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សង្ខិិ�ត្តតន័័យ

លោ�ហៈៈធ្ងងន់់កុ្នុ�ងប្រ�ភពទឹឹកគឺឺជាបញ្ហាា ទូូទាំំងពិិភពលោ�ក  ដែ�ល
ទាមទារ​ឱ្យយ  មានការវាយតម្លៃ�ៃហានិិភ័័យជាប្រ�ចាំ ំ ដើ�ើម្បីី�រកវិធិីីរារាំងំ
ហានិភិ័យ័   ដែ�ល​អាចកើ�ើតឡើ�ើងចំំពោះ�ះសុុខភាពមនុុស្សស។ ការវិភិាគ
សំំណាកគំរូូ ត្រូ�វបានពិនិិត្យយស្រា�វជ្រា�វសម្រា�ប់ប៉ាា រ៉ាា ម៉ែ�ែត្រ�រូបគីីមីី
ចំំនួួន ៦ ប្រ�ភេ�ទ ដែ�ល ក្នុុ�ងនោះ�ះមាន៖ កម្រិ�ត pH សីីតុុណ្ហហ ភាព 
(°C) សក្តាា នុុពល​អុុកស៊ីី�ដកម្មមរេេដុុកម្មម (ORP) អុុកស៊ីី�សែ�នលាយ
កុ្នុ�ងទឹឹក (DO) ធាតុុរឹងឹសរុុបរលាយកុ្នុ�ងទឹឹក (TDS) ការចម្លលងចរន្តត
អគ្គិ�សនីី(EC), និងិលោ�ហៈៈធ្ងងន់់ចំំនួួន ១២ (ស័ង័្កកសីី (Zn) អាសេ�
និកិ (As) សំណំ (Pb) ក្រូ�ម (Cr) ទង់ដែ�ង (Cu) ម៉៉ង់កាណេ�ស 
(Mn) កាត់ម់្យូូ�ម (Cd) ដែ�ក (Fe) កូូបាល់ ់(Co) អាលុុយមីីញ៉ូូ� ម 
(Al) នីីកែ�ល (Ni) និិងតាល្យូូ�ម (Tl) ។ គុុណភាពទឹឹកត្រូ�ូវបាន
វាយតម្លៃ�ៃតាម ផលប៉ះះ�ពាល់បូូកសរុុបនៃ�លោ�ហៈៈធ្ងងន់់ ដោ�យប្រើ��ើ
សន្ទទស្សសន៍៍ការបំំពុុល នៃ�លោ�ហៈៈធ្ងងន់់ (MPI) សន្ទទស្សសន៍៍វាយតម្លៃ�ៃ
លោ�ហៈៈធ្ងងន់់ (HEI) កត្តាា ចម្លលងរោ�គ (CF) និិងកម្រិ�តចម្លលងរោ�គ 
(dC) ហើ�ើយការវាយ តម្លៃ�ៃហានិិភ័័យសុុខភាពត្រូ�វបានធ្វើ�ើ�ឡើ�ើង 
ដោ�យប្រៀ��ៀបធៀ�ៀបទិន្ននន័យ ដែ�លទទួលបានជាមួួយនឹងឹបទប្បបញ្ញញត្តិិ�
បច្ចុុ�ប្បបន្ននរបស់់អង្គគការសុុខភាព ពិិភពលោ�ក (WHO) និិងស្តតង់ដា
គុុណភាពនៃ�ទឹឹកផឹករបស់​កម្ពុ�ជា (CDWQS) ព្រ�មទាំងំការប្រើ��ើ
សមីីការប៉ាា ន់់ស្មាាន ហានិិភ័័យ (HQ) និិង  សមីីការប៉ាា ន់់ស្មាាន
ហានិភិ័យ័មហារីីកសរុុប  (TCR) ។ ការវិភិាគ​ស្ថិិ�តិសិម្រា�ប់ការសិកិ្សាា
ស្រា�វជ្រា�វនេះ�ះត្រូ�វបានអនុុវត្តត ដោ�យប្រើ��ើកម្មមវិធិីី Minitab 21 និិង 
Microsoft Excel 16។ លទ្ធធផលសិិក្សាា បាន​បង្ហាា ញ​ថា កម្រិ�ត
កំហំាប់ល់ោ�ហៈៈធ្ងងន់់មានតម្លៃ�ៃលំដំាប់​់ដូូចតទៅ�នេះ�ះ៖ Fe > Al > Mn 
> Zn > Cu > Pb > As > Co > Cr > Ni > Cd > Tl។ ជាក់់ស្តែ�ែង 
កំហំាប់ន់ៃ�កូបាល់ ់(KE03) Mn (KE02 និងិ KE03) អាលុុយមីីញ៉ូូ�ម 
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Introduction
Water is crucial to human life since it regulates 
metabolism, physiological activities, and overall 
growth (Kavouras & Anastasiou, 2010; Popkin, D’Anci, 
& Rosenberg, 2010). Safe, clean, and uncontaminated 
potable water is vital in preserving excellent health 
and well-being (Edokpayi et al., 2018; Rubino, 2023). 
The integrity of natural water resources worldwide 
is at risk due to anthropogenic activity, particularly 
heavy metal contamination (Briffa, Sinagra, & Blundell, 
2020; Edokpayi et al., 2018; P. Zhang et al., 2023). 
Many publications have recorded health risks associated 
with heavy metals. Comprehensive risk assessments 
are essential to diagnose, treat, and prevent possible 
problems (Ayaz et al., 2023; Eid et al., 2024; Saravanan 
et al., 2024; Tongprung, Wibuloutai, Dechakhamphu, 
& Samaneein, 2024) such as Lead (Pb), mercury (Hg), 
cadmium (Cd), arsenic (As), and chromium (Cr) (Balali-
Mood, Naseri, Tahergorabi, Khazdair, & Sadeghi, 2021; 
Renu et al., 2021; Tchounwou, Yedjou, Anita K Patlolla, & 
Dwayne, 2012). Even at low levels, these hazardous heavy 
metals have the potential to cause serious harm to human 
health, including cancer, neurological disorders, renal 

(KS03 KP01 KE02 និិង KE03) និិងដែ�ក (KS02 KS03 KP01 KP02 KE01 KE02 និិង KE03) បានលើ�ើសពីី​កម្រិ�ិត​ស្តតង់ដាដែ�លបាន
កំំណត់់ដោ�យ WHO និិង CDWQS។ តាមលទ្ធធផល នៃ� MPI HEI និិង dC បានបង្ហាា ញថា  ទឹឹកធម្មមជាតិិដែ�លចេ�ញពីីក្រោ��មដីីបានចាប់់ផ្ដើ�ើ�ម
ក្រ�ខ្វវក់់ទៅ�ហើ�ើយ ហើ�ើយថែ�មទាំងំកំំពុុងស្ថិិ�តក្នុុ�ង​កម្រិ�ិតបំំពុុល​ខ្ពពស់ទ់ៀ�ៀតផង។ បើ�ើប្រៀ��ៀបធៀ�ៀបទៅ�នឹឹងកុុមារ ហានិិភ័័យ​មហារីីក បានកើ�ើនឡើ�ើង
រួចួទៅ�ហើ�ើយចំំពោះ�ះ  មនុុស្សសពេ�ញវ័យ័។ ប្រ�សិិនបើ�ើនៅ�តែ�បន្តតទទួួល  ទានទឹឹកបែ�បនេះ�ះជាប្រ�ចាំ ំ(CDI) ពួួកគេ�នឹង ប្រ�ឈមពេ�ញមួួយ​ជីីវិតិនឹឹង
ការកើ�ើតមហារីីក  (ILCR)។ ការស្រា�វជ្រា�វ នេះ�ះមានឥទ្ធិិ�ពលយ៉ាា ងខ្លាំំ� ងកុ្នុ�ងការជំំរុុញការយល់់ដឹឹងអំំពីីសុុវត្ថិិ�ភាព ទឹឹក និិងជាជំំហានកុ្នុ�ងការ
ទទួលស្គាាល់ គោ�លដៅ�នៃ�ការផ្ដដល់ទឹឹកស្អាា ត និិងមានសុុវត្ថិ�ភាពសម្រា�ប់មនុុស្សសគ្រ�ប់រូូប។ ដូូច្នេះ�ះ� ទឹឹកធម្មមជាតិិដែ�លចេ�ញពីីក្រោ��មដីីអាចមិិន
សមស្រ�បសម្រា�ប់់ទទួួលទានឡើ�ើយ ហើ�ើយ ទាមទារឱ្យយមានការសម្អាា តមុុនពេ�លប្រើ��ើប្រា�ស់់ ប៉ុុ�ន្តែ�ែ អាចប្រើ��ើសម្រា�ប់់ គោ�លបំំណងផ្សេ�េងៗក្នុុ�ង
ផ្ទះះ�បាន។

