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Abstract

:

Chan Thnal reservoir, built during the Pol Pot period, is the major water source for the people in Krang Chek commune, Kampong Speu Province, Cambodia. Metal pollution caused by agricultural activities, improper wastewater treatment, and municipal waste disposal poses serious environmental health problems. In this study, the concentrations of four potential toxic metals (i.e., Cd, Cu, Pb, and Zn) from six locations across the reservoir were investigated both in the water and sediment. The results reflected progressive deterioration and indicated moderate to heavy pollution from the metals. The metal levels in the water were in the order of Zn > Cu > Pb > Cd. The statistical analysis revealed primary sources of heavy metals contamination in the water. Cd, Cu, Zn, and Pb in the water likely originate from anthropogenic activities including agricultural runoff (i.e., the use of fertilizers and pesticides) and urban runoff (i.e., improper wastewater discharge and waste disposal). Among the four metals, the Pb levels in the water significantly exceeded the guideline for drinking water in all locations. The health risk assessment revealed serious non-carcinogenic risks of Pb intake in the children at the age below 10 and infants. Appropriate control and protection strategies are urgently needed to cut off the main Pb exposure pathway in pregnant women, children, and infants.
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1. Introduction


Rapid growth in the industrial and agricultural sectors is one of the main contributors to environmental deterioration. Environmental pollutants from both anthropogenic and natural sources enter the environment through various processes and cause serious threats to the ecosystem and human health. Heavy metals are a group of environmental pollutants that are potentially toxic, persistent, nondegradable, and able to bioaccumulate [1,2]. Heavy metals enter the environment through several processes such as soil erosion of metal ions and leaching of heavy metals, metal corrosion, sediment resuspension, and atmospheric deposition. Their natural sources are dominated by parent rocks and metal-bearing minerals. The weathering of metal-bearing rocks and volcanic eruptions are significant processes contributing to heavy metal pollution. The major anthropogenic sources are industrial and metallurgical activities, agricultural activities, transportation, wastewater discharge, and waste disposal [3]. Like many other heavy metals, cadmium (Cd), lead (Pb), copper (Cu), and zinc (Zn) can cause a combination of environmental and health problems. Major sources of these metals in agricultural applications are, for example, fertilizers, pesticides, and livestock manures [4]. Cu and Zn are biochemically classified as essential elements. However, they can be toxic to biota at certain threshold concentrations [4]. Cd and Pb are nonessential metals and are naturally toxic even at low concentrations. Cd is a naturally occurring environmental pollutant derived from both industrial and agricultural sources [5]. One of the major causes of Cd released into the environment is from excessive application of pesticides and phosphate fertilizers [6,7]. Chronic exposure to Cd can invariably cause health problems such as stress, hypertension, kidney dysfunction, proliferative lesions of the prostate, bone fractures, and lung cancer [5,8]. Major contributing sources of Pb in the environment are natural and anthropogenic activities. Much of it comes from burning fuel, production of batteries, ammunition, metal products, and pigment-related manufacturing [9]. Moderate exposure to Pb can significantly impair human reproductive function such as a decrease in human semen quality [1,10]. Concerning the vulnerable groups, i.e., pregnant women, infants, and children under the age of four, excessive intake of lead can cause long-term health problems associated with children’s behaviors, growth, and development of their hearing and learning abilities. In adults, lead poisoning impairs the stomach, kidneys, brain, and nervous system [11]. Among other heavy metals, Cu and Zn are classified as essential elements. Apart from being used in electrical systems, copper compounds are used in agriculture as fungicides, algaecides, and feed additives while Zn uses vary such as in fertilizers, batteries, medical drugs, and household applications. Major contributions of Zn and Cu contamination in the surface waters are both point and nonpoint sources. For the Chan Thnal reservoir, the possible sources of Cu and Zn contamination in the environment are improper disposal of household waste and wastewater, direct use of pesticides on paddy soils, burning of coal, or waste-burning operations. Their toxic effects on humans are relatively less than those of other nonessential metals [12]. Adults typically need 2 to 3 mg of Cu and 12 to 14 mg of Zn daily. Exposure to Cu above certain levels may lead to liver and kidney dysfunctions. The provisional tolerable weekly intake (PTWI) value of Cu is 3500 µg/kg body weight/week [13,14]. The oral reference dose (RfD) of Zn is 300 µg/kg body weight/day [13,15]. Effects of Zn toxicity can be diverse. Excess intake of Zn over the destroying capacity of the body can interfere with metabolic processes and stress development [16]. Indications of Zn overexposure are a combination of gastrointestinal effects and pancreatitis [17].



The Chan Thnal reservoir located in Cambodia was built in 1976 during the Pol Pot period. Rainwater is the main water source of this reservoir. With a capacity of approximately 3,000,000 m3, it is the major water source for approximately 2300 farmers in Krang Chek commune, Kampong Speu Province, which is known to be one of the lowest income provinces in Cambodia with a low landholding area of 0.3 ha per farmer household [18]. People use water from this reservoir for agriculture and daily consumption. During the wet season, the surplus water from the reservoir is discharged to supply the downstream area through irrigation gates and canals, as shown in Figure 1a. Generally, the presence of heavy metals in the aquatic environment comes from both natural and anthropogenic activities [2,19,20,21,22,23,24,25,26]. Chan Thnal reservoir is surrounded by large agricultural areas, scattered farmer households, commercial and residential areas, poultry farms, schools, and community markets. In recent decades, an increase in population and urbanization has led to an increase in quantities of both non-hazardous and hazardous waste production [19,24,27]. It can be expected that the catchment of this reservoir has been affected by improper waste disposal since open dumping and open burning of household and agricultural hazardous wastes (i.e., batteries, empty bottles of pesticides, and herbicides) are common practices in this area. In addition, excessive use of fertilizers and pesticides in a vast agricultural area is responsible for producing heavy metals in the water and soil. These activities can cause an increase in the mobilization of heavy metals in the environment [1,6,28]. It is likely that the Chan Thnal reservoir receives drainage from this catchment via runoff and two road canals connected to the reservoir, as shown in Figure 1a. Road canal 1 runs from the northwest and road canal 2 runs from the northeast. The road canals carry residential, commercial, and agricultural discharges to the reservoir. Increasing heavy metal pollution may cause significant adverse effects on invertebrates, fish, and human health [27,28,29,30,31,32,33,34,35,36]. Recently, water pollution and metal contamination in this reservoir have become major environmental and health concerns for the people and local authorities. Thus far, the quantitative analysis of heavy metals pollution in the Chan Thnal reservoir has not been undertaken. Our study is the first to provide insight and information on the heavy metals contamination in both the water and sediment of the Chan Thnal reservoir. Hence, this study aimed to: (1) measure the contamination levels and investigate the distribution of four heavy metals (Cd, Cu, Zn, and Pb) in both the water and sediment; (2) use various sediment indicators such as contamination factor, pollution load index, and enrichment factor to evaluate the pollution degree and ecological risk levels of the sediments based on Cd, Cu, Pb, and Zn; (3) use the health index to assess the potential non-carcinogenic health effects; and (4) perform the cluster and factor analysis to determine the possible sources of heavy metals contamination in the water of the Chan Thnal reservoir.




