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Abstract Water and sediment samples were collected
along river transects at three artisanal gold mining
areas in southern Ecuador: Nambija, Portovelo-
Zaruma, and Ponce Enriquez. Samples were analyzed
for a suite of major and trace elements, including
filtered/unfiltered water samples and stream flow
measurements to determine dissolved/particulate
loads. Results show that the Q. Calixto, Calera, and
Siete rivers (corresponding to Nambija, Portovelo-
Zaruma, and Ponce Enriquez mining areas,
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respectively) have substantial trace element contami-
nation due to mining inputs. Dissolved concentrations
were eclevated at Calera and Siete relative to Q.
Calixto, possibly reflecting the input of soluble
cyano-metal complexes in mining zones where cyani-
dation is used in ore processing. A negative correlation
was found between MeHg:THg ratios and pH, indi-
cating an inverse relationship of mercury methylation
with cyanidation (since cyanidation increases water
pH). This was the first comprehensive study to
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examine an extensive suite of trace elements in both
water and sediment at the three main gold mining
areas of southern Ecuador, including dissolved and
particulate loads, and the first study to report MeHg
concentrations in the mercury-contaminated rivers.

Keywords Cyanidation - Methyl mercury - Trace
metals - Particulate loads - Dissolved loads - Ecuador

1 Introduction

Artisanal gold mining is a substantial source of mercury
contamination in developing countries worldwide
(Appleton et al. 1999; Cordy et al. 2011; Taylor et al.
2005). In southern Ecuador, subterranean artisanal gold
mining is mainly focused in three areas: Nambija,
Portovelo-Zaruma, and Ponce Enriquez (Fig. 1).
Mining history, including methods for gold extraction,
and geology of each area are described briefly below,
and in more detail in Appleton et al. (2001). Limited
regulations and lack of enforcement has led to extensive
pollution in rivers draining the mining areas (Cardenas
and Escarate 2005; Lovitz 2006). This paper describes
concentrations and loads of mercury and other trace
elements in the primary drainages of Nambija,
Portovelo-Zaruma, and Ponce Enriquez mining areas:
Q. Calixto, Calera, and Siete, respectively.

The Nambija area is a chaotic gold-rush typical
town that has been extensively worked by small-
scale miners. Most of the mining and processing
occurs in the town of Nambija, which is drained by
Rio Q. Calixto (Fig. 1). Gold occurs primarily in vugs
and veins within and close to skarn bodies developed
on volcano-sedimentary rocks (Fontbote et al. 2004);
it is recovered by gravimetric concentration and amal-
gamation with mercury. The residues are deposited in
the ground or are discarded to nearby streams. Q.
Calixto, the most severely impacted stream in the area,
ultimately flows to the Amazon Basin (Fig. 1).

The Portovelo-Zaruma mining district has around
110 small-scale active metallurgical plants (Guimaraes
et al. 2011). Rio Calera drains most of the Portovelo-
Zaruma mining district, and the processing plants are
situated adjacent to the river (Fig. 1). Gold occurs in
multi-phase mineralization including base-metal-rich
mesothermal and base-metal-poor epithermal assemb-
lages; it is recovered by a combination of amalgam-
ation with mercury and leaching with cyanide. Mining
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waste is stored in lined and unlined tailings ponds or
discharged directly to nearby streams. The Calera and
Amarillo rivers are two of the main tributaries of the
Puyango River which flows south to Peru then west to
the Pacific Ocean (Fig. 1).

The Ponce Enriquez mining district has around ten
small-scale active metallurgical plants (J. Ruilova,
personal communication). A majority of the process-
ing plants in the Ponce Enriquez area are located along
Rio Siete (Fig. 1). Gold occurs in arsenopyrite—pyr-
rhotite—chalcopyrite hydrothermal veins; it is recov-
ered by a combination of amalgamation with mercury
and leaching with cyanide. Mining waste is stored in
lined and unlined tailings ponds or discharged directly
to nearby streams, which drain to the Rio Siete. Rio
Siete follows a short reach from the mountains to the
coastal plain, where there are extensive banana plan-
tations and shrimp farms, to the Pacific Ocean (Fig. 1).

Most previous studies on contamination in southern
Ecuador mining areas have focused on the Puyango
River basin (Portovelo-Zaruma area), including
Betancourt et al. (2005), who measured Hg, Mn, and
Pb in river water and sediment to determine pathways
of human exposure to these elements; Tarras-Wahlberg et
al. (2001), who examined Cd, Cu, Hg, Pb, and Zn con-
centrations in river water, sediment, and biota to deter-
mine bioavailability of these elements; and Tarras-
Wahlberg and Lane (2003), who measured suspended
sediment loads and associated metal contamination.
Ramirez-Raquelme et al. (2003) provided Hg measure-
ments in stream sediment and soils at the Nambija arca.
Other studies, including Velasquez-Lopez et al. (2010,
2011) and Tarras-Wahlberg (2002) focused on artisanal
mining processes in southem Ecuador with the goal of
developing methods to decrease mercury contamination.

