Pyro 915+pyrolysis attachment byway of thermal de-
composition to Hg0 (Lumex Ltd. Russia), which has a detection limit of
0.05 μg kg−1. The mass of all filters analysed by this method was
weighed using a high precision balance (10−4 g). Total Hg and dissolved
Hg concentrations in the open field precipitation, throughfall, surface
runoff and underground runoff samples were analysed by cold vapor
atomic fluorescence spectrometry (Tekran® 2500, refer to the USA
EPA Method 1631). Particulate Hg (PHg) concentration was calculated
as the difference between THg and DHg. Hg concentrations in water
samples were analysed according to the USEPA method 1631, which
has a detection limit of 0.02 ng L−1.

2.3. Mass balance budget

Five input pathways and four output pathways of Hg transportation
were investigated in the current study. The input pathways include
throughfall deposition, open field precipitation deposition, litterfall de-
position, total particulate-bound Hg deposition and fertilizer input. The
output pathways include air-surface Hg0 exchange, crop harvesting,
surface runoff and underground runoff. The Hg transport flux through
the two catchmentswas calculated bymultiplying theHg concentration
and the throughfall, open field precipitation/runoff amount (mm yr−1),
yield (kg ha−1 yr−1) or deposition velocity (cm s−1), respectively. The
calculation of the eight pathways except air-surface Hg0 exchange can
be described as follows:
4

Fij ¼ ∑kCij � Eij � Pjk ð2Þ

where Fij (μgm−2 yr−1),Cij (ng L−1, μg g−1 or ngm−3) and Eij (mmyr−1,
kg ha−1 yr−1 or cm s−1) are annual Hg flux, annual average Hg concen-
tration and annual exported volume or mass of pathway i in catchment
j, respectively; and Pjk is the proportion of type k utilization land area to
the total area of the catchment (see Table 1). Finally, Hg mass balance
was quantified separately for each catchment following the approach
described in an earlier study (Feng et al., 2009):

Net flux ¼ ∑output flux−∑input flux ð3Þ

2.4. Quality control and data analysis

The average relative standard deviation for the duplicate analyses of
Hg was 4.5% and matrix spike recoveries ranged from 93% to 117%
(mean = 98%, n = 6). The equipment blank for throughfall, open field
precipitation and runoff samples for Hg was 0.04 ± 0.01 ng L−1 (n =
6). The reference materials soil GBW07405 and cabbage GBW10014
were used for the soil and plant analytical quality control, respectively.
The measured average Hg concentrations of the reference materials
were 0.27 ± 0.09 mg kg−1 and 11.5 ± 1.45 μg kg−1, respectively
(n = 6), which were comparable to the certified values of 0.29 ±
0.04 mg kg−1 and 10.9 ± 1.6 μg kg−1. The relative percentage differ-
ences of sample replicates for soil and plant were <6% and <9%, respec-
tively. The structural equation model (SEM) was used to quantitatively
describe the driving factors related to the impact of the air-surface Hg0

exchange flux. It is a powerful framework for fitting data and figure out
direct/indirect effects in complex processes (Wang et al., 2019). Data
analysis was performed withMicrosoft Office 2019 (Microsoft Corpora-
tion., USA), SPSS 24.0, and Amos 24.0 software (SPSS Inc., USA), and the
figures were created using Origin 9.0 (Origin Lab Corporation., USA).

3. Results and discussion

3.1. Mercury in throughfall, open field precipitation and runoff

The annual rainfall in Huilong and Chenqi was 1315.5 mm and
1193.6 mm, respectively, and the corresponding throughfall was
723.5 mm and 775.8 mm (Table 1). The ratio of throughfall to open
field precipitation in Huilong was 54.9%, slightly lower than that in
Chenqi (65.0%), likely due to the higher canopy density and thus higher
rainwater retention in the forest of Huilong catchment. The surface and
underground runoff was 174.1 mm and 390.2 mm, respectively, in
Huilong catchment, and 58.8mm and 125.4mm respectively, in Chenqi
catchment (Table 1). The greater volumes of underground runoff than
surface runoff in both catchments are attributed to the well-developed



Fig. 2. Mercury concentrations in throughfall (TF), open field precipitation (OP), surface
runoff (SR) and underground runoff (UR) in Huilong catchment (H-TF, H-OP, H-SR and
H-UR) and Chenqi catchment (C-TF, C-OP, C-SR and C-UR). Error bars represent
confidence intervals.
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underground karst caves and abundant surface fractures in the karst
area (Auler and Smart, 2003).