Abstract
Heavy metals in water sources are a worldwide issue that requires regular risk assessments to address any possible 
health risks to humans. The sample analysis was investigated for 6 physicochemical parameters and 12 heavy 
metal (loid)s comprising (pH, temperature (°C), oxidation-reduction potential (ORP), dissolved oxygen (DO), total 
dissolved solids (TDS), electrical conductivity (EC), zinc (Zn), arsenic (As), lead (Pb), chromium (Cr), copper (Cu), 
manganese (Mn), cadmium (Cd), iron (Fe), cobalt (Co), aluminum (Al), nickel (Ni), and thallium (Tl)). Water qualities 
were evaluated by cumulative impacts of heavy metals with metal pollution index (MPI), heavy metal evaluation 
index (HEI), contamination degree (CF), and the degree of contamination (dC), and health risk assessment was 
evaluated by comparing the obtained data with current World Health Organization (WHO) and Cambodian Drinking 
Water Quality Standard (CDWQS) regulations as well as using the hazard quotient and total cancer risk (HQ and 
TCR). Statistical analysis was performed with Minitab 21 and Microsoft Excel 16 software. The detection results 
revealed the following order of heavy metal concentrations: Fe > Al > Mn > Zn > Cu > Pb > As > Co > Cr > Ni > Cd > 
Tl. Notably, the concentrations of Co (KE03), Mn (KE02 and KE03), Al (KS03, KP01, KE02, and KE03), and Fe (KS02, 
KS03, KP01, KP02, KE01, KE02, and KE03) exceeded the standard limits set by WHO and CDWQS. From the results 
of MPI, HER, and dC, the spring water shows that water has started to be contaminated and has reached a high 
pollution level. Cancer risk was increased in adults compared to children when using chronic daily intake (CDI) 
and incremental lifetime cancer risk (ILCR)​.​ This research helps ensure​water safety in countries that rely mostly 
on natural sources for water supply by fostering a more sophisticated understanding of water safety and taking a 
step towards realizing the goal of providing everyone with safe and clean drinking water. Therefore, spring water 
may not be suitable for drinking; the treatments are required before use but can used for other domestic purposes.

impairments, and cardiovascular problems (Jaishankar, 
Tseten, Anbalagan, Mathew, & Beeregowda, 2014; 
Jankowski, Floege, Fliser, Böhm, & Marx, 2021; Mitra et 
al., 2022; Shetty et al., 2023; Tchounwou et al., 2012).

The long-term health of the general people may 
be at risk due to bioaccumulative consequences of 
repeated exposure to these pollutants in drinking water 
(Amit Krishan, Shweta Yadav, & Ankita Srivastava, 
2023; Chheang, Thongkon, Sriwiriyarat, & Thanasupsin, 
2021a; Kurwadkar et al., 2022; Murphy, Post, Buckley, 
Lippincott, & Robson, 2012; Sharma & Bhattacharya, 
2017). Even though heavy metals naturally occur in the 
earth’s crust, human activities such as mining, farming, 
industrial processes, and wastewater disposal increase 
their levels in water bodies (Briffa et al., 2020; Dagdag 
et al., 2023; Jaishankar et al., 2014; Mitra et al., 2022; 
Nyiramigisha, Komariah, & Sajidan, 2021). 

Economic activities, including mining, agriculture, 
and the use of chemical fertilizers, have been linked to 
heavy metal contamination in Cambodia (Alengebawy, 
Abdelkhalek, Qureshi, & Wang, 2021; Chheang, Limsuwan, 
Thongkon, Sriwiriyarat, & Thanasupsin, 2023; Chheang, 
Thongkon, Sriwiriyarat, & Thanasupsin, 2021b; Eliyan 
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et al., 2024; Ministry of Environment Cambodia, 2004). 
Heavy metal contamination in Cambodia is attributable 
to economic activities such as mining, agriculture, 
and chemical fertilizers. In addition, spring water is 
produced from subsurface water sources that may have 
been influenced by the dissolving of naturally occurring 
material carrying heavy metals (Akhtar, Syakir Ishak, 
Bhawani, & Umar, 2021). Inadequate local awareness, 
governance, and legislation further exacerbate the risk. 
A comprehensive assessment of the potential presence 
of heavy metals in spring water in Cambodia is required 
in the scenario, followed by a risk assessment for human 
health (Chheang et al., 2023; Dong, Zhang, & Quan, 2020; 
Song, Yang, Ramu, & Choi, 2024). 

Heavy metal pollution in Cambodia’s spring water 
is the result of a variety of factors. The first issue is 
the leakage of hazardous refuse from factories into 
water sources due to unregulated industrialization. 
For instance, inappropriate iron, lead, and copper 
disposal can contaminate streams (Adnan et al., 2024; 
Haghighizadeh et al., 2024; Hossain, Fakhruddin, 
Chowdhury, & Gan, 2016; Wei et al., 2018). Second, 
heavy metals leach into groundwater due to mining 
operations, which affects spring water (Baba & Gündüz, 
2017; Haghighizadeh et al., 2024; Wei et al., 2018; W. 
Zhang, Xin, & Yu, 2023). Unsustainable farming methods 
that use hazardous fertilizers and pesticides worsen this 
problem (Chheang et al., 2021b; Rashid et al., 2023; Tudi 
et al., 2021). The lack of suitable waste management 
systems consequently speeds up the infiltration of urban 
garbage into spring water, raising the content of heavy 
metals in the water (Chheang et al., 2021b; Rashid et al., 
2023; Tudi et al., 2021). 

Stringent regulations, more effective waste 
management, and increased public awareness are 
all necessary to address this multifaceted issue. Risk 
assessments assess the hazards to human health and the 
environment, identify potential sources of heavy metal 
contamination, and analyze the extent of contamination 
(Ayaz et al., 2023; Carpenter & Bushkin-Bedient, 2013; 
Hoang et al., 2021; Liang et al., 2017). Assessments like 
these guide actions to protect our vital water resources 
and implement necessary safeguards against pollution 
that could harm people and the environment. Effectively 
prioritizing stringent risk evaluations can prevent 
significant damage. Worldwide health standards for safe 
drinking water follow the World Health Organization 
(WHO) guidelines. They lay the groundwork scientifically 
for water safety plans, which include measures to 
reduce the likelihood of contamination, create easy-to-
understand ways to measure water quality and increase 
water availability. Furthermore, the Safe Drinking Water 
Act mandates that the US Environmental Protection 
Agency (EPA) set national standards for drinking water 
safety. These guidelines specify rigorous treatment 

processes and maximum contamination levels to 
restrict the presence of numerous physical, chemical, 
microbiological, and radioactive contaminants in drinking 
water substances that potentially pose major dangers to 
human health (World Health Organization, 2017b). 

Considering the variations in regional circumstances, 
the water supply is guaranteed safe for consumption 
by the combined criteria set by the USEPA and the 
WHO. This study aimed to assess spring water quality in 
Cambodia’s coastal areas, focusing on pollution levels 
and the associated non-carcinogenic and carcinogenic 
health risks from selected heavy metals. The findings will 
provide crucial insights to lawmakers and medical groups, 
allowing them to adopt effective policies to reduce the 
negative implications on community health.

Materials and Methods
All reagents were of analytical reagent-grade quality. 
Double-distilled deionized water was used for dilution 
and washing. HNO3 (65%; w/w), HCl (37%; w/w), and H2O2 
(30%; w/w), which were prepared by Merck (Darmstadt, 
Germany), were of supra pure quality. All polyethylene 
containers and glassware were cleaned by soaking in 
dilute HNO3 (10%; w/w) and rinsed with distilled water 
before use. A mixed stock of standard solutions of heavy 
metals was supplied from Agilent Technology and was 
used to prepare working standard solutions.

This cross-sectional study was conducted across 
coastal areas, including Kok Kong (KK), Preah Sihanouk 
(KS), Kampot (KP), and Keb (KE) provinces of Cambodia 
(See. Figure S1). Spring water samples were collected 
from 3 locations in each province, with the date and 
location detail in Table 1. The sampling location map is 
shown in Figure 1. 

Spring water samples were collected from 3 locations 
from 4 provinces of the coastal area of Cambodia. To 
date, there have been no previous reports on the levels 
of potentially toxic metals in spring water of these 
locations or reports relating to the levels of heavy metals. 
Triplicate water samples were collected at each location 
in 500.0 mL polyethylene bottles. These sampling bottles 
were pre-cleaned with 10% nitric acid for 24 hours and 
rinsed thrice with deionized water. Before collecting 
the water samples, the bottles were rinsed three times. 
The water samples were preserved and acidified with 
nitric acid (pH ~ 2) before measurement (Chheang et 
al., 2021b). The simultaneous on-site measurements 
were conducted at each site to test physicochemical 
parameters. pH, temperature, and ORP were measured 
using a HANNA pH/ORP meter HI98191 (HANNA, Italy). The 
electrical conductivity (EC), total dissolved solids (TDS), 
and salinity were measured using a HANNA Conductivity/
TDS/Salinity meter HI 98192 (HANNA, Italy). In addition, 
dissolved oxygen (DO) was measured by using a HANNA HI 
9147 meter (HANNA, Italy), and turbidity was measured 
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at each sampling location by Hach DR850 colorimeter 
(Hach DR850, USA). All collected samples were kept in 
an ice box during field sampling and then transferred 
to a refrigerator at 4°C until analysis (Chand & Prasad, 
2013; Khamlerd, Tengjaroenkul, & Neeratanaphan, 2019; 
Rajeshkumar & Li, 2018; Sriuttha et al., 2017).

