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a b s t r a c t

Mercury (Hg) emissions from point sources to air may disperse over long distance depending on Hg
speciation in the plume. A significant fraction of Hg, particularly in its divalent forms, deposits locally and
causes pollution to surrounding biomes. The objective of this study was to investigate (1) the historic Hg
deposition to the immediate vicinity of an industrial complex that had intentional use of Hg (i.e., chlor-
alkali and polyvinyl chloride production) for 5 decades until 2011, and (2) the Hg0 re-emission from soil
to air soon after the closure of the facility. The spatial distribution of near-ground Hg0 vapor in air, soil Hg
concentration and stable isotope ratio, air-soil Hg0 flux and Hg0 concentration in soil pore-gas were
measured. It was found that the surrounding soils are severely contaminated with Hg due to the Hg
release of the industrial complex, displaying soil Hg content up to 4.8 mg g�1. A spatial trend of Hg mass
dependent isotope fractionation signature (d202Hg¼�2.11‰ to 0.72‰) with respect to the distance from
the closed facility was identified, representing a mixing between regional background and industrial Hg
sources. Hg release from the industrial operation enhanced surface soil Hg content within a 6.5-km
radius from the facility. Inside the facility, residual Hg wastes (i.e., electrolysis sludge and consumed
HgCl2 catalyst) represent a strong localized emission source of atmospheric Hg0. Near-ground atmo-
spheric Hg0 concentration and soil Hg0 efflux progressively elevated toward the facility with an increase
by 2e3 orders of magnitude compared to the values observed in the off-site background. These results
suggest that the natural soil surfaces surrounding the closed industrial facility act as a large nonpoint
source emitting legacy deposited Hg as much as the release from naturally enriched mines.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is a potent neurotoxic pollutant ubiquitously
distributed globally (Lindberg et al., 2007). Hg emission from
anthropogenic sources is made up of gaseous elemental Hg (Hg0),
gaseous oxidized Hg (GOM), and particulate bound Hg (PBM), while
emission from natural surfaces is predominantly Hg0 (Gustin,
2011). Once released into the atmosphere, GOM and PBM are
readily deposited through wet and dry processes while Hg0 is
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subject to long-range transport (Lindberg et al., 2007; Schroeder
and Munthe, 1998). Deposited Hg can be reemitted back into the
atmosphere by volatilization following biotic and abiotic reduction
processes occurring in the natural substrates (Carpi and Lindberg,
1997; Fritsche et al., 2008). Globally, the increased anthropogenic
emission has enriched soils and sediments with Hg by a factor of
3e4 in magnitude since pre-industrial times (Amos et al., 2015).
The enrichment factor can be up to thousands of times higher at
locations near the industrial sources (Biester et al., 2002).

Intentional use of Hg in industrial activities (e.g., chlor-alkali
industry and artisanal gold mining) contribute to ~44% of total
anthropogenic Hg emission (AMAP/UNEP, 2013). In chlor-alkali
production, liquid elemental Hg has been widely used in the elec-
trolytic cells. Fugitive Hg losses can occur through volatilization,
discharge of wastewater, disposal of brine sludge waste resulting in
contamination and severe enrichment of Hg in local air, water, soil
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and sediments (Biester et al., 2002; Grangeon et al., 2012; Hissler
and Probst, 2006; Kinsey et al., 2004a; Lindberg and Turner, 1977;
Ullrich et al., 2007; W€angberg et al., 2003; Zhu et al., 2018). Strong
Hg0 emission from chlor-alkali plants (CAP) have been reported. An
emission rate of 400e600 g Hg day�1 was observed from an active
CAP in the southern US (Kinsey et al., 2004b; Southworth et al.,
2004), while emission from 144 to 1296 g Hg day�1 during the
investigation in European CAPs in Sweden and Italy (Gr€onlund
et al., 2005). Intentionally use of HgCl2 modified activated carbon
(4.5e12% content by weight) in the carbide-based polyvinyl chlo-
ride (PVC) industry represented one of the largest global Hg de-
mand (Pirrone et al., 2010). PVC industry has emerged as the largest
Hg user in China, accounted for over 60% annual Hg demand (Lin
et al., 2016). Recent inventory study on a Hg remover equipped
PVC production line resulted in a release rate of 4.9 g Hg per tonne
PVC to the environment (Ren et al., 2014).