2. Materials and Methods


2.1. Background of the 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 wet season runs from May to October, and the dry season runs from November to April. The average annual rainfall is approximately 1400 mm. The catchment area of the reservoir is approximately 268 km2, resulting in a maximum capacity of 3 × 106 cubic meters. From the irrigation main gate, it supplies the water to the irrigation canals, having a total length of 7320 m. The major crop cultivated in this area is rice paddies. The reservoir is not only a water source but also a community food bank for 2300 households in the Krang Check commune. The sediments are sandy, loamy, clayey, and a combination of these [18,37]. In Figure 1a, the reservoir receives road, municipal, and agricultural discharges via runoff and road canals 1 and 2. Location 1 is north of the reservoir where the terrain is higher than the south. It is the point where two unnamed natural streams are connected to the reservoir. These two small streams have intermittent flow and no water during the dry season. Location 2 is relatively far from the city. Mainly, it receives agricultural runoff from the northeastern part of the reservoir. Locations 3 and 5 are the locations that receive the discharge of road canals 1 and 2, respectively. Location 4 is close to the irrigation gates south of the reservoir. Location 6 is northeast of the reservoir. This location receives runoff from municipalities (households, shops, restaurants, and duck farms). As shown in Figure 1b, the Chan Thnal reservoir is located on the old alluvium and young alluvium deposits. The natural occurrence of heavy metals in these deposits is from various processes such as the weathering process of parent rocks (i.e., igneous rocks, sedimentary rocks, and metamorphic rocks), soil formation, and the deposition of organic materials and inorganic fractions [3], while anthropogenic activities, for example, industrial discharge, agricultural runoff (i.e., fertilizers and pesticides), wastewater discharge, and waste disposal are major sources which lead to an increase in heavy metals in these deposits [4]. The concentration ranges of selected heavy metals in basaltic igneous, granite igneous, and shales and clays are as follows: Cd 0.006–0.6 ppm (basaltic igneous), 0.003–0.18 ppm (granite igneous), 0.0–11 ppm (shales and clays); Pb 30–160 ppm (basaltic igneous), 4–30 ppm (granite igneous), 18–120 ppm (shales and clays); Cu 48–240 ppm (basaltic igneous), 5–140 ppm (granite igneous), 18–180 ppm (shales and clays); and Zn 2–18 ppm (basaltic igneous), 6–30 ppm (granite igneous), 18–50 ppm (shales and clays).




2.2. Samples Collection


Water and sediment samples were collected from six locations around the Chan Thnal reservoir. To date, there have been no previous reports on the levels of potentially toxic metals in the Chan Thnal reservoir or reports relating the levels of heavy metals in uncontaminated soil in Cambodia that can be used as background values.



Triplicate water samples were randomly collected at each location in 500 mL polyethylene bottles. These sampling bottles were precleaned with 10% nitric acid for 24 h and rinsed three times with deionized water. Rinsing the bottles three times with the water samples was performed at sites before taking the water samples. Immediately after collection, the water samples were preserved and kept acidified with nitric acid (pH ~ 2) until the measurement. At each location, three to six sediment samples, randomly collected using a grab sampler at approximately 10 cm below the sediment surface, were kept at 3–4 °C and brought back to the laboratory within 24 h [19,27,38].



Parameters including temperature, dissolved oxygen (DO), and pH were also measured and analyzed on-site. Measurement of these parameters was conducted using a DO meter (HANNA, DO-5512SD) and a pH meter (INDEX, ID1000).




2.3. Sample Preparation and Analysis


Upon arrival, the water samples were filtered through 0.45 µm glass filter papers, transferred to new precleaned polyethylene bottles, and kept in the refrigerator for further sample preparation steps. The sediment samples were freeze-dried at −80 °C for approximately 5 days until completely dry, ground, and sieved with 2 mm mesh. For the digestion step, 50 mL of water samples (triplicate) was digested with 2.5 mL of 69% nitric acid at 90 ± 5 °C on a hotplate for 1 h. The digested samples were filtered through Whatman filter papers and filtered again through 0.2 µm nylon membrane filters followed by a volume adjustment to 50 mL with deionized water.



For the sediment samples, 2 g of the sediment samples (triplicate) was digested with the acid solution (i.e., 10 mL of 69% HNO3, 30 mL of 36% HCl, and 20 mL of 30% H2O2) at 180–220 °C for 2 h. The digested sediment samples were then filtered through Whatman filter paper (grade no. 42, ∅ 70 mm) and filtered again through 0.45 µm nylon membrane filters followed by a volume adjustment to 50 mL with deionized distilled water [19,27,38].




2.4. Quality Control and Assurance


All analyses were carried out in triplicate. Heavy metals were measured using inductively coupled plasma optical emission spectrometry (ICP-OES), Perkin Elmer Optima 8000 DV. All reagents used in this study were analytical grade. Glassware was properly cleaned and rinsed with KNO3 solution followed by deionized water. Quality assurance was performed using blanks and repeated comparison with standards. The accuracy of the heavy metal concentrations was assessed with certified reference material (CRM) with a deviation of less than 5%. The recovery percentages of the heavy metals were as follows: Cd (83–117%), Cu (101–113%), Pb (109–110%), and Zn (97–114%) for the water samples and Cd (93–115%), Cu (103–119%), Pb (85–107%), and Zn (93–107%) for the sediment samples. In addition, the limits of detection of Cd, Pb, Cu, and Zn were 0.02, 0.01, 0.01, and 0.01 µg/L, respectively.




