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A B S T R A C T

Barium (Ba) is a non-essential and toxic element. In China, intensive Ba mining and Ba salt manufacturing have
led to sharp increases in Ba in the environment, but little information is available regarding Ba concentrations in
paddy soil and rice. The total concentrations and phytoavailability of Ba in paddy soils and paired rice samples
collected from the world's largest Ba mine in Dahebian, Tianzhu, Guizhou Province, southwestern China, were
investigated. Risk assessments of Ba exposure via rice consumption were also evaluated. The results indicated
that extremely high Ba concentrations existed in paddy soils, ranging between 518mg/kg and 65,760mg/kg,
which demonstrated severe Ba contamination, as expected. The concentrations of rice Ba varied from 0.10 to
3.5 mg/kg, and a significantly positive correlation (r= 0.51, p < 0.05) between rice Ba and water-extractable
Ba was observed, suggesting that water, rather than weak acid (0.43M CH3COOH), chelating agents (DTPA) or
neutral salts (0.1 M NaNO3, 0.01M CaCl2 or 1M NH4OAc), is a suitable extractant for predicting the phytoa-
vailable Ba in the studied soils. Risk assessments showed that residents experienced low Ba exposure via rice
consumption when considered in isolation of other sources in this study area.

1. Introduction

Barium (Ba) is a dense alkaline earth metal that is located in Group
IIA of the periodic table and displays similar behavior to calcium (Ca)
and magnesium (Mg) (Choudhury and Cary, 2001). Barium is con-
sidered to be a non-essential element for organisms and is harmful to
animals and plants (Lamb et al., 2013). Barium exposure may cause
multiple deleterious effects in animals, including damage to the cardi-
ovascular, renal, respiratory, hematological, nervous, and endocrine
systems (Çanlı, 2018; Ohgami et al., 2012; Perry et al., 1989), even-
tually resulting in cardiovascular and kidney diseases, metabolic, neu-
rological, and mental disorders, and even death (Kravchenko et al.,
2014). Thang et al. (2011, 2015) observed cancer-promoting effects on
human precancerous keratinocytes and the constitutive malignancy of
HaCaT keratinocytes upon exposure to 687 μg/L Ba2+ solution. Yajima
et al. (2012) reported that Ba might promote arsenic's carcinogenic
effects by modulating the balance between arsenic-mediated promotive
and suppressive apoptotic pathways and thus inhibiting arsenic-

mediated cancer apoptosis. Pa Ping disease, which broke out in the
region of Kiating, Sichuan Province, China, during the 1930s, was a
fatal Ba poisoning accident that occurred because residents consumed
salt contaminated with BaCl2 (Bowen et al., 2010; Xu, 2008).

Barium compounds in the environment include BaSO4, BaCO3,
BaHCO3, BaNO3, BaCl2, BaCl+, BaOH+, BaF−, BaB(OH)4+, Ba2+, and
Ba(CH3COO)2 (McGrath et al., 1989). The toxicity of a Ba compound is
significantly related to its solubility, and the more soluble the com-
pound is, the more toxic it is. Barium chloride is more toxic than barium
carbonate owing to its high water solubility (Kravchenko et al., 2014;
Kresse et al., 2007). Although barite has low solubility, it can still re-
lease amounts of Ba2+ in negatively charged soil colloids, posing a
potential toxicity risk to plants and invertebrates (Lamb et al., 2013).
Recently, Abbasi et al. (2016) found that barite-contaminated soils can
release Ba in gastric solution and eventually pose health risks to biota.

Barium ore mining and refining, as well as Ba salt manufacturing,
are the major anthropogenic sources of Ba (Choudhury and Cary,
2001). During the last 40 years, Ba compounds have been widely used
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in industrial and medicinal fields, including applications in the petro-
leum industry, the steel industry, and as an agent for gastrointestinal
(GI) tract radiography (Kravchenko et al., 2014). Significant quantities
of Ba have been introduced into the environment, which is associated
with an increasing public awareness of the risk of Ba exposure (ATSDR,
2007). Given the widespread use of Ba and rapid urbanization, Ba
pollution has become a potential environmental issue. The USEPA
(2002) reported that more than 150,000 people in the USA are exposed
to Ba at levels higher than the limit of 2000 μg/L in drinking water.