“To protect human health and the environment from the
adverse effects of mercury,” the intergovernmental legal binding
agreement Minamata Convention for Mercury aiming to reduce Hg
emission and human/wildlife exposure has been signed in 2013 and
entered into force in 2017 (UNEP Minamata Convention, 2014).
Improvement of technology to reduce Hg emission and closure of
point sources, therefore, are expected in the near future. Global
anthropogenic Hg emission has declined by >30% since 1990, with
the most pronounced reduction from North America and Europe
(Zhang et al., 2016b). In addition to Hg emission reduction in major
anthropogenic sources, such as coal-fired power plants by
upgrading Hg removing technology (e.g., flue gas desulfurization,
selective catalyst reduction, and activated carbon injection),
phasing out and closure of smelting facilities (e.g., Pb/Zn smelters)
and limiting the intentional use of Hg (e.g., in thermometers and
chlor-alkali industry) help decrease Hg emissions from point
sources. Nevertheless, large amounts of Hg have been deposited in
the natural environment surrounding those point sources because
of long-term release and accumulation of Hg during the industrial
operation. However, little is known about the fate of Hg in the
surrounding after the closure of a known point source of Hg
emission from intentional Hg use. Owing to the bidirectional ex-
change characteristic of Hg0 flux, soil can either receive deposition
of atmospheric Hg0 or emit Hg0 depending on environmental
conditions (e.g., vegetation, temperature, solar irradiation, soil
moisture, microbial activities and ambient Hg0 concentration etc.)
(Zhu et al., 2016). Eckley et al. (2015) recently observed an elevated
soil Hg0 efflux after the closure of a large base-metal smelter in
Canada. The fate and mobility of the historic deposited Hg in the
surrounding of closed point sources is crucial for assessing reme-
diation options. Lack of knowledge concerning the behavior of
historic deposited Hg potentially hinders effective regulatory
measures to curb its impact on the local area.

In this study, wemeasured in situ near-ground Hg0 in air, air-soil
Hg0 flux and soil pore-gas Hg0 concentration, as well as soil Hg
contents and its stable Hg isotope ratios. The objectives of this
study are to: (1) quantify the historic Hg deposition to the soil
surrounding the closed industrial plant, (2) understand the spatial
characteristics of atmospheric Hg0 pollution and surface-air Hg0

flux after the closure of the industrial plant in an attempt to un-
derstand the fate of legacy Hg in the environment media after the
active release of Hg is stopped.
2. Experimental methods

2.1. Study area

The closed industrial plant (CIP), with integrated CAP and PVC
production sectors (N 24.90�, E 102.46�, 1850m a.s.l., Fig. 1A)
located in an industrial zone of ~7 Ha, 35 kmwest of Kunming City,
the capital of Yunnan province in Southwestern China. The CIP is
adjunct to the Anning city. The area subject to central Asia sub-
tropical weather with prevailing wind from the southwest direc-
tion. The annual mean precipitation and temperature are 1000 mm
and þ14.9 �C, respectively. Soils surrounding the CIP is typical
tropical latosol. Corresponding soil SiO2/Al2O3 and organic matter
content are 2.2e2.3 and 2%e3%, respectively (Tong et al., 2000).

Liquid elemental Hg and mercuric chloride were intentionally
used in the facility from 1962 to its permanent closure in April 2011
for caustic soda, chlorine and PVC production, respectively. In
March 2012, the natural agricultural surfaces surrounding the
closed industrial facility (up to a distance of 11.5 km) and historic
Hg contaminated sites (Hg cell room, brine sludge pile, and PVC
workshop) were investigated including the air-surface Hg0 flux and
spatial distribution of ambient Hg0 concentration via an integrated
campaign (Fig. 1B). In the electrolytic cells, liquid elemental Hg was
used as a cathode in the Castner-Kellner process (Kinsey et al.,
2004a; Ullrich et al., 2007) during the period 1962e1991. After
1991, the Hg-free ion-selective membrane technique was imple-
mented in separating sodium and chlorine electrolytically in the
former Hg-cell room (~3000 m2, Fig. 1C). The brine sludge, form by
dumping electrolytic solid waste from the previously Hg cell room,
was piled at the northeast side of the industrial zone, covering an
area of ~1.1 hectares. From 1971 to April 2011, the chlorine gas
produced by the CAP was used as feed for PVC production (~3� 104

tons yr�1) based on carbide processes. The position of the facility
for PVC production is indicated in Fig. 1C as well as the sampling
sites O1 and O2 in the administrative area located 420m and 640m
west of the former Hg-cell room.
2.2. Ambient Hg0 concentration and soil-air Hg0 flux measurement

Ambient air Hg0 concentration was measured at 12 sites,
including 5 bare agricultural fields (A1-A5, Fig. 1B), two adminis-
trative offices located within the plant boundary (O1 and O2), two
sites immediately inside and outside (<25 m distance) of the Hg-
cell room (CI and CO) and the PVC workshop (PI and PO), and one
at the base of piled brine sludge (BS, Fig. 1C). The ambient air Hg0 at
sites A1-A5, O1, O2, CI, and CO were measured using a Tekran®

2537B Hg vapor analyzer (cf. calibration details in the following
paragraph) for 24 h. The highly elevated ambient air Hg0 at PI, PO,
and BS were measured for 8 h during daytime with a Lumex® RA-
915 þ portable Hg vapor analyzer. The Lumex instrument was
calibrated by using the internal test cell prior to each sampling
period (Zhu et al., 2013b). Ambient air intake was positioned at
~50 cm above the ground except for the five flux sampling sites
(A1-A5, ~15 cm).

