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ABSTRACT

Recei Al t 31,2024 . . . . . . . . .
Aecewed e Introduction: The hill tribes in northern Thailand, including the Akha village, live
ccepted June 5, 2025

Published August 31, 2025 in mountainous and remote areas without access to safe water from the Provincial
Waterworks Authority (PWA) service. The main water supply in Akha village is
mountain water, and it is without any treatment process. This study aimed to assess

*Corresponding author: the quality of mountain water supply and evaluate the health risk from dermal and
Suntorn Sudsandee, Environmental Health 1] exposures in the Akha hill tribe village.

Program, School of Health Science, Mae . .
T — -] Methods: Fifteen water samples were collected from water storage tanks using
Thailand. grab sampling techniques. The water supply quality was analyzed for turbidity,
pH, total dissolved solids (TDS), hardness, total coliform bacteria (TCB), fecal
coliform bacteria (FCB), cadmium (Cd), iron (Fe), mercury (Hg), and lead (Pb).
All parameters were compared with PWA tap water standards. The U.S. EPA
model was applied to assess health risks from the four heavy metals for adults and
children in the Akha village.

Results: The analysis revealed that 80% of samples exceeded the PWA standard
for turbidity, 13% for pH, and 87% for Fe. TCB and FCB were detected in all
mountain water samples. The hazard indices (HIs) for Cd, Fe, Hg, and Pb
exposures via dermal and oral routes were below 1.

Conclusion: Despite the poor water supply quality, the HIs for heavy metal
This is an Open Access article published exposure were below the risk threshold. Nonetheless, it is crucial for local and
under a Creative Commons (CC BY-NC-  national policy-makers to support initiatives that provide knowledge and financial
ND 0.4) license. subsidies for water treatment in these remote areas to ensure safe drinking water
for the hill tribe communities.
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Introduction Hill tribes are groups of people living in remote

The United Nations (UN) set the Sustainable mountainous areas. In northern Thailand, many

. communities cannot access the water supply service
Development Goals (SDGs), especially SDG 6 water . o .
and sanitation, for developing countries and poor provided by the Provincial Waterworks Authority

L PWA). The primary water sources in these areas are
people, who can access safe water and sanitation. In ( ) P Y

. o . untreated and contaminated by soil, household
2017, an estimated 5.3 billion people worldwide drank . Dy SOt .

L o . wastewater, and agricultural activities in the mountains.
safe, contamination-free water, 6.8 billion people in the

. . Previous studies have found that tap water and drinking
world used at least one essential water supply service, . -
o . water in these communities exceed the standards for
but 785 million people did not have access to safe

. drinking and tap water in terms of turbidity, pH, iron,
drinking water 1]. and the presence of total coliform bacteria (TCB), fecal
coliform bacteria (FCB), and E. coli. Health impacts
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such as diarrhea and parasitic infections, which are 570 persons in Mae Fah Luang District, Chiang Rai. The
associated with consuming untreated water, are still Akha are a group of hill tribe people who migrated from
prevalent in hill tribe villages in northern Thailand south of China. The hill tribe uses untreated water for
[2,3,4]. Despite support from various organizations in daily life, such as bathing, cooking, and drinking. The
providing facilities and knowledge for water treatment untreated mountain water is at high risk of impacting
processes, the quality of tap water remains poor water human health. This study aimed to assess the quality of
quality. mountain water and evaluate the health risk from dermal
For this primary survey, in one Akha hill tribe and oral exposures in the Akha hill tribe village.

village, there were 108 households and a population of

Methods
Study sites

The study sites are located in Chiang Rai Province, northern Thailand. In Akha villages, they manage the water
system themselves. The study area provided by GPS (global positioning system) is 20°14'57.12" N, 99°40'48.25"E
to 20°15'0.83" N, 99°40'31.73"E at the average height range of 680 — 798 meters above sea level (masl), as shown in
Figure 1.
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Figure 1: Study sites of the mountain water supply in Akha village

Water treatment data collection

The Human Ethics Committee approved this study from Chiang Rai Provincial Public Health Office (CHPPHO No.
43/2564). A water supply survey was conducted to gather data on the water treatment practices of responsible persons in
Akha village. At the same time, the two leading participants were asked to relate the water management in their villages
for at least 2 years. This research studied the water source from reservoirs like a weir on the mountain.

