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Abstract

:

This study assessed heavy metal contents and their mobility, bioaccessibility, environmental risk, and health effects in the farmland soils of Drinking Water Source Quality Protection (DWSQP) areas contaminated by livestock manure and a paddy field contaminated by co-use of irrigation and drainage canals in Taiwan. The risk assessment code (RAC) and synthesis toxicity index (STI) for the soils were obtained. The potential health effects caused from soil direct ingestion by hand-to-mouth activity and dermal contact frequently occurring to farmers were further evaluated. The Cu, Zn, and Cr levels in DWSQP areas and the Changhwa (CH) paddy field exceeded the standards promulgated by Taiwan Environmental Protection Administration (EPA). Nevertheless, RAC in DWSQP areas was in low risk levels. In contrast, RAC from Cu and Zn in CH paddy soils was in medium levels. Non-carcinogenic risks for farmers based on the total and bioaccessible metals in DWSQP areas and CH soils were all <1. However, carcinogenic risks based on bioaccessible Cr still exceeded 10−6 in several soils, indicating that the potential impacts on environmental and human health due to direct and indirect exposures to these contaminated soils should be concerned.
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1. Introduction


Organic waste is increasingly produced each year in industrialized countries due to the increase in anthropogenic activities. Reuse of organic waste as soil fertilizers provides several advantages, because it not only reduces the amount of chemical fertilizers used, but also eliminates the necessity of subsequent treatment or disposal [1,2]. Livestock manure is the most common organic waste applied, either raw or composted, into farmland. The application of such waste to soil provides nutrients, increases organic matter in soil, improves soil structure, and enhances nutrient absorption by plants [3,4]. However, a number of studies have demonstrated that livestock manure contains a considerable amount of heavy metals [5]; application of organic waste to agricultural fields represents a significant input of nutrients, but also of metals. Some of the metals are toxic, like cadmium (Cd) or lead (Pb) [6,7,8,9]. This disposal process leads to soil and groundwater contamination, as well as potential damage like heavy metal leaching, increasing the risk of contamination (decreasing the quality of crop) [8].



Earlier studies have typically evaluated the risk of exposure to heavy metals in soil based on their total concentrations [10,11], but they cannot well represent the actual availability and toxicity of heavy metals in the environment. Therefore, the sequential extraction procedure (SEP) was firstly employed to understand the chemical form of metals and thus assess the mobility of metals in soil [12]. SEP, firstly developed by Tessier et al. [13], including metal extractions sequentially by various chemical reagents, has been proved as a successful method for fractionation of heavy metals in various environmental samples [14]. After that, the Community Bureau of Reference (BCR) extraction method has also been used to assess different chemical fractions of heavy metals in soil, sediment, and ash [15,16]. The fractionation results of heavy metals demonstrate that soluble and exchangeable fractions are mobile, while residual fraction is relatively immobilized, even under the weathering conditions [17].



Based on the sequential extraction approach, Perin et al. [18] proposed an index named risk assessment code (RAC) for environmental toxicity determination of heavy metals. RAC can be used to assess availability of metals by applying a scale to the percentage of metals in acid soluble fraction (F1) from the BCR extraction method, and is widely used to estimate the environmental risk in various media [19,20]. Using F1 for estimation of the environmental risk is reasonable because this fraction is generally introduced into environmental media by anthropogenic activities, and is typified by the adsorptive, exchangeable, and bind to carbonate fraction. These fractions are weakly-bonded metals that can equilibrate with the aqueous phase and thus become more rapidly bioavailable. Previous studies have also showed that there are several toxicity assessment models of heavy metals, such as the toxic unit (TU) model, the geo-accumulation index (Igeo), and the potential ecological index (PEI) [21]. However, deficiencies are still found from these models due to lack of consideration of accumulative effects, biological toxicity, and pre-industrial concentration determination [22,23,24,25,26].



