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Abstract

:

Artisanal and Small-scale Gold Mining (ASGM) is a source of supply in many areas of the world, especially in developing countries. This is often carried out illegally using toxic substances such as mercury. Mercury, due to its chemical–physical properties and the transport factors involved between the different environmental matrices, can percolate through soil and from surface water to groundwater. The objective of this study was to conduct a human health risk assessment. For this purpose, a screening of mercury concentrations was carried out, collecting 67 water samples at selected points, and a risk assessment was performed applying both a deterministic and a probabilistic approach. A deterministic approach is a specific analysis based on determining the values of the risk quotient (HQ) and the risk index (HI) for each receptor category (adults and children) and scenario (residential and recreational) considered; a probabilistic approach is based on stochastic simulation techniques and the evaluation of the statistical quantities. There was found to be a discrepancy between the results provided by the two approaches, with the deterministic approach suggesting a more worrisome picture. However, in general, the results showed a greater exposure in the provinces of El Oro and Esmeraldas, and a greater vulnerability of child receptors.
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1. Introduction


Mining is one of the oldest activities in the world. According to some sources, it was already practiced in prehistoric times, some four thousand years ago. Gold mining in Ecuador dates to the time of the Incas and was practiced with rudimentary techniques and means for a long time [1]. Over the past two decades, the demand for gold has increased exponentially, and consequently so has the price [2,3]. This has prompted a huge increase in investment in this economic activity, especially in developing countries such as Ecuador. Therefore, today the survival of millions of people and their families depends on gold mining [4]. Gold mining is conducted at different scales; some activities take place with greater compliance with administrative regulations, but inland there is widespread ASGM, which is often carried out as an illegal activity [1,5]. Thus, gold mining has a twofold significance: on the one hand, it has a positive potential, in the sense that it can foster job creation and economic growth in the country [6], while on the other hand, most of the extractive techniques adopted have a strong negative impact on the environment and on human health, and also have a negative effect from a social point of view by creating false expectations of well-being in the population and by fostering armed conflicts [2,7].



Some examples of the impact that illegal gold mining has on the affected regions are discrimination and social conflicts over gender inclusion, exploitation of black labor, and exploitation of child labor. Moreover, it is often associated with the activities of illicit associations, which adopt violence as a means of subjugation [2,8,9]. Indeed, this sector has recently been affected by a significant growth in illegal and informal activities, and this constitutes an obstacle to the country’s economic growth and development [9].



In addition, mining can cause a huge impact on the environment and human health, especially illegal gold mining activity because it is carried out without the aid of technologically advanced methods [10]. The consequence is that, in the areas surrounding mining activities, a large amount of chemical pollution is constantly produced, and substances such as zinc, nitric acid, cyanide, arsenic, cadmium, manganese and, above all, mercury infiltrate surface water bodies [2,3,11] and infiltrate the ground, from where they can reach the groundwater.



Mercury (Hg) is the most widespread element in artisan mining and it can easily trigger oxidative stress in biological systems [12]. Additionally, it has properties that make it one of the most toxic metals to the environment and human health, such as high volatility, persistence, and tendency to bioaccumulate [13]. As it is in the liquid state under standard conditions, when it is found in groundwater bodies it can easily move from soil to groundwater and vice versa. In particular, in extractive processes, it is used in the amalgam phase, during which it binds to the gold and then, by bringing the amalgam to very high temperatures, the two materials separate: the gold can then be recovered, and the mercury evaporates [14,15]. It is clear that carrying out such a process without taking appropriate precautionary measures and mercury capture systems inevitably results in the diffusion of mercury vapor into the atmosphere and subjects operators to inhalation [16].



Mercury is a heavy metal belonging to the transition group, and is the only metal found in nature in a liquid state at room temperature. Because of its particular behavior, mercury is very prone to dispersing and spreading rapidly, and is very difficult to recover since in its liquid state it separates into globules characterized by high speed of movement, and, furthermore, depending on external conditions it can easily evaporate and recondense [17]. Due to anthropogenic activities, mercury is often introduced into the environment in an inorganic form, but natural processes may intervene to convert it into an organic form; when it reaches aquatic environments, it interacts with the bacteria present, which convert it into methylmercury [CH3Hg]+, a compound that can persist in the environment for centuries [17]. Mercury can occur in three different forms: elemental mercury, inorganic mercury compounds, and organic mercury compounds. All have a toxicity rate, but organic mercury compounds, such as methylmercury or dimethylmercury, are considered the most toxic [18]. In laboratories, methylmercury salts aggregate to form solid crystals, but it is very difficult to detect their presence in the environment where they are formless [17].