Chemical extraction is a commonly applied method for estimating
bioavailable or phytoavailable pollutants in soils; such availability is
the major concern related to the uptake and accumulation of pollutants
by plants and biota (Chavez et al., 2015). The commonly used ex-
tractants for the bioavailable forms of heavy metals are usually oper-
ationally defined by various laboratory extraction procedures and in-
clude water, weak acid (CH3COOH), neutral salts (CaCl2, NaNO3 and
NH4OAc), and chelating agents (Ethylene Diamine Tetraacetic Acid and
Diethylene Triamine Pentaacetic Acid) (Quevauviller, 1998; Rauret,
1998; Séguin et al., 2004; Menzies et al., 2007; Zhang and Young, 2010;
Zhang et al., 2010; Kowalska et al., 2012; Beckers and Rinklebe, 2017).
These extractants can supposedly quantify the so-called bioavailable or
phytoavailable fraction in soils and have mainly been applied to the
study of cadmium, mercury, arsenic, zinc, and copper. Generally, the
soil total Ba content provides a poor prediction of phytoavailability
(McBride et al., 2014); however, abnormally high concentrations of Ba
have been reported in vegetation growing in Ba mining areas (Reddy,
2010). Hence, under certain conditions of elevated total Ba in soils from
Ba-mining areas, the evaluation of the phytoavailable fraction of Ba is
of great concern.

China produces the most Ba in the world, and its output of Ba be-
tween 1990 and 2016 occupied approximately 50% of the global total
(USGS, 2017). The major Ba mines, Dahebian, Gongxi, and Banbi, are
located in Guizhou, Hunan and Guangxi provinces, respectively, among
which the Dahebian Ba mine is the largest and is located in Tianzhu
County, Guizhou Province, southwest China. Guizhou Province is also
the producing center of Ba-related chemical compounds, namely, Ba
salts. Intensive Ba mining and Ba salt manufacturing have released
large amounts of Ba into the surrounding environment, resulting in
elevated concentrations of Ba in the water (Lu et al., 2017). The anoxic
conditions in flooded soils favor the activity of sulfate-reducing bacteria
(SRB), which are able to obtain sulfate from barite, which causes Ba2+

release (McCready, 1980; Phillips et al., 2001). Since rice is a staple
food for residents and rice farming and Ba mining coexist in the region,
flooded cultivation generates a favorable environment for the activities
of SRB, which in turn cause elevated Ba2+ in soils, which might result
in the accumulation of Ba in rice. However, few studies have focused on
the characteristics of Ba in rice that is grown in heavily Ba-con-
taminated soils.

To understand Ba concentrations and phytoavailability in the soil-
rice system and the health risk of Ba exposure through rice consump-
tion, we selected paired paddy soils and rice in the district of the world's
largest Ba mine in Dahebian for investigation. The goals of this study
were to 1) elucidate Ba accumulation and distribution in soil-rice sys-
tems, 2) evaluate commonly used extractants for predicting the phy-
toavailable Ba in soils used to grow rice, and 3) assess the potential
health risk to the local population of rice Ba exposure. This is the first
investigation on Ba concentrations, bioavailability, and risk assess-
ments in soil-rice ecosystems impacted by Ba mining and manu-
facturing activities.

2. Materials and methods

2.1. Description of study area

Tianzhu (N: 26°41′-27°09′; E: 108°54′-109°36′) is located in eastern
Guizhou Province, southwest China, covering an area of 2201 km2.

Tianzhu has a subtropical humid monsoon climate. The annual average
precipitation is 1280mm, and the average annual temperature is 16 °C
(www.tianzhu.gov.cn). The major river flowing through the Ba mining
area is the Jianjiang River, with the Mibei, Langjiang, and Fuluo rivers
as tributaries. The aquatic system belongs to the Yuanjiang River, which
is a tributary of the Yangtze River. In this region, rice is the main cereal
crop, and its planting area was 22,175 ha in 2016. Irrigation water is
obtained from local aquatic systems.

