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Abstract: The aim of this study was to investigate the environmental impact and human health risks
associated with toxic trace element (TTE) exposure in the abandoned Yaro Mine, Korea. Carcinogenic
and non-carcinogenic risks were assessed separately for adults and children. Among the various
pathways, the rate of TTE intake from the ingestion of groundwater was highest, followed in
descending order by crop consumption, soil ingestion, and soil contact. The carcinogenic risk
from the ingestion of groundwater was highest, followed by crop consumption and ingestion of
contaminated surface soil. The non-carcinogenic risk from the ingestion of groundwater was highest
(53.57% of the total non-carcinogenic risk), followed by crop intake (38.53%) and surface soil ingestion
(4.80%). The risk assessment revealed that contaminated soil around Yaro mine posed a high risk to
the health of inhabitants, mainly via groundwater ingestion and crop consumption. Reclamation
measures should include methods of disrupting the high-risk routes between the source and recipient.
Stabilization and covering techniques are promising options for reducing the hazard (i.e., exposure to
the bioavailable fraction of TTE) and creating a chemical or physicochemical barrier to the potential
migration pathways.
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1. Introduction

Mining is one of the major anthropogenic sources of contamination in the environment. In areas
where these activities are concentrated, various toxic trace elements (TTE), including arsenic (As)
and other toxic heavy metals, could be released to the surrounding environment through acid mine
drainage from mine tailing [1,2]. TTE released from mining sites could increase the concentration of
aquatic and soil environments, which can have a detrimental effect on biota and human health [3,4].

In Korea, the Ministry of Trade, Industry, and Energy (KMoTIE) informed that approximately
5400 mines existed. More than 85% of them are left unmanaged without any minimum safety
precautions, resulting in the contamination of environment and local inhabitants [5]. Especially, mining
and refining facilities at abandoned mine areas have been left unmanaged, with mine tailings and
waste rocks scattered randomly. Therefore, the management of abandoned derelict mines has become
a major concern. Korean society has learned from past experiences that there is an urgent need to
mitigate the risks imposed by the mining of soils to ensure sustainability of the environment and
protect inhabitant’s health [6].

In Korea, several reclamation practices have been widely applied to contaminated soil abandoned
mine areas since 2006. Followed by domestic legislative in Korea, both types of sites require remediation
and/or reclamation: (1) those where soil contamination exceeds the “trigger value” and (2) those where
soil contamination exceeds the Korean legislative limit for edible crops. Whereas lead exposure to
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humans is diverse in other countries, such as electronic waste, ceramics, and traditional medicines [7],
the mine is the main exposure route in Korea.

The use of risk assessment techniques in mining areas has focused primarily on human health
issues rather than soil reclamation [5,8-10]. In the case of arsenic and lead, which are also listed as
a domestic limit for edible crops, several studies have been conducted on the effects on the human
body, such as the cardiovascular system, renal system, hepatic system, etc. [11-13]. In addition, when
children are exposed to lead, they continue to have negative effects not only in childhood but also
in adulthood [14]. However, a few studies have proposed remediation and/or reclamation methods
based on risk assessment results.

The aims of this study were to (1) determine TTE contamination levels in upland soil contaminated
by mining activity, (2) assess the potential health risks to farmers and children associated with exposure
to TTE of concern, and (3) propose reclamation options to reduce the risk.

2. Materials and Methods

2.1. Study Area

The Yaro gold mine is located in Hapcheon Province in Gyungnamdo, Korea (Figure 1). The climate
of this region is humid and hot in summer and cold and dry in winter, with an annual average
temperature of 13.4 °C and rainfall of 1340 mm. The Yaro mine was developed to extract gold in the
1930s. After the mine closed in 1994, mine tailings and waste rocks have been left without any adequate
environmental management. Mining wastes in this area were proliferated into the surrounding
cultivated land by water and wind action.
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Figure 1. Location of the Yaro mine and sampling points.
2.2. Sample Collection

A total of 37 surface soil (0-30 cm) samples were collected. At each sampling site, five subsamples
were collected and homogenized for a composite sample, which was immediately transported to the
laboratory. In this area, groundwater is used as drinking water, and therefore groundwater samples
were collected from six wells. Rice, red pepper, and garlic were also sampled because they were
produced in relatively large amounts in the study area.

2.3. Sample Analysis

Pseudo-total TTE concentrations, including arsenic (As), cadmium (Cd), copper (Cu), lead (Pb),
and zinc (Zn) were determined by wet-digestion procedure with aqua regia, (a mixture of HCI/HNO3
(v:v = 3:1), followed by ISO 11466 [15], and the bioavailable fraction of TTEs was determined following
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NH4NOj extraction according to ISO 19730 [16]. All the TTE in solution were analyzed using and
inductively coupled plasma optical emission spectrometer (ICP-OES, Agilent, Santa Clara, CA, USA).