The overall objective of a risk analysis is to assess the risk to the environment and human health from contamination by one or more pollutants. Accurate analysis requires the deployment of considerable resources in terms of economic, technical, and logistical resources. Therefore, it is always preceded by general analysis. First-level analyses are carried out from very conservative assumptions. Therefore, reference is made to total mercury as an analysis criterion, since potentially all mercury in the environment can be transformed into its most toxic form. Moreover, contamination becomes of greater concern the more vehicles exist in the environment for it to reach receptors. And this is all the more likely in an environment as rich in biodiversity as the Ecuadorian coast. The use of such a precautionary approach enables results for safety benefits, and easily identifies the most affected areas where institutions can provide the necessary resources to plan and conduct more detailed analyses.



The effects that mercury can have on human health vary depending on the concentration, the vulnerability of the individual and the duration of exposure to the contaminant, but in the case of prolonged exposure, the effects can be very serious: they range from cancer to malfunctioning of vital organs such as the liver, lungs and heart [19,20].



Human receptors in mining areas can be reached by contamination through different migration pathways, but in general this depends on the characteristics of the environment considered [2,21]. Since ASGM is often located in inhabited areas, both residential and recreational scenarios should be considered for the analysis. For both scenarios, the most frequent mode of exposure results as accidental ingestion of contaminated water. Added to this is the consumption of fish caught near mining areas, which can introduce organic mercury (methylmercury) into the human body [10,21]. Furthermore, in workplaces where mining is illegally conducted, and where amalgamation processes involving mercury are carried out, inhalation of elemental Hg vapors is the most frequent type of exposure [4]. A final mode of exposure worth mentioning is dermal contact: due to this phenomenon, a contaminant can be adsorbed through the skin. This depends on the chemical form of the metal [22]. Consistent with this picture, the population surrounding mining areas is subjected to multiple modes of exposure and therefore presents a high risk of developing adverse health effects [23].



Mining in Ecuador


Mining in Ecuador has ancient roots and has evolved over the years, influenced by many factors. According to some sources, most of the mining activities in the country originated from pre-Hispanic cultures, although there are not certain data on the techniques used. However, it is known that rudimentary tools were used in pre-colonial times [2,24]. It was not until the mid-16th century that the sighting of gold particles in the Zaruma and Portovelo areas prompted the prospectors to search for nuggets in the waterways [2]. Until the late 19th to mid-20th century, responsibility for the mining exploitation of the Portovelo areas lay with the South American Development Company—SADCO. Subsequently, responsibility passed to the Industrial Mining Associated Company (CIMA), which operated until the 1970s, only to give way to exploitation by small-scale miners and artisans [2,25]. From an administrative point of view, in the first phase of its existence, mining was not governed by any legal regulations. Later, with the growth of the mining industry, which also paralleled the creation of the state of Ecuador, the first interests arose in 1830 in establishing a regulatory system to regulate property rights and encourage foreign investment [2,26]. After a long epic of bills, approvals, and amendments, an amendment, known as the Organic Reformatory Law, was made to the Mining Law in order to establish more equity and the Internal Tax Regime [27]. However, it is essential to highlight that unique and specific legislative measures are sometimes implemented in some areas of the country in order to avoid disasters [12].



Historical evolution has led to the current situation: today, 264 gold mining concessions are legally registered in the coastal region, including artisanal mining, small-scale mining, medium-sized mining, large-scale mining, and a general regime. The most exploited province is El Oro with 213 gold mines, followed by Guayas with 24 mines, Esmeraldas with 16 mines, Los Ríos with 5 mines, and Santo Domingo de las Tsáchilas with 4 mines. However, the Minister of Energy and the National Police noted a worrying increase in illegal gold mining activities due to the lack of control during the COVID-19 pandemic [7]. Among the areas affected by this phenomenon, the El Oro province stands out, particularly the San Lorenzo canton, although a measure was introduced in 2011 to prohibit any kind of mining activity [12]. On 18 November 2020, a landslide occurred in an illegal mine, killing several people [28]. According to a National Institute of Statistics and Census of Ecuador—INEC report, the provinces in Ecuador’s coastal region have high poverty rates, despite the fact that some cantons such as Zaruma, Portovelo, and Camilo Ponce Enriquez produce around 86% of the gold exported throughout the country from small-scale mining [12]. The population is therefore induced to embrace illegal mining due to the conditions of extreme poverty and lack of other employment opportunities [29].



The objective of this study was to analyze mercury (Hg) concentrations in five provinces in the coastal region, in order to carry out a human health risk assessment of populations exposed to contamination. For this purpose, 67 water samples were taken, with the sampling points selected according to the distribution of mining activities in the region. The collected data were then processed, conducting a risk analysis using both the traditional deterministic approach and the more innovative probabilistic approach. Comparing the results of the two approaches provides a more complete overview of the situation.





