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Abstract: Metal contamination from farming, inadequate wastewater treatment, and poor disposal
of municipal garbage are major threats to public health. This research aimed to (1) assess the extent
of heavy metal contamination in sediment samples, (2) describe the distribution of heavy metals by
locating likely pollution sources using a positive matrix factorization (PMF) model, and (3) quantify
the potential ecological consequences associated with these metals at six different places around
the Chan Thnal Reservoir. The findings indicated steady degradation and suggested moderate to
high metal contamination. Fe > Zn > Cr > Cu > Pb > Co > As > Mn > Cd was the trend of metal
concentrations in the sediment. Various soil pollution indices showed that most of the studied
sediment samples were clean, moderately clean, or slightly contaminated. However, Co and Cd
reached high-risk conditions posing a severe problem to the local population living in and around
the Chan Thnal Reservoir. Principal component analysis (PCA) was used to estimate primary factors
in PMF analysis. It was found that the contamination of As, Cu, Zn, Cd, and Pb originated from
agricultural and traffic vehicle sources; however, Zn, Fe, Mn, Cr, and Cu were derived from natural
sources (e.g., atmospheric deposition and compost amendment). Furthermore, Fe, Cd, Mn, Co, Pb,
and Cr were generated from urban and industrial sources (metal coatings, plastic burning, wastewater
irrigation, and sewage sludge). Accordingly, this research improves our knowledge of the prevalence
of heavy metal pollution in agroecosystems, which may be used to foresee and mitigate the risks of
heavy metal exposure to humans and other organisms.

Keywords: heavy metals; ecological risk; source analysis; PMF model; Chan Thnal Reservoir

1. Introduction

The world’s fast-growing population contributes to rising industrial and agricultural
production [1]. Heavy metals have been extensively used in modern industry and agri-
culture. Metals, including arsenic (As), copper (Cu), cadmium (Cd), lead (Pb), cobalt
(Co), zinc (Zn), manganese (Mn), and iron (Fe), are widely used across a wide range of
industries [2,3]. Heavy metals enter the environment through several processes, such as
soil erosion of metal ions and leaching of heavy metals, metal corrosion, sediment resus-
pension, and atmospheric deposition. Parent rocks and metal-bearing minerals dominate
their natural sources. The weathering of metal-bearing rocks and volcanic eruptions are
essential processes contributing to heavy metal pollution. The primary anthropogenic
sources are industrial and metallurgical activities, agricultural activities, transportation,
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wastewater discharge, and waste disposal [2–5]. These activities cause an escalating heavy
metal accumulation in the environment.

The degree of heavy metal pollution in the environment is related to several compo-
nents, such as their reaction rate, transport, and fate, which depend on the speciation and
form of each metal. Many environmental processes may contribute to the relatively low
levels of heavy metal contamination in the water or a high level in sediment or soil. These
processes include biological immobilization, chemical precipitation and dissolution, plant
uptake, complexation in water, ion exchange, adsorption, and transpiration [5]. Ecological
risk is generally used to describe the threats posed by different metals [6–11]. Quantifying
the ecological risk of sediment pollution is of the utmost importance in evaluating the
impact of heavy metal pollution on ecosystems. Using sediment pollution indices, such as
the geoaccumulation index (Igeo), ecological risk (ER), and potential ecological risk (PER),
provides information on the pollution and risk levels of sediment quality based on indi-
vidual metals [7–12]. Source identification and apportionment studies are indispensable
for preventing and controlling pollution from heavy metal contamination. In this regard,
many models are capable of identifying sources of heavy metal pollution, e.g., principal
component analysis (PCA) [13–17], chemical mass balance (CMB) [5,18], or positive matrix
factorization (PMF) [18–20]. Naturally, each model has different strengths and sensitivities.
These models can be used for the analyses of source identification and source contribution
of the concerned contamination or pollution in various environmental samples, such as
surface water, soil, sediment, ambient air, and wet deposition [5,20–24].

