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Abstract: The area of Ponce Enriquez, Southern Ecuador, is one of the most important artisanal and
small scale gold mining (ASGM) areas in the country, where informal mining operations can be
found using amalgamation technique, even though it has been prohibited since 2010. Considering the
potential impact of these mining operations, the present research focused on heavy metal pollutants
in subsurface sediments at 214 sampling locations from several detailed sampling campaigns in
the rivers Fermin, Fermin Norte, Guanache, Villa, and Siete. Four parameters were calculated
to evaluate the geochemical composition of the river sediment and heavy metal concentrations:
The enrichment factor (EF), the geo-accumulation index (Igeo), the contamination factor (Cf) and
the pollution load index (PLI). The analyzed elements were Cu, Pb, Zn, Ni, As, Cd, Sb, S, and Hg.
Due to the lack of standards for pollution levels in sediments in Ecuador, Canadian guidelines were
used as interim sediment quality guidelines (ISQG) in this research for comparison with the obtained
results in subsurface sediments. The multi-index geochemical analysis indicated elevated heavy
metal concentrations in all subsurface sediments in the studied river ecosystems.

Keywords: contamination factor; environmental evaluation; enrichment factor; Igeo; pollution
load index

1. Introduction

Precious metals, including gold, have been mined in Ecuador since the pre-Hispanic era.
The traditional extraction process has caused mining pollution in various parts of the country.
Appleton et al. [1] highlighted the fluvial contamination of some artisanal and small scale gold mining
(ASGM) areas in Southern Ecuador. Although this study was not as exhaustive as others that can serve
as a methodological reference [2], it was the first objective evidence of the existence of relevant contents
of As, Cd, Cu and Zn in surface waters in the Ponce Enriquez, Portovelo-Zaruma, and Nambija
areas. Furthermore, their results prove that those heavy metal contents exceeded the WHO Drinking
Water Guideline values, the USEPA Water Quality Criteria for the Protection of Aquatic Life and the
Ecuadorian standards [3].

Further research studies on sediments in the ASGM areas also reported very high concentration
levels of Hg, as was found by Ramirez Requelme et al. [4], who focused on the Nambija district, or as
was found by Velasquez-Lopez et al., [5], who focused on the aforementioned Portovelo-Zaruma area.
Nevertheless, recent studies show that Hg pollution levels are being reduced due to the change of
artisanal methodologies from amalgamation to cyanidation [6].
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The mining area of Ponce Enriquez is located in the southern part of Ecuador, in Azuay Province,
approximately 460 km from Quito. This mining area was discovered by chance in 1982 after the
country experienced a very heavy El Nifio episode. Rain exposed previously unknown gold veins
existing in the foothills of the Andes mountain range. For many years, gold extraction in the sector
has been a primitive operation. In the mining area of Ponce Enriquez, the ore is extracted from the
slopes of the mountains in horizontal tunnels, and is moved from the mountain to the processing area
in mining cars that are manually pushed by the operator [7,8]. The beneficiation process is carried out
in several plants, some of them using amalgamation, while the most modern plants use cyanidation;
in all cases, the lack of efficiency is a common point along with the environmental damage [9]. Figure 1
shows one plant visited during the sampling campaign with the typical “chanchas” (amalgamation
drums).

@) (b)

Figure 1. (a) “Chanchas” in a plant near Villa river, (b) Chancha discharge process.

Since the beginning of mining, there has been a lack of awareness of the long-term environmental
consequences of the extractive processes. High gold values moved investors and miners to these
remote areas of Ecuador where the mining was carried out regardless of the possible environmental
consequences [10]. In 1998, the Swedish Environmental Services (SES) conducted a survey of river
water pollution at several Ecuadorian locations, including the Ponce Enriquez area, where metal
extraction mining was taking place [11]. The Prodeminca study [11] was the first to assess surface
water quality in the area, but it focused on water contamination only. In 2002, the Ecuadorian
government approved environmental regulations that allowed the protection of air, soil, water,
and biotic resources [12]. Later in 2003, Ecuador’s Environmental Ministry and the Energy and
Mining Ministry targeted a new evaluation in the Ponce Enriquez area. The resulting report included
a census of all mining operations and sediment monitoring of rivers, especially the Siete River [12].