The bare soil surfaces at sites A1-A5 (Fig. 1B) located
0.75e11.5 km from the cell house were selected for Hg0 flux mea-
surement. At each site, Hg0 flux was continuously sampled for 24 h
using a semi-cylindrical quartz dynamic flux chamber (DFC, Ø
20 cm� 30 cm) coupled to a Tekran® 2537B instrument (Feng et al.,
2005; Fu et al., 2012; Fu et al., 2008; Zhu et al., 2013a; Zhu et al.,
2015a). Using a 3-way automated magnetic dual switching unit
(Tekran® Model 1110), the DFC inlet and outlet gas were sequen-
tially sampled into the Hg vapor analyzer at 10-min intervals (two
5-min samples, flow rate¼ 1.0 Lmin�1). Hg0 flux was calculated
according to:

F ¼ Q,ðCout � CinÞ
A

(1)

where F is Hg0 flux (ng m�2 h�1), A is the DFC footprint (0.06 m2), Q



Fig. 1. Map showing: (A) the location of the CIP, (B) ambient Hg0 concentration, surface soils and air-soil Hg0 flux sampling sites surrounding the CIP, (C) spatial distribution of the
Hg0 measurement sites at the vicinity of the CIP.
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is the flushing flow rate (0.9m3 h�1), Cout and Cin are the Hg0 con-
centrations of the DFC outlet and inlet gas samples, respectively. A
positive sign F represents emission and a negative sign F indicates
deposition. Considering that a long DFC turnover time (TOT) may
lead to an underestimation of Hg flux (Eckley et al., 2010; Lin et al.,
2012; Lindberg et al., 2002), a constant and relatively high flow rate
(15 Lmin�1, TOT¼ 0.32min) was applied in consistence with pre-
vious studies (Feng et al., 2005; Fu et al., 2012; Fu et al., 2008;Wang
et al., 2006; Zhu et al., 2011; Zhu et al., 2015a; b). A quartz tube filled
with dry soda-lime was assembled in front of the instrument gas
inlet to remove particles and acidic gases. Tekran® 2537B was
calibrated before the field campaign using manual injections of a
known amount of Hg0 vapor yielding a recovery of 97%e101%
(n¼ 4 for each of the two gold traps). In the field, the instrument
was manually calibrated using an internal Hg0 permeation source
before and after the sampling at each site. Prior to the field
campaign, the DFC was cleaned by 10% nitric acid followed by ul-
trapure water (18.2MU cm, Millipore Corp.). The DFC blank
(0.4± 0.7 ngm�2 h�1, n¼ 14) was found to be lowand not corrected
for in the reported flux (Eq. (1)). After Hg0 flux sampling, the sur-
face soils (~2 cm) covered in DFC footprint was collected for sub-
sequent total Hg content (THg) and Hg isotope ratios analysis in the
laboratory.

Parallel to Hg0 fluxmeasurement, synchronized 5-min averaged
meteorological data including solar radiation, air temperature, soil
temperature, wind speed, wind direction, relative humidity, and
soil moisture were recorded at each sampling site using a portable
weather station (HOBO U-30, Onset Corp., USA).
2.3. Measurement of soil pore gas Hg0 concentration

A 5-L cylindrical Teflon flask (20 cm height), with 2mm diam-
eter holes uniformly distributed (10mm distance between hole
centers) over its buried surface, was applied for measuring Hg0

concentration in soil pore gas (Fu et al., 2012). At each of the five
flux sampling sites, the Teflon flask was rammed into the soil
manually and allowed to equilibrate in the soil for ~12 h before the
sampling was initiated. The soil pore gas was continuously
extracted from the outlet of the Teflon flask at a low flow rate of
0.2 Lmin�1 using the 2537B instrument. The soil gas Hg0 was
concentrated for 10min on its internal gold cartridges and then
desorbed and analyzed. The measured soil gas Hg0 concentration
was relatively stable over time and found not discernibly correlated
with concentration fluctuations in ambient air, indicating air
intrusion into the soil was insignificant. It should, however, be
noted that the measured soil pore gas Hg0 in this study represented
a mixed Hg0 pool down to a depth of ~20 cm.
2.4. Measurement of soil total Hg concentration and Hg isotope
ratios

The surface soil samples (upper ~2 cm) at the five flux sampling
sites (A1-A5) were collected, stored in clean polyethylene bags and
transported to the lab together with soils collected at the other 9
sites (0e2 cm, VS1eVS9, Fig. 1B) representing various land use and
distances to the CIP. All soil samples were freeze-dried in the lab,
milled and sieved through 100 mesh, and stored in clean bags until
analysis. Soil THg was determined using a Lumex® RA-915 þ Hg
vapor analyzer coupled with a PYRO 915 þ pyrolysis atomizer (Zhu
et al., 2013a). Triplicated measurement of soil samples showed
96%e104% reproducibility. A certified soil material (GSS-5, Institute
of Geophysics and Geochemical Exploration, China) was used for
QA/QC. The measured THg concentration of GSS-5
(298.1± 11.7 ng g�1, n¼ 5) was within the specification of the
certified value of 290± 30 ng g�1.