Tianzhu is the largest Ba mining and Ba salt manufacturing area in
China. Ba mining activities began in the 1950s.The Ba deposit type is
sedimentary (Li, 2004), and the primary ore is barite combined with
minor dolomite and calcite. The gangue minerals are mostly quartz,
illite, potash feldspar, and pyrite (Hou et al., 2014). The largest Ba mine
in Tianzhu, known as the Dahebian Ba mine, lies in the village of Da-
hebian, which is approximately 15.5 km north of Tianzhu Town. The
Dahebian mine is located upstream of the Fuluo River, which receives
the mine drainage introduced by the intensive Ba mining activities.

Tianzhu is also the center of Ba salt manufacturing in China. Four
large Ba salt plants, the Liuhe Chemical Plant (LH), Jiujia Chemical
Plant (JJ), Xingfa Chemical Plant (XF) and Haohua Chemical Plant
(HH), are located in this region. Among these plants, LH, JJ and XF are
distributed in the village of Bangdong, which is approximately 8.0 km
north of Tianzhu Town. HH is located approximately 3.6 km east of
Tianzhu Town. LH, JJ and XF are located downstream of the Fuluo
River, and their wastewater discharges into the river. The HH Ba salt
plant is located downstream of the Jianjiang River, and its smelting
wastewater discharges directly into the Jianjiang River.

2.2. Sample collection and preparation

A total of 82 rice grain samples and their paired paddy soils, taken
from the roots, were collected from the study area during the harvest
seasons in 2016 and 2017 (Fig. 1). Rice grain samples were individually
sealed in clean polyethylene bags in situ. Soil samples were placed into
clean polyethylene bags to avoid cross-contamination. All collected
samples were labeled and transported to the laboratory for processing.

For rice, whole grain samples were freeze-dried (EYELA model FDU-
1100; Japan) and then separated into hull, bran, and polished parts
(white rice). The white rice was ground to 150 mesh (IKA-A11; IKA,
Germany) for Ba measurements.

The soil samples were freeze-dried, ground with a mortar and
pestle, and then filtered with a 200-mesh sieve. Gravels and plant re-
sidues were removed before grinding. The ground samples were kept in
sealed clean polyethylene bags. Among all of the soil samples, twenty
one soil samples collected from three zone types, MZ, FZ, and RZ
(Fig. 1), were selected for the extraction of Ba by different extractants.
MZ was impacted by intensive Ba mining, and FZ was impacted by Ba
salt chemical plants. RZ, which is approximately 20 km south of the
Dahebian Ba mine, was selected as a control site.

2.3. Sample analysis

2.3.1. Soil
2.3.1.1. Pseudo-total Ba. Soil samples (0.05 g) were acid-digested in a
Teflon crucible with a mixture of concentrated subboiling ultrapure
HNO3 (3mL, Sinopharm Chemical Reagent Company, China) and HF
(1mL, Guaranteed reagent, Sinopharm Chemical Reagent Company,
China) in an oven at 160 °C for 48 h. Then, HNO3 (1mL) was added to
the Teflon crucible and heated until complete evaporation of the
solution occurred. Then, deionized water (2 mL) and HNO3 (3mL)
were added to dissolve any residues. The digestion solution was
transferred to a 15mL centrifuge tube. Approximately 10mL of
diluted digestion solution was analyzed by inductively coupled
plasma atomic emission spectroscopy (ICP-OES; Wasst-mpx, USA) to
determine the Ba concentration.
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2.3.1.2. Phytoavailable Ba. A total of six different extractants (DTPA,
0.43M CH3COOH, 0.1 M NaNO3, 0.01M CaCl2, 1M NH4OAc and H2O)
were applied to extract Ba in soils for evaluation of the phytoavailable
fraction. The detailed extraction procedures are described in Table S1.
The suspensions were shaken in a reciprocal shaker. The solution and
the solid phase were separated by centrifugation at 3400×g for 20min.
The supernatant was removed and preserved in borosilicate glass for Ba
analysis. Approximately 10mL was collected from each extract to
measure the Ba concentration by ICP-OES using a process similar to
that used for pseudo-total Ba.

