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Abstract: Gold mining activity is a source of supply in many areas of the world, and especially in
developing countries, it is practiced illegally and by applying unsafe techniques. Particularly in
Ecuador, artisanal and small-scale gold mining (ASGM) is widespread, and it is based on the use of
toxic substances, such as mercury (Hg), in gold recovery. Hg is a heavy metal that is water-insoluble,
which, once mobilized, poses a threat to both the environment and human health. This study analyzes
Hg concentrations in the six provinces of Napo, Sucumbíos, Orellana, Pastaza, Morona Santiago, and
Zamora Chinchipe of the Ecuadorian Amazon region to conduct a human health risk assessment.
Significant differences in Hg levels were found between provinces, but concentrations were below
MPL imposed by Ecuadorian regulations everywhere. Nevertheless, a worrisome picture emerges,
especially with regard to the most vulnerable receptors represented by the child population. There
are multiple factors of incidence that may affect the possible future development of the phenomenon,
and with reference to the social, economic, and environmental context of the region, it can be
concluded that it may be appropriate to plan further investigation to arrive at a more comprehensive
assessment. The results of this study can be used by decision makers to plan further investigation and
to implement monitoring networks, risk mitigation strategies, and groundwater protection measures.

Keywords: artisanal small-scale mining; groundwater pollution; environmental and health risks;
Ecuadorian Amazon; risk evaluation

1. Introduction

The present investigations were conducted to determine the concentration of mercury
(Hg) in the coastal region of Ecuador to assess the resulting risks to the environment and
human health using both deterministic and probabilistic methods.

Artisanal and small-scale gold mining (ASGM) is an important source of economic
livelihood in many areas of the world (where mineral deposits exist), especially in rural
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areas where employment opportunities are very limited [1]. In these areas, in most cases,
this activity is carried out illegally and in violation of present environmental regulations.
The most serious associated problem is the extensive use of mercury (Hg) in gold recovery
processes [2]. In recent decades, the problem has worsened as global demand for gold
has increased, driving criminal groups to finance illegal gold mining and, to increase
production, processes have shifted from rudimentary to mechanized, resulting in even
greater use of Hg [3]. In Ecuador, mining can be described as a historical activity dating back
to colonial and precolonial times. However, in the 1990s, it increased significantly when the
existence of precious metal deposits was established through geological studies financed
by the Central Bank [4]. In its beginnings, mining was carried out with rudimentary
techniques; in the last decades, an important enhancement of the methods used, which
vary from place to place, has been recorded. It can be carried out at different scales and
in different ways; it often continues to be carried out illegally or informally, and in some
cases, local authorities tend to tolerate it [5]. Currently, medium- and large-scale mining
projects have developed and consolidated alongside artisanal and small-scale activities [6].

Hg is considered one of the most hazardous heavy metals for both human health and
the environment [7]. It can enter the atmosphere as inorganic mercury from geogenic and
anthropogenic sources and then be converted to organic mercury by natural processes.
The organic forms of Hg mercury, such as methylmercury and dimethylmercury, are the
most toxic and harmful [8,9]. The effects of Hg on human health can vary depending on
the duration of exposure and the level of toxicity. The toxicity of a metal is influenced by
several factors: chemical form, rate of absorption and elimination from an organism, and
tissue concentration [10]. The main effects of short-term exposure include nervous system
abnormalities and disorders of the respiratory and gastrointestinal tract [5,11]. In cases
where exposure is more prolonged or toxicity levels are higher, the effects can be much
more severe. These include cancer, DNA mutations, cardiovascular system dysfunction,
and damage to the central nervous system, blood cells, and vital organs such as the lungs,
liver, and kidneys [10,12].

There are multiple migration pathways by which a contaminant can reach human
receptors, but in general, these depend on the particular environment under consideration
and the species prevalent there [13]. For residential and recreational uses, the most frequent
mode of exposure appears to be 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 [13,14]. In workplaces where mining is
improperly conducted and where amalgamation processes involving mercury are carried
out, inhalation of elemental Hg vapors is the most frequent type of exposure [15,16]. A final
mode of exposure that deserves mention is dermal contact. This phenomenon is not simply
a contaminant but plays a crucial role in exposure to harmful substances [17]. According
to this scenario, people living near areas where mining is practiced are subject to numer-
ous exposure pathways. Therefore, they have a high probability of developing adverse
health effects.

In the Amazon region of Ecuador, mining has traditionally been carried out by apply-
ing rudimentary techniques based on the use of Hg in amalgamation processes, although
this has been banned since 2015 [18]. These methods were widely used, especially in the
southern region, i.e., in the jurisdiction of Chinapintza (Zamora Chinchipe province). In
this region, the impacts of Hg use and inadequate management of tailing dumps have
mainly resulted in deforestation and water contamination. Several studies have shown a
significant increase in gold mining activities in four provinces of the Ecuadorian Amazon:
Napo, Orellana, Sucumbíos, and Zamora [19–22].

A large part of the Amazonian population lives from activities such as agriculture, so
mining also emerges as a key and attractive activity. Recent studies have found an alarming
expansion of illegal mining in the provinces of Napo, Orellana, Sucumbíos, Pastaza, Morona
Santiago, and Zamora Chinchipe, with evident effects of deforestation and contamination of
surface and subsurface waters [23,24]. The present investigation is focused on determining
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mercury concentrations in groundwater near mining areas and assessing the resulting
risk to the human health of exposed populations using deterministic and probabilistic
methods. To carry out the risk assessment, 147 water samples were taken from wells near
the mining areas. The deterministic approach performs a point-type analysis, while the
probabilistic approach is based on modeling a probability distribution. This will allow the
spatial pattern of social and environmental effects to be determined to fully understand and
better manage the risk, providing decision makers with a tool to implement the pollution
mitigation strategy.

The aim of this study is to examine Hg concentrations in groundwater in the Ecuado-
rian Amazon and assess the corresponding health risk. To date, there are no further studies
on groundwater in the Amazon region. There are interactions between different envi-
ronmental compartments, so groundwater contaminants can easily reach receptors. The
guardianship of groundwater is extremely important for the protection of human health,
considering that it accounts for almost all drinking water resources. In addition, it feeds
the spring and, especially in lean periods, the flow of surface water courses. Therefore,
water contamination can quickly spread to humans, the fish population, and vegetation. In
the case of Hg, the situation is even more worrying, considering that this metal is water-
insoluble. The results of this study can be used as a guideline for planning more detailed
investigation plans, risk mitigation actions, and groundwater protection interventions.

2. Materials and Methods
2.1. Study Area

The study covers six provinces in the Amazon region of Ecuador: Sucumbíos, Orellana,
Napo, Pastaza, Morona Santiago, and Zamora Chinchipe (Figure 1). This area includes six
watersheds and a population of 739,814 inhabitants [25]. This area has been characterized
mainly by economic activities such as cattle ranching, agriculture, and, since the end of the
1960s, oil and gold mining activities. These last two activities have intensified in recent
decades, causing serious impacts to the biotic, abiotic, and social environment. These
impacts are directly related to the release of heavy metals and other pollutants residues
from mining processes [13]. In the Amazon Region, there are 225 mining concessions, of
which two are of the general regime, 164 correspond to small mining, five to medium,
and 54 to large mining, of which 50 are in the exploitation stage, mainly in the south of
the region in the provinces of Morona Santiago and Zamora Chinchipe. In addition, in
the last ten years, the region has seen a notable increase in socio-environmental conflicts
caused by illegal gold mining. Moreover, the impacts caused by gold mining activity have
significantly affected surface water bodies due to the indiscriminate discharge of mining
waste and the use of Hg in amalgamation processes [21,26].