To extract soil THg for Hg isotope ratio analysis, soil samples
(~0.2e0.5 g) were weighed and digested in 5ml of freshly prepared
aqua regia (HNO3:HCl¼ 1:3, v/v, high purity grade) kept at> 95 �C
in a water bath. Hg isotopes were measured by CV-MC-ICP-MS (Nu
Plasma, Nu Instruments, UK) following a well-established meth-
odology using sample-standard bracketing (SRM 3133, NIST, USA)
and Tl (SRM 997) addition for mass bias correction (Yin et al., 2010).
Digested sample and reduction reagent (SnCl2 solution) were
mixed online by a custom-made continuous flow cold-vapor gen-
eration and liquid-gas separation system (Lin et al., 2015). Before
analysis, a digested sample was diluted to a concentration of ~1 ng
Hg ml�1 in ~10% aqua regia for analytical consistency. The brack-
eting NIST SRM-3133 standards were prepared to closely match the
Hg concentration (<10% variability) and acid content of the
analyzed samples (Yu et al., 2016). The instrument was set to
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acquire data twice for Hg masses (198, 199, 200, 201 and 202) and
Tl masses (203 and 205) for one block (100 cycles and 6 s integra-
tion time per cycle). In parallel, UM-Almad�en was analyzed regu-
larly as a secondary standard. Hg isotope ratios are reported in delta
notation (dxxxHg, ‰) relative to the standard NIST SRM 3133:

dxxxHg ¼
� ðxxxHg=198HgÞsample

ðxxxHg=198HgÞSRM3133

�
� 1000 (2)

where xxx indicates the mass of isotopes 199, 200, 201, 202, and
204. d202Hg was used as the basis to assess mass-dependent frac-
tionation (MDF). In turn, mass-independent fractionation (MIF) is
calculated as follows (Bergquist and Blum, 2007):

D199Hg ¼ d199Hg�
�
d202Hg� 0:2520

�
(3)

D200Hg ¼ d200Hg�
�
d202Hg� 0:5024

�
(4)

D201Hg ¼ d201Hg�
�
d202Hg� 0:7520

�
(5)

The measured isotope ratios of UM-Almad�en (d202Hg¼�0.53
± 0.12‰, D199Hg¼�0.02± 0.09‰, D200Hg¼ 0.01± 0.04‰,
D201Hg¼ 0.04 ± 0.07‰, 2SD, n¼ 7) was in agreement with litera-
ture data (Blum and Bergquist, 2007) and measurements in our lab
(Liu et al., 2011; Yin et al., 2015; Yin et al., 2013; Yin et al., 2010; Yu
et al., 2016). It should be noted the reported individual sample
isotopic ratio uncertainty representing the larger standard devia-
tion (2SD) of either duplicate analyzed single soil digest or UM-
Almad�en measurement reproducibility in the whole session (Blum
and Bergquist, 2007).
Table 1
Statistical summary of air-soil Hg0 fluxes, air Hg0 concentration, Hg contents in soils and

Sites Distance
(km)

Hg0 flux (ng m�2 h�1) Hg0

(ng

Mean Std Range N
(Emission)

Day mean Night mean Mea

A1 11.5 15.1 28.2 �11.9e85.4 72(46) 31.7 �0.7 3.3
A2 6.5 26.9 43.5 �28.7e193.3 72(48) 52.2 1.7 4.2
A3 3.2 56.4 58.3 �0.8e219.4 72(71) 95.1 17.6 4.8
A4 1.8 64.2 82.1 �23.6e345.0 72(56) 119.6 8.7 6.9
A5 0.75 348.2 364.5 �141.2e1052.0 72(65) 620.4 55.4 10.5

Table 2
Total Hg concentration and isotope signatures of surface soils in the vicinity of the closed
measurement reproducibility of single soil digest and the UM-Almad�en standard.

Samples ID Distance THg
(ng g�1)

d202Hg
‰

2s
‰

D199Hg
‰

km

A1 11.5 67 �2.11 0.12 �0.05
A2 6.5 153 �1.92 0.12 �0.22
A3 3.2 240 �1.73 0.12 �0.06
A4 1.8 307 �1.49 0.12 0.01
A5 0.75 686 �0.40 0.12 �0.07
VS1 6.2 163 �1.74 0.12 �0.12
VS2 1.9 660 �0.75 0.12 �0.07
VS3 1.4 720 �1.04 0.12 �0.07
VS4 1.4 437 �1.07 0.12 �0.04
VS5 1.1 1304 �0.39 0.12 �0.09
VS6 1.0 980 �0.07 0.12 �0.11
VS7 0.6 552 �0.88 0.12 �0.02
VS8 0.4 4790 0.11 0.12 �0.03
VS9 0.3 1070 0.72 0.12 0.00
AMD �0.53 0.12 �0.02
3. Results and discussion