2. Materials and Methods


2.1. Study Area


This study concerns the following provinces of the Coast region of Ecuador: Guayas, Esmeraldas, El Oro, Los Ríos, and Santo Domingo de las Tsáchilas (Figure 1), which together correspond to an area of approximately 70,472 km2 and have a population of approximately 8.5 million inhabitants [30]. The coastal region is situated between the Andes Mountain range and the coastal profile. The climate is uniform on average, but there are significant differences between the northern and southern provinces. The northern provinces, especially Esmeraldas, are characterized by a high rainfall regime and dense vegetation. The southern provinces are characterized by an arid climate regime, with the presence of semi-desert plains. The province of Esmeraldas is covered by estuaries and rainforests, which also makes it extremely rich in biodiversity. From a geomorphological point of view, the coastal region has a varied layout, with a wide range of mountainous reliefs, plains, and wide coastlines [2,31]. All the higher and more moderate elevations of the coastal region are located west of the Guayaquil–Quinindé line and north and north-east of the city of Guayaquil. The central framework of the coastal region is formed by the so-called coastal mountains, a massif that crosses the area longitudinally. It is settled on a volcanic–cretaceous complex (rich in basalts, diabase, andesites and pyroxenites), which in turn is covered by discordant rocks of the volcanic–sedimentary complex (conglomerates, sandstones, greywackes, pillow lavas and silicified clays) [31]. The central–eastern and southern part of the coastal region is characterized by flat areas extending to the foothills of the plateaus. The morphological variety is reflected in an equal geological variety. The soil structure presents a rich assortment that can vary depending on the province in question with vertisols, alfisols, entisols, aridisols, molisols, andisols, and inceptisols [1].These characteristics make the soil particularly suitable for the development of geological processes that preside over the formation of mineral deposits [32]. The favorable climatic conditions combined with the wealth of natural resources are factors that have always made the coastal region one of the most suitable for the development of multiple economic activities, and therefore one of the most exploited [33]. The overall picture is one of a land rich in resources, biodiversity, and geological variety. These conditions also facilitate the potential spread of contamination. Indeed, the largest impact of gold mining on the environment is the contamination of soil and water resources through improper discharge and infiltration of toxic substances [2,34]. This implies that, in northern provinces covered by a dense hydrographic network (such as Esmeraldas), the presence of toxic substances in the environment can spread from watercourses to soil, groundwater, fish fauna and finally to humans. Similarly, contamination can spread rapidly in the soil in areas with medium to high permeability soils such as sands [35].



The coastal region has two main basins: the Manglaralto River Basin, to which the northern territories belong, and in the south the Guayas River Basin. The Manglaralto basin shows aquifer water levels varying between 1.72–23.1 m asl. The predominant grain sizes are gravel, sands, silts, and clays. Thus, these are soils with permeability varying between 1.6 and 5 m/day [36]. This area is characterized by a predominantly arid climate and is of considerable interest from the point of view of tourism, resulting in the presence of seasonal fluctuations in attendance. These factors contribute to overexploitation of aquifers, also promoting the intrusion of sea water into them, with limestone inputs from the marine environment. In addition, infiltration of stormwater can result in the dissolution of evaporitic materials, which can in turn reach the aquifers [37]. Therefore, the hydrogeological context is conducive to the potential infiltration of mercury into the soil.



Regarding the hydro-chemical footprint in groundwater, this is determined by multiple influencing factors, including rainfall regime, ion exchange, dilution, and anthropogenic activities. The study conducted by Carrión-Mero et al. (2021) found a chemical footprint of Ca-Na-Cl and Ca-Na-CHO3; in addition, in the recharge phases of the aquifer there was a cation exchange (Ca2+ to Na+). Finally, in the belt closest to the coast, a Ca-Cl chemical footprint was detected [38]. As far as the Guayas River Basin is concerned, it is compounded by an additional aggravating factor represented by the increasing population that has resulted in a significant intensification of anthropogenic activities, especially in land use, altering the ecological quality of the water [39]. These conditions favor the possibility that not only can mercury reach the groundwater, but it can also interact with other elements, worsening the situation.



Mercury methylation is the most significant reaction from the point of view of environmental impact. Numerous experimental investigations have revealed a number of factors that are capable of promoting mercury methylation, including the following: pH, Hg2+ concentration, redox potential, water temperature, nutrient, and sulfate concentration, and dissolved organic carbon concentration [40]. The presence of methylmercury in the environment poses a threat to ecosystems. Therefore, the threat becomes closer if it is introduced into river and lake environments, contaminating first fish populations and then humans. Several studies have found a higher presence of mercury in predatory fish; this is explained by the fact that mercury accumulates along food chains [36]. Part of the coastal population lives from fishing, and fish is an integral part of the local diet. Specifically, the World Health Organization (WHO) set the tolerable weekly dose of MeHg at 1.6 1.6 μg/kg human body weight/week [41].