2.2. Sampling and Laboratory Analisys

The field work was carried out between March and July 2022, a period characterized
by rainfall between 200 and 350 mm [27]. Samples were collected from domestic water
consumption wells in hamlets or rural communities located near the mining concessions
(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 and 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, located in Orellana, Ecuador. The
procedure to determine the Hg concentration was based on atomic absorption and hydride
generation (atomic absorption spectrophotometry; PG Instruments, Leicestershire, UK).
The application of the method for the determination of mercury (Hg) concentration has been
preceded by a procedure for quality assurance and quality control protocol in accordance
with the EPA method 7473 [25]. Analyses were conducted by operators wearing safety
equipment to avoid any potential contact (ingestion, inhalation, and dermal absorption)
with mercury (Hg) compounds. In addition, a quality check was carried out on water
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samples to detect samples with a high organic content. Such samples require special care
during analysis, and the sample size should be reduced to avoid ignition of the samples in
the decomposition tube.
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First of all, the laboratory demonstrated its initial proficiency by following the sample
preparations and analysis procedures according to the method. For each batch of samples
processed, both a blank method and a laboratory control sample were carried out. A blank
method is prepared by using a reagent of water at the specified volume and carried through
the appropriate steps. If the method blank does not contain the target analyte at a level
that interferes with the quality of the project, it is considered acceptable. In the absence of
specific indications, this means that a maximum level of 10% of the lowest concentration
of the sample is considered acceptable. The laboratory control samples must be carried
out for each analyte of interest at the project level. Acceptance criteria can be set based on
historical data, or in the absence of these, the limit can be set at ±20% of the spiked value.

The Hg measurement range was from 0.0005 to 10 mg/L, and 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 [28]. The entire process, from sample collection to processing in the laboratory,
complied with international quality, confidentiality, and code of ethics policies.

2.2.1. Brief Description of EPA Standard Method 3015

An aqueous sample undergoes extraction with concentrated nitric acid or a combi-
nation of concentrated nitric acid and hydrochloric acid, using microwave heating in a
suitable oven. The acidified sample is then placed in a microwave-friendly container made
of fluorocarbon polymer (DuPont, Wilmington, DE, USA) (such as PFA or TFM) or quartz
or placed in a container liner. The container is closed and heated in the microwave oven for
a time. After cooling, the contents of the container are filtered, centrifuged, or allowed to
settle, then diluted to volume and ready for analysis (Environmental Protection Agency).

2.2.2. Brief Description of EPA Standard Method 7473

EPA Method 7473 is a suitable standard for the analysis of mercury (in organic and
inorganic forms) in sediment and aqueous samples or in digested solutions. Application
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of this method requires prior full calibration of the instrument’s working range. This
is performed at the initial stage by setting the significant instrumental parameters and
is called primary calibration. The primary calibration should be performed after the
replacement of the decomposition tube, amalgamator, or oxygen tank. This is followed
by a daily calibration to ensure that the primary calibration is valid. The products and
instruments used are in accordance with the indications of this standard; thus, the suitability
of performance has been documented for them (Environmental Protection Agency).

Controlled heating in an oxygen-containing decomposition oven releases mercury
from solid and aqueous samples into the instrument. The sample is dried and then ther-
mally and chemically decomposed in the decomposition oven. The decomposition products
are transported to the catalytic part of the furnace by a stream of oxygen. The oxidation is
complete, and halogens and nitrogen/sulfur oxides are captured. The remaining decompo-
sition products are transported to an amalgamator, which selectively captures the mercury.
After the system is oxygenated to remove any remaining gases or decomposition prod-
ucts, the amalgamator heats up rapidly and releases mercury vapors. The oxygen stream
transports mercury vapor through absorption cells located in the light path of a single-
wavelength atomic absorption spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). The absorbance (peak height or peak area) is measured at 253.7 nm as a function of
mercury concentration (Environmental Protection Agency).

2.3. Risk Assessment and Characterization

For the human health risk assessment, the residential scenario was considered. The
main routes of exposure were water ingestion and dermal contact. The potential risk
associated with human health was assessed by the hazard quotient (HQ) calculated for
non-carcinogenic type substances, defined as the ratio between the average daily dose
(ADD) and the reference dose (RfD). The average daily dose (ADD) was determined by
Equations (1) and (2), USEPA 2001 and 2004, respectively. The RfD-Hg was obtained from
the Risk Assessment Information System website. The risk was evaluated in terms of
cumulative risk through the parameter known as the hazard index (HI), given by the sum
of the HQs related to the two exposure routes. If HQs or HI have values above 1, it means
that the safe exposure threshold has been exceeded and, therefore, adverse effects related
to Hg exposure may occur. Both the traditional deterministic method and the probabilistic
method were applied to perform the risk assessment.

ADDingestion =
Csw·EF·IR·ED

AT·BW·CF
(1)

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

ADDdermal contact =
Csw·EF·ET·ED·SA·kp

AT·BW·CF
(2)

Equation (2)—Average daily dose by the route of dermal contact, USEPA 2004, where
the meaning of the parameters is as follows:

Csw = Hg concentration in water
(mg

L
)

EF = exposure time
(

days
year

)
IR = ingestion rate of water

(
L

day

)
ET = exposure time

(
hours
event

)
ED = lifetime exposure duration (years)

SA = skin surface area exposed
(
cm2)

kp = skin permeability constant
( cm

hour

)
AT = averaging time (days)

BW = body weight (kg)
CF = conversion factor
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Insight into the significance of parameters:

• CSW (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.

• IR (Ingestion Rate): It represents, on average, the amount of contaminated water
ingested daily by the receptor. Clearly, this quantity varies depending on the type
of receptor.

• ET (Exposure Time): It represents the duration of exposure with reference to the
individual contamination event.

• 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): 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.
• 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.
• 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.

Regarding the values to be used for each parameter, depending on the receptor type,
the values recommended by international standards are considered. Table 1 presents the
values assigned to each parameter and the probability distributions used in the human
risk assessment.

Table 1. Parameters used in the risk assessment.

Deterministic Probabilistic

Parameters Value Distribution Values

EF 350 Triangular (26–260)

ED (adults) 120 LogNormal 11.36 ± 13.72

ED (children) 0.22 Uniform (1–6)

ET (adults and children) 2.6 Triangular (0.5–6)

SA (adults) 23,000 Normal 18,400 ± 2300

SA (children) 7380 Normal 6800 ± 600

BW (adults) 72 Normal 72 ± 15.9

BW (children) 15.6 Normal 15.6 ± 3.7

IR (adults) 2.04 - 2.04

IR (children) 1.28 - 1.28

Kp 0.001 - 0.001
EF = Exposure Frequency; ED = Exposure Duration; ET = Exposure Time; SA = Skin Area; BW = Body Weight;
IR = Ingestion rate; Kp = Skin Permeability Constant [29–32].