PMF is a multivariate receptor model that does not require source profiles but can
minimize many variables in complex analytical datasets and group them into source
types and source contributions. Providing robust estimates and uncertainty diagnostics
without constraints to negative results makes it more effective than other approaches. The
model can be used to analyze the source identification and contribution of the concerned
contamination or pollution in various environmental samples, such as surface water, soil,
sediment, ambient air, and wet deposition [5,20,21,24].

Cambodia has the typical two seasons of a tropical monsoon climate. The central
region lies in a floodplain where the Tonle Sap and Mekong Rivers meet, while hilly moun-
tains are located in the north and south. In Cambodia, agriculture dominates all other
forms of economic activity. Rice is a staple food, and Cambodia’s primary income source
comes from rice exports. Most of the arable land is used for rice farming. Vegetables
are usually planted during the dry season after the rice is harvested. To attain marginal
crop production, fertilizers and pesticides are generally used in paddy and crop farming.
However, chemical fertilizers and pesticides remain essential to commercial cultivation
and household production as they quickly increase yields and eradicate unwanted pests
and weeds [25]. Direct exposure to the misuse of these chemicals has a detrimental effect
on the health of farmers. Since pesticides and chemical fertilizers contain various heavy
metals, drainage from agricultural areas where they are used may result in heavy metal
contamination in natural water bodies. This circumstance leads to many hazards due to
their toxicity, biodegradable persistence in the environment, and ability to bioaccumu-
late [18,25,26]. Additionally, the persistent contamination of toxic metals in natural waters
leads to accumulation in sediments, water, animals, and plants, reaching levels that are
potentially detrimental to typical ecosystem functioning and re-entering humans through
the chain [18,25,26].

Focusing on the study area, Chan Thnal Reservoir, located in Kampong Speu, is the
water source for Krang Chek commune’s and nearby communities’ agriculture and con-
sumption. The abundance of aquatic flora (such as various lotus species) and aquatic
life in the Chan Thnal Reservoir makes it a vital food bank for the community. However,
urbanization heavily affects the Chan Thnal Reservoir, resulting in settlements of house-
holds, communities, markets, shops, and animal farms around the reservoir. Additionally,
inadequate management of environmental sanitation and infrastructure development has
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created problems with urban waste management, including untreated sewage from homes
and communities being discharged into the reservoir.

The primary goals of this study were to (1) assess the extent of heavy metal contamina-
tion in the sediment of the Chan Thnal Reservoir, (2) quantify the potential ecological risks
associated with eight metals, and (3) identify the potential sources of metal contamination
in the sediment using a positive matrix factorization (PMF) model.

2. Materials and Methods
2.1. Study Area

The Chan Thnal Reservoir is situated at latitude 11◦34′38.5′′ N and longitude
104◦31′18.2′′ E in the Krang Chek district of Kampong Speu Province. The average an-
nual rainfall is approximately 1400 mm. The reservoir’s catchment area is approximately
268 km2 resulting in a maximum capacity of three million cubic meters. It supplies the
water from the main irrigation gate to the irrigation canals totaling 7320 m. The primary
crop cultivated in this area is rice paddy. The reservoir is a water source and a community
food bank for 2300 households in the Krang Check commune. The sediment characteristics
are sand, loam, clay, or a combination of these three forms [1].

2.2. Sampling

There were 18 sediment samples collected using a grab sampler at a depth of ap-
proximately 0–20 cm from six locations in the Chan Thnal Reservoir during the dry and
wet seasons in 2022 (Figure 1). As shown in Figure 1, each location is classified into the
following categories:

L1: This location receives its inlet water from two major streams.
L2: This location is abundant in lotus growth, and it receives the discharge from

agricultural activities (i.e., rice paddies and vegetable crops).
L3 and L4: These locations are near roads and canals that might carry runoff and

discharge from areas, such as schools, rice paddies, and farmer households.
L5 and L6: These locations receive discharge from markets, petroleum stations, and

cattle and poultry farms.