Water resource collection

A grab sampling technique collected 15 water samples from water sources in Akha villages in the rainy season
(September 2021). Water samples were collected from the top surface water (T), approximately 30 cm below the surface
(deep average), the middle layer (M) at about 100 cm depth, and the bottom layer (B) at approximately 200 cm depth
from the surface in water storage tanks (S1-S5) located in hill tribe villages. The approximate volume of water of S1-S5
tanks was an average of 150 m>. Because the large tanks can collect a huge volume over long periods, the pathogens can
re-grow, chemical species change, and there is sediment accumulation. The water collection points from the water tanks
and the elevations are determined by the global positioning system (GPS). Polyethylene (PE) bottles and glass bottles
were used to store the mountain water from a water sampler. A four-liter collection of water samples in PE bottles was
chilled in an icebox at 4 °C.

Water sample analysis

A liter of water samples was determined to determine turbidity, pH, total dissolved solids (TDS), and hardness.
For cadmium (Cd), mercury (Hg), iron (Fe), and lead (Pb), one liter of water in a PE bottle was preserved by adding 20
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ml of concentrated nitric acid (65.0%, ultrapure grade) to preserve metal analyses. A liter glass bottle was used to collect
water samples for total coliform bacteria (TCB), fecal coliform bacteria (FCB), and E.coli detection analysis. A water
sample has been kept away from the sunlight and chilled in an icebox at 4 °C, shipped to a Mae Fah Luang University
laboratory, and analyzed within 24 hours. In addition, one liter in a PE bottle is used to estimate alum doses by the Jar
test method.

The turbidity was measured by a turbidity meter (Turb 43 IE, WTW, Wissenschaftlich, Weiheim, Germany). A
pH meter determined the pH (pH 34i SET 2, WTW, Wissenschaftlich, Weinheim, Germany). The TDS was measured by
a TDS meter (TDSTestrl1, Waterproof, Oakion, USA). The harness was measured by the hardness test kit VUNIOUE,
v-color 0300, volumetric titration, and the EDTA method. In addition, the TCB and FCB were analyzed by the 9221 B,
E, and BAM standard methods [5].

The Cd, Fe, and Pb concentrations were determined using a Polarized Zeeman Atomic Absorption
Spectrophotometer, AAS (Hitachi HighTechnologies, Tokyo, Japan) at the Faculty of Tropical Medicine Laboratory,
Mabhidol University, and the total mercury concentrations were determined using an MA-3000 Mercury Analyzer (Nippon
Instruments, Tokyo, Japan). Each sample was analyzed in duplicate and reported on a milligram per liter (mg/L). The
heavy metals standard (Merck, Darmstadt, Germany) for deionized water samples was the quality control of the metal
analysis method, and it was performed by spiking known concentrations.

Statistical analysis

All water supply qualities were analyzed using SPSS Version 24.0 for mean, SD., and percentage.

Health risk assessment by heavy metal exposure

Oral route
Four heavy metals, which are attributed to noncarcinogenic exposure, were estimated by calculating the HQ and
HI using the U.S. EPA risk assessment model presented in equations (1) and (2), respectively.

HQ = CDI/RfD = C x IR x EF x ED/(BW x AT x RfD) (1)

HI = HQca + HQre + HQug + HQpb (2)

where CDI is the intake of the heavy metal concentrations of interest through drinking water [6, 7], and RfD is
the oral reference dose for the heavy metal of interest. RfDs of Fe are 700 ug/kg-day and Cd is 0.3 mg/kg-day. Pb was
1,500 pg/kg/day, which was calculated by using the equation HQ=C/MRL, where C is the concentration, and MRL is the
minimal risk level [8] because the RfD of Pb has not been set.
In equation (1), C is the concentration (ug/L) of the heavy metal of interest in the water samples, where IR is the drinking
water intake rate of approximately 2.0 L/day [9, 10], EF is the exposure frequency (365 day/year), ED is the exposure
duration for 30 year for an adult [11], BW is the body weight of 60 kg, and AT is the averaging time of 365 day/year x
30 years = 10,950 days.