In aquatic environments, the presence of particular microorganisms contained in the sediments deposited on the bottom facilitates the conversion of mercury into organic methylmercury (MeHg). Methylmercury is the main culprit in contaminating fish populations. However, the extent of contamination is also influenced by other factors. The first influencing factor is the concentration of available mercury, and the possible presence of other contaminants, but the age of the fish is also a factor since mercury accumulates inside their tissues according to their feeding habits. In particular, an increased presence of mercury was found in predatory fish [42].




2.2. Sampling and Laboratory Analysis


The analysis began with field work carried out between March and July 2022, a period characterized by rainfall values between 200 and 300 mm [43]. The sampling points were chosen with reference to the location of the mining concessions, so water samples were taken from wells for human consumption located in inhabited areas (mainly hamlets or rural communities) (Figure 1). This study focused on analyzing the concentration of Hg in water samples from aquifers. Regarding the procedure for taking and transporting the samples, 250 mL amber flasks were used, subjected to acidification with 0.10 mL of nitric acid. All the samples were transported under a rigorous chain of custody to the Science Laboratory of the Escuela Superior Politécnica de Chimborazo, Sede Orellana, Ecuador. The procedure to determine the Hg concentration was based on atomic absorption and hydride generation (atomic absorption spectrophotometry). The Hg measurement range was from 0.0005 to 10 mg/L; the reference method used was Standard Methods, Ed. 23. 2017, 3112B-Acid Digestion: EPA Method 3015, 2007. Samples were prepared according to the nitric acid digestion procedure described in EPA Method 7473 [44]. The entire process from sample collection to processing in the laboratory complied with international quality, confidentiality, and code of ethics policies.



In the samples analyzed, the total organic content averaged 7.5 mg/L. This value indicates the presence of organic contaminants. In order to avoid the interference of total organic content on the determination of mercury levels, a filtration process was performed and reduced the content to 2.1 mg/L. Minimizing the TOC is an essential step to avoid the formation of organic complexes with mercury. Evaporation losses were not quantified, as the TOC was reduced to a value within the range of uncontaminated water samples. In addition, water samples were acidified by adding nitric acid (HNO3) because it preserves mercury and inhibits microbial growth. Nitric acid is a strong oxidant that facilitates the conversion of volatile elemental mercury Hg0 to ionic mercury (Hg+2), thus minimizing the possible loss of the analyte (Hg) by volatilization.




2.3. Risk Assessment and Characterization


To carry out the health risk assessment, i.e., for human health, two possible scenarios were considered: the residential scenario and the recreational scenario. In both scenarios, the main modalities of exposure by which human receptors may come into contact with the contamination, and which must therefore be taken into account, are water ingestion and dermal contact. The potential risk associated with human health was assessed through the HQ calculated for non-carcinogenic substances, for each modality of exposure, defined as the ratio of the average daily dose ADD to the reference dose RfD. The average daily dose was determined using Equations (1) and (2) below, USEPA 2001 and 2004, respectively. Organic Hg was taken as the reference for RfD because it is the most water-soluble Hg compound, and its value was obtained as reported on the Risk Assessment Information System website [45]. Since two scenarios were considered, the risk was assessed in terms of cumulative risk, through the so-called HI Hazard Index, given by the sum of the HQs for the two scenarios. If one of the HQs or the HI tends to take values close to or even above unity, this means that the safe exposure threshold has been exceeded and, therefore, adverse effects related to Hg exposure may occur. In order to reduce the uncertainties involved in risk assessment, the analysis was conducted using the traditional deterministic approach, and in addition a probabilistic approach [14].


    A D D   i n g e s t i o n   =     C   s w   · E F · I R · E D   A T · B W · C F    



(1)







Equation (1)—Average daily dose by the route of ingestion, USEPA 2001.


    A D D   d e r m a l   c o n t a c t   =     C   s w   · E F · E T · E D · S A ·   k   p     A T · B W · C F    



(2)







Equation (2)—Average daily dose by the route of dermal contact, USEPA 2004.



Where the meaning of the parameters is as follows:


          C   G w   = H g   c o n c e n t r a t i o n   i n   w a t e r   (   m g   L   )       E F = e x p o s u r e   f r e q u e n c y   (   d a y s   y e a r   )       I R = i n g e s t i o n   r a t e   o f   w a t e r       L   d a y           E T = e x p o s u r e   t i m e       h o u r s   e v e n t           E D = l i f e t i m e   e x p o s u r e   d u r a t i o n     y e a r s         S A = s k i n   s u r f a c e   a r e a   e x p o s e d       c m   2             k   p   = s k i n   p e r m e a b i l i t y   c o n s t a n t       c m   h o u r           A T = a v e r a g i n g   t i m e     d a y s         B W = b o d y   w e i g h t     k g         C F = c o n v e r s i o n   f a c t o r        











2.3.1. Insight into the Significance of Parameters


	
CGW (Concentration): it represents the concentration of mercury detected at selected sampling points.