3.1. Spatial distribution of soil THg and ambient Hg0 concentrations

The THg concentrations in soils from 14 sampling locations with
various distances to CIP are presented in Tables 1 and 2. Overall, soil
THg displays an increasing trend from the most distant site A1 at
11.5 km towards the CIP area (Table 2). Hg concentration in soils
near the CIP is up to 2 orders of magnitude higher than the local
background, reflected in the concentration range from 67 ng g �1 at
11.5 km to 4790 ng g �1 outside of the cell house (0.4 km). The
spatial trend in soil THg with distance is approximated with an
exponential decay fit of [THg]¼ 3631$exp(-1.5$d) þ 176 (r¼ 0.64,
p¼ 0.06, n¼ 14), where d and [THg] represent the distance (km)
from the CIP Hg-cell house and soil THg concentration (ng g�1),
respectively. Similar trends have been observed near CAPs and
other anthropogenic point sources (e.g., Pb/Zn smelters), which is
linked to the cumulative deposition of emitted Hg (Estrade et al.,
2011; Grangeon et al., 2012; Li et al., 2013; Li et al., 2011). The ca-
pacity of soils to retain deposited Hg over time is controlled by a
multitude of soil factors (e.g., organic matter, moisture, alkalinity)
(Biester et al., 2002; Cachada et al., 2009; Hissler and Probst, 2006;
Sommar et al., 2016). In this study, a substantial variation of up to
2.3 times of magnitude in soil THg concentration was observed for
the approximately equidistant sites A4, VS3 and VS4 from the CIP.
Meanwhile, higher Hg was accumulated in the organic grove soil
(VS2) than the bare soil (VS4), although VS4 was closer to the point
source.

After the closure of the point Hg source, the near-ground at-
mospheric Hg0 concentration from A1 to A5 gradually increase
from distant site (A1) towards the abandoned CIP. The diel mean
averaged meteorological parameters in the field measurements.

concentration
m�3)

Soil THg
(ng g�1)

Meteorological parameter

n Std Range Solar
radiation
(W m�2)

Air Humi
(%)

Soil temp
(�C)

Wind speed
(m s�1)

Wind
direction
(�)

0.5 2.5e4.6 67 206 55.9 15.9 2.48 88.5
0.7 3.3e6.1 153 243 66.1 18.0 4.47 175.5
1.9 3.2e10.8 240 218 53.0 17.2 2.65 205.4
2.4 3.7e11.9 307 190 66.7 16.8 1.20 106.5
2.8 6.1e19.8 686 203 68.9 18.1 1.54 98.9

industrial plant, and UM-Almad�en reference (AMD, n¼ 7). The 2s represented the

2s
‰

D200Hg
‰

2s
‰

D201Hg
‰

2s
‰

Classification

0.05 0.00 0.05 �0.06 0.07 Agricultural land
0.05 �0.01 0.05 �0.22 0.07 Agricultural land
0.05 �0.04 0.05 �0.11 0.07 Agricultural land
0.05 �0.02 0.04 �0.03 0.07 Agricultural land
0.05 0.00 0.04 �0.09 0.07 Agricultural land
0.05 0.01 0.04 �0.12 0.07 Grove soil
0.05 �0.01 0.04 �0.09 0.07 Grove soil
0.05 �0.02 0.04 �0.07 0.07 Agricultural land
0.05 �0.04 0.04 �0.04 0.07 Bare soil
0.05 0.08 0.04 �0.09 0.07 Agricultural land
0.09 0.01 0.04 �0.11 0.07 Orchard
0.05 0.00 0.04 �0.04 0.07 Wet paddy
0.05 0.00 0.04 �0.02 0.07 Grassland
0.05 0.01 0.04 0.01 0.07 Agricultural land
0.05 0.01 0.04 �0.04 0.07
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ambient Hg0 increased from 3.3 ngm�3 at A1 (11.5 km) to
10.5 ngm�3 at A5 (0.75 km) (Table 1 and Fig. 2, p< 0.001 for mean
values between all five sites, one-way ANOVA post hoc Turkey
multiple comparison), which corresponds to the soil THg contents
(Fig. 2B). Ambient Hg0 concentration at the farthest 11.5 km away
from the CIP of 3.3 ngm�3 was over 50% magnitude higher than the
regional background concentration (Ailao Mt., ~2.1± 0.6 ngm�3)
(Zhang et al., 2016a). O1 and O2 located in the west of the CIP, with
a similar distance from A5 to the closed Hg-cell-room, have a
comparably elevated ambient Hg0 concentration (Fig. 2A). Mean-
while, measurements of ambient air Hg0 inside and outside the CAP
Hg-cell room (mean: 212 and 35.4 ngm�3, respectively) and PVC
workshop (2668 and 188 ngm�3), near-ground air above brine-
sludge waste pile (620 ngm�3) exhibited highly elevated Hg0

concentration, at 1e3 orders magnitude higher than the values
measured in natural areas immediately outside the CIP (e.g., A5,
�10 ngm�3). This suggests that the CIP site remained a strong Hg0

