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Abstract

:

Anthropogenic activities performed in the Ecuadorian Amazon have released potentially toxic elements (PTEs) into the rivers, causing severe environmental pollution and increasing the risk of exposure to the residents of the surrounding areas. This study aims to carry out a human health risk assessment using deterministic and probabilistic methods to estimate the hazard index (HI) and total cancer risk (TCR) related to multi-pathway human exposure to PTEs in polluted rivers. Concentrations of Al, Cd, Cr, Cu, Hg, Ni, Pb, and Zn in surface water and sediment samples from rivers on the Ecuadorian Amazon were considered to assess the potential adverse human health effects. As a result, deterministic and probabilistic estimations of cancer and non-cancer risk through exposure to surface waters and sediments were above the safety limit. A sensitivity analysis identified the concentration of PTEs and the exposure duration (ED) as the two most important variables for probabilistic health risk assessment. The highest risk for receptors was related to exposure to polluted sediments through incidental ingestion and dermal contact routes. According to the deterministic estimation, the human health risk through ingestion of water was above the threshold in specific locations. This study reveals the potential health risk to which the population is exposed. This information can be used as a baseline to develop public strategies to reduce anthropogenic pollution and exposure to PTEs in Ecuadorian Amazon rivers.
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1. Introduction


Potentially toxic elements (PTEs), including trace elements and heavy metals, are naturally occurring substances in the environment; however, the anthropogenic activities in some regions have increased their concentration [1,2]. Due to their bioaccumulation capacity, persistent nature, and toxicity, some PTEs are considered priority pollutants [3]. Potentially toxic elements (PTEs) can enter surface waters from both natural and anthropogenic sources [4,5]. Several studies have reported that exposure to PTEs can cause various acute and chronic health hazards [6,7]. These pollutants are easily released into many environmental media and may enter the human body; consequently, inhabitants of polluted areas, mainly children, are exposed to PTEs from several different sources and pathways [8,9,10]. Among the PTEs of greatest concern are, for example, Cr and Pb, recognized as human carcinogens [11]. In addition, Cd, Cr, Hg, and Pb are systemic non-cancerous, and can produce adverse health effects even at low levels of exposure [12].



The population surrounding polluted areas can be exposed to PTEs through drinking water, groundwater, surface water, sediments, and soils [3,13,14,15,16]. Illnesses, such as an increased cancer risk in the exposed population or even deaths due to poisoning, have been associated with massive environmental pollution [17,18]. Clinical and epidemiological studies are the most reliable instruments for control and intervention in public health [19,20]. However, these studies involve a high economic cost that cannot always be assumed by the evaluators. On the other hand, risk assessment is a useful and simple instrument that allows a quantitative estimation of health problems derived from exposure to pollutants [21].



Health risk assessment (HRA) is widely used to quantify the risk of human exposure to certain pollutants [16,22,23]. HRA can be estimated by both deterministic and probabilistic methods. The deterministic method represents the output health risk as a single point value. In contrast, in probabilistic risk assessment (PRA), the combination of the probability distribution of several input parameters in the risk equation yields the output risk as a range of values [3,24]. PRA is mainly useful when a deterministic outcome of risk is close to the safe exposure thresholds or when there is a need to decrease uncertainties [25]. In addition, probabilistic analysis and sensitivity analysis can be used together to identify the effects of variability and uncertainty of input parameters in the risk calculations output [26]. Overall, HRA supplies information that can contribute to decision-making by providing a quantitative estimation of risk. Furthermore, it can help allocate resources to control exposures to environmental hazards [27].



The Ecuadorian Amazon is an area with considerable biodiversity [28], but anthropogenic activities, mainly petroleum extraction and illegal gold mining, have caused severe environmental pollution and negative impacts on ecosystems [29,30,31,32]. Anthropogenic pollution represents a potential health hazard for the surrounding population [33]; therefore, it is necessary to establish whether contamination by PTEs in the Amazon rivers endangers river users’ health. Previous studies in the Ecuadorian Amazon were focused on assessing the impact of oil activities on human health, mainly related to drinking water, soils, and crops [34,35]. However, there is a lack of information about the health effects of the users of the Amazon Rivers polluted by multiple sources.