Dermal route

For Cd, Fe, Hg, and Pb concentrations in tap water, a quantitative health risk assessment was performed using
the dermal route. Heavy metals attributed to noncarcinogenic exposure were calculated hazard quotient (HQ) and hazard
index (HI) following the US EPA model and other researchers [12, 13, 14, 15] as shown in Eq.(3) and Eq. (4).

HQ = CDIdermal/ RfDdennal = (Cwater X SA x Kp x ET x ED x CF x ABS) / (BW x AT x Rﬂ)dermal) ------ (3)

HI = HQca + HQre + HQHg + HQpb 4)

Where CDlderma is a chronic daily intake by dermal (pg/kg/day); RfDdermal is a reference of dose in dermal
absorption of heavy metal (ug/kg/day) [16, 17, 18]; Cwater is the measured concentration of metal in water (ug/L); SA is
exposure skin area (1,800 cm? for an adult, 6,600 cm? for children); Kp is dermal permeability coefficient (cm/h); ET is
the exposure time (0.58 h/day for adult, 1 h/day for children); ED is exposure duration (70 years for adult, 6 years for
children); CF is unit conversion factor (0.001 L/cm?®); ABS is dermal absorption factor; BW is average body weight (60
kg for adult, 15 kg for children); AT is the average time (10,950 days for adult, 2,190 days for children)
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Results
Mountain water supply quality

The water supply quality of community-based water supply systems in Akha village was investigated. According
to the turbidity results presented in Table 1, twelve out of fifteen water samples (80%) did not meet the PWA water
standards of less than 4 NTU. Exceptions were found in three water samples from S3T, S3M, and S3B. For tank No. S3,
the water is sourced from a small stream on the mountain within a conservation area, which is free from human activities
such as agriculture and habitation.

Furthermore, pH values exceeding the acceptable range for tap water were detected in 2 out of 15 samples (13%)
in Table 1. Both of these samples, S1T and S1M, were mountain water from tank S1, and their pH levels were lower than
the PWA tap water standard of 6.5 to 8.5

The average concentrations of Cd, Hg, Fe, and Pb in mountain water samples were 0.15, 0.11, 943.59, and 1.90
pg/L, respectively (Table 1). Overall, the descending order of heavy metals based on average concentrations was
Fe>Pb>Cd>Hg. The concentrations of heavy metals in all mountain water samples analyzed in this study did not exceed
the PWA tap water standards, except for Fe, which was elevated in all mountain water samples. Thirteen out of fifteen
water samples (87%) did not meet the PWA standard of less than 300 pg/L for Fe.

Total coliform bacteria (TCB) and fecal coliform bacteria (FCB) were found in all mountain water samples.
TCB levels ranged from 11 to 460 MPN/100mL, while FCB levels ranged from 3 to 150 MPN/100mL in Table 1.