2.5. Heavy Metal Pollution Indices


2.5.1. Geoaccumulation Index (Igeo)


Igeo has been widely used to assess the extent of individual metal accumulation in sediment [20,39,40]. To evaluate the level of metal pollution in the sediment, the Igeo values can be calculated by using the following equation.


   I  g e o   = l o  g 2       C n    1.5  B n       



(1)




where Cn is the metal concentration “n” in the sediment, and Bn is the background concentration of the metal. A factor of 1.5 is used for the background matrix correction and lessening effects from lithogenic compositions [39,41]. The interpretation of this index is listed 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) [40].




2.5.2. Contamination Factor (CF)


The contamination factor (CF) is a parameter used to quantify the degree of contamination of a single metal in relation to the Earth crush’s compositions or the background values from uncontaminated or geologically similar areas. The CF can be calculated by using Equation (2).


  C  F  m e t a l s   =    C  m e t a l      C  b a c k g r o u n d      



(2)




where Cmetal is the measured level of the metal, and Cbackground is the background level of the metal [20,42,43,44]. CFmetal is a contamination factor of heavy metals in sediment. The contamination factor can be classified into four levels of metal contamination in sediment as follows: low contamination (CF < 1), moderate contamination (1 ≤ CF < 3), high contamination (3 ≤ CF < 6), and very high contamination (CF > 6) [44].




2.5.3. Enrichment Factor (EF)


The enrichment factor (EF) is the ratio of pollutants in the sediment calculated proportionately to the background value relative to the reference elements such as scandium, titanium, manganese, iron, and aluminum [45]. This index refers to the enrichment quantification of a potentially contaminant-derived element in an environmental sample relative to a user-defined background composition [46]. Hence, it is an excellent parameter not only able to differentiate the source of metals but also able to estimate the amounts of metals originating from anthropogenic activities [45]. It can be calculated as follows:


  E F =          C m     C  r e f         s a m p l e            C m     C  r e f         b a c k g r o u n d     =          C m     C  F e         s a m p l e            C m     C  F e         b a c k g r o u n d      



(3)




where Cm is the concerned metal concentration and Cref is the reference element concentration in the sample and background sample [46]. In this study, Fe was used as a conservative metal. The EF can be categorized as follows: minor enrichment (1.5–3.0), moderate enrichment (3.0–5.0), severe enrichment (5.0–10.0), and very severe enrichment (> 10) [28,43,44,45].




2.5.4. The Pollution Load Index (PLI)


The PLI is an aggregative explanation of the overall level of metal pollution. It has been used to comprehensively assess the degree to which microflora and fauna in sediment or soil might be affected. The PLI can be calculated by using Equation (4).


PLI = (CF1 × CF1 × CF1 ×…× CFn)1/n



(4)







The terms CF1…CFn are the contamination factors of single metals of Location 1 to n. The interpretation of PLI is as follows: PLI < 0 indicates perfection or unpolluted, PLI > 1 indicates progressive deterioration or pollution of the location [20,21,41,44,47].




2.5.5. The Modified Degree of Contamination (mCd), Pollution Index (PI), and the Modified Pollution Index (MPI)


To evaluate the pollution status, many researchers have proposed multimetal indices instead of single metal indices. The most generally used indices are the mCd, PI, and MPI [43,48,49,50]. The mCd is a generalized approach to evaluate the degree of contamination. The calculation of this parameter is shown below:


  m   C d   =   ∑   i = 1  n    C  F i   n   



(5)







The mCd is categorized as follows: very low degree of contamination (mCd < 1.5), low degree of contamination (1.5 ≤ mCd < 2), moderate degree of contamination (2 ≤ mCd < 4), high degree of contamination (4 ≤ mCd < 8), very high degree of contamination (8 ≤ mCd < 16), extremely high degree of contamination (16 ≤ mCd < 32), and ultra-degree of contamination (mCd > 32) [43]. The PI can be calculated by using Equation (6).


  P I =       ( C  F  a v e r a g e   )  2  +   ( C  F  m a x   )  2   2     



(6)




where CFmax is the maximum value of the contamination factors, and CFaverage is the average value of the contamination factor. The interpretation of PI is described as follows: clean environment (PI < 0.7), warning (0.7 ≤ PI < 1), slight pollution (1 ≤ PI < 2), moderate pollution (2 ≤ PI < 3), and heavy pollution (PI ≥ 3) [43]. The pollution index was later modified to MPI using the EF instead of CF [41]. The MPI can be determined by using Equation (7).


  M P I =       ( E  F  a v e r a g e   )  2  +   ( E  F  m a x   )  2   2     



(7)




where EFaverage and EFmax refer to the average and maximum EF values, respectively. The MPI in the range of 1.0–2.0 reveals slightly polluted, 2.0–3.0 moderately polluted, 3.0–5.0 moderately to heavily polluted, 5.0–10 severely polluted, and > 10 heavily polluted conditions [41].




2.5.6. Ecological Risks (ER) and Potential Ecological Risks (PER)


The ER and PER are used to assess the ecological risk of the concerned metals in sediment, based on their toxicity and response to the environment [43,44]. The ER and PER can be calculated as follows:


  E R =  E r i  =  T r i  ×      C i     C o       



(8)






  P E R =   ∑   i = 1  n   T r i  ×      C i     C o       



(9)




where Ci is the metal (i) level in the sediment, Co is the background level 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 [43,47]. The interpretation of this index is as follows: low risk (ER < 40), moderate risk (40 ≤ ER < 80), considerable risk (80 ≤ ER < 160), high risk (ER > 160); and the classification of PER is as follows: low potential risk (PER < 50), moderate potential risk (50 ≤ PER < 100), considerable potential risk (100 ≤ PER < 200), high risk condition (PER > 200) [51,52].





2.6. Human Health Risk Assessment


Health risk assessment is an evaluation in which the results reveal the degree of threat to human health under various conditions. The assessment can be performed based on either non-carcinogenic or carcinogenic risk for adults and vulnerable groups (e.g., children, infants, pregnant women, breastfeeding, and elderly) [44]. For this study, the potential health risk assessment, caused by the ingestion of metal-contaminated water from the Chan Thnal reservoir, was performed. Three age groups, including adults, children, and infants, were assessed by the following risk model [27,44]:


  E D I =   C M W × I R × E D × E F   A B W × A T    



(10)






  H Q =   E D I   R f D    



(11)




where CMW is the concentration of heavy metal in the water, IR is the ingestion rate, ED is the exposure duration, EF is the number of days per year, ABW is the average body weight, AT is the average exposure time, EDI is the estimated daily intake, and RfD is the oral reference dose. The RfD values of Cd, Cu, Zn, and Pb are 0.001, 0.037, 0.3, and 0.0035 mg/kg/day, respectively [53]. The HQ represents non-carcinogenic effects associated with the consumption of heavy metal contaminated water. HQ < 1 means no significant non-carcinogenic risk where HQ > 1 indicates adverse health effects regarding the non-carcinogenic risk of heavy metals.





