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ABSTRACT

Artisanal and small scale gold mining operations have been an important source of toxic elements in
the environment, with possibly negative consequences for ecosystems and human health. This study
aims to assess the pollution degree and human health risk due to heavy metals exposure in mining
communities. The data correspond to samples collected in rivers located in the vicinity of Ponce
Enriquez, one of the most important gold mining sites in Ecuador. The concentrations of As, Cd, Cu,
Pb, and Zn were analysed in surface water (n = 13) and sediment (n = 7) samples. Heavy metals contents
were compared with (a) the corresponding backgrounds values (Bi) and (b) the permissible limits
established by the Ecuadorian regulation. Furthermore, the Geo-accumulation Index (Igeo) and Metal
Index (MI) were estimated for sediments and surface waters, respectively. Lastly, the potential adverse
effects on human health due to the exposure to HMs in polluted rivers were carried out based on the
hazard index (HI) and total cancer risk (TCR), using the traditional deterministic approach. The results
showed that surface waters and sediments were enriched in heavy metals. The 57% of the sediment
samples showed severe to extremely pollution (Igeo > 3) due to the high contents of As and Cd. On the
other hand, surface water was in the strongly to seriously affected category (MI > 3) in 23% of the
sample’s locations, with As, Cu and Pb as the main contaminants. Likewise, residents exposed to
polluted rivers showed HI and TCR values above the safe exposure threshold (HI = 1 and TCR = 10%),
being as the main contributor to the overall risk. Based on the preliminary results found in this research,
future rivers monitoring and control efforts are needed to reduce the pollutions levels and the health
hazard of the inhabitants of the mining areas.
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1 INTRODUCTION

Uncontrolled mining operations are causing serious environmental problems due to the large
amount of pollutants generated. These can be introduced into the water system by surface
runoff, causing water pollution not only in the mining area but in a larger region [1], [2].
Heavy metal(loid) contamination is known to be harmful for the environment. Presence of
contaminants in soils, waters and air can be caused by natural events; however, the
anthropogenic activities are the main contributors to the pollution [3]. Mining is one of the
most polluting anthropogenic activities, especially in underdeveloped countries, where
environmental controls are inadequate [4], [5]. The high concentrations of toxic elements
around mining regions causes serious risk to ecosystems and human health [6].

Mining waste may include toxic elements such as As, Cd, Cr, Ni, and Pb, some of them
recognized as human carcinogens by the International Agency for Research on Cancer [7],
[8]. Exposure to these metals, even in small quantities, can cause significant human-health
and ecosystem risks [9], [10]. In Ecuador, inadequate mining practices over the years have
caused the environmental degradation of mining environments [11], [12]. Mining processing
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operations have been conducted along rivers and streams [13], discharging mine tailings into
streams that eventually flow into rivers [14], [15].

The human health risk depends on the pollutants concentrations in the environmental
systems, their toxicity, and the exposure frequency [16]. Furthermore, in countries with
tropical weather and very hot seasons like Ecuador, rivers are an important source of
enjoyment for the community, especially for the children [17]. Given the elevated levels of
exposure of residents have to heavy metal(loid)s and other toxic compounds in the mining
communities, the aims of this research were to (a) evaluate the heavy metal(loid) pollution
in surface waters and sediments in the Ponce Enriquez mining area, using the Geo-
accumulation Index (Ig,) and Metal Index (MI) and (b) assess the human health risks due to
exposure to multiple potentially toxic elements present in surface waters, using deterministic
approach. The results of this work will provide an insight about the human health risk
associated to the pollution in the mining area.