In order to reduce the uncertainty in estimating risk associated with incidental ingestion of soil contaminated by heavy metals, several studies have related bioaccessibility to different chemical forms of the metals and metalloids present in the soils [27,28,29]. One of the most widely used in vitro methods is the physiologically based extraction test (PBET) [30,31]. Various studies have demonstrated that there is a high correlation between the gastric phase of PBET with in vivo studies [32,33]. Also, a single-step extraction proposed by Drexler and Brattin [34] has been optimized, named simple bioaccessibility extraction test (SBET), for the estimation of bioaccessible Pb in the gastric phase. This method also showed a great correlation with the gastric bioaccessibility of PBET for various metals in soils [35,36]. Mingot et al. [36] showed that, for As, PBET was significantly correlated to SBET, with a correlation coefficient of 0.776. These methods are often used to determine the bioaccessibility of heavy metal contamination due to their time efficiency in analysis and their lower cost compared to those of in vivo methods [30,37].



In Taiwan, livestock manure is frequently utilized as soil fertilizer alternatives to reduce the use of chemical fertilizers. However, livestock manure contains significant amounts of copper (Cu), zinc (Zn), and chromium (Cr), and the levels of these metals in some farmland soils in several Drinking Water Source Quality Protection (DWSQP) areas are found to exceed the monitoring standard or control standard promulgated by the Taiwan Environmental Protection Administration (EPA) for non-agricultural or agricultural soils. Excessive Cu and Zn may cause respiratory tract and stomach and intestinal irritation, while Cr could lead to pulmonary and nervous system damage [38,39,40,41]. Nevertheless, the potential impacts of the presence of these metals in these soils from a risk-based perspective have not been identified but are crucial because these farmlands are located at drinking water protection areas. Therefore, the main objective was to assess the levels of heavy metals in soils from the DWSQP areas, to understand the metal fractionation in soils via the BCR sequential extraction procedure, and then to apply the results to RAC and the synthesis toxicity index (STI) model of the soils to comprehend the combination form and total enrichment of heavy metals, which has been used to evaluate the potential environmental risk [42]. The same evaluation was also conducted to soils from a paddy field contaminated by irrigation water due to co-use of irrigation and drainage canals for comparison. Moreover, PBET and SBET were used to estimate the proportion of metals potentially absorbed by the gastrointestinal tract through direct soil ingestion by humans to understand the health effects due to hand-to-mouth activity, which is important to the farmers during their farmland activity. The risk from soil dermal contact was also taken into account, owing to the long working hours every day for the farmers. The hypotheses in this study were: (1) The fractionation and bioaccessibility of heavy metals in soils would be influenced by different polluted sources, including fertilization by livestock manure or irrigation by wastewater; and (2) the results of the health risk assessment would decrease when considering the bioaccessibility in the exposure route of soil ingestion.




2. Materials and Methods


2.1. Sample Collection and Pretreatment


The examined soils were sampled from (1) the farmlands in three DWSQP Areas in Taiwan, and each area was larger than 1000 ha and the altitude higher than 1000 m, including Cijiawan River (CJ), Mulan Bridge of Hehuan River (HH), and Bazhang River (BZ) areas; and (2) a paddy field in Changhwa (CH), Central Taiwan (Figure 1). These sites were chosen due to their relatively high concentrations of Cr, Cu, and Zn in soils enriched by either livestock manure application to increase fertility or by irrigation water due to the co-use of irrigation and drainage canals. At each sampling site, five sub-samples were collected by shovel using the method of simple random sampling, combined to form one composite sample, and stored in a polyethylene bag. Samples were then air-dried, ground, homogenized, passed through a 10 mesh (2 mm) nylon sieve in the laboratory, and put into dry glassware for substantial soil property analysis. In addition, soils were also passed through a 60 mesh (250 μm) nylon sieve for bioaccessibility extraction, because this fraction is prone to adhering to hands and entering bodies via hand-to-mouth behavior [43,44].




2.2. Soil Physicochemical Property and Heavy Metal Concentration Analysis


Soil physical and chemical parameters such as pH, cation exchange capacity (CEC), total organic carbon (TOC), and soil texture were analyzed to understand the properties of the soils (<2 mm). pH was analyzed by the glass electrode method [45]. CEC was determined by soil extraction using excessive 1 M ammonium acetate (NH4OAc) at pH 7.0 to exchange exchangeable cations for ammonium ion. Sodium chloride (NaCl) was then added to substitute ammonium ion for sodium ion, and followed by measurement of the content of ammonium ion for obtaining CEC [46]. TOC was analyzed by the Walkley–Black titration method [47]. Soil texture was determined by the hydrometer method [48]; the weight of sand, silt, and clay was obtained and the determination of the texture grade was based on the United States Department of Agriculture (USDA) definition. The total concentration of heavy metal was analyzed by microwave-assisted aqua regia digestion [49].