Over 50.0 mL of water samples (triplicate) were 
digested with 2.5 mL of 69% nitric acid at 90 ± 5°C on a 
hotplate for 1-hour. The digested samples were filtered 
through Whatman filter papers and again through 0.2 
µm nylon membrane filters, followed by a volume 
adjustment to 50.0 mL with deionized water (Chheang 
et al., 2021b). Calibrated solutions of the target metal 
ions were prepared from a mixed standard stock solution 
by serial dilution. The calibration curve for each metal 
was prepared by plotting the corrected intensity of 
standards against their concentrations. The acidified 
water samples were analyzed for the presence of Zn, As, 
Pb, Cr, Cu, Mn, Cd, Fe, Co, Al, Ni, and Tl, respectively, 
using an inductively coupled plasma-optical emission 
spectrometry (ICP-OES, manufactured by Perkin Elmer 
and referred to as the Optima 8000 DV). 

The pollution state of selected samples can be 
estimated by different indexes of pollution, of which the 
metal pollution index, MPI can be used as an indicator 
of the overall water quality related to heavy metals 
content, and it is calculated by the following Eq. 1 (Shehu 
& Vasjari, 2016; Shehu et al., 2022): 

Table 1: Data information of field sampling of spring water samples

No. Sample codes Sampling date Locations
WGS 1984 Zone 48N

X Y

Koh Kong province

1 KK01 03-06-2024 Koh Kong district 297107 1280160

2 KK02 04-06-2024 Koh Kong district 295354 1279269

3 KK03 05-06-2024 Botum Sakor district 340532 1254229

Preah Sihanouk province

4 PS01 06-06-2024 Prey Nob district 361355 1170478

5 PS02 06-06-2024 Stueng Hav district 347857 1180340

6 PS03 07-06-2024 Prey Nob district 364958 1175670

Kampot province

7 KP01 08-06-2024 Tuek Chhu district 396272 1178375

8 KP02 08-06-2024 Tuek Chhu district 404898 1179717

9 KP03 09-06-2024 Tuek Chhu district 403825 1173461

Keb province

10 KB01 10-06-2024 Krong Keb 426578 1163642

11 KB02 11-06-2024 Damnak Changaeur district 431158 1164490

12 KB03 12-06-2024 Damnak Changaeur district 432671 1169294

Figure 1: Map 
of the sampling 
locations

 
 

Figure 1: Map of the sampling locations

MPI =  
n

m

m 1 m

C
MAC=

∑ 				    (1)

Where Cm is the measured concentration of each metal, 
and MACm is the maximum permissible concentration of 
the mth metal. MPI values above 1 represent a threshold 
warning (Shehu & Vasjari, 2016; Shehu et al., 2022). The 
MPI classification for water used for drinking and domestic 
purposes were very pure I (MPI < 0.3), pure II (0.3 < MPI 
< 1.0), slightly affected III (1.0 < MPI < 2.0), moderately 
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affected IV (2.0 < MPI < 4.0), Seriously affected V (4.0 < 
MPI < 6.0), and seriously affected VI (6.0 < MPI) (Shehu 
& Vasjari, 2016; Shehu et al., 2022). The HEI is another 
approach to assessing the quality of water impacted by 
heavy metals. It uses the same calculation as MPI but a 
different classification (Eq. 2).

HEI =  
n

C

m 1 MAC

H
H=

∑ 				    (2)

The monitored heavy metal concentrations and maximum 
acceptable concentrations are the Hc and H MAC, 
respectively. There are three classifications for HEI. 
When HEI > 5 is low, 5 < HEI < 20 is middle, and HEI > 
20 is high polluted (Boateng, Opoku, Acquaah, & Akoto, 
2015; Hamidu et al., 2021).

For calculating the multiple effects of heavy metals 
on human health, the degree of contamination (dC) was 
calculated. In this function, the contamination factor 
(CF) should be computed. Conversely, the Cf depends 
on the concentration of heavy metals in water (Cm) and 
the maximum acceptable concentration (MACm) of the 
element in water (Eq. 3 and Eq. 4). This investigation 
evaluated heavy metals, including Zn, As, Pb, Cr, Cu, 
Mn, Cd, Fe, Co, Al, Ni, and Tl. 

CF = m

m

C 1
MAC

− 				    (3)

dC = 
n

m 1

CF
=
∑ 					     (4)

Interpretation of contamination degree is based on three 
classifications: high (Cd > 3), medium (1 < Cd < 3), and 
(Cd < 1) low degree of contamination (Boateng et al., 
2015; Hamidu et al., 2021).

To assess both non-cancer and cancer risks for 
children and adults, the chronic daily intake (CDI) of 
Heavy metals, which represents the lifetime average 
daily dose (LADD) of exposure to a contaminant, was used 
(Bamuwamye, Ogwok, Tumuhairwe, Eragu, & Nakisozi, 
2017; Chidiebere, Ignatius, Stephen, & Ikechukwu, 2022; 
Yu, Wang, & Zhou, 2014). The CDI of the Heavy metals 
via oral ingestion was calculated using Eq. 5: 

CDI = 
( )

( )
C x IR x EF x ED

BW x AT
			   (5) 

Where, CDI is the chronic daily intake (mg/Kg/day); C is 
the concentration of the contaminant in a water sample 
(mg/L); IR is the ingestion rate per unit time (1 L/day 
for a child and 2.2 L/day for an adult) (Chidiebere et al., 

2022; Yu et al., 2014); ED is the exposure duration (6 years 
for a child and 30 years for an adult); EF is the exposure 
frequency (365 days/year); BW is body weight (15 Kg for a 
child and 70 Kg for an adult); AT is the average exposure 
time (for carcinogens, AT = 70 × 365 = 25550 days for 
both children and adults; for non-carcinogens, AT = ED × 
365 = 2190 days and 10950 days for children and adults, 
respectively) (Chidiebere et al., 2022; Yu et al., 2014). 

Non-cancer risks due to non-carcinogenic effects of 
Heavy metals in drinking water were determined by the 
non-cancer hazard quotient using Eq. 6 (Chidiebere et 
al., 2022; Yu et al., 2014): 

HQ = CDI/RfD 					     (6) 

Where: HQ is the non-cancer hazard quotient; CDI 
is the chronic daily intake (mg metal/Kg/day); and 
RfD represents the chronic oral reference dose that 
approximates the human population’s daily oral 
exposure level, plus delicate subpopulation which is 
probably to be without a significant risk of harmful 
effect through a lifetime (Bamuwamye, Ogwok, & 
Tumuhairwe, 2015; Bamuwamye et al., 2017). Potential 
risks to human health posed by exposure to multiple 
heavy metals were measured by the chronic hazard 
index (HI), the sum of all HQ calculated for each heavy 
metal (Bamuwamye et al., 2015, 2017; Chidiebere et 
al., 2022; Yu et al., 2014), and the value of HQ or HI. 
RfD (mg/Kg/day) is 0.3, 0.0003, 0.036, 1.5, 0.037, 0.14, 
0.0005, 0.7, 0.02, 1.0, and 0.02 for Zn, As, Pb, Cr, Cu, 
Mn, Cd, Fe, Co, Al, and Ni respectively.

Cancer risk is the hazard from a lifetime average dose 
exposure to 1-mg/Kg body weight/day of a pollutant. 
Cancer risk was expressed in terms of incremental 
lifetime cancer risk (ILCR), which is the probability that 
one may develop cancer over a 70-year lifetime due to a 
24-hour exposure to a potential carcinogen (Eliyan et al., 
2024). Cancer risk was calculated as the product of CDI 
(mg/Kg/day) and cancer slope factor (CSF) measured in 
(mg/Kg/day) (see Eq. 7) (Bamuwamye et al., 2015, 2017; 
Chidiebere et al., 2022): 

ILCR =CDI x CSF 				    (7) 

Where: ILCR = incremental life cancer risk; CDI = chronic 
intake (mg/kg/BW/day); CSF = cancer slope factor. 
The total cancer risk (TCR) from exposure to multiple 
contaminants due to consumption of a particular type 
of water was assumed to be the sum of each metal 
incremental risk (∑ILCR). The United States Environmental 
Protection Agency (USEPA) considers the minimum or 
acceptable cancer risk for regulatory purposes within 
the range of 1×10−6 to 1×10−4 (Bamuwamye et al., 2015, 
2017; Chidiebere et al., 2022).

http://Bamuwamye, Ogwok, Tumuhairwe, Eragu, & Nakisozi, 2017;
http://Bamuwamye, Ogwok, Tumuhairwe, Eragu, & Nakisozi, 2017;
http://Bamuwamye, Ogwok, Tumuhairwe, Eragu, & Nakisozi, 2017;
http://Bamuwamye, Ogwok, Tumuhairwe, Eragu, & Nakisozi, 2017;
http://Bamuwamye, Ogwok, Tumuhairwe, Eragu, & Nakisozi, 2017;
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The statistical analysis was done using Excel 16 and 
Minitab 21- analysis of variance (ANOVA), which was used 
to test whether significant differences existed between 
groups. Statistical significance was considered at p <0.05.

