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Abstract: Crop and livestock farming on contaminated soil has been found to induce the accu-
mulation of trace elements in edible parts of plants, with subsequent risk to human and animal
health. Since rice crop is a major source of energy in worldwide diets and is consumed by more
than 3 billion people, the soil-rice pathway is regarded as a prominent route of human exposure
to potentially toxic elements. This study provides an overview of arsenic contamination in paddy
rice from mining-impacted areas in several Asian countries that are primary rice consumers. From
this review, it may be concluded that mining activities, along with the associated residual waste,
significantly contribute to arsenic contamination of this food crop as rice samples from these regions
were highly contaminated, with the highest total arsenic concentrations recorded being 3—4 times
higher than the maximum levels proposed by the Codex Alimentarius Commission. While the
contamination in China, Korea, Indonesia, and Thailand appeared to be slightly affected by mining
activities, the elevated levels of arsenic in rice from mining areas in India, Bangladesh, and Vietnam
could be derived from arsenic-contaminated groundwater.
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1. Introduction

Rice, an essential grain food for more than half of the world’s population, is cultivated
in more than 100 countries, with 90% of the total global production in Asia [1]. Rice
is frequently eaten, especially by children, due to being a high-calorie, generally low-
cost food with bland taste, high iron content, and relatively low allergic potential [2].
According to the FAO report in 2018, 503.9 million tonnes of rice was produced in 2017
worldwide, with China leading global rice production with nearly 210 million tonnes,
followed by India, Indonesia, and Bangladesh [3]. However, as crop ingestion is the primary
exposure pathway for humans to toxic elements, cultivating crops on contaminated land
can potentially accelerate the uptake and accumulation of trace metals, especially arsenic, in
edible plant parts, and subsequently present a potential health risk to local residents [4]. In
addition, the level of arsenic accumulation from soil and water in rice is substantially higher
than in other crops, as the anaerobic condition of paddy fields promotes the availability of
inorganic arsenic for plant uptake, resulting in 10-fold higher concentrations in rice grain,
in comparison with aerobically grown grains such as wheat or barley [2,5].

Industrial development is associated worldwide with the extraction and distribution
of mineral substances from their natural deposits. In mining-impacted sites, arsenic is
generally measured at elevated levels that cause health and ecological hazards. Aban-
doned metal mines are one significant source of arsenic contamination of the environment,
as the activities of heavy rainfall and strong winds facilitate arsenic transportation via
downstream movement from the vicinity of mining sites, leading to the release of massive
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quantities of arsenic into paddy fields through irrigation water contaminated by mining
and smelting operations [6].

Numerous studies have evaluated the arsenic content of paddy soil and rice in the
vicinity of mining sites—as well as the regional variability of arsenic concentration in this
essential crop plant—in order to assess the potential health risk. In this review, these reports
are merged to describe the exposure levels surrounding mining areas, with particular
reference to case studies from China, India, Bangladesh, Indonesia, Thailand, Vietnam,
and South Korea, to provide a broader perspective of the regional situation of arsenic
contamination in rice.

2. China Case Study

China ranks first in rice production and consumption worldwide, representing about
30% of the total global rice output [7]. Rice is also the most popular food in China, and the
history of rice planting in China goes back to the seventh millennium BC [8]. However, as
the country with the world’s largest population, China unquestionably faces great demand
for rice, as well as other necessities. In recent decades, metal consumption in China has
accounted for an increasing share of the global demand for iron ore, copper, nickel, and
zinc, while the country is also a major mineral producer. Nevertheless, mining activities
have generated enormous wasteland areas and caused serious pollution to the country [9],
leading to the Chinese government closing down nearly 1000 inefficient, polluting iron ore
mines in 2017 [10].