2.3. Sample Preparation

Sediment samples collected from six locations around the Chan Thnal Reservoir were
transferred to acid-washed polyethylene bags, kept at 3–4 ◦C, and transported back to
the laboratory within 24 h [1,8,27]. Upon arrival, the samples were air-dried for one week
at room temperature before grinding with agate mortar and sieving with 2 mm nylon
mesh [13]. Then, 1 g of dried sediment samples was digested with a mixture of 5 mL of
65% HNO3, 15 mL of 37% HCl, and 10 mL of 30% H2O2 at 180–220 ◦C on a hotplate in a
fume hood for 2 h. The liquid mixtures were then filtered through Whatman filter paper
(grade no. 42, diameter 70 mm), followed by filtration through a nylon membrane filter
before adjusting to 25 mL with deionized water [28–30]. The concentrations of heavy metals
were quantified by an inductively coupled plasma optical emission spectrometer (ICP-OES,
Perkin Elmer, Optima 8000 DV, Waltham, MA, USA). The recovery percentages and the
R2 values of the heavy metal measurements in the sediment samples were as follows: Cd
(93 ± 9%, R2 = 0.999), Cu (103 ± 6%, R2 = 1), Zn (97 ± 8%, R2 = 0.9999), Pb (93 ± 6%,
R2 = 0.9999), As (115 ± 7%, R2 = 0.9977), Cr (110 ± 6%, R2 = 0.9997), Mn (105 ± 7%, R2 = 1),
Co (85 ± 3%, R2 = 0.9999), and Fe (115 ± 9%, R2 = 1). The method precision was evaluated
based on the relative standard deviation (RSD). The values ranged from 1.54 to 10.46%
(n = 3).
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Figure 1. Sampling locations (L1 to L6) in the study area and the circumstance connected to each
location (L1 to L6).
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2.4. Pollution Assessment Methods
2.4.1. Geoaccumulation Index (Igeo)

It is common practice to utilize the Igeo to evaluate sediment metal deposition at the
level of individual metals [1,8,15,31]. The Igeo values can be calculated using the following
equation to evaluate the metal pollution level in the sediment.

Igeo= log2

(
Cn

1.5Bn

)
(1)

where Cn is the metal concentration “n” in the sediment and Bn is the background concen-
tration of the metal. The reference of the Bn values is provided in Table 1. A factor of 1.5 is
used for the background matrix correction and lessening effects from lithogenic compo-
sitions [8,15,31]. The interpretation of this index is as follows: uncontaminated (Igeo ≤ 0),
slightly contaminated (0 < Igeo ≤ 1), moderately contaminated (1 < Igeo ≤ 2), moderately
to heavily contaminated (2 < Igeo ≤ 3), heavily contaminated (3 < Igeo ≤ 4), heavily to
extremely contaminated (4 < Igeo ≤ 5), and extremely contaminated (Igeo ≥5) [1,15].

2.4.2. Ecological Risk (ER) and Potential Ecological Risk (PER)

The ER and PER are used to assess the ecological risk of the concerned metals in
sediment based on their toxicity and environmental response [1,15,27,32,33]. The ER and
PER can be calculated as follows:

ER = Ei
r= Ti

r ×
(

Ci

Co

)
(2)

PER =
n

∑
i=1

Ti
r ×

(
Ci

Co

)
(3)

where Ci is the concentration of individual metal “i” in the sediment, Co is the background
concentration of the metal, and Tr refers to the biological toxicity factor of a single metal.
According to previous studies, the Tr of the concerned metals is as follows: Cu = Pb = 5,
Zn = 1, and Cd = 30 [33,34]. What this index means is as follows: low risk (ER < 40),
moderate risk (40 ≤ ER < 80), considerable risk (80 ≤ ER < 160), and high risk (ER > 160).
The classification of PER is as follows: low potential risk (PER < 50), moderate potential risk
(50 ≤ PER < 100), considerable potential risk (100 ≤ PER < 200), and high-risk condition
(PER > 200) [15,35].