emission source. There is a lack of data documenting Hg0 pollution
Fig. 2. (A) Box and whisker plot of Hg0 concentration observed at the sites at the vi-
cinity of and within the CIP. The two box horizontal border line represent 25th and
75th percentiles, the whisker indicate 10th and 90th percentiles, and the outliers
indicate 5th and 95th percentiles. Solid black line and bold red dash line in the box
indicate median and mean. A1 to A5 represent the five vicinity natural soil surfaces, O1
and O2 represent two sites located in the administrative-office area of industrial plant
(cf. Fig. 1c), CO and CI represent the outdoor and indoor of the closed Hg-cell room, PO
and PI represent the outdoor and indoor of closed PVC workshop, and BS represents
measurement above the brine sludge waste pile. (B) The relationship between ambient
air Hg0 concentration and the surface soil THg concentration, in-situ daily averaged
(±SD) Hg0 flux. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
during active operation of CAP in China, yet Southworth et al.
(2004) reported a 2e3 orders magnitude elevated gaseous Hg0 in
the cell room (130± 20 mgm�3) and at a distance of 500 m
(100e1000 ngm�3) from an active CAP in the US. The average air
Hg0 concentrations at PI (2.7 mgm�3) and PO (0.2 mgm�3) were
much lower than an operated PVC workshop located in Central
China of 10e15 and 5 mgm�3, correspondingly (Ren et al., 2014).

The highly elevated Hg0 concentration in the CIP and the con-
centration gradient of air Hg0 demonstrate that the closed facility
remained a Hg emission/diffusion source. The source caused events
of elevated ambient Hg0 during nighttime at site A5, yielding
ambient Hg0 concentration up to 20 ngm�3 accompanied with a
low air-soil Hg0 flux. The strongly positive correlation between
ambient Hg0 and soil THg concentration and soil-air Hg0 flux
(Fig. 2B) suggests that the re-emission of the deposited Hg accu-
mulated over time also contributed to the elevated atmospheric Hg
measured in the area surrounding the CIP (c.f. discussion in 3.3).

3.2. Historic sources of THg recorded in contaminated soil

The isotope compositions of soil Hg in the surface soil samples
collected during the campaign are presented in Table 2. The MDF
varied in a large range (d202Hg¼�2.11‰ to 0.72‰) and displayed
an increasing enrichment in heavier isotopes from background
(lower THg) to contaminated soil (Higher THg). The soil samples
displayed a narrow range of near-zero MIF (D199Hg¼
¼�0.07± 0.06‰, 1SD; D200Hg¼ 0.00‰± 0.03‰, 1SD; n¼ 14).

Multiple processes including Hg(II) reduction and leaching have
been reported to cause MDF and MIF of Hg isotopes in different
environmental media (Jiskra et al., 2015; Washburn et al., 2017; Yin
et al., 2013, 2015). Reduction of Hg(II) through photo and dark
pathways mediated by organic matter leads to substantial MIF
(Bergquist and Blum, 2007; Zheng and Hintelmann, 2010). Only
three soil samples (A2, VS1 and VS6) displayed significant negative
MIF (D199Hg��0.10‰) in this study. Substantial Hg0 emission flux
from soil near CIP was observed (Table 1). The observed Hg0 flux
was highly correlated with solar radiation (section 3.3), implying
light induced Hg(II) photochemical processes (e.g., photoreduction
or reduction triggered by photochemically formed reactive in-
termediates) played an important role. The D199Hg/D201Hg ratio
exhibited a slope of 0.969, consistent with magnetic isotope effect
induced fractionation during Hg(II) photoreduction (Bergquist and
Blum, 2007). However, both 199Hg and 202Hg would be progres-
sively enriched in soil as the photochemically driven Hg0 evasion
proceeds. Therefore, the negative MIF signals should be inherited
from Hg sources prior to deposition. Previous studies have docu-
mented that surface soil can preserve the isotopic fingerprints of Hg
sources (Estrade et al., 2011; Feng et al., 2013; Zhang et al., 2013).
The sporadic observed MIF variation was likely stemmed from
additional contribution such as background atmospheric Hg0. The
regional background atmospheric Hg0 pool was reported as
d202Hg¼ 0.52± 0.30‰ and D199Hg¼�0.18± 0.03‰, whilst corre-
sponded litterfall constituted d202Hg¼�3.03± 0.28‰ and
D199Hg¼�0.40± 0.08‰ (Yu et al., 2016), in line with the observed
MIF value at low THg site A2. Soil samples from A2, VS1 and VS6 are
located in agricultural, grove and orchard lands with substantial
vegetative biomass production. Uptake of atmospheric Hg0 by
vegetation could have contributed to the observed negative MIF in
the soil samples.

Fig. 3 shows the MDF in soil THg (d202Hg) against 1/[THg]. An
inverse linear relationship (r2¼ 0.72) was obtained except for the
samples collected at A1, A2 and VS1, suggesting that Hg isotopic
composition was caused by the binary mixing of two distinct
sources (Foucher et al., 2009). The Hg pollution source from the CIP
operation can be characterized as d202Hg¼ 0.27‰ (1/[THg]/ 0). It