This study aims to: (a) estimate the human exposure risks of surface waters and sediments using deterministic and probabilistic (Monte Carlo simulations) methods, (b) identify the sensitive receptors as well as the pollutants of major health risk concern, and (c) identify the key input parameters of health risk by conducting sensitivity analysis. The results of this work provide insight into human health risk levels in the Ecuadorian Amazon. This information could help in risk management decisions to reduce anthropogenic pollution and protect public health.




2. Materials and Methods


2.1. Study Area


The area selected for the case study is located in the upper Napo River tributaries in the Napo province, Northern Ecuadorian Amazon. It corresponds to an approximate area of 200 km2. The site is characterized by an extensive hydrographic network, which flows from the west (from the Andes) to the east (Peruvian Amazon) [36]. The main tributaries and rivers in the studied area are Colonso, Tena, Misahuallí, and Napo (Figure 1). Small-scale gold mining, urban pollution, fish farming, and non-functional municipal landfill areas have been reported as the primary anthropogenic sources of pollution in the studied area [37].




2.2. Human Health Risk Assessment


2.2.1. Data Collection and Analyses


Concentrations of Al, Cd, Cr, Cu, Hg, Ni, Pb, and Zn in water samples (n = 14) and sediment samples (n = 14) reported by Capparelli et al. [37] were used in this study (Figure 1 and Table 1). Sample treatment and analytical protocols for the mentioned study can be found therein. The concentrations of PTEs were determined using inductively coupled plasma optical emission spectrometry (ICP-OES). Mercury quantification was carried out using a direct mercury Milestone (DMA 80). Quality control was conducted by employing certified reference material for every 10 samples—NIST 1640a for water and NIST 1646a for sediments [37].



The data were statistically analyzed using the R free software [38]. Descriptive statistics were used to observe trends of the data. Goodness-of-fit (GoF) tests were applied to find the theoretical distributions of the data set. In addition, the Spearman rank order correlation coefficient was employed to the sensitivity analysis. The statistical significance level was set at α < 0.05. The spatial distribution of the PTEs in surface water and sediments was analyzed using the geographic information system software ArcMap 10.8.1.




2.2.2. Exposure Parameters


The human exposure to PTEs was estimated both for adults and children receptors through incidental ingestion of water, dermal contact with water, incidental ingestion of sediments, and dermal contact with sediments (during swimming/recreational activities). The chronic daily intake (CDI: mg/kg-day) was calculated according to Equations (1)–(4) proposed by the United States Environmental Protection Agency (USEPA) [21,26].


    CDI    ingestion   water      =    C w  × EF × ET ×   IR  w  ×  ED       AT    ×    BW      × CF  



(1)






    CDI    ingestion   sediments      =    C s  × EF × ET ×   IR  s  ×  ED       AT    ×    BW      × CF  



(2)






    CDI    dermal   contact   water      =    C w  × EF ×    ET    × ED ×    SA  ×    kp     AT    ×    BW    ×    CF   



(3)






    CDI    dermal   contact   sediments    =    C s  × EF ×  ET    ×    ED  ×    SA  ×    AF  ×    ABS     AT    ×    BW      ×    CF   



(4)




where C is the PTE concentration in water (Cw: µg/L) and sediments (Cs: mg/kg), EF is the annual exposure frequency in local rivers (days/year), IRw and IRs are the incidental ingestion rate of water (L/day) and sediments (mg/day), ET is the exposure time in local rivers (hours/day), ED is the lifetime exposure duration (years), AT is the averaging time (days), BW is the body weight (kg), SA is the skin surface area exposed (cm2), AF is the adherence factor (mg/cm2), ABS is the dermal absorption fraction (unitless), kp is the skin permeability constant (cm/hour), and CF is a conversion factor.