Mercury concentrations in throughfall, open field precipitation, sur-
face runoff and underground runoff in Huilong catchment were
15.4–55.9 ng L−1 (mean = 29.4 ± 18.9 ng L−1), 7.9–26.0 ng L−1

(mean = 14.5 ± 9.0 ng L−1), 43.5–72.0 ng L−1 (mean = 63.9 ±
13.7 ng L−1) and 20.3–34.1 ng L−1 (mean= 27.5± 6.1 ng L−1), respec-
tively, and in Chenqi catchment were 9.6–45.3 ng L−1 (mean= 23.0 ±
16.2 ng L−1), 4.7–21.6 ng L−1 (mean = 11.1 ± 7.6 ng L−1),
6.3–16.0 ng L−1 (mean = 11.7 ± 4.9 ng L−1) and 9.8–11.2 ng L−1

(mean = 10.6 ± 0.57 ng L−1), respectively. The Hg concentrations in
throughfall, open field precipitation, surface runoff and underground
runoff in Huilong were 0.28 to 4.46-fold higher than those in Chenqi
catchment, and this could be attributed to the higher Hg concentration
in the various media (air, soil, canopy) in Huilong catchment. There is a
mineralised Hg-Tl-As deposit only 2 km away from the Huilong catch-
ment, which had been extensively mined up until 1970 (Jia et al.,
2013). Chenqi catchment, on the other hand, is representative of back-
ground karst regional geology with no history of Hg mining within
50 km of the site. However, despite being a control catchment, the Hg
concentration in the surface soil of Chenqi, was still 3–5 times higher
than those in the other areas of China (Nie et al., 2019), and thismay ex-
plain the much higher Hg concentrations in throughfall, open field pre-
cipitation and runoff in Chenqi than those reported for the forest
catchments (Larssen et al., 2008; Ma et al., 2016).

Mercury concentrations in throughfall and open field precipitation
showed significant seasonal variations with lower values in the rainy
season than dry season, likely due to dilution effect of higher precipita-
tion in the rainy season (Kumar et al., 2016; Mayer and Ulrich, 1977).
Mercury concentrations in the surface runoff (total Hg = 63.9 ±
13.7 ng L−1) inHuilong catchmentwere higher than those in the Chenqi
catchment (total Hg = 11.7 ± 4.9 ng L−1), which may be attributed to
the higher concentration of soil Hg in Huilong catchment (total Hg =
0.41 to 610 mg kg−1) (Qiu et al., 2006), as runoff can carry soil particles
containingHg (Beliveau et al., 2017; Liu et al., 2018). Furthermore, most
Hg was identified as particulate-bound Hg both in the surface (64%–
89%) and underground runoff (57%–64%), suggesting an important
role of particles in migration of Hg in the two catchments. The vertical
movement of runoff through the pore fissure structure leads to the for-
mation of underground runoff. The ratios of Hg concentration in the sur-
face runoff to that in theunderground runoffwere significantly different
between the two catchments. We observed lower concentrations of Hg
in the underground runoff (THg= 27.5± 6.1 ng L−1) than surface run-
off (THg = 63.9 ± 13.7 ng L−1) in Huilong catchment. This phenome-
non may be a function of Hg precipitation and effective removal from
runoff in underground caves that decreased the concentration of
particle-bound Hg. In contrast, there was no clear reduction of Hg in
the underground runoff as compared to the surface runoff in Chenqi
catchment, and this may be attributed to the lower prevalence of
caves in this catchment.

