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Probabilistic Health Risk Assessment
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ABSTRACT

Heavy metals including lead (Pb), zinc (Zn), and cadmium (Cd)
can damage the kidney, liver, brain, lungs, blood composition, and
other vital organs. As a result, their toxicity, especially when
contaminated in food, water, and soil, can be harmful to human
health. This study evaluated the risk of adverse health effects to
residents near closed zinc mines in Tak Province, Thailand. Data was
collected from three subdistrict sites and analyzed for probable health
risk. Scenario pathways were oral and dermal contact of heavy
metals; including Pb, Zn, and Cd, in four age groups with average
daily dose and hazard quantification; hazard index (HI); and cancer
risk (CR) considered. Results were that carcinogen risk quantification
exceeded the recommended limit (CR <107°) in all scenarios, and the
hazard index for non-carcinogenic risk was below the acceptable level
(HQ <1), in which Cd dominated for all categories. These findings
suggest that all medias and food products should be appropriately
monitored, especially with carcinogenic surveillance, to mitigate
health effects on residents.
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INTRODUCTION

The largest zinc (Zn)-containing area which was developed into a Zn mine is in
the vicinity of Doi Pha Daeng, Mae Sot District, Tak Province (Tothirakul and
Puangsawai, 2009). Heavy metals were dispersed and contaminated as a result of
stripping in deposit-ore areas caused by various activities including mining and
agriculture. The zinc in that area exhibited collocation with lead (Pb) and cadmium
(Cd) minerals.

Since January 2004, news of Cd contamination in Pa de and Mae Tao mai village
(Provincial Office of Natural Resources and Environment Tak, 2004) had been widely
reported in the media. A significant deal of panic had been induced in society, which
has been detrimental to Thailand's rice export levels. It has long been recognized
that there was a Cd problem in this area. The Cd was absorbed into the soil, where
it may have also affected the ground water (Thunyawatcharakul and Chotpantarat,
2018). As a means of supporting the recovery of people who were exposed to
cadmium contamination, the Public Support Welfare Fund was established (Inthawan
and Chunnual, 2017).

A certain group of elements commonly known as heavy metals are potentially
very harmful to living matter. Both the soil and the water are potential entry points
for heavy metals into the ecosystem. It builds up in food chains, as well.
Contamination occurs as it enters the body by water or through aquatic creatures,
and affects plants and animals normally used for human consumption. Heavy metals
were absorbed through bodily pathways via consumption and exposure to other
media, such as exposure to lead, according to this study. Lead was absorbed by the
body and attached itself to the red blood cells in the circulatory system. It permeated
the body's tissues and built up in the bone, with a half-life of around 20-30 years
(Wannaprasat, 2011). The excretion of cadmium through the kidneys was less than
the absorption (10%), leading to accumulations in the liver and kidneys (Siriwarasai
and Kaocharoen, 2002). It has been reported that heavy metals such as cadmium,
mercury (Hg) and especially lead were found in large quantities in breast milk (Abadin
et al., 1997). Groundwater had increased concentrations of related metals such as
Pb, arsenic (As), mercury (Hg), selenium (Se) and Cd, especially in locations near
active mines, where the area is highly mineralized (Obasi and Akudinobi, 2018).

Health risk assessment is the study of possible adverse health effects that may
occur from exposure to various contaminants and ways of mitigating the potential
effects on local residents of extended exposure to such contaminants like the heavy
metals from a mine. Probabilistic risk assessment is used to establish other variables
and unknown parameters deterministically from all perspectives, while defining
simulation parameters based on probability (Simpson et al., 2016). Health risk
assessment was an essential instrument in determining the likelihood that individuals
who have lived close to mining areas in earlier times were contaminated with heavy
metals, despite the fact that the quantity of contamination from heavy metals such
as Pb, Cd and Zn in the soil and surface water did not exceed the standards set by
the Announcement of the National Environmental Board on the Water-Quality Index
(2537) (PCD, 1994) or the Soil-Quality Index (2564) (PCD, 2021). There were
questions on how potentially hazardous it was and whether it would have any effect
on people's health. The health risk assessment included the following four major
steps: 1. hazard identification, 2. dose response, 3. exposure assessment and 4. risk
characterization (U.S. EPA, 2023).

Arsenic and lead exhibited unacceptable levels for both carcinogenic and non-
carcinogenic contaminants in a study of abandoned mines in Yala Province
(Pongkaset and Witthayawirasak, 2017). It was found that adolescents were exposed
to hazardous levels of non-carcinogenic chemicals, mostly manganese (Mn). On the
other hand, while it is among a group of chemicals known to cause cancer, its
presence is still considered acceptable. Contaminants of interest consisted mostly of
cadmium and chromium (Luo et al., 2020). It can be seen that in abandoned mines,
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there are unacceptable risks when assessing health risks. In coal mining production,
human health risk assessment via soil exposure of heavy metals was conducted in
Pakistan. It was found that the contamination factors for zinc and cadmium were
moderate in Gilgit-Baltistan and Baluchistan provinces. (Din et al., 2023). Hazard
index of children who exposed to soil was exceeded the threshold limit in Hangu and
Kurram district, Pakistan. Locals may be at chronic health risk due to higher hazard
index values. Oral consumption was identified as the main exposure mechanism.(Din
et al., 2024) The levels of potentially toxic element (PTE) in Turkey showed the
results of Zn > Pb > Cd contamination with acceptable values in carcinogenic and
non-carcinogenic risks. (Tokath et al., 2023; 2024). The sediment in the lake in
Pakistan were found that PTE concentrations Cu and cadmium Cd exceed the
guideline. (Muhammad et al., 2024). Also, it was found that water contaminated with
Zn presented the lowest of < 0.01 for adults, However, children had a significantly
greater risk since their HQ values were higher than those of adults. (Muhammad,
2023). As a result, this study provides assessment the public health concerns at the
past mining sites in the Mae Tao and Mae Ku streams in the Mae Sot district. Whether
mining operations have an effect on the health of those who live around it by exposing
them through contact and ingestion.