2.2.3. Risk Characterization


Carcinogenic and non-carcinogenic risk assessment was conducted to estimate health effects due to exposure to PTEs. The non-carcinogenic risk was quantified in terms of hazard quotients (HQs) for all the elements and exposure routes, according to Equations (5) and (6). The sum of all HQs was likewise expressed as the hazard index (HI). If HQ and HI are > 1, the recommended admissible thresholds are exceeded [39]. Potential carcinogenic health effect (CR) through incidental ingestion of water and sediments was calculated according to Equation (7). The cancer risk was assessed for Cr and Pb, which have slope factors (SForal) reported. The CR values were then summed for each exposure route, expressed as a total cancer risk (TCR), and compared to the acceptable reference values (TCR < 1 × 10−5) [19,26]. Reference dose (RfD) and slope factors (SF) were obtained from the Risk Assessment Information System (RAIS) website [40]. The toxicity values used in this study are given in Table S1. A conservative criterion was used to calculate the exposure to Cr, taking the toxicity value for Cr(VI) since this species is more harmful to health [41] and can persist in aquatic media for long periods [42]. The Hg-inorganic was selected for exposure to water [43], and methylmercury (Me-Hg) was chosen for exposure to sediments since the methylation of Hg takes place mostly on sediments [44]. Furthermore, Al, Cd-water, Cu, Ni-soluble salts, Zn and compounds, and Pb and compounds were selected for exposure to water and sediments [9,10].


    HQ   ingestion   =     CDI   ingestion         RfD   oral      



(5)






    HQ    dermal   contact    =     CDI    dermal   contact          RfD   dermal      



(6)






    CR   ingestion   =   CDI   ingestion   ×   SF   oral    



(7)









2.3. Deterministic Approach


The traditional deterministic (point) approach is based on assigning a single value to each input parameter in the risk assessment model, which leads to an output of a single value of risk [45]. This method is advantageous due to its simplicity and easy understanding [46]; however, variability is not accounted for in input variables [24]. Furthermore, this method is based on a reasonable exposure situation and is relatively conservative [47]. The use point values of input parameters, as well as assumptions, could lead to an unrealistic risk estimation.



Table 2 shows the population exposure parameters and generic values for exposure factors used in the deterministic approach. The equations used to calculate the human health risk deterministically were implemented in R language. Point risk maps were generated using geographic information system software (ArcMap 10.8.1) to identify the sampling locations of major concern.




2.4. Probabilistic Approach: Monte Carlo Simulation (MCS)


Monte Carlo simulation, in which parameters are described by their distribution, is a widely used method for probabilistic risk assessment [10]. MCS employs statistical sampling techniques to obtain a full range of possible outcomes (in the form of probability distributions) [48], considering the inherent randomness and uncertainty associated with the data [24]. The MCS and other probability-based techniques to obtain a range of possible outputs from uncertain inputs have been widely used in the human health risk assessment [3,10,46] since they allow a sensitivity analysis of the input variables in the model [26].



In this study, carcinogenic and non-carcinogenic risks were estimated by applying MCS as probabilistic modeling, using Oracle Crystal Ball [8,15]. The number of 10,000 iterations (for every run) was set to obtain the probabilistic risk distributions [14].



Before the MCS was carried out, the application of GoF tests was performed to select the theoretical distribution that represents the concentration of PTEs in surface waters and sediments. The rriskDistributions package was used to identify the probability distribution that best fitted the data. The GoF was evaluated with Anderson–Darling (AD) tests and Kolmogorov–Smirnov (KS) [3,48]. The statistical significance level was set at α < 0.05. Lastly, Table 2 shows the standard distributions and values for the exposure parameters used for probabilistic assessment.



Sensitivity Analysis


Sensitivity analysis is based on the rank coefficient correlation or contribution to variance to identify the significance of the input variables to cancer and non-cancer risk estimation. It can be performed based on the outcomes of the MCS [10]. This methodology is widely used in risk management actions and decision-making to identify the main contributors to risk outcome [27]. In this study, the sensitivity analysis was estimated using the Spearman rank order correlation coefficient, which measures the strength and direction of the association between the ranks of the values (not the values themselves) of quantitative variables [26]. The sensitivity analysis was performed using 10,000 iterations and a confidence level of 95%.
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Table 2. Parameters and values used for deterministic and probabilistic assessment.






Table 2. Parameters and values used for deterministic and probabilistic assessment.