Appleton et al. (2001) and Tarras-Wahlberg et al.
(2000) are the only previously published studies that
have compared water and sediment chemistry between
the three main mining areas in southern Ecuador
(Nambija, Portovelo-Zaruma, and Ponce Enriquez).
Our work builds upon these previous studies by pro-
viding (1) additional data for As, Cd, Cu, Hg, Pb, Ni,
and Zn to compare with data collected in the mid- to
late-1990s; (2) data for a wider range of elements,
including Cr, Co, Ni, V, Se, and Sb, that were not
analyzed as part of previous investigations; (3) partic-
ulate and dissolved trace element concentrations in
streams at all three mining areas; and (4) stream flow
measurements, which were used to calculate loads.
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Furthermore, despite well-known occurrence of Hg
contamination in mining-affected streams in southern
Ecuador, to our knowledge, no measurements of meth-
yl Hg (MeHg) concentrations in stream water are
reported in the literature. MeHg, the most toxic and
bioaccumulative form of Hg, is produced in aquatic
systems by sulfate- and iron-reducing bacteria in the
presence of organic matter (e.g., Benoit et al. 2003;
Kerin et al. 2006; Lambertsson and Nilsson 2006).
MeHg is potentially a serious problem in the organic
carbon-rich streams of southern Ecuador (Appleton et
al. 2001). Notably, although MeHg concentrations are

not reported, Guimaraes et al. (2011) measured meth-
ylation potential in sediment from the Puyango River
basin (Portovelo-Zaruma). They found low methyla-
tion rates downstream of mining operations, which
they attributed to the negative effect of cyanide on
methylating bacteria.

This investigation has the following objectives with
respect to the Nambija, Portovelo-Zaruma, and Ponce-
Enriquez mining areas: (1) contrast trace element con-
centrations (including a wide range of trace elements)
in river water and sediment along mining-impacted
transects; (2) compare dissolved and particulate trace
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element concentrations in relation to ore mineralogy
and milling processes in each area; (3) provide a
“snapshot” of trace element loads; and (4) characterize
MeHg concentrations in the mercury-contaminated
rivers.

2 Methods
2.1 Sample Collection

Co-located water and sediment samples were collected
along river transects at Nambija (Rio Q. Calixto),
Portovelo-Zaruma (Rio Calera), and Ponce Enriquez
(Rio Siete) to characterize stream chemistry upstream,
within, and below gold mining-impacted zones during
low flow conditions of the dry season (Fig. 1). These
streams were selected for sampling because they drain
the most heavily impacted zones within each mining
area. Along Q. Calixto, a majority of the mining and
milling activity occurs within the town of Nambija;
thus, one sample (RQC-N1) was collected upstream of
Nambija to assess background conditions, and the
remaining three samples (RQC-N2, RQC-N2.1, and
RQC-N2.2) were collected downstream of Nambija.
At Calera and Siete, mining and milling activities are
distributed along the stream reach; mills are marked
with an “x” in Fig. 1. Samples were collected up-
stream of the mining zones on Calera and Siete (RC-
1 and RS-2, respectively), and the remaining samples
(RC-2 through RC-6 and RS-3 through RS-7, respec-
tively) were collected within the mining zone along
the reach of either stream below the confluence of
significant tributaries.

Samples were collected at Q. Calixto, Calera, and
Siete on 24-25, 27, and 30 June 2010, respectively.
Since water quality in artisanal mining areas shows
significant temporal variability due to sporadic
releases of contaminants from processing activities,
the concentrations represent “snapshot” measure-
ments. Furthermore, seasonal changes in flow were
not accounted for since measurements were made only
during a short period. Our objective was to provide a
snapshot of dissolved and particulate trace element
concentrations and loads at Q. Calixto, Calera, and
Siete during the dry season when concentrations are
expected to be highest; the relationships between sites
may be different during the rainy season due to in-
creased flow.
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2.2 Water Sample Collection and Analyses

“Clean hands, dirty hands” protocols (USEPA Method
1669) were used during all steps of the sampling
process, and new vinyl gloves were used for each set
of water samples. All bottles, filters, and other sam-
pling equipment were pre-cleaned prior to sampling
(via 10 % HCI leach and/or triple rinse with Milli-Q
water). Water samples at Q. Calixto transect were
filtered using 0.45 wm PES syringe filters and 50 mL
plastic syringes; samples at Calera and Siete transects
were filtered using 0.45 um PES cartridge filters and
PTFE tubing. Samples were collected from the middle
of the stream below the surface, upstream of where the
operators were standing, to obtain a well-mixed rep-
resentative sample. Trace metal grade acids were used
for sample preservation, and samples were stored on
ice or refrigerated until analysis.

Filtered (<0.45 pum) and unfiltered water samples
were collected for total Hg (THg), MeHg, trace ele-
ments (Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Li, Mn,
Mo, Ni, Pb, Sb, Se, Sr, Ti, T1, U, V, and Zn), and major
cations (Ca, K, Mg, and Na). Filtered samples were
collected for dissolved organic carbon (DOC) and
major anions (Cl~, NO;, and SO,%"). DOC samples
were filtered using glass fiber filters. Alkalinity was
measured on unfiltered samples.

Field blanks were collected for each measured pa-
rameter at Q. Calixto and Calera (total of two field
blanks for each constituent) to test for contamination
during the sampling process, including filtering (sy-
ringe versus cartridge filters), storage, and handling of
samples. Field blanks showed that the background for
most constituents was below the detection limit
(Supporting Information). For constituents with meas-
ureable background, the concentrations were negligi-
ble compared to concentrations measured in samples.

