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Abstract Gold mining is known to generate important
economic products but also to produce several types of
contamination/pollution. We report here the first data about
Hg concentrations in the soils of the Yacuambi River in the
Ecuadorian Amazon. We analyzed soil samples to assess
the extent of contamination caused by gold placer mining
in this area. Hg concentrations in soils exceeded the local
background concentrations. High concentrations of Mn,
As, Pb, Cr, Cu, Fe and Zn in some soil samples were
probably derived from the geology of the site, which is rich
in polysulfides and metamorphic rocks. Placer mining may
accelerate the natural release of these elements to the
environment by the exposure of the bedrock to the atmo-
sphere. Accumulation of Hg in the river soils may be a
potential source of toxicity for aquatic life and a risk to
human health in the future.

Keywords Placer mining - Mercury - Pollution -
Amalgamation

Wastes generated by mining activities are much greater
than the economic products they yield (Oyarzun et al.
2011). As a well documented example, in 1997, waste
products from the mining industry in South Africa were
about 468 million tons per year. Of that total, wastes from
gold mining were estimated at around 221 million tons, or
47 % of all mining wastes in the country (DWARF 2001).
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Mining is one of the main sources of income in Ecuador.
Illegal and legitimate mining alike have been used for
years to extract mineral resources in the south of the
country. The regions of Loja, Azuay, El Oro and Zamora
Chinchipe have a high economic potential for polymetallic
deposits (Ramirez-Requelme et al. 2003; Fig. 1). Most of
the gold extraction is originated from artisanal and small-
scale mining, and it comes from the Portovelo-Zaruma and
Zamora batholith areas (Litherland et al. 1994). However,
methods used to extract gold are different in each area
depending on whether it is underground or placer mining.
Underground mining is used in the Portovelo-Zaruma
region and placer mining in the Yacuambi region (Zamora
batholitic), whereas in the Nambija region (Zamora bath-
olith) both methods are applied (Fig. 1).

Placer mining is the simplest way to extract gold. It
starts by opening trails and cutting vegetation where ter-
races will be exploited. The next steps are the desencape
and the destape, which consist of removing the upper
layer of organic matter and the sterile gravels, respec-
tively, using a digger. This process finishes with the ar-
ranque, which involves gold gravel removal until the
bedrock. At the same time that gold gravel is extracted,
washing is done with a gravimetric sluice. Hg is added
onto the heaviest material to retain most of the Au in the
amalgam. Then, the amalgam is burnt with a blowtorch.
This process is done on river shores, and the tailings
generated are deposited and/or discharged into the river.
Previous studies in Ecuador have mainly focused on
underground mining in the Portovelo-Zaruma area (e.g.,
Ramirez-Requelme et al. 2003; Carling et al. 2013).
However, no studies about the effects of placer mining in
Yacuambi have yet been conducted. In this study we
report the first results about trace-element concentrations
in this Ecuadorian Amazon region.
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Fig. 1 Location map of the Yacuambi River. a Geographic location
of the main mining districts in Ecuador (Ponce Enriquez, Portovelo-
Zaruma, Nambija, and Yacuambi, the last ones in the Zamora
batholic), b Sample sites and geological map. Sources National

The main aim of this article is to assess the accumula-
tion degree of trace elements in soils around the Yacuambi
River. This study has a high relevance for two reasons: (1)
no study has been conducted in this area so far, and (2) the
study site has high biological and cultural diversity since it
is situated in the Amazonian region. These factors enhance
its scientific value, and the study sets a precedent for future
investigations about placer-mining impacts.

Methods and Materials

Yacuambi river is situated in southeast Ecuador (3° 50’ 53”
S, 78° 49’ 42" W, Fig. 1) within the Sub-Andinian area,
which is the morphostructural division between Amazonian
catchment and the high Andes zone. It is a relatively narrow
belt formed by rocks, with flats and deformations originating
from Real Mountains and Amazonian sediments. This belt is
defined by granite batholithic type “I” (Prodeminca 2000) in
the western part of the river and by metamorphic rocks in the
northeastern part of the study site (Fig. 1).