Groundwater samples were filtered through a 0.45 pm membrane and then acidified with
concentrated HNOj3. The TTE concentrations in the water samples were measured using inductively
coupled plasma mass spectrometry (ICP-MS). Crop samples were collected from farmlands and paddy
fields around the mine. Harvested plants were rinsed with distilled water and dried at 80 °C for
48 h. The plants were digested with HNO3 + H,O, using a hot-block digestion procedure at 120 °C.
The resultant solution was diluted with 1% (v/v) nitric acid. The trace elements concentrations in the
edible parts of crop plants were determined by ICP-OES.

Certified reference materials (NIST 2711a and NIST 1568b) were included in the analysis to ensure
internal quality assurance/quality control. The recovery rates and relative standard deviation were
measured. The recovery in the reference soil and crops was between 80% and 120%, and the relative
standard deviation was less than 20%.

2.4. Risk Assessment

The potential adverse effects of the Yaro mine area on human health through the exposure to TTE
were calculated using the multiphase and multicomponent risk assessment model that was developed
for the Korean soil contamination risk assessment guidelines [17].

The following exposure routes were considered: (1) soil (by direct ingestion of soil particles or
dermal adsorption), (2) water (by direct ingestion of groundwater), and (3) crops (by consumption
of contaminated crops). There are several exposure models available that describe the intake of TTE
through above pathways [18,19]. Most of the models are found on similar assumptions and equations
and the equations and required parameters used in this study are showed in Tables 1 and 2.

Table 1. Equations used to determine the average daily intake for different exposure pathways.

Exposure Pathway Equation for Average Daily Intake ?
Surface soil oral ingestion (mg kg~! day™!) (Cs xCRs X EF x ED)/(BW X AT)
Surface soil dermal (mg 1<g_1 day_l) (Cs X AF X SA, X EF x ED)/(BW X AT)
Inhalation of surface soil (mg m~3) (Cs X TSP X frs X F; X EF X ED)/(BW X AT)
Intake of groundwater (mg kg_1 day_l) (Cw X CRy X EF x ED)/(BW x AT)
Intake of crop (mg kg™! day™') (Cp X CRp X EF X ED)/(BW x AT)

2 C = concentrations of toxic trace elements in each medium, other parameters and factor are listed in Table 2;
Cs, concentration of contaminants in soil; CR;, intake rate of soil; EF, exposure frequency; ED, exposure duration;
BW, body weight; AT, average time; AF, soil-skim adsorption coefficient; SA., surface area body for dermal contact
of soil; TSP, amount of air-suspended particles; Fr, retention of soil particles in lung

Table 2. Exposure parameters and factors used for adult farmers and children.

Factors/Parameters Unit Acceptor References
Adults Children
Body weight (BW) kg 59.9 36 KNIER, 2011
Exposure duration (ED) years 484 8.2 KNIER, 2011
Average time (AT) days 28,656 29,908 KOSIS, 2013 [20]
Exposure frequency (EF) days year™! 350 350 KMOoE, 2009
Surface area body for dermal contact of soil (SA¢) cm? day‘1 4212 2978 KNIER, 2011
Soil-skin adsorption coefficient (AF) mg cm ™2 0.07 0.2 USEPA, 2009 [21]
Amount of air-suspended particles (TSP) mg m~3 0.07 0.07 KNIER, 2011
Soil fraction in particles in the air (frs) - 0.5 0.5 KNIER, 2011
Retention of soil particles in lung (Fr) - 0.75 0.75 KMOoE, 2009
Intake rate of soil (CRs) mg day’1 50 118 KMOoE, 2007
Intake rate of groundwater (CRyw) L day’1 1.66 1.00 KMOoE, 2007
Rice 0.161 0.108
Intake rate of crop (CR.) Red pepper kg day~! 0.005 0.004 KMOoE, 2007