Table 1: Water quality of the mountain water of the Akha hill tribe village

Study Elevation | Sample Water quality
site (masl) ID Turbidity pH Total Hardness Cd Hg Fe Pb Total Fecal
(NTU) dissolve (mg/L) as (ng/ (ng/ (ng/L) (ng/ Coliform Coliform
solid CaCO3 L) L) L) Bacteria Bacteria
(mg/L) (MPM per (MPM per
100 ml) 100 ml)
S1 798 S1T 4.43 6.34 40 40 0.28 0.11 889.95 1.20 150 9.2
SIM 5.14 6.49 40 30 1046.1 21 15
0.11 0.08 0 291
S1B 4.56 6.74 40 30 0.13 0.07 877.28 0.60 20 9.2
S2 777 S2T 9.72 6.55 40 20 0.14 0.08 952.55 1.63 93 28
S2M 8.76 7.17 50 20 0.13 0.13 265.20 1.80 15 15
S2B 9.14 6.81 40 20 0.16 0.17 626.10 2.29 29 14
S3 775 S3T 3.64 6.86 40 30 0.13 0.05 749.68 2.69 460 20
S3M 3.79 6.91 40 40 1060.6 75 3
0.13 0.05 0 0.86
S3B 3.61 6.91 40 50 0.13 0.04 873.05 1.29 460 15
S4 683 S4T 8.44 6.85 50 40 0.14 0.06 713.50 1.40 15 3
S4M 9.08 6.88 50 30 0.13 0.17 289.85 1.71 11 3.6
S4B 9.37 6.90 50 40 0.17 0.18 819.18 3.92 460 43
S5 680 S5T 12.90 6.83 40 40 1019.1 460 150
0.14 0.30 0 1.71
S5M 12.80 6.78 40 30 1673.7 240 14
0.17 0.04 0 1.83
S5B 14.20 6.91 40 30 1594.0 460 21
0.17 0.09 0 2.66
Range 3.61- 6.34- 40-50 20-60 0.11- | 0.04- | 265.20- | 0.60- 11-460 3-150
14.20 7.17 0.28 0.30 1673.7 3.90
0
Average 7.97 6.80 42.67 32.67 0.15 0.11 943.59 1.90 not not
calculated calculated
Tap water standard 4.00 6.50- 600 300 3 1 300 10 No detection | No detection
8.50
% Exceeded standard 12/15 2/15 0/100 0/100 0/15 0/15 13/15 0/15 15/15 15/15
(80%) (13% (0%) (0%) (0%) | (0%) (87%) (0%) (100%) (100%)
)

Remark:
T; Top of the tank

M; Middle of the tank

B; Bottom of the tank
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Health risk assessment
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The US EPA models for dermal risk assessment were applied to calculate the hazard quotient (HQ) and hazard
index (HI) for human exposure to Cd, Fe, Hg, and Pb from tap water use and drinking, as shown in Table 2.

The highest HQ from heavy metal absorption to dermal for Hg in children (HQ ngChidren) was 1.7x10® and the
lowest for Fe in adults (HQrcAdult) was 1.8x10'!. The sequence of the HQ of dermal exposure from the highest to the
lowest is HQugDermal>HQppDermal>HQcdDermal> HQFeDermal in both adult and children assessments (Table 2).
When comparing the HQs for dermal exposure between adults and children, we found that HQAaduit is lower than HQcnildren.

The HQ from ingestion to oral for four metals, the highest value for Fe in children (HQrcChildren) was 1.9x10
!, and the lowest for Cd in adults (HQcsAdult) was 3.1x107. The sequence of the HQ of ingestion from the highest to the
lowest is HQreOral>HQprvOral>HQngOral>HQcqdOral in both adult and children assessments (Table 2). When comparing
the HQs for oral route exposure between adults and children, we found that HQadurt is lower than HQchildren. Although the
HQreOral was lower than 1, Fe concentrations in mountain water were higher than PWA standards and the WHO limit.
The Akha villager who is responsible for mountain water treatment should add a process for Fe removal.

The HI values summarized both HQs of the dermal and oral routes for nervous system impacts. The HI for adult
(HIadut) was 0.19, and this value is lower than 1. For children, the Hlcnidren was 0.37, and this value is lower than 1.
Comparison of the HIs between adults and children, we found that Hladur is lower than Hlcnilgren (Table 2).

Table 2 Hazard quotient (HQ) and hazard index (HI) for adults and children by dermal and oral exposure.

cd Fe Hg Pb
Assessment skin oral skin oral skin oral skin oral HI
HQadui 2.7x10" 3.1x107 1.8x10" 1.9x10"! 6.8x10” 3.3x10°  3.6x107"° 4.3x10* HIzgue =0.19
HOQCchitden 6.8x10""  6.2x10°  4.5x10™"! 3.7x10" 1.7x108 6.7x10°  9.0x10"° 8.7x10* Hlchitdgren = 0.37
Discussion (TDS) and hardness from all mountain water samples

Turbidity is a visible characteristic of water,
indicating the presence of suspended particles.
Approximately 80% of mountain water sources exceed
the Public Water Authority (PWA) tap water standards.
This issue is particularly prevalent in hill tribe villages,
where untreated mountain water is commonly used.
These waters often contain high levels of organic and
inorganic matter [4]. Elevated turbidity can hinder the
disinfection process, as particles may protect harmful
microorganisms from being effectively neutralized by
disinfectants [19]. In hill tribe villages, where
agricultural activities such as corn, tea, and coffee
growth are soil preparation during the rainy season, will
run off small particles to the water resources. The
turbidity typically would be high during the rainy season
because soil erosion after heavy rainfall causes flow into
weirs. In addition, turbidity is a factor for determining
the type and level of water treatment that is needed since
it could indicate heavy contamination of some chemical
compounds, such as alum and polyaluminum chloride
(PAC), which need to be improved before their use.