Mercury concentrations in throughfall and open field precipitation
in Huilong catchment were 15.4–55.9 ng L−1 (mean = 29.4 ±
18.9 ng L−1) and 7.9–26.0 ng L−1 (mean = 14.5 ± 9.0 ng L−1), respec-
tively, and in Chenqi catchment were 9.6–45.3 ng L−1 (mean= 23.0 ±
16.2 ng L−1) and 4.7–21.6 ng L−1 (mean = 11.1 ± 7.6 ng L−1), respec-
tively (Fig. 2). The concentrations of Hg both in throughfall and open
field precipitation showed a seasonal variation with order of Nov-
Jan > Feb-Apr > Aug-Oct > May-Jul. High Hg concentrations observed
between November and January might be caused by intensive fossil
fuel/biomass combustion, superimposed by limited wet scavenging
due to small amounts of precipitation during this period (Obrist et al.,
2008; Seo et al., 2012).

Particulate Hg also strongly correlated with THg in the throughfall
samples (R=0.71 and 0.86, p< 0.05) and open field precipitation sam-
ples (R=0.43 and 0.72, p<0.01) in Huilong and Chenqi catchment, re-
spectively (Fig. 3). The correspondingpercentage of THg as PHgwas54%
5

and 51% in throughfall samples and 39% and 47% in open field precipita-
tion samples. The above contrasting trends in the PHg to THg ratio
between the two catchments were likely caused by their different can-
opy types and densities (Demers et al., 2007; Witt et al., 2009). Huilong
catchment is dominated by coniferous forest (Taxodiaceae Warming)
while Chenqi catchment by deciduous forest (Catalpa fargesii Bur. f.
duclouxii (Dode) Gilmour, Camptotheca acuminata Decne, etc.). The re-
moval efficiency of Hg has been reported to be higher in coniferous
than deciduous forests due to larger specific surface areas of coniferous
trees, which can accumulatemore PHg from air and thus enhance Hg in
throughfall (Fisher and Wolfe, 2012; Wright et al., 2016).

Particulate Hg also strongly correlatedwith THg in the surface runoff
samples (R=0.89 and 0.91, p < 0.05) and underground runoff samples
(R=0.83 and 0.74, p < 0.05) in Huilong and Chenqi catchment, respec-
tively, and the corresponding average ratios of PHg to THgwere 64% and
89% in surface runoff samples and 57% and 64% in underground runoff
samples. These high ratios indicate that PHg is the dominant fraction of
THg in surface and underground runoff, suggesting the important role
particles played in Hg movement in the two catchments (Amirbahman
et al., 2002). Particles with high organic matter are known to be more
abundant in surface water than in deep groundwater, and such particles
may be the main carrier of Hg in the two catchments (Aastrup et al.,
1991; Zhou et al., 2017). For example, an earlier study reported that
the amount of particulate matter and Hg in the runoff during a summer
storm event were 70-fold and 20-fold higher than those during normal
periods in an agricultural basin (Babiarz et al., 1998). It was also reported
that about 60% to 75% of Hg exported in another basinwas in the form of
particulate matter during high-flow periods every year (Scherbatskoy
et al., 1998; Vermilyea et al., 2017). In previous studies Hg has been
shown to be mainly associated with particulate organic carbon (POC),
as indicated by a positive correlation between particulate Hg and POC
(Canario et al., 2007; Covelli et al., 2006). POC plays an important role
in promoting the transport of Hg in catchment water systems. (Häggi
et al., 2019; Kolka et al., 1999; Lim et al., 2019).