Garlic 0.001 0.001
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A well-known route of exposure is the direct intake of dirt or dust, especially for children who
have a habit of often putting hands and fingers in the mouths. Van Wijnen et al. [22] reported that
children ingest approximately 150-200 mg soil per day up to the age of 6 years. Although no specific
studies are conducted in adults, published guidelines for risk assessment studies suggest that a soil
limit of 50 to 100 mg per day is recommended [19]. In this study, the ingestion rate of soil for children
and adults was 118 and 50 mgday~!, respectively [23]. Dust inhalation means the inhalation of particles
smaller than 10 um. In general, large particles are swallowed and contribute directly to the route of
ingestion. Important parameters are the amount of inhaled air per day, the concentration of suspended
particles in the air, and the percentage of remained particles in the lungs [24]. Exposure through
skin contact means the absorption of contaminants into the bloodstream after contact with the skin.
The calculation was based on the chemical specific factors of the amount of attached soil per surface
area of the skin and the absorption of TTE through the skin, which is exposed daily [19]. In this study,
the surface areas for adults and children were 4212 and 2978 cm?, respectively [25]. Intake of crops
means the consumption of crops cultivated in contaminated soils. An important parameter used was
the concentration of TTE in the edible parts of the crop plant. The consumption rates of rice, pepper,
and garlic for adults were 0.161, 0.005, and 0.001 kg day~!, respectively [23].

Carcinogenic risk has been estimated to increase the likelihood that a person will develop cancer
for life as a result of exposure to potential carcinogens. The following linear low dose carcinogenic risk
equations were used for each exposure route [17,18]:

Carcinogenic risk = ADI X SF, @

where ADI is the average daily intake averaged over 70 years (mg kg~! day~!) and SF is the slope factor.
If a site contained multiple carcinogenic contaminants, the carcinogenic risks for each carcinogen and
each exposure route were combined (i.e., assuming an additivity of effects) and compared with the
acceptable risk. Risks in the range of 107 to 107* are typically considered acceptable by the KMoE [17].

The HQ (hazard quotient) is the ratio between the ADI of TTE and the reference dose for a given

contaminant (RfD):

ADI
HQ = RD’ )

where ADI is the estimated ADI for a given contaminant (mg kg~! day~!) and RfD (mg kg~! day~!) is
the reference dose for daily exposure to a particular TTE via a route that does not lead to significant
detrimental health effects during a person’s lifetime [17]. In order to assess the overall likelihood
of non-carcinogenic effects by various chemicals, the calculated HQ values for each chemical are
combined (i.e., assuming an additivity of effects), represented by a risk index (HI) [17]:

HI = Z HQK, ®3)

where HI is the sum of all HQ for all exposure routes, HQk is the HQ for exposure route k. If HI is <1,
the exposed population is considered to have no risk of toxicity from the TTE; if HI is >1, exposure to
the TTE may have adverse health effects on human health [26].

3. Results and Discussion

3.1. Toxic Trace Elements in Soil, Water, and Crops

The concentrations of target TTE in soil, groundwater, and crops are shown in Table 3. All TTE
concentrations in the surface soil samples were significantly greater in the study area than in the
reference area. The mean concentrations of As, Cd, Cu, Pb, and Zn in soils near the abandoned
mines were 31.77, 3.31, 19.87, 93.88, and 288.47 mg kg~!, respectively. These results suggested that
the elevated TTE concentrations in soils were related to the mining activities, and hence the land may
not be suitable for agricultural uses. The concentrations of As, Cd, Cu, Pb, and Zn were 5.09, 23.68,
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1.05, 4.68, and 4.06 times greater than the natural levels in agricultural soils in Korea, respectively [27].
The high TTE concentrations measured in the groundwater were As, Cd, Cu, Pb, and Zn higher than
the reference values for these chemicals, and therefore represent a health risk when drinking water.
The TTE concentrations in agricultural products, e.g., rice, red pepper, and garlic, are presented in
Table 3. High TTE concentrations in agricultural products cultivated in contaminated mining areas
have also been reported in other studies [4,28]. All of the TTE concentrations were significantly higher
in crops in the Yaro mining area than in the reference areas reported by Kim et al. [29]. For example, the
background Cd concentration in rice was informed to be 0.019 mg kg™!, whereas the rice collected in
the Yaro mining area exceeded the maximum permissible level of 0.2 mg kg~! [30], indicated that rice
paddy soils near the abandoned mine area might not be suitable for rice cultivation. Cd contamination
can lead to health concerns when it occurs in soil and foods, especially rice [31].

Table 3. Toxic trace elements (TTE) concentrations in environmental media around the abandoned
Yaro metal mine.

No. of ) Trace Elements
Type Samples Units
P As cd Cu Pb Zn
Soil 2 37 mgkg™! 3177 3.31 19.87 9388 28847
Water 6 mg L1 0.01 0.01 0.01 0.01 0.10
Rice 6 mg kg™ 0.03 0.40 7.77 0.09 19.45
Crops  Red pepper 7 mg kg ™! 0.04 0.08 1.23 NDP 8.95
Garlic 7 mgkg™? 025 0.17 2.00 ND 8.56

2 Background level of As, Cd, Cu, Pb, and Zn in agricultural soil in Korea is 6.24, 0.14, 18.86, 20.07, and 71.07 mg
kg~! soil, respectively, ® Not detected.