At present, Ponce Enriquez has developed into a very active mining community. The area has
a concentration of mining processing plants including facilities for grinding, gravity separation and
leaching with cyanide. Arsenic and other heavy metals are generated as a by-product of the mining
industry [13-15]. It is estimated that annually the area removed about 100,000 tons of ore with a
production of approximately 15 tons of gold [16]. Approximately 10,000 tons of mining waste materials
are discharged annually to the rivers in the sector [7].

Based on a geochemical and biological assessment of the mining tailings at Ponce Enriquez,
Pefia-Carpio and Menéndez-Aguado [17] showed that the mining tailings had a high potential to
contaminate the surrounding waters and river sediments. Using statistical approaches, Sierra et al. [18]
assessed the particle distribution of the surface detrital sediment in the Ponce Enriquez mining
tailings. This paper presents the results of a detailed subsurface sediment survey in the rivers Fermin,
Fermin Norte, Guanache, Villa, and Siete. These four rivers cross the Ponce Enriquez town, as well as
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mines and processing operations on the west side of the Andes mountain range (Figure 1). The main
objectives of this study were to assess the heavy metal contamination of the subsurface river sediment
and to prioritize contaminated areas for further research. Due to the lack of standards for pollution
levels in sediments in Ecuador, Canadian guidelines were used as interim sediment quality guidelines
(ISQG) in this research to compare with the obtained results in subsurface sediments.

2. Materials and Methods

2.1. Sample Collection

Subsurface sediment samples were collected during several sampling campaigns in February
2015 along the Fermin, Fermin Norte (a tributary of the Fermin River), Guanache, Villa and Siete
rivers. Sampling sites were selected considering small tributaries, proximity to mining activities or
low energy areas. Samples were taken from underneath riverbanks with the help of a Peterson grab
sampler. At each sampling location, a composite sample was obtained mixing at least four subsamples,
taken at a depth of 5-10 cm along the transverse to the longitudinal axis of the river. Sampling points
along each river are represented in Figure 2. Samples were taken with a grain size <4 mm, and total
weight 0.5-1 kg. Table 1 shows the number of sampling sites located on the four rivers under study.
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Figure 2. Area of study.
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Table 1. River length, altitude variations and sampling sites.

River Length (km) Length Considered during Altitude Variation Number of
8 Water Sampling Campaign (km) (m) Sampling Sites
Siete 49.5 10 141 48
Guanache 5.6 5.6 548 56
Fermin 9.7 9.7 158 43
Fermin
Norte ) - - 34
Villa 3.6 3.6 211 33

2.2. Sample Preparation and Analysis

A total of 214 sampling stations were evaluated in the study area, and their locations are shown
in Figure 2. All the samples were collected with grain size <4 mm and kept in individual zip-lock
bags for each sampling location. Each sampling bag was labeled and carefully sealed in order to avoid
cross-contamination. The samples were dried in the laboratory at low temperature (<40°) to avoid
evaporation losses.

The dried samples were ground and sieved through a 100 microns sieve before they were analyzed.
For total heavy metal analysis, representative samples of 1.00 g were taken from each case using
incremental sampling and digested in aqua regia to be analyzed by ICP-MS in an external certified
laboratory (www.acmelab.com) in order to determine heavy metals concentration in part per million
(ppm) of contaminants in the sediments.

Due to the lack of official standards for pollution levels in sediments in Ecuador,
Canadian guidelines [19] were used as a reference in this study, although other standards were
checked, following Burton et al. [20].

Statistix© Analytical Software (version 10, www.statistix.com) was used to process and plot the
measured data. Four parameters were calculated to evaluate the geochemical composition of the
river sediment: The enrichment factor (EF), the geo-accumulation index (Igeo), the contamination
factor (Cf), and the pollution load index (PLI). The EF indicates the presence of contaminants via
a calculated ratio of the elemental concentration of sediment, normalized to a background element.
In this research, the reference element is an element particularly stable in soil, which is characterized
by the absence of vertical mobility and/or degradation phenomena. Furthermore, its concentration
should not be anthropogenically altered. The constituent chosen was iron (Fe). Fe has been observed
to comprise as much as 11% of gold mine tailings in the Ponce Enriquez area. Ponce Enriquez area is
rich in chalcopyrite and pyrrhotite, which are iron sulfides, and limonite, which is an oxidized form of
Fe [17]. For this reason, Fe was used as a reference value for the present research.