	
Parameters

	
Deterministic Approach

	
Probabilistic Approach

	
Reference




	
Point Estimate (RME)

	
Distribution

	
Values






	
EF

	
Exposure frequency-adults and children (day/year)

	
120

	
Triangular

	
120 (26–260)

	




	
EDa

	
Exposure duration-adults (year)

	
30

	
Lognormal

	
11.36 ± 13.72

	
Israeli et al. [49]




	
EDc

	
Exposure duration-children (year)

	
6

	
Uniform

	
1–6

	
Spence and Walden [50]




	
ET

	
Exposure time-adults and children (hour/event)

	
2.6

	
Triangular

	
2.6 (0.5–6)




	
SAa

	
Skin surface area (swimming)-adults (cm2)

	
23,000

	
Normal

	
18,400 ± 2300

	
Anderson et al. [51]




	
SAc

	
Skin surface area (swimming)-children (cm2)

	
7280

	
Normal

	
6800 ± 600

	
Carr [52]; Spence and Walden [50]




	
BWa

	
Body weight-adults (kg)

	
70

	
Normal

	
72 ± 15.9

	
Carr [52]




	
BWc

	
Body weight-children (kg)

	
15

	
Normal

	
15.6 ± 3.7

	
Anderson et al. [51]




	
IRwa

	
Ingestion rate of water-adults (L/event)

	
0.053

	
-

	
0.053

	
USEPA [39]




	
IRwc

	
Ingestion rate of water-children (L/event)

	
0.090

	
-

	
0.090

	




	
IRsa

	
Ingestion rate of sediments-adults (mg/event)

	
12.5

	
-

	
12.5

	
Goldblum et al. [53]




	
IRsc

	
Ingestion rate of sediments-children (mg/event)

	
50

	
-

	
50

	




	
ATnc

	
Averaging time non-carcinogen (day)

	
365 × ED

	
-

	
365 × ED

	
USEPA [21]




	
ATca

	
Averaging time carcinogen (day)

	
365 × 70

	
-

	
365 × 70

	
USEPA [21]




	
AFa

	
Adherence factor-adults (mg/cm2)

	
0.07

	
-

	
0.07

	
USEPA [21]




	
AFc

	
Adherence factor-children (mg/cm2)

	
0.2

	
-

	
0.2

	
USEPA [21]




	
ABS

	
Dermal absorption factor (unit-less)

	
0.001

	
-

	
0.001

	
Wang et al. [9];

USEPA [39]




	
Kp:

	
Permeability constant

(cm/hour)

	
Al, Cd, Cr, Cu, Hg = 0.001, Pb = 0.0001, Hg, Ni = 0.0002; Zn = 0.0006

	
-

	
Al, Cd, Cr, Cu, Hg = 0.001, Pb = 0.0001, Hg, Ni = 0.0002; Zn = 0.0006

	
RAIS [40]








RME: reasonable maximum exposure.














3. Results


The presence of hazardous elements in surface water and sediment samples showed serious human health implications. The human health risk due to exposure to PTEs was assessed both for adults and children residents. The risk outcomes by deterministic and probabilistic methods were above the safe exposure limit recommended by USEPA [21,26].



3.1. Deterministic Approach


The results estimated by the deterministic method showed unacceptable values of carcinogenic and non-carcinogenic risk. Table 3 summarizes the HI and TCR values resulting from exposure to the PTEs in different media for both age groups.



Regarding exposure to polluted waters, the HI through incidental water ingestion was below 1 for adults (in the order of 10−2 and 10−5) but above 1 for dermal contact. For children, the most vulnerable receptors, the HI was almost two times higher than the recommended value through ingestion and dermal contact routes. Cd, Cr, Hg, and Pb were identified as the primary pollutants that risk human health (Figure 2). On the other hand, TCR was above the safe limit through incidental ingestion of water in almost 7% of the sampling locations, with Cr as the pollutant of major concern.



Exposure to PTEs through the incidental ingestion of polluted sediments was the main contributor to the non-carcinogenic risk for adults and children. While Al, Cd, Cr, and Pb were the pollutants of primary concern, exposure to Cu, Hg, Ni, and Zn was negligible in all cases (HQ values were in the order of 10−1 and 10−3) (Figure 2). Regarding the TCR, the values were above the safe exposure threshold for both adults and children receptors, showing that residents were exposed to an intolerable risk level through incidental ingestion of sediments, with Cr as the main contributor to the overall risk.