Results and Discussion

Physicochemical properties of springwater  
The physicochemical characteristics of spring water 
from the coastal areas are presented in Table 2. These 
parameters significantly affect the water quality. 
pH quantifies the acidity or alkalinity of the water. 
The average pH was 6.7, acceptable for Cambodia’s 
water quality guidelines and the WHO (Chheang et al., 
2021a; Radfard et al., 2019; P. Zhang et al., 2023). The 
temperature values ranged from 24 to 32.5°C, slightly 
lower and higher than the WHO guidelines due to the 
measurement time. Hence, the average temperature 
is still within the WHO guidelines and lower than 
Cambodia’s standard. Water temperature significantly 
influences various properties of water, including the 
types of organisms that can thrive in it. Temperature 
changes can impact the ecosystem, making it a crucial 
factor in determining water quality. Oxidation-reduction 
potential (ORP) measures a water body’s ability to 
naturally self-purify or break down waste materials, such 
as contaminants and dead plants or animals (Rostom, 
Shalaby, Issa, & Afifi, 2017). ORP values typically fall 
between −78.5 and 89.1 mV, but when the ORP value 
is negative, it signals a critical imbalance in the water. 
This negative value indicates that reducing agents 
(electrons) far outweigh oxidizing agents like oxygen. 
Such conditions often result from severe water pollution, 
excessive fertilization leading to eutrophication, or 
prolonged stagnation. These situations pose a serious 
threat to water quality and the overall health of the 
ecosystem. DO refers to the dissolved oxygen in the 
water. It is a vital indicator of the viability of aquatic 
life. The average DO was 5.3, above Cambodia’s allowable 
limits for the protected public water areas. Relatively 
high DO levels were observed at all locations because 
they are far from water-polluting activities (Chheang 
et al., 2021a). TDS (total dissolved solids) includes any 
minerals, salts, metals, cations, or anions dissolved in 
water (Radfard et al., 2019). Electrical conductivity (EC) 
measures water’s ability to conduct electricity, which is 
directly influenced by the concentration of ions present 
(Radfard et al., 2019). It is often used as a quick method 
to estimate total dissolved solids (TDS). In this study, the 
average TDS was 133.6 mg/L, and the average EC was 
267.6 µS/cm. Both TDS and EC levels were lower than 
expected and within the acceptable limits set by the 
World Health Organization (WHO) (Boateng et al., 2015; 
Radfard et al., 2019; Rostom et al., 2017; World Health 
Organization, 2017a) and the Cambodian Drinking Water 

Quality Standard (CDWQS) (MIME, 2004) guidelines for 
safe drinking water.

Concentration of heavy metals in spring water
Studies have shown that concentrations of heavy metals 
in the spring water vary based on climate, region, 
geology, and anthropogenic activities within the 
watershed (Chheang et al., 2023, 2021a). The average 
concentrations of heavy metals in the spring water 
samples were as follows: Zn (21.987 ± 7.809 µg/L), As 
(2.825 ± 1.205 µg/L), Pb (2.922 ± 1.386 µg/L), Cr (2.165 
± 1.941 µg/L), Cu (8.690 ± 3.442 µg/L), Mn (217.238 ± 
526.8 µg/L), Cd (0.069 ± 0.060 µg/L L), Fe (1389.037± 
2738.9 µg/L), Co (2.192 ± 3.157 µg/L), Al (368.047 ± 
622.21 µg/L), Ni (2.081 ± 0.819 µg/L), and Tl (ND). These 
concentrations are ranked in descending order as follows: 
Fe > Al > Mn > Zn > Cu > Pb > As > Co > Cr > Ni > Cd > Tl. 
Notably, the concentrations of Co (KE03), Mn (KE02 and 
KE03), Al (KS03, KP01, KE02, and KE03), and Fe (KS02, 
KS03, KP01, KP02, KE01, KE02, and KE03) exceeded the 
standard limits set by WHO  (Boateng et al., 2015; World 
Health Organization, 2017a) and CDWQS (MIME, 2004), 
while concentrations of the other heavy metals and 
their location remained within limits, as shown in Table 
3 and Table S1. The concentrations of Co, Mn, Al, and 
Fe in spring water from the coastal areas of Cambodia 
were higher than the WHO standards for drinking water, 
which can be caused by Geological Factors when the 
local geology impacts the composition of spring water. 
Rocks and soils can release heavy metals into the water 
through weathering processes (Baba & Gündüz, 2017; 
Haghighizadeh et al., 2024; Wei et al., 2018; W. Zhang 
et al., 2023). Another reason is that coastal locations 
frequently serve as hubs for industry, contributing to the 
pollution caused by industrial and mining activity. Heavy 
metals may be present in the wastes produced by these 
companies, which have the potential to contaminate 
groundwater and lead to increased concentrations 
of Co, Mn, Al, Fe, and other heavy metals (Adnan et 
al., 2024; Haghighizadeh et al., 2024; Hossain et al., 
2016; Wei et al., 2018). Inadequate waste disposal 
and agricultural runoff are other reasons agricultural 
activities consistently employ pesticides and fertilizers 
to safeguard crops and achieve greater yields. These 
substances frequently contain heavy metals, which can 
percolate into the groundwater and contaminate it with 
heavy metals (Chheang et al., 2021a; Rashid et al., 2023; 
Tudi et al., 2021). Acid rain and oceanic influence are 
also the reasons for causing heavy metal; specific coastal 
regions may exhibit elevated element concentrations due 
to the influence of tidal and sea spray, which can elevate 
trace metal concentrations in spring water. Acid rains, a 
consequence of air pollution, can cause heavy metals to 
leach from the soil into the groundwater (Hamid, Bhat, 
& Jehangir, 2020; Payus, Jikilim, & Sentian, 2020).
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Spring water quality assessment based on MPI, HEI, 
and dC values
MPI values revealed that none of the samples exhibited 
“very Prue I and Prue II” quality, i.e. with the values 
of MPI < 0.3 and 0.3 < MPI < 1.0 (Table 4). Tap water 
collected at KK02, KK03, and KP03 exhibited “slightly 
affected III (1.0 < MPI < 2.0)”. KK01, KS01, KP02, and 
KE01 were classified as “moderately affected IV (2.0 < 
MPI < 4.0)”. KS02 and KP01 were classified as “seriously 
affected V”, with MPI 4–6 values. The samples from 
locations KS03, KE02, and KE03 were classified as 
“seriously affected VI (6.0 < MPI)”. Also, the mean HEI 
values of all locations in this study are shown in Table 4. 
Based on HEI classification (HEI > 5 is low, 5 ≤ HEI < 20 is 
middle, and HEI ≥ 20 is highly polluted), the higher values 
of HEI were in KE02 and KE03 reached the high level (HEI 
≥ 20), and KS03 was in middle level (5 ≤ HEI < 20) and 
besides these 3 locations were in the lower level (HEI > 
5). The degree of contamination considers the number 
of parameters that exceed the upper permissible limit 
or guide values of potentially harmful elements and 
the concentration exceeding these limit values. The 
observation of this study about the cumulative effect of 
heavy metals is also summarised in Table 4. The results 
showed the highest contamination degree of parameters 
was 37.368, which was higher than 3, which supports 
the high degree of heavy metals pollution. Only three 
locations (KS03, KE02, and KE03) dC was higher, while 
other locations were lower than 1, which supports the 
low pollution of heavy metals. KS03, KE02, and KE03 were 
more polluted by heavy metals from agricultural activity 
that used pesticides and fertilizers in that area to protect 
crops and increase production. It is near industrial areas 
with canals that collect the wastewater and connect with 
the spring water (Chheang et al., 2021a; Rashid et al., 
2023; Tudi et al., 2021). 

Health risk assessment 
Table 5 displays the results for the chronic daily intake 
(CDI) (The average daily intake dose, ADI) for the ingestion 
pathway in the spring water for adults and children. The 
results showed that the CDI values were slightly above 
the reference dose USEPA or other international bodies 
recommended for As (KE01 and KE02). The CDI for Fe 
was highest in the spring water samples collected from 
the coastal areas for adults and children but still lower 
than the reference dose recommended by USEPA or 
other international bodies. The CDI values of minors 
were generally higher than those of adults exposed 
to the same drinking water sources. For the adult and 
children’s populations, the average CDI value indices for 
the heavy metals in the study areas were as follows: Fe 
> Al > Mn > Zn > Cu > Pb > As > Co > Cr > Ni > Cd. Even 
though most CDI values were lower than the reference 
dose, the concentration of heavy metals in some locations 
exceeded the WHO and CDWQS standards or guidelines 

for drinking water, which might have a long-term effect 
on the customers regarding bioaccumulation (Munene, 
Hashim, & Ambusso, 2023; S. Zhang et al., 2023). 

Table 6 shows the results of non-carcinogen risk 
assessment through oral route by HQ calculation. The 
HQ for heavy metals in various water sources was also 
higher in children than adults. The HQ was >1 in the 
spring water for As from locations KE01 and KE02 in 
the study. The HQ indices >1 calculated for all these 2 
locations samples present an unacceptable risk for non-
carcinogenic adverse effects, especially concerning As.  
HQ of As > 1 or As levels in water exceeding the World 
Health Organization’s recommendation threshold of 10 
μg/L can have serious health consequences. Chronic 
arsenic exposure in drinking water can cause a variety 
of cancers, including skin, bladder, and lung cancer. It 
can also cause skin lesions, cardiovascular and nervous 
system damage, issues with cognitive development, 
and poor reproductive outcomes. It can also affect the 
immune system and raise the chance of developing 
diabetes. Furthermore, arsenic hurts a child’s IQ and 
development (Martinez, Vucic, Becker-Santos, Gil, & 
Lam, 2011; Smith & Smith, 2004; Uppal, Zheng, & Le, 
2019). The hazard quotient (HQ) for the children’s group 
exceeded one, indicating potential health risks according 
to WHO guidelines. Since children consume more air, 
water, and food relative to their body size than adults, 
they are often more exposed to environmental toxins 
(Badeenezhad et al., 2021; Mastorci, Linzalone, Ait-Ali, & 
Pingitore, 2021; Suk, Murray, & Avakian, 2003). Children’s 
behavior, i.e., playing on the ground, heightens their 
exposure to potential toxins. Moreover, their vulnerability 
to environmental risks is greater because their developing 
immune systems are not yet equipped to efficiently 
metabolize, detoxify, and eliminate harmful substances. 
Environmental concerns for children include asthma 
exacerbating air pollution, lead-based paint in older 
homes, treatment-resistant microorganisms in drinking 
water, and persistent chemicals that may cause cancer or 
induce reproductive or developmental harm (Carroquino, 
Posada, & Landrigan, 2012; Mastorci et al., 2021; Perlroth 
& Castelo Branco, 2017). When the cumulative effects 
of parameters were calculated, the results showed that 
the HI in the adult group had a value of more than one 
in location KE02 and min = 0.204 and max = 1.196. In 
the children’s group, there was more than one value in 
location (KE01, KE02, and KE03) with min = 0.433 and 
max = 2.538 (Table 6). 