3. Results
3.1. Hg Concentration in Water

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: Napo > Sucumbíos > Morona Santiago > Pastaza >



Toxics 2024, 12, 162 7 of 15

Zamora Chinchipe > Orellana. Forty-one percent of the samples were below the detection
limit of the measuring equipment (LoD = 0.0005 mg/L). 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.

Table 2. Hg concentration (mg/L) in groundwater samples.

Province n Min–Max p50 S.D.

Sucumbíos 14 0.0009–0.0044 0.0030 0.0013
Orellana 3 * * *

Napo 7 0.0029–0.0045 0.0037 0.0011
Pastaza 12 0.0009–0.0045 0.0022 0.0013

Morona Santiago 23 0.0008–0.0056 0.0026 0.0015
Zamora Chinchipe 16 0.0007–0.0037 0.0015 0.0010

n = number of samples; min = minimum; max = maximum; p50 = percentile 50; S.D. = Standard Deviation.
* Values below the detection limit of the measuring equipment (LoD = 0.0005 mg/L) 0.006 mg/L = limit of Hg for
human health protection in drinking water (INEN 1108). In this case, a value of half the LoD (0.00025 mg/L) is
assumed for the purpose of the analysis.

With the exception of Orellana province, generally, the Hg concentration was in the
range of 0.0007 mg/L and 0.0056 mg/L; therefore, 100% of the samples presented Hg
concentration below the MPL established in the Ecuadorian regulation for water quality
for human consumption (0.006 mg/L) (INEN 1108).

As a background, it should be noted that there is currently no information about the
mercury concentration in groundwater in the Amazon region of Ecuador. Studies to date
have reported Hg concentration in surface water, sediments [13,20], soils [21], biological
samples [33], and fish [34]. Thus, our study constitutes a baseline for future research
concerning groundwater quality in the region.

The Hg concentration in groundwater detected in our study (0.0007 and 0.0056 mg/L)
was in the range of Hg values reported in surface waters in the Ecuadorian Amazon;
Mestanza-Ramón et al. [13] reported Hg concentrations between 0.0005 and 0.0070 mg/L
in several rivers and streams of the Amazon region; and Capparelli et al. [20] reported
Hg concentrations between 0.0005 and 0.0112 mg/L in 14 tributaries of the Napo River,
however, the observations only partially match these values. This relationship between
Hg concentrations in surface and groundwater is evidence of the interaction between
these two environments and may be related to infiltration processes that occur when Hg
present in surface water bodies is mobilized to the aquifer [35]. These findings highlight
the importance of determining the sources of aquifer recharge in order to identify potential
sources of contamination that may be affecting the quality of groundwater resources [36].

Several studies have reported the presence of various anthropogenic sources of con-
tamination in the Ecuadorian Amazon, which can affect water quality, both surface and
groundwater; among the main ones are artisanal and small-scale gold mining (mainly
carried out illegally), inadequate management of mining environmental liabilities [5], fish
farming [20], and natural Hg leaching from deforestation [37]. Therefore, assessing water
quality in these environments is essential to ensure the protection of water resources and,
thus, the safety of users.

Additionally, the results of our study were compared with studies that evaluated
Hg concentration in groundwater worldwide. Ghana [38] reported Hg values between
0.00001 mg/L and 0.0132 mg/L in well water samples in areas with auriferous mining
influence. In Saudi Arabia [39], the presence of Hg in groundwater in areas near the Mah
Adh Dhahab gold mine, where Hg concentrations of up to 9.990 mg/L were recorded,
was evaluated. In Nigeria, ref. [40] analyzed Hg concentrations and detected average
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concentrations of 0.0001 mg/L. In this context, the Hg concentrations detected in the
Ecuadorian Amazon are within the range of the values reported in the aforementioned
studies but tend to be lower than the maximum values detected in Saudi Arabia. Despite
this, it is important to note that Hg levels measured in the Ecuadorian Amazon may
represent a significant long-term risk to both health and the environment and should,
therefore, be monitored regularly.

3.2. Human Health Risk Assessment
3.2.1. Deterministic Approach

The point risk maps obtained from the deterministic assessment are presented in
Figure 2. In addition, Table 2 summarizes the deterministic non-carcinogenic risk values
(HI) for the 50th percentile (p50) of Hg exposure for each province assessed and for each
receptor. HI values > 1 were reported in the provinces of Sucumbíos, Napo, Pastaza, and
Morona Santiago. As shown in Figure 2, six of the sampled sites are above the acceptable
risk threshold (HI > 1) for minor receptors, which are the most vulnerable to Hg exposure.

Toxics 2024, 12, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 2. Point risk map of hazard index (HI) for receptors exposed to polluted ground waters in 
the Ecuadorian Amazon. 

The HQ values for water ingestion were below 1 for adults (in the order of 10-1 and 
10-2) (HI < 1) but above 1 in children in four of the six provinces analyzed; in Sucumbíos, 
two sites were recorded with HI values slightly above the safe exposure threshold; in 
Napo and Pastaza, a single sampling point was recorded where the HI was greater than 
1; and in Morona Santiago, two sites were observed that represent risk of exposure. 
Morona Santiago had the highest non-carcinogenic risk value in children (HI = 1.49E+00). 
In contrast, in Orellana and Zamora Chinchipe, the systemic risk values do not exceed the 
safe exposure limit for both receptors. 

The results of our investigation agree with the findings reported by Mestanza-Ramón 
et al. [13], who evaluated the systemic health risk from exposure to surface water in the 
Amazon region through ingestion, obtaining deterministic risk values (p95) in children of 
HI = 2.51 in Sucumbíos, HI = 2.34 in Orellana, HI = 2.56 in Napo, HI = 2.90 × 10−1 in Pastaza, 
HI = 8.80 × 10−1 in Morona, and HI = 1.58 in Zamora Chinchipe. As expected, the risk values 
for surface water exposure, mainly in children, were significantly higher than those 
reported for groundwater exposure. Likewise, Jiménez-Oyola et al. [29] evaluated the 
deterministic risk to human health from exposure to surface water for recreational 
purposes in the province of Napo, obtaining values that exceeded the safe exposure 
threshold, with an HI = 1.85 for adults and an HI = 4.83 for children, values significantly 
higher than those determined for exposure to groundwater in our study. 

The most relevant route of exposure with the highest contribution to risk was water 
ingestion, with HI values between 2.26 × 10−2 and 5.07 × 10−1 for adults and in the range of 
6.56 × 10−2 to 1.47 × 101 for children. Regarding the dermal contact route, this presented 
very low HQ values, in the range of 8.02 × 10−4 and 1.80 × 10−2 for adults and between 1.17 
× 10−3 and 2.63 × 10−2 for children; for both cases, the risk from dermal contact was below 
the acceptable limit for the receptors, so it is considered that this route of exposure 
presents a negligible contribution in the evaluation of the total risk. Similar results were 
reported by Mestanza et al. and Jiménez-Oyola et al. [13,29] in risk studies conducted in 
the Ecuadorian Amazon, with ingestion being the route that contributes most to the entry 
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Ecuadorian Amazon.