3. Results


3.1. Water Quality Parameters


The physicochemical characteristics of the water in the Chan Thnal reservoir are presented in Table 1. These parameters significantly affect the water quality. Deterioration of water quality can cause suffering for aquatic lives. The temperature values ranged from 25 to 28 °C and 24 to 27 °C during the wet and dry seasons, respectively. The results revealed that for both the wet and dry seasons, the mean water temperature was well below Cambodia’s allowable limits for water that can be discharged to protected public water areas and sewers. Overall, the average water temperature in the Chan Thnal reservoir was within the permissible limits (25–30 °C) of the “Guidelines for drinking water quality” [54]. The average pH was 6.4 ± 0.2 and 7.0 ± 0.4 during the wet and dry seasons, respectively. The average pH values were in the acceptable range of the guidelines for drinking water quality (World Health Organization). DO refers to the dissolved oxygen in the water. It is a vital indicator for the viability of aquatic life. DO levels in the reservoir ranged from 4.6 to 7.2 mg/L. The average DO was 6.9 ± 0.5 mg/L and 5.6 ± 0.8 mg/L during the wet and dry seasons, respectively. These values were well above Cambodia’s allowable limits for the protected public water areas and were classified as Class 2 based on Thailand’s guidelines for surface water quality. This classification refers to surface water that can be used as the source of water supply as well as for water conservation, fisheries, swimming, and water sports purposes. Relatively high DO levels were observed at L1, L2, and L3 because they are somewhat far from water-polluting activities. Generally, a higher DO should be expected in the dry season because the solubility of oxygen increases with a decrease in temperature [20,54]. However, during the dry season, less or no rain and higher levels of human activity (such as fishing, lotus harvesting, and cattle rearing) would be the reason for relatively lower DO levels in the dry season.




3.2. Heavy Metal Concentrations in Water and Permissible Limits


From Table 2, significant variation (p < 0.05) in heavy metal concentrations was found in the water from all six locations. Details of statistical analysis of heavy metals in the water can be found in Table S1: Water samples. The concentration trend of the studied metals followed a decreasing order of Zn > Pb > Cu > Cd. Generally, the concentrations of each metal in the water were lower in the dry season than in the wet season. Lower water pH during the wet season may increase the solubility of metals while during the dry season, the lower dilution effect of water would cause the metal species to be suspended with both inorganic and organic particles in the reservoir [20,21,28,55,56,57]. However, the occurrence pattern of the metals was the same during both the wet and dry seasons, indicating that there was no irregular pattern in the availability of heavy metals in the water. Interestingly, the highest levels of all four metals were observed at L3 during the wet season.



Concerning the Pb levels of the water from all locations, it was found that the average concentration of Pb was much higher than the WHO Guidelines for drinking water quality during the wet and dry seasons. Even at the 10th percentile, the Pb concentration (26.08 µg/L) in water was four times higher than the permissible limit, suggesting that water from the Chan Thnal reservoir is not safe for either drinking or cooking.




3.3. Heavy Metal Concentrations in Sediments


The heavy metal concentrations in the sediment samples were higher than those in the water samples because sediment is regarded as a significant sink material for absorbing heavy metals [63]. According to the heavy metal contents in igneous and sedimentary rocks, the metal concentrations in shales and clays followed the decreasing order of Cu > Pb > Zn > Cd [4]. The metal contents in sediment can be varied depending on the rock types and the surrounding environmental conditions. During the soil formation process, Cd and Pb are less likely to accumulate in the river sediment [64]. From Table 2, the concentrations of Cu, Zn, and Pb were higher than the background values, indicating an input of the heavy metals from human activities in the Chan Thnal reservoir. The occurrence pattern of the studied metals followed a decreasing order of Zn > Cu > Pb > Cd. Unlike the trend of water samples, Pb content in the sediment was lower than that of Cu and Zn. This indicated a low tendency of Pb accumulation in the sediment; on the other hand, a high accumulation tendency can be expected for Cu and Zn. In addition, environmental conditions such as pH and organic contents may affect the bioavailability of Pb in the sediment [64].



The results also revealed a significant variation (p < 0.05) in heavy metal concentrations of sediments in all the locations. Details of statistical analysis of heavy metals in the sediment can be found in Table S2: Sediment samples. Generally, in the wet season, the concentrations of the selected metals in the sediment were higher than those in the dry season. These results might be attributed to the water capacity of the reservoir, wherein the wet season, high flow, and low human activities could enhance the accumulation and precipitation processes of metals in the sediment [22,28].



Overall, the concentrations of heavy metals (Cu, Pb, and Zn) in the sediment from all the locations in the Chan Thnal reservoir were below the concentration threshold of metals in sediments based on sediment quality guidelines for freshwater systems [59] and the soil quality standards for habitat and agriculture purposes established by the pollution control department, Thailand [60].




3.4. Pollution Status and Ecological Risk Assessment


3.4.1. Geoaccumulation Index (Igeo)


Geoaccumulation index (Igeo) is used to assess accumulation levels of metals in the soil or sediment. Moreover, it is an indication of contamination from anthropogenic activities [65,66]. From Table 3 and Figure 2, Igeo values were found in the following order: Zn > Cu > Pb > Cd. The results revealed the moderate contaminations of Cu and Zn; however, there was, so-called, no indication of Pb contamination in the sediment since a significantly high Pb level in the water was observed. However, a relatively higher enrichment for Cu and Zn was found at locations L4, L5, and L6. These might be attributed to the fact that these locations receive runoff from the Krang Chek market and municipalities located at the northeast of the map in addition to the discharge from the road canal 2 (Figure 1a).