Being fortunate in possessing a suitable climate for paddy farming and a long history
of cultivation, Hunan has grown into the largest rice-producing province in China, with
its rice yield contributing 13% of the total yield of the country [11]. Nevertheless, the
region is also viewed as a pollution hotspot within the country, with non-ferrous mining,
lead-zinc ore mining, and smelting activities. Hunan contains over 140 mineral deposits,
with an exploitation history of more than 2700 years [7]. Table 1 illustrates that the mean
values of total arsenic concentration in unpolished rice samples in the mining areas of
Hunan province ranged from 0.29 to 1.04 mg/kg, considerably higher than that from non-
impacted sites (0.063 mg/kg), with the worst contamination coming from the vicinity of
the Chenzhou mine, and the cluster of the Shizhuyuan, Dongbo, and Manaoshan mines in
Suxian County. While the mean arsenic levels in soils of various countries generally ranged
from 0.1 to 40 mg/kg, the figure from agricultural lands in Suxian was 379.9 mg/kg [12]. In
the 1985 case of the Chenzhou lead /zinc mine, the mine tailing dam collapsed due to heavy
rain, causing a layer of black sludge, of about 15 cm thickness, to cover a strip of farmland.
Despite the fact that—after the foundation failure—emergency soil clean-up procedures
were promptly conducted at several sites, most of the contaminated farmlands are still
overlaid with spills, and, to this day, parts of them have been utilized for agricultural
activities [13]. Consequently, the results from the vicinity of the Suxian and Chenzhou
mines are over 3 times higher than the maximum level that the Codex Alimentarius
Commission proposes for arsenic in husked rice (0.35 mg/kg) [14]. The highest total
arsenic concentration in Hunan was found near the Shimen realgar mine. It is the largest
realgar deposit in Asia with more than 1500 years of mining history [15]. Intensive mining
activities have left behind a large amount of mining waste, leading to the arsenic content of
topsoil in the vicinity of the mine being over 5 times higher than that of the background
value in Hunan province. Li et al. (2010) reported that arsenic concentration in rice from
near the mining site was over 3 times higher than that of rice from the control area [16], the
consumption of which can lead to serious consequences.

Guangdong province has one of the most prosperous economies in China. However,
its rapid economic and industrial development has caused the region to become one of the
most heavy metal-polluted areas in the country. In the Pb-Zn mine-affected regions of Ren-
hua and Lechang of the province, Li et al. reported a wide range of arsenic concentrations in
soil, from 3.7 to 120.3 mg/kg, with a mean value of 30.4 mg/kg [17]. Table 1 shows that the
total arsenic level of unpolished rice from mining-impacted areas in Guangdong province
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varied between 0.19 and 0.564 mg/kg, which was lower than that of rice from Hunan
province, yet generally higher in comparison with samples from non-impacted sites of the
region (Huahang-Simiao cultivar). The highest concentration of the region was recorded
near the Lianhuashan mine, with a range of 0.152 to 1.094 mg/kg. Located in Shantou
city, it is one of the largest tungsten mines in China, and arsenic-containing acid drainage
generated from the site is the main precursor to the significant inflow, contaminated with
arsenic, towards the downstream environment of the mining area [18]. Several studies
examined the degree of arsenic contamination in crop plants in the vicinity of this mine,
and the results showed that the maximum value remained unchanged in the period of 2006
to 2011; however, there was a decrease from 0.564 to 0.32 mg/kg in the mean value, which
is a positive tendency of the region.

Table 1. Total arsenic concentration in husked rice sampled from mining areas in China.

. . . Major Samplin, Mean Range
Province Sampling Site Me t]als Per?o d J n (mg/kg) (mg /Eg) Ref.
Shimen mine As 2008 13 0.48 [19]
2010 8 0.29 0.11-0.84 [16]
2013 10 0.513 0.272-1.148 [20]
Changning mining area Pb, Zn 2008 11 0.48 [19]
Shuikhoushan mine Pb, Zn 2013 28 0.586 0.235-0.986 [7]
Xikhuanshan mine Sb 2007-2008 7 0.476 0.084-0.657 [21]
(Lengshuijiang) 2013 20 0.517 0.235-0.750 [71
GYB (Chenzhou mine tailing spill) Pb, Zn 2002 0.49 [13]
JCT (Chenzhou mine tailing spill) Pb, Zn 2002 0.93 [13]
H Bailutang metal processing area 2008 13 0.44 [19]
unan & P & 2013 0.76 [12]
Dengjiatang smelter 2013 0.40 [12]
Shizhuyuan, Dongbo, Manaoshan mines 2013 1.07 [12]
Yizhang mining area Pb, Zn 2008 6 0.51 [19]
Huayuan mine Pb, Zn 2003 6 0.486 0.230-0.651 [22]
Chatian mine Hg, Zn 2003 5 0.437 0.216-0.551 [22]
Yuetang mining area Mn 2008 7 0.43 [19]
Qibaoshan mine Culgbzn' 2013 6 0.261 0211-0342  [7]
Non impacted sites 2008 38 0.063 0.009-0.367 [23]
Overall 2015 69 0.308 0.174-0.730 [8]
Dabaoshan mine CuI;bZ“' 2008 95 0.19 0.074-0.447  [23]
Lianhuashan mine Y 2006-2008 33 0.564 0.152-1.094 [24]
2010 73 0.36 0.03-1.04 [18]
Guang- 2011 107 0.32 0-1.0 [25]
dong Fankou mine Pb, Zn 2013 20 0.25 0.18-0.39 [9]
Lechang mine Pb, Zn 2013 8 0.28 0.17-0.38 [17]
Bing tailing pond Pb, Zn 2017 0.32 0.13-0.75 [26]
Huahang-Simiao 2008 17 0.191 0.127-0.275 [27]
Overall 2015 28 0.202 0.125-0.329 [8]
. Tonglushan Cu 2014 16 0.31 0.14-1.33 [9]
Hubei Overall 2015 43 0.246 0.109-0.341 [8]