3.2. Mercury in TSP deposition and litterfall

Air concentrations of Hg in TSP were 270–710 pg m−3 (mean =
520 pg m−3, n = 12) and 170–330 pg m−3 (mean = 230 pg m−3,
n = 12) and those of the atmospheric Hg0 were 35.2–111.2 ng m−3

(Wang et al., 2005) and 2.13–3.05 ngm−3 in Huilong and Chenqi catch-
ments, respectively (Fig. 4)). The percentage of total atmospheric Hg



Fig. 3. Linear correlation between THg and PHg in (a) throughfall and open field precipitation and (b) surface runoff and underground runoff in Huilong and Chenqi catchments.
Throughfall (TF), open field precipitation (OP), surface runoff (SR) and underground runoff (UR) in Huilong catchment (H-TF, H-OP, H-SR and H-UR) and Chenqi catchment (C-TF, C-
OP, C-SR and C-UR).
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(the sumof TSPHg andHg0) as TSPHgwas 0.63%–0.76% and6.4%–11.8%
in Huilong and Chenqi catchments, respectively. Themuch higher ratios
in Chenqi thanHuilongwere likely because Chenqiwas affected bymore
anthropogenic sources due to its vicinity to a city (Puding). A previous
study showed that the proportion of TSP Hg in THg was particularly
high in Chinese urban areas (5.2–17.2%), when comparedwith the over-
all average of all available measurements (2.5%) (Zhang et al., 2015).

Mercury concentrations in litterfall were in the range of
0.14–0.52 μg g−1 (mean = 0.29 μg g−1, n = 84) and
0.046–0.083 μg g−1 (mean = 0.065 μg g−1, n = 180) in Huilong and
Chenqi catchments, respectively. The generally higher litterfall Hg con-
centration in Huilong than Chenqi catchment was likely due to the
higher background level of Hg in the Huilong catchment. The high geo-
logical background of Hg in this catchment resulted in high soil Hg con-
centrations, which in turn led to high soil emissions of Hg0 to the
atmosphere (Juillerat and Ross, 2010; Juillerat et al., 2012) and high ac-
cumulation of Hg0 by the foliage of plants (Laacouri et al., 2013; Zhang
et al., 2016).
Fig. 4. Air concentrations of Hg in total suspended particles (TSP) and litterfall (LF) in
Huilong (H-TSP and H-LF) and Chenqi (C-TSP and C-LF) catchments. Error bars represent
confidence intervals.
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3.3. Air-surface Hg0 exchange

The daily changes in atmospheric Hg concentration at the inlet/out-
let end of the Hg exchange flux tank, Hg exchange flux, light intensity,
atmospheric humidity and temperature in the Chenqi catchment are
presented in Fig. 5. Among these variables, apparent diurnal variations
were seen in the atmospheric Hg concentration at the outlet end of
the Hg exchange flux box, the Hg exchange flux, the light intensity
and the temperature, with significantly increased values during the
time period of 10:00–17:00. However, such variations were not seen
in the atmospheric Hg concentration and atmospheric humidity at the
intake end of the Hg exchange flux box. The measured atmospheric
Hg concentration was 2.47 ± 0.25 ng m−3 and the air-surface Hg0 ex-
change flux at 9.79 ± 3.38 ng m−2 h−1. The structural equation model
(SEM) analysis suggests that solar radiation (SR) (40.9%) and tempera-
ture (39.1%) were the two dominant factors driving air-surface Hg0 ex-
change. A significant linear correlation between the average Hg flux and
average SR and temperature was obtained as follows:

F ¼ 0:022� 0:004ð Þ � Sþ 0:85� 0:24ð Þ � T−10:87,R2 ¼ 0:77 ð4Þ

where F is Hg flux (ng m−2 h−1), S is SR (Wm−2), and T is air temper-
ature (°C).

The annual air-surface Hg0 exchange flux was roughly estimated
using Eq. (4) with annual average solar radiation (98.58 W m−2) and
temperature (15.1 °C) as input, which produced a flux of 36.2 ±
48.5 μg m−2 yr−1 in Chenqi catchment. The annual flux in Chenqi, al-
though 30 times lower than that (1226±1307 μgm−2 yr−1) previously
reported for theHuilong catchment (Wang et al., 2005), was still 5 times
higher than that observed at the Ailao mountain (a background region)
(Zhou et al., 2019; Zhu et al., 2016), likely because the forest densities in
karst areas are much smaller than those in the other forests.