3.4.2. Contamination Factor (CF) and Enrichment Factor (EF)


The CF and EF values revealed the metals contamination in the descending order of Zn > Cu > Pb > Cd. Overall, the metal pollution of the Chan Thnal reservoir can be classified as having considerable levels of Zn and Cu contamination and a moderate level of Pb contamination. However, a very high level of Cu contamination (CF ≥ 6) was found at L5 and L6 while L4, L5, and L6 were classified as having a very high level of Zn contamination. These results indicated strong urban influence on Cu and Zn contaminations at L5 and L6. An additional location of L4 was found to have a very high level of Zn contamination. Low to moderate level of Pb contamination (CF < 3) was found for all locations in the Chan Thnal reservoir.



For EF, it is another indicator used for an evaluation of anthropogenic effects. The results revealed very severe enrichments of Zn and Cu in the sediments. Minor enrichment was observed for Pb contamination. Very high Cu and Zn enrichments indicated that the reservoir was greatly affected by anthropogenic activities [43,67,68].




3.4.3. The Pollution Load Index (PLI), Pollution Index (PI), Modified Degree of Contamination (mCd), and Modified Pollution Index (MPI)


Comprehensively, the PLI and PI of all locations ranged from 1.70 to 4.53 and 3.88 to 11.03. These indicated that the sediment of the reservoir was classified as progressively deteriorating (PLI > 1), while almost all locations (except L2) were under heavily polluted conditions (PI > 3), as shown in Figure 2. According to the CF and EF values, these results affirmed that high levels of Cu, Zn, and Pb contaminations were found in the Chan Thnal reservoir. However, these parameters seem to be less sensitive than the modified degree of contamination (mCd) and the modified pollution index (MPI) because they cannot discriminate the pollution level among the locations. In other words, the PI showed an advantage over the other indices in that it could reflect the alteration even at low trigger values, which ultimately led to an early indication of metal pollution and ecological risk. Similar to the PI, the MPI and mCd revealed that L1, L4, L5, and L6 were classified as moderately to heavily polluted sites (3 < MPI < 5) (4 < mCd < 8) with the same order (L6 > L5 > L4 > L1).
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Figure 2. (a) Igeo, (b) CF, (c) EF, (d) ER, (e) PLI, (f) PI, (g) mCd, (h) MPI, and (i) PER values of each location in the Chan Thnal reservoir. 






Figure 2. (a) Igeo, (b) CF, (c) EF, (d) ER, (e) PLI, (f) PI, (g) mCd, (h) MPI, and (i) PER values of each location in the Chan Thnal reservoir.
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3.4.4. Ecological Risks (ER) and Potential Ecological Risks (PER)


The ER and PER were used to assess the risk of the concerned metals in the sediment of the Chan Thnal reservoir. The results revealed the ecological risk of each metal as follows: Zn > Cu > Pb > Cd. The ER of the selected heavy metals indicated low risk (ER < 40) in all locations. The results also revealed the PER of each location as follows: L6 > L5 > L4 > L1 > L3 > L2. A moderate potential ecological risk was found in L6. Similar to other evaluating parameters, L4, L5, and L6 are the top three locations having high metal contamination levels. This result might relate to the fact that this location connects to the road canal that might carry runoff and discharge from areas such as schools, rice paddies, farmer households (L3 and L4), markets, petroleum stations, and cattle and poultry farms (L5 and L6) [67,69].





3.5. Health Risk Assessment


Information from an interview with local officers revealed that around 2300 farmers in the Krang Chek commune use water primarily from the Chan Thnal reservoir for drinking, cooking, and growing vegetables during the dry season. Boiling is the sole water purification method before being used for consumption. Concerning the high Pb levels in the water, a potential health risk evaluation calculated based on the non-carcinogenic effect, caused by ingestion of Pb-contaminated water, was performed. Table 4 shows the parameters needed for computing EDI and HQ values of the metal of interest for adult male, female, and vulnerable groups (i.e., children and infants). Human exposure to heavy metals can occur through ingestion, inhalation, and dermal contact. However, this study focuses specifically on the ingestion pathway because it is the primary route of a maximum intake of heavy-metal-contaminated water. The HQ values disclosed the non-carcinogenic risk of heavy metals as follows: HQPb > HQZn > HQCu > HQCd.



Results revealed that male and female adults are not at risk of the non-carcinogenic effect caused by ingestion of heavy-metal-contaminated water (i.e., Pb, Zn, Cu, and Cd). However, children and infants are at serious health risk as HQ > 1. This indicated adverse health effects regarding the non-carcinogenic risk of Pb ingestion. Particularly, children and infants are vulnerable to Pb toxicity. Long-term exposure to Pb at the early stage of life causes a permanent neurological discrepancy, affecting their behavior and learning ability. Other confirmations of Pb toxicity in children and infants include permanent damage to multiple organs as well as other behavioral disorders such as inattentiveness, hyperactivity, irritability, and shorter attention span [4]. In addition, prenatal exposure to Pb in pregnant women may cause low birth weight, preterm delivery, and abnormalities in neurodevelopment in offspring [70].




3.6. Source Analysis of Metal Contaminations in Water


Pearson’s analysis was used to identify the origins of the studied heavy metals. The closeness among metals (i.e., Cd, Cu, Zn, and Pb) is shown in Table 5. The high and positive coefficients between Cd-Cu (0.925), Cd-Zn (0.874), and Cd-Pb (0.653) showed strong correlations of Cd with Cu, Zn, and Pb. This implied a similar source of Cd, Cu, Zn, and Pb.



Factor analysis was also performed to assess the relationship of heavy metal contaminations in the water. As shown in Table 6, three factors are able to identify the sources of heavy metals in the water by up to 99.5% of the total variance. Factor 1 is capable of explaining the grouping of Cd, Cu, Zn, and Pb with 86% of the total variance, and the values imply that the presence of these metals in the water is from the same origin. Factor 2 is able to separate the grouping of Cd, Cu, and Zn from Pb by 10.3% of the total variance. In addition, Factor 3 explains the similar source of Cu and Zn with 3.2% of the total variance but with relatively pintsize loading.