Various contaminants, including chemical, physical, 
and microbiological contaminants, can compromise the 
protection of potable water and result in severe health 
issues for humans (Yilkal, Zewge, & Chandravanshi, 2019). 
This study performed a human health risk assessment to 
compare the effects of carcinogens and non-carcinogens 
on chemical parameters. The target population was 
divided into two subgroups: adults and children. The 
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results of the carcinogenic risk due to heavy metals 
exposure in spring water are presented in Table 7. 
According to this table, the highest CDI result for ILCR 
(10.451 x 10-5 or 1.451 x 10-4) in the adult group indicated a 
carcinogen risk equal to or greater than 10-4, significantly 
higher than the USEPA standard (acceptable values 
(10-6–10-4). In our study, the adult group’s TCR had a higher 
carcinogen risk than the children group. The results were 
calculated based on the amount of water ingestion rate 
(IR) (adult = 2.2 L/day, children = 1 L/day), the average 
exposure time for carcinogen (AT) (70x365= 25550 days), 
exposure duration (ED) (adult = 30 years, children = 6 
years), average body weight (Bw) (adult = 70 Kg children 
= 15 Kg). An ecological risk assessment was done in 
the coastal area of Cambodia, and the concentration 
of heavy metals was evaluated. The total cancer risk 
(TCR) for the adult group across all locations, as well 
as for the children’s group in locations KE01, KE02, and 
KE03, exceeds 10⁻⁴, indicating a potential carcinogenic 
risk from consuming spring water. Although the timing of 
cancer development is not accounted for, the incremental 
lifetime cancer risk (ILCR) assesses the increased risk over 
a lifetime for exposed populations (Charnley & Putzrath, 
2001). Using consistent factors in risk calculations also 
shows that the level of carcinogenic and non-carcinogenic 
hazards is directly linked to the concentrations of heavy 
metals in the spring water samples. Along with limiting 
water consumption, preventive measures should be taken 
to reduce both immediate and long-term exposure to 
carcinogenic substances to help prevent cancer in the 
future (Carpenter & Bushkin-Bedient, 2013).

Conclusion
This study assessed the pollution levels and associated 
health risks of heavy metals in spring water from 
Cambodia’s coastal areas. The findings indicate that 
key heavy metals— Fe, Al, Mn, and Co-exceeded the 
permissible limits set by WHO and the CDWQS in multiple 
locations. The pollution indices (MPI, HEI, and dC) suggest 
that contamination levels are significant, with some sites 
classified as highly polluted. Additionally, the health risk 
assessment highlights increased carcinogenic and non-
carcinogenic risks, particularly for adults, based on CDI 
and ILCR calculations. Given these results, it is evident 
that untreated spring water in these areas is not suitable 
for direct consumption. Implementing effective water 
treatment strategies and regular monitoring is essential 
to ensure water safety for communities relying on these 
natural sources.

Acknowledgment 
We would like to express our gratitude to the Department 
of Chemistry, Faculty of Science, Royal University 
of Phnom Penh, and Environmental Research and 
Applications Laboratory (ERA), Chemistry for Green 

Society and Healthy Living Research Unit, Department 
of Chemistry, Faculty of Science, King Mongkut’s 
University of Technology Thonburi. We especially 
appreciate the help of the local personnel who provided 
helpful information and flexible support throughout the 
collection and sample delivery processes.

Declaration of Competing Interest 
The authors have no competing interests to declare. 
All authors have read and approved the final, published 
version of the manuscript.

Credit Authorship Contribution Statement 
CHHEANG Lita conducted all experiments, analyzed 
the data, developed the methodology, conceptualized, 
planned, designed, drafted the original version, and 
reviewed and edited the final version. THANASUPSIN 
Sudtida Pliankarom wrote, reviewed, and edited the 
final version of the manuscript. SAO Vibol map design 
discussed results, reviewed, and directed the project. 
CHEY Thavy reviewed and discussed the results. All 
authors have read and agreed to the published version 
of the manuscript. 

Data Availability Atatement 
Not available.

Funding Declaration 
This study was financially supported by the Sweden-RUPP 
Bilateral Programme (Sida Contribution No. 11599). 

References
Adnan, M., Xiao, B., Ali, M. U., Xiao, P., Zhao, P., Wang, H., 

& Bibi, S. (2024). Heavy metals pollution from smelting 
activities: A threat to soil and groundwater. Ecotoxicology 
and Environmental Safety, 274(February), 116189. https://
doi.org/10.1016/j.ecoenv.2024.116189

Akhtar, N., Syakir Ishak, M. I., Bhawani, S. A., & Umar, 
K. (2021). Various natural and anthropogenic factors 
responsible for water quality degradation: A review. Water 
(Switzerland), 13(19). https://doi.org/10.3390/w13192660

Alengebawy, A., Abdelkhalek, S. T., Qureshi, S. R., & Wang, 
M. Q. (2021). Heavy metals and pesticides toxicity in 
agricultural soil and plants: Ecological risks and human 
health implications. Toxics. MDPI AG. https://doi.
org/10.3390/toxics9030042

Amit Krishan, Shweta Yadav, & Ankita Srivastava. (2023). Water 
Pollution’s Global Threat to Public Health : A Mini-Review. 
International Journal of Scientific Research in Science, 
Engineering and Technology, (December 2023), 321–334. 
https://doi.org/10.32628/ijsrset2310643

Ayaz, H., Nawaz, R., Nasim, I., Irshad, M. A., Irfan, A., 
Khurshid, I., … Bourhia, M. (2023). Comprehensive human 
health risk assessment of heavy metal contamination in 
urban soils: insights from selected metropolitan zones. 
Frontiers in Environmental Science, 11(December), 1–17. 



SAO et al. The Cambodia Journal of Basic and Applied Research, 7(Spl) 2025

13

https://doi.org/10.3389/fenvs.2023.1260317
Baba, A., & Gündüz, O. (2017). Effect of geogenic factors 

on water quality and its relation to human health around 
Mount Ida, Turkey. Water (Switzerland), 9(1), 1–21. https://
doi.org/10.3390/w9010066

Badeenezhad, A., Radfard, M., Abbasi, F., Jurado, A., 
Bozorginia, M., Jalili, M., & Soleimani, H. (2021). Effect of 
land use changes on non-carcinogenic health risks due to 
nitrate exposure to drinking groundwater. Environmental 
Science and Pollution Research, 28(31), 41937–41947. 
https://doi.org/10.1007/s11356-021-13753-5

Balali-Mood, M., Naseri, K., Tahergorabi, Z., Khazdair, M. R., & 
Sadeghi, M. (2021). Toxic Mechanisms of Five Heavy Metals: 
Mercury, Lead, Chromium, Cadmium, and Arsenic. Frontiers 
in Pharmacology, 12(April), 1–19. https://doi.org/10.3389/
fphar.2021.643972

Bamuwamye, M., Ogwok, P., & Tumuhairwe, V. (2015). 
Cancer and Non-cancer Risks Associated With Heavy Metal 
Exposures from Street Foods : Evaluation of Roasted Meats 
in an Urban Setting, 3(2), 24–30. https://doi.org/10.12691/
jephh-3-2-1

Bamuwamye, M., Ogwok, P., Tumuhairwe, V., Eragu, R., & 
Nakisozi, H. (2017). Human Health Risk Assessment of 
Heavy Metals in Kampala ( Uganda ) Drinking Water, 6(4), 
6–16. https://doi.org/10.5539/jfr.v6n4p6

Boateng, T. K., Opoku, F., Acquaah, S. O., & Akoto, O. (2015). 
Pollution evaluation , sources and risk assessment of heavy 
metals in hand ‑ dug wells from Ejisu ‑ Juaben Municipality, 
Ghana. Environmental Systems Research, 4, 18. https://doi.
org/10.1186/s40068-015-0045-y

Briffa, J., Sinagra, E., & Blundell, R. (2020). Heavy metal 
pollution in the environment and their toxicological 
effects on humans. Heliyon, 6(9), e04691. https://doi.
org/10.1016/j.heliyon.2020.e04691

Carpenter, D. O., & Bushkin-Bedient, S. (2013). Exposure to 
chemicals and radiation during childhood and risk for cancer 
later in life. Journal of Adolescent Health, 52(5 SUPPL), 
S21–S29. https://doi.org/10.1016/j.jadohealth.2013.01.027

Carroquino, M. J., Posada, M., & Landrigan, P. J. (2012). 
Encyclopedia of Sustainability Science and Technology. 
Encyclopedia of Sustainability Science and Technology. 
https://doi.org/10.1007/978-1-4419-0851-3

Chand, V., & Prasad, S. (2013). ICP-OES assessment 
of heavy metal contamination in tropical marine 
sediments: A comparative study of two digestion 
techniques. Microchemical Journal, 111, 53–61. https://doi.
org/10.1016/j.microc.2012.11.007

Charnley, G., & Putzrath, R. M. (2001). Children’s Health, 
Susceptibility, and Regulatory Approaches to Reducing 
Risks from Chemical Carcinogens. Environmental Health 
Perspectives, 109(5), 533–538.