2.3. Sequential Extraction Procedure


The modified BCR sequential extraction procedure was used to assess the fractionations of heavy metals in the soils [50]. Details of the extracting process are shown in Table S1. Briefly, 2.0 g soil (<250 μm), which was prone to enter the body through hand-to-mouth behavior [44], was placed in each 85 mL centrifuge tube, and then different extraction solution of each step was added. After every extraction, the solid and liquid phase separation was progressed by centrifuging and filtering the supernatant through Whatman No. 42 filter paper. The concentration and distribution of heavy metals in each fraction were determined by ICP-OES. The recovery of the metal was also calculated by the following, Equation (1), for quality assurance (shown in Table S2):


  Recovery   ( % ) =   F 1 + F 2 + F 3 + F 4  Total metal concentration  × 100 %  



(1)








2.4. The Risk and Toxicity Assessment Models of Heavy Metals


Risk assessment code (RAC) is a method used for evaluating the potential environmental risk of heavy metals leaching from the sample matrix [20]. The percentage of metals in acid soluble fraction (F1) in the BCR extraction method is a simple index applied to do it. When the percent ratio of F1 to the total metal concentration (i.e., RAC) is <1%, the heavy metal is considered to have no adverse impact on the environment. If the ratio is between 1 and 10%, a low risk is defined, while medium risk is defined within 11–30%, and 31‒50% indicates a high risk. A ratio higher than 50% indicates that the hazard risk to the environment is very high, because the heavy metal is readily released from the sample matrix. RAC was obtained based on the following, Equation (2):


  RAC =   F 1  Total metal concentration  × 100 %  



(2)







Additionally, the combination form and total enrichment of different heavy metals, including Cd, Cu, Zn, Pb, nickel (Ni), and Cr, were also comprehensively evaluated by a synthesis toxicity index (STI) model, which has been used to estimate the potential environmental risk corresponding to the actual condition of incineration fly ash and molten slag [42]. The model expression is shown in Equation (3) and the corresponding parameters are clearly defined in Table S3.


  STI =   ∑  i = 1  n      T i      ∑  j = 1  m    E j   Q i j    /  C N i     



(3)








2.5. In Vitro Bioaccessibility Method


Physiologically based extraction test (PBET) has been validated against animal models and is commonly used to determine the bioaccessibility of heavy metals in soils [30]. The composition and analysis parameters in the gastric phase (GP) and the intestinal phase (IP) are listed in Table S4 [51]. For gastric phase extraction, 1.0 g soil (<250 μm) was weighed into a wide-mouth high-density polyethylene bottle and 100 mL of gastric solution (pH 2.5) was added. Then, the bottles were put into a hybridization oven at 37 °C for 1 h at 30 rpm. At the end of the extraction, the solution was stood for a while, and supernatant was filtered through a 0.45 μm syringe filter with cellulose acetate and transferred into polyethylene tubes for storage at 4 °C before being analyzed by ICP-OES. The rest of the gastric phase solution was adjusted to pH of 7.0 with saturated sodium carbonate (Na2CO3). Then, bile and pancreatin were added for conducting the intestinal phase extraction. After shaking in a hybridization oven at 37 °C, 30 rpm for 4 h, samples were stood, filtered, and transferred into polyethylene tubes for storage at 4 °C before being analyzed by ICP-OES. The bioaccessibility of the gastric and intestinal phases in soils was then calculated by dividing extractable Cu, Zn, and Cr by their total contents in soils.