As illustrated in Figure 3 and Table 7, the first factor refers to anthropogenic activities. By considering the common sources of Cd, Cu, and Zn, it is more likely that the occurrences of Cd, Cu, and Zn were related to urban runoff, domestic wastewater discharges, and agricultural runoff (i.e., P-fertilizer, N-fertilizer, lime fertilizer, and manure) [4]. The second factor that differentiates the source of Pb from the others is possibly from pesticide loading from agricultural runoff, aerial deposition, road dust, fuel burning, or car exhaust [4]. Cu and Zn likely originate from similar sources which could be the domestic wastewater discharges and fertilizers used in agricultural activities. Considering Factor 3, one of the strange reasons that can also explain the occurrence and additional closeness of Cu and Zn in the water is that the farmers and villagers intentionally throw copper wires and zinc-carbon batteries into the reservoir to prevent fish catching by using electric shock. By doing this, they believe that the electricity will shock back to the fish-catching smugglers.





4. Discussion


4.1. Heavy Metals Contamination in the Water


Significant variation (p < 0.05) in heavy metal concentrations was found in the water from all six locations. The occurrence of the heavy metals might be attributed to the input from road canal 1 carrying both point and non-point sources from the northwestern area (i.e., large rice paddies, households, schools, and animal farms [22,57]). In addition, fertilizers, pesticides, and sewage sludge are common agricultural sources of heavy metals [4]. A significantly high level of Pb was revealed in the water. This finding brought serious health concerns to villagers who are living in the areas because L6 is the location where local water vendors pump the water and sell it to the villagers who do not have access to the public water supply (piped water). Lifelong intake of metal-contaminated water can cause chronic health effects on those villagers or people who live nearby the water. In general, gasoline, paint, fertilizer, pesticides, and ammunition are common anthropogenic sources of Pb in the environment [6,70]. The principal component analysis (PCA) and factor analysis confirmed our assumption that the primary source of the heavy metals is from anthropogenic activities such as urban runoff, agricultural runoff, industrial discharge, sewage effluent, and atmospheric deposition. The occurrence of Cd, Cu, and Zn in the water likely originates from agricultural runoff (i.e., the use of fertilizers) and urban runoff (i.e., improper wastewater treatment and waste disposal) in the catchment of the Chan Thnal reservoir. Agricultural runoff is one of the major sources that generate significant levels of Cu, Zn, and Pb in the water resulting from the use of fertilizers, pesticides, herbicides, and fungicides in farming activities [4,34]. Moreover, the results of factor analysis confirmed additional sources of Pb occurrence in the water which include both direct (e.g., Pb shot and Pb sinkers) and indirect sources. In general, Pb is transferred continuously between air, water, and soil by natural chemical and physical processes such as weathering, runoff, precipitation, dry deposition of dust, and atmospheric deposition. The latest one is one of the largest sources of Pb found in the environment [4]. By considering the location of the reservoir and activities of reservoir utilization by local people, it is believed that an additional source of Pb contamination in the reservoir is likely from an aerial deposition and Pb sinkers used for fishing and fish catching.




4.2. Heavy Metals Contamination in the Sediment


In contrast, the concentrations of heavy metals (Cu, Pb, and Zn) in the sediment of all locations in the Chan Thnal reservoir were below the concentrations threshold of metals in the sediment based on the sediment quality guidelines for freshwater systems [59], indicating that they are safe for human use for habitation and agriculture purposes. However, these results cannot justify the assumption of no ecological risk or health risk conditions of the Chan Thnal reservoir, as the sediment acidity (pH) and compositions may affect solubility, mobility, and phytoavailability of heavy metals in the sediment [64]. Acidic sediment can cause an increase in solubility and mobility of heavy metals [3], which subsequently increases the bioavailability of heavy metals for plant uptake. For example, Cd, Cu, and Zn are more mobile and bioavailable for plants than others, while Pb is classified as a low bioavailable heavy metal. However, plants can employ several processes to alter the physicochemical properties of the sediment and facilitate heavy metal chelation which subsequently causes an increase in solubility, mobility, and bioavailability of heavy metals in the sediment [64]. Once the heavy metals become bioavailable, they can be either absorbed by algae at a lower trophic level in the food web or by aquatic plants [3]. In particular, the abundance of aquatic plants in the Chan Thnal reservoir, for example, water lily (Nymphaea) and lotus (Nelumbo) can enhance phytoremediation and translocation of heavy metals in the sediment, resulting in a low concentration of metals in both the water and sediment [64]. Despite the results of this study revealing low to moderate ecological risks based on heavy metals contamination in the sediment, it has brought serious health risk concerns when considering the potential issue of bioaccumulation in the Chan Thnal reservoir.




4.3. Ecological Risk Assessment


A few parameters (i.e., PLI, PI MPI, mCd) reflected a progressive deterioration and indicated moderate to heavy pollution from Cu, Zn, and Pb. However, the contamination level seems not to affect the overall ecological function of the Chan Thnal reservoir. This is probably because the purification capacity (e.g., phytoremediation process) is sufficient to sustain the consistent input of heavy metals in the reservoir. Considering the PER value, this parameter integrates the biological toxicity of individual metals into the concentration factor. The classic number of heavy metals to be studied is at least eight species. As can be expected, an increasing number of heavy metals would result in a higher potential ecological risk. However, in this study, the PER value is calculated based on fewer heavy metals (i.e., Cd, Cu, Zn, Pb), resulting in a relatively low potential ecological risk of metal pollution in the Chan Thnal reservoir.




4.4. Human Health Risk


Among the four heavy metals of interest, the Pb level in the water significantly exceeded the guideline for drinking water for all locations. The health risk assessment revealed no risk of the non-carcinogenic effect caused by ingestion of heavy-metal-contaminated water (i.e., Pb, Zn, Cu, and Cd). However, children at the age below 10 and infants are vulnerable to Pb toxicity. The HQ of Pb exceeded 1, revealing a non-carcinogenic risk of Pb intake through oral ingestion. Long-term exposure to Pb through oral ingestion can permanently impair the neurological system [4]. The findings highlight the need for mitigation actions to reduce Pb concentrations in the water, along with the use of intervention measures to prevent Pb uptake through ingestion pathways.





5. Conclusions


This study revealed significant contamination of heavy metals in the water and sediment of the Chan Thnal reservoir. The metal levels in the sediment were well below the concentration threshold limits and could be used for habitation and agriculture purposes. However, the ecological risk assessment revealed progressive deterioration and indicated low to moderate to heavy pollution from Cu, Zn, and Pb. The following conclusions were drawn from this study:




	(1)

	
The values above the unity of Igeo in all locations affirmed heavy metals contamination in this reservoir.




	(2)

	
CF and EF implied that the high level of the concerned metal species is strongly influenced by anthropogenic activities around the reservoir.