The HQ values for water ingestion were below 1 for adults (in the order of 10−1 and
10−2) (HI < 1) but above 1 in children in four of the six provinces analyzed; in Sucumbíos,
two sites were recorded with HI values slightly above the safe exposure threshold; in Napo
and Pastaza, a single sampling point was recorded where the HI was greater than 1; and in
Morona Santiago, two sites were observed that represent risk of exposure. Morona Santiago
had the highest non-carcinogenic risk value in children (HI = 1.49). In contrast, in Orellana
and Zamora Chinchipe, the systemic risk values do not exceed the safe exposure limit for
both receptors.
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The results of our investigation agree with the findings reported by Mestanza-Ramón
et al. [13], who evaluated the systemic health risk from exposure to surface water in the
Amazon region through ingestion, obtaining deterministic risk values (p95) in children
of HI = 2.51 in Sucumbíos, HI = 2.34 in Orellana, HI = 2.56 in Napo, HI = 2.90 × 10−1 in
Pastaza, HI = 8.80 × 10−1 in Morona, and HI = 1.58 in Zamora Chinchipe. As expected, the
risk values for surface water exposure, mainly in children, were significantly higher than
those reported for groundwater exposure. Likewise, Jiménez-Oyola et al. [29] evaluated the
deterministic risk to human health from exposure to surface water for recreational purposes
in the province of Napo, obtaining values that exceeded the safe exposure threshold, with
an HI = 1.85 for adults and an HI = 4.83 for children, values significantly higher than those
determined for exposure to groundwater in our study.

The most relevant route of exposure with the highest contribution to risk was water
ingestion, with HI values between 2.26 × 10−2 and 5.07 × 10−1 for adults and in the range
of 6.56 × 10−2 to 1.47 × 101 for children. Regarding the dermal contact route, this presented
very low HQ values, in the range of 8.02 × 10−4 and 1.80 × 10−2 for adults and between
1.17 × 10−3 and 2.63 × 10−2 for children; for both cases, the risk from dermal contact was
below the acceptable limit for the receptors, so it is considered that this route of exposure
presents a negligible contribution in the evaluation of the total risk. Similar results were
reported by Mestanza et al. and Jiménez-Oyola et al. [13,29] in risk studies conducted in
the Ecuadorian Amazon, with ingestion being the route that contributes most to the entry
of Hg into the human body, according to the risk scenarios evaluated in the aforementioned
studies. Despite this, it is important to consider other routes of exposure, such as inhalation
of Hg in sites where illegal mining is carried out and Hg is used in amalgamation processes,
and the risk assessment of food consumption should also be considered, as these can
bioaccumulate Hg in their tissues. All these exposure scenarios can increase the risk to
which the residents of potentially contaminated areas are exposed. Hence, a comprehensive
risk study is essential to protect the health of the communities.

The impact of Hg on human health is widely known. The consumption of Hg-
contaminated groundwater poses a risk to living beings, even in minute concentrations [41].
For example, in Pakistan, ref. [42] showed that the groups most affected by Hg exposure
were young children and pregnant women using well water for domestic and agricultural
purposes. Even during gestation, Hg in its organic form can cross the placental barrier
between mother and fetus, causing brain damage and mental retardation [43]. For this
reason, the World Health Organization (WHO) [44] recommends a maximum value of
0.006 mg/L Hg for drinking water consumption; Hg values above this limit can cause
kidney damage, especially in children through long-term ingestion [45]. On this basis,
the wells sampled in this study, despite having Hg concentrations slightly below the limit
established by WHO, are not extensive enough to cause long-term health risks to the child
population, so periodic sampling of groundwater quality is recommended, in addition to
taking biological samples to assess the presence of Hg in the most vulnerable populations.

3.2.2. Probabilistic Approach

The results of the probabilistic risk analysis yielded values below the safe exposure
limit for adults and children; thus, according to the probabilistic analysis, there are no
exposure levels that require attention for the receptors (Figure 3 and Table 3). The hazard
quotient (HQ) values for children ranged between 1.2 × 10−2 and 8.66 × 10−1 for water
ingestion and between 2.65 × 10−4 and 2.71 × 10−2 for dermal contact. For adults, the risk
was lower, in the range of 5.14 × 10−3 and 4.39 × 10−1 for ingestion and 8.55 × 10−5 and
7.42 × 10−3 for dermal contact. In this sense, it is evident that, although the quantified risk
for children is higher than the risk detected in adults, in both cases, the safe exposure limit
is not exceeded.
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Table 3. Deterministic HI from exposure to Hg in groundwaters for both receptors by province.

Province
Adults Children

Min–Max p50 p95 S.D. Min–Max p50 p95 S.D.

Sucumbíos 2.34 × 10−2–4.13 × 10−1 9.85 × 10−2 4.07 × 10−1 1.53 × 10−1 6.67 × 10−2–1.17 2.80 × 10−1 1.16 4.36 × 10−1

Orellana 2.34 × 10−2–2.34 × 10−2 2.34 × 10−2 2.34 × 10−2 1.0 × 10−3 6.67 × 10−2–6.67 × 10−2 6.67 × 10−2 6.67 × 10−2 1.0 × 10−3

Napo 2.34 × 10−2–4.22 × 10−1 2.34 × 10−2 3.77 × 10−1 1.64 × 10−1 6.67 × 10−2–1.20 6.67 × 10−2 1.07 4.66 × 10−1

Pastaza 2.34 × 10−2–4.22 × 10−1 9.38 × 10−2 3.60 × 10−1 1.39 × 10−1 6.67 × 10−2–1.20 2.67 × 10−1 1.03 3.97 × 10−1

Morona
Santiago 2.34 × 10−2–5.25 × 10−1 2.34 × 10−2 3.95 × 10−1 1.47 × 10−1 2.34 × 10−2–1.49 6.67 × 10−2 1.12 4.18 × 10−1

Zamora
Chinchipe 6.56 × 10−2–3.47 × 10−1 1.36 × 10−1 3.26 × 10−1 9.27 × 10−2 1.87 × 10−1–9.88 × 10−1 3.87 × 10−1 9.28 × 10−1 2.64 × 10−1

n = number of samples; min = minimum; max = maximum; p50 = percentile 50; p95 = percentile 95;
S.D. = Standard Deviation.

The results of the deterministic analysis differ from the results of the probabilistic
analysis (Table 4); 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. Therefore,
based on a conservative criterion, the use of groundwater for domestic consumption is
not recommended, mainly in sites located in areas of mining activity that show signs of
contamination, since prolonged exposure of vulnerable populations to Hg could affect
their health.

To have more conclusive results on the risks for the population, a detailed investigation
should be carried out that includes in situ data on exposure and more Hg determinations
in different matrices (soil, sediments, surface water, food, human tissue, etc.), with the aim
of making a comprehensive risk assessment and minimizing the uncertainty in the risk
assessment. It is also recommended to analyze other potentially toxic elements since other
contaminants may be present in illegal mining operations that could affect the environment
and the population.
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Table 4. Probabilistic HQ and HI from exposure to Hg in groundwaters for both receptors. Values in
bold exceed the safe exposure threshold.