MATERIAL AND METHODS

Study area

In the present study, Mae Sot District, Tak Province was the selected location,
as shown in Figure 1. The Province of Tak is situated in the Western Region of
Thailand. The area under study consists of communities situated along two streams
(the Mae Tao Stream and Mae Ku Stream) located in the three sub-districts shown
below. This area is expected to be affected by health threats:
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Figure 1. Three areas of interest areas in Mae-sot District, Tak Province,
Thailand (The Royal Thai Survey Department, 2023).
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1) The Phra That Pha Daeng Sub-district Administrative Organization, a total of 7
communities and total number of population is 5,113 people* (updated : 2024)

2) The Mae Tao Sub-district Municipality, a total of 6 communities and total
number of population is 8,211 people* (updated : 2024)

3) The Mae Ku Sub-District, sub-divided into the following administrative areas
and total number of population is 8,719 people* (updated: 2024):

3.1) The Mae Ku Sub-district Municipality, a total of 6 communities

3.2) The Mae Ku Sub-district Administrative Organization, a total of 6
communities

* Department of Health Service Support, Ministry of Public Health, Thailand (2024)

The majority of the people in the research area are wage workers and farmers.
Cattle, buffalo, and sheep are the livestock raised in their daily farming activities,
while their primary economic crops are corn, rice, soybeans and sugar cane. Both
mines operate in two small watersheds: the Huai Mae Ku watershed, which spans
6,689 rai (10.66 km?), and the Huai Mae Tao watershed, which covers 18,607 rai
(29.74 km?), as in Figure 2 (Natural Resources and Environmental Policy and
Planning, 2013). Sampling area according to Post-Evaluation Report of the zinc
mining project, 2013; surface water samples were collected using the grab sampling
technique and were analyzed were analyzed of heavy metals by Flame Atomic
Absorption Spectrophotometry. To collect soil, drilling technique was used in two
different levels: topsoil level (0-30 cm.) and bottom soil level (50-100 cm.). The
heavy metals were analyzed in the laboratory using the same analytical method is
used as for surface water analysis. The surface water and soil sampling location were
shown in Table 1

Figure 2. This current photo of the zinc mine project was taken in July, 2023.
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Table 1. The location of water and soil sampling.

Surface Water Sampling* Soil Sampling**
Location (UTM) Location (UTM)
Sub-district No. Easting Northing Sub-district No. Easting Northing
(m E) (m S) (m E) (m S)

Phra That Pha 1 467000 1842700 Phra That 1 462700 1842800
Daengand Mae 2 466400 1841000 Pha Daeng 2 463000 1841750
Tao! 3 465900 1842300 3 464100 1842450
4 465600 1842350 4 465100 1842600

5 464900 1841800 5 465300 1842500

6 465400 1841400 6 468700 1842400

7 464700 1842400 7 468900 1842100

8 464400 1842200 8 462000 1841200

9 464390 1842900 9 463000 1842100

10 464375 1842800 10 462000 1841700

11 463200 1842750 11 463200 1841800

12 460450 1843200 Mae Tao 12 454000 1842400

13 459050 1842800 13 452500 1844600

14 458400 1842750 Mae Ku 14 464200 1840200

15 457300 1843200 15 464100 1840100

Mae Ku 16 466400 1838900 16 466240 1841000
17 463300 1840200 17 466200 1839900

18 462609 1840700 18 466000 1839800

19 459450 1840550

Source: *Environmental Monitoring Report after the mining activities finishing in the 5t year. (as received from the Provincial Office of Natural
Resources and Environment Tak., 2022)
**Post-Evaluation Report of the zinc mining project (as received from the Office of Natural Resources and Environmental Policy and
Planning, 2013)
1Since Huai Mae Tao is a stream that flows continuously from Phra That Pha Daeng Subdistrict to Mae Tao Subdistrict. Therefore, the
sampling points of surface water in Mae Tao Creek were used for both sub-districts.

Exposure assessment

This research study on health risk assessment took place after the end of mining
activities. It took the form of a case study of a mine operating in the Mae Tao
watershed, Mae Sot District, Tak Province. The researcher used the health risk
assessment framework for application in the area where operations came to an end.
The study can be summarized as illustrated in Figure 3.

- Dermal contact
Water —_— -Fish Ingestion
- Water Ingestion

Heavy metal contaminants,

including Pb, Cd, and Zn, in . . . Mother to infant as
nearby areas of the mine Dispersion to media breast milk

closure

- Dermal contact
- Animal Product Ingestion
- Vegetation Ingestion
- Accidental Ingestion

Soil _—

Figure 3. Conceptual framework of the research.