	
EF (Exposure Frequency): it is a representative parameter of the average number of days per year the receptor is considered to be exposed to contamination. Therefore, the value of EF varies depending on the scenario considered.



	
IR (Ingestion Rate): it represents on average the amount of contaminated water ingested daily by the receptor. Clearly, this quantity varies depending on both the scenario considered and the type of receptor.



	
ET (Exposure Time): it represents the duration of exposure with reference to the individual contamination event. Its value depends on the considered scenario.



	
ED (Exposure Duration): it represents the duration, expressed in years, over which, on average, the receptor is considered to be exposed to contamination. Therefore, the ED value varies depending on the type of receptor: adult or child.



	
SA (Skin Area): it is the average area of skin considered to be exposed to contamination through dermal contact. It varies depending on the type of receptor considered.



	
Kp (Skin permeability constant): it is the amount of contaminant absorbed per centimeter of skin exposed per hour.



	
AT (Averaging Time): it represents the period over which the exposure is averaged. This parameter’s value differs depending on whether toxic (non-carcinogenic) or carcinogenic substances are being considered. In the case of toxic substances, as with mercury, it is conventionally assumed that TA coincides with ED.



	
BW (Body Weight): it is the average body weight of the receptor, so it has a different value for adult and child receptors.



	
CF (Conversion Factor): it is used to standardize units of measurement. Therefore, it is assumed to be 365.



	
RfD (Chronic Reference Dose): it represents the maximum dose of toxic contaminant that can be accepted. In essence, it is the concentration value of the pollutant for which no adverse effects on human health have been found in the literature.







2.3.2. Calculation of HQ and HI


The risk for non-carcinogenic toxic substances is quantified by reference to the Hazard Quotient (HQ). When multiple scenarios are considered, the corresponding Hazard Quotients (HQs) are added together and the overall risk is quantified by their sum, which is called the Hazard Index (HI). The Hazard Quotient expresses how many times the maximum tolerable daily intake of contaminant, per unit of body weight, is exceeded. Indeed, HQ is calculated as the ratio between the Average Daily Dose and the Reference Dose, as follows:


    H Q   i n g e s t i o n / d e r m a l   =     A D D   i n g e s t i o n / d e r m a l       R f D   i n g e s t i o n / d e r m a l      



(3)







Equation (3)—Hazard Quotient.



The Hazard Index HI is calculated by cumulating the HQs of the considered receptors in each scenario. With regard to the Reference Dose, the following values were considered: RfDingestion = 0.0003 mg/kg day; RfDdermal = 0.000021 mg/kg day.



When the Hazard Quotient (HQ) or Hazard Index (HI) exceeds the unit value, it means that the Average Daily Dose (ADD) taken by receptors is higher than the Reference Dose (RfD). Since the RfD represents the threshold of the contaminant considered below which no adverse effects on human health have been found, if the ADD exceeds this threshold, the likelihood of such adverse effects increases. The more the Hazard Quotient (HQ) or the Hazard Index (HI) value exceeds unity, the greater the risk can be considered to be.



The opensource software QGis (version 3.16) was used to process spatial information and generate maps. The probabilistic calculations were developed using the R programming language [46], with which 10,000 iterations were performed to ensure greater reliability of the analysis. The table containing the values of the parameters used in the analysis is also shown below (Table 1).






3. Results


3.1. Hg Concentration in Water


The potential sources of mercury (Hg) contamination in the study area are manifold and can interact with receptors in many different ways. In the residential scenario, receptors may incur contamination through consumption of contaminated water from groundwater, or consumption of fish and vegetables that are themselves polluted. Moreover, mining operators can incur contamination at work, due to the lack of appropriate safety measures. In the recreational scenario, contact with contamination may occur as a result of carrying out recreational activities, through dermal contact with contaminated water and soil. The effects of mercury exposure on human health can vary from changes to the respiratory system to cancer and DNA mutations, and even death in the most severe cases.



The summary statistics of Hg concentration in the groundwater samples for each province are presented in Table 2. The Hg concentration for the 50th percentile (p50) decreased in the following order: El Oro > Esmeraldas > Los Rios > Santo Domingo de los Tsáchilas > Guayas. These results confirm, as do other studies [11], that the El Oro province is the one most affected by contamination. The MPL set by Ecuadorian legislation for the quality of water for human consumption is 1 µg/L (INEN 1108), and, in this region, 2.28% of the samples analyzed were above this threshold. Of the values measured during sampling, in the entire region, 34% were below the measurement threshold of the measuring equipment (LoD = 0.5 µg/L). In the other provinces, 100 per cent of the detected concentrations were below the MPL value.