EF = [Cn/(Fe)]/[(BaselineCn)/(BaselineFe)], 1)

where Cn is the element concentration.
Table 2 shows the established quality values for the enrichment factor [21]. In the present study,
these values were applied to sediment.

Table 2. Enrichment factor values.

Values Quality
EF <2 Deficiency to minimal enrichment
2<EF<5 Moderate enrichment
5<EF <20 Significant enrichment
20 < EF < 40 Very high enrichment

The geo-accumulation index Igeo [21-23] was used to determine anthropogenic contamination
in river sediments. The samples are generally classified as unpolluted (0 < Igeo), unpolluted to
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moderately polluted (0 < Igeo < 1), moderately polluted (1 < Igeo < 2), moderate to strongly polluted
(2 < Igeo < 3), strongly polluted (3 < Igeo < 4), strongly to extremely polluted (4 < Igeo < 5),
and extremely polluted (Igeo > 5).

Igeo = Ln[Cn/(Bn)] 2)

where Bn is the mean background value for the element under study, obtained from the average values
of soil samples of the study region.
The contamination factor (Cf) of heavy metals is expressed by the following equation:

Cf = Cn/mean Bn. 3)

This index (Cf) is considered an essential calculation in sediment pollution assessment.
Finally, the last parameter used to evaluate sediment contamination was the pollution load index
(PLI) [24,25].
P.LI = (Cfy x Cfa X Cfs X Cfy.....x Cfy)"" (4)

where the Cfs values are expressed as stated in Equation (3). Table 3 shows the PLI criterion [24].

Table 3. Pollution load index (PLI) criterion.

Values Quality
0 No pollution
1 Background pollution
>1 Elevated pollution level

3. Results

3.1. Sediment Evaluation

As mentioned above, Canadian guidelines [19] were used as interim sediment quality guidelines
(ISQG) within this research, because Ecuador lacks standards for pollution levels in sediments. All or
nearly all of the samples in each of the four rivers were above the ISQG guidelines for Cu, Ni, As,
and Cr. (Table 4). The mean Cu concentration in the 3.6 km long Villa River was 688 ppm (Table 5).
The Guanache River had the second highest average Cu concentration in sediments with an average of
593 ppm. The third highest concentration was in the Siete and the lowest concentration was in the
Fermin River. It is necessary to point out that these four rivers join to form the main stem Siete River.
The portion of the Siete River sampled for this project was above the confluence, and thus, it was not
affected by contamination from the other three rivers.

Table 4. Percentage of samples above the guidelines for sediment quality (ISQG) values.

Element Cu Pb Zn Ni As Cd Sb Sr Hg
ISQG (ppm) 18.7 35 123 21 59 0.7 2 2 0.17
River Siete 100% 4%  63% 100% 100% 8%  81% 100% 2%

River Guanache 100% 9%  25% 100% 100% 13% 86% 100% 0%
River Fermin 100% 0%  88% 97% 100% 0%  35% 100% 6%
River Villa 100% 6% 3% 100% 100% 3%  100% 100% 36%
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Table 5. Mean values and standard deviations among samples, by river. MDL is the method
detection limit.

River Elements Cu Pb Zn Ni As Cd Sb Sr Hg
MDL (ppm) 1 3 1 1 2 0.5 3 1 1
ISQG (ppm) 18.7 35 123 21 5.9 0.7 2 2 0.17
Siete mean 483.7 203 1325 5960.9 842.8 0.73 6.4 20.61 1.00
SD 258.9 11.0 374 144  506.9 0.3 3.1 4,74 0.14
Guanache mean 592.5 21.6 110.2 62.6  383.6 0.9 5.2 10.79  under MDL
SD 256.0 10.1 32.0 11.8 2732 0.3 24 5.37 -
Fermin mean 160.0 12.9 1642 474 2054 under MDL 4.0 26.35 under MDL
SD 17.3 4.6 31.6 2.9 68.80 - 2.1 3.88 -
Villa mean 687.8  31.0 98.7 42.6  589.03 9.3 23.0 19.73 1.5
SD 899.0 506 112.6 9.7 1671.9 1.6 21.3 3.03 0.8

In the Supplementary materials, the full results of ICP-MS analysis can be found for each sampling
site of the full sampling campaign represented in Figure 2.