2 METHODOLOGY
2.1 Study area

Ponce Enriquez is in the southwest part of the country, and the western part of Azuay District
(Fig. 1). This area has had massive mining activities since the 1980s [18]. The inadequate
and illicit mining practices have caused significant environmental degradation in the area.
Most of the mining contamination comes from Cerro Bella Rica and reaches the Siete River
through illegal discharges from the treatment plants. Furthermore, mine tailings are stored in
technically deficient dumps [15], where acid mine drainage have been lixiviated into soils
and streams which eventually discharge into rivers. As a consequence, surface waters and
sediments contain high concentration of heavy metals [14], [18]-[21].
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Figure 1: Location of the study area in a national scale, and location of the sampling sites.

2.2 Data collection and chemical analysis

The concentrations of As, Cd, Cu, Pb, and Zn were analysed for 13 surface water samples
and 7 sediment samples collected in 2018. The samples came from the Siete River and some
surrounding streams. Water samples were acidified with nitric acid and refrigerated until
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analysis. Sediment samples were taken with a Van Veen grab. The samples were sun dried
for 48 h and classifyed to remove impurities. Then, samples were milled and passed through
a 2 mm sieve, to be finally stored in a polyethylene bag prior to analysis.

Heavy metal(loid) concentrations in water samples were determined by Inductively
Coupled Plasma Mass Spectroscopy (Agilent 7700x ICP-MS). Certified standard solution
concentrations were used to ensure quality results with a standard deviation <10%. On the
other hand, heavy metal concentrations in sediments were analysed by Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES). For quality control during the analysis,
parallel process samples were established as reference material, obtaining relative standard
deviations <5%.

2.3 Heavy metal(loid) pollution

2.3.1 Geo-accumulation index (Igco)

The pollution level of river sediments was quantified with the geo-accumulation index (Igco)
according to eqn (1). This index compares the analytical values of each heavy metal with the
geochemical background values [22].

lgeo = log, [1.5C;Bi]’ M

where C; (mg kg') is the element i concentration, and B; (mg L7!) is the element i
geochemical background value. The constant 1.5 is used due to possible variations in
reference data. The B; values (mg kg!) used in this study were: As = 7.7, Cd = 0.17,
Cu =60, Pb =5.4, Zn = 64. Those values correspond to sediment samples within the studied
area, but in sites which are not affected by mining pollution [23]. The g, has seven quality
classes: practically unpolluted (Ig, < 0), unpolluted to moderately polluted (0 < Igeo < 1);
moderately polluted (1 < Iz < 2), moderately to heavily polluted (2 < Iz, < 3), heavily
polluted (3 < Igeo < 4), heavily to extremely polluted (4 < Iz < 5); and extremely polluted
(Iyeo > 5) [24].

2.3.2 Metal index (MI)

The water surface quality was analysed using the metal index (MI) [25], [26]. The MI
provides a general understanding of water quality. It has six water quality classifications:
very pure (M1 <0.3), pure (0.3 < MI < 1); slightly affected (1 < MI < 2); moderately affected
(2 < MI < 4); strongly affected (4 < MI < 6); and seriously affected (MI > 6). The MI was
calculated with the following eqn (2):

_ VN Ci
M= =1 (pacy;’

2

where C; is the individual heavy metals concentration of each sample, and MAC is the
maximum permissible concentration of the country’s metal-based standards. According to
the water quality guidelines established by the Ecuadorian legislation: 50, 1, 5, 1, and 30
(ug-L™") were the MAC values used for As, Cd, Cu, Pb and Zn, respectively [27].

2.4 Human health risk

The human health risks assessments were carried out using the Spatial Analysis and Decision
Assistance (SADA) software, whose risk models follow the risk assessment guidelines
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proposed by the United States Environmental Protection Agency (USEPA) [28]. The
traditional deterministic approach was used due to its simplicity and easy understanding
[29]-[31]. This approach assigns a single representative value to each input parameter in the
risk equation, leading to a single-value risk output.

For a deterministic approach, the 95% upper confidence limit (UCL) of the data mean
was calculated with the Statistical Software ProUCL 5.1 developed by USEPA [32]. This
study considered two kinds of receptors, adults and children; and two kinds of exposure
routes: water incidental ingestion and water dermal contact during swimming activities. The
received dose (ADD: mg-kg '-day™!) of each exposure was calculated using eqns (3) and (4)
according with USEPA recommendations [33].