Of all the mining-impacted areas listed, samples from the Tonglushan mine held the
highest maximum value of arsenic concentration in rice at 1.33 mg/kg, which is nearly
4 times higher than the Codex Alimentarius Standard for husked rice. This mine is located
in the northeast of Daye city (Hubei province), which is one of the largest copper basins in
China. Mining activities of the Tonglushan mine have been in operation for more than 3000
years, generating considerable amounts of hazardous waste, without proper treatment [9].
The mean value of arsenic concentration in unpolished rice from the vicinity of this area
was 0.31 mg/kg, which is higher than the overall level of Hubei province (0.246 mg/kg).
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In addition, the general arsenic contamination in Hubei appeared to be less serious than
that in Hunan and Guangdong provinces.

3. India Case Study

According to the 2015-2016 Annual Report from the Indian Ministry of Agriculture
and Farmers Welfare, India ranks as the second largest rice producer and consumer world-
wide, and accounts for 22.3% of global production. Rice is one of the most crucial cereal
crops of India, occupying an area of 43.39 million hectares, with an annual production
of 104.32 million tonnes, and an average productivity of 2404 kg/ha (2015-2016) [28].
India also has a rich mining heritage from ancient times, which continues to the present
day [29]. The country produces approximately 84 minerals with a cumulative production
in 1999-2000 of 550 million tonnes, from more than 3100 mines producing coal, lignite,
limestone, iron ore, bauxite, copper, lead, and zinc [30].

The Singhbhum Copper Belt of Jharkhand, the largest repository of copper ores known
to date in India, is located in the east of the country [31]. Giri et al. (2017) reported that the
mean values for total arsenic content of unpolished rice samples in mining areas in this
region ranged from 0.008 to 0.162 mg/kg, with the highest concentration recorded in the
vicinity of the Ghatsila mine [32]. Table 2 also reveals that, in general, rice samples from
sites that are closer to mining areas are more contaminated with arsenic than those from
sites that are more distant (Bhatin, Kuldiha, Darisai).

However, in comparison with West Bengal, which is the largest rice producing state in
India [33], the contamination situation in Singhbhum Copper Belt is less serious. Lying
within the Ganga-Brahmaputra delta basin, West Bengal has been reported to have a
high degree of arsenic contamination in groundwater since 1987 [34]. The accumulation
of arsenic in rice grain in Boro season (harvested in May-June) was found to be notably
higher than that from the Singhbhum Copper Belt, with a range of mean values from 0.23
to 0.54 mg/kg. Similarly, a study on the influence of arsenic on Terai district in Nepal
by Shrestha et al. (2017) showed that the average level of total arsenic in rice grain was
relatively high, at 0.75 mg/kg, as the ground water in both countries had been severely
impacted by arsenic contamination in the Ganga-Meghna-Brahmaputra plain [35].

Table 2. Total arsenic concentration in rice sampled from mining areas in India and the West Bengal region.

Location Sampling Site n Mean (mg/kg)
Bhatin 3 0.008
Kuldiha 3 0.096
Darisai 3 0.071
Bodamdera (Rakha mine vicinity) 3 0.017
Rakha (Rakha mine vicinity) 3 0.080
Jagganathpur 3 0.033
. Kendadih (Kendadih mine vicinity) 3 0.112
Singhbhum Copper Belt, [32] Terenga (Kendadih mine Vicinity})] 3 0.142
Benashol (Kendadih mine vicinity) 3 0.142
Kutludih (Maubhandar mine vicinity) 3 0.056
Chirugoda (Ghatsila mine vicinity) 3 0.162
Pathergoda (Surda mine vicinity) 3 0.067
Latia (Badia, Mosabani mine vicinity) 3 0.064
Badia (Badia, Mosabani mine vicinity) 3 0.127
Chakdaha 18 0.23
Ranaghat-I 12 0.30
Nadia district, West Bengal, [36] KESEEZE :grar g 832
Haringhata 9 0.54