Fig. 3. Plots and correlation between mass dependent fractionation (d202Hg ± 2SD) of
Hg in natural vicinity surface soils and 1/[THg].
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should be noted that the d202Hg endmember representing indus-
trial Hg source may consist of multiple sources in the CIP (liquid Hg
used in the CAP and Hg(II) used in the PVC sector). Subsequent
fractionation caused by volatilization and deposition processes
potentially altered the initial source signature during transport to
the surface soils. Despite THg concentration in A1, A2 and VS1
varied by a factor of 3, the THg isotopic composition did not show
significant variation and thus can be assigned as the regional
background source signatures (d202Hg¼�1.92± 0.18‰, n¼ 3,
6< 1/[THg]< 16). Slight scatter along the regression was observed,
for example, d202Hg of VS9 was significantly higher than the linear
relationship projected industrial source isotopic signature. VS9 was
the closest to the CIP where other sources such as surface runoff
might also be of contribution, which was distinct from predomi-
nant atmospheric originated deposition of Hg at other sites, and
Fig. 4. Binary Hg isotope model estimated fractions of chlor-alkali industry and region
therefore this sample is not relevant to decide the binary source
mixing. The binary isotope mass balance model estimating the
relative sources contribution can be expressed as:

Xcontd
202Hgcont þ Xnatd

202Hgnat ¼ d202Hgsoils (6)

Xcont þ Xnat ¼ 1 (7)

where Xcont and Xnat are the fractions of Hg originated from in-
dustrial contaminant and regional background sources, respec-
tively. d202Hgcont and d202Hgnat are above discussed two
endmembers.

Themodeled sources contribution along the distance away from
the CIP were presented in Fig. 4. As expected, Hg input from the
industry plant to soil decreased with the increasing distance from
the CIP and was predominant within a 6.5-km radius. Soil samples
collected outside (e.g., A1 and A2) show a strong influence by
background sources. Within 2 km, the dominant source in soil was
caused by the industry plant, as evidenced by the VS8 and VS9 data
(>95% is of industrial source origin).
3.3. Hg0 flux from soil in the vicinity of the closed industry plant

The daily average Hg0 flux from the background agricultural soil
(i.e., A1 and A2) ranged from 15.1 to 26.9 ngm�2 h�1 during the dry
spring season (Table 1). The Hg0 flux is comparable with observa-
tions at agricultural sites in Chongqing (46.5± 22.8 ngm�2 h�1)
and Guizhou (16.5 ngm�2 h�1) in Southwest China (Feng et al.,
2005; Zhu et al., 2011). However, Hg0 flux was progressively
increased from A3, A4, to more than one order of magnitude higher
at A5 (348.2 ngm�2 h�1), corresponding to the gradually increased
soil Hg caused by the industry plant pollution.

Previous studies have shown that soil Hg contents control Hg0

evasion under comparable meteorological conditions (e.g., solar
radiation and soil temperature) (Feng et al., 2005; Gustin et al.,
1999; Lin et al., 2010; Wang et al., 2005). The measured Hg0 flux
al background Hg sources contribution in surface soils at the vicinity of the CIP.



Fig. 6. Box and whisker plot of soil pore-gas Hg0 concentrations at the flux sampling
sites. Two box horizontal border lines indicate 25th and 75th percentiles, whisker
indicate 10th and 90th percentiles, and circles indicate outliers. Solid black line and red
short line in the box indicate median and mean concentration. Inlaid is a plot of soil
pore-gas Hg0 concentrations versus average diel Hg0 flux (error bar denotes ±SD). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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from soil exhibited a similar diurnal feature, with significantly
higher evasion during daytime and lower flux at nighttime (Fig. 5).
The daytime flux was correlated with solar radiation
(r2¼ 0.77e0.91, p< 0.001) and soil temperature (r2¼ 0.60e0.92,
p< 0.001), indicating the role of photoreduction (Gustin et al.,
2002) and the enhanced evasion driven by higher temperature
(Lin et al., 2010). At the background sites A1 and A2, the nighttime
flux was near zero and remained relatively stable over time, in
agreement with nighttime flux measured elsewhere (Zhu et al.,
2016). Significant nighttime evasion was observed at the polluted
sites A3, A4 and A5, possibly caused by the intensive daytime
photo-reduction that formed Hg0, which was continuously des-
orbed and released from soil (Eckley et al., 2015). The observed Hg0

in soil pore gas was also elevated at these industrial polluted sites
(A3, A4 and A5) compared to the regional background sites (A1 and
A2) (p< 0.001, one-way ANOVA, Fig. 6). This indicates that the
contaminated soil is likely associated with higher concentrations of
loosely-bound soil Hg0, corresponding well with the overall higher
average diel Hg0 flux. In contrast to the vertical depletion of soil gas
Hg0 versus atmospheric Hg0 measured in two US forests in the
Sierra Nevada mountains (Obrist et al., 2014), the consistently
higher levels of soil pore gas Hg0 relative to near-ground ambient
Hg0 suggests that the soil column (down to ~20 cm) represents a
diffusive source of Hg0 to the atmosphere. However, the soil pore
gas Hg0 was not simply depended on the soil Hg content, as indi-
cated by the statistically similar values observed at the sites within
both polluted (A3, A4 and A5) and background (A1 and A2) groups.
Fig. 5. Diurnal patterns of Hg0 fluxes, solar radiation, soil temperature and near-ground amb
of Hg0 flux and ambient Hg0 concentration for upper and lower panels).
Factors such as redox potential, temperature, organic matter, etc.,
could have also influenced the measured Hg0 concentrations in soil
pore gas (Moore and Castro, 2012).
ient Hg0 from the vicinity agricultural soil surfaces (Note the difference in Y-axis scales
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The air Hg0 concentration near soil surface displayed a signifi-
cant correlation with the averaged Hg0 flux and soil Hg content
(Fig. 2B), consistent with the observation at a closed point Hg
source in Canada (Eckley et al., 2013). However, we did not observe
a significant correlation between instantaneous Hg0 flux and Hg0