Risk
Adults Children

Min–Max p50 p95 S.D. Min–Max p50 p95 S.D.

HQingestion 5.14 × 10−3–4.39 × 10−1 4.18 × 10−2 2.05 × 10−1 6.89 × 10−2 1.20 × 10−2–8.66 × 10−1 8.94 × 10−2 4.22 × 10−1 1.42 × 10−1

HQdermal 8.55 × 10−5–7.42 × 10−3 7.02 × 10−4 3.58 × 10−3 1.17 × 10−3 2.65 × 10−4–2.71 × 10−2 2.54 × 10−3 1.19 × 10−2 4.13 × 10−3

HI 5.23 × 10−3–4.47 × 10−1 4.26 × 10−2 2.08 × 10−1 7.01 × 10−2 1.23 × 10−2–8.93 × 10−1 9.20 × 10−2 4.33 × 10−1 1.47 × 10−1

min = minimum; max = maximum; p50 = percentile 50; p95 = percentile 95; S.D. = Standard Deviation.

4. Discussion

The results of the study carried out show a worrying scenario regarding Hg concentra-
tions in the Amazon region of Ecuador. The samples to be analyzed were collected from
groundwater bodies close to gold mining activities, so some provinces, being more affected,
have a denser network of measurements, such as Morona Santiago, Zamora Chinchipe,
and Sucumbíos. It can be concluded that the most affected areas in the region are the south
and the north, where the average concentration obtained is between 0.0007 mg/L and
0.0056 mg/L. This value is below the maximum permissible limit imposed by Ecuadorian
regulations for water intended for human consumption. However, the real risk to the
population also depends on the vulnerability of the exposed receptors. In fact, the analysis
showed that the child population is at greater risk.

To gain a more objective overview, the measured concentrations were also compared
with the maximum permissible limits imposed by regulations in other countries, again
with regard to water intended for human consumption. In particular, with respect to the
European environmental quality standard (EQS) for groundwater bodies, all analyzed
samples exceeded the maximum admissible limit of 0.07 µg/L. By contrast, with reference
to the Canadian water quality guidelines, about 35% of the samples exceeded the maximum
permissible limit of 0.001 mg/L. Therefore, although not exceeding legal limits, the detected
Hg concentrations must be interpreted as a wake-up call. Firstly, it may be necessary to
conduct more in-depth analyses in certain areas. Furthermore, it would be advisable to
keep these areas under constant observation to ensure that Hg levels do not rise further.

According to many experts in the field, the high levels of Hg found in the analyzed
samples can be directly attributed to gold mining, especially illegal gold mining, which
is conducted with disregard for both environmental safety and the safety of the workers
themselves [5,20,46]. The effects on the environment are manifold and, among others, in-
clude deforestation and contamination of groundwater bodies [5,22]. When a contaminant
is released into the environment, it interacts with the environment and, depending on
its chemical and physical properties, can move from one environmental compartment to
another [47]. This increases the likelihood that the contaminant itself will spread and come
into contact with human receptors. Thus, from the deep soil, the contaminant can reach
the groundwater, flow back up to the soil, and contaminate surface water bodies and vice
versa. Moreover, polluted water poisons fish fauna [48]. In addition, it can be used in
agriculture for irrigation and contaminate agricultural products for human consumption.
Finally, contaminated water can come into direct contact with humans through the known
exposure routes of ingestion and dermal contact. The growth in Hg use in Ecuador has
been proportional to the increase in gold mining activities [49]. Although the state has
sanction instruments at its disposal, it has not yet used them to counter this problem [10,44].
This is partly due to the difficulty in controlling all the illegal activities taking place in the
territory and partly due to inefficiency on the part of the administrations. Similar situa-
tions are widespread in other developing countries, such as Venezuela [50], Brazil [51,52],
Colombia [53,54], and Peru [7]. In these countries, the indiscriminate use of mercury has
caused severe impacts on the environment and human health [55]. To reverse the trend, the
state of Ecuador should first increase control and monitoring activities in order to unmask
illegal gold mining activities. Secondly, the state could create fiscal instruments to foster
the creation and growth of mining activities that work within the legal framework. In this
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way, on the one hand, the state would alleviate the current problem of contamination by
Hg, and on the other hand, it would favor the economic growth of the country [56].

5. Conclusions

The present study detected Hg concentrations in groundwater in the Amazon region of
Ecuador. The study conducted found that the most affected provinces are Napo, Sucumbíos,
and Morona Santiago. In contrast, in the province of Orellana, all samples analyzed
exhibited Hg concentrations below the detection threshold of the measuring instruments
used. Overall, the totality of samples analyzed (100%) had Hg concentrations below the
MPL established by Ecuadorian regulations for water for human consumption. Although
below legal limits, Hg levels detected in some provinces are significantly high. In addition,
taking into account the fact that the mining activity is constantly expanding, the Hg level
may increase at a later date. The overall picture suggests that the most affected provinces
should be subjected to more control and possibly constant monitoring.

In any case, the results of the risk analysis vary depending on the two approaches used:
the analysis carried out with a deterministic approach suggests a more severe scenario. This
is because the deterministic approach is based on point-by-point analysis and, therefore,
requires a significant amount of data. Instead, the probabilistic approach is based on the
synthetic generation of a larger sample of data. This allows statistical uncertainties to be
taken into account and provides a more complete view.

Nevertheless, a more accurate risk analysis is required to reconstruct a model that
takes into account the following aspects: social, ecological, and geological. In fact, the risk
is proportional to the actual vulnerability of the receptors, which in turn is influenced by
several factors, such as the uses and habits of the exposed populations, the properties of the
environmental compartments, and the geological and geomorphological properties of the
soil. Knowledge of the properties of environmental compartments provides information
on the essential interactions between them and the pollutant. Similarly, the geological
characteristics of the subsurface provide a better understanding of the transport mechanism
of the pollutant that may develop. Finally, knowing the social habits of the exposed
population makes it possible to trace the most likely routes of exposure. The results
obtained from this study can be used, together with other research, to plan monitoring and
risk mitigation activities resulting from the use of Hg.

Author Contributions: Conceptualization, I.P., S.S. and C.M.-R.; methodology, I.P., S.S., C.M.-R. and
S.J.-O.; software, I.P., M.J.-G. and S.J.-O.; validation, S.S., C.M.-R. and S.J.-O.; formal analysis, I.P.,
S.S., C.M.-R. and S.J.-O.; investigation, L.S.C.A., V.G.A.P., A.G.F.H., D.M.-S., M.J.-G., G.A., J.F.E.P.
and C.M.-R.; writing—original draft preparation, I.P., S.S., C.M.-R., M.V.V.V., D.M.-S. and S.J.-O.;
writing—review and editing, S.S., C.M.-R., S.J.-O. and D.M.-S.; visualization, S.S., C.M.-R., M.V.V.V.
and S.J.-O.; supervision, S.S. and C.M.-R. All authors have read and agreed to the published version
of the manuscript.

Funding: The researchers are grateful for the financial support of the Escuela Superior Politécnica de
Chimborazo and the University of Calabria.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.