THg and MeHg water samples were collected in
250-mL FLPE bottles, acidified in the field to 1 % v/v
HCI, and analyzed within 6 months using a Brooks
Rand Model III cold vapor atomic fluorescence spec-
trometer (CVAFS). THg and MeHg concentrations
were determined according to USEPA Methods 1631
and 1630, respectively. THg samples were prepared
using in-bottle BrCl oxidation, and MeHg samples
were distilled prior to analysis. At a minimum, matrix
spike recoveries and replicates were analyzed for ev-
ery ten samples. For the sample run to be accepted,
matrix spike recoveries had to fall within 75-125 % of
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the original sample run, and replicate analyses had to fall
within £10 %. Method blanks were analyzed at the
beginning of each run in order to calculate a daily
detection limit (DL). Typical values of DL were (.2
and 0.01 ng/L for THg and MeHg, respectively. USGS
standard reference sample Hg-47 was analyzed four
times during the THg sample runs to check the method,
with results within +7 % of the most probable value
(Supporting Information). No standard reference sample
exists for MeHg; however, our analyses of three samples
provided by the 2011 Brooks Rand Labs Interlaboratory
Comparison Study were within £10 % of the most
probable values (Supporting Information).

Samples for trace elements and major cations were
collected in 30-mL (filtered) and 60-mL (unfiltered)
LDPE bottles, acidified to 2.4 % v HNO3, and ana-
lyzed within 6 months using an Agilent 7500ce quadru-
pole inductively coupled plasma mass spectrometer
(ICP-MS) with a collision cell. USGS standard refer-
ence sample T-201 was analyzed six times during the
sample run as a continuing calibration verification and
to check the method. The reference solution showed that
element concentrations were within +0—-15 % of accept-
ed values for all elements except Se (—38 %)
(Supporting Information). The inaccuracy in Se meas-
urements may be due to Se instability in the T-201
solution since it contained no Se stabilizer and had been
stored nearly 1 year prior to analysis. We feel confident
that this difference was not the result of Ar and Cl
interferences on the ICP-MS measurement, since Se
and As were measured using kinetic discrimination
(Hz in the collision cell), a method which has been
shown to effectively eliminate spectral interferences
(e.g., Beisner et al. 2009).

Major anion samples were analyzed within 2 weeks by
ion chromatography (IC), and alkalinity samples were
analyzed on the day of collection by titration. DOC sam-
ples were collected in amber glass bottles and analyzed
within 1 month using a Shimadzu TOC-5000A. Field
parameters, including water temperature (75,), conductiv-
ity, pH, and dissolved oxygen (DO), were measured at
cach sampling site using a YSI Quatro multiparameter
field probe. The probe was calibrated for conductivity, pH,
and DO at the beginning of each sampling day.

Major ion charge balances were within an acceptable
range of 5 % for 6 out of 16 samples, and 2 samples
were within +10 % (Supporting Information). The
remaining eight samples had charge balance errors be-
tween —11 % and —25 %, indicating an underestimation

of cations or overestimation of anions. A majority of the
samples with large error were visibly turbid samples;
thus, HCO; (measured as total alkalinity on unfiltered
samples) may have been overestimated. Regardless of the
cause of error, the differences in ion concentrations be-
tween sites along each transect (factor of 3 or more) were
much larger than charge balance errors.

2.3 Geochemical Modeling

Aqueous speciation and saturation indices (SI) were
estimated with PHREEQC using the Minteq.v4 ther-
modynamic database (Parkhurst and Appelo 1999).
Positive SI values, calculated as log (IAP/K), indi-
cate oversaturation and themmodynamic potential for
mineral precipitation. PHREEQC uses ion-association
and Debye Hiickel expressions to account for the non-
ideality of aqueous solutions. T, pH, and dissolved
concentrations of major ions and trace elements mea-
sured at each site were used in the simulations.

2.4 Particulate Versus Dissolved

The fraction of trace element mass associated with
>0.45 um suspended solids, or particulate fraction, was
calculated as the difference between unfiltered and fil-
tered concentrations. The fraction passing through the
filter was considered dissolved. Although the mass of a
trace element that passes through a 0.45-um filter is not
necessarily dissolved, as the trace element may be asso-
ciated with colloidal phases <0.45 um, we hereby use the
term “dissolved” for simplicity of discussion. Filtered
concentrations <DL were set as one-half DL to calculate
particulate fraction and for all further analysis. In a lim-
ited number of cases where filtered concentrations were
greater than unfiltered concentrations, the difference was
typically within analytical error (+0-15 %), and the ele-
ment was considered entirely dissolved.

In order to determine the distribution of trace ele-
ments among the range of particle sizes in the >0.45-pm
fraction, a total of 11 water samples (5 from Calera and 6
from Siete) were size-fractionated via steric mode asym-
metric flow field flow fractionation (AsFIFFF) using an
AF2000 (Postnova Analytics). Size fractions ranging
from 0.45 to 20 um were collected and analyzed for
THg and trace elements. The operating conditions used
for this method were detector flow=2.5 mL/min, slot
flow=2 mlL/min, injection flow=0.3 mL/min, focus
time="7 min, and transition time=2 min. The cross flow
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rate was constant (1.5 mL/min) from 0 min to 6 min of
elution, and then decreased linearly to zero from 6 to
9 min of elution, followed by 2 min of rinsing. The
channel thickness was 315 um. Discrete fractions were
collected from 0-2, 2-3, 3-4, 4-5, 5-7, 7-10, to 10—
13 min. This process was repeated six times to achieve
sufficient volume of each fraction for analysis by ICP-
MS and CVAFS. An example fractogram showing elu-
tion time of calibration standards is shown in the
Supporting Information. Water samples for AsFIFFF
were shipped ovemight from Ecuador to the University
of Utah, and fractionation was completed within 3 days
of sample collection.