Chheang, L., Limsuwan, P., Thongkon, N., Sriwiriyarat, T., & 
Thanasupsin, S. P. (2023). Ecological Risk Assessment and 
Source Contributions of Heavy Metals in the Sediment of 
the Chan Thnal Reservoir, Kampong Speu, Cambodia. Water 
(Switzerland), 15(8). https://doi.org/10.3390/w15081566

Chheang, L., Thongkon, N., Sriwiriyarat, T., & Thanasupsin, 
S. P. (2021a). Heavy metal contamination and human 
health implications in the chan thnal reservoir, Cambodia. 
Sustainability (Switzerland), 13(24), 1–20. https://doi.
org/10.3390/su132413538

Chheang, L., Thongkon, N., Sriwiriyarat, T., & Thanasupsin, 
S. P. (2021b). Heavy metal contamination and human 
health implications in the chan thnal reservoir, Cambodia. 
Sustainability (Switzerland), 13(24). https://doi.org/10.3390/
su132413538

Chidiebere, U., Ignatius, M., Stephen, S., & Ikechukwu, A. 
(2022). Human health risk assessment of heavy metals 
in drinking water sources in three senatorial districts of 
Anambra State , Nigeria. Toxicology Reports, 9(April), 
869–875. https://doi.org/10.1016/j.toxrep.2022.04.011

Dagdag, O., Quadri, T. W., Haldhar, R., Kim, S. C., Daoudi, W., 
Berdimurodov, E., … Ebenso, E. E. (2023). An Overview of 
Heavy Metal Pollution and Control. ACS Symposium Series, 
1456, 3–24. chapter. https://doi.org/10.1021/bk-2023-1456.
ch001

Dong, W., Zhang, Y., & Quan, X. (2020). Health risk assessment 
of heavy metals and pesticides: A case study in the main 
drinking water source in Dalian, China. Chemosphere, 242, 
125113. https://doi.org/10.1016/j.chemosphere.2019.125113

Edokpayi, J. N., Rogawski, E. T., Kahler, D. M., Hill, C. L., 
Reynolds, C., Nyathi, E., … Dillingham, R. (2018). Challenges 
to sustainable safe drinking water: A case study ofwater 
quality and use across seasons in rural communities in 
Limpopo Province, South Africa. Water (Switzerland), 10(2). 
https://doi.org/10.3390/w10020159

Eid, M. H., Eissa, M., Mohamed, E. A., Ramadan, H. S., Tamás, 
M., Kovács, A., & Szűcs, P. (2024). New approach into human 
health risk assessment associated with heavy metals in 
surface water and groundwater using Monte Carlo Method. 
Scientific Reports, 14(1), 1–20. https://doi.org/10.1038/
s41598-023-50000-y

Eliyan, C., McConville, J., Zurbrügg, C., Koottatep, T., Sothea, 
K., & Vinnerås, B. (2024). Heavy metal contamination of 
faecal sludge for agricultural production in Phnom Penh, 
Cambodia. Journal of Environmental Management, 349(July 
2023). https://doi.org/10.1016/j.jenvman.2023.119436

Haghighizadeh, A., Rajabi, O., Nezarat, A., Hajyani, Z., 
Haghmohammadi, M., Hedayatikhah, S., … Aghababai Beni, 
A. (2024). Comprehensive analysis of heavy metal soil 
contamination in mining Environments: Impacts, monitoring 
Techniques, and remediation strategies. Arabian Journal 
of Chemistry, 17(6), 105777. https://doi.org/10.1016/j.
arabjc.2024.105777

Hamid, A., Bhat, S. U., & Jehangir, A. (2020). Local 
determinants influencing stream water quality. Applied 
Water Science, 10(1), 1–16. https://doi.org/10.1007/s13201-
019-1043-4

Hamidu, H., Halilu, F. B., Yerima, K. M., Garba, L. M., Suleiman, 
A. A., Kankara, A. I., & Abdullahi, I. M. (2021). Heavy metals 
pollution indexing , geospatial and statistical approaches of 
groundwater within Challawa and Sharada industrial areas 
, Kano City , North ‑ Western Nigeria. SN Applied Sciences, 
3, 690. https://doi.org/10.1007/s42452-021-04662-w

Hoang, H.-G., Chiang, C.-F., Lin, C., Wu, C.-Y., Lee, C.-W., 
Cheruiyot, N. K., … Bui, X.-T. (2021). Human health risk 
simulation and assessment of heavy metal contamination 
in a river affected by industrial activities. Environmental 
Pollution, 285, 117414. https://doi.org/https://doi.
org/10.1016/j.envpol.2021.117414

Hossain, M. S., Fakhruddin, A. N. M., Chowdhury, M. A. Z., 
& Gan, S. H. (2016). Impact of ship-Breaking activities 



SAO et al. The Cambodia Journal of Basic and Applied Research, 7(Spl) 2025

14

on the coastal environment of Bangladesh and a 
management system for its sustainability. Environmental 
Science and Policy, 60, 84–94. https://doi.org/10.1016/j.
envsci.2016.03.005

Jaishankar, M., Tseten, T., Anbalagan, N., Mathew, B. B., & 
Beeregowda, K. N. (2014). Toxicity, mechanism and health 
effects of some heavy metals. Interdisciplinary Toxicology. 
Slovak Toxicology Society. https://doi.org/10.2478/intox-
2014-0009

Jankowski, J., Floege, J., Fliser, D., Böhm, M., & Marx, N. 
(2021). Cardiovascular Disease in Chronic Kidney Disease 
Pathophysiological Insights and Therapeutic Options. 
Circulation, 143(11), 1157–1172. https://doi.org/10.1161/
CIRCULATIONAHA.120.050686

Kavouras, S. A., & Anastasiou, C. A. (2010). Water Physiology. 
Nutrition Today, 45(6), S27–S32. https://doi.org/10.1097/
nt.0b013e3181fe1713

Khamlerd, C., Tengjaroenkul, B., & Neeratanaphan, L. 
(2019). Abnormal chromosome assessment of snakehead 
fish (Channa striata) affected by heavy metals from a 
reservoir near an industrial factory. International Journal 
of Environmental Studies, 76(4), 648–662. https://doi.org/
10.1080/00207233.2019.1580033

Kurwadkar, S., Dane, J., Kanel, S. R., Nadagouda, M. N., 
Cawdrey, R. W., Ambade, B., … Wilkin, R. (2022). Per- and 
polyfluoroalkyl substances in water and wastewater: A 
critical review of their global occurrence and distribution. 
Science of the Total Environment, 809, 151003. https://doi.
org/10.1016/j.scitotenv.2021.151003

Liang, Y., Yi, X., Dang, Z., Wang, Q., Luo, H., & Tang, J. (2017). 
Heavy metal contamination and health risk assessment 
in the vicinity of a tailing pond in Guangdong, China. 
International Journal of Environmental Research and Public 
Health, 14(12). https://doi.org/10.3390/ijerph14121557

Martinez, V. D., Vucic, E. A., Becker-Santos, D. D., Gil, L., & 
Lam, W. L. (2011). Arsenic exposure and the induction of 
human cancers. Journal of Toxicology, 2011. https://doi.
org/10.1155/2011/431287

Mastorci, F., Linzalone, N., Ait-Ali, L., & Pingitore, A. (2021). 
Environment in children’s health: A new challenge for 
risk assessment. International Journal of Environmental 
Research and Public Health, 18(19). https://doi.org/10.3390/
ijerph181910445

MIME. (2004). Kingdom of Cambodia Drinking Water Quality 
Standards. Drinking Water Quality Standards, 1–20.

Ministry of Environment Cambodia. (2004). National Profile 
on Chemicals Management in Cambodia, (December 2004), 
162.

Mitra, S., Chakraborty, A. J., Tareq, A. M., Emran, T. Bin, 
Nainu, F., Khusro, A., … Simal-Gandara, J. (2022). Impact 
of heavy metals on the environment and human health: 
Novel therapeutic insights to counter the toxicity. Journal 
of King Saud University - Science, 34(3), 101865. https://
doi.org/10.1016/j.jksus.2022.101865

Munene, E. N., Hashim, N. O., & Ambusso, W. N. (2023). Human 
health risk assessment of heavy metal concentration in 
surface water of Sosian river, Eldoret town, Uasin-Gishu 
County Kenya. MethodsX, 11(June), 102298. https://doi.
org/10.1016/j.mex.2023.102298

Murphy, E. A., Post, G. B., Buckley, B. T., Lippincott, R. L., & 
Robson, M. G. (2012). Future challenges to protecting public 

health from drinking-water contaminants. Annual Review 
of Public Health, 33(48), 209–224. https://doi.org/10.1146/
annurev-publhealth-031811-124506

Nyiramigisha, Komariah, & Sajidan. (2021). Harmful Impacts 
of Heavy Metal Contamination in the Soil and Crops Grown 
Around Dumpsites. Reviews in Agricultural Science.