2.4.3. Contamination Source Analysis

The source identification for heavy metal contamination in the sediment of the Chan
Thnal Reservoir was primarily screened using principal component analysis in Minitab
version 16.0. Later, the data were analyzed with the positive matrix factorization (PMF)
model version 5.0 [36]. A factorization of the original matrix Eik into two-factor matrices Xij
and Yjk and a residual matrix Zik is shown in the picture below as part of the PMF model
computing technique.

Eik =
p

∑
j=1

Xij· Yjk+Zik (i = 1, 2, . . . , n; k = 1, 2, . . . , m) (4)

where Eik represents the kth metal concentration in the ith sample, Xij represents the
jth metal impact on the ith sample, Yjk represents the factorization of the jth metal’s
neighbor, metal k and Zik represent the residual for each sample. To obtain Xij (the factor
contributions) and Yjk (the factor profiles), the objective function Q was minimized inside
the PMF receptor model [36].

Q =
n

∑
i=1

m

∑
k=1

(
Zik
tik

)2
(5)
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where tik is the heavy metal sample uncertainty. If the concentration of heavy metals is
more than the method detection limit (MDL), it can be determined as follows:

Unc = [(error fraction×concentration)2 + (MDL)2]1/2; otherwise, it is calculated using:
Unc = 5/6 ×MDL, where Unc represents the uncertainty EPA positive matrix factor-

ization (PMF) 5.0 fundamentals and user guide [36].

2.5. Statistical Analysis

The data analysis was conducted using Minitab 16 and Microsoft Excel 2016. A
positive matrix factorization model was used for the heavy metal source investigation. The
data analysis, geoaccumulation index, possible ecological risk assessment findings, and
ecological risk warning assessment outcomes were all carried out using Minitab 16 and
Microsoft Excel 2016.

3. Results and Discussion
3.1. Contamination Levels

Generally, the heavy metal concentrations in the sediment were higher than those in
the water samples, which was attributed to a significant settling of absorbed heavy metals,
as shown in Table S1 [37]. The metal contents in sediment can vary depending on the rock
type and the surrounding environmental conditions. During soil formation, Cd and Pb
are less likely to accumulate in river sediment [38]. The metal concentrations in shales
and clays in igneous and sedimentary rocks followed the decreasing order of Fe > Zn >
Cr > Cu > Pb > Co > As > Mn > Cd [39]. The results also revealed a significant variation
(p < 0.05) in heavy metal concentrations of the sediment in all the locations. Details of the
statistical analysis of heavy metals in the sediment are presented in Table 1. The mean
concentrations of Cd, Cu, Zn, Pb, As, Cr, Mn, Co, and Fe in the sediment of our study were
0.20, 15.13, 21.09, 10.61, 3.64, 16.50, 0.54, 8.14, and 1659.35 mg/kg, respectively. Consistent
with a previous report [1], our study revealed the same order of Fe > Zn > Cr > Cu > Pb >
Co > As > Mn > Cd, indicating that the decomposition of sedimentary rocks formed the
sediment in the study area. Our data’s coefficient of variance (CV) ranged from 2.16 to 7.13.
According to [18,20], CV ≤ 20 indicates low and homogeneous variability of the values.
The mean concentrations of all heavy metals were significantly higher than the background
concentrations of metals in soil [40] except for Mn and Fe, and these results indicated
there is an input of the heavy metals from human activities in the Chan Thnal Reservoir.
Additionally, it was observed that the mean concentrations of Cd, Zn, Pb, As, Cr, and Mn
were beyond the permissible limits of heavy metals in the sediment recommended by the
World Health Organization: 0.1, 1, 5, 0.2–1.5, 0.1, and 0.2 mg/kg for Cd, Zn, Pb, As, Cr, and
Mn, respectively [41]. It should be noted that the mean concentration of Cd was 2.2 times
higher than the average of Earth’s crust composition and Thailand’s criteria for sediment
quality in surface water sources. This finding implies a relatively high enrichment of Cd
in the sediment of the Chan Thnal Reservoir to a level that might harm benthic fauna and
decrease biodiversity. In addition to Cd, other heavy metal deposits were evident in several
reservoir locations. Considering the a and b values in Table 1, L3 and L6 were the top two
locations with Cd levels significantly different from the mean value. The accumulation of
these metals in sediments has been linked to reduced macronutrient bioavailability and
sediment acidity [26].