Open access freely available online NAT. LIFE SCI. COMMUN. 2025. 24(1): E2025013



N LS Natural and Life Sciences Communications: https:// cmuj.cmu.ac.th _

An assessment of the health risks for the residents of the two communities —
the Mae Tao and Mae Ku streams — took place after the mining operations were
completed in the three sub-districts. This study made use of secondary data
regarding the concentration of heavy metals (Table 2), which included lead, cadmium
and zinc (as adapted from the Provincial Office of Natural Resources and
Environment, Tak). Table 2 shows demographic data of people living - infants (0-1
year), toddlers (>1-5 years), children (>5-15 years) and adults (>15 years), while
data in Table 3 (as received from the Health-Promoting Hospital) were put into the
model to estimate the risk from carcinogenic and non-carcinogenic chemicals that
cause serious risk of adverse health effects, as indicated by the U.S. Environmental
Protection Agency (EPA). Ingestion and contact were the two potential pathways of
exposure to pollutants. The U.S. EPA advised using the total concentrations and
dividing the total exposure by the average time (AT) to obtain a dosage exposure per
unit time for determining exposure concentration (EC) values. Life expectancy was
based on a Thai life expectancy of 77.77 years (the World Bank, 2019), while the AT
for carcinogenic health effects, which varies by country, would be the 30-year period
that the U.S. EPA recommended for non-carcinogenic effects.

Table 2. Average heavy metals in surface water and soil.

Average heavy metal Average heavy metal
concentrations as soluble concentrations in soil
Sub-district in surface water (mg/kg)* (mg/kg)**
Zn Cd Pb Zn Cd Pb
Phra That Pha Daeng 0.01 0.0001 0.0005 1,540.18 27.67 128.18
Mae Tao 0.01 0.0001 0.0005 440.00 1.00 136.90
Mae Ku 0.01 0.0001 0.0005 31.50 1.00 7.50

Source: * Environmental Monitoring Report after mining activities were finished in the 5th year (as received from the Provincial Office of
Natural Resources and Environment Tak, 2022)

** post-Evaluation Report of the zinc mining project (as received from the Office of Natural Resources and Environmental Policy and
Planning, 2013)

Table 3. Individuals' average height, weight, and body surface area in three
subdistricts.

Phra That Pha

Sub-district Mae Tao** Mae Ku***

Daeng*

Infant 8.69 8.04 7.82

Average weight (kg) Toddler 14.10 16.73 14.29
Child 34.60 31.39 26.94

Adult 54.71 59.56 56.68

Infant 65.29 74.24 73.89

Average height (cm) Toddler 93.05 97.60 96.26
Child 136.11 131.84 155.00

Adult 154.58 159.50 172.00

Infant 3,726.25 3,957.04 3,896.45

Average body surface area  Toddler 5,916.80 6,586.50 6,098.71
(cm?) Child 11,416.38 10,704.34 11,278.88
Adult 15,211.94 16,133.15 16,684.83

Source: * JHCIS of Phra That Pha Daeng Sub-District Health-Promoting Hospital, 2023
** JHCIS of Mae Tao Sub-district Health-Promoting Hospital, 2023
*** JHCIS of Mae Ku Sub-district Health-Promoting Hospital, 2023
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Three of the heavy metals were dominant toxic pollutants, namely Cd,
Pb and Zn. The average daily-intake values were calculated as 4 groups of population,
infants  (<1lyr), toddler (1-5 yrs), «child (6-15 yrs) and adult
(>15 yrs). Ingestion and skin contact with soil and water were the primary routes of
exposure, for which Table 4 illustrates the various exposure scenarios for each group.
The intake equations 1 and 2 were supplied by the U.S. EPA (Office of Solid Waste,
2005). Although the majority of people are adults, heavy metal exposure can have
adverse health effects more easily on vulnerable age groups like infants and toddlers.
Only infants, in particular, could be exposed to the harmful substances through their
mothers' milk. The population intake calculations are as follows below:

For ingestion,

_ I*IR*EF*ED*CF (1)
ing =~ BWxAT*365
For dermal contact,
DAevent+EF+ED+*SA
I = (2)
dermal BWxAT*365

Where
Iing= intake of ingestion dose (mg/kg of body weight per day as shown in Table 4)
I = total daily intake of chemicals through ingestion (mg/kg)
IR =Ingestion Rate (g/day/person) shown in Table 5
EF = Exposure Frequency (350 days/yr from (Office of Solid Waste, 2005))
ED = Exposure Duration (30 years (Office of Solid Waste, 2005))
BW = Body Weight (kg)

AT = Averaging Time (30 years for non-carcinogenic risk (Office of Solid Waste,
2005), 77.77 years for carcinogenic risk)

365 = conversion factor (days/yr)
Isermal = Intake of contact dose (mg/kg of body weight per day)
DAevent = Dermally absorbed dose per event (mg/cm?-event)

SA = Skin surface area subject to contact (cm?)

Table 4. Exposure route for locals living close to the closing mining (as received from
Srivieng et al., 2021).

Contaminant exposure

PN son  water  AUimel Vesemton g, Natwsl Mewers
Infant dc, ai dc i i i i i
Toddler dc, ai dc, ai i i i i

Child dc, ai dc, ai ii ii ii ii

Adult dc, ai dc, ai i i i i

Note: dc is dermal contact; ai is accidental ingestion; ii is intentional ingestion
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Table 5 The consumption rate of all groups.

Parameter Infant Toddler Child Adult Reference
soil (kg/day) 0.0002 0.0002 0.0002 0.0001 U.S.EPA!
fruit and vegetables (kg/day) 0.0138 0.0138 0.0342 0.0514 MOAC?
beef (kg/day) 0.0080 0.0080 0.0197 0.0247 MOAC?
pork (kg/day) 0.0080 0.0080 0.0197 0.0247 MOAC?
poultry (kg/day) 0.0080 0.0080  0.0197 0.0247 MOAC?2
eggs (kg/day) 0.0189 0.0189  0.0478 0.0399 MOAC?
milk (kg/day) 0.0219 0.0219  0.0587 0.1310 MOAC?2
fish (kg/day) 0.0125 0.0125 0.0444 0.0936 MOAC?