3.2. Human Health Risk Assessment

Table 4 shows the estimates of average daily metal intake for farmers and children in adults in
various media. TTE’s ADI was highest in Zn, followed by Cu, Pb, As, and Cd in descending order.
Through various routes, the daily intake of TTE through crop consumption was highest, followed by
groundwater ingestion, soil ingestion, soil contact, and soil inhalation. The intake via crop ingestion
was highest in rice, followed by the next red pepper and garlic.

Table 4. Average daily intake of toxic trace elements (TTE) from each medium.

Life Stage Pathway As Cd Cu Pb Zn

mg kg1 day1

Surface soil oral ingestion  2.72x107%  1.92x107%  536x107%  346x107%  9.12x107%
Surface soil contact 506x107%7  635x107%7 554%x107% 122x107%  1.08x107%
Surface soil inhalation 9.00x107%  242x107%  296x107%7  1.09x107%  2.87 x 1070

Adults G dwat )
ro‘;ﬁgg‘s’:‘ig ora 1.09%x10°%  779%10°%  156x10~%  1.71x10~%  1.60 x 10~%
Crop oral ingestion 543x107%%  153x107%  673x107% 136 x107%  3.01 x 10702
Total 1.67x107%  939x107%  830x10™%  344x107%  3.18 x 10792
Surface soil oral ingestion  1.73x107%  123x107%  342x107% 221x10°% 582x10%
Surface soil contact 276 x1077  347x107%7  3.03x107%  6.69x10°% 588 x 1070
Children Surface soil inhalation 146 x107%  393x107%°  480x10™%  177x107%7  4.66 x 10~%7

Groundwater oral 177x10°%  127x10°%  254x10~%  279x107%  2.61 x 10-%

ingestion
Crop oral ingestion 8.63x107%°  863x107%° 122x10™® 261x107% 537x107%
Total 284x107%%  217x10™%  148x107%  312x107%  570x 1079

Table 5 showed the calculated carcinogenic risks for TTE from various media. The oral slope
factors, i.e., ingestion of soil, groundwater, and crops, for As and Pb were 1.50 and 8.50 X 1073,
respectively, according to Korean guidelines (Table 6). For As, the slope factor for soil contact (dermal)
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was 3.3. In case of soil inhalation, the slope factors for As, Cd, and Pb were 4.3 x 1073,1.80 x 1073, and
2.20 x 107°, respectively. The carcinogenic risk from metals was highest for As (2.51 x 107%, 98.83% of
the total carcinogenic risk), followed by Pb (2.93 x 107°) and Cd (4.35 x 1078). The carcinogenic risk
according to exposure pathway was highest for groundwater ingestion (64.85% of the total carcinogenic
risk), followed in descending order by crop consumption, surface soil ingestion, soil contact, and
soil inhalation. Carcinogenic risk is the probability that a person’s lifelong exposure to carcinogenic
chemicals causes an individual to develop all types of cancer. Acceptable or tolerable total risk for legal
regulation is defined as 1072 in Canada [32] and Spain [33] and a range of 107® to 107* in Korea [17].
Considering 107° as an acceptable risk, i.e., 1/100,000 people, the study area posed a considerable
carcinogenic risk due to As contamination. The sum of all carcinogenic risks for adults was 2.54 x 1074
This value was equivalent to a probability of about 2.5 cancers in 10,000 people. The total carcinogenic
risk for children was 4.37 x 107>, corresponding to 17.24% of the carcinogenic risk for adults. Followed
by Park and Choi [4], the sum of carcinogenic risk for As, Cd, and Pb including ingestion, contact
and inhalation of soil, water ingestion and crop ingestion pathways was calculated as 5.81 x 107%,
which is 23 times higher than that of this study. And they also calculated the sum of carcinogenic
risk for other mining area, with a value of 6.29 x 10793 [34], which is 25 times higher than this study.
The reason for the difference is that the risk value for inhalation was calculated very largely using
farmers’ coefficients. Taken together, it is a very important step to accurately identify a significant
exposure pathway at the site of the target area before conducting a risk assessment.

Table 5. Carcinogenic risks for toxic trace elements (TTE) in the Yaro mine area.