According to U.S. EPA [52], the experimental procedure of the simple bioaccessibility extraction test (SBET) was shown as follows: 1.0 g soil (<250 μm) was placed in a labeled wide-mouth high-density polyethylene bottle and mixed with 100 mL of gastric solution (30.03 g/L glycine adjusted to pH 1.5 with concentrated HCl). This mixture was rotated in a hybridization oven at 37 °C for 1 h at 30 rpm, and then the supernatant was filtered through the syringe filter (0.45 μm). After determination of post-test pH, the gastric phase samples were stored in a refrigerator at 4 °C before being analyzed by ICP-OES.




2.6. Quality Assurance and Quality Control


Quality assurance (QA) and quality control (QC) were checked by analyzing triplicate samples in each experiment of this study [53]. The method detection limits (MDL), accuracy obtained from recovery of QC sample (NIST SRM 2710a), and precision expressed as relative standard deviation (RSD) for total content of arsenic (As), mercury (Hg), Cd, Cr, Cu, Ni, Pb, Zn, iron (Fe), and manganese (Mn) are shown in Table S2. The accuracy was within 82.1‒120% and the precision was within 0.09–14.9%. The MDL, precision, and recovery calculated by dividing the sum of each fraction by total content for SEP of Cd, Cr, Cu, Ni, Pb, and Zn are also shown in Table S2. The precision was within 0.01‒3.51% and the recovery was within 80.0‒120%. In addition, the precision for SBET and PBET of Cr, Cu, and Zn was within 0.16‒6.74% and 0.05‒7.73%, respectively.




2.7. Health Risk Assessment Model


Risk assessment is a multi-step procedure, including hazard identification, dose-response assessment, exposure assessment, and risk characterization [54]. This study mainly focused on Cr, Cu, and Zn-contaminated farmland soils due to the adverse effects of these elements. Cu is a non-carcinogenic metal that causes the critical effects of gastrointestinal tract injury through oral exposure [55]. Besides, excess ingestion of Zn sulfate, Zn oxide, and Zn gluconate would also impact on the gastrointestinal system and cause the non-carcinogenic symptoms of nausea and vomiting, epigastric pain, abdominal cramps, and diarrhea [56]. In comparison, Cr could lead to non-carcinogenic and carcinogenic risks via the oral route of exposure [43,57].



Farmers exposed to these contaminated soils through soil ingestion considering bioaccessibility and dermal contact when they work in the farmlands are the main exposure routes. Both non-carcinogenic and carcinogenic risks of these exposure routes were considered. The average daily dose (ADD) of heavy metals from soil direct ingestion and dermal contact was calculated as the following formula (i.e., Equations (4)–(6)):


   ADD oral-soil  =    C soil  × BA ×  IR oral-soil  × ED × EF × CF   BW × AT    



(4)






   DA event  =  C soil  × AF ×  ABS d  × CF  



(5)






   ADD dermal-soil  =    DA event  × EV × SA × ED × EF ×  f sa    BW × AT    



(6)




where ADDoral-soil and ADDdermal-soil are the average daily doses from soil ingestion and dermal contact (mg/kg/day), respectively; Csoil is the metal concentration in soils (mg/kg); BA is the bioaccessibility of soils (dimensionless); IRoral-soil is the ingestion rate of soils (mg/day); ED is exposure duration (year); EF is exposure frequency (day/year); CF is conversion factor (kg/mg); BW is body weight (kg); AT is averaging time (day); DAevent is absorbed dose per event (mg-event/cm2); AF is adherence factor (mg-event/cm2); ABSd is the fraction of chemical absorbed dermally (dimensionless); EV is the exposure frequency of the event (event/day); SA is the surface area of body (cm2); and fsa. is the ratio between the surface area of the upper arms and the body (dimensionless). The values of the above-mentioned parameters are shown in Tables S5 and S6. As shown in Equation (7), ADD subsequently divided by reference dose (RfD) makes the non-carcinogenic hazard quotient (HQ) of Cr, Cu, and Zn. Then, the hazard index (HI) can be calculated by HQoral plus HQdermal (Equation (8)). The equation of ADD multiplied by slope factor (SF) was used to calculate carcinogenic risk (CR) of Cr (Equation (9)). The RfD and SF values are also shown in Tables S5 and S6:


  HQ = ADD / RfD  



(7)






  HI =  HQ oral  +  HQ dermal   



(8)






  CR = ADD × SF  



(9)