Point Risk Maps


Point risk maps were generated to identify the sites of primary concern. For sediments, 100% of the sampling locations showed non-carcinogenic and carcinogenic values above the safe exposure limit (HI > 1 and TCR > 1 × 10−5) for adults and children receptors (Figure S1). Regarding exposure to polluted waters, while the HI values were below 1 in all the sampling locations for adults, one site showed a HI above 1 for children receptors. On the other hand, TCR was above the safe exposure value in one location for adults and four locations for children.



The sites that reported human health risk above the safe exposure threshold are close to mining activities and landfills (Figure 3). These results were to be expected since mining, mainly illegal, has been widely recognized as a polluting activity in the Ecuadorian Amazon [29,31,32,54,55]. Similar results were reported in the Brazilian Amazon, where discharges from gold mining activities still contribute to high concentrations of PTEs in soils, waters, and sediments [6,56,57].





3.2. Probabilistic Approach: Monte Carlo Simulation (MCS)


Table 4 summarizes the GoF test results of the data of PTEs concentration in surface water and sediments. The distributions representing the observed data were used in the risk models to obtain the HQ and CR for each exposure route and receptor. For Cu and Ni, given the small data set for surface waters, a point estimate value (50th percentile) was used to assess the human health risk. The 95th percentile risk result was obtained (Table 5), and the histograms of the risk assessment by each exposure media and receptor were then represented from the outcomes (Figure 4 and Figure 5).



3.2.1. Non-Carcinogenic Risk


The non-carcinogenic risk (HI) associated with the combined ingestion and dermal exposure to Al, Cd, Cr, Cu, Hg, Ni, Pb, and Zn exceeded the safe limit (HI > 1) for both receptors in the studied rivers. The HI for adults and children’s exposure to polluted waters was above the safe exposure limit for all the percentiles. Therefore, 100% of the receptors are exposed to an unacceptable risk level. Cadmium displayed the highest values of HQ for adults and children, followed by Cr, Hg, and Pb through incidental ingestion of water. Furthermore, this study found an important contribution of the dermal routes on HI, mainly by Cd, Cr, and Hg. The 95th percentile of HI estimated for children was almost two times higher than adults, demonstrating that children are the most vulnerable receptors (Figure 4).



Regarding exposure to sediments, the HI was greater than 1 for the 1.5th and 1th percentiles, for children and adults, respectively. These results show that almost 99% of receptors present an intolerable non-cancer risk associated with exposure to contaminated sediments. Furthermore, the results indicate that children were more susceptible to non-cancer risk than adults (Figure 4). Overall, the risk outcomes were extremely high— the HI for the 95th percentile was three orders of magnitude above 1 for both age groups exposed to polluted waters. The 95th percentile of HI estimated to sediments was between four and five orders of magnitude above the safe exposure limit for both receptors.




3.2.2. Carcinogenic Risk


The carcinogenic risk (TCR) for exposure to surface waters was above the threshold for the 15th percentile for children and 14th percentile for adults, indicating that almost 85% of exposed receptors presented a cancer risk above the recommended limit (TCR > 1 × 10−5). The 95th percentile TCR values were 2.09 × 10−4 for adults and 7.85 × 10−5 for children (Figure 5), with Cr as the main contributor to the overall cancer risk.



Regarding exposure to polluted sediments, the TCR was above the safe exposure boundary for all the percentiles. Therefore, residents living around the studied rivers are exposed to an intolerable risk level. The 95th percentile TCR values were 1.72 × 10−3 and 8.28 × 10−3 for adults and children, respectively (Figure 5). These values were several orders of magnitude greater than the recommended value. The risk outcomes showed that children were more susceptible to cancer risk from PTEs exposure. Furthermore, Cr presented the highest values of CR for adults and children through ingestion and dermal routes.