Note: !Office of Solid Waste, U.S. EPA, 2005
2Ministry of Agriculture and Cooperatives, 2011

To estimate a spatial health risk assessment, cancer-risk (CR) and hazard-
quotient (HQ) models were conducted. The toxicity indices were employed to predict
whether there would be any risk to the general population in the study area using
data that was provided for this study. These predictions would quantify both
carcinogenic and non-carcinogenic effects by using Equations 3-4. Slope factor (SF),
a key hazardous indicator, was used to evaluate the potential for carcinogens, which,
together with the reference dose (RfD), were used to determine the probability of
non-carcinogenic effects, as shown in Table 6.

CR = Itotal * SF (3)
_ Itotal
HQ = (4)

Where
CR = cancer risk (non-dimensional)

Itotar = Total intake (sum of intake of digestion and contact dose) (mg/kg of body
weight per day)

SF = slope factor (kg.day/mg)
HQ = hazard quotient (non-dimensional)
RfD = reference dose (mg/kg.day)

The total cancer risk (TCR) for all contaminants and exposure routes should be
less than 10-6 to be considered acceptable. If CR value 10-° indicates acceptable risk
(U.S. EPA, 1991), it is important to highlight that the individual heavy metal
concentration does not present a concern to the exposure group. In addition to HQ,
the value should be less than 1 (U.S. EPA, 1991), for the individual heavy metal as

well as the sum of HQ as hazard index (HI) for aggregate of all heavy metals. The
formulation of TCR and HQ has presented in the Equations 5-6.

TCR = XCR (5)
HI = XHQ (6)
Where

TCR = total of cancer risk (non-dimensional)
HI = total of HQ (unitless)
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Table 6. SFs and RfDs of the heavy metals.

Heavy Cancer group Target SF RfD
metal (IARC, 2022) [(mg/kg/day)] (mg/k/day)
cd CEMTIMDFENTE (12 Urinary? 3.80E-012 3.00E-04°
humans
Probably
Pb carcinogenic to StomachP 8.50E-03P n/a
humans
Zn N/A Immune, n/a 3.00E-01¢

Hematologic®

Note : 2IRIS assessment : Cadmium, 1989 https://iris.epa.gov/ChemicalLanding/&substance_nmbr=141
b OEHHA : Lead and Lead compounds, 2009 https://oehha.ca.gov/chemicals/lead-and-lead-compounds
¢IRIS assessment : Zinc and Compounds, 2005 https://iris.epa.gov/ChemicalLanding/&substance_nmbr=426

*Since dermal Slope Factors have not been determined, 100% of the oral SF was assumed for the dermal SF. (Srivieng et al.2021,
U.S.EPA., 1992)

Ethical considerations

This study was approved by the Human Research Ethics Committee of Tak
Provincial Public Health Office. The approval number is 010/2566, which was
approved on 01/06/2023.

RESULTS

Quantification of population exposure

People who lived near the mine in the three sub-districts had been concerned
about toxic substances since the mine closed in 2016. Cd and Pb, two potentially
hazardous heavy metals, have half-lives of 15 to 1,100, and 700 years in sail,
respectively (Laidlaw et al., 2005; FAO, 2022). The soil and water concentrations as
shown in the Table 1 were above the Thai standard. The four population groups were
exposed to pollutants through contact and ingestion. The ingestion pathways were
calculated from the intake of pollutants through the soil, vegetation, beef and dairy,
pork, chicken and eggs, fish and drinking water. The dermal contact was estimated
using both incidental and intentional data exposed to water and soil.

Figure 4 provides the comparison of the calculation using Equationsl-2,
including the concentrations of indirect exposure in each sub-district. The outcomes
varied according to the chemical concentration in each area. Phra That Pa Daeng
experienced the greatest intakes as it is located along the initial waterway path
through which many of the contaminants can be dispersed. Regardless of the
location, the largest intakes occurred in Phra That Pa Daeng, because it was the site
of the first stream where the pollutants could migrate at a considerable rate. Cd as
non-carcinogenic intake in three subdistricts ranged from 4.29E-05 to 1.40E-01
mg/kg-day, were found to be the most exposed to residents, particularly in the adult,
Phra That Pa Daeng sub-district with the route of ingestion as of at 1.40E-01 mg/kg-
day. For Zn as non-carcinogenic intake ranged from 5.86E-04 to 1.83E-01 mg/kg-
day. In Phra That Pa Daeng sub-district, zinc also found to be the most exposed to
residents, especially in child at 7.35E-03 mg/kg-day. The highest carcinogenic Pb
intake found that adult in Mae Ku sub-district by ingestion at 7.35E-03 mg/kg-day,
with total intake in three subdistricts ranging from 5.28E-05 to 7.13E-03 mg/kg-day.
Total carcinogenic Cd intake found ranging from 8.74E-06 to 1.60E-03 mg/kg-day in
Phra That Pa Daeng subdistrict, was the highest exposure to residents, especially in
adult as shown in Table S-1.
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Figure 4. Comparison of contaminant intake levels for each scenario in the 3
sub-districts.