	(3)

	
The values of several indices indicated a significantly high level of metal pollution in L5 and L6. Overall, the average concentrations of the studied metals found in the water followed a decreasing order of Zn > Pb > Cu > Cd. Among the four metals, the water is highly contaminated with Pb. Even at the 10th percentile, the Pb levels in the water exceeded the WHO guideline for drinking water. This indicated that both in the wet and dry seasons the water from the Chan Thnal reservoir cannot be used as a water source for consumption purposes.




	(4)

	
The statistical analysis revealed that the primary source of heavy metals is anthropogenic activities. The occurrence of Cd, Cu, and Zn in the water likely originates from agricultural runoff (i.e., the use of fertilizers) and urban runoff (i.e., improper wastewater treatment and waste disposal). Additional sources of Pb occurrence in the water are likely from aerial deposition and Pb sinkers used for fishing and fish catching.




	(5)

	
Human health risk assessment revealed a serious non-carcinogenic risk of Pb in vulnerable groups, i.e., children and infants. Therefore, priority should be given to tackling Pb contamination. Appropriate control and protection strategies are urgently required to cut off the main Pb exposure pathway in children and infants.




	(6)

	
The Chan Thnal reservoir is the main source of water and food supply for the Krang Chek commune. Improper waste disposal and lack of infrastructure development (i.e., public water purification and supply system and wastewater collection and treatment system) could trigger water pollution problems, especially metal pollution. In the longer run, a relatively high level of metal contamination in the reservoir would cause long-term health problems in the commune. This phenomenon could be an early call to attention for the local authorities to impose some kinds of administrative or mitigation intervention to rejuvenate the Chan Thnal reservoir and improve the environmental health conditions of this area.
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Figure 1. (a) The Chan Thnal reservoir and sampling locations (L1–L6) and (b) geological map of Cambodia and the Chan Thnal reservoir. 
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Figure 3. Dendrogram of a complete linkage, correlation coefficient among Cd, Cu, Zn, and Pb. 
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Table 1. Descriptive statistics of the water temperature, pH, and DO of the Chan Thnal reservoir.
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Locations

	
Temperature (°C)

	
pH

	
DO (mg/L)




	
Wet Season

	
Dry Season

	
Wet Season

	
Dry Season

	
Wet Season

	
Dry Season






	
L1

	
25.3

	
25.0

	
6.1

	
7.5

	
7.20

	
6.00




	
L2

	
25.6

	
27.3

	
6.6

	
7.4

	
7.10

	
6.40




	
L3

	
27.7

	
24.7

	
6.5

	
6.9

	
7.20

	
6.40




	
L4

	
25.7

	
24.7

	
6.5

	
6.6

	
7.00

	
4.60




	
L5

	
27.7

	
23.2

	
6.6

	
7.0

	
6.00

	
5.60




	
L6

	
27.3

	
25.7

	
6.2

	
6.7

	
6.70

	
4.70




	
Permissible limits

	
<45 a,b, 25–30 d

	
<45 a,b, 25–30 d

	
6–9 a, 5–9 b,c, 6.5–8.5 d

	
6–9 a, 5–9 b,c, 6.5–8.5 d

	
2.0 a, 1.0 b, 4.0 c

	
2.0 a, 1.0 b, 4.0 c




	
Mean ± SD

	
26.6 ± 1.1

	
25.1 ± 1.4

	
6.4 ± 0.2

	
7.0 ± 0.4

	
6.9 ± 0.6

	
5.6 ± 1.2




	
Minimum

	
23.2

	
6.1

	
4.6




	
Median

	
25.7

	
6.6

	
6.4




	
Maximum

	
27.7

	
7.5

	
7.2




	
Range

	
4.5

	
1.4

	
2.6




	
IQR

	
2.525

	
0.475

	
1.375




	
Skewness

	
−0.008

	
−0.62

	
−0.80








a Cambodia’s allowable limits for pollutant substance discharging to the protected public water area and b to the public water area and sewer, c Thailand’s surface water quality guideline, and d guidelines for drinking water quality.
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Table 2. Heavy metal concentrations in water and sediment of the Chan Thnal reservoir and the permitted levels.
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Mean Concentrations (µg/L) in Water Samples




	
Locations

	
Cd

	
Cu

	
Zn

	
Pb




	