Toxics 2024, 12, 162 13 of 15

References
1. Verbrugge, B.; Geenen, S. The Gold Commodity Frontier: A Fresh Perspective on Change and Diversity in the Global Gold

Mining Economy. Extr. Ind. Soc. 2019, 6, 413–423. [CrossRef]
2. Niane, B.; Guédron, S.; Feder, F.; Legros, S.; Ngom, P.M.; Moritz, R. Impact of Recent Artisanal Small-Scale Gold Mining in

Senegal: Mercury and Methylmercury Contamination of Terrestrial and Aquatic Ecosystems. Sci. Total Environ. 2019, 669, 185–193.
[CrossRef]

3. Bengtsson, U.G.; Hylander, L.D. Increased Mercury Emissions from Modern Dental Amalgams. Biometals 2017, 30, 277–283.
[CrossRef]

4. Capparelli, V.M.; Cabrera, M.; Rico, A.; Lucas-Solis, O.; Alvear-S, D.; Vasco, S.; Galarza, E.; Shiguango, L.; Pinos-Velez, V.;
Pérez-González, A. An Integrative Approach to Assess the Environmental Impacts of Gold Mining Contamination in the Amazon.
Toxics 2021, 9, 149. [CrossRef]

5. Mestanza-Ramón, C.; Mora-Silva, D.; D’Orio, G.; Tapia-Segarra, E.; Gaibor, I.D.; Esparza Parra, J.F.; Chávez Velásquez, C.R.;
Straface, S. Artisanal and Small-Scale Gold Mining (ASGM): Management and Socioenvironmental Impacts in the Northern
Amazon of Ecuador. Sustainability 2022, 14, 6854. [CrossRef]

6. Chamba Quizhpe, A.V. Diseño de Un Sistema de Gestión Ambiental Aplicado a La Agencia de Regulación y Control de Energía y
Recursos Naturales No Renovables En Las Áreas Administrativas y Laboratorio Ubicados En El Edificio de La Armenia. Master’s
Thesis, Universidad de las Fuerzas Armadas, Sangolquí, Ecuador, 2022.

7. World Health Organization. COVID-19: Operational Guidance for Maintaining Essential Health Services during an Outbreak: Interim
Guidance; World Health Organization: Geneva, Switzerland, 2021.

8. Fuentes-Gandara, F.; Herrera-Herrera, C.; Pinedo-Hernández, J.; Marrugo-Negrete, J.; Díez, S. Assessment of Human Health Risk
Associated with Methylmercury in the Imported Fish Marketed in the Caribbean. Environ. Res. 2018, 165, 324–329. [CrossRef]
[PubMed]

9. Rodrigues, S.M.; Coelho, C.; Cruz, N.; Monteiro, R.J.R.; Henriques, B.; Duarte, A.C.; Römkens, P.; Pereira, E. Oral Bioaccessibility
and Human Exposure to Anthropogenic and Geogenic Mercury in Urban, Industrial and Mining Areas. Sci. Total Environ. 2014,
496, 649–661. [CrossRef] [PubMed]

10. Briffa, J.; Sinagra, E.; Blundell, R. Heavy Metal Pollution in the Environment and Their Toxicological Effects on Humans. Heliyon
2020, 6, e04691. [CrossRef] [PubMed]

11. Fernandes Azevedo, B.; Barros Furieri, L.; Peçanha, F.M.; Wiggers, G.A.; Frizera Vassallo, P.; Ronacher Simões, M.; Fiorim, J.;
Rossi de Batista, P.; Fioresi, M.; Rossoni, L. Toxic Effects of Mercury on the Cardiovascular and Central Nervous Systems. Biomed
Res. Int. 2012, 2012, 949048. [CrossRef] [PubMed]

12. Khan, F.; Momtaz, S.; Abdollahi, M. The Relationship between Mercury Exposure and Epigenetic Alterations Regarding Human
Health, Risk Assessment and Diagnostic Strategies. J. Trace Elem. Med. Biol. 2019, 52, 37–47. [CrossRef] [PubMed]

13. Mestanza-Ramón, C.; Jiménez-Oyola, S.; Montoya, A.V.G.; Vizuete, D.D.C.; D’Orio, G.; Cedeño-Laje, J.; Straface, S. Assessment
of Hg Pollution in Stream Waters and Human Health Risk in Areas Impacted by Mining Activities in the Ecuadorian Amazon.
Environ. Geochem. Health 2023, 45, 7183–7197. [CrossRef] [PubMed]

14. Abercrombie, M.I. Mercury in Sediment, Fish and Hair: An Ecosystem Study of Bioaccumulation of Mercury in Mexico. Ph.D.
Thesis, Rensselaer Polytechnic Institute, Troy, NY, USA, 2010.

15. De Miguel, E.; Clavijo, D.; Ortega, M.F.; Gómez, A. Probabilistic Meta-Analysis of Risk from the Exposure to Hg in Artisanal Gold
Mining Communities in Colombia. Chemosphere 2014, 108, 183–189. [CrossRef]

16. Zhao, H.; Wang, Q.; Groves, D.I.; Santosh, M.; Zhang, J.; Fan, T. Genesis of Orogenic Gold Systems in the Daduhe Belt: Evidence
of Long-Lived Fertile Mantle Lithosphere as a Source of Diverse Metallogeny on the Western Margin of the Yangtze Craton,
China. Ore Geol. Rev. 2022, 145, 104861. [CrossRef]

17. Tran, T.S.; Dinh, V.C.; Nguyen, T.A.H.; Kim, K.-W. Soil Contamination and Health Risk Assessment from Heavy Metals Exposure
near Mining Area in Bac Kan Province, Vietnam. Environ. Geochem. Health 2022, 44, 1189–1202. [CrossRef] [PubMed]

18. Mestanza-Ramón, C.; D’ORIO, G.; Straface, S. Gold Mining in Ecuador: Innovative Recommendations for the Management and
Remediation of Mercury-Contaminated Waters. Green World J. 2021, 4, 11. [CrossRef]

19. Melo, C.; Mena, C.F.; Arsel, M.; Pellegrini, L.; CoCooN, N. The State Is Dead, Long Live the State: Re-Inserting the State in the
Gold-Mining Industry in Zamora-Chinchipe, Ecuador. CoCooN NEBE 2013.