Life Stage Pathway As Cd Cu Pb Zn Total
Surface soil oral 4,08 x 10706 - - 2.94 x 10797 - 437 x 10706
Surface soil dermal 1.67 x 10706 - - - - 1.67 x 10706
Adults Surface soil inhalation 387x107%7  435x 10708 - 1.31 x 10798 - 444 x 10797
Groundwater oral 1.63 x 10704 - - 1.46 x 10706 - 1.64 x 10704
Crop oral 8.15x 107% - - 116x107% - 827x107%
Total 2.51 x 10704 4.35 % 10708 - 2.93 x 1079 - 2.54 x 10704
Surface soil oral 2.60 x 10796 - - 1.88 x 10797 - 2.79 x 10796
Surface soil dermal 9.12 x 10797 - - - 9.12 x 10797
Children Surface soil inhalation 6.28 x 10708 7.07 x 1079 - 212 %1079 - 7.20 x 10708
Groundwater oral 2.66 x 1079 - - 2.37 x 10797 - 2.68 x 1079
Crop oral 1.29 x 107% - - 209x1077 - 131x107%
Total 431 %1079 7.07 x 10799 - 6.36 x 1077 - 437 x 1079

Table 6. The slope factors (mg kg ™! day~!)~! and reference doses (mg kg~ day~!) applied in this study.

Classification Slope Factor As Cd Cu Pb Zn
Oral slope factor (SF,) 1.50 ND 2 ND 8.50 x 10-03 ND
Carci . (mgkg!-day)™! ’ ’
arcinogenic
Dermal slope factor (SFps) 330 ND ND ND ND
(mgkg™"-day)"! '
Inhalation unit risk 4301073 1.80 x 1003 ND 120 % 10°% ND

(URFipp) (pm~3)7!
Oral reference dose (Rf,)
(mgkg~!-day)
Dermal reference dose
(RfDabs) (mgkg~!-day)~!
Inhalation reference dose
(RfC) (mgm™3)

300x107%  500x107%*  1.40x1079"  500x107%*  3.00 x 1070
Non-carcinogenic
290x107%  1.30x107% ND ND ND

ND 7.00%x107%  1.00x 1079 ND ND

a Not detected.

Table 7 showed the estimated non-carcinogenic risks for TTE from various media.
The non-carcinogenic risk (i.e., the HI) for TTE was highest for Pb (0.68), followed by As (0.56),
Cd (0.24), Zn (0.11), and Cu (0.06). Among the exposure pathway, the highest non-carcinogenic risk
was imposed by ingestion of groundwater (53.57% of the total non-carcinogenic risk), followed in
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descending order by crop consumption, ingestion of surface soil, contact with soil, and inhalation of
soil particles. The HI value of each TTE in each route was less than 1, but the sum exceeded 1 (1.64 for
adults). Therefore, the non-carcinogenic risk from TTE in this area was considerable for adults. In the
case of children, the HI value of each TTE in each route was less than 1, and their sum was also less
than 1 (Table 7). These results suggested that the non-carcinogenic risk from TTE in this area was not
substantial for children.

Table 7. Non-carcinogenic risks for toxic trace elements (TTE) in the Yaro mine area.

Life Stage Pathway As Cd Cu Pb Zn Total
Surface soil oral ~ 9.06 x 107 385x107%  383x107%°  692x10792 304x107%  7.86x 10792
Adults S“;feﬁasf’ﬂ 175% 1073 4.88 x 10702 - - - 5.06 x 1002
?‘;f;;eni‘ﬁl - 346x10°% 296 x 10-0% - - 3.31 x 10-%
Gro“;‘r‘;"ater 363%10700  156x107°0  111x10°2 343x 10"  535x 107 878 x 1070
Crop oral 1.81x10700  3.06x1072 481x1072 272x10™ 1.00x10™  6.32x 107"
Surface soil oral ~ 5.78 x 107 245x107% 244x107%  442x10792  1.94x107% 502 x 10792
Children S“;f;fiasf’ﬂ 953x10°% 2,67 x 10°%2 - - - 2.77 x 10-02
Sl‘rll‘}”fsgt;‘ﬁl - 561 %1070 4,80 x 107% - - 5.36 x 10705
Gro“;‘;"ater 592x102  254x10°2  181x10°% 558x10°2 871x10°% 143 x 1070
Crop oral 288x1072  551x107%  869x107% 493 x 10~ - 9.23 x 10~