3.2. Environmental Quality Evaluation of the Sediment from the Chan Thnal Reservoir

For each metal found in the sediment, the corresponding geoaccumulation index (Igeo)
was calculated and is shown in Figure 2a. The average index values of the heavy metals
were ranked in the order of Cd > Co > Cu > Zn > Cr > Pb > As > Fe > Mn. The average
index values of the heavy metals were higher than zero, apart from Fe (−0.51) and Mn
(−3.21). This result indicated that the sediment of the Chan Thnal Reservoir is polluted
with Cd (1.09), Co (0.91), Cu (0.60), Zn (0.54), Cr (0.50), Pb (0.11), and As (0.04). With an
average Igeo value greater than 1, Cd was the primary heavy metal contaminant in the
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sediment with a moderate degree of contamination. Locations 3 and 6 were moderately
contaminated by Co. The highest contamination levels of Cd and Co were found at location
3. The percentages of locations at different pollution levels among the total sample locations
are shown in Figure 2b. Uncontaminated levels were found for Fe (100%), Mn (100%),
As (33.33%), and Pb (16.67%). All of the locations had slight contamination levels for
Cu, Zn, and Cr, while 83.33% and 66.67% of the locations had slight contamination levels
for Pb and As, respectively. It was also noted that 66.67% and 33.33% of the locations
were moderately contaminated with Cd and Co, respectively. The percentage of sample
locations with varying degrees of pollution was inversely proportional to the percentage of
moderately contaminated sample locations for both Cd and Co. This variation in percentage
also considerably altered the order in which the Igeo values for all the heavy metals were
presented. Our study revealed the degree of contamination for nine heavy metals as follows:
Fe and Mn < As < Pb < Cu, Zn, and Cr < Co < Cd.

Table 1. Heavy metal concentrations in the sediment of the Chan Thnal Reservoir and the accept-
able levels.

Locations
Mean Concentrations (mg/kg) in Sediment Samples

Cd Cu Zn Pb As Cr Mn Co Fe

L1 0.09 e 8.39 d 16.06 d 3.33 f 0.35 f 11.52 f 0.29 d 2.45 e 1794.70 b

L2 0.17 c 8.51 d 12.54 e 9.77 d 2.95 d 14.42 d 1.25 a 6.68 d 2236.00 a

L3 0.30 a 25.11 a 29.10 b 16.04 a 4.74 c 20.25 b 0.45 c 12.79 a 1990.00 b

L4 0.24 b 16.84 c 22.11 c 14.45 b 6.90 a 22.37 a 0.66 b 8.56 c 1388.60 c

L5 0.14 d 9.90 d 9.45 e 8.14 e 1.13 e 17.14 c 0.29 d 7.60 c,d 1160.20 c

L6 0.26 b 22.00 b 37.30 a 11.95 c 5.80 b 13.28 d 0.28 d 10.76 b 1386.60 c

Average ± SD 0.20 ± 0.01 15.13 ± 0.98 21.09 ± 1.42 10.61 ± 0.72 3.64 ± 0.25 16.50 ± 0.72 0.54 ± 0.04 8.14 ± 0.58 1659.35 ±
102.67

CV (%) 5 6.47 6.73 6.79 6.87 4.36 2.16 7.13 6.19
Earth’s crust 1 0.09 28 67 17 4.8 92 950 20 41,000