2.3.1.3. X-ray diffractometry. The minerals in the soils were identified
via X-ray diffractometry (XRD) analysis. The XRD data were collected
on a Panalytical multifunction X-ray diffractometer (Model: Empyrean,
Malvern Panalytical Ltd., United Kingdom) equipped with an Anton
Paar high-temperature accessory (APHTK-16N) and a 3D PIXcel
detector. The XRD measurements were performed in a 2θ range of
4.1°–60° in continuous scanning mode with a 0.026° step size and a
counting time of 35 s per step. The working voltage and current were
40 kV and 40mA, respectively.

2.3.1.4. Soil pH and organic matter. Soil pH was measured by
transferring a 5 g soil sample into 12.5 mL of deionized water (The
Ministry of Agriculture of the People's Republic of China, 2007) and
then analyzing the pH by a pH meter (Leici ZD-2; Shanghai, China). The
potassium dichromate oxidation spectrophotometric method was used
to measure the organic matter (OM) content of the soil (Ministry of
Environment Protection of the People's Republic of China, 2011).

2.3.2. Rice Ba analysis
White rice (0.2 g) was placed into a Teflon crucible with 3mL of

HNO3. Then, the crucible was sealed in a stainless-steel container and
heated in an oven at 150 °C for 6 h. After the digestion solution cooled,
2mL of H2O2 (Guaranteed reagent, Sinopharm Chemical Reagent
Company, China) was added, and the solution was heated until

complete evaporation occurred. Deionized water (3 mL) and HNO3

(2mL) were added into the Teflon crucible for another 5 h of digestion.
The digestion solution was transferred to a 15mL centrifuge tube.
Approximately 10mL of diluted digestion solution was measured by
inductively coupled plasma mass spectrometry (ICP-MS, Agilent HPLC
1290–7700x, USA).

2.4. Quality assurance/Quality control

Duplicates, method blanks, matrix spikes and certified reference
materials (GSS-5, yellow red soil, Institute of Geophysical and
Geochemical Exploration, Chinese Academy of Geological Sciences;
GBW10020, citrus leaf, Institute of Geophysical and Geochemical
Exploration, Chinese Academy of Geological Sciences) were employed
for quality assurance and quality control of the Ba analysis. The relative
difference in Ba between duplicate soil samples was less than 7.5%. For
the analyzed soil reference material (GSS-5), the recovery ranged from
89% to 102%. For rice samples, the relative percentage difference was
less than 10%. The Ba concentration in the certified reference material
(GBW 10020) was measured, with a recovery ranging from 98% to
103%. The recovery of the matrix spikes ranged from 80% to 115%.
During the analysis process, a diluted standard stock solution (ICP-MS-
04N-0.1X-1, AccuStandard) was measured for every 20 samples, and
the recovery ranged from 99% to 100%.

2.5. Health risk assessment

The daily intake of Ba via rice consumption and its potential health
risk to residents were calculated using the estimated daily intake (EDI)
and hazard index (HI). In this study, an average daily rice intake of
0.6 kg/day and an average bodyweight of 60 kg were adopted, ac-
cording to the Guizhou Statistical Yearbook (BGS, 2007). The oral re-
ference dose (RfD) value of 0.2 mg/kg BW/day was that recommended
by the USEPA (2013). The EDI and HI were calculated as follows:

= ×EDI C DI BW( )/ (1)

Fig. 1. Map of sampling sites.

Q. Lu, et al. Applied Geochemistry 106 (2019) 142–148

144



=HI EDI RfD/ (2)

where,

C Concentration of Ba in rice (mg/kg)
DI Daily intake of rice (kg/day)
BW Average body weight (kg)
EDI Estimated daily intake of Ba (mg/kg BW/day)
RfD Oral reference dose for Ba (mg/kg BW/day)