3.4. Hg in crops and fertilizer

The Hg concentrations in different crops and plant parts harvested
from Huilong catchment ranged from 0.019 to 0.32 μg g−1, with the
lowest value in corn grain and the highest in corn stem and leaf
(Fig. S6). The Hg concentrations in plants from Chenqi catchment
ranged from 0.007 to 0.064 μg g−1, with the lowest value in corn grain



Fig. 5.Diurnal variations of air-surfaceHg0 fluxes andmeteorological parameters. SI and SO are the atmosphericHg concentrations in the inlet and outlet of theflux chamber, respectively.
SR, A-S flux, T and RH are solar radiation, air-surface Hg0 exchange flux, air temperature and relative humidity, respectively. Error bars denote one standard deviation (1SD) of the mean.
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and the highest value in rice stem and leaf (Fig. 6). The Hg concentra-
tions in agricultural products across Huilong were significantly higher
than the Chinese governmental reference value for Hg in food crops
(10–20 μg kg−1, fresh weight). The primary source of Hg accumulated
in the above-ground plant parts is Hg in the atmosphere (Cui et al.,
2014; Manceau et al., 2018). Plant uptake of Hg from soil to plant
roots and into aerial portions varies between crop species but is gener-
ally limited, and is controlled by soil chemical properties such as soil or-
ganic matter and soil pH (Hlodak et al., 2014). The magnitude of Hg
removal through crop (straw) harvesting depends on the yield of the
crop and the area sown (Shi et al., 2019). According to the farming
habits of local farmers, crop straw was mostly recycled by farmers for
feeding animals or heating purpose.

The average Hg concentrations in chemical fertilizers applied to
farmland inHuilongandChenqi catchmentswere0.76±0.20μgg−1and
0.81 ± 0.17 μg g−1, respectively, and those of livestock manure used in
these two catchments were 0.98 ± 0.19 μg g−1 and 0.47± 0.17 μg g−1,
respectively. Fertilization accounted for 13.4% and 24.5% of the total Hg
input flux in Huilong and Chenqi catchment, respectively (Fig. 6), of
which 68.2% and 48.1%, respectively, were from livestock manure. Suc-
cessive years of chemical fertilizer and livestock manure application
have contributed to the accumulation of Hg in the cultivated topsoil
(Liu et al., 2012). In agreementwith a previous study, the dominant vec-
tor for imported Hg is livestock waste (average 50.25%) (Shi et al.,
2019).

3.5. Characteristics of mercury mass balance in the two catchments

Input and output Hg fluxes from individual pathways were esti-
mated by combining the annual mass of Hg associated with each
pathway and the corresponding area (Table 1). The estimated input
Hg fluxes associated with throughfall, open field precipitation,
litterfall, particulate-bound Hg deposition and fertilizer application
were 17.7 ± 11.4, 3.2 ± 1.9, 129 ± 85.3, 33.1 ± 12.1 and 28.4 ±
19.4 μg m−2 yr−1, respectively, in Huilong catchment, and were
14.2 ± 10.1, 2.6 ± 1.8, 25.0 ± 15.6, 15.2 ± 5.23 and 18.5 ±
10.2 μg m−2 yr−1, respectively, in Chenqi catchment. The estimated
output fluxes associated with air-surface Hg0 exchange, crops har-
vesting, surface runoff and underground runoff were 1226 ± 1307,
462 ± 66.4, 11.0 ± 0.48 and 10.6 ± 0.45 μg m−2 yr−1, respectively,
in Huilong catchment, and were 36.2 ± 48.5, 43.0 ± 6.29, 0.74 ±
7

0.15 and 1.31± 0.30 μgm−2 yr−1, respectively, in Chenqi catchment.
From the above numbers the net Hg fluxes were calculated as
1498.2 ± 1504 μg m−2 yr−1 and 4.8 ± 98.2 μg m−2 yr−1 in Huilong
and Chenqi catchments, respectively. The large negative value in
Huilong catchment suggests that it as a significant source of Hg to
the karst ecosystem, while the small (close to zero) value for Chenqi
suggests it as a minor source, if not sink of Hg (Fig. 6).