Contai (control site) 5 0.05
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4. Bangladesh Case Study

Bangladesh has an agriculture-based economy, with nearly half of its population
employed in this industry. Rice, as the dominant crop, covers nearly three-quarters of the
cultivated area and contributes 70% of crop production value [37]. Meanwhile, the mineral
industry represents only a minor part of the economy of Bangladesh. The country lacks
reserves of metallic minerals but has large potential for the occurrence of coal, natural gas,
and petroleum [38].

Of the five coal reserve basins discovered in Bangladesh, Barapukuria is the only active
coal mine in the country. The mine is located in Dinajpur district, in the northwestern part
of Bangladesh, covering more than 5 km? within a wide flood plain [39]. In order to avoid
flooding, 1500 m® of water are discharged from the mine every hour and disposed of in
a canal close to paddy fields, leading to the accumulation of potentially toxic elements
in sediments and water in the vicinity of the mine [40,41]. Halim et al. (2015) reported
that the arsenic level in rice grain from the area adjacent to the Barapukuria mine was
1.03 mg/kg [42], approximately 16 times higher than the mean value of total arsenic
concentration from 40 polished rice samples from Dinajpur district, and much higher
than the mean level of 965 polished rice samples from different districts of Bangladesh
(0.126 mg/kg) [43].

In addition, Bangladesh also lies in the Ganga—Meghna-Brahmaputra plain and,
similarly to India, contains groundwater highly contaminated with arsenic. During 1998,
41 of the 64 districts in the country were reported as having arsenic levels in groundwater
exceeding 50 ug/L, which is 5 times above the WHO guideline value. According to the
British Geological Survey report one year later, arsenic contents in tube wells within the
country were recorded as being relatively high, ranging from 50 to 3200 ug/L [44]. Meharg
et al. (2003) reported that husked rice grain, collected in several districts in Bangladesh
with high arsenic levels in ground water, had arsenic concentrations ranging from 0.058 to
1.83 mg/kg, which indicated that, despite impact due to mining, crop cultivation in the
country faces serious problems with arsenic-contaminated aquifers.

5. Thailand Case Study

Rice has long been a staple food for Thai citizens, with white rice and sticky rice
being commonly consumed by more than 80% and 40% of the population, respectively [3].
Thailand is also one of the largest annual exporters of rice in the world, with annual export
volume in the period 2015-2017 averaging 10.5 million metric tonnes, and expected to
increase to 12.9 million metric tonnes by 2027 [45]. In the global mineral marketplace, the
country is one of the leading producers of cement, feldspar, and gypsum. Thailand pro-
duces a variety of metals—such as copper, gold, iron ore, manganese, silver, tin, tungsten,
and zinc—with export value in 2015 of USD 9.2 billion, representing 4.3% of Thailand’s
total exports [46]. However, due to mining activities, health problems have been recognized
in the vicinities of several mining sites. In 2015, 59 out of 1004 villagers tested in the vicinity
of a gold mine in Phichit province had high levels of cyanide in their blood. Cyanide is used
to extract gold from ore and can be volatized into the air, lingering for long periods of time
and causing local residents to experience acute inhalation toxicity [47]. In the same year,
the Central Institute of Forensic Science of Thailand found that 282 villagers living around
the Chatree mine, which is the first and largest gold mine in Thailand, had excessive levels
of potentially toxic elements in their blood—due to the polluted surface water and rice
fields—which increases the risk of cancer, DNA abnormalities, and birth defects [48].

Table 3 illustrates the total arsenic content in white rice and sticky rice (which are the
most commonly used types of rice in Thailand) from vicinities of mining sites. In general,
the difference between total arsenic concentration in polished sticky rice and polished
white rice from investigated areas was insignificant. Arsenic levels in both white and sticky
rice samples from mining areas in Thailand were found to be relatively higher than those of
rice from markets in over 10 Thai provinces. The highest concentration was found in Ron
Phibun, a district in Nakorn Si Thammarat, southern Thailand. This area, located within



Minerals 2021, 11, 472

6 of 14

the Southeast Asian Tin Belt, has a mining history dating back more than 100 years. As a
consequence of this extensive duration of mine operation, ore-processing waste and mine
tailings, rich in arsenopyrite, were generated and spread to the vicinity of the mine. In 1987,
health problems related to arsenic exposure through drinking water were first reported in
the region and, in 1990, the mining site was officially closed [49]. The arsenic concentration
in rice grain around this abandoned mine was recorded to range widely between 0.291
and 1.361 mg/kg, which is lower than the Thai Food and Drug Administration (FDA)
maximum permitted arsenic level (2 mg/kg); however, it exceeded the recommended
limits for both husked rice (0.35 mg/kg) and polished rice (0.2mg/kg) [50].