3. Results and discussion

3.1. Soil Ba

The pseudo-total Ba concentrations in paddy soils ranged from 518
to 65,760mg/kg, with an average of 6855mg/kg (n=82, Table S2).
Elevated pseudo-total concentrations were detected in soils adjacent to
the Dahebian Ba mine owing to the intensive Ba mining activity. The
highest value was recorded in sample S56, approximately 500m
downstream of the Dahebian Ba mine. A decreasing trend in soil Ba
concentrations was observed with increasing distance from the Ba
mining site. Samples S79, S80, S81 and S82, which are located ap-
proximately 20 km from the Dahebian Ba mining site, exhibited low Ba
concentrations, ranging from 518 to 590mg/kg. A relatively high Ba
concentration of 9120mg/kg was detected in sample S25, adjacent to
the HH Ba salt plant. Often, the process of thermal decomposition of
barites can generate fine Ba-containing particles that are transported to
surrounding areas via deposition, resulting in high Ba concentrations.
The high Ba levels in soils in the present study confirmed that Ba
mining and Ba salt manufacturing were two significant sources.

The Ba concentrations measured in this study were approximately
1–2 orders of magnitude higher than the background value of 469mg/
kg Ba in soils in China (Wei et al., 1991). Compared with Ba con-
centrations of 15–3500mg/kg in soils reported by ATSDR (2007) and
concentrations of 30.9–1210mg/kg in garden bed soils reported by
McBride et al. (2014), the soils in the present study yielded even higher
levels. The extraordinarily high Ba concentrations observed in paddy
soils might cause a potential risk for biota and need to be assessed in the
future.

The XRD results are displayed in Fig. S1. In the present study, barite
was found in samples S56, S58, S61, S62 and S63, which were all near

the Dahebian Ba mine and had high Ba concentrations. This further
confirmed that Ba ore mining is a dominant source of Ba in paddy soils.
The lack of a BaSO4 signal detected in other soil samples might be at-
tributed to the detection limit (greater than 1%) of the XRD technique.
Abundant quartz and muscovite contents were also found in samples,
and the latter is attributed to chemical fertilizers used in paddy soils.
Other minerals, such as orthoclase, calcite, anatase and albite, were also
observed in the paddy soils.

3.2. Rice Ba

The concentrations of Ba in rice ranged from 0.10 to 3.5mg/kg
(Table S2), with an average of 0.76mg/kg (n=82). The highest rice Ba
concentration was observed in sample S15, adjacent to the HH Ba salt
plant. High Ba concentrations were also obtained in rice from site S53,
adjacent to the Dahebian mining area. The results demonstrated that
the rice was heavily contaminated with Ba released from Ba mining and
manufacturing activities and indicated that both Ba mining and Ba
manufacturing can release significant quantities of bioavailable Ba
compounds. The highest recorded concentrations of Ba in rice, which
were as high as 3.5 mg/kg, could pose a potential exposure health risk.

Compared to an average of 0.81mg/kg with a range of
0.26–1.5 mg/kg and an average of 1.29mg/kg with a range of
0.47–3.5 mg/kg in rice from Ba mining zones and Ba salt plant zones,
respectively, in the present study, a comparable average of 0.43mg/kg
with a range of 0.06–1.2mg/kg was reported by Ma et al. (2017) in rice
from Guangdong Province, a developed region with no Ba-related in-
dustry in South China. Given the absence of Ba-related manufacturing
and mining activities in Guangdong Province, the high levels of rice Ba
relative to our results indicated that Ba contamination is not limited to
mining and manufacturing regions and might be more widespread than
initially understood in China.

3.3. Phytoavailability of Ba in soil

The results for phytoavailable Ba in soil extracted by six extractants
are displayed in Table 1. Phytoavailable Ba varied from 0.56 to 11mg/
kg, 20–111mg/kg, 0.73–50mg/kg, 3.7–49mg/kg, 8.8–87mg/kg, and
0.15–1.7 mg/kg for H2O, CH3COOH, NaNO3, CaCl2, NH4OAc, and
DTPA, accounting for 0.068–0.98%, 0.16–9.2%, 0.015–5.3%,
0.028–5.2%, 0.062–6.1% and 0.0012–0.18% of pseudo-total, respec-
tively (Fig. 2). The lowest extraction ratio occurred in the DTPA-ex-
tractable fraction, and the highest value appeared in the CH3COOH-
extractable fraction. The largest amounts of Ba were extracted by
CH3COOH among the six extractants, indicating that an increase in soil

Table 1
Amount of Ba released during single extractions with H2O, 0.43M CH3COOH,
0.1M NaNO3, 0.01M CaCl2, 1 M NH4OAc, and DTPA in soil (mg/kg).