3. Results and Discussion


3.1. Soil Physicochemical Characterization


The physicochemical characterization of the tested soils is presented in Table 1. The soils in the Cijiawan River (CJ), Bazhang River (BZ), and Changhwa (CH) areas were acidic, with pH of 4.1 to 6.3, while those of Mulan Bridge of Hehuan River (HH) had neutral pH of 7.0 to 7.7. The cation exchange capacity (CEC) of soils was between 18.8 and 27.8 cmolc/kg. Total organic carbon (TOC) in soils from the three DWSQP areas was between 5.4 and 8.9 wt%, while TOC was in the range of 2.6 to 2.7 wt% in the CH samples. The soil texture showed extremely different distribution in these four areas. In contrast to the soils from the HH and BZ areas predominated by sand fraction with the soil types of clay loam (CL), sandy clay loam (SCL), loam (L), and sandy loam (SL), the soil type from the CJ area was predominated by clay (C). In addition, the soil type in the CH area was loam (L). Overall, the most significant difference between the soils from the DWSQP areas and the CH farmlands was TOC, which could be resulted from the addition of livestock manure in the former, as shown by Liang et al. [58].




3.2. Total Concentrations of Heavy Metals


The total concentrations of heavy metals in soils from the DWSQP areas and the CH farmlands are shown in Table 2. The ranges of total metal concentrations of the three DWSQP areas for As, Hg, Cd, Ni, and Pb were within 9.57–15.5 (12.0 ± 1.71), 0.07‒0.19 (0.12 ± 0.03), ND‒0.99 (0.55 ± 0.27), 18.4‒50.2 (26.9 ± 9.59), and 20.3‒39.0 (25.1 ± 5.75) mg/kg, respectively. The concentrations of these metals were all lower than the control standards promulgated by Taiwan EPA for both agricultural and non-agricultural soils. However, the concentrations of Cr, Cu, and Zn were within the ranges of 44.7‒396 (115 ± 126), 22.7‒149 (92.7 ± 34.3), and 74.0‒606 (390 ± 159) mg/kg, respectively. The levels of Cr in farmlands of the CJ area (CJSA01: 396 mg/kg) and the BZ area (BZSA24: 302 mg/kg) exceeded the control standard promulgated by Taiwan EPA for non-agricultural soils (i.e., Cr: 250 mg/kg). Additionally, Cu and Zn in soil samples from sampling site HHSA01 (i.e., 149 and 606 mg/kg, respectively) of the HH area exceeded the monitoring standard (i.e., 120 mg/kg for Cu) and the control standard (i.e., 600 mg/kg for Zn) for agricultural soils. The reason causing the high concentrations of Cr, Cu, and Zn in these farmlands can be attributed to the fertilization by livestock manure [59].



Two agricultural soils contaminated by irrigation water due to co-use of irrigation and drainage canals, collected from Changhwa (CH), Central Taiwan, were also studied to compare with the results from soils in the aforementioned DWSQP areas. The concentrations of Cr, Cu, and Zn were 438, 576, and 1010 mg/kg, respectively, in sampling site CH2202, while they were 245, 309, and 1010 mg/kg, respectively, in CH2424 (Table 2). In addition, the level of Cr was close (i.e., 245 mg/kg) to or exceeded (i.e., 438 mg/kg) the Taiwan EPA control standard (i.e., 250 mg/kg for Cr) for non-agricultural soils. Furthermore, both Cu and Zn concentrations in these two sites exceeded the control standard (200 mg/kg for Cu and 600 mg/kg for Zn) for agricultural soils. The concentrations of Cr and Zn in this study were similar to the results shown by Lai et al. [60] (the maximum concentration of Cr and Zn in farmland soils polluted by irrigation water collected from central Taiwan was 463 mg/kg and 958 mg/kg, respectively). These results suggest that the levels of heavy metals in the paddy field of CH contaminated by irrigation water were higher than those in the DWSQP areas contaminated by livestock manure, implying a higher risk from the former. Importantly, paddy field contamination due to co-use of some irrigation and drainage canals still remains unresolved in Taiwan and needs to be further addressed.