3.2.3. Sensitivity Analysis


The sensitivity analysis was performed to identify the key variables contributing significantly to cancer and non-cancer risk (Figure 6 and Figure S2). Concerning probabilistic carcinogenic and non-carcinogenic risk estimation by exposure to surface water, the sensitivity analysis showed that exposure duration (ED) presented the strongest positive effect on the risk outcome for both receptors. However, the exposure time (ET) and exposure frequency (EF) also played an important role in the risk results.



Regarding exposure to polluted sediments, the sensitivity analysis results showed that the concentration of PTEs and the exposure duration (ED) were the main influential variables to HI and TCR for both receptors. On the other hand, exposure time (ET) and exposure frequency (EF) had less influence on the risk outcomes.






4. Discussion


4.1. Potential Impacts of PTEs on Human Health


Rivers are severely polluted with PTEs in the study site. The high levels of PTEs are possibly generated from urban pollution, fish farming, gold mining, and municipal landfill areas without waste treatment [37]. The concentration of PTEs in surface waters from the study area were in the following order: Ni > Pb > Cr > Cu > Zn > Hg > Cd > Al, with the highest values detected close to the mining operations. On the other hand, for sediments, the concentrations of PTEs varied widely among the sampling locations following the decreasing order: Al > Zn > Cu > Cr > Ni > Pb > Cd > Hg (Figure S3). The risk outcomes showed that the sampling locations near mining areas presented the highest values of HI and TCR for exposure to surface water. Furthermore, landfills were the second pollution source related to TCR for children. For sediments, all sampling locations were above the safe exposure limit (TCR > 1 × 10−5) for the inhabitants exposed to polluted rivers. The main sources of risk were fish farming, mining, and landfills, mainly for children (Figure 7).



The presence of PTEs in surface waters and sediment samples showed serious human health implications for both children and adult receptors. Similar findings were found by Castilhos et al. [6] and de Souza et al. [56] in gold mining operations in the Brazilian Amazon, who identified mining pollution as a potential hazard for people who live near the mining areas. In addition, Barraza et al. [35] and Maurice et al. [34] reported HQ and CR values above the recommended thresholds due to exposure to polluted zones impacted by oil activities in the Ecuadorian Amazon. In this line, further investigations are needed to identify all potential sources of hazard for the inhabitants of the Ecuadorian Amazon.



Deterministic and Probabilistic Quantification


The overall HI and TCR values by both deterministic and probabilistic methods showed that the non-carcinogenic and carcinogenic risks were above the safe exposure limit, although the probabilistic risk outcomes were higher than the deterministic ones. For surface waters, the HI estimated by the deterministic method was 1.85 and 4.83 for adults and children, respectively. In contrast, the probabilistic HI ranged from 2.89 to 1.77 × 104 for adults and 34.91 to 10.27 × 104 for children. Regarding sediments, while the deterministic HI was 1.99 × 102 for adults and 2.66 × 103 for children, the probabilistic HI ranged from 0.1 to 62.78 × 105 for adults and 0.8 to 15.45 × 105 for children. Concerning the cancer risk, the deterministic TCR associated with water exposure was 4.31 × 10−5 and 3.42 × 10−4 for adults and children, respectively, but the probabilistic TCR ranged from 3.24 × 10−7 to 3.47 × 10−3 for adults and 1.02 × 10−6 to 4.61 × 10−4 for children. For sediments, the deterministic TCR was 5.67 × 10−3 for adults and 1.06 × 10−3 for children, but the probabilistic TCR ranged from 4.00 × 10−8 to 4.17 × 10−2 for adults and 9.30 × 10−7 to 4.09 × 10−2 for children. As expected, results showed that children are generally more exposed to PTEs than adults. Furthermore, the main contributor to the aggregate risk and total carcinogenic risk in residents was the accidental ingestion of sediments.



The advantage of probabilistic methods over deterministic ones is that the latter provides probabilistic predictions and a better understanding of the risk levels to which the receptors are exposed. The risk distributions offer information on the percentage of the population with cancer or non-cancer risks above the level of acceptability [45]. Furthermore, the sensitivity analysis performed from the probabilistic results allows for the evaluation of the significance of the input variables in the risk outcomes. In this study, the risk estimate was most sensitive to the concentration of PTEs and exposure duration (ED).