Zone ID H2O CH3COOH NaNO3 CaCl2 NH4OAc DTPA Sum of the
six species

MZ S2 2 79 2.1 11 63 0.77 158
S3 4 111 15 37 87 0.4 254
S4 3.4 54 12 9.5 28 0.41 107
S53 7.8 48 16 12 28 0.36 112
S65 9.6 22 4.9 4 8.8 0.17 49
S68 3.7 83 50 49 58 1.7 245
S69 4.2 50 2.4 8 12 0.25 77
S70 2.2 81 9.8 32 71 0.89 197
S71 4.1 85 22 21 68 0.41 200

FZ S13 5.6 81 24 20 41 0.58 172
S14 8.8 53 13 9.2 23 0.28 107
S15 8.7 20 5.4 4.2 9.4 0.15 48
S16 11 76 21 13 34 0.44 155
S17 11 75 19 16 29 0.38 150
S33 10 25 6.2 3.7 11 0.29 56
S35 6.9 78 18 14 43 0.38 160
S36 8.5 86 0.73 4.9 19 0.41 120

RZ S79 1 50 18 17 38 0.44 124
S80 1.1 54 16 16 37 0.32 124
S81 0.56 40 10 13 35 0.36 99
S82 1.1 43 12 11 37 0.26 104

Fig. 2. Amount of Ba extracted from six extractants (a) and the percentage of
each extracted Ba to pseudo-total Ba (b).
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acidity leads to the release of Ba2+ (Frančišković-Bilinski, 2006; Sloot
et al., 1996). The smallest amounts of Ba extracted by DTPA suggested a
low ability to chelate organic matter, which agrees with the previous
study by Bodek (1988), who found that Ba complexation by organic
ligands occurs to a limited extent. The use of neutral salts for metal
extraction from soils is based on desorption/ion exchange processes,
but neutral salts are always considered weak extractants due to the
strong metal binding to soil minerals (Mclaughlin et al., 2000). Equally
small amounts of Ba were obtained with NaNO3, CaCl2 and NH4OAc in
the study. Generally, Ba is immobile and geochemically associates with
feldspars and biotites in soils (Pichtel et al., 2000), and free Ba2+ can be
immobilized by precipitation, by adsorption onto oxides and hydro-
xides, or by fixation onto clays (Bodek, 1988; Kabata-Pendias, 2011);
these processes are probably reasons for the low amounts of water-ex-
tractable Ba in the present study.

The plant uptake of Ba was affected by Ba species. Myrvang et al.
(2016a) investigated the Ba uptake in white clover and tall fescue,
which was mainly controlled by exchangeable Ba in the growth media.
Uptake of Ba from soil by plants varies among species (Myrvang et al.,
2016b). In the current study, water-extractable Ba was significantly
correlated with rice Ba (r= 0.51, p < 0.05, Fig. 3a), suggesting that
this fraction is easily absorbed by rice. Lamb et al. (2013) also found
that pore water Ba is strongly related to lettuce shoot Ba and shoot
biomass production. No obvious correlations between rice Ba and other
extractable Ba in soils were obtained (Fig. 3b–f).The sum of six ex-
tractable Ba fractions had a poor relationship with rice Ba (Fig. 3g). And
the correlation between soil pseudo-total Ba and rice Ba was also not
significant (Fig. S2). This phenomenon suggests that the water-soluble
fraction is readily bioavailable and can be the most absorbed form by
rice. Hence, among all six extractants employed in the present study,
water is the most suitable extractant for predicting the bioavailability of
Ba in soils, can be regarded as a bioavailability indicator and merits
further attention.