_ CxEFXETXIRXED

ADD ingestion — BW x AT > (3)
CxEFXETxSAxKpxED
ADDgermal contact = BW x AT s 4)

where C value is the water heavy metal concentration (ug-L™!); EF is the annual exposure
frequency (days-year !); ET is the exposure time (hour-day!); IR is the ingestion rate
(L-day!); ED is the life exposure duration (years); SA is the skin surface area exposed (cm?);
AF is the adherence factor (mg-cm2-day '); kp is the skin permeability constant (cm-hour !);
AT is the averaging time (days); and BW is the body weight (kg). The values used in this
study were taken from the specific literature and are summarized in Table 1.

Table 1: Parameters used in the risk assessment.

Parameters References values :
Adults Children

EF | Exposure frequency (days-year ) 60° 60°

ET | Exposure time (hour-day ) 2.6° 2.6°

IR | Incidental ingestion of water (L-day ') 0.0532 0.0902

ED | Exposure duration (years) 30! 6!

SA | Skin surface area exposed (cm?) 18,4003 6,300°

AF | Adherence factor (mg-cm2) 0.07! 0.2!

kp Constante de permeabilidad (cm-hour ') Zn = 0.0006; As, Cd, Cu, Pb=0.001*

BW | Body weight (kg) 723 | 15.6°

Averaging time

AT Carcinogens (days) 365 x ED! 365 x ED!

Non-carcinogens (days) 365 x 70! 365 x 70!
TUSEPA [34].

2USEPA [16].
3Spence and Walden [35].
“USDOE [37].

The potential risk of systemic effects was quantified in terms of hazard quotient (HQ) (eqn
(5)), which results from dividing the ADD by the reference dose (RfD: mg-kg !-day!). To
assess the risks of more than one route of exposure, the Hazard Index (HI) (eqn (6)) was
introduced, which is the sum of HQs of all applicable routes of exposure. For HQ and HI
above 1 the risk is considered unacceptable [33], [34].
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ADD

HQ = 222 )

RfD ’
HI = XL HQ;. (6)

To characterize the risk for exposure to carcinogenic compounds, the individual
probability of develops cancer throughout his life (CR) is established according eqn (7). The
CR is a function of the ADD and the slope factor (SF: (mg-kg '-day™!)™"), which is the upper
limit of the estimate of the increased risk of suffering cancer throughout life due to exposure
to a unit dose of the carcinogenic agent. CR was determined for each exposure, and then CRs
were summed and expressed as a Total Cancer Risk (TCR) in eqn (8). Finally, the TCR values
were compared with the acceptable reference value of 10E%, where the 1 person developing
cancer probability per 100,000 inhabitants exposed is considered [36].

CR = ADD x SF, (7)
TCR =¥, CR;. (®)

Toxicity data (RfD and SF) were obtained from the Risk Assessment Information System
(RAIS) database website [37]. The cancer risk was calculated for As and Pb, elements that
have slope factors reported. The overall equations used to calculate the human health risk
were implemented in R language.

3 RESULTS
3.1 Heavy metal(loid) pollution

The concentration of As, Cd, Cu, Pb and Zn in surface waters and sediments are presented in
Tables 2 and 3, respectively. In surface waters, high values of As, Cu, Pb and Zn
concentrations exceeding Ecuadorian standards were registered in 55% of the samples, where
64% of these occurred in the central part of the study area. Furthermore, SW-11 and SW-13
samples showed very high concentrations of As and Cu, compared to the other samples and
the Ecuadorian regulation. Regarding sediments pollution, this study found elevated heavy
metals sediments concentration, mainly Cd and As, with values up to 600 and 52 times higher
than their background values (Bi). Cd was above the B; in all the sampling locations. The
results concur with the informed by other authors [18], [38], who reported elevated heavy
metals sediments concentrations in the studied mining area.