4.2. Environmental Management and Public Policy


The risk assessment is a useful instrument to give quantitative meaning to problems of environmental exposure to pollutants, and most importantly for prioritizing corrective actions [58]. In the study area, the probability of an individual developing cancer over a lifetime as a result of exposure to PTEs was higher than the acceptable levels. In this line, strategic policies on reducing exposure are needed to avoid the detrimental health effects of the residents. In addition, future studies to assess the risk of the vulnerable populations, including children and pregnant women, should be carried out to identify the occurrence of PTE-associated diseases through different exposure routes. The risk related to the ingestion of local crops and fish must be monitored, which would raise the aggregate risk figures, since some PTEs can enter the human body through the food chain [44,45].



The studies on environmental pollution and human health risk in the Amazon have focused on Hg contamination related to gold mining operations, deforestation, and damming of rivers [59]. However, the presence of PTEs such as Cd, Cr, and Pb and the human health risk through multiple exposure pathways have not been documented accordingly [56]. Many studies have reported excessive concentrations of PTEs in Ecuadorian Amazon rivers [29,31,32,54,55]. Therefore, it is very likely that these high levels of PTEs are related to the appearance of serious health problems in local populations.



The results suggest that mining activities in the area represent a potential hazard for the population since PTEs occur in gold processing areas, mainly in the informal mining sector. It is also common in many rural areas of developing countries, which rely on unskilled workers to mine and process gold. Furthermore, fish farming and landfills contributed to the HI and TCR through exposure to polluted sediments. Therefore, this study sheds light on the need for continuous environmental monitoring to identify the origin of PTEs in Amazon rivers and their effect on the health of the inhabitants. This information can support public strategies to control the quality and use of local rivers. Environmental and public health supervisory institutions should monitor the impact of anthropogenic activities in the area and adopt effective measures to decrease the risk to human health from exposure to pollutants.





5. Conclusions


This study provides preliminary information on the health risk of PTEs for adults and children, both of which are river users in the Ecuadorian Amazon. The risk outcomes by both deterministic and probabilistic methods showed that exposure in local rivers is unsafe for human health. The highest risk for adults and children was related to exposure to polluted sediments through incidental ingestion and dermal contact routes. Therefore, it is advisable to assess the bioavailable concentrations of PTEs in sediments. The risk associated with exposure to contaminated waters also was extremely high for adults and children receptors.



The sensitivity analysis identified the concentration of PTEs and exposure duration, the two most important variables for health risk calculation. While the non-cancer risk was associated with Al, Cd, Cr, Hg, and Pb exposure, Cr was the main contributor to the overall cancer risk, representing a major concern. Considering that the elements are presented as different species, with different toxicity and bioavailability, it is necessary to evaluate chemical speciation for a more robust risk assessment.



The human health risk outcomes of this study need to be further investigated. Although the exposure values taken from the literature provide valid information, population-specific parameters should be determined locally to obtain site-specific risk outcomes. Epidemiological studies are the most consistent mechanisms for public health control and intervention. However, risk assessment is a suitable instrument to estimate health harms derived from exposure to pollutants. Adequate regulatory strategies and continuous environmental monitoring could reduce the pollution in Amazon Rivers and, therefore, reduce human health risks.
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Figure 1. Location of the study area, anthropogenic activities, and sampling locations. 
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Figure 2. PTEs and exposure routes of major concern in the hazard index (HI) outcomes estimated for surface waters and sediments. 
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Figure 3. Point risk map of HI and TCR for both age groups exposed to polluted surface waters. 
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Figure 4. Histograms of HI for adults and children for exposure to surface waters and sediments. 
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Figure 5. Histograms of TCR for adults and children for exposure to surface waters and sediments. 
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Figure 6. Sensitivity analysis results from identifying the relative contribution of input variables on TCR for both receptors exposed to surface waters and sediments. 
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Figure 7. Results of HI and TCR, and their relationship with the possible sources of contamination reported in the sector. 
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Table 1. Summary statistics of the potentially toxic elements (PTEs) concentration in surface water and sediment samples.
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Surface Water (µg/L)

	
Sediments (mg/kg)




	

	
Min.

	
p50

	
Max.