Most of the Yacuambi region has a humid tropical cli-
mate, which is characterized by season-long precipitation.
Annual rainfall values are 2000 mm and concentrated from
January to July. Mean annual temperature is 22°C with a
minimum value of 10.2°C and a maximum of 33°C. Rel-
ative humidity is around 90 % (Mora and Torre 2013).
Some parts of the region also show some patches of a
warm, periodically dry climate.
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In this area, seven composite soil samples were taken in
September 2013 from stirred terrains around placer mines
and one soil sample was recovered from a pristine site
upstream the mining sites (Fig. 1). In this pristine site, no
recent alteration of soils or vegetation cover was observed.
Samples were recovered throughout the Yacuambi River
following the methodology proposed by Sepulveda et al.
(2005). One composite sample was obtained by mixing and
homogenizing three subsamples, which were taken at a
50-cm depth, until 1 kg of composite sample had been
recovered. Samples were kept in hermetic bags at a low
temperature (4°C) until their analysis. These composite
samples have been analyzed without replicates. They were
analyzed for main cations (Na, Ca and Mg) and trace
elements (Mn, As, Cd, Pb, Cr, Cu, Fe and Zn) by using
inductively coupled plasma atomic optical emission (ICP-
OES Perkin Elmer Optima 8300) at the INIGEMM labo-
ratory (detection limit <0.01 mg/kg). Hg was measured by
inductively coupled plasma mass spectrometry (ICP-MS
Agilent 7700x) (<0.5 ppb). Soil samples were similarly
prepared for both instruments following the EPA 3051 A
method. Humidity from samples was partially eliminated
by oven-drying at 50°C, which prevents Hg volatilization.

This procedure is based on an acid digestion (nitric and
hydrochloric acids) with a heated mixture of mineral acids.
Analytical standards for each trace elements measured in
the ICP-OES were prepared from single-elements stan-
dards (AccuStandard e Inorganic Ventures). From stan-
dards of 1000 mg/L, a set of standards were prepared and
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dilutions were made in function of the desire calibration
curve. Calibration curve for major elements was between
1-10 mg/kg and between 0.05-1.6 mg/kg for minor ele-
ments. The INIGEMM laboratory holds Certificates of
Laboratory Proficiency for metals in soils according to the
ISO/IEC 1703:2010. Proficiency test PT for ICP-OES was
obtained on August 2013 (ERA- A waters Company). For
Hg analysis in the ICP-MS, Plasma Pure standards
(100 mg/kg) were used and successive dilutions were done
to obtain the required calibration curve. The calibration
blank is used to establish the analytical curve. A quality
control of the blank samples was performed and a detection
limit of 0.077 mg/kg was found for Hg. Coefficient of
variation inter samples was acceptable (7 %) and correla-
tion of the analytical curve was 0.99997.

A preliminary Shapiro-Wilk test (o0 = 0.05) was per-
formed on the data of trace-elements to determine the
normality of the concentration distribution of each element.
This test shows an absence of normal distribution, since the
coefficient of skewness and kurtosis describe how the
shapes of sample-frequency distribution curves differ from
the ideal Gaussian curves. Hence, all data were square-root
transformed, and a principal component analysis (PCA)
was performed on these transformed data. A PCA was
carried out to detect the cases of variation of multivariate
data using Canoco 4.5. for Windows software. Biplot was
performed by using Canoco Draw 4.5.

Results and Discussion

Trace elements, as such addressed in our study, are present
in relatively low concentrations (<mg/kg) in the Earth’s
crust, soils and plants. The occurrence of harmful con-
centrations (anomalies) in the soils is a particular degra-
dation called contamination, which can be geogenic or
anthropogenic (Galan and Romero 2008). Besides, pollu-
tion refers to the introduction by man, directly or indirectly,
of substances into the environment. The Yacuambi River is
a good example of both types of processes as a result of
placer-mining activities. Pollution results from the use of
Hg in amalgamation during ore recovery, whereas higher
concentrations of Mn, Hg, As, Pb, Cr, Cu, Fe and Zn with
respect to the background levels can indicate geogenic
contamination resulting from mineral leaching and the
bedrock in some points of the river basin.

Higher Hg concentrations than the local background
were recorded in all the soil samples. However, those
levels are still smaller than the recommended levels for
environmental health (6.6 mg/kg; Canadian Council of
Ministers of the Environment 2007). Mn and Fe concen-
trations were greater than the local background. However,
the absence of recommended guidelines of Mn and Fe in
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Fig. 2 PCA graphic representation of studied soils in the biplot
factorial plan of F1 and F2 principal components. Axis 1 represents
metamorphic rocks on the negative side and porphyry copper on the
positive side. Axis 2 seems also to be a representation of the different
mineral compositions, metamorphic rocks and sulfides derived from
the Zamora batholitic (see map in Fig. 1)

soils prevented us from a comparison with international
standards. For the rest of the elements (As, Pb, Cr, Cu, Fe
and Zn), we have consistently found some of the samples
exceeding the local background and/or the standards for
soils. In the case of Pb, Cu, Cr, Fe and Zn, the highest
levels were detected in the first two samples from upstream
to downstream.