Bn 2 0.01 2.3 3.6 4.9 1.5 3.4 488 0.6 3500
WHO 3 0.1 20 <1 5 0.2–1.5 0.1 0.2 - 5

Thailand 4 0.16 21.5 80 36 10 45.5 - - -

Data are presented as the average triplication in each location; SD refers to the standard deviation obtained from
the average of 6 locations. Values with the same letters refer to “no significant difference”, whereas a, b, c, d, e,
and f refer to “significant difference” (p < 0.05) with the following order: a < b < c < d < e < f (Minitab 16 ANOVA
one-way test). CV refers to the coefficient of variation. 1 is the Earth’s crust composition, 2 refers to Thailand—
background concentration of metals in soil [40], 3 refers to the World Health Organization regulatory limits in
sediment [41], and 4 refers to the criteria for sediment quality in surface water sources to protect benthos [42].

3.3. Potential Ecological Risk Assessment

The possible ecological risk posed by each heavy metal was evaluated using the
method outlined in Section 2.4.2. Figure 3a,b show the results of the ecological risk (ER) and
potential ecological risk (PER), respectively. Considering the individual ecological risk (ER)
from Figure 3a, the average values of each heavy metal were ranked in the order of Cd > Co
> Cu > As > Pb > Cr > Zn > Mn, with values of 598.945, 67.810, 32.881, 24.294, 10.831, 9.704,
5.859 and 0.001, respectively. With ER values lower than 40, the contamination of Cu, As,
Pb, Cr, Zn, and Mn in the sediment revealed a low level of risk. The mean ER value for Co
was between 40 and 80, indicating a moderate ecological risk. In addition, a considerable
risk of Co contamination was observed at locations 3 and 6. Similar to the results of the Igeo
in this study, the ER values of Cd in the sediments at all locations exceeded the upper limit
of 160, indicating a high level of risk to the ecosystem.

The PER value was calculated based on eight heavy metals (i.e., Cd, Cu, Zn, Pb,
As, Cr, Mn, and Co) without Fe due to the absence of an iron biological toxicity factor.
The results revealed a relatively high potential ecological risk of metal pollution in the
Chan Thnal Reservoir. As presented in Figure 3b, the evaluation of potential ecological
risk exhibited a low contamination risk for Zn and Mn, a moderate contamination risk
for Pb and Cr, a considerable potential risk for Cu and As, and a high-risk condition for
Co and Cd. However, discrepancies were found to some extent between the potential
ecological risk index (PER) and the geoaccumulation index (Igeo). The Igeo value showed
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slight contamination and slight-to-moderate contamination for Cu and Co, respectively;
however, the PER revealed considerable and high ecological risk potential, respectively.
This inconsistency can be explained as follows: the geoaccumulation index estimates the
concentration of each metal detected in sediments relative to the background concentration
of lithogenic compositions, while ER emphasizes the relative toxicity of individual heavy
metals, and PER expresses the cumulative ecological risk of all studied metals. The PER,
regarded as the potential risk index, revealed the ecological risk contributions from heavy
metal contamination as follows: Cd > Co > Cu > As > Pb > Cr > Zn > Mn. The average value
of PER in the sediment was 500.532, which indicates that all sample locations in the sediment
had a high potential ecological risk level. In agreement with the Igeo results, a location-
based evaluation revealed the potential ecological risk of heavy metal contamination as
follows: L6 > L3 > L4 > L2 > L5 > L1. In particular, the PER evaluation revealed a high
level of ecological risk spread predominantly in L6, L3, and L4. Similar to previous reports,
these locations are located near urban areas and have the highest concentration of human
and agricultural activities [43–45]. As shown in Figures 1 and S1, L3 and L4 connect to the
road canal and receive runoff and discharge from areas, such as schools, rice paddies, and
farming households. L5 and L6 receive discharge from the municipal area (i.e., markets,
petroleum stations, and local shops) and cattle and poultry farms.
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Figure 3. (a) Ecological risks and (b) potential ecological risks.