Figure 3 shows the variation between the sediment concentration and the sample location for
As, Cu, Pb, and Hg on the Fermin, Fermin Norte, Guanache Villa, and Siete rivers. Figure 4 shows
the variation between the sediment concentration and the sample location for Ni, Sb, Sr, and Zn on
the same rivers. The Fermin Norte River is the upper part of the Fermin River, and has the lowest
Cu concentration. Despite its short length, the Villa River showed a high standard deviation for
Cu, with a value of 899 ppm. In the case of the Villa River, there is a 211 m elevation difference
between the first sample site on the slope of the Andes and the last sample site located only 25 m
above sea level. The bottom slope of the river basin facilitates sediment transport and increases the
contaminant concentration as it approaches the sea level. All the plots showed variations in sediment
metal concentrations. Slope variation could also affect the results obtained, since all four rivers initiate
their course at the banks of the Andes.
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3.2. Enrichment Factor (EF)

The enrichment factor was evaluated for all the sampling sites defined in this study in the rivers at
the Ponce Enriquez area. In the case of As, 97% of the sampling sites were above level 3, which means
there was moderate enrichment in those sample sites; 40% of the sites had a value above 20, and could
be considered extremely enriched. These results were similar for most of the heavy metals analyzed.

Figures 3 and 4 plot the results for the EF index in a sequential way, from upstream to downstream.
It must be clarified here that the sample process always started from the origin of each river, and the
sampling sites were numbered in the downstream direction; that is, a sampling site with a smaller
number than another means that it was taken upstream along the same river.

Regarding the EF variation, it was observed that Hg showed a very particular reaction.
Even though Hg values were above the maximum contamination levels established for Canada,
the obtained value was around 1 ppm for almost every river. The exception was the Villa river,
where two sampling sites had very high contamination values of 50 and 100 ppm. These values are
shown as maximum values in Figure 3 and they corresponded with areas close to amalgamation plants,
as shown in Figure 1.

3.3. Geo-Accumulation Index (Igeo)

The Igeo index was evaluated for all sampling sites of all four rivers in the Ponce Enriquez Area.

For this parameter, 90% of the sampling sites were above level 3, which means those sites should
be considered as extremely polluted. Figure 5 shows values for As, Cu, Pb, and Hg, while Figure 6
addresses values for Ni, Sb, Sr, and Zn.

60
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3.4. Contamination Factor (Cf)

The contamination factor index was evaluated for every heavy metal in all sampling sites of all
four rivers in the Ponce Enriquez Area; the results are shown in Figures 7 and 8. In the case of As,

100% of the sampling sites were found to be extremely contaminated.
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3.5. Pollution Load Index (PLI)

The PLI, based on all nine heavy metals, was consistently above 1.0 at all sampling points,
which means an elevated pollution level was present in all four rivers. Figure 9 shows the results for
PLI in each case, and according to this index, the Siete River presents the highest PLI values.
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Figure 9. Downstream longitudinal sequence plot of the pollution load index values.

4. Discussion

The mining district of Ponce Enriquez is located within the subdistrict Machala-Narajal. It is
known for its deposits of Cu, Au, and Mo in veins, breccias, stockworks, and epi-mesothermal deposits
developed within volcanic rocks, and is spatially related to porphyry copper [26]. In this area, gold is
associated with iron sulfides, arsenic sulfide, antimony, telurides, sulfides of copper, other sulfides
such as galenite (SPb) and sphalerite (SZn). In addition, sulfosalts, oxides of iron silicates, carbonates,
micaceous minerals among others [27] are also associated with gold presence. In Ponce Enriquez,
according to Pefia Carpio and Menéndez-Aguado [17], the gold mineral paragenesis is sphalerite,
pyrite, chalcopyrite, arsenopyrite, tetrahedrite, pyrrhotite, gold (III), tellurium, krennerite, and silica.
For this reason, Fe was used as a reference value in determining the enrichment factors and the
geo-accumulation index.