concentration at all sites. The daytime ambient Hg0 at the polluted
sites A3 and A4 was higher than the nighttime Hg0 concentration,
whereas substantially higher Hg0 was observed during nighttime at
a relatively nearby site A5 (Fig. 5). It is known that ambient Hg0

concentration suppressing Hg0 flux, as reflected by the large
deposition event at site A5 (�141.2 ngm�2 h�1). This suggests that
the re-emitted Hg0 could have contributed to the near-ground Hg0

concentration at A3 and A4, while the atmospheric transport of Hg0

from the CIP controlled the Hg0 concentration at A5.
3.4. Evidence of reemission of legacy Hg deposition

During the 5-decade of active operation, the wet and dry
deposition of Hg enhanced by the industry plant to the surrounding
area greatly increased soil THg concentration [from �150 to
4790 ng g�1]. Although the rainwater and ambient gaseous/partic-
ulate Hg(II) concentration was not available when the plant was in
operation, previous studies have showed that closure of point Hg
emission source effectively reduces Hg(II) wet and dry deposition
by a factor of 3 to an order of magnitude for Pb/Zn smelters and
coal-power plants (Eckley et al., 2013; Rothenberg et al., 2010). The
elevated ambient Hg0 concentration caused by the immediate
emissions during operation of the point Hg source suppressed air-
surface Hg0 exchange resulted in net deposition of Hg0 and soil
contamination (Eckley et al., 2015). Similar processes should also
occur at this site for 5 decades. Therefore, after the closure the CAP
and PVC production activities, a strong net reemission of previously
deposited Hg into the atmosphere was evident.

Hg0 efflux typically increases with increasing soil Hg content,
either linearly (Lin et al., 2010) or exponentially (Agnan et al., 2016).
Given the available data observed in this study, the daily average
Hg0 flux is linearly correlated to industrial-originated Hg content
(as estimated in Fig. 4). Fig. 7 shows the correlation between soil Hg
from industrial sources and the average Hg0 flux measured at the
site. The intercept of the regression analysis suggests an average
background emission of Hg0 at � 30 ngm�2 h�1. The daily average
Fig. 7. Relationship between observed Hg0 flux and estimated industrial source Hg in
soils. Shaded area represents the estimated Hg0 emission from regional background
source Hg, the upper parts represents reemission of Hg originated from the industrial
source.
Hg0 reemission rate contributed by the industrial plant was esti-
mated to be 0.63[Hgcont] ng m�2 h�1 (Fig. 7). Using the regression
relationship (Hg0 flux¼ 0.63[Hgcont] þ 29.9), Hg0 flux contributed
by the industrial sources outside the CIP was estimated. The daily
mean Hg0 re-emission flux calculated as the difference between the
model-estimated background flux and the observed flux was up to
~2700 ngm�2 h�1 at site VS8 of highest soil THg. Although signif-
icant uncertainty may exist in the estimate due to limited data in
establishing the correlation coefficient, the magnitude of ree-
mission flux over soil was as large as those measured over
geologically enriched mines (Eckley et al., 2011; Gustin et al., 2003;
Wang et al., 2005; Zhu et al., 2016). This suggests that the natural
surfaces surrounding a closed facility can be activated as a strong
diffused nonpoint source of Hg0 emission similar to those found
over typical Hg enriched mine surfaces.

4. Conclusions and implications

Through comprehensive observation of in-situ Hg0 flux, THg
concentration and stable Hg isotope ratios analysis, it has been
found that the CAP/PVC facility after closure sill represented a
strong emission source from the Hg-containing wastes and previ-
ously deposited Hg. Hg released from the plant was gradually
accumulated in the natural area surrounding the closed industrial
facilities (up to 6.5-km radius range). After closure, the plant and its
remaining Hg wastes (i.e., electrolysis sludge and Hg-catalyst
waste) still represent strong sources releasing Hg to the sur-
rounding natural area. Meanwhile, the nearby 6.5-km natural soils
reemit the previous deposited legacy Hg to the atmosphere with a
magnitude as large as geological enriched surfaces.

Reducing Hg emission from large point sources by improving
the technology or closing the source is expected as required by the
Minamata Convention. For example, China has replaced high-Hg
catalyst with low-Hg catalyst technology and implemented effec-
tive Hg emission reduction in the PVC industry (Lin et al., 2016). The
continued Hg0 emission from legacy Hg deposition caused by the
closed industrial facilities could be overlooked and requires atten-
tion. It is therefore important that future studies on Hg inventory
devote attention to natural surfaces surrounding contaminated
sites since its Hg evasion flux can be up to 2e3 orders of magnitude
higher than the background soil surfaces after the closure of point
sources.
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