Payus, C. M., Jikilim, C., & Sentian, J. (2020). Rainwater 
chemistry of acid precipitation occurrences due to long-
range transboundary haze pollution and prolonged drought 
events during southwest monsoon season: climate change 
driven. Heliyon, 6(9), e04997. https://doi.org/10.1016/j.
heliyon.2020.e04997

Perlroth, N. H., & Castelo Branco, C. W. (2017). O estado atual 
do conhecimento sobre a exposição ambiental no organismo 
infantil durante os períodos sensíveis de desenvolvimento. 
Jornal de Pediatria, 93(1), 17–27. https://doi.org/10.1016/j.
jped.2016.07.002

Popkin, B. M., D’Anci, K. E., & Rosenberg, I. H. (2010). Water, 
hydration, and health. Nutrition Reviews, 68(8), 439–458. 
https://doi.org/10.1111/j.1753-4887.2010.00304.x

Radfard, M., Yunesian, M., Nabizadeh, R., Biglari, H., 
Nazmara, S., Hadi, M., … Mahvi, A. H. (2019). Drinking 
water quality and arsenic health risk assessment in Sistan 
and Baluchestan, Southeastern Province, Iran. Human and 
Ecological Risk Assessment, 25(4), 949–965. https://doi.org
/10.1080/10807039.2018.1458210

Rajeshkumar, S., & Li, X. (2018). Bioaccumulation of heavy 
metals in fish species from the Meiliang Bay, Taihu 
Lake, China. Toxicology Reports, 5, 288–295. https://doi.
org/10.1016/j.toxrep.2018.01.007

Rashid, A., Schutte, B. J., Ulery, A., Deyholos, M. K., 
Sanogo, S., Lehnhoff, E. A., & Beck, L. (2023). Heavy 
Metal Contamination in Agricultural Soil: Environmental 
Pollutants Affecting Crop Health. Agronomy, 13(6), 1–30. 
https://doi.org/10.3390/agronomy13061521

Renu, K., Chakraborty, R., Myakala, H., Koti, R., Famurewa, 
A. C., Madhyastha, H., … Valsala Gopalakrishnan, A. 
(2021). Molecular mechanism of heavy metals (Lead, 
Chromium, Arsenic, Mercury, Nickel and Cadmium) 
- induced hepatotoxicity – A review. Chemosphere, 
271, 129735. https://doi.org/https://doi.org/10.1016/j.
chemosphere.2021.129735

Rostom, N. G., Shalaby, A. A., Issa, Y. M., & Afifi, A. A. (2017). 
Evaluation of Mariut Lake water quality using Hyperspectral 
Remote Sensing and laboratory works. Egyptian Journal of 
Remote Sensing and Space Science, 20, S39–S48. https://
doi.org/10.1016/j.ejrs.2016.11.002

Rubino, F. (2023). The Importance of Safe and Clean Drinking 
Water for Health and Well-Being, 14, 97962. https://doi.
org/10.37421/2157-7587.2023.14.462

Saravanan, P., Saravanan, V., Rajeshkannan, R., Arnica, G., 
Rajasimman, M., Baskar, G., & Pugazhendhi, A. (2024). 
Comprehensive review on toxic heavy metals in the aquatic 
system: sources, identification, treatment strategies, 
and health risk assessment. Environmental Research, 
258, 119440. https://doi.org/https://doi.org/10.1016/j.
envres.2024.119440

Sharma, S., & Bhattacharya, A. (2017). Drinking water 
contamination and treatment techniques. Applied Water 
Science, 7(3), 1043–1067. https://doi.org/10.1007/s13201-
016-0455-7



SAO et al. The Cambodia Journal of Basic and Applied Research, 7(Spl) 2025

15

Shehu, A., & Vasjari, M. (2016). Contamination status of Erzeni 
River, Albania due to heavy metals spatial and temporal 
contamination. Fresenius Environmental Bulletin, 25(2), 
525–533.

Shehu, A., Vasjari, M., Duka, S., Vallja, L., Broli, N., & Cenolli, 
S. (2022). Assessment of health risk induced by heavy metal 
contents in drinking water, 12(11), 816–827. https://doi.
org/10.2166/washdev.2022.126

Shetty, S. S., D, D., S, H., Sonkusare, S., Naik, P. B., Kumari 
N, S., & Madhyastha, H. (2023). Environmental pollutants 
and their effects on human health. Heliyon, 9(9), e19496. 
https://doi.org/10.1016/j.heliyon.2023.e19496

Smith, A. H., & Smith, M. M. H. (2004). Arsenic drinking 
water regulations in developing countries with extensive 
exposure. Toxicology, 198(1–3), 39–44. https://doi.
org/10.1016/j.tox.2004.02.024

Song, M., Yang, D., Ramu, A. G., & Choi, D. (2024). An 
onsite risk assessment of water quality and heavy metal 
contamination in Kandal Kampong Speu and Kampong 
Chhnang Province of Cambodia. Chemical Papers, 78(7), 
4239–4247. https://doi.org/10.1007/s11696-024-03383-9

Sriuttha, M., Tengjaroenkul, B., Intamat, S., Phoonaploy, U., 
Thanomsangad, P., & Neeratanaphan, L. (2017). Cadmium, 
chromium, and lead accumulation in aquatic plants and 
animals near a municipal landfill. Human and Ecological 
Risk Assessment, 23(2), 350–363. https://doi.org/10.1080/
10807039.2016.1248893

Suk, W. A., Murray, K., & Avakian, M. D. (2003). Environmental 
hazards to children’s health in the modern world. Mutation 
Research - Reviews in Mutation Research, 544(2–3), 235–242. 
https://doi.org/10.1016/j.mrrev.2003.06.007

Tchounwou, P. B., Yedjou, C. G., Anita K Patlolla, A. K., 
& Dwayne, J. S. (2012). Heavy Metal Toxicity and the 
Environment. Experientia Supplementum, 101, 133–164. 
https://doi.org/10.1007/978-3-7643-8340-4_6

Tongprung, S., Wibuloutai, J., Dechakhamphu, A., & 
Samaneein, K. (2024). Health risk assessment associated 
with consumption of heavy metal-contaminated vegetables: 
A case study in the southern area of Northeast Thailand. 
Environmental Challenges, 14(January), 100845. https://
doi.org/10.1016/j.envc.2024.100845

Tudi, M., Ruan, H. D., Wang, L., Lyu, J., Sadler, R., Connell, 

D., … Phung, D. T. (2021). Agriculture development, 
pesticide application and its impact on the environment. 
International Journal of Environmental Research and Public 
Health, 18(3), 1–24. https://doi.org/10.3390/ijerph18031112

Uppal, J. S., Zheng, Q., & Le, X. C. (2019). Arsenic in drinking 
water—recent examples and updates from Southeast Asia. 
Current Opinion in Environmental Science and Health, 7, 
126–135. https://doi.org/10.1016/j.coesh.2019.01.004

Wei, W., Ma, R., Sun, Z., Zhou, A., Bu, J., Long, X., & Liu, Y. 
(2018). Effects of mining activities on the release of heavy 
metals (HMs) in a typical mountain headwater region, the 
Qinghai-Tibet Plateau in China. International Journal of 
Environmental Research and Public Health, 15(9). https://
doi.org/10.3390/ijerph15091987

World Health Organization. (2017a). Guidelines for Drinking-
Water Quality: Fourth Edition Incorporating the First 
Addendum. World Health Organization.

World Health Organization. (2017b). Guidelines for Drinking-
water Quality.

Yilkal, E., Zewge, F., & Chandravanshi, B. S. (2019). Assessment 
of the quality of bottled water marketed in Addis Ababa, 
Ethiopia. Bulletin of the Chemical Society of Ethiopia, 33(1), 
21–41. https://doi.org/10.4314/bcse.v33i1.3

Yu, B., Wang, Y., & Zhou, Q. (2014). Human Health Risk 
Assessment Based on Toxicity Characteristic Leaching 
Procedure and Simple Bioaccessibility Extraction Test of 
Toxic Metals in Urban Street Dust of Tianjin , China, 9(3). 
https://doi.org/10.1371/journal.pone.0092459

Zhang, P., Yang, M., Lan, J., Huang, Y., Zhang, J., Huang, S., 
… Ru, J. (2023). Water Quality Degradation Due to Heavy 
Metal Contamination: Health Impacts and Eco-Friendly 
Approaches for Heavy Metal Remediation. Toxics, 11(10). 
https://doi.org/10.3390/toxics11100828

Zhang, S., Fu, K., Gao, S., Liang, B., Lu, J., & Fu, G. (2023). 
Bioaccumulation of Heavy Metals in the Water, Sediment, 
and Organisms from The Sea Ranching Areas of Haizhou 
Bay in China. Water (Switzerland), 15(12). https://doi.
org/10.3390/w15122218

Zhang, W., Xin, C., & Yu, S. (2023). A Review of Heavy Metal 
Migration and Its Influencing Factors in Karst Groundwater, 
Northern and Southern China. Water (Switzerland), 15(20). 
https://doi.org/10.3390/w15203690