The Mae Tao sub-district lies in Mae Sot District, Tak province, in northwestern
Thailand. Owing to the mineral-rich and fertile soil, Mae Tao is the leading growing region
in Mae Sot district with a cultivation area of over 3500 ha. However, this sub-district is
the downstream floodplains of the Mae Tao watershed [51], and the irrigation source for
crops in Mae Tao is from Mae Tao Creek, which passes through the upstream Zn mines [52].
As a result, waste generation from the Zn mines was transported downstream and was
later reported to be a significant source of soil, water, and plant contamination in this area,
leading to the presence of elevated concentrations of potentially toxic elements [53]. Cd
concentrations in rice and soil were reported in the range of 0.01 to 7.75 mg/kg and 0.1 to
284 mg/kg, respectively [53]. The mean value of arsenic levels in polished white rice and
polished sticky rice were also found to be high at 0.316 and 0.336 mg/kg, respectively.

Table 3. Total arsenic concentration in rice samples from several regions in Thailand.

Location Type of Rice n Mean (mg/kg) Range (mg/kg) Ref.

Gold mine in Wang

Saphung

Around gold mine Polished sticky rice 0.34 [54]
Under tailing pond Polished sticky rice 0.19 [54]
Mae Tao sub-district Polished white rice 31 0.316 0.193-0.462 [51]
Polished sticky rice 28 0.336 0.137-0.612 [51]
Ron Phibun - 5 0.682 0.291-1.361 [55]
Market Polished white rice 30 0.125 0.088-0.220 [56]
Polished sticky rice 30 0.136 0.087-0.262 [56]

-: not mentioned.

Wang Saphung district is located in Loei province, a northeastern rice cultivation
region in Thailand with a cultivation area of over 143 km?. A gold mine was in operation
from 2006 to 2017 and used the open-pit mining and benching method, covering a total
area of 2.06 km? [54,57]. In 2007, a tailings dam failure caused mining residue to flow
into agricultural areas in the vicinity of the mine [58]. A water test conducted by the
Pollution Control Department in 2008 showed a dangerous level of arsenic in groundwater
(0.04 mg/L). The follow-up investigation of groundwater in 2009 by the Groundwater
Analysis Division, Department of Groundwater Resources, also reported values exceeding
the standard level of arsenic (0.03 mg/L) [59]. In 2010, a blood test of 474 residents in six
villages around the gold mine revealed that 38 and 84 residents had mercury and cyanide
levels exceeding the standard, respectively [57]. Neeratanaphan et al. (2015) reported
that the mean values of arsenic concentration in polished sticky rice from around the gold
mine and under the trailing pond were 0.34 and 0.19 mg/kg, respectively [54]. Samples
from around this gold mine also recorded the highest mean arsenic level found among the
studied mining areas in Thailand, and were two times higher than that of market samples
from all over the country.

6. Vietnam Case Study

Vietnam is one of the world’s leading rice producers and consumers. According to
the International Rice Research Institute, rice production accounts for 82% of the country’s
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cultivated land area, with 52% of Vietnam’s rice production in the Mekong River Delta, and
18% in the Red River Delta [60]. However, various geological studies have also indicated
that the country is enriched with a great variety of mineral deposits. Vietham possesses
some of the largest global reserves of phosphate (apatite), bauxite, rare earths, and large,
commercially viable deposits of oil, coal, gold, gemstones, copper, zinc, tin, chromite,
manganese, titanium (mineral sands), graphite, and other minerals [61].