As consuming was a necessary daily activity, ingestion became the main source
of exposure for the residents in every scenario. Since adults could be exposed to
pollutants by both ingestion and contact, the results indicated that their intake values
constituted the majority of the total intake. Comparing the consumption quantity to
the other scenarios, it is also significant.

Health risk assessment

Contaminants could be ingested from contact with soil or water in scenarios
involving infants, toddlers, children and adults. The metallic elements Pb, Cd and Zn
were the pollutants of concern. According to the International Agency for Research
on Cancer, both Pb and Cd have carcinogenic effects on human health (IARC, 2023).
However, Cd also has non-carcinogenic effects. Zn, however, did not show any
carcinogenic effects. The contaminants were most likely in the form of heavy metals.

According to the results of the TCR assessment (Table 7), the risk values
exceeded the acceptable level (E-06). The highest value was 3.34E-03 for Phra That
Pha Daeng, followed by 2.77E-04 and 8.21E-05 for Mae Ku and Mae Tao,
respectively. None of the individual contaminants’ CR was acceptable. Cadmium was
the main pollutant since, it was a by-product of this zinc mine. Additionally, when
assessing TCR by age group, the following is total heavy metals, ordered according
to the group: toddler >adult >child>infant in all sub-district areas.

Nevertheless, the HI values were above the allowable threshold (<1). Phra That
Pha Daeng had the greatest value at 1.35E-01, followed by Mae Ku and Mae Tao at
1.31E-01 and 1.05E-02, respectively (Table 7). Additionally, both of the individual
pollutants' HQs were acceptable. Furthermore, when evaluating HI by age group, the
total heavy metals are listed below, arranged by group: In the cases of Mae Ku and
Mae Tao, adult > child> toddler> infant. On the other hand, Phra That Pa Daeng
found that infant> toddler>child>adult, arranged by age group.
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Table 7. Unit risk of carcinogenic and non-carcinogenic effects in three sub districts (dimensionless).

!“0“- : Phra That Pa Daeng Mae Ku Mae Tao
caranoReme T ca Zn HI cd Zn HI cd Zn HI
Infant 6.60E-02 6.56E-05 6.61E-02 1.43E-04 2.81E-05 1.71E-04 7.70E-05 1.95E-06 7.89E-05
Toddler 4.06E-02 4.04E-05 4.06E-02 3.43E-04 6.74E-05 4.10E-04 1.85E-04 4.70E-06 1.90E-04
Chlid 1.72E-02 4.35E-04 1.76E-02 1.10E-03 3.23E-04 1.42E-03 5.56E-04 1.40E-04 6.95E-04
Adult 1.08E-02 2.20E-04 1.10E-02 1.44E-03 4.17E-04 1.85E-03 9.32E-03 2.10E-04 9.53E-03
Total 1.35E-01 7.62E-04 1.35E-01 3.02E-03 8.35E-04 3.86E-03 1.01E-02 3.57E-04 1.05E-02
Carcinogenic Phra That Pa Daeng Mae Ku Mae Tao

risk cd Pb TCR cd Pb TCR cd Pb TCR
Infant 3.75E-04* 2.11E-06* 3.77E-04* 6.17E-06* 8.42E-06* 1.46E-05* 3.32E-06* 4.49E-07 3.77E-06%*
Toddler 1.15E-03* 6.49E-06* 1.16E-03* 1.48E-05* 2.02E-05* 3.50E-05* 7.98E-06* 1.08E-06* 9.06E-06*
Chlid 8.77E-04* 4.86E-06* 8.82E-04* 4.74E-05* 5.56E-05* 1.03E-04* 2.4E-05* 2.5E-06* 2.65E-05%*
Adult 9.17E-04* 4.96E-06* 9.22E-04* 6.19E-05* 6.25E-05* 1.24E-04* 3.95E-05* 3.27E-06* 4.28E-05*
Total 3.32E-03* 1.84E-05* 3.34E-03* 1.30E-04* 1.47E-04* 2.77E-04%* 7.48E-05* 7.30E-06* 8.21E-05%*

Note: * unacceptable level for carcinogenic risk (<10-6)

DISCUSSION

The relationship between human exposure to heavy metals and health effects
might be explored using an aggregate health risk assessment in the surrounding area
of the mining site, which has been closed for the past 5 years. It has been reported
that residents who live near the closure mine had been affected from the mine
activities before the mine started. (Inthawan and Chunnual, 2017). In the study
showed that, people who lived close to the mine closure may have incurred adverse
health effects from their own food production, so that the main route was most likely
ingestion (Qu et al., 2012). Adults seemed to make up the most exposed group,
followed by children, because they frequently ate and contact in soil and water that
took place within the contaminated area. This scenario poses significant hazards to
the health of both children and adults (Bineshpour et al., 2021).

As based on the average daily intake by ingestion and skin contact, a CR
assessment indicated that residents were exposed to Cd and Pb above the acceptable
level (10°%) in the three sub-districts, even though the concentrations of contaminants
in these media did not exceed the standard. This indication was similar to the findings
of the risk assessment conducted on workers at incinerators, which showed that while
the concentration of air pollutants was below the limit, the CR of heavy metals were
above the reference level (Srivieng et al., 2022).