3.4. Identification of the Contamination Source

Prior to the PMF analysis, the concentration data were examined with the principal
component analysis (PCA) using Minitab 16.0. As shown in Figure 4, the eigenvalue of 1.0
suggests the decision to use a three-factor model for the PMF base model. All analyzed
concentrations and corresponding uncertainty values were input into the PMF model. We
performed 20 iterations with a random starting seed. When just three components were
involved, the Q value was shown to be the steadiest and most consistent. Figure 5 depicts
the metal source profiles and the sediment features caused by the three causes.

As shown in Figure 5, Cu, Co, Cd, and Mn contributed to all factors by more than
40–50% of their total amounts. For example, factors 1 and 2 contributed significantly to
Zn contamination. Likewise, factors 1 and 3 contributed to a large extent of Pb and As
contamination, and factors 2 and 3 contributed considerably to Cr and Fe contamination.
Figure 6 depicts the PMF-derived factor fingerprints of metals, and Figure 7 illustrates the
PMF-derived factor contribution of metals. Additional information regarding the source
contributing factors can be found in Figures S1–S3.
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The first factor accounted for 80.9% of the As contribution, followed by Cu (42.9%)
and Zn (4.49%). Most of the sample locations showed evidence of As, Cu, and Zn pollution,
with As, in particular, reaching a level of slight contamination and considerable potential
risk. Agricultural activities are the priority sources, as shown in Figures 1 and S1. Most of
the villagers around the Chan Thnal Reservoir are farmers and work in agriculture, such
as planting rice and growing vegetables. Pesticides and herbicides are harmful chemicals
that farmers use to control pests and weeds and maintain their marginal crop production.
The sources of these heavy metals are pesticides, herbicides, fungicides, and phosphate
fertilizers [2,3,46–51]. Traffic vehicular pollution is generally the most important source of
Cd, Pb, Cu, and Zn [7,12,52]. However, Cd, Pb, Cu, and Zn accumulation in urban soils
could somewhat depend on atmospheric deposition [53]. Another factor includes vehicle
exhaust emissions and dust deposits. From the literature, Pb poses the most significant
threat from redeposited road dust [1,54]. According to Harvey et al., 2017 [55], road dust
is one of the urban soil’s most important sources of Pb contamination. In addition, this
source produces possible spillage of vehicle-related mineral oil or gasoline. Automobile
tires also emit significant amounts of Zn [19,56]. Consistent with the literature, Cd, Pb, Cu,
Zn, and As exhibited comparable geographical fluctuations, and their high-value regions
overlapped in the study area.

The second factor presented high loadings of Zn (50.1%) and Fe (69.5%) and a sig-
nificant loading of Mn (35.9%). One study has suggested that the coexistence of Zn and
Fe contamination in the sediment is from atmospheric deposition and compost amend-
ment [2]. However, according to Jing et al., relatively small loadings of Cr (22.3%) and
Cu (31.1%) were suggested to be indicators of a natural origin in soil [19]. In addition,
secondary Fe–Mn oxides formed from the most prevalent metal-bearing phases in sediment
and weathering products on particles are attributed to the accumulation of such metals in
sediment [55]. Hence, factor 2 was identified as a natural source in this study.

The last factor was identified by Fe (30.5%), Cd (50.4%), Mn (63.2%), Co (64.8%), Pb
(67.6%), and Cr (77.7%). To the best of our knowledge, factor 3 was identified as urban
and industrial activities in which anthropogenic activities, such as metal coatings, plastic
burning, wastewater irrigation, and sewage sludge, were the primary sources of these heavy
metals. In addition, one study reported that iron oxides contained high Pb levels (up to
27.3 wt% PbO). The occurrence of smelter-derived slag-like particles is possibly windblown
from slag dumps and smelting emissions [55]. Open dumping and burning of municipal
waste, including metal coatings, plastic burning, wastewater irrigation, and sewage sludge,
have also been reported as major contributors to these heavy metal contaminations [2,3].
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Figure 7. Factor contribution of heavy metal contamination in the sediment from the PMF model.