3.1.1 Geo-accumulation index

The I, is an effective tool to characterize the sediment pollution levels by evaluating metal
content above background values [22]. Based on Iso, sediments from the Siete River
presented high pollution levels. According to Table 4, 57% of the samples resulted in heavily
to extremely polluted category. The highest I, values were reported for As and Cd. For Cu,
the Igeo values denoted a moderate to extremely polluted degree. Also, Ig, values for Pb
ranged from unpolluted to moderate polluted whereas Zn occurred in unpolluted levels in
42% of samples (Igco < 0). The box plot in Fig. 2 showed a large data dispersion of Iy, values.
The highest I, was reported to Cd, followed by As, Cu, Pb and Zn. The range of values were
between —4 and 10, being As-Ig, = —2.94 the minimum value of the whole set of samples,
and Cd-Ige, = 8.63 the maximum estimated value. The Is., mean of Cu, Pb and Zn were below
2 (unpolluted to moderately polluted) while the values of As and Cd were above level 4;
heavily to extremely polluted.
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Table 2: Concentrations of heavy metal in surface water samples (SW: pg-L™!). Values in
bold were above the Ecuadorian water quality guidelines.

Samples As Cd Cu Pb Zn
SW-1 087 |0.03| 0.78 0.14 7.95
SW-2 933 | 0.04 | 243 0.96 9.06
SW-3 12.03 | 0.03 | 2.31 0.37 8.93
SW-4 10.85 | 0.03 | 2.36 0.20 7.13
SW-5 1.36 | 0.01 | 0.40 0.06 5.68
SW-6 087 |0.02 | 0.67 0.17 | 11.30
SW-7 999 [0.05| 1.63 047 | 14.17
SW-8 090 | 003 | 0.68 0.09 8.65
SW-9 582 | 0.01 | 0.63 0.15 5.89
SW-10 | 11.97 | 0.08 | 3.83 1.06 | 13.54
SW-11 | 62.04 | 0.17 | 27.26 046 | 1033
SW-12 | 44.60 | 0.29 | 8.65 0.69 | 19.62
SW-13 | 263.46 | 0.80 | 293.95 | 154.32 | 96.55

Table 3: Concentrations of heavy metal in sediment samples (SED: mg-kg™!). Values in
bold were above the background values for sediments.

Samples | As Cd Cu Pb Zn
SED-1 1.50 0.24 21.59 3.97 49.86
SED-2 7.14 1.68 101.19 8.32 70.37
SED-3 431 0.89 42.67 2.79 45.34
SED-4 | 240.97 | 60.67 | 308.52 | 14.08 | 121.14
SED-5 | 201.19 | 51.56 | 285.93 | 14.36 | 98.35
SED-6 | 402.67 | 101.15 | 1561.39 | 114.61 | 356.92
SED-7 | 232.50 | 57.25 | 1480.21 | 43.38 | 195.43

Table 4:  Values of Geo-accumulation Index. Values in bold show heavily to extremely

pollution.
Geo-accumulation index
Samples
As Cd Cu Pb Zn

SED-1 —2.94 -0.09 —2.06 -1.03 | —0.95
SED-2 —0.69 2.72 0.17 0.04 -0.45
SED-3 -1.42 1.80 —1.08 -1.54 | —1.08
SED-4 4.38 7.89 1.78 0.80 0.34
SED-5 4.12 7.66 1.67 0.83 0.03
SED-6 5.12 8.63 4.12 3.82 1.89
SED-7 4.33 7.81 4.04 2.42 1.03
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Figure 2: Box plot of Iy, values for sediment samples.