3.3. Sequential Extraction Procedure Results


Figure 2 shows the percent distribution of Cr, Ni, Zn, Cu, and Pb in different chemical forms in the soils. Cd in this study was only found in the residual fraction (F4), while other fractions were all lower than the method detection limit (MDL) (i.e., 0.08 mg/kg, Table S2). Cr and Pb were predominantly distributed in F4 with the range of 42.5‒78.4% and 35.9‒63.7%, respectively, followed by reducible fraction (F2) with the range of 19.6‒31.4% and 21.4‒39.9%, respectively. Ni had a similar fraction distribution in all samples that was mainly in F4 in the range of 51.8‒66.7%, followed by the metal bound to the oxidizable fraction (F3) in the range of 16.5‒25.11% and by F2 (7.80‒24.3%). In the case of Cu and Zn, the metal fractions in the farmland of the DWSQP areas were mainly dominated by F2 (44.9‒52.7% for Cu and 7.68‒51.6% for Zn) and F4 (38.7‒50.8% for Cu and 41.0‒71.3% for Zn). In contrast, the soluble fraction (F1) of Cu and Zn in CH soils contaminated by irrigation was relatively higher (11.2‒19.9%) than that in the DWSQP areas, indicating that Cu and Zn in CH soils may be more mobile and bioavailable [61]. Cu and Zn with more available phase (F1) than the other metals also suggest that their mobility and bioavailability in short-term, intensive leaching should be further noticed [12].




3.4. Environmental Risk Assessment


Based on the RAC classification [20,62], calculated results of RAC suggest that only Cu and Zn in the CH soils possessed medium environmental risk (Figure 3). In contrast, heavy metals, including Cu, Cr, Zn, Ni, and Pb, in the soils of the DWSQP areas exhibited a low environmental risk. Notably, even though the total concentrations of Cr and Zn of some samples from the DWSQP areas were large and exceeded the Taiwan EPA control standard for agricultural soil, they posed no instant environmental risk because their leachabilities of acid soluble/exchangeable (i.e., by CH3COOH) phase were too small to cause high risk. By means of STI model calculation, it was also obvious that we should take more concerns about the potential deterioration effects to the aquatic ecosystem and plants around CH2202 and CH2424 (Table 3) paddy fields, which were the soils contaminated by irrigation, especially for Cu and Zn. Because of the potential threat to human health affected by heavy metal ions that enter into the biosphere, it was not proper to place the contaminated soil without any further action of remediation.




3.5. Bioaccessibility Assessment of Cr, Cu, and Zn in Contaminated Soils by PBET and SBET


The bioaccessible Cr, Cu, and Zn obtained by using two in vitro chemical extraction methods are shown in Figure 4. The bioaccessibility was expressed as the percentage of Cr, Cu, and Zn contents extracted by in vitro experiments with respect to their total content in the soils. For Cr, the extraction results indicate that the bioaccessible values obtained by SBET (range: ND‒6.53%; average: 2.42%) were significantly greater than those obtained by gastric extraction of PBET (range: ND‒3.84%; average: 0.61%). The different pH, with values of 1.5 for SBET and 2.5 for gastric PBET, was the main factor to explain the different results of bioaccessibility. However, the extraction proportion of intestinal extraction (pH = 7.0) of PBET (range: 0.79‒13.1%; average: 3.87%) was relatively larger than those of the gastric phase (pH = 2.5) and SBET, showing the reason of formation of oxo-species in the neutral condition [63]. For Cu, the average value of bioaccessibility of SBET (range: 21.7‒60.4%; average: 37.6%) was larger than those of gastric extraction (range: ND‒72.2%; average: 12.8%) and intestinal extraction of PBET (range: 5.88‒70.6%; average: 22.6%). The proportion of intestinal extraction of PBET was larger than the gastric phase, due to the greater affinity of metal to the gastric solution and to metal binding competition between the gastric solution and sodium carbonate [64]. In addition, the bioaccessibility of Cu in the CH soils was relatively larger than those in the DWSQP areas, suggesting that the bioaccessibility of metals could be higher when their corresponding total content was also larger. For Zn, the experimental results show that the bioaccessible values of SBET (range: 5.37‒67.3%; average: 45.4%) were significantly larger than those obtained by gastric extraction of PBET (range: 5.00‒31.4%; average: 20.7%). In contrast, the proportion of intestinal extraction (pH = 7.0) of PBET (range: 0.93‒10.5%; average: 4.55%) was relatively smaller than those in the gastric phase extraction of SBET and PBET (pH = 1.5 and 2.5, respectively). These results suggest that Zn is more easily dissolved in an acidic condition, which is in consistence with the findings of a previous work [65].