2.5 Loads

Stream flow was measured at all sampling sites except
RC-1, RS-6, and RS-7 using an OTT Hydromet propel-
ler (model C-31). Velocity measurements were taken in
a cross-sectional area, every 0.5 to 1 m in width, and
between 2 and 5 measurements in depth. The average
stream velocity and the flow discharge were calculated
using the number of revolutions of the propeller, the
cross-sectional area of the river, the number of measure-
ments at each point (width and depth), and the charac-
teristic equation of the propeller. Particulate and
dissolved trace element loads were calculated from con-
centration and flow data. Loads were not calculated for
RC-1, RS-6, or RS-7 due to lack of flow measurements.

2.6 Sediment Sample Collection and Analysis

Bed sediment was collected immediately downstream of
water sample sites, sieved to isolate the <70-pm size
fraction, and dried at room temperature. Final dry sam-
ple size was ~100 g. Sediment was digested by Aqua
Regia and analyzed by ICP-MS for a suite of trace and
major elements at AcmeLabs (Vancouver, BC, Canada).

3 Results

3.1 Trace Element Concentrations in Mining Impacted
Rivers

Trace element concentrations increased dramatically
upon entering the mining zones, with concentrations
increasing by orders of magnitude from upstream to
downstream (Figs. 2 and 3). Of all the measurements
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made on sediment and water samples, this paper fo-
cuses primarily on 15 elements: As, Cd, Co, Cr, Cu,
Hg, Mn, Ni, Pb, Sb, Se, Ti, U, V, and Zn. For Hg,
results are shown for both THg and MeHg.

The most dramatic increase in trace element concen-
trations occurred at the upstream end of Q. Calixto and
Siete and at the downstream end of Calera. In all three
transects, this reflects the location of the highest density
of processing plants in the mining zone (compare Fig. 1
with Figs. 2 and 3). Calera and Siete showed higher
dissolved concentrations than Q. Calixto for most ele-
ments (Figs. 2 and 3, Supporting Information).

Different trace elements were predominant among the
three transects, defining a unique signature for each min-
ing sector. Co, Cr, Hg (both THg and MeHg), Mn, Ni, Ti,
U, and V concentrations were highest at Q. Calixto,
whereas As, Cd, Pb, and Se concentrations were highest
at Calera (Figs. 2 and 3). Q. Calixto and Calera showed
similarly high values of Cu and Zn, while Calera and Siete
showed similarly high values of Sb (Figs. 2 and 3).
Although data are not shown, Calera was the only transect
with substantial concentrations of Ag (Supporting
Information).

USEPA guidelines for drinking water and/or protection
of freshwater aquatic life were exceeded by dissolved
concentrations at all three transects (Figs. 2 and 3).
Drinking water guidelines for Mn were exceeded by a
wide margin (factor of >5) at Q. Calixto and Siete, and
were barely exceeded at Calera. Drinking water guidelines
for As were exceeded by a factor of 6 at Calera and by
nearly a factor of 2 at Siete. Guidelines for Sb were
exceeded by a factor of 3 at Calera and by a factor of 10
at Siete. In contrast, As and Sb guidelines were not
exceeded at Q. Calixto. Cu drinking water guidelines, as
well as Ag, Cd, and Pb criteria for protection of aquatic
life, were exceeded only at Calera. Notably, although
particulate concentrations of some elements (including
THg, Al, and Fe) exceeded guidelines by orders of mag-
nitude, the dissolved fraction of these elements did not
exceed guidelines.

In contrast to the trace elements, major ion chemistry
and field parameters were similar among the three trans-
ects (Supporting Information). All three transects had
low major ion concentrations (dominated by Ca, SOy,
and HCO3), low conductivity, and low DOC concen-
trations. Field measurements indicated well-mixed con-
ditions (>75 % DO saturation) and slightly alkaline
conditions (7.4<pH<8.1) at all transects. The only ex-
ception was the furthest downstream site at Calera (RC-
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6), where pH was more strongly alkaline (pH=9.0) due
to the large number of cyanidation plants near the site
(Fig. 1). During the cyanidation process, lime (Ca
(OH),) is added to the slurry to obtain a pH above 10
(Velasquez-Lopez et al. 2011).

3.2 Trace Element Concentrations in Bed Sediment
Trace element concentrations in sediment at the far-

thest downstream site of each transect (Fig. 4) showed
that Calera had the highest concentrations of As, Cu,

Mmoo Eg'—."!ﬁﬂﬁpwrvﬁw L - T =
Noo ] W
dugy Gg22 2edere drgeee
Uy
a:trgrg
&

Pb, Zn, Co, Cd, Sb, and Se among the three transects,
while Q. Calixto had the highest Mn and U concen-
trations, and Siete had the highest Ti, V, Cr, and Ni
concentrations. Data for all measured elements are
provided in the Supporting Information.