The I, values detected in this study were similar to those reported by Aguilar et al. [20].
Furthermore, the Iy, values in the study area were in the same range as observed in the
Colombia, Brazil, Iran and China mining areas [39]-[42], with moderate to severe degree of
pollution where As—Cd—Cu metals are the most disturbing contaminants. On the other hand,
Ieeo for Pb was significantly lower than the ones reported in other mining areas [43], [44]
which could be explained by the geology. Furthermore, lowers 4, were detected in mining
regions in Brazil [45] and India [46], with s, values of 4 and 2, respectively.

3.1.2 Metal index (MI)

The categorization of water quality based on the metal index is shown in Fig. 3. As a result,
38% of the samples were pure, the remaining percentage were from slightly to seriously
affected. The samples SW-11 and SW-13 were the ones identified as seriously affected.
These results evidence the potential impact of mining activities. It is well known that mining wastes
in the area usually contains: arsenopyrite, pyrite, pyrrhotite, and sphalerite [11], which may
explain the pollution levels in surface waters.
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Figure 3: MI column diagram of surface water samples.
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3.2 Human health implications

Table 5 shows the outcomes for the carcinogenic (TCR) and non-carcinogenic (HI) risk for
adults and children receptors. Surface waters have revealed elevated concentration of heavy
metal(loid)s. These elements, especially As and Pb, represents a significant health hazard for
inhabitants. The cumulative non-carcinogenic risk (HI) for children was over the safe
exposure limit level (HI > 1) for water incidental ingestion. In contrast, the HI for adults was
below the recommended limit. While As resulted the pollutants of major concern, exposure
to Cd, Cu, Pb and Zn was negligible (HQ values were in order of 10" and 10"%) for both
receptors (Fig. 4(a)).

Regarding the carcinogenic risk, the TCR through incidental ingestion of water was above
the safe exposure threshold for both adults and children receptors, but it was below the
recommended value (10E %) for dermal contact. In addition, As was the main contributor to
the cancer risk level for almost 99.75% of TCR for both receptors (Fig. 4(b)).

Table 5: Deterministic HI and TCR in surface waters for both receptors.

Ingestion Dermal contact
Adults Children Adults Children
HI 1.60E — 01 1.27E + 00 5.64E — 02 9.62E — 02
TCR 2.89E—-05 | 4.53E-05 9.80E — 06 3.42E — 06

Children are the most vulnerable receptors; the HI and TCR values for children were
almost two times higher than adults values. The exposure to heavy metal(loid)s through
polluted waters incidental ingestion was the main cause to the non-carcinogenic and
carcinogenic risk for children.

The outcomes in this study were consistent with the informed by other authors in mining
areas around the word [3], [39], [42], [47], [48]. Therefore, exposure reduction policies
should be adopted to reduce the risk levels to which the population around mining locations
is exposed. The frequency of EF exposure used in this study was 60 events-year . However,
under tropical weather like Ecuador, where rivers are used for recreational purposes, EF can
increase considerably, mainly for children. Therefore, population-specific parameters should
be determined locally to obtain more reliable results.

4 CONCLUSIONS

This study reveals the elevated heavy metal concentration in surface waters and sediment
samples from the Ponce Enriquez mining area. The 57% of the sediment samples showed
severe to extremely pollution, mainly with the As and Cd elements. Furthermore, 23% of the
water samples were from strongly to seriously affected category, with As, Cu and Pb
elements as the main pollutants. The risk outcomes by deterministic methods showed that
exposure in local rivers are unsafe for human health. The carcinogenic and non-carcinogenic
risk was above the safe exposure limit showing that residents were exposed to an
unacceptable risk level, mainly through incidental ingestion of water. The main contributor
to the overall risk was As.

This study provides important knowledge about the risk to human health to which the
inhabitants of mining communities are exposed. To obtain more realistic results, population-
specific parameters should be determined locally. In addition, a continuous environmental
monitoring could help to reduce the pollution in the mining area.
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Figure 4:  Heavy metal(loid)s in the human health risk outcomes. (a) Hazard quotient; and
(b) Cancer risk.
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