3.3. Reclamation Options

According to this human health risk assessment, the Yaro mine soils has been found to threaten
a significant risk to the health of inhabitants, primarily through direct ingestion of groundwater
and consumption of crops. Reclamation measures should include methods to reduce the high-risk
routes between the source and recipient, or actions to remove the source of the hazard from the
abandoned area. Among the various types of techniques, in Korea, one of the major reclamation
techniques is removing the contaminated top soil and replacing it with clean soil [35]. Therefore,
the contaminated soil is updated with a layer of clean soil that is thick enough to limit exposure to
TTE via hand-to-mouth or dermal contact. In addition, chemical stabilization methods reducing the
mobility and availability of TTE could be another option using various types of amendments [36,37].
Compared to other reclamation methods, in situ chemical stabilization is less expensive and might
provide a long-term remediation solution through the adsorption, formation of low-solubility minerals,
or precipitates [36]. Therefore, it is suitable for the reclamation of broad areas of agricultural soil
or low-value land. The proposed soil reclamation method involved an incorporation of these two
strategies, i.e., management of mobility and/or availability of contaminants in soil using amendments
and covering the contaminated soil with clean soil (Figure 2). The stabilization effect (i.e., reducing
the bioavailability of TTE) was confirmed in this study. Addition of 3% (w/w) of limestone reduced
NH4NOs-extractable As, Cd, Cu, Pb, and Zn by 16%, 66%, 44%, 96%, and 66%, respectively. In situ
stabilization, including the conversion of the bioavailable TTE species to less soluble species through the
precipitation or ion-exchange mechanisms, was conducted using limestone, widely used representative
amendment. In addition to limestone, acid mine drainage sludge, red mud, furnace slag, etc. are also
actively examined and proposed for chemical stabilization [37,38]. These would result in a significant
reduction in the release of contaminants to the aquatic or biotic environment.
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Figure 2. A schematic of a soil reclamation method (Left) and the reduced bioavailable fraction caused
by soil stabilization (Right).

4. Conclusions

The present study was conducted to confirm the environmental impact and human health risks
associated with TTE in the abandoned Yaro Mine, Korea. For the risk assessments, carcinogenic and
non-carcinogenic risks were assessed separately for adults and children. The rate of trace elements intake
from the ingestion of groundwater was highest, followed in descending order by crop consumption,
soil ingestion, and soil contact. The carcinogenic risk from the ingestion of groundwater was highest,
followed by crop consumption and ingestion of contaminated surface soil. The non-carcinogenic risk
from the ingestion of groundwater was highest (53.57% of the total non-carcinogenic risk), followed by
crop intake (38.53%) and surface soil ingestion (4.80%). These results indicated that the risk assessment
revealed that contaminated soil around Yaro mine posed a high risk to the health of inhabitants, mainly
via groundwater ingestion and crop consumption. For the successful gentle remediation of agricultural
abandoned mining area, among the various restoration methods, stabilization and covering techniques
are promising options for decreasing the hazard and creating a chemical and/or physicochemical
barrier to the potential migration pathways through the food chain.

Author Contributions: Methodology, M.].P,; data curation, J.H.Y.; writing—original draft preparation, S.H.L.;
writing—review and editing, M.S.K.

Funding: There is no funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Al-abed, S.R.; Hageman, P.L.; Jegadeesan, G.; MAdhavan, N.; Allen, D. Comparative evaluation of short-term
leach tests for heavy metal release from mineral processing waste. Sci. Total Environ. 2006, 364, 14-23.
[CrossRef] [PubMed]

2. Nair, A,; Juwarkar, A.A.; Devotta, S. Study of speciation of metals in an industrial sludge and evaluation of
metal chelators for their removal. |. Hazard. Mater. 2008, 152, 545-553. [CrossRef] [PubMed]

3.  Rodriguez, L.; Ruiz, E.; Alonso-Azcarate, J.; Rincoin, J. Heavy metal distribution and chemical speciation
in tailings and soils around a Pb—Zn mine in Spain. J. Environ. Manag. 2009, 90, 1106-1116. [CrossRef]
[PubMed]

4. Park, J.H.; Choi, K K. Risk assessment of soil, water and crops in abandoned Geumryeong mine in South
Korea. J. Geochem. Exporl. 2013, 128, 117-123. [CrossRef]

5. KMOoTIE. Annual Report of Environmental Status in Mining Areas; Ministry of Trade, Industry, and Energy of
the Republic of Korea: Sejong City, Korea, 2010.