Environment Canada sediment guidelines for protec-
tion of aquatic life were exceeded at all three transects
(Fig. 4). Sediment guidelines for Hg were exceeded at
all transects, reflecting extensive use of mercury amal-
gamation in the mining process. Sediment guidelines for
As and Cu were barely exceeded at Q. Calixto, but
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exceeded by a wide margin (factors of >10) at Calera
and Siete. Additionally, guidelines for Cd, Pb, and Zn
were exceeded only at Calera (by a factor of >10), and
Cr guidelines were exceeded only at Siete.

3.3 Spatial Distribution of Trace Element Loads
Trace element concentrations were converted to loads
using stream flow measurements, as described in

Section 2.5. Among the three transects, the largest
trace element loads were found at the downstream site
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at Calera (RC-6). This was true for both dissolved and
particulate loads, as shown in Figs. 5 and 6, respec-
tively. Pie charts were used in Figs. 5 and 6 in order to
simplify comparison of loads across the Q. Calixto,
Calera, and Siete rivers. In the pie charts, elements
were grouped as follows: (1) high concentration trace
metals Cu, Mn, Pb, Ti, and Zn; (2) intermediate con-
centration trace metals Cd, Cr, Co, Ni, and THg; and
(3) anion-forming trace elements As, Sb, Se, U, and V.
While these groupings are somewhat arbitrary, of the
variety of groupings that were explored, these were
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Fig. 4 Sediment trace element concentrations (parts per mil-
lion) at downstream sites of Q. Calixto (RQC-N2.2), Calera
(RC-6), and Siete (RS-7). Dashed lines indicate Environment
Canada probable effect level

determined to provide the best possible contrast of all
elements between transects.

At Calera and Siete, loads increased from upstream
to downstream. At Q. Calixto, dissolved loads were
relatively constant from upstream to downstream be-
low the mining zone, whereas particulate loads de-
creased substantially (Figs. 5 and 6, respectively).
Loads were highest at Calera because of high concen-
trations and highest stream flow among the three rivers
(maximum 4.97 m®/s). Q. Calixto and Siete had only
moderate trace element loads, in contrast to high con-
centrations along these transects, because of their rel-
atively low flow (maximum 0.33 and 1.57 m’/s,
respectively) (Supporting Information). At Q. Calixto
and Calera, particulate loads were orders of magnitude
greater than dissolved loads (compare scales on Figs. 5
and 6), indicating that the majority of trace element
transport in these rivers is associated with suspended
sediment, whereas at Siete, dissolved loads were great-
er than particulate loads.

Fig. 5 Dissolved loads of a Dissoclved loads-metals
(a) Cu, Mn, Ti, Zn, and Pb; S e B W TR e O S
(b) THg: CI', CO, Ni, and “- . | Sum (kg/day): 02 ¢ 25 130 4
Cd; and (¢) V, As, Se, Sb, = _
and U at Siete, Q. Calixto, .
and Calera transects. Units .
are kilograms per day for a, fra (
and grams per day for b and s T
¢. The pie charts show @ : 5
relative contributions of - . )
each element at each Siete 2 “|Q. Calixto, 1km Calera 2o
sample site. The pie area is
proportional to the sum of b Dissclved loads-metals
loads of the five elements
represented in the pie THg Cr Co Ni Cd sum(giday) .
P P S . 19165 S o X
2960 )
w
Siete 3 i v - Q. Calixto, LK™ Calera =]
C Dissolved loads-anions
V As Se Sb U —°OOO \ /
Sum (g/iday):  sp
ENEE s v s "
32,300
-
Siete XM ® o caio| 1Am z_Skm
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Fig. 6 Particulate loads of
(a) Cu, Mn, Ti, Zn, and Pb;
(b) THg, Cr, Co, Ni, and Cd;
and (¢) V, As, Se, Sb, and U
at Siete, Q. Calixto, and
Calera transects. Units are
kilograms per day for a, and
grams per day for b and c.
The pie charts show relative
contributions of each ele-
ment at each sample site.
The pie area is proportional
to the sum of loads of the
five elements represented in
the pie. In ¢, data for the
downstream-most site at
Calera (RC-6) are not shown
because the load was too
large (>800,000 mg/day) to
plot at the same scale as
loads from the other sites
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4 Discussion
4.1 Geochemical Relationship to Ore and Processing

The trace element contamination at each mining dis-
trict is expected to be a function of local geology and
the predominant mode of mining used in the area. The
gold-bearing ore at Nambija presents high-grade gold
accompanied in most deposits by very low Fe, Cu, Zn,
and Pb sulfide content (Fontbote et al. 2004). These
characteristics may help explain the lower metal con-
centrations found in Q. Calixto sediment relative to
Calera and Siete (Fig. 4). The ore at Portovelo-Zaruma
contains elevated Ag, Cu, Pb, Zn, As, Cd, and Bi in
epi/mesothermal veins (Williams et al. 2000).
Accordingly, Calera had elevated Ag concentrations
in sediment (Supporting Information), and it was the
only transect with high Ag concentration in water
(Supporting Information). Furthermore, Cu, Pb, Zn,
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and As were the dominant trace clements in Calera
water and sediment, and Calera had the highest Cd
concentrations of the three mining areas (Figs. 3
and 4). Although Bi was not measured in water samples,
Calera had the highest Bi concentrations in sediment
(Supporting Information). The ore at Ponce Enriquez
contains elevated As, Sb, Cu, Pb, and Ag in mesother-
mal veins (Williams et al. 2000). Accordingly, As, Sb,
and Cu (along with Mn) were the predominant trace
elements in Siete water (Figs. 2 and 3), and fairly high
concentrations of Pb and Ag were measured in sediment
(Supporting Information).