Overall, this study showed positive correlation between SBET and gastric PBET for Cr (r = 0.728, p = 0.007) and Cu (r = 0.834, p = 0.001), which was also displayed in previous studies [35,36]. However, for Zn, negative correlation was found between SBET and intestinal PBET (r = −0.798, p = 0.002) that was also shown by Mendoza et al. [66]. SBET and PBET results further suggest that the bioaccessibility of Cu and Zn could be up to 72.2 and 67.3%, respectively, for the contaminated soils, which may cause instantly adverse health effects to humans if the soils were directly ingested by sensitive populations such as farmers through hand-to-mouth activities when they work in the farmland. In addition, we also investigated the drinking water protection areas not contaminated with livestock manure and irrigation practices, which can be regarded as the reference control. The total concentrations of Cr, Cu, and Zn were 29.0 ± 7.82, 16.9 ± 8.22, and 86.4 ± 28.2 mg/kg, while their SBET were ND, 15.0 ± 6.73, and 9.17 ± 6.40%, respectively (data was not shown). The values of contaminated DWSQP areas and the farmlands are clearly higher than the results of the reference control, which could be attributed to the anthropogenic activities. On the other hand, soil dermal contact is also another important exposure route for farmers. To better understand the actual exposure hazard for farmers, carcinogenic and non-carcinogenic risks were estimated and elaborated in the next section.




3.6. Health Risk Assessment


Non-carcinogenic and carcinogenic risks of Cr and Cu of the three DWSQP and the CH areas are shown in Figure 5 (non-carcinogenic risks of Zn through soil ingestion and dermal contact were not shown here because calculated values were both smaller than 0.01). For non-carcinogenic hazards, the results of HQoral and HI based on the total content (TC) and bioaccessibility of Cr and Cu were both less than 1. However, the contribution of two exposure routes for Cr and Cu was different. The HQoral based on total content (0.030–0.214) and HQdermal (0.036–0.259) of Cr were quiet close, while Cu was mainly from soil ingestion (HQoral: 0.037–0.684; HQdermal: 0.0001–0.0014).



For carcinogenic hazards of Cr, CR based on the total content in the three DWSQP and the CH areas were higher than 10−6 with one even more than 10−4 in the CJ area. Although CR decreased when considering the bioaccessibility, the risk in the CJ, BZ, and CH areas was still higher than 10−6. Therefore, the issue of heavy metals in soils contaminated by inadequate irrigation and fertilization of livestock manure needs to be further considered. Proper control strategies, or limiting use of livestock manure as a soil fertilizer alternative, should be implemented, especially for the farmlands located in drinking water protection areas.



Notably, the limitations in this study were: (1) The limited number of soil samples collected from Cijiawan River (CJ), Bazhang River (BZ), and the paddy field in Changhwa (CH), which would increase the uncertainty of risk estimation; (2) the fractions of Cr speciation were not investigated—Cr(VI) is considered to be more toxic than Cr(III) [67], and using total Cr concentration would overestimate the actual human health risk for farmers; and (3) Oluyemi et al. [68] indicated that Cu and Zn in the dry season were more toxic than in the wet season, which may be due to the runoff effect that is capable of leaching of heavy metals from the farmland soils. However, seasonal effects were not investigated in this study.