CR by age group, it was discovered that toddlers were at the most risk because,
while exposure can occur through many pathways, the body weight for the divisor in
Eg. 1-2 was lower than that of the child and adult groups. In Table S-2 showed that
ingestion pathways exceeded the acceptable level in all scenarios. In the present
research, cadmium was shown to be the most significant contributor, at levels of
mostly 90%. This finding contrasted with the results of a study conducted in China.
In the Chinese study, soil samples were collected, from which it was found that As >
Pb > Cd > Ni. It was concluded that these heavy metals had been absorbed mainly
by ingestion (Huang et al., 2017). Additionally, it was discovered in a tin mine in
southern Thailand that Pb and As significantly exceeded (~10-3) in ingestion pathway
of cancer risk assessment in children, similar to what was found at Phra That Pa
Daeng (Pongkaset and Witthayawirasak, 2017). In China, As and copper (Cu)
exposure levels were found to be in excess of the recommended level for the
assessment of CR in lead and zinc mines. Children formed the group that was most
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vulnerable to these elements and accordingly were most likely to develop adverse
health effects (Kan et al., 2021).

According to HQ's findings, three areas were considered acceptable (<1). The
presence of Cd seemed to be approaching to the excessive levels, leading to a variety
of adverse health effects. In a gold mine in Myanmar, it was found that a gold miner
can be exposed to As, Cd, Hg and Pb via the dermal route from the soil. Although the
HI were below the reference level, the CR was found to be greater than the acceptable
level (Wongsasuluk et al., 2021). For the concentration of Zn, found that was high,
it might be were mainly from the use of chemical fertilizers and pesticides (Zhang
et al., 2020). By contrast, levels of As and Pb in tin mines were found to be in excess
of non-CR assessment values (Pongkaset and Witthayawirasak, 2017). Similarly in
China, the HQ of zinc and lead mine were above acceptable level in levels of As and
Cu (Kan et al., 2021). The lead-zinc mine tailings study conducted in Iran also
discovered that the HI for Pb, Zn, and Cd were above unity, indicating a non-
carcinogenic risk exposure for adults and children similarly (Akhavan and Golchin,
2023), also found similar results as the abandoned gold mine in Ghana (Mensah
et al., 2021). The research carried out by Rehman et al. (2018), in contrast to our
study, which revealed that Pb presented an insignificant risk for cancer, the local
population was not expected to be at risk for cancer from exposure to Pb
concentrations in either soil or surface water. In general, HI and CR of all scenarios
were consistent. However, most remediation methods prioritize on lowering the levels
of heavy metals in soil and the food chain in order to minimize of adverse health
effects. To prevent an excessive buildup of heavy metals in the body, it is advised
that residents of this area should stay away from consuming large amounts of these
products. (Orisakwe et al., 2012; Sultana et al., 2016; Rai et al., 2019).

CONCLUSION

Since the contaminants were harmful and had prolonged half-lives, monitoring
was still necessary, despite the fact that the zinc mine had been closed for five years.
The risk assessment demonstrated that, because the concentration levels of the three
chemicals in the soil and surface water were below the Thai standards, the CR findings
have been deemed unacceptable (10-%) in all sites for the presence of toxic chemicals.
This unacceptable result might be the result of basing the model on daily
consumption, even though different individuals might not receive the same dose each
day. In order to keep track of the pollutant concentration for each chemical, a
monitoring measure had to be considered for soil and water. If the safety of foods
containing heavy metals could be evaluated for plant and animal produce from these
areas, such a situation would be ideal. The vulnerable population, which includes
infants, toddlers and the elderly, should be under the observation of the health
authorities. It could be noted from the model findings that, rather than suggesting
that it is potentially harmful to carry out some activities in this area, the carcinogen
excess risk levels should be taken into consideration to mitigate or to lower their
multi-route exposure channels to contaminants for those who are in vulnerable
groups.

This study used a U.S.EPA equation to determine the HRA which was calculated
using the default values from the U.S. federal government, the U.S. EPA, or earlier
research because some factors were unavailable in Thailand. Additionally, since the
HRA results were used to represent the general population in the region of interest,
there may be some factors that we employed as assumptions and are not inevitably
accurate for all local residents.
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Supplementary material

Equation for DAevents

Dermally Absorbed Dose per Event for water: The total absorbed dose that dissolves in the
skin following exposure to contaminants during a swimming event is represented by the dermally
absorbed dose per event. Equations S-1 are used to determine the dermally absorbed dosage
per event for substances of Risk Assessment Guidance for Superfund Volume 1: Human Health
Evaluation Manual (Part E, Supplemental Guidance for Dermal Risk Assessment (RAGS, Part E)
(USEPA, 2004)

6Tevent'tevent
DA pene = 2FAK .C,, [ =222 (s-1)

event T

where

DAevent = dermally absorbed dose per event (mg/cm?-event)

FA = fraction absorbed water (dimensionless)

Kp = dermal permeability coefficient of chemical in water (cm/hr)
Caw = chemical concentration in the dissolved water phase (mg/cm?3)
Tevent = lag time per event (hr/event)

tevent = duration of the swimming event (hr/event)

Dermally Absorbed Dose per Event for soil. The quantity of contaminants absorbed as a
result of entering to contact with soils that contain COPC is represented by the dermally absorbed
quantity per event. Equation S-2 taken from RAGS, Part E (USEPA, 2004) and below was used
to determine the dermally absorbed dosage per event:

DA = Cs. 10_6.AF.ABSd (5-2)

event

where

DAevent = dermally absorbed dose per event (mg/cm?-event)
Cs = chemical concentration in soil (mg/kg)

10% = conversion factor (kg/mg)

AF = soil adherence factor (mg/cm?-event)

ABSq = dermal absorption fraction (dimensionless)

Table S-1. The intake of non-carcinogenic and carcinogenic heavy metals in each group (mg/kg).