6. Lee, SH.; Ji, WH,; Yang, H].; Kang, S.Y.; Kang, D.M. Reclamation of mine-degraded agricultural soils from
metal mining: lessons from 4 years of monitoring activity in Korea. Environ. Earth. Sci. 2017, 76, 720.
[CrossRef]

7.  Obeng-Gyasi, E. Sources of lead exposure in various countries. Rev. Environ. Health 2019, 34, 25-34.
[CrossRef]


http://dx.doi.org/10.1016/j.scitotenv.2005.10.021
http://www.ncbi.nlm.nih.gov/pubmed/16336991
http://dx.doi.org/10.1016/j.jhazmat.2007.07.054
http://www.ncbi.nlm.nih.gov/pubmed/17768006
http://dx.doi.org/10.1016/j.jenvman.2008.04.007
http://www.ncbi.nlm.nih.gov/pubmed/18572301
http://dx.doi.org/10.1016/j.gexplo.2013.02.004
http://dx.doi.org/10.1007/s12665-017-7076-9
http://dx.doi.org/10.1515/reveh-2018-0037

Int. |. Environ. Res. Public Health 2019, 16, 5077 90f 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Kim, J.Y;; Kim, KW.; Ahn, J.; Ko, L; Lee, C.H. Investigation and risk assessment modeling of As and other
heavy metals contamination around five abandoned metal mines in Korea. Environ. Geochem. Health 2005,
27,193-203. [CrossRef]

Lee, SSW.; Lee, B.T,; Kim, J.Y.; Kim, KW.; Lee, ].S. Human risk assessment for heavy metals and as
contamination in the abandoned metal mine areas, Korea. Environ. Monit. Assess. 2006, 119, 233-244.
[CrossRef]

Lim, H.S; Lee, ].S.; Chon, H.T.; Sager, M. Heavy metal contamination and health risk assessment in the
vicinity of the abandoned Songcheon Au-Ag mine in Korea. J. Geochem. Explor. 2008, 96, 223-230. [CrossRef]
Mahimairaja, S.; Bolan, N.S.; Adriano, D.C.; Robinson, B. Arsenic contamination and its risk management in
complex environmental settings. Adv. Agron. 2005, 86, 1-82.

Harari, F; Sallsten, G.; Christensson, A.; Petkovic, M.; Hedblad, B.; Forsgard, N.; Melander, O.; Nilsson, PM.;
Borne, Y.; Engstrom, G.; et al. Blood lead levels and decreased kidney function in a population-based cohort.
Am. |. Kidney Dis. 2018, 72, 381-389. [CrossRef] [PubMed]

Obeng-Gyasi, E. Lead exposure and cardiovascular disease among young and middle ages adults. Med. Sci.
2019, 7, 103.

Reuben, A.; Caspi, A.; Belsky, D.W,; Broadbent, ].; Harrington, H.; Sugden, K.; Houts, R.M.; Ramrakha, S.;
Poulton, R.; Moffitt, T.E. Association of childhood blood lead levels with cognitive function and socioeconomic
status at age 38 years and with IQ change and socioeconomic mobility between childhood and adulthood.
JAMA 2017, 317, 1244-1251. [CrossRef] [PubMed]

ISO. Soil Quality-Extraction of Trace Elements Soluble in Aqua Regia. InISO 11466; International Organization
of Standardization: Geneva, Switzerland, 1995.

ISO. Soil Quality-Extraction of trace elements from soil using ammonium nitrate solution. In ISO 19730;
International Organization of Standardization: Geneva, Switzerland, 1995.

KMOoE. Soil Contamination Risk Assessment Guidelines; Ministry of Environment Republic of Korea: Sejong
City, Korea, 2009.

USEPA. Volume I, Human Health Evaluation Manual (Part A). In Risk Assessment Guidance for Superfund;
Office of Emergency and Remedial Response: Washinghton, DC, USA, 1989.

US DoE. RAIS: Risk Assessment Information System; US Department of Energy, Office of Environmental
Management: Washington, DC, USA, 2000.

KOSIS. KOSIS 100 Indices; Korean Statistical Information Service: Seoul, Korea, 2013.

USEPA. Volume I, Human Health Evaluation Manual (Part F). In Risk Assessment Guidance for Superfund;
Office of Emergency and Remedial Response: Washinghton, DC, USA, 2009.

Van Wijnen, J.H.; Clausing, P.; Brunekreef, B. Estimated soil ingestion by children. Environ. Res. 1990,
51,147-162. [CrossRef]

KMOoE. Korean Exposure Factors Handbook; Ministry of Environment Republic of Korea: Sejong City, Korea,
2007.

SFT. Report 99.06. In Guidelines on Risk Assessment of Contaminated Sites; Norwegian Pollution Control
Authority: Oslo, Norway, 1999.

KNIER. Investigation of Health Effect on Inhabitants around Abandoned Metal Mines; National Institute of
Environmental Research: Incheon, Korea, 2011.