Specifically, in the provinces of Santo Domingo de los Tsáchilas and Guayas, Hg concentrations could not be detected at any of the sampling points. This could indicate that the concentrations are below the instrument’s detection threshold. However, undetected values could also be caused by malfunctions in the instrumentation or accidental errors on the part of the operators. In such cases, it may be appropriate to repeat the measurements several times. Moreover, it is possible to consider constructing a new data set cleaned of non-detected values. In the present study, a Hg concentration of half the MPL was assumed at the points where the values were not detected. Percentiles express the minimum value below which a certain percentage of the observed data falls. Thus, p50 expresses the limit below which 50% falls. The Standard Deviation (S.D.) is a statistical parameter that expresses the deviation of observed values from the mean.



To date, there is no specific information on Hg concentrations in groundwater bodies in the Costa region of Ecuador. The studies conducted to date have reported Hg concentration values in surface water, sediments, and groundwater [14], soils, biological samples [52], and fish [53].Therefore, this study represents a baseline for future research on groundwater quality in the region.



A comparison with the results of studies that have assessed Hg concentrations in groundwater in different areas of the world with the presence of gold deposits shows that the values found in the coastal region of Ecuador are within the range of the values reported in these studies. In particular, mention may be made of the following: Dorleku et al. (2018) [54] reported Hg values for Ghana ranging from 1 µg/L to 13.2 µg/L. Al-Hobaib et al. (2013) [55], for Saudi Arabia, assessed the presence of Hg in groundwater in areas near the Mah Adh Dhahab gold mine, where Hg concentrations of up to 99.90 µg/L were recorded. Finally, Taiwo et al. (2017) [56] found average concentrations of 1 µg/L in gold areas in Nigeria.




3.2. Human Health Risk Assessment


3.2.1. Deterministic Approach


The results of the risk analysis conducted using a deterministic approach are presented in Figure 2 as a point risk map. The numerical values of HI per province for the 95th percentile (p95) of the data (Table 3) followed the following decreasing order: El Oro > Esmeraldas > Los Rios > Santo Domingo > Guayas. Although the concentrations detected were, in many cases, below the MPL value established by Ecuadorian legislation, it cannot be said that the provinces analyzed are not at risk. This is because, clearly, in the risk analysis, in addition to concentrations, factors that increase the probability of contamination coming into contact with receptors are also taken into account. The provinces of Santo Domingo de las Tsáchilas and Guayas show concentration values below the instrument detection threshold at all sampling points. The most critical provinces were El Oro and Esmeraldas. In particular, the province of El Oro is at risk for adults with regard to ingestion in the residential scenario (84%), and the situation is even more worrying with regard to the recreational scenario, especially for the child population. The results for the province of Esmeralda are similar (75%). As for the Los Rios region, about 33% of the determined HI values exceeded unity in both the residential and recreational scenarios. In general, the child population resulted to be more exposed. A higher HQ value associated with dermal contact is also evident from this study. A similar result was obtained in a study carried out by Teixeira et al. (2021) [57].



Figure 2 shows the results of the point analysis for adult receptors in the residential scenario. At the points where sampling was conducted, the corresponding Hazard Index value was determined and depicted. A greater presence of the hazard was found in the provinces facing the coast at the extremes of the region: El Oro and Esmeraldas.



Figure 3 shows the results of the point analysis for the child receptors in the residential scenario. At the points where sampling was conducted, the corresponding hazard index value was determined and represented. A higher presence of the hazard was found mainly in the province of El Oro, and partly in the province of Guayas.



Figure 4 shows the results of the point analysis for adult receptors in the recreational scenario. At the points where sampling was conducted, the corresponding hazard index value was determined and represented. A situation similar to the residential scenario is found qualitatively, with a greater presence of the hazard in the provinces of El Oro and Esmeraldas.



Finally, Figure 5 shows the results of the point analysis for the child receptors in the recreational scenario. At the points where sampling was conducted, the corresponding hazard index value was determined and represented. In this case, receptors are found to be exposed throughout the region. The likely causes are the ease of contamination in play environments for children, and the ability of mercury to be adsorbed through dermal contact.



Percentiles express the minimum value below which a certain percentage of the observed data falls. Thus, p95 of a parameter expresses the limit below which 95% falls.