Cau River, which is one of the most polluted rivers in Vietnam, is the main river of the
Thai Binh River system that joins with the Red River system and carries alluvium to create
the Red River Delta, passing through several cities and industrialized areas. The upper
Cau River and its tributaries are severely impacted by mining activities, especially from
Thai Nguyen province, causing the lower part of the river to contain high concentrations
of pollutants from the untreated water [62]. Located in Dai Tu District (Thai Nguyen),
the multi-metal deposit represents one of the largest tungsten mines in the world, with
an area of 9.21 km?. The mine was operated by traditional manual mining methods over
a few decades [63] before official operations began in 2013, with mining reserves of 65
million tons of ore. A study by Nguyen et al. (2018) claimed that the arsenic content in
three-quarters of the groundwater and most vegetable samples from the vicinity of the
mine exceeded the guideline recommended by World Health Organization (WHO) [64]. Ko
et al. (2020) reported that the total arsenic concentration in rice grains from this area ranged
from 0.2 to 0.9 mg/kg, and the mean value was 2 times higher than the Codex standard
for polished rice [65]. Although the Red River Delta and Mekong River Delta are reported
to have sediments and aquifers that are naturally enriched with arsenic [35,37], the result
from the mining area was notably higher than those of these two main rice-cultivating
regions, with mean values of arsenic concentration of 0.18 and 0.13 mg/kg in the Mekong
River and Red River, respectively.

Dai Lam village is situated on the rim of the Cau River, which is downstream of the
multi-metal mine. According to Hahn (2016), the mean value of arsenic concentration in
rice in this region was 0.23 mg/kg. It can be seen from the results in Table 4 that there is a
gradual decrease in the arsenic level in rice from upstream locations to the rim of the Cau
River, and finally to the Red River Delta, indicating the impact of mining activity on the
concentration of arsenic in rice.

Table 4. Total arsenic concentration in polished rice from several regions in Vietnam.

Location Sampling Period n Mean (mg/kg) Range (mg/kg) Ref.
Mekong River Delta 2017 78 0.18 0.08-0.56 [66]
Red River Delta 2017 19 0.13 [66]

Dai Lam (Bac Ninh) 2016 11 0.23 [62]
Multi-metal mine (Dai Tu) 2019 0.4 0.2-0.9 [65]
Thuong Quan commune 2019 0.29 0.18-0.40 [67]

Located further north from Thai Nguyen, Bac Kan province also possesses large
mineral potential with 273 mines and lead and zinc reserves estimated to weigh more than
25 million tonnes [68]. In this region, Thuong Quan commune contains a wealth of small
mines that are close to several rivers flowing through the province. Local households in
this commune also settle along streams near mining sites, which can likely lead to exposure
to metals and metalloids, as well as other pollutants from mining activities [67]. Tran et al.
(2020) reported that the arsenic content in soil samples from this area had a range of 15.6
to 27.2 mg/kg, which was slightly higher than the Vietnamese standard for agriculture
soil (15 mg/kg). The study also pointed out that arsenic levels in rice samples from this
commune exceeded the standard for arsenic in polished rice [50], with a mean value of
0.29 mg/kg and a range of 0.18 to 0.40 mg/kg. Although the contamination in Thuong
Quan was nowhere near as severe as in Dai Tu district, the mean value from this site
was higher than those from other studied areas in the Vietnam case study, except for the
multi-metal mine in Dai Tu.
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7. Indonesia Case Study

For decades, the mining industry has made a significant contribution to the Gross
Domestic Product (GDP) of Indonesia and to various components of the national income.
The country was the third largest global producer of mined tin in 2006, accounting for 18%
of the world’s production and 17% of the world’s reserves. Indonesia was also responsible
for significant proportions of the world’s mine-produced nickel, copper, nitrogen, and
gold [69]. It has become one of the crucial countries for artisanal, small-scale gold mining in
Southeast Asia, and, in Indonesia, these activities usually take place at upland areas around
rice paddy fields, which results in potentially toxic elements being carried by water flow to
lowland areas [70]. Therefore, contamination by these compounds, especially mercury, has
been of public concern in the country and several studies have reported excessive levels
of mercury in soil, water, and plant samples around these small-scale gold mines [71-75].
Abbas et al. (2017) also stated that mercury levels in the hair of gold workers was directly
proportional to the number of working years, and several neurological symptoms were
found in most miners in the Makassar gold mine [76].