Scenarios Phra That Pa Daeng Mae Ku Mae Tao
Non-carcinogens Cd Zn Cd Zn Cd Zn
Infant 480E-04 265E02 4 29E-05 842E03 231E05 586E-04
Toddler 148E03 817E02 1.03E-04 2.02E-02 555E-05 141E-03
Child 267E03 183EO01 3.30E-04 969E-02 167E-04 4.19E02
Adult 140E-01 151E01 3.85E-02 869E-02 2.80E-03 6.31E02
Total 145E01 442E01 390E-02 2.12E-01 3.04E-03 107E-01
Scenarios Phra That Pa Daeng Mae Ku Mae Tao
Carcinogens Pb Cd Pb Cd Pb Cd
Infant 835E04 182E-04 991E-04 162E-05 528E-05 8.74E-06
Toddler 257E03  560E-04 238E03 390E-05 127E.04 2.10E-05
Child 457E03 101EO03 6.54E-03 125E-04 294E-04 6.31E-05
Adult 713E03 160E-03 735E03 163E-04 3.85E.04 104E-04
Total 151E02 335E03 1.73E-02 343E-04 859E-04 197E-04
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Table S-2. The unit risk of carcinogenic effects in three sub districts via each pathway
(dimensionless).

Carcinogenic Risk
Ingestion Dermal contact TCR

Pb Cd Total Pb Cd Total
Infant 211E06- 947E05- 968E05- 454E09 203E07 207E07 9.70E.05-
Phra That  Toddler ~649E06: 292E04. 298E04: 740E10 331E08 338E08 298E04
Pa Daeng Child 485E06+ 222E04- 227E04- 139E08 435E07 449E07 227E04-
District Adult 495E06- 232E04- 237E04- 916E09 256E07 265E07 237E04-
Total 184E05- 840E04- 859E04- 283E08 927E07 956E07 860E.04
Infant 842E06- 617E06+ 146E05- 413E10 270E10 682E10 146E.05-
Toddler 202E05- 148E05- 350E05- 157E09 103E09 260E09 350E05-

Exposure
group

'gfsetr:i‘: Child 555E05- 471E05- 103E04- 163E08 309E07 325E07 103E04-
Adult 625E05- 615E05- 124E04- 198E08 465E07 485E07  124E04-

Total 147E04- 130E04. 276E04- 380E08 775E07 813E07 277E04-

Infant  449E07 332E06- 377E06- 241E11 144E10 168E10 377E06-

Toddler 108E06: 798E06- 906E06+ 964E11 575E10 671E10 9.06E.06-

MD?;:?: Child 249E06- 237E05- 262E05- 109E08 287E07 298E07  265E05:

Adult 3.26E-06~ 391E05+ 423E05+ 170E08 455E07 4.72E07 4.28E05+
Total 727E06+ 741E05+ 813E.05+ 280E-08 743E.07 771E07 821E05-