The three transects were also distinguished by dif-
ferent modes of mining used to recover gold. All three
mining zones use mercury amalgamation to recover
gold, thus all three areas show elevated mercury con-
tamination. However, in addition to mercury amal-
gamation, cyanidation is used extensively at Ponce
Enriquez and Portovelo-Zaruma, but not at Nambija.
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Cyanide tends to form stable dissolved complexes in
the water column (Tarras-Wahlberg et al. 2000). In
particular, Pb, Cd, and Hg are known to form cyano
complexes that may become soluble in the water col-
umn during tailings disposal (Kyle et al. 2011). The
use of cyanidation perhaps explains the higher dis-
solved concentrations at Siete and Calera (Ponce
Enriquez and Portovelo-Zaruma) relative to Q.
Calixto (Nambija; Figs. 2 and 3). The fraction of trace
clement mass found in the dissolved form was also
much higher in Siete and Calera relative to Q. Calixto,
especially for THg, Ti, V, Cu, and Zn (Table 1).

4.2 Remediation of Mining Contamination

Settling of particulate elements, sorption of dissolved
elements to bed sediment, and mineral precipitation are
three potential mechanisms for removing trace elements
from the mining-impacted streams. Due to the elevated
particulate element loads at Q. Calixto and Calera
(Fig. 6), the majority of trace element mass could poten-
tially be removed from these rivers via settling ponds.
ASFIFFF results indicated that trace elements were in fact
associated with particles much larger than 045 um, as
shown in Fig. 7 for five representative elements from
Calera site RC-6. Association with particles in the larger
size ranges would lead to rapid settling of trace elements.
Notably, particulate loads at Q. Calixto decreased

45
40 -
35 4
30 4
25 4
20 4
15 4

ETHg mMn mPb mAs mCu

HE or ng per L injected

209 9-5 5-3.5
Size fraction (pm)

3518 18089 <09

Fig. 7 The distribution of representative trace elements among
the range of particle sizes between 0.45 and 20 pm, as deter-
mined by asymmetric flow field flow fractionation. Data are
from Calera site RC-6. Concentrations were normalized to in-
jection volume; masses are nanograms for Hg and micrograms
for all other elements

downstream from the town of Nambija, likely due to
settling of suspended solids (Fig. 6).

Sorption to bed sediment could remove large
amounts of dissolved trace elements from the aqueous
phase. Sorption is a function of temperature, pH,
aqueous speciation, and surface characteristics, with
cation sorption favored by increasing temperature and
pH, and anion sorption favored by decreasing temper-
ature and pH (Dzombak and Morel 1990; Fuller and
Davis 1989; Machesky 1990). This leads to some

Table 1 Trace element mass

found in the dissolved fraction THg Ti Vv Cu Zn
(percent) at Q. Calixto, Calera,
and Siete sample sites Q. Calixto RQC-N1 37.8 328 56.4 345 65.5
RQC-N2 0.0 0.1 0.2 0.1 0.1
RQC-N2.1 0.1 0.3 0.6 0.8 0.8
RQC-N2.2 0.2 0.2 0.4 0.5 0.6
Calera RC-1 18.5 18.6 59.8 26.7 24.9
RC-2 16.4 19.8 55.7 328 48.2
RC-3 11.0 344 62.9 339 49.8
RC-4 12.2 25.8 54.1 30.3 40.4
RC-5 8.7 42 8.9 100 33.1
RC-6 33 2.1 2.0 81.3 28
Siete RS-2 494 59.2 92.4 69.7 100
RS-3 16.7 9.2 41.9 100 64.3
RS-4 258 19.9 45.8 74.4 25.6
RS-5 254 23.6 55.5 77.5 100
RS-6 20.7 15.3 41.9 59.0 44.7
RS-7 11.6 42 154 31.8 33.7
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difficulties for removing both cations and anions. For
example, removal of dissolved metals (abundant at Siete
and Calera; Fig. 5) would require increasing the solution
pH. An increase in pH could in turn mobilize sorbed
anion-forming trace elements. Between sites RC-5 and
RC-6 at Calera, where pH increased from 8 to 9, dis-
solved anion loads increased proportionally more than
dissolved metal loads (factor 10 increase for anions
compared to factor of 5 increase for metals; Fig. 5).
Notably, Se was predicted as a selenate oxyanion (+VI
oxidation state) at all sites except RC-6, where it was
predicted as a selenite oxyanion (+IV oxidation state).
Selenite species are less likely to sorb onto bed sediment
than selenite species (Hyun et al. 2006), potentially
leading to higher concentrations in the aqueous phase.
Indeed, dissolved Se concentrations were elevated at the
downstream sites of Calera (Fig. 3).

PHREEQC-calculated saturation indices showed that
minerals containing Cu, Sb, Fe, and Mn had thermody-
namic potential for mineral precipitation at Calera and/or
Siete. Cu-containing minerals, such as azurite, malachite,
and cuprite, were oversaturated at Calera and Siete due to
elevated Cu concentrations in the rivers, and SbO, was
oversaturated at Siete due to elevated Sb concentrations.
Furthermore, a number of minerals containing Fe and
Mn, including goethite (FeOOH) and rhodochrosite
(MnCO3), were oversaturated at the downstream site at
Calera (RC-6). Of course, kinetic limitations may inhibit
formation of mineral precipitates.