PCA results showed that the two principal components,
F1 and F2, accounted for 99.8 % of the total variance of the
data; the first factor explained 98.6 % of the total variance,
and the second explained 1.2 % of the remaining data.
Figure 2 shows the distribution of the trace elements on a
biplot representation. Along the first principal component
axis F1, four groups of elements show positive loadings
(Cu-Fe, Hg, Pb—-Zn and Mn-Cd—As), while Cr exhibits
negative loading. Trace-element distribution along the
second principal axis F2 also shows a similar distribution,
Cr in the negative part of the axis and the rest of elements,
except Cu—Fe, in the positive part. Hg occupied a more
central position in the biplot. Trace elements from natural
sources in the studied site, such as metamorphic rocks and
sulfides, which are on the biplot periphery, explained the
variability found in both axes. However, a more central
position is occupied by allochthonous elements, such as
Hg, indicated that they are common in all the samples,
regardless of the natural composition of the bedrock
(Fig. 2).

These results are in concordance with the characteristics
of the geological setting and with the form of extraction in
this area. Elementary Hg has been used extensively for the
recovery of gold in the Yacuambi River. The loss of Hg
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«Fig. 3 Trace-element concentrations (mg/kg) in soil samples from
the Yacuambi River. Samples are ordered from upstream to
downstream. Solid lines show the limits from the Canadian Soil
Quality Guidelines for the Protection of Environmental and Human
Health (Canadian Council of Ministers of the Environment 2007), and
dashed lines with dot symbols show background concentrations from
the pristine site

during the gold recovery reported by several studies
worldwide (e.g., Alpers et al. 2005; Getaneh and Ale-
mayehu 2006) and the absence of natural sources of Hg in
Zamora province point at placer mining as the main source
of this element in the environment. Concentrations of Hg
higher than the local background support this hypothesis.
However, these concentrations are still below the recom-
mended levels for protection of the environment (Canadian
Council of Ministers of the Environment 2007).

On the other hand, when bedrock contains pyrite and
other sulfides, as in the Yacuambi region, their oxidation
can release great quantities of heavy metals, such as As,
Cd, Mn, Pb and Zn. Additionally, the presence of gran-
odiorite (Fig. 1) which is usually associated to porphyry
copper deposits may explain the higher concentrations of
Cu and Fe in sample 2 and their position in the biplot.
Chromium is a less common element in the area but it is
still present in alluvial deposits of metamorphic rocks
(phyllites, schists, granodiorite/diorites) (Ball and Izbicki
2004), as noticed especially in sample 1 (Figs. 1, 3).
Samples with negative values of PCl are situated on
metamorphic terrains. However, only three samples (1, 3
and 7) exceed the regulatory guidelines for this metal,
which can be caused by a synergic effect of the rock’s
origin and the extent of mining activities in each point.
According to Motzer and Engineers (2004), average chro-
mium concentrations in granites are about 20 mg/kg
(samples 3 and 7) while average concentrations in basalts,
which can lead to the formation of schist (sample 1), are
about 220 mg/kg. Those data are very consistent with our
results. All these metals can be released into the environ-
ment by natural processes like weathering. Flooding during
the rainy season and sudden variations of temperature may
exacerbate this process. The exposure of minerals to the
atmosphere caused by mining operations can also accel-
erate their release. Thus, minerals, especially sulfides, can
be oxidized or hydrated. Moreover, crushing, grinding and
leaching can also contribute to unlocking metals from host
minerals.

Regarding the spatial distribution of the concentrations
throughout the river, Hg concentrations are higher and
more homogenous than the rest of elements due to the
constant use of Hg in the amalgam and the continuous
process of soil removal and mixing carried out by placer-
mining operations. The rest of the elements show less

homogenous concentrations since they primarily depend on
the presence of each element in the bedrock and on other
secondary factors such as the geochemistry of each ele-
ment, the weather and the process of soil removal from
each point.

Our results show a high degree of concordance with
previous studies about the environmental release of Hg
during placer-mining activities. Although Hg concentra-
tions nowadays only indicate a pollution phenomenon,
ongoing amalgamation processes in the Yacuambi catch-
ment may lead on to contaminant concentrations. Studies
worldwide have evidenced the effect of this dangerous
contaminant in aquatic environments, due to its bioaccu-
mulation and biomagnification along the food web
(Boening 2000). Several studies have also demonstrated its
risk to human health through the consumption of contam-
inated fish (Mason et al. 2000). Future studies should be
initiated to determine levels of methylmercury (MeHg),
which is the most toxic and persistent in the trophic chain,
and to set measures to stop or diminish the release of Hg
into the Yacuambi River.
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