Many studies have reported forests or farmlands as Hg sinks
(Table 2), which contrasts markedly with the results of the present
study, especially for the farmland forestland karst catchments in
Huilong. The high geological background Hg concentration in this re-
gion is likely to be amajor cause for these catchments being a net source
of Hg. The net flux of Hg through air-surface Hg0 exchange was signifi-
cantly higher in our study areas than in other regions with low levels of
geological background Hg. However, natural flux may be amplified by
the current agricultural land use which leads to significant Hg output
in crops. The output/input Hg mass ratios recorded in this study were
significantly higher than those for the other forest and agricultural eco-
systems (Table 2), and two-fold higher than values reported for the
Wanshan Hg mining area, which has previously been described as a
case study for Hg pollution.

Mercurymass balance discussed above revealed that Huilong catch-
ment appears to be a distinct Hg source, while Chenqi catchment is a
possible Hg source. The main input pathways of Hg in the Huilong
catchment are litterfall and TSP deposition, which together account for
76.7% of the total input flux. The input fluxes of these two pathways in
Huilong catchment are 5.2 and 2.2 times, respectively, of those in the
Chenqi catchment, indicating lower environmental quality in terms of
atmospheric Hg in Huilong than Chenqi catchment. For areas with
high geological background Hg, litterfall dominates the fate of atmo-
spheric Hg to soil, such as the case inHuilong catchment. InputHgfluxes
from open field precipitation and throughfall were slightly larger in
Huilong than Chenqi catchment, likely due to the higher atmospheric
Hg concentration and denser canopy in Huilong. The dry deposition of
Hg occupies a dominant position in all input pathways in the study
areas. The atmospheric Hg dry/wet deposition ratios are 55.1 and 19.9
in Huilong and Chenqi, respectively. Fertilization input also played an
important role in the Hg input of both catchments.

The largest output pathway of Hg inHuilong catchmentwas the pro-
cess of air-surfaceHg0 exchange, suggesting that the release of soil Hg to
the atmosphere plays a critical role in the environmental quality of local



(a) Huilong catchment

(b) Chengqi catchment

Fig. 6. Schematic illustration of mass balance of Hg in Huilong and Chenqi catchments. “-” means Hg input flux, and “+” means Hg output flux.
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atmospheric Hg in areas with high Hg geological background. Even in
Chenqi catchment, the contribution of air-surface Hg0 exchange ranked
the second largest of the four output pathways. The output Hg flux
through crop harvest is much higher in Huilong than Chenqi catchment
due to the much higher Hg concentration in crops in Huilong catch-
ment. Such a finding implies that local residents in Huilong are at a
greater level risk of Hg exposure than those in Chenqi. In the Chenqi
Table 2
Annual Hg flux in this study and literature (μg m−2 yr−1).

Study sites Types Throughfall/
irrigation

Litterfall TSP
deposition

Fertilizer Ai
Hg

Wanshan, China Mining area 593 / 6178 / 39

Langtjern, Norway Boreal forest 6.7 2.7 / / /
Serra do Navio, Brazil Tropical forest 18.2 / 54.0 / /
Mt. Jinyun, China Subtropical forest 17.1 49.8 / / 62
Taizhou, China Agro-ecosystem 136 / 20 375 /
Nanjing, China Agro-ecosystem 33.0 / 19.2 2.9 /
Mt. Simian, China Subtropical forest 32.2 42.9 / / 18
Huilong, China Karst-ecosystem 19.1 129 33.1 28.4 12
Chenqin, China Karst-ecosystem 6.3 25.0 15.2 18.5 85
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catchment, crop harvest is ranked the first of all output pathways. The
Hg fluxes through surface runoff and underground runoff in Huilong
catchment are both about 10 times of those in Chenqi catchment, reveal-
ing that considerable amounts of Hgwere diffused into the surrounding
environment through runoff, especially in Huilong. Moreover, it was
found that the Hg fluxes from underground runoff were close to or
even higher than those from the surface runoff.
r-surface
0 exchange