It is known that the presence of lead comes from galenite. This lead presence within the sediments
comes from the grinding process in ore extraction, and its presence was noticeable in tailings in the
Ponce Enriquez area. On the other hand, antimony comes from the presence of antimony sulfide. It has
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a mineral association with the mineral ores in the Ponce Enriquez area. Pyrrhotite and pentlandite are
iron and nickel minerals that are also found in this area. The presence of strontium in the Macuchi
formation is typical of the high sulfidation VHMS type [28], which is characteristic of Ponce Enriquez.
The iron present within the analyzed sediments comes from iron oxides such as limonite and hematite
common in the area.

The high levels of arsenic measured in sediments from the rivers Guanache and Fermin are
possibly generated from mineral processing plants that are located in Ponce Enriquez area [18,29],
like the one shown in Figure 1. In the case of copper, its presence is due to minerals such as chalcopyrite,
cobelina, bornite, digenite, idaite (iron and copper sulfide), tennantite (copper and arsenic sulfide),
and enargite (copper and arsenic sulfide). The existence of these minerals has been verified by previous
studies [17]. In the case of enargite, this mineral is known for its high sulfidation, and is commonly
found in VHMS deposits [28].

It can be observed in Figures 3-9 that all the analyzed indexes showed contamination levels in
all rivers in the Ponce Enriquez area. The Siete River showed the highest contamination values for
all the analyzed elements in the sample sediments, while the Fermin Norte River showed the lowest
values. This could be related to the low presence of mining activities and mineral processing plants in
that specific area in Ponce Enriquez. The presence of arsenic was above the maximum level in all the
sediments analyzed.

Since 2010, Ecuadorian regulations prohibited mercury amalgamation as a gold recuperation
process. Despite the existence of real difficulties to control and legalize ASGM activities that still use
amalgamation, reports show evidence of some transition to cyanidation technologies in the ASGM
areas [6]. Nevertheless, this is not the case for artisanal gold miners in Ponce Enriquez, and for this
reason there are scattered sampling sites that reported high mercury concentrations.

It has been proven that some measures must be taken to avoid the undesirable impact of ASGM
activities, without introducing the risk of social fracture. There is no doubt that increasing the
availability of cleaner techniques in this area can be part of the solution, and the key probably lies in
educational and long-term measures, as suggested in several research reports [30-32].

5. Conclusions

The project analyzed heavy metal pollutants in subsurface sediments from four rivers in the Ponce
Enriquez mining area in Ecuador. A multi-index geochemical analysis indicated elevated heavy metal
concentrations in all subsurface sediments in the studied river ecosystems. Fe concentrations was used
as a reference value (Bn) due to its existence in minerals such as chalcopyrite or limonite, which are
alteration minerals ubiquitous in the Ponce Enriquez area.

The enrichment factors (EF) showed that all nine metals were enriched with the exception of Hg,
which was prohibited in anthropogenic sources within the mining industry.

The values obtained for EF from the Villa and Guanache rivers were very high at above
80%, suggesting extremely contaminated sampling points. This was especially observed with the
employment of the geo-accumulation index. Nevertheless, it is important to state that these values
were obtained using Fe as a basic normalized constituent in the Ponce Enriquez area.

Some of the values for several heavy metals were above the maximum contaminant levels for
Cu, Cr, Sb, As, and Ni. Hg did not contribute much to the pollutant load index value, except for
two scattered points on the Villa River. The Siete River exhibited the most longitudinal variability in
metal concentrations.

In the case of the pollution load index, the results confirmed that all 214 sampling sites had an
elevated pollution level. Illegal and informal mining activities are difficult to control and it is evident
that they can contribute to environmental pollution in ASGM areas. The four indexes employed in this
research in the Ponce Enriquez area showed high contamination along riverbanks in all four rivers
under study.



Water 2019, 11, 590 11 0f12

As a final conclusion, the need of urgent measures to avoid the undesirable impact of the ASGM
activities has been proven, suggesting not only an increase in the availability of cleaner gold recovery
techniques but also a need for the strong support of educational and long-term strategies.
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at Siete River.
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