According to the ER and PER results, the Cd contamination in the sediment revealed
the highest risk condition, revealing an increased accumulation of Cd in the sediment.
From the PMF model, the sources of Cd contamination in the reservoir were from all three
factors. The contribution percentage of Cd contamination is ranked as follows: factor
3 (50.4%) > factor 1 (37.1%) > factor 2 (12.5%). Significant sources of Cd contamination
are likely from urban activities, such as the burning of plastic wastes, open dumping of
electronic waste and other Cd-containing solid waste (e.g., empty bottles of pesticides,
herbicides, fungicides, and phosphate fertilizers, etc.), and direct discharge of wastewater
from municipalities (e.g., households, barber and salon, motorcycle repair shops, waste
sorting, and recycling shops) [57–59].
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4. Conclusions

Fe > Zn > Cr > Cu > Pb > Co > As > Mn > Cd describes the average individual
metal composition of the investigated sediment samples. The results of the Igeo, ER, and
PER soil pollution indices showed that most of the studied sediment samples were clean,
moderately clean, or slightly contaminated. However, high Co and Cd pollution in the
sediment of the Chan Thnal Reservoir is likely to pose an ecological risk and possible
human health risk conditions to the local population living in and around the Chan Thnal
Reservoir. Before PMF analysis, Pearson’s correlation coefficient analysis (PCA) can be
effectively used to estimate the number of sources contributing to heavy metal pollution
in the sediment. Heavy metal accumulation in the sediment of the Chan Thnal Reservoir
is likely from three primary sources. High loadings of As, Cu, Zn, Cd, and Pb suggest
that the first source is expected to be agricultural and traffic vehicle sources. The second
source correlates to the high loading of Zn, Fe, Mn, Cr, and Cu in the sediment, likely
from natural sources or natural origins (i.e., rock formation and weathering, atmospheric
deposition, and compost amendment). The third source contributes to the high loading
of Fe, Cd, Mn, Co, Pb, and Cr in the sediment, likely from urban and industrial sources
(metal coatings, plastic burning, wastewater irrigation, and sewage sludge). This study
highlighted the high ecological risk of Cd accumulation in the sediment of the Chan Thnal
Reservoir. The sources of Cd contamination in the reservoir were from all three factors with
the percentages as follows: factor 3 (50.4%) > factor 1 (37.1%) > factor 2 (12.5%). The primary
sources of Cd contamination are likely from urban activities, such as the open dumping
and burning of plastic and electronic wastes and other Cd-containing solid waste (e.g.,
empty bottles of pesticides, herbicides, fungicides, hair dyes, and phosphate fertilizers) and
the direct discharge of wastewater from municipalities (e.g., households, barber and salon,
motorcycle repair shops, waste sorting, and recycling shops). The second contributing
source of Cd pollution is likely agricultural runoff attributed to pesticides, herbicides,
phosphate fertilizers, etc. Our study contributes to society as a whole in identifying a
significant source of metal contamination in reservoirs. Local governments may use the
results of our research to establish appropriate measures to control point and nonpoint
sources and to determine the proper sorting and disposal of municipal waste. To mitigate
the risks of Cd contamination in the Chan Thnal Reservoir, it is necessary to control the
direct discharge from significant point sources, promote good agricultural practices, and
improve waste management through proper sorting and disposal practices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15081566/s1. Table S1. Heavy metal concentrations in the
water of the Chan Thnal reservoir and the acceptable levels; Figure S1. Open dumping and outdoor
chemical storage in the study area; Figure S2. Direct discharge from municipal area and poultry farm
in the study area; Figure S3. Road dust, vehicle exhaust and open burning in the study area.
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