Crops
harvesting

Runoff Net
flux

Ratio of
output/input

References

67 10.4 3020 226.4 1.033 (Dai et al., 2012; Wang et al.,
2007)

/ 2.5 −4.5 0.266 (Larssen et al., 2008)
/ 2.9 −69.1 0.040 (Fostier et al., 2000)

.6 / 1.9 −13.8 0.964 (Sun et al., 2019)
67 71 −393 0.260 (Shi et al., 2019)
5.6 2.5 −23 0.147 (Hou et al., 2014)

.6 / 7.2 −49.3 0.343 (Ma et al., 2016)
26 462 21.6 1498.2 8.157 This study
.8 43.0 2.0 4.8 2.012 This study
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The ecological drivers played important roles in Hg biogeochemical
cycling in karst ecosystems. The vegetation types and density affect
the throughfall Hg input efficiency. For example, forest types in Huilong
is mainly coniferous forest, while in Chenqi is coniferous-broadleaf
mixed forest and the density of trees is higher in Huilong than Chenqi,
which led to higher scour efficiency and more Hg in throughfall in
Huilong. Hence the rainwater from the Huilong scour the forest canopy
more efficiently and carry out more Hg. Forest cover was beneficial to
the increase of soil organic matter in the forestland surface, which con-
tributed to the complexity of soil Hg and reduced its mobility (Jiskra
et al., 2014; Leff et al., 2012). Increasing forest cover has important pos-
itive effect on controlling the risk of Hg pollution and soil erosion in
karst areaswith high Hg background. It is noted that Huilong catchment
is located in the Hgmine area, while Chenqi is not, thus, the very differ-
ent Hg geological background in these two catchments results in their
significantly different input/output pathways in Hg mass balance and
intensities as Hg sources.

The high Hg geological background provides the necessary Hg
source for the development of high soil Hg concentration, which in
turn lead to high ambient Hg concentration. In contrast, the lowHg geo-
logical background governs the intensity of themigration and transmis-
sion of relatively low Hg in natural processes in karst catchment
systems. Therefore, attention should be paid to the possibility of ele-
vated Hg concentrations in groundwater in karst areas with high geo-
logical background Hg. For the control and abatement of Hg pollution
in Huilong catchment, Hg migration and diffusion to the atmosphere
and water bodies, especially to groundwater, should be considered to-
gether. Data from this investigation suggests that the karst farmland-
forest ecosystem in southwest China is a key contributor to regional
Hg emissions, andmore research are needed to assess the impact of dif-
ferent land use types on the emission of Hg from soil to the atmosphere.

4. Conclusions and implications

Thiswork investigated themassflow intensities of various input and
output pathways of Hg and calculated the mass balance of Hg in two
karst catchments. Natural factors, such as litterfall input and air-
surface Hg0 exchange dominated Hg flux, while human factors, such
as fertilizer input and Hg removal through crop harvesting, also signifi-
cantly impacted Hgmass balance in both catchments. The Hg geological
background is the critical factor to drive the Hg geochemistry cycling in
karst region.

Mercury released from the karst area into the atmospherewouldmi-
grate to the surrounding environment through air-surface Hg0 ex-
change, runoff and crop harvesting, causing potential Hg exposure to
local residents. Using low-Hg fertilizers, reducing livestock manure ap-
plication, and changing land use by planting crops with low-Hg accu-
mulation capacity should be considered in the future to reduce Hg
pollution in vulnerable karst areas, especially in areaswith high Hg geo-
logical background. Future policies should also be established to protect
the fragile karst ecosystems of southwest China. Policies could promote
improved farm management practices and increased vegetation cover
in order to reduce the adverse environmental and health impacts of
Hg diffusion from this high-Hg geological region.
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