3.2.2. Probabilistic Approach


Risk analysis with a deterministic approach is a point-based analysis. Therefore, the more data are available, the more reliable the results are. However, it is possible to compensate for the lack of a large amount of data by also conducting the risk analysis using a probabilistic approach in order to compare the respective results. To this end, Monte Carlo simulation, a stochastic simulation technique, was applied. Stochastic simulation techniques are based on the principle that, by generating a particularly large number of random determinations, the corresponding frequencies can be assumed to be equivalent to the corresponding probabilities with good approximation. The quality of the results obtainable through the use of this technique increases as the magnitude of synthetic generation increases. Monte Carlo simulation, through the use of stochastic simulation techniques, provides a complete range of possible results [8]. This technique, along with others based on the same principle, has been widely used in human health risk assessment [10].



The risk analysis conducted using the probabilistic approach yielded parameter values below the safe exposure limit for both adult and child receptors. Therefore, the probabilistic analysis suggests that there are no exposure levels of concern. The results are presented in graphical form in Figure 3. The Hazard Quotient (HQ) values for children were in the range of 1.2 × 10−2 to 8.66 × 10−1 for ingestion and 2.65 × 10−4 to 2.71 × 10−2 for skin contact. For adults, the risk was lower, ranging between 5.14 × 10−3 and 4.39 × 10−1 for ingestion and between 8.55 × 10−5 and 7.42 × 10−3 for skin contact. From this point of view, the probabilistic analysis confirms an aspect already noted by the deterministic analysis, namely that the child population is more exposed. However, in both cases the safe exposure limit is not exceeded.



The boxplot graph (Figure 6) illustrates the results of the analysis conducted using a probabilistic approach. The graph shows that, according to the probabilistic approach, the highest risk scenario is residential, and the main mode of exposure is ingestion. It agrees with the deterministic approach in quantifying an increased vulnerability of childhood receptors. However, the results of the analysis using a probabilistic approach confirm that contamination does not result in a hazardous condition.



The results of the deterministic analysis differ from those of the probabilistic analysis; according to the probabilistic methodology, the residential scenario does not generate risk for adult and child receptors, whereas, according to the deterministic methodology, there are sites where exposure generates risk for minor receptors. This discrepancy in the results obtained from the two approaches has also been found in other studies, including the study on Hg concentrations in surface waters of the Ecuadorian Coast conducted by Mestanza-Ramón et al. in 2023. The same authors also found comparable results in the Amazon and Andean regions. The same discrepancy is also found in the study carried out by Jiménez-Oyola et al. in 2021, to assess the exposure to toxic elements in polluted rivers in the Ecuadorian Amazon. The discrepancy in the results of deterministic vs. probabilistic analysis reside in the fact that, while the deterministic analysis is a point-type analysis, the probabilistic analysis takes into account the variability of different quantities involved in the contamination phenomenon.



Monte Carlo simulation is a stochastic method; as such, it has the typical advantages of this class of methods: they are very flexible tools that allow realistic simulations to be carried out, provided that the probabilistic distributions to be assigned to the different variables involved in the process under consideration are chosen as truthfully as possible and that adequate computing power is available. However, it is a method that is based on calculating probabilities and not on certain data. The results that can be obtained from the application of this methodology are therefore to be considered an estimate of what may shape up in the future, and do not represent an accurate prediction. Therefore, the results of both analyses should be given due consideration and more context in order to obtain a more complete picture.



Thus, on the basis of a conservative criterion, the use of groundwater for domestic consumption is not recommended, especially in sites located in areas of mining activity that show signs of contamination, as the prolonged exposure of vulnerable populations to Hg could compromise their health. In order to arrive at a more conclusive definition of the actual risk to the population, a more detailed investigation should be carried out, for which a significant amount of in situ data on Hg concentrations in the various environmental matrices is required.






4. Discussion


The outcomes of the study show a concerning situation with regard to Hg concentrations in the coastal region of Ecuador. Since mining activities are not uniform across the territory, the choice of sampling points also followed this distribution, with the result that in the most affected provinces, such as El Oro, Esmeraldas, and Los Rios, the measurement network is denser. It can be concluded that the most affected areas of the region are in the south and north and partly in the center, where the average concentrations determined are still several times lower than the maximum allowed by Ecuadorian legislation for water intended for human consumption. However, the actual risk to the population also depends on other factors, such as the risk to exposed receptors. In fact, the analysis showed that the child population is most at risk.



The potential contamination of groundwater is among the most worrying factors, especially for possible consumption by receptors. According to some studies, the main source of contamination, especially for inorganic Hg, is accidental ingestion of contaminated water [10]. The consequences may vary depending on the duration of exposure and the concentration of mercury [1]; they are generally dangerous but become significantly more so with regard to vulnerable receptors, such as pregnant women, children, and people with previous illnesses. In the literature, some of the main clinical effects of mercury contamination include alterations in neurocognitive functions, blood diseases, and cardiovascular, respiratory, and gastrointestinal tract problems. In addition, several cross-sectional studies have been conducted to analyze the potential link with other negative effects on human health.