SAO et al. The Cambodia Journal of Basic and Applied Research, 7(Spl) 2025

16

Figure S1: Realtime images of 
springwater

Figure S1: Realtime images of springwater

Sumplementary Material 



SAO et al. The Cambodia Journal of Basic and Applied Research, 7(Spl) 2025

17

Ta
bl

e 
S1

: 
H

ea
vy

 m
et

al
 c

on
ce

nt
ra

ti
on

s 
in

 s
pr

in
gw

at
er

 s
am

pl
es

 w
it

h 
st

an
da

rd
 d

ev
ia

ti
on

 (
SD

) 
an

d 
% 

re
la

ti
ve

 s
ta

nd
ar

d 
de

vi
at

io
n 

(%
RS

D)

Pa
ra

m
et

er
s

M
ea

n 
Co

nc
en

tr
at

io
ns

 (
µg

/L
) 

in
 S

pr
in

g 
W

at
er

 S
am

pl
es

 

KK
01

KK
02

KK
03

KS
01

KS
02

KS
03

 C
on

c.
SD

%R
SD

 C
on

c.
SD

%R
SD

 C
on

c.
SD

%R
SD

 C
on

c.
SD

%R
SD

 C
on

c.
SD

%R
SD

 C
on

c.
SD

%R
SD

Zn
29

.7
52

1.
33

3
4.

48
2

13
.0

48
0.

56
7

4.
34

7
14

.8
79

0.
10

4
0.

70
2

19
.9

65
0.

83
7

4.
19

4
16

.9
75

0.
34

7
2.

04
4

11
.5

05
0.

55
7

4.
83

9

As
2.

01
2

0.
08

6
4.

25
0

3.
34

0
0.

12
1

3.
63

7
2.

29
1

0.
00

4
0.

18
1

1.
59

7
0.

07
3

4.
60

1
1.

61
2

0.
04

1
2.

52
6

2.
04

8
0.

04
5

2.
19

7

Pb
4.

29
3

0.
23

2
5.

40
2

1.
50

1
0.

07
3

4.
86

7
1.

86
8

0.
01

8
0.

95
6

2.
87

4
0.

17
7

6.
16

2
2.

95
0

0.
11

0
3.

72
2

2.
11

2
0.

01
1

0.
53

5

Cr
0.

92
3

0.
00

5
0.

51
6

0.
90

9
0.

00
6

0.
69

3
0.

94
0

0.
01

3
1.

40
2

0.
76

9
0.

02
1

2.
68

7
0.

75
4

0.
00

6
0.

80
5

1.
91

3
0.

04
3

2.
26

6

Cu
10

.7
80

0.
72

7
6.

74
6

7.
99

3
0.

34
2

4.
28

0
8.

80
9

0.
44

1
5.

00
5

4.
96

4
0.

25
3

5.
09

6
3.

59
1

0.
15

9
4.

42
2

4.
53

8
0.

12
3

2.
71

3

M
n

21
.3

01
0.

87
6

4.
11

2
10

.1
70

0.
10

6
1.

04
5

11
.2

76
0.

35
3

3.
13

0
22

.9
47

0.
19

2
0.

83
9

36
.1

09
0.

32
9

0.
91

1
22

.8
62

0.
43

1
1.

88
6

Cd
0.

05
1

0.
00

2
4.

08
8

0.
04

5
0.

00
2

3.
48

5
0.

03
7

0.
00

1
3.

00
5

0.
06

8
0.

00
1

1.
37

6
0.

04
6

0.
00

2
3.

66
3

0.
02

5
0.

00
1

3.
07

0

Fe
14

7.
34

2
1.

46
2

0.
99

2
15

3.
73

0
2.

71
7

1.
76

7
22

8.
24

2
6.

42
3

2.
81

4
28

8.
27

8
12

.1
94

4.
23

0
96

0.
77

5
12

.5
35

1.
30

5
18

47
.6

92
87

.7
53

4.
74

9

Co
1.

06
0

0.
02

5
2.

31
8

1.
00

5
0.

03
9

3.
88

5
0.

95
9

0.
05

9
6.

13
8

1.
00

5
0.

05
6

5.
54

2
1.

31
2

0.
01

9
1.

44
2

0.
84

7
0.

02
7

3.
21

7

Al
13

2.
97

6
7.

56
3

5.
68

8
12

1.
33

6
3.

64
3

3.
00

3
70

.1
51

1.
32

6
1.

89
0

71
.5

08
1.

76
7

2.
47

1
14

9.
43

1
7.

02
3

4.
70

0
96

3.
50

1
40

.3
29

4.
18

6

N
i

1.
81

1
0.

06
7

3.
72

0
1.

39
9

0.
04

1
2.

92
5

1.
70

8
0.

03
2

1.
89

5
1.

10
6

0.
04

5
4.

06
6

2.
02

1
0.

03
4

1.
69

6
1.

11
7

0.
05

3
4.

78
6

Tl
N

D
-

-
N

D
-

-
N

D
-

-
N

D
-

-
N

D
-

-
N

D
-

-

Pa
ra

m
et

er
s

KP
01

KP
02

KP
03

KE
01

KE
02

KE
03

 C
on

c.
SD

%R
SD

 C
on

c.
SD

%R
SD

 C
on

c.
SD

%R
SD

 C
on

c.
SD

%R
SD

 C
on

c.
SD

%R
SD

 C
on

c.
SD

%R
SD

Zn
38

.0
45

0.
69

6
1.

82
8

22
.0

66
0.

40
2

1.
82

1
23

.2
52

0.
87

0
3.

74
1

30
.9

56
1.

10
0

3.
55

4
22

.3
83

0.
48

3
2.

16
0

21
.0

21
1.

47
7

7.
02

8

As
2.

34
0

0.
13

3
5.

66
9

2.
64

8
0.

12
0

4.
53

5
2.

08
3

0.
00

6
0.

30
0

4.
51

7
0.

08
4

1.
86

9
5.

17
3

0.
39

5
7.

63
2

4.
23

6
0.

33
2

7.
84

1

Pb
2.

71
3

0.
01

2
0.

43
9

2.
02

1
0.

09
6

4.
72

7
4.

33
4

0.
08

5
1.

97
3

2.
28

0
0.

02
4

1.
05

3
6.

25
4

0.
44

6
7.

13
5

1.
86

8
0.

18
3

9.
77

8

Cr
1.

94
5

0.
01

6
0.

84
1

2.
37

0
0.

05
7

2.
40

6
1.

05
5

0.
02

7
2.

55
4

6.
46

1
0.

22
1

3.
41

9
5.

77
6

0.
36

3
6.

28
6

2.
16

5
0.

04
1

1.
90

6

Cu
12

.7
86

0.
65

2
5.

10
1

7.
84

4
0.

25
4

3.
24

0
6.

77
2

0.
20

9
3.

09
1

12
.0

42
0.

50
4

4.
18

9
14

.6
19

0.
92

2
6.

30
9

9.
54

3
0.

29
3

3.
06

6

M
n

37
.2

02
1.

56
5

4.
20

6
38

.4
24

0.
18

7
0.

48
7

7.
63

7
0.

51
2

6.
70

6
87

.2
85

1.
50

4
1.

72
3

47
2.

55
0

7.
23

7
1.

53
1

18
39

.0
87

25
.1

05
1.

36
5

Cd
0.

00
9

0.
00

0
4.

06
5

0.
00

8
0.

00
0

1.
15

9
0.

20
6

0.
00

1
0.

31
0

0.
14

5
0.

00
2

1.
24

8
0.

06
1

0.
00

1
1.

55
3

0.
13

1
0.

00
2

1.
24

7

Fe
70

2.
45

4
35

.4
70

5.
04

9
52

3.
53

6
6.

87
1

1.
31

2
11

3.
27

2
7.

78
0

6.
86

8
40

1.
83

5
14

.6
65

3.
65

0
99

14
.0

06
54

3.
55

1
5.

48
3

13
87

.2
87

11
4.

41
8

8.
24

8

Co
1.

31
4

0.
02

8
2.

14
5

1.
10

9
0.

02
5

2.
23

1
1.

10
5

0.
06

5
5.

83
8

0.
98

6
0.

03
2

3.
27

8
3.

68
7

0.
03

0
0.

80
9

11
.9

19
0.

38
2

3.
20

4

Al
24

4.
28

2
14

.3
02

5.
85

5
49

.6
17

1.
14

7
2.

31
1

67
.9

87
2.

18
0

3.
20

6
87

.1
07

2.
52

7
2.

90
2

21
76

.5
03

25
.7

32
1.

18
2

28
2.

16
5

12
.6

81
4.

49
4

N
i

2.
12

8
0.

01
4

0.
65

2
2.

16
9

0.
00

8
0.

36
8

2.
55

3
0.

03
1

1.
19

7
1.

86
1

0.
06

3
3.

36
9

3.
20

7
0.

20
7

6.
46

5
3.

88
8

0.
16

7
4.

29
8

Tl
N

D
-

-
N

D
-

-
N

D
-

-
N

D
-

-
N

D
-

-
N

D
-

-

N
D 

m
ea

ns
 n

ot
 d

et
ec

te
d


	_GoBack
	_Hlk176182920
	_Hlk176182625
	_Hlk175844063