* unacceptable level for carcinogenic risk (<107°)
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	Figure 2. This current photo of the zinc mine project was taken in July, 2023.
	Table 1. The location of water and soil sampling.
	Source: *Environmental Monitoring Report after the mining activities finishing in the 5th year. (as received from the Provincial Office of Natural Resources and Environment Tak., 2022)
	**Post-Evaluation Report of the zinc mining project (as received from the Office of Natural Resources and Environmental Policy and Planning, 2013)
	1Since Huai Mae Tao is a stream that flows continuously from Phra That Pha Daeng Subdistrict to Mae Tao Subdistrict. Therefore, the sampling points of surface water in Mae Tao Creek were used for both sub-districts.
	Exposure assessment
	This research study on health risk assessment took place after the end of mining activities. It took the form of a case study of a mine operating in the Mae Tao watershed, Mae Sot District, Tak Province. The researcher used the health risk assessment ...
	Figure 3. Conceptual framework of the research.
	An assessment of the health risks for the residents of the two communities — the Mae Tao and Mae Ku streams — took place after the mining operations were completed in the three sub-districts. This study made use of secondary data regarding the concent...
	Table 2. Average heavy metals in surface water and soil.
	Source:  * Environmental Monitoring Report after mining activities were finished in the 5th year (as received from the Provincial Office of Natural Resources and Environment Tak, 2022)
	** Post-Evaluation Report of the zinc mining project (as received from the Office of Natural Resources and Environmental Policy and Planning, 2013)
	Table 3. Individuals' average height, weight, and body surface area in three subdistricts.
	Source:  * JHCIS of Phra That Pha Daeng Sub-District Health-Promoting Hospital, 2023
	** JHCIS of Mae Tao Sub-district Health-Promoting Hospital, 2023
	*** JHCIS  of Mae Ku Sub-district Health-Promoting Hospital, 2023
	Three of the heavy metals were dominant toxic pollutants, namely Cd,  Pb and Zn. The average daily-intake values were calculated as 4 groups of population, infants (<1yr), toddler (1-5 yrs), child (6-15 yrs) and adult  (>15 yrs). Ingestion and skin co...
	For ingestion,
	Iing= intake of ingestion dose (mg/kg of body weight per day as shown in Table 4)
	I = total daily intake of chemicals through ingestion (mg/kg)
	IR =Ingestion Rate (g/day/person) shown in Table 5
	EF = Exposure Frequency (350 days/yr from (Office of Solid Waste, 2005))
	ED = Exposure Duration (30 years (Office of Solid Waste, 2005))
	BW = Body Weight (kg)
	AT = Averaging Time (30 years for non-carcinogenic risk (Office of Solid Waste, 2005), 77.77 years for carcinogenic risk)
	365 = conversion factor (days/yr)
	Idermal = Intake of contact dose (mg/kg of body weight per day)
	DAevent = Dermally absorbed dose per event (mg/cm2-event)
	SA = Skin surface area subject to contact (cm2)
	Table 4. Exposure route for locals living close to the closing mining (as received from Srivieng et al., 2021).
	Note: dc is dermal contact; ai is accidental ingestion; ii is intentional ingestion
	Table 5 The consumption rate of all groups.
	Note: 1Office of Solid Waste, U.S. EPA, 2005
	2Ministry of Agriculture and Cooperatives, 2011
	To estimate a spatial health risk assessment, cancer-risk (CR) and hazard-quotient (HQ) models were conducted. The toxicity indices were employed to predict whether there would be any risk to the general population in the study area using data that wa...
	𝐶𝑅=,𝐼-𝑡𝑜𝑡𝑎𝑙.∗𝑆𝐹    (3)
	Where
	CR = cancer risk (non-dimensional)
	Itotal = Total intake (sum of intake of digestion and contact dose) (mg/kg of body weight per day)
	SF = slope factor (kg.day/mg)
	HQ = hazard quotient (non-dimensional)
	RfD = reference dose (mg/kg.day)
	The total cancer risk (TCR) for all contaminants and exposure routes should be less than 10-6 to be considered acceptable. If CR value 10-6 indicates acceptable risk (U.S. EPA, 1991), it is important to highlight that the individual heavy metal concen...
	Where
	TCR = total of cancer risk (non-dimensional)
	HI = total of HQ (unitless)
	Table 6. SFs and RfDs of the heavy metals.
	Note : aIRIS assessment : Cadmium,  1989 https://iris.epa.gov/ChemicalLanding/&substance_nmbr=141
	b OEHHA : Lead and Lead compounds, 2009 https://oehha.ca.gov/chemicals/lead-and-lead-compounds
	cIRIS assessment : Zinc and Compounds, 2005 https://iris.epa.gov/ChemicalLanding/&substance_nmbr=426
	*Since dermal Slope Factors have not been determined, 100% of the oral SF was assumed for the dermal SF. (Srivieng et al.2021, U.S.EPA., 1992)
	Ethical considerations
	This study was approved by the Human Research Ethics Committee of Tak Provincial Public Health Office. The approval number is 010/2566, which was approved on 01/06/2023.
	RESULTS
	Quantification of population exposure
	People who lived near the mine in the three sub-districts had been concerned about toxic substances since the mine closed in 2016. Cd and Pb, two potentially hazardous heavy metals, have half-lives of 15 to 1,100, and 700 years in soil, respectively (...
	Figure 4 provides the comparison of the calculation using Equations1-2, including the concentrations of indirect exposure in each sub-district. The outcomes varied according to the chemical concentration in each area. Phra That Pa Daeng experienced th...
	Figure 4. Comparison of contaminant intake levels for each scenario in the 3 sub-districts.
	As consuming was a necessary daily activity, ingestion became the main source of exposure for the residents in every scenario. Since adults could be exposed to pollutants by both ingestion and contact, the results indicated that their intake values co...
	Health risk assessment
	Contaminants could be ingested from contact with soil or water in scenarios involving infants, toddlers, children and adults. The metallic elements Pb, Cd and Zn were the pollutants of concern. According to the International Agency for Research on Can...
	According to the results of the TCR assessment (Table 7), the risk values exceeded the acceptable level (E-06). The highest value was 3.34E-03 for Phra That Pha Daeng, followed by 2.77E-04 and 8.21E-05 for Mae Ku and Mae Tao, respectively. None of the...
	Nevertheless, the HI values were above the allowable threshold (<1). Phra That Pha Daeng had the greatest value at 1.35E-01, followed by Mae Ku and Mae Tao at 1.31E-01 and 1.05E-02, respectively (Table 7). Additionally, both of the individual pollutan...
	Table 7. Unit risk of carcinogenic and non-carcinogenic effects in three sub districts (dimensionless).
	Note: * unacceptable level for carcinogenic risk (<10-6)
	DISCUSSION
	The relationship between human exposure to heavy metals and health effects might be explored using an aggregate health risk assessment in the surrounding area of the mining site, which has been closed for the past 5 years. It has been reported that re...
	As based on the average daily intake by ingestion and skin contact, a CR assessment indicated that residents were exposed to Cd and Pb above the acceptable level (10-6) in the three sub-districts, even though the concentrations of contaminants in thes...
	CR by age group, it was discovered that toddlers were at the most risk because, while exposure can occur through many pathways, the body weight for the divisor in Eq. 1-2 was lower than that of the child and adult groups. In Table S-2 showed that inge...
	According to HQ's findings, three areas were considered acceptable (<1). The presence of Cd seemed to be approaching to the excessive levels, leading to a variety of adverse health effects. In a gold mine in Myanmar, it was found that a gold miner can...
	CONCLUSION
	Since the contaminants were harmful and had prolonged half-lives, monitoring was still necessary, despite the fact that the zinc mine had been closed for five years. The risk assessment demonstrated that, because the concentration levels of the three ...
	This study used a U.S.EPA equation to determine the HRA which was calculated using the default values from the U.S. federal government, the U.S. EPA, or earlier research because some factors were unavailable in Thailand. Additionally, since the HRA re...
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