20. Capparelli, M.V.; Moulatlet, G.M.; de Souza Abessa, D.M.; Lucas-Solis, O.; Rosero, B.; Galarza, E.; Tuba, D.; Carpintero, N.;
Ochoa-Herrera, V.; Cipriani-Avila, I. An Integrative Approach to Identify the Impacts of Multiple Metal Contamination Sources
on the Eastern Andean Foothills of the Ecuadorian Amazonia. Sci. Total Environ. 2020, 709, 136088. [CrossRef] [PubMed]

21. López-Blanco, C.; Collahuazo, L.; Torres, S.; Chinchay, L.; Ayala, D.; Benítez, P. Mercury Pollution in Soils from the Yacuambi
River (Ecuadorian Amazon) as a Result of Gold Placer Mining. Bull. Environ. Contam. Toxicol. 2015, 95, 311–316. [CrossRef]

22. Mestanza-Ramón, C.; Cuenca-Cumbicus, J.; D’Orio, G.; Flores-Toala, J.; Segovia-Cáceres, S.; Bonilla-Bonilla, A.; Straface, S.
Gold Mining in the Amazon Region of Ecuador: History and a Review of Its Socio-Environmental Impacts. Land 2022, 11, 221.
[CrossRef]

23. Hecht, S.; Schmink, M.; Abers, R.; Assad, E.; Humphreys Bebbington, D.; Eduaro, B.; Costa, F.; Durán Calisto, A.M.; Fearnside,
P.M.; Garrett, R. The Amazon in Motion: Changing Politics, Development Strategies, Peoples, Landscapes, and Livelihoods. In
Amazon Assessment Report 2021, Part II; United Nations Development Solutions Network: New York, NY, USA, 2021; pp. 12–14.

https://doi.org/10.1016/j.exis.2018.10.014
https://doi.org/10.1016/j.scitotenv.2019.03.108
https://doi.org/10.1007/s10534-017-0004-3
https://doi.org/10.3390/toxics9070149
https://doi.org/10.3390/su14116854
https://doi.org/10.1016/j.envres.2018.05.001
https://www.ncbi.nlm.nih.gov/pubmed/29778966
https://doi.org/10.1016/j.scitotenv.2014.06.115
https://www.ncbi.nlm.nih.gov/pubmed/25034206
https://doi.org/10.1016/j.heliyon.2020.e04691
https://www.ncbi.nlm.nih.gov/pubmed/32964150
https://doi.org/10.1155/2012/949048
https://www.ncbi.nlm.nih.gov/pubmed/22811600
https://doi.org/10.1016/j.jtemb.2018.11.006
https://www.ncbi.nlm.nih.gov/pubmed/30732897
https://doi.org/10.1007/s10653-023-01597-6
https://www.ncbi.nlm.nih.gov/pubmed/37160830
https://doi.org/10.1016/j.chemosphere.2014.01.035
https://doi.org/10.1016/j.oregeorev.2022.104861
https://doi.org/10.1007/s10653-021-01168-7
https://www.ncbi.nlm.nih.gov/pubmed/35064383
https://doi.org/10.53313/gwj42028
https://doi.org/10.1016/j.scitotenv.2019.136088
https://www.ncbi.nlm.nih.gov/pubmed/31887530
https://doi.org/10.1007/s00128-015-1604-7
https://doi.org/10.3390/land11020221


Toxics 2024, 12, 162 14 of 15

24. Martinez-Alier, J.; Walter, M. Social Metabolism and Conflicts over Extractivism. Environ. Gov. Lat. Am. 2016, 58–85.
25. Villacís, B.; Carrillo, D.; Martínez, A.G. Estadística Demográfica En El Ecuador: Diagnóstico y Propuesta; Instituto Nacional de

Estadística y Censos: Quito, Ecuador, 2011; pp. 1–74.
26. Requelme, M.E.R.; Ramos, J.F.F.; Angélica, R.S.; Brabo, E.S. Assessment of Hg-Contamination in Soils and Stream Sediments in

the Mineral District of Nambija, Ecuadorian Amazon (Example of an Impacted Area Affected by Artisanal Gold Mining). Appl.
Geochem. 2003, 18, 371–381. [CrossRef]

27. Ilbay-Yupa, M.; Lavado-Casimiro, W.; Rau, P.; Zubieta, R.; Castillón, F. Updating Regionalization of Precipitation in Ecuador.
Theor. Appl. Climatol. 2021, 143, 1513–1528. [CrossRef]

28. Mensh, M. Direct Mercury Analysis of Soil, Sediments and Waste Waters Using Method 7473. Soil Sediment Contam. 2004, 13, 150.
29. Jiménez-Oyola, S.; Escobar Segovia, K.; García-Martínez, M.-J.J.; Ortega, M.; Bolonio, D.; García-Garizabal, I.; Salgado, B.;

Segovia-Escobar, K.; García-Martínez, M.-J.J.; Ortega, M.; et al. Human Health Risk Assessment for Exposure to Potentially Toxic
Elements in Polluted Rivers in the Ecuadorian Amazon. Water 2021, 13, 613. [CrossRef]

30. Spence, L.R.; Walden, T.; Sunbury, U.K. RISC4. Risk Integrated Software for Clean-Ups; Bp-Amoco Oil: Sunbury, UK, 2001; p. 464.
31. Israeli, M.; Nelson, C.B. Distribution and Expected Time of Residence for U.S. Households. Risk Anal. 1992, 12, 65–72. [CrossRef]
32. Anderson, M.R.; Scruton, D.A.; Williams, U.P.; Payne, J.F. Mercury in Fish in the Smallwood Reservoir, Labrador, Twenty One

Years after Impoundment. Water. Air. Soil Pollut. 1995, 80, 927–930. [CrossRef]
33. González-Merizalde, M.V.; Menezes-Filho, J.A.; Cruz-Erazo, C.T.; Bermeo-Flores, S.A.; Sánchez-Castillo, M.O.; Hernández-Bonilla,

D.; Mora, A. Manganese and Mercury Levels in Water, Sediments, and Children Living near Gold-Mining Areas of the Nangaritza
River Basin, Ecuadorian Amazon. Arch. Environ. Contam. Toxicol. 2016, 71, 171–182. [CrossRef]

34. Webb, J.; Coomes, O.T.; Mainville, N.; Mergler, D. Mercury Contamination in an Indicator Fish Species from Andean Amazonian
Rivers Affected by Petroleum Extraction. Bull. Environ. Contam. Toxicol. 2015, 95, 279–285. [CrossRef]

35. Yan, J.; Li, R.; Ali, M.U.; Wang, C.; Wang, B.; Jin, X.; Shao, M.; Li, P.; Zhang, L.; Feng, X. Mercury Migration to Surface Water
from Remediated Mine Waste and Impacts of Rainfall in a Karst Area–Evidence from Hg Isotopes. Water Res. 2023, 230, 119592.
[CrossRef] [PubMed]

36. Abdelaal, A.; Sultan, M.; Abotalib, A.Z.; Bedair, M.; Krishnamurthy, R.V.; Elhebiry, M. Emerging Mercury and Methylmercury
Contamination from New Artisanal and Small-Scale Gold Mining along the Nile Valley, Egypt. Environ. Sci. Pollut. Res. 2023, 30,
52514–52534. [CrossRef] [PubMed]

37. Mainville, N.; Webb, J.; Lucotte, M.; Davidson, R.; Betancourt, O.; Cueva, E.; Mergler, D. Decrease of Soil Fertility and Release
of Mercury Following Deforestation in the Andean Amazon, Napo River Valley, Ecuador. Sci. Total Environ. 2006, 368, 88–98.
[CrossRef]

38. Dorleku, M.K.; Nukpezah, D.; Carboo, D. Effects of Small-Scale Gold Mining on Heavy Metal Levels in Groundwater in the
Lower Pra Basin of Ghana. Appl. Water Sci. 2018, 8, 1–11. [CrossRef]

39. Al-Hobaib, A.S.; Al-Jaseem, Q.K.; Baioumy, H.M.; Ahmed, A.H. Heavy Metals Concentrations and Usability of Groundwater at
Mahd Adh Dhahab Gold Mine, Saudi Arabia. Arab. J. Geosci. 2013, 6, 259–270. [CrossRef]