4.3 Mercury Methylation

Total MeHg concentrations were highest at Q. Calixto,
whereas dissolved MeHg concentrations were highest
at Siete (Fig. 3). Although concentrations provide
useful information, MeHg:THg ratios are often used
in order to understand in situ methylation processes
(Mitchell et al. 2008). Dissolved MeHg:THg ratios
ranged over several orders of magnitude (from
0.02 % to nearly 10 %) among the three transects,
reflecting very different rates of in situ MeHg produc-
tion (Fig. 8). Typical MeHg:THg background ratios in
aqueous systems are around 1 % (Gray and Hines
2009). Thus, high ratios (approaching 10 %) at the
downstream end of Siete (RS-6 and RS-7) indicate
that substantial methylation is occurring at these sites.

Although a majority of trace elements, field param-
eters, and major ions were similar at downstream and
upstream sites of Siete, RS-6 and RS-7 did show a
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Fig. 8 Dissolved MeHg:THg ratios in filtered water samples
from all sites

lower pH than the other sites (Figs. 2 and 3;
Supporting Information). Furthermore, the water was
darker and more organic-rich at RS-6 and RS-7 rela-
tive to all other sites, reflecting wastewater inputs and
runoff from nearby agricultural and municipal sources.
The stream also had a lower velocity at RS-6 and RS-7
relative to all other sites. Further work should investi-
gate methylation potential along Rio Siete to deter-
mine causes of elevated MeHg:THg ratios.

Notably, MeHg:THg ratios decreased along the
Calera and Siete transects from RC-1 through RC-6
and from RS-2 through RS-5, respectively (Fig. 8).
Cyanidation is used in the mining process at both
Calera and Siete, which is likely at least partly respon-
sible for low MeHg:THg ratios at sites near processing
plants (compare Fig. 1). A negative correlation between
cyanide and mercury methylation potential was shown
by Guimaraes et al. (2011), who found low methylation
potential in the Puyango River watershed sediments
(including Calera) due to elevated cyanide concentra-
tions. MeHg is produced several kilometers downstream
of cyanidation plants, possibly reflecting rapid degrada-
tion of cyanide away from processing plants.

Although cyanide concentrations were not measured
as part of this investigation, the potential negative cor-
relation between cyanide and mercury methylation is
demonstrated by using pH as a proxy for cyanide, since
the cyanidation process increases water pH (Velasquez-
Lopez etal 2011). The highest MeHg:THg ratios were
found at RS-6 and RS-7, which had the lowest pH,
whereas the lowest MeHg: THg ratios were found at
RC-6, which had the highest pH (Fig. 9).
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Fig. 9 Relationship between dissolved MeHg:THg ratios and
pH for all sample sites

High dissolved MeHg:THg ratios at Siete (Fig. 8)
demonstrate the potential for production of toxic
MeHg in mining-impacted streams. At Siete, MeHg
could pose a threat to the commercial banana planta-
tions and shrimp farms downstream of mining activity.
Furthermore, loading of MeHg to the mangroves and
bays could negatively impact fisheries along the coast-
line. Further work is needed to measure Hg concen-
trations in shrimp, bananas, and fish adjacent to
mining impacted areas, and in people who consume
those products, as proposed by Appleton et al. (2001).

Although MeHg:THg ratios were low at Calera and
Q. Calixto (Fig. 8), these transects showed elevated
loads of inorganic mercury; thus, areas downstream
could be negatively impacted by production of MeHg.

For example, inorganic mercury from Q. Calixto could
be methylated in the organic carbon-rich rivers of the
Amazon Basin (e.g., Dominique et al. 2007). Tarras-
Wabhlberg et al. (2001) speculated that MeHg is likely
produced in the Puyango River (downstream of Calera)
based on elevated levels of Hg measured in biota.

4.4 Relationship of Water Chemistry to Sediment
Chemistry

Elements with the highest concentrations in river sedi-
ment also showed the highest particle-associated con-
centrations in the overlying water. Cu and Mn were the
dominant trace metals in both suspended particles and
sediment at all three transects (Fig. 2). Additionally,
Calera had high concentrations of Pb and Zn in both
phases, whereas Siete and Q. Calixto had high concen-
trations of Ti. Arsenic was the dominant anion-forming
element in both phases at Siete and Calera (Figs. 2 and
4). Notably, both As and V were the dominant anion-
forming elements at Q. Calixto, with V showing higher
concentrations in both phases. At Siete, dissolved Sb
concentrations were a factor of 10 higher than dissolved
As concentrations, even though As concentrations were
much higher in sediment. This finding agrees with Hiller
et al. (2012), who showed that under oxidizing condi-
tions, Sb was released from solids more efficiently than
As. U concentrations were highest at Q. Calixto in both
the water and sediment (Figs. 3 and 4).