Along the same lines as mercury, arsenic appears to be a potential threat to public
health in the country. A study by Rahman et al. (2019) on the health risk assessment of
toxic chemicals associated with the Gunung Pongkor mine concluded that, after mercury
and chromium, arsenic was the third most crucial pollutant at this site [77]. Located
about 80 km south of Jakarta, the Gunung Pongkor gold-silver mine covers a total area
of 112 km? in Bogor Regency, which is a mineral-rich region of the country. Gold-silver
deposits in Gunung Pongkor were proclaimed to contain a large reserve of 1.3 million
ounces and attracted artisanal miners soon after the exploitation in 1992. Illegal mining
activities took place afterwards at this site, which is situated upstream of the Cikaniki,
Ciguha, and Cisarua rivers that are used by local inhabitants for daily purposes [78]. The
high levels of potentially toxic elements in surface water and ground water in this region
were explained to be rooted in not only weathered natural mineral rocks but also mining
activities. Table 5 presents arsenic level in several rice samples in Indonesia with Gunung
Pongkor as the mining-impacted site. The mean value of arsenic concentration in rice
samples from the vicinity of the mine was reported to be extremely high at 2.27 mg/kg
in 2014. Although a study conducted 2 years later determined this figure to be lower
(1.817 mg/kg), this value was still far above the Indonesian National Standard for arsenic
in rice (SNI No 7387) [79] and arsenic levels in samples from five rice production provinces
in Indonesia [80]. In addition, it was reported that several detrimental health effects related
to exposure to arsenic through the ingestion of drinking water and foods (rice, vegetables,
fruit, fish) had already been observed in the adult residents in this region [78]. These data
actively demonstrate the negative impact of mining activities on food crops, as well as
human health, and immediate action should be taken on illegal mining operation and
waste treatment to reduce health risk in this area.

Table 5. Total arsenic concentration in rice samples in Indonesia.

Location Sampling Period Mean (mg/kg) Range (mg/kg) Ref.
Gunung Pongkor 2014 2.27 0.352-3.216 [78]
2016 1.817 [79]

Indonesia overall 2011 0.0893 0.0647-0.1050 [80]

8. Korea Case Study

Since 2010, Korea has made itself one of the regional and global leaders of mineral and
metal production [81]. According to the 2010 Annual Report of Environmental Status in
Mining Areas from The Korean Ministry of Trade, Industry, and Energy, there were approx-
imately 5400 existing mines and more than 85% of them were left unmanaged without any
minimum safety precautions, leading to pollution of the surrounding environment [82].
Risk assessment carried out in a number of mining-affected sites throughout the country, as
well as several research studies, revealed the existence of health threats to local inhabitants
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of these areas [83-86]. Lim et al. (2008) concluded that 3 out of 1000 residents in the vicinity
of the Songcheon Au-Ag mine could develop cancer due to long-term exposure to arsenic
in water, soil, and plants near the mine [83].

Numerous studies have been conducted to investigate the extent and degree of arsenic
contamination in crop plants derived from mining activities in Korea. Table 6 illustrates
the concentrations of total arsenic in polished rice in the vicinity of several abandoned
mines of the country over more than 40 years. The mean arsenic level in rice samples from
mining-contaminated sites in Korea varied between 0.04 and 0.41 mg/kg. While the Codex
Alimentarius Commission recommends that the level of arsenic in polished rice should not
be over 0.2 mg/kg [50], many of the results exceeded this threshold, and are much higher
than the concentration in non-contaminated sites according to research conducted in 2013
with 100 rice samples from all over Korea where the soil was not contaminated. Arsenic
concentrations in rice from near the Okdong (0.17 mg/kg) and Dongil (0.15 mg/kg) mines,
from 2000 to 2001, were considerably higher than the mean value in the same period from
Gyeongbuk province (0.119 mg/kg) [87], where these two mines are located. These data
can be viewed as evidence proving that mining activity is one culprit causing the increase
in arsenic content in rice grown around mining areas of the country.

Considering that arsenic contamination is an inevitable consequence of gold-mining
activities, according to Barcelos et al., most of the studies in Korea were carried out with
samples from the vicinity of gold mines [88]. The highest mean value recorded was from
the Myeongbong gold mine in 2005, with a maximum arsenic concentration of 0.72 mg/kg.
Lee et al. (2008) stated that, after closing, nearly 11,000 m? of tailings were left behind
without proper treatment, and the unprotected mining waste was dispersed downhill in
the vicinity of this mine by wind and water [89]. The Munmyeong silver-gold mine was
also considered a significantly contaminated site due to the tailing dam failure caused
by a typhoon in 2002, despite the fact that the mine had not been in operation for nearly
80 years. Arsenic concentrations in soil and rice samples from this mine were determined
to be significantly elevated, with ranges of 16.56 to 704.0 mg/kg and 0.124 to 0.442 mg/kg,
respectively [90,91]. Apart from gold mining areas, the Dalsung copper mine also exhibited
noticeable result, the reason being that the site was greatly affected not only by the mining
industry, but also by volcanic activity, with the presence of arsenopyrite (FeAsS) in ore
minerals. Arsenic levels in rice from the vicinity of this mine were therefore relatively high,
with a mean value of 0.314 mg/kg, according to Kwon et al. [91]. Mining activities in the
Sambo lead-zinc mine also represented a potential health threat to the local residents. The
mining operation stopped in 1991 and one of the tailings reservoirs was exposed to the
atmosphere until 1992, then simply buried with soil at a depth of about 40 cm to prevent
loss [92]. The major source of pollution in the Sambo mine was leachate, from mine waste,
deposited in the main tailings dam and leading to potentially toxic elements in the stream
sediments and water in the vicinity of the mine [93]. Rice samples from the Sambo mine
were reported to be contaminated with relatively excessive arsenic levels, ranging from
0.104 to 0.774 mg/kg. However, the mine was subsequently proclaimed to have undergone
tailings removal and damage prevention projects [92,93], which would make it possible to
reduce the contamination in crop plants from the site.