	
Wet

	
Dry

	
Wet

	
Dry

	
Wet

	
Dry

	
Wet

	
Dry






	
L1

	
1.28 b

	
1.31 a

	
10.01 e

	
14.82 a

	
42.72 f

	
111.12 a

	
51.55 d

	
28.29 b




	
L2

	
1.20 b

	
1.17 b,c

	
14.52 c

	
6.04 b,c

	
247.66 b

	
66.93 b

	
54.45 c

	
25.29 b




	
L3

	
1.79 a

	
1.12 c

	
50.41 a

	
7.46 b

	
636.17 a

	
45.91 c

	
75.72 a

	
26.01 b




	
L4

	
1.22 b

	
1.28 a,b

	
19.27 b

	
6.42 b,c

	
234.06 c

	
36.65 c

	
61.94 b

	
51.43 a




	
L5

	
1.15 b

	
1.12 c

	
12.26 d

	
5.19 c

	
66.46 e

	
43.24 c

	
52.29 d

	
26.73 b




	
L6

	
1.22 b

	
1.17 b,c

	
10.89 d,e

	
5.45 c

	
92.20 d

	
70.74 b

	
50.51 d

	
26.86 b




	
Average ± SD

	
1.31 ± 0.24

	
1.19 ± 0.08

	
19.56 ± 15.47

	
7.56 ± 3.64

	
219.88 ± 221.58

	
62.43 ± 27.44

	
57.74 ± 9.71

	
30.77 ± 10.17




	
Overall

	
1.25 ± 0.18

	
13.56 ± 12.411

	
141.15 ± 171.53

	
44.26 ± 16.98 *




	
10th percentile

	
1.12

	
5.51

	
42.77

	
26.08 *




	
50th percentile

	
1.21

	
10.45

	
68.84

	
50.97 *




	
90th percentile

	
1.30

	
18.83

	
246.30

	
61.19 *




	
WHO 1

	
3

	
2000

	
5000

	
10




	
Mean concentrations (mg/kg) in sediment samples




	
L1

	
ND

	
ND

	
13.972 c

	
8.676 d

	
24.331 b,c

	
16.194 c

	
4.290 c

	
2.346 d




	
L2

	
ND

	
ND

	
3.515 f

	
7.366 e

	
6.982 d

	
18.220 c

	
3.360 c

	
2.493 d




	
L3

	
ND

	
ND

	
7.270 e

	
8.794 d

	
9.226 d

	
12.713 d

	
6.160 b

	
8.666 a




	
L4

	
ND

	
ND

	
9.381 d

	
10.768 b

	
24.078 c

	
22.197 b

	
5.702 b

	
9.315 a




	
L5

	
ND

	
ND

	
15.542 b

	
13.140 a

	
26.450 b

	
25.443 a

	
8.374 a

	
4.191 c




	
L6

	
ND

	
ND

	
25.354 a

	
10.341 c

	
39.697 a

	
16.615 c

	
9.351 a

	
5.633 b




	
Average ± SD

	
ND

	
ND

	
12.506 ± 0.509

	
9.848 ± 0.219

	
21.794 ± 0.988

	
18.564 ± 1.348

	
6.206 ± 0.550

	
5.441 ± 0.356




	
Overall

	
-

	
11.18 ± 5.53

	
20.18 ± 8.88

	
5.86 ± 2.54




	
10th percentile

	
-

	
7.28

	
9.57

	
2.98




	
50th percentile

	
-

	
9.86

	
20.21

	
5.67




	
90th percentile

	
-

	
15.39

	
26.35

	
9.25




	
Earth’s crust 2

	
0.09

	
28

	
67

	
17




	
Background concentration of metals in soil 3

	
0.01

	
2.3

	
3.6

	
4.9




	
CT 4

	
4.98

	
149

	
459

	
128




	
Standard 5

	
0.15

	
45

	
70

	
55




	
WHO 6

	
0.80

	
36

	
40

	
85








Data are presented as the mean values; SD means standard deviation, ND means not detected. Values with similar letters refer to “not significantly different”, where a, b, c, d, e, f refer to “significantly different” (p < 0.05) with the following order: a < b < c < d < e < f (Minitab 16 ANOVA one-way test). * indicates the value above the standard limits. 1 Guidelines for Drinking-Water Quality [54]. 2 Earth’s crust composition [40]. 3 Thailand—background concentration of metals in soil [58]. 4 Concentration threshold of metals in sediments based on sediment quality guidelines for freshwater systems [59]. 5 Soil quality standards for habitat and agriculture purposes [58,60,61]. 6 Permissible limits of heavy metals in soil and plants, World Health Organization 1996 [4,62].
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Table 3. Heavy metals pollution and ecological risk assessment of the Chan Thnal reservoir.
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Metals

	
Parameters

	
Values

	
Interpretation






	
Cu

	
Igeo

	
1.55

	
moderately contaminated




	
CF

	
4.86

	
considerable level of contamination




	
EF

	
9.56

	
severe enrichment




	
ER

	
24.30

	
low ecological risk




	
Zn

	
Igeo

	
1.76

	
moderately contaminated




	
CF

	
5.61

	
considerable level of contamination




	
EF

	
11.03

	
very severe enrichment




	
ER

	
28.03

	
low ecological risk




	
Pb

	
Igeo

	
−0.48

	
uncontaminated to moderately contaminated




	
CF

	
1.20

	
moderate level of contamination




	
EF

	
2.35

	
minor enrichment




	
ER

	
5.98

	
low ecological risk




	

	
PLI

	
3.19

	
progressive deterioration or pollution




	

	
PI

	
8.27

	
heavily polluted




	

	
MPI

	
4.25

	
moderately to heavily polluted




	

	
mCd

	
3.89

	
moderately contaminated




	

	
PER

	
35.88

	
low risk (based on only four metal species)








Note: The values are calculated based on the background values of Thailand soil reported by [61].
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Table 4. The parameters used for the estimation of EDI and the HQ values.
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	Parameters
	Adults-Male
	Adults-Female
	Children
	Infants





	IR * (L/day)
	2
	2
	1
	0.5



	ED (years)
	67
	72
	10
	1



	EF (days/year)
	365
	365
	365
	365



	ABW (kg)
	60
	50
	10
	5



	AT (days)
	24,455
	26,280
	3650
	365



	HQPb
	0.42
	0.51
	1.26
	1.26



	HQZn
	0.02
	0.02
	0.05
	0.05



	HQCu
	0.01
	0.01
	0.04
	0.04



	HQCd
	<0.001
	<0.001
	<0.001
	<0.001







* The IR values were obtained from [54].
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Table 5. Pearson’s correlation among Cd, Cu, Zn, and Pb in the water.
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	Heavy Metals
	Cd
	Cu
	Zn
	Pb





	Cd
	1.00
	
	
	



	Cu
	0.925
	1.00
	
	



	Zn
	0.874
	0.969
	1.00
	



	Pb
	0.653
	0.728
	0.702
	1.00
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Table 6. Factor analysis of Cd, Cu, Zn, and Pb in the water.
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	Heavy Metals
	Factor 1
	Factor 2
	Factor 3
	Communality





	Cd
	0.937
	−0.219
	−0.271
	1.00



	Cu
	0.982
	−0.131
	0.070
	0.99



	Zn
	0.962
	−0.140
	0.222
	0.99



	Pb
	0.820
	0.571
	−0.034
	1.00



	Variance
	3.439
	0.411
	0.129
	3.979



	% Cumulative
	86.0
	10.3
	3.2
	99.5
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Table 7. The possible sources of Cd, Cu, Zn, and Pb in the water.
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	Heavy Metals
	Sources
	References





	Cd
	Natural weathering processes,

Discharge from industrial facilities or sewage treatment plants,

Leaching from landfills or soil,

Urban runoff,

Agricultural runoff (i.e., fertilizers)
	[71]



	Cu
	Natural weathering processes,

Sewage effluent,

Leachate from municipal landfills,

Urban runoff,

Agricultural runoff (i.e., fertilizers)
	[72]



	Zn
	Natural weathering processes,

Urban runoff,

Municipal and industrial effluents,

Agricultural runoff (i.e., fertilizers)
	[17]



	Pb
	Discharge from industrial facilities,

Urban runoff,

Atmospheric deposition,

Agricultural runoff (i.e., pesticide),

Direct sources (e.g., Pb shots and Pb sinkers)
	[73]
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