Liu, X,; Song, Q.; Tang, Y.; Li, W.; Xu, J.; Wu, J.; Wang, F; Brookes, P. Human health risk assessment of
heavy metals in soil-vegetable system: a multi-medium analysis. Sci. Total Environ. 2019, 463—464, 530-540.
[CrossRef]

KMOoE. Annual Report of National Soil Contamination Monitoring; Ministry of Environment Republic of Korea:
Sejong City, Korea, 2015.

Zhuang, P; Zou, B.; Li, N.Y;; Li, Z.A. Heavy metal contamination in soils and food crops around Dabaoshan
mine in Guangdong, China: implication for human health. Environ. Geochem. Health 2009, 31, 707-715.
[CrossRef]

Kim, M.; Chang, M.I,; Chung, S.Y.; Sho, Y.S.; Hong, M.K. Trace metal contents in cereals, pulses and potatoes
and their safety evaluations. J. Korean Soc. Food Sci. Nutr. 2000, 29, 364-368.

KFDA. Notice 2006-62. In Food Standards and Specifications; Korea Food & Drug Administration: Seoul, Korea,
2013.


http://dx.doi.org/10.1007/s10653-005-0127-2
http://dx.doi.org/10.1007/s10661-005-9024-5
http://dx.doi.org/10.1016/j.gexplo.2007.04.008
http://dx.doi.org/10.1053/j.ajkd.2018.02.358
http://www.ncbi.nlm.nih.gov/pubmed/29699886
http://dx.doi.org/10.1001/jama.2017.1712
http://www.ncbi.nlm.nih.gov/pubmed/28350927
http://dx.doi.org/10.1016/S0013-9351(05)80085-4
http://dx.doi.org/10.1016/j.scitotenv.2013.06.064
http://dx.doi.org/10.1007/s10653-009-9248-3

Int. |. Environ. Res. Public Health 2019, 16, 5077 10 of 10

31.

32.

33.

34.

35.

36.

37.

38.

Reeves, P.G.; Chaney, R.L. Mineral nutrients status of female rats affects the absorption and organ distribution
of cadmium from sunflower kernels (Helianthus annuus L.). Environ. Res. 2001, 85, 215-225. [CrossRef]
Kang, Y.; Cheung, K.C.; Wong, M.H. Mutagenicity, genotoxicity and carcinogenic risk assessment of indoor
dust from three major cities around the Pearl River Delta. Environ. Int. 2011, 37, 637-643. [CrossRef]
Fernandez-Caliani, J.C. Risk-based assessment of multimetallic soil pollution in the industrialized peri-urban
area of Huelva, Spain. Environ. Geochem. Health 2012, 34, 123-139. [CrossRef]

Park, J.; Choi, K. Risk assessment of the abandoned Jukjeon metal mine in south korea following the Korean
guidelines. Human Ecol. Risk Assess. 2013, 19, 754-766. [CrossRef]

Bell, L.C. Establishment of native ecosystems after mining-Australian experience across diverse biogeographic
zones. Ecol. Eng. 2001, 17, 179-186. [CrossRef]

Lee, S.H.; Kim, E.Y; Park, H.; Yun, J.H.; Kim, J.G. In situ stabilization of arsenic and metal-contaminated
agricultural soil using industrial by-products. Geoderma 2011, 161, 1-7. [CrossRef]

Kim, M.S.; Min, H.G; Lee, S.H.; Kim, J.G. The effects of various amendments on trace element stabilization
in acidic, neutral, and alkali soil with similar pollution index. PLoS ONE 2016, 11, e0166335. [CrossRef]
Lee, S.H.; Lee, ].S.; Choi, Y.J.; Kim, J.G. In situ stabilization of cadmium-, lead-, and zinc-contaminated soil
using various amendments. Chemosphere 2009, 77, 1069-1075. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1006/enrs.2000.4236
http://dx.doi.org/10.1016/j.envint.2011.01.001
http://dx.doi.org/10.1007/s10653-011-9396-0
http://dx.doi.org/10.1080/10807039.2012.708274
http://dx.doi.org/10.1016/S0925-8574(00)00157-9
http://dx.doi.org/10.1016/j.geoderma.2010.11.008
http://dx.doi.org/10.1371/journal.pone.0166335
http://dx.doi.org/10.1016/j.chemosphere.2009.08.056
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Sample Collection 
	Sample Analysis 
	Risk Assessment 

	Results and Discussion 
	Toxic Trace Elements in Soil, Water, and Crops 
	Human Health Risk Assessment 
	Reclamation Options 

	Conclusions 
	References