A cycle of cross-sectional studies conducted in Korea on children aged 6–11 years found that serum mercury levels had a positive correlation with the risk of atopic dermatitis and a high positive correlation with asthma. The latter result does not coincide with previous studies conducted in Germany and USA, in which no correlation with asthma was found; however, this can be explained by the higher average mercury (Hg) level in Korean children [58]. The average mercury levels in children in the cited study were 0.40 µg/L, higher than those in the US NHANES (2015–2016) (0.25 µg/L for 3–11-year-olds) and Germany GerES V (2014–2017) (0.068 µg/L for 5–9-year-olds) in similar periods and age groups. According to some studies, the higher mercury (Hg) levels in the Korean child population can be attributed partly to dietary habits (consisting of heavy consumption of grains and seafood) and partly to air pollution [58,59]. Regarding potential alterations in cognitive functions, a study based on the systematic review of 1573 articles observed concordant results indicating an association between heavy metal (HM) exposure and decreased neurocognitive function in adults. In particular, specific observations found a reduction in short-term memory capacity with increasing exposure to elemental Hg [60]. A study that analyzed the potential correlation between exposure to five heavy metals (HMs) and the development of hepatitis B virus (HBV), found with specific reference to mercury (Hg) that a high blood concentration (above 30.58 μg/L) is associated with an increased risk in hepatitis B virus (HBV) contraction [61]. Another two-cycle cross-sectional study, conducted in Korea with a total of 14,682 participants, found that the concentration of mercury (Hg) (along with other two metals) is strongly correlated with Alcoholic Liver Disease [62].




5. Conclusions


The present study measured Hg concentrations in groundwater in the coastal region of Ecuador. Although, in some cases, the samples analyzed do not exceed the maximum permissible limits imposed by Ecuadorian legislation, the results of the risk analysis illustrate a situation of serious concern. The risk analysis results obtained from the application of the two approaches used do not coincide with each other, in the sense that the deterministic approach suggests a more severe picture. It can be concluded that an accurate risk analysis is essential to reconstruct a model that takes into account not only the environmental aspect, but also the social and geological aspects. In fact, risk is intrinsically linked to the actual vulnerability of receptors, which depends on multiple factors. Knowledge of the characteristics of the different environmental compartments and the substance under consideration are fundamental requirements for defining the mechanisms of contaminant transport that may take place. On the other hand, knowledge of the uses and habits of the population living in the area makes it possible to trace the transport factors, and the most probable modes of contact. By combining the results of several searches, it is possible to plan more detailed research, monitoring, and risk mitigation activities.
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Figure 1. Study area and location of the sampling points. 
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Figure 2. Point risk map of Hazard Index (HI) for adults in residential scenario. 
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Figure 3. Point risk map of Hazard Index (HI) for children in residential scenario. 
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Figure 4. Point risk map of Hazard Index (HI) for adults in recreational scenario. 
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Figure 5. Point risk map of Hazard Index (HI) for children in recreational scenario. 
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Figure 6. Figure shows four boxplots, one for each exposure mode and receptor type. In particular: red: ingestion, adults; blue: dermal contact, adults; yellow: ingestion, children; green: dermal contact, children. Each boxplot shows the distribution of HQ for the exposure mode and receptor considered. The bottom and top of the ‘box’ represent the 25th and 75th percentile respectively. The ‘whiskers’ extending from the box show the variation in the expected data. The circles that fall outside the whiskers represent the outliers. 
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Table 1. Parameters used in the risk assessment.
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	Parameter
	Point Value





	EFresidential (day/year) a
	350



	EFrecreational (day/year) a
	120



	ETredisential (h/event) b
	0.22



	ETrecreational (h/event) a
	2.6



	IRresidential (L/day) a
	A = 2.04; C = 1.28



	IRrecreational (L/day) a
	A = 0.053; C = 0.090



	ED (year) c,d
	A = 30; C = 6



	SA (cm2) c,e,f
	A = 23,000; C = 7280



	Bw (kg) e,f
	A = 72; C = 15.6







A = adults; C = children; a [10]; b [47]; c [48]; d [49]; e [50]; f [51].













 





Table 2. Hg concentration (µg/L) in groundwater samples.
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	Province
	n
	Min–Max
	p50
	S.D.





	Esmeraldas
	12
	0.25–2.1
	0.9
	0.64



	Santo Domingo
	4
	*
	*
	*



	Los Rios
	9
	0.25–1.1
	0.25
	0.329



	Guayas
	4
	*
	*
	*



	El Oro
	38
	0.25–9.9
	2.1
	2.847







* Values below the detection limit of the measuring equipment (LoD = 0.5 µg (L); 1 µg/L = Hg limit for the protection of human health in drinking water (INEN 1108).













 





Table 3. Determin