4. Conclusions


This study evaluated the potential environmental and health risks caused by the utilization of livestock manures as a soil fertilizer and by inadequate irrigation. The results suggest that the environmental risk from the fertilization of livestock manure was in a low level. However, Cu and Zn in the Changhwa paddy soils contaminated by irrigation posed medium risk. Notably, although the environmental risk was considered low in the DWSQP areas, the long-term influence from the enrichment in Cu, Zn, and Cr concentrations in these farmlands to the water quality due to fertilization of livestock manure should be monitored. We also found that the carcinogenic risk of Cr in the Cijiawan River, Bazhang River, and Changhwa areas was still higher than the acceptable value (10−6) when considering the bioaccessibility. Therefore, the potential impacts on environmental and human health due to direct and indirect exposures to the soils contaminated by inappropriate discharge of wastewater should be greatly considered and immediate action should be taken to limit the release of heavy metals from soils. These results also imply that the health risk to farmers who are exposed to the soils in the DWSQP areas polluted by fertilization of livestock manure cannot be ignored as well.
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Figure 1. Sampling sites of three Drinking Water Source Quality Protection (DWSQP) areas and Changhwa (CH), Taiwan. 
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Figure 2. Distribution of chemical forms of (a) Cd, (b) Cr, (c) Cu, (d) Ni, (e) Pb, and (f) Zn in soils of three Drinking Water Source Quality Protection areas as compared to those in CH soils contaminated by irrigation. 
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Figure 3. Risk assessment code (RAC) of heavy metals in the soils of the three Drinking Water Source Quality Protection areas, as compared to CH soils. 
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Figure 4. Bioaccessibility of (a) Cr, (b) Cu, and (c) Zn in the soils of the three Drinking Water Source Quality Protection areas, as compared to the CH soils contaminated by irrigation. 
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Figure 5. Hazard quotient (HQ) or index (HI) of (a) Cr and (b) Cu, and cancer risk (CR) of (c) Cr in the soils of the three Drinking Water Source Quality Protection areas, as compared to the CH soils contaminated by irrigation. 
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Table 1. Physicochemical characterization for soils of the three Drinking Water Source Quality Protection areas and Changhwa (CH) soils.
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Location

	
Sample No.

	
Coordinate

	
Deep (cm)

	
pH

	
TOC (%)

	
CEC (cmolc/kg)

	
Sand (%)

	
Silt (%)

	
Clay (%)

	
Soil Type a




	
X

	
Y






	
Cijiawan River (CJ)

	
CJSA01

	
281,105

	
2,697,748

	
0–15

	
5.4

	
8.9

	
27.8

	
10

	
39

	
51

	
C




	
Mulan Bridge of Hehuan River (HH)

	
HHSA01

	
273,368

	
2,676,695

	
0–15

	
7.0

	
7.5

	
22.9

	
42

	
28

	
30

	
CL




	
HHSA02

	
273,146

	
2,676,523

	
0–15

	
7.6

	
5.4

	
19.4

	
52

	
26

	
22

	
SCL




	
HHSA07

	
273,370

	
2,676,126

	
0–15

	
7.3

	
6.8

	
21.9

	
46

	
36

	
18

	
L




	
HHSA08

	
272,992

	
2,675,928

	
0–15

	
7.6

	
8.3

	
18.8

	
48

	
40

	
12

	
L




	
HHSA11

	
273,001

	
2,675,653

	
0–15

	
7.4

	
6.4

	
24.8

	
38

	
34

	
28

	
CL




	
HHSA14

	
273,110

	
2,675,482

	
0–15

	
7.7

	
6.7

	
21.0

	
52

	
30

	
18

	
SL




	
HHSA15

	
272,970

	
2,675,309

	
0–15

	
7.6

	
6.8

	
20.6

	
45

	
34

	
21

	
L




	
HHSA19

	
273,110

	
2,674,943

	
15–30

	
7.2

	
5.9

	
19.3

	
42

	
34

	
24

	
L




	
Bazhang River (BZ)

	
BZSA24

	
219,179

	
2,596,868

	
15–30

	
4.1

	
6.2

	
25.0

	
54

	
23

	
23

	
SCL




	
Changhwa (CH)

	
CH2202

	
201,917

	
2,666,178

	
0–15

	
6.0

	
2.6

	
21.0

	
32

	
46

	
22

	
L




	

	
CH2424

	
197,911

	
2,665,959

	
0–15

	
6.3

	
2.7

	
20.2

	
43

	
35

	
22

	
L








a C: Clay; CL: Clay loam; SCL: Sandy clay loam; L: Loam; SL: Sandy loam.
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