Table 2 Filtered trace element concentrations (micrograms per Liter) in streams draining the Ponce Enriquez, Portovelo-Zaruma, and

Nambija mining zones as reported in this study and others

Drinking water guidelines® Ponce Enriquez Portovelo-Zaruma Nambija
a b c a b c a b c
As 10 17.1 470 264 61.7 nd 6.8 1.7 nd 29
Cd 5 <0.076 9 0.05 1.32 41 0.7 <0.076 <4 <0.005
Cu 1,000 208 7,277 11.1 1,434 437 232 24 35 1.3
Hg 2 0.021 0.9 - 0.617 0.1 - 0.025 0.1 -
Ni - 5.4 165 - 1.9 35 - 1.3 <10 -
Pb 15 <0.096 nd 2.0 6.5 nd 2.5 <0.096 <40 0.157
Zn 5,000 6.1 821 - 105 3,354 - 3.0 <5 -

*USEPA drinking water maximum contaminant level
a: this study; maximum concentrations

b: Appleton et al. (2001); maximum concentrations

c: Tarras-Wahlberg et al. (2000); representative concentrations during dry season
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Table 3 Trace element concentrations (parts per million) in bed sediment of streams draining the Ponce Enriquez, Portovelo-Zaruma,

and Nambija mining zones as reported in this study and others

Probable effect level® Ponce Enriquez Portovelo-Zaruma Nambija

a b c a b c a b c
As 17 3,968 46,049 7.700 1,313 7,493 403 34 34 1,860
Cd 35 22 24 6.05 72.9 104 19.6 1.1 3.0 47.8
Cu 197 1,425 9,134 2,500 2,993 8,750 1,680 219 409 5,360
Hg 0.49 1.4 13 2.0 2.5 3.0 0.1 2.0 34 22
Pb 91 354 666 70.6 6,646 10,524 1,310 133 42 4,470
Zn 315 175 924 - 9,304 9,792 — 211 231 -

* Environment Canada sediment quality for protection of aquatic life

a: this study; maximum concentrations

b: Appleton et al. (2001); maximum concentrations

c: Tarras-Wahlberg et al. (2000); representative concentrations during dry season

4.5 Comparison to Previous Work

Tables 2 and 3 show the maximum concentrations in
filtered water and bed sediment, respectively, as reported
in this study, Appleton et al. (2001), and Tarras-Wahlberg
et al. (2000). All three studies show that the Nambija
mining area has the lowest trace element concentrations
in water (Table 2). Of the three studies, Appleton et al.
(2001) reported the highest concentrations (for all ele-
ments) at Ponce Enriquez (Rio Siete). At Portovelo-
Zaruma (Rio Calera), both this study and Appleton et
al. (2001) reported higher concentrations than Tarras-
Wahlberg et al. (2000), who collected samples from a
different tributary (Rio Amarillo). This reflects lesser
degree of contamination in Amarillo relative to Calera
due to the fewer number of cyanidation plants (Fig. 1).
All three studies report As values at Ponce Enriquez that
exceed USEPA drinking water quality guidelines
(Table 2). Furthermore, the three studies show that dis-
solved Hg, Pb, and Zn do not exceed water quality guide-
lines at any of the three mining areas. Of the three studies,
Appleton et al. (2001) was the only to report Cd concen-
trations that exceed guidelines (at both Ponce Enriquez
and Portovelo-Zaruma), whereas this study is the only to
report Cu values exceeding guidelines (at Portovelo-
Zaruma only).

Sediment quality results from this study are similar to
those reported in Tarras-Wahlberg et al. (2000) for
Ponce Enriquez and Portovelo-Zaruma mining areas,
and similar to Appleton et al. (2001) for Nambija
(Table 3). Appleton et al. (2001) reported the highest
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concentrations in sediment at both Ponce Enriquez
and Portovelo-Zaruma, whereas Tarras-Wahlberg et
al. (2000) reported the highest concentrations for
Nambija. All three studies reported As and Cu
concentrations that exceeded Environment Canada
sediment quality guidelines at all three mining
zones. Hg exceeded the guidelines in most cases.
Furthermore, the studies agree that Cd, Pb, and Zn
exceed guidelines at Portovelo-Zaruma, but the
results for these elements are mixed for the other
mining zones.

5 Conclusions

Artisanal gold mining at the Nambija, Portovelo-
Zaruma, and Ponce Enriquez areas of southern
Ecuador has led to downstream trace element contam-
ination exceeding environmental guidelines in the
Q. Calixto, Calera, and Siete rivers, respectively.
Cyanidation appears to have an effect on the amount
of dissolved trace elements discharged to the rivers,
with elevated dissolved concentrations at Siete and
Calera (where cyanidation is used to extract gold)
relative to Q. Calixto (where only mercury amal-
gamation is used). The fraction of trace element
mass in the dissolved and particulate forms has
important implications for downstream transport
and remediation. Dissolved trace elements remained
in solution downstream of processing plants at
Siete, while particulate elements settled out of the
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water column downstream of Nambija. Whereas the
particle-associated fraction of trace elements can
potentially be removed from the water column using
settling ponds, removal of the dissolved fraction would
require much more complex chemical processes such as
sorption or mineral precipitation.

High methyl mercury to total mercury ratios at the
downstream sites of Siete indicate that in situ mercury
methylation is occurring in the organic carbon-rich,
slow moving reaches of the river. MeHg:THg ratios
were lowest near cyanidation plants, where pH was
highest, indicating a negative correlation between
methylation and cyanidation. Further work is needed
to understand the controls on methylation in these
mining areas.
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