The pH exceeded 13% of mountain water
samples in the storage tanks, which had high turbidity
and settled the sedimentation. The low pH of water
bodies can indeed result from the degradation of organic
matter. When organic matter decomposes, it produces
acidic byproducts such as carbon dioxide and organic
acids, which lower the pH of the water. This process
impacts the acid-base balance and redox conditions in
aquatic environments, influencing the overall water
chemistry and quality [20]. Both total dissolved solids

met the PWA tap water standards.

More than 87% did not meet the PWA standard
of less than 300 pg/L for Fe. Fe is commonly found in
natural soils and bound with inorganic matter. It is often
detected in mountain water, particularly in hill tribe
villages, where it frequently exceeds tap water standards
[4]. This is due to the natural dissolution of iron from
soil and rocks into water as it percolates through the
earth, a process which can be influenced by the mineral
composition of the soil and rock in the region . Fe
contamination in tap water can cause significant staining
and can have nervous system impacts if ingested in
excess [21]. When iron is present in water, even at low
concentrations, it can leave reddish-brown stains on
clothes and fixtures, making laundry and cleaning
difficult. This staining occurs because iron particles
stick to the materials, and the stains are notably hard to
remove [22]. Although Pb, Cd, and Hg were lower than
the PWA standard, these three heavy metals are harmful
to human health in small amounts by ingestion over long
periods.

Heavy metals exposure, the dermal absorption
shows that the HQs are lower than 1. The HQ for dermal
exposure to heavy metals is generally low because the
skin acts as a barrier that significantly limits the
absorption of these substances [23]. In the same way,
HQs of the oral exposure of heavy metals were higher
than dermal exposure. Although the HQreOral was
lower than 1, Fe concentrations in mountain water were
higher than PWA standards and the WHO limit. The
Akha villager who is responsible for mountain water
treatment should add a process for Fe removal.
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Our studies are similar to those of researchers who found
that the HI for tap water was below 1 [13, 14, 15],
indicating negligible potential risk via the dermal or oral
route. Several studies have found that the HI for tap water
can exceed 1, indicating potential health risks [25].
Finally, none of the mountain water samples met the PWA
tap water standards, which require that TCB and FCB are
not detectable in tap water. Untreated water from mountain
sources frequently contains total coliform bacteria (TCB)
and fecal coliform bacteria (FCB) that exceed tap water
standards [3, 4].

We recommend base on academic literature
review the following measures: (1) establishing formal
agreements or regulations to govern mountain water
supply management; (2) designating the weir areas as
conservation zones to prevent contamination, including
restrictions on activities such as agriculture, animal
husbandry, construction, and deforestation; (3)
encouraging community leaders and water system
administrators to acquire professional training in water
supply management; (4) implementing a sediment and
turbidity treatment system; (5) installing disinfection
methods such as chlorination, UV, ozone, or reverse
osmosis systems; and (6) developing a water quality
monitoring system within the village to ensure safety
and contamination control.

Conclusion

Mountain water is the main source of untreated
tap water in the Akha hill tribe village. Analysis of this
water showed that its quality parameters—including
turbidity, pH, iron (Fe), total coliform bacteria (TCB),
and fecal coliform bacteria (FCB)—are below the
standards established by the Provincial Waterworks
Authority (PWA). Since the hill tribe residents have
been using and consuming this untreated water for a
prolonged period, there is a potential risk of health
issues arising from waterborne contaminants.
Furthermore, the hazard index (HI) for heavy metals
was low.

Therefore, it is imperative that local and
national policy-makers support initiatives to provide
knowledge and financial subsidies for water treatment
in these remote areas. Implementing effective water
treatment solutions will help mitigate health risks and
ensure the provision of safe water for the hill tribe
communities.
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