The soil pH and OM affect the availability of heavy metals in paddy
soils (Zeng et al., 2011). The results for soil pH and OM are presented in
Table S2. The pH values varied from 4.41 to 7.97 with an average of
5.76. Approximately 88% of the soil samples in the present study

exhibited values below 7, indicating acidic conditions. Soils adjacent to
Ba salt plants are more acidic, which might be attributed to the dry and
wet deposition of acidic gases (i.e., SO2, H2S) that are emitted from the
processing of barite ores during thermal decomposition (Zhang et al.,
2012). A low soil pH enhances the release of Ba2+ from soil, while a
high pH results in Ba2+ sorption to Al and Fe oxyhydroxide minerals,
which are difficult for plants to take up (Abbasi et al., 2016; Reddy
et al., 2010). In this study, we chose two separate areas to evaluate the
effects of soil pH and soil OM for rice. The two areas included an area
surrounding Ba mining activities and a Ba salt chemical plant. The re-
sults were displayed in Fig. 4. A significant correlation between soil pH
and rice Ba was obtained (R-square= 0.22, p=0.000, Fig. 4a; R-
square= 0.21, p=0.000, Fig. 4b). As decreased soil pH, rice Ba in-
creased, demonstrating that low soil pH also promotes the release of Ba
from soil, thereby increasing plant availability. However, no obvious
correlation between soil OM and rice Ba was observed (Fig. 4c–d), in-
dicating that soil OM was not a significant factor for the absorption of
Ba by rice in the current study.

3.4. Risk assessment

According to equations (1) and (2), the EDI and HI values were
calculated. The results showed that the EDI ranged from 0.001 to
0.035mg/kg BW/day, with an average of 0.008 ± 0.006mg/kg BW/
day (Fig. 5a). The highest value occurred at S15, which is adjacent to
the HH Ba salt plant; this result was attributed to the effect of Ba salt
manufacturing. The average EDI values of the three zones are displayed
in Fig. 5b. A relatively high EDI was found at site FZ, with averages of
0.013 ± 0.0096mg/kg BW/day. The lowest EDI was obtained at site
RZ, with an average of 0.0032 ± 0.0019mg/kg BW/day. All EDI va-
lues in the present study were below the USEPA recommended RfD of
0.2 mg/kg BW/day, indicating low levels of Ba exposure via rice con-
sumption to local populations.

The HI values ranged from 0.005 to 0.17, with an average of
0.04 ± 0.03 (Fig. 5a). The maximum HI occurred near the HH Ba salt
plant. In the three zones, the order of HI was FZ > MZ > RZ (Fig. 5b).
High values were found at Ba salt plants. Compared to the water-

Fig. 3. Correlations between the amount of Ba released during single extractions and rice Ba concentrations (a–f) and the sum of six species and rice Ba (g).
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extractable Ba in soil from MZ and RZ, the highest concentration was
observed at FZ (Fig. S3), indicating a greater amount of available Ba in
the soil that can be taken up by rice, hence entering the human body
and causing high exposure risks. All HI values were less than 1 and
demonstrated that rice consumption may not pose an obvious adverse
health risk to inhabitants (Yu et al., 2010). However, human exposure
to Ba may also occur through breathing air, drinking water, and eating
other foodstuffs containing Ba (ATSDR, 2007; Poddalgoda et al., 2017).
Hence, future studies on Ba intake via breathing, drinking, and vege-
tation consumption are needed for accurate risk assessments.

4. Conclusions

The concentrations, bioavailability, and exposure risks of Ba in the
soil-rice systems of active Ba mining areas were studied. The results
showed that 1) extremely high Ba concentrations existed in paddy soils,
especially near the Ba mining area as well as Ba salt plants. 2) rice can
accumulate high Ba concentrations; values as high as 3.50mg/kg Ba
were observed in grain adjacent to the Ba salt plant. 3) water-ex-
tractable Ba can be used as an indicator of the phytoavailability of Ba in
paddy soils. 4) inhabitants who dwell in areas adjacent to Ba salt plants

Fig. 4. Correlations between rice Ba and soil pH (a–b) and rice Ba and soil OM (c–d).

Fig. 5. The values of EDI and HI for each sample (a) and their distribution in samples collected from three sampling zones (b).
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experienced the highest level of 0.035mg/kg BW/day. Future studies
on the exposure pathways of drinking, breathing, oral ingestion, and
vegetation consumption are necessary to provide an overall view of
health exposure and risk assessment in such highly Ba-polluted regions.
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