	
Std. dev

	
Min.

	
p50

	
Max.

	
Std. dev






	
Al

	
0.10

	
0.30

	
303.60

	
83.90

	
2880.80

	
12,365.60

	
269,301.00

	
73,197.12




	
Cd

	
1.70

	
3.00

	
46.00

	
13.60

	
1.40

	
2.70

	
20.10

	
4.84




	
Cr

	
4.90

	
19.40

	
238.30

	
99.82

	
2.70

	
8.90

	
38.80

	
9.63




	
Cu

	
2.80

	
19.20

	
135.30

	
72.23

	
2.40

	
14.35

	
50.80

	
14.78




	
Hg

	
0.50

	
6.70

	
11.20

	
3.97

	
0.10

	
0.10

	
0.40

	
0.13




	
Ni

	
18.10

	
86.85

	
155.60

	
97.23

	
0.90

	
5.60

	
17.20

	
4.53




	
Pb

	
0.70

	
39.30

	
133.10

	
48.14

	
1.00

	
3.15

	
11.00

	
3.10




	
Zn

	
2.40

	
13.05

	
712.00

	
186.17

	
17.80

	
48.30

	
233.70

	
55.06








The data set corresponds to samples taken in November 2018 [37].
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Table 3. Deterministic hazard index (HI) and total cancer risk (TCR) from exposure to PTEs in surface waters and sediments for adults and children receptors.
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Surface Waters

	
Sediments




	

	
Adults

	
Children

	
Adults

	
Children






	
HI

	
1.85

	
4.83

	
1.99 × 102

	
2.66 × 103




	
TCR

	
4.31 × 10−5

	
3.42 × 10−4

	
5.67 × 10−3

	
1.06 × 10−3
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Table 4. Fitted distributions for PTEs concentration in surface waters and sediments.
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Media

	
PTEs

	
Fitted Distribution

	
Distribution Parameters

	
AD

	
KS






	
Surface water

	
Al

	
Cauchy

	
Location = 0.23, Scale = 0.14

	
3.18

	
0.27




	
Cd

	
Cauchy

	
Location = 2.83, Scale = 0.75

	
1.05

	
0.20




	

	
Cr

	
Cauchy

	
Location = 14.40, Scale = 10.85

	
0.70

	
0.27




	

	
Hg

	
Lognormal

	
Mean = 1.38, sd = 1.09

	
0.58

	
0.29




	

	
Pb

	
Logistic

	
Location = 39.70, Scale = 26.30

	
0.55

	
0.19




	

	
Zn

	
Lognormal

	
Mean = 2.71, sd = 1.52

	
0.37

	
0.13




	
Sediments

	
Al

	
Lognormal

	
Mean = 9.81, sd = 1.24

	
0.45

	
0.17




	

	
Cd

	
Lognormal

	
Mean = 1.17, sd = 0.67

	
0.67

	
0.24




	

	
Cr

	
Logistic

	
Location = 10.86, Scale = 4.74

	
0.56

	
0.16




	

	
Cu

	
Lognormal

	
Mean = 2.44, sd = 0.95

	
0.29

	
0.13




	

	
Hg

	
Exponential

	
Rate = 6.25

	
1.11

	
0.46




	

	
Ni

	
Logistic

	
Location = 6.56, Scale = 2.37

	
0.82

	
0.15




	

	
Pb

	
Normal

	
Mean = 4.06, sd = 2.99

	
0.70

	
0.19




	

	
Zn

	
Lognormal

	
Mean = 3.86, sd = 0.68

	
0.26

	
0.11








AD: Anderson–Darling test, KS: Kolmogorov–Smirnov test.
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Table 5. Probabilistic HI and TCR (95th percentile) in surface waters and sediments for adults and children receptors.
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Surface Water

	
Sediments




	

	
Adults

	
Children

	
Adults

	
Children






	
HI

	
2.03 × 103

	
3.52 × 103

	
3.69 × 104

	
2.04 × 105




	
TCR

	
2.09 × 10−4

	
7.85 × 10−5

	
1.67 × 10−3

	
8.09 × 10−3
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