Study results from the Okdong and Yeongdae mines showed that there was an upward
trend in the arsenic level in rice samples collected from these two sites. In particular, in
the Yeongdae gold-silver mine, the concentration of arsenic stood at 0.110 mg/kg in 1988,
then doubled after 25 years and surpassed the maximum limit for arsenic in polished
rice [50]. These results suggest that the contamination situation in several mining sites in
Korea has not yet been alleviated, leading to arsenic accumulation in soil and plants, and
causing serious threats to the health of local residents. In the case of the Gubong mine, the
arsenic level in rice was recorded as being relatively high at 0.30 mg/kg more than 20 years
ago, indicating that, if the tailings were not treated properly, as was the condition in the
Yeongdae mine, the accumulation could subsequently exert worse detrimental impacts on
the health of inhabitants living in the vicinity.
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Table 6. Total arsenic concentration in polished rice sampled from mining sites in Korea.

Location Major Metals S;Tg:gg n Mean (mg/kg)  Range (mg/kg) Ref.
Gubong mine AuAg 1997 0.30 [94]
. 2000-2001 2 0.17 [95]
Okdong mine Cu, Pb, Zn 2001-2002 0.4 [85]
Hwacheon mine Au, Ag, Pb, Zn 2001-2002 3 0.23 [85]
Dongil mine Au, Ag, Cu, Zn 2000-2001 2 0.15 [95]
Dongjeong mine Au, Ag, Cu 2002-2003 3 0.20 0.12-0.28 [96]
Boeun mine Coal 2002-2004 0.04 [97]
Sanggok mine Au, Ag, Pb, Zn 20022004 0.08 0.04-0.12 [97]
Myeongbong mine Au, Ag 2005 5 0.41 0.24-0.72 [89]
Jukjeon mine Au, Ag 2007 11 0.221 [86]
1988 50 0.110 0.029-0.193 [98]
Yeongdae mine Au, Ag 2003 63 0.126 0.043-0.286 [98]
2013 10 0.218 0.162-0.280 [98]
Sambo mine Pb, Zn 2014 10 0.247 0.104-0.774 [91]
Munmyeong mine Au, Ag 2014 10 0.217 0.124-0.442 [91]
Dalsung mine Cu, W 2014 10 0.314 0.212-0.454 [91]
Yaro mine Au 2019 6 0.03 [82]
Non-contaminated sites 2013 100 0.11 0.03-0.33 [99]

9. Conclusions

Rice crops in all of the studied mining-impacted regions have been seriously con-
taminated by arsenic. In particular, China, as the largest rice consumer, was found to be
the worst affected, as excessive levels of arsenic in rice were found in numerous places
where mining activities take place within the country. In Korea, mines abandoned for over
40 years may still cause health threats to local citizens due to natural processes from the
distribution of tailings and mine drainage that were not properly treated in the vicinity of
the mines. Although arsenic contamination in rice from India, Bangladesh, and Vietnam
are largely related to the naturally contaminated aquifers, mining activities still present
considerable potential hazards to residents. Elevated levels of arsenic in crop samples,
as well as serious health problems, have been observed in several Thai mining areas. In
Indonesia, artisanal small-scale gold mining has generated a variety of toxicants, including
arsenic, and related adverse health effects have been observed in local inhabitants. Due to
the harmful health consequences caused by the accumulation of arsenic in rice plants, and
eventually in humans, it is highly recommended that proper waste treatment, as well as
remediation, should be carried out immediately to reduce the transport of potentially toxic
elements from mining sites to their vicinities.
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