40. Taiwo, A.M.; Awomeso, J.A. Assessment of Trace Metal Concentration and Health Risk of Artisanal Gold Mining Activities in
Ijeshaland, Osun State Nigeria—Part 1. J. Geochem. Explor. 2017, 177, 1–10. [CrossRef]

41. Feng, Z.; Deng, L.; Guo, Y.; Guo, G.; Wang, L.; Zhou, G.; Huan, Y.; Liang, T. The Spatial Analysis, Risk Assessment and Source
Identification for Mercury in a Typical Area with Multiple Pollution Sources in Southern China. Environ. Geochem. Health 2023, 45,
4057–4069. [CrossRef]

42. Khattak, S.A.; Rashid, A.; Tariq, M.; Ali, L.; Gao, X.; Ayub, M.; Javed, A. Potential Risk and Source Distribution of Groundwater
Contamination by Mercury in District Swabi, Pakistan: Application of Multivariate Study. Environ. Dev. Sustain. 2021, 23,
2279–2297. [CrossRef]

43. Grandjean, P.; Budtz-Jørgensen, E.; Jørgensen, P.J.; Weihe, P. Umbilical Cord Mercury Concentration as Biomarker of Prenatal
Exposure to Methylmercury. Environ. Health Perspect. 2005, 113, 905–908. [CrossRef] [PubMed]

44. World Health Organization. The World Health Report 2005: Make Every Mother and Child Count; World Health Organization: Geneva,
Switzerland, 2005; ISBN 9241562900.

45. World Health Organization. World Health Statistics 2008; World Health Organization: Geneva, Switzerland, 2008; ISBN 9241563591.
46. Cano Polania, A.J.; Malagón Sanchez, M.C. Evaluación de Trazas de Mercurio En El Tramo Caña Brava-Buenos Aires Del Río Cotuhé,

Asociados a La Actividad Minera Artesanal de Oro En El Amazonas Colombiano; Universidad de La Salle: Boston, MA, USA, 2016.
47. Manahan, S.E. Introducción a La Química Ambiental; Reverté: Barcelona, Spain, 2006; ISBN 8429179070.
48. Toro Ruiz, E. Impactos Socioambientales Derivados Del Uso Del Mercurio En La Minería Aurífera Ilegal En El Bajo Cauca Antioqueño;

Tecnológico de Antioquia: Medellín, Colombia, 2021.
49. Hammond, D.S.; Rosales, J.; Ouboter, P.E. Gestión Del Impacto de La Explotación Minera a Cielo Abierto Sobre El Agua Dulce En

América Latina. Banco Interam. Desarro. 2013, 40.
50. Santos-Francés, F.; García-Sánchez, A.; Alonso-Rojo, P.; Contreras, F.; Adams, M. Distribution and Mobility of Mercury in Soils of

a Gold Mining Region, Cuyuni River Basin, Venezuela. J. Environ. Manag. 2011, 92, 1268–1276. [CrossRef] [PubMed]
51. Castilhos, Z.; Rodrigues-Filho, S.; Cesar, R.; Rodrigues, A.P.; Villas-Bôas, R.; de Jesus, I.; Lima, M.; Faial, K.; Miranda, A.; Brabo, E.

Human Exposure and Risk Assessment Associated with Mercury Contamination in Artisanal Gold Mining Areas in the Brazilian
Amazon. Environ. Sci. Pollut. Res. 2015, 22, 11255–11264. [CrossRef] [PubMed]

https://doi.org/10.1016/S0883-2927(02)00088-4
https://doi.org/10.1007/s00704-020-03476-x
https://doi.org/10.3390/w13050613
https://doi.org/10.1111/j.1539-6924.1992.tb01308.x
https://doi.org/10.1007/BF01189746
https://doi.org/10.1007/s00244-016-0285-5
https://doi.org/10.1007/s00128-015-1588-3
https://doi.org/10.1016/j.watres.2023.119592
https://www.ncbi.nlm.nih.gov/pubmed/36638731
https://doi.org/10.1007/s11356-023-25895-9
https://www.ncbi.nlm.nih.gov/pubmed/36829096
https://doi.org/10.1016/j.scitotenv.2005.09.064
https://doi.org/10.1007/s13201-018-0773-z
https://doi.org/10.1007/s12517-011-0344-1
https://doi.org/10.1016/j.gexplo.2017.01.009
https://doi.org/10.1007/s10653-022-01436-0
https://doi.org/10.1007/s10668-020-00674-5
https://doi.org/10.1289/ehp.7842
https://www.ncbi.nlm.nih.gov/pubmed/16002381
https://doi.org/10.1016/j.jenvman.2010.12.003
https://www.ncbi.nlm.nih.gov/pubmed/21215510
https://doi.org/10.1007/s11356-015-4340-y
https://www.ncbi.nlm.nih.gov/pubmed/25797016


Toxics 2024, 12, 162 15 of 15

52. Lino, A.S.; Kasper, D.; Guida, Y.S.; Thomaz, J.R.; Malm, O. Total and Methyl Mercury Distribution in Water, Sediment, Plankton
and Fish along the Tapajós River Basin in the Brazilian Amazon. Chemosphere 2019, 235, 690–700. [CrossRef] [PubMed]

53. Cordy, P.; Veiga, M.M.; Salih, I.; Al-Saadi, S.; Console, S.; Garcia, O.; Mesa, L.A.; Velásquez-López, P.C.; Roeser, M. Mercury
Contamination from Artisanal Gold Mining in Antioquia, Colombia: The World’s Highest per Capita Mercury Pollution. Sci.
Total Environ. 2011, 410, 154–160. [CrossRef]

54. Restrepo, E.; Ciro, E. Residuos Mineros, Una Fuente Alternativa de Materias Primas. Rev. Colomb. Mater. 2021, 1–2. [CrossRef]
55. Villegas Rosas, C.A. Impacto Ambiental Por El Uso de Mercurio En Minería Aurífera: Una Revisión de La Literatura Científica Entre Los

Años 2009–2019; Universidad Privada del Norte: Trujillo, Peru, 2020.
56. Fernández-Martínez, R.; Loredo, J.; Ordóñez, A.; Rucandio, I. Mercury Availability by Operationally Defined Fractionation in

Granulometric Distributions of Soils and Mine Wastes from an Abandoned Cinnabar Mine. Environ. Sci. Process. Impacts 2014, 16,
1069–1075. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.chemosphere.2019.06.212
https://www.ncbi.nlm.nih.gov/pubmed/31279119
https://doi.org/10.1016/j.scitotenv.2011.09.006
https://doi.org/10.17533/RCM/udea.rcm.n18a00
https://doi.org/10.1039/C3EM00710C
https://www.ncbi.nlm.nih.gov/pubmed/24664209

	Introduction 
	Materials and Methods 
	Study Area 
	Sampling and Laboratory Analisys 
	Brief Description of EPA Standard Method 3015 
	Brief Description of EPA Standard Method 7473 

	Risk Assessment and Characterization 

	Results 
	Hg Concentration in Water 
	Human Health Risk Assessment 
	Deterministic Approach 
	Probabilistic Approach 


	Discussion 
	Conclusions 
	References

