Spatial and temporal trace metal distribution of a Peruvian
basin: recognizing trace metal sources and assessing

the potential risk
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Abstract Recent efforts have been made to determine
the environmental impact of mining over the past
11 years in the Jequetepeque River basin, in northern
Peru. We have now analyzed data from two studies to
elucidate the spatial and temporal frace metal distribu-
tions and to assess the sources of contamination.
These two studies were carried out from 2003 to
2008 by a Peruvian government administration and
from 2008 to 2010 by us. We analyzed 249 samples
by principal component analysis, measuring: pH,
electrical conductivity, total dissolved solids, total
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suspended solids, chloride, weak-acid-dissociable
cyanide, total cyanide, nitrite and nitrate, ammonium,
sulfate, and trace metals and metalloids (Al As, Ca,
Cd, Cu, Cr, Fe, Mg, Mn, Ni, Pb, and Zn). Within the
spatial distribution of the basin, the highest Al, As, Cu,
Fe, Ni, and Pb concentrations were found at the closest
point to the mine sites for both periods of time, with
the higher peaks measured during the first years of the
sampling data. Temporal trends showed higher con-
centrations of Cu and Fe in samples taken before
2005, at which point the two mines were closed.
Risk assessment was quantified by the hazard quotient
as related to water ingestion. The risk for human
health posed by the concentrations of several trace
metals and metalloids was found to be highly adverse
(As and Cr), significant (Al, Cd, Cu, Fe, and Pb), or
minimal (Ni and Zn).

Keywords Hazard quotient - Mine pollution - Principal
component analysis - Trace metals

Introduction

Trace element behavior in polluted rivers is a complex
system, in which hydrologic and geochemical processes
interact to determine the fate and transport of trace
metals. A better understanding of these processes and
how they operate over space and time can be put to
practical use to help river basin managers more effec-
tively control and remediate basins, especially those



affected by current and historical metal mining (Macklin
et al. 2006). The importance of considering spatial and
temporal distributions is exemplified by the Andean
watersheds, which are characterized by strong runoff
and extreme events such as landslides and floods.
During the dry season (April-September), trace ele-
ments accumulate in river sediments in the upper part
of basins, whereas during the wet season (October—
May), transport processes become more important
(Miller et al. 2002). Consequently, the periods between
seasons are key to understanding metal transport pro-
cesses, especially in flood events, when most of the
water discharge and transport of dissolved contaminant
and suspended matter occur (Canovas et al. 2008).

It is also important to take the contribution source
into consideration. There is a strong presence of trace
metals in the environment on the Andean region due to
its geomotphologic characteristics. However, mining in
South America has increased dramatically over the last
15 years, acting as a possible contributor of trace metals
to the environment (Bebbington 2007). Environmental
regulations have recently been developed in the Andean
region, such as in Peru (Government 2009b), and mon-
itoring programs have been developed in the region in
the past years (Miller et al. 2002; Parra et al. 2011). In
Peru, government agencies and some NGOs have set up
watet monitoring programs to measure concentration
peaks for As, Cd, Ni, Cu, Pb, and Zn (CARE 2007,
Ministerio de Salud 2008; INRENA 2005). However,
these programs have not quantified the natural and
anthropogenic confributions of trace metals to the envi-
ronment. It is important to note that peasants in Peru
commonly consume non-treated water from the rivers.
Thus, assessing the potential environmental and health
risk at the basin level is a critical step that would allow
river basin managers and regulators to control and re-
mediate the presence of trace metals, practices that are
now included in the new policies (Government 2009a).
For this purpose, we have now analyzed the source of
trace elements, their spatial and temporal distribution,
and the associated exposure risk that they present within
the Jequetepeque basin.

Multivariate statistical techniques for large data ma-
trices, such as the principal component analysis (PCA)
and the hierarchical cluster analysis (HCA), reveal the
distribution of pollutants and their sources. Statistical
analyses have been developed to detect the similarities
and differences between data by PCA (Bengraine and
Marhaba 2003; Joshi and Balasubramanian 2010; Kartal

et al. 2006; Li and Zhang 2010a; Passos et al. 2010;
Shrestha and Kazama 2007) and HCA (Han et al. 2006;
Li and Zhang 2010b; Perez and Valiente 2005). To
determine the sources and spatial distribution of pollut-
ants, PCA was applied to 249 water samples from the
Jequetepeque basin. A total of 30 monitoring sites were
studied to assess the concentrations of pH, electrical
conductivity (EC), total dissolved solids (TDS), total
suspended solids (TSS), chloride, weak-acid-dissociable
(WAD) cyanide, total cyanide, nitrite and nitrate,
ammonium, sulfate; Al, As, Ca, Cd, Cu, Cr, Fe, Mg,
Mn, Ni, Pb, and Zn. We analyzed 199 samples collected
between 2003 and 2008 from 14 monitoring sites by
the Peruvian government, and 50 samples collected
between November 2008 and July 2010 from another 16
monitoring sites developed by us. In order to evaluate
the risk associated with water ingestion, the hazard
quotient (HQ) was developed for both studies. Finally,
the trace metal sources and the spatial and temporal
distributions were assessed at the basin level to ascertain
the possible risk of pollution.

Methods
Study site

The study was conducted in the Jequetepeque River
basin (4,372.5 km?), located in the northern part of
Peru, which contains the most important gold mine in
South America, namely, the Minera Yanacocha S.R.L.
Other mining projects were also present in the upper—
middle part of the basin; of these, the most significant in
size were the gold mine Sipdn S.L. (which is now
closed) and the clay mine Cementos Pacasmayo S.A.
(Fig. 1). Cyanide leaching was used for gold extraction.

The main activities in the upper part of the basin wete
agriculture, livestock, and mining, with no other produc-
tive activities, such as tanning (CARE 2007). In contrast,
extensive agticulture was carried out in the lower part of
the basin (note that the upper and lower parts are sepa-
rated by the Gallito Ciego reservoir) (Fig. 1).

A total of 30 monitoring sites were studied, which
were distributed in five sub-basins: the Llapa, Rejo,
and San Juan sub-basins, located in the upper part of
the basin, and the Puclush and Alto Jequetepeque sub-
basins, located in the middle part (Fig. 1). Note that
the Sipan S.L., Yanacocha S.R.L., and Cementos
Pacasmayo S.A. mines were located in the Llapa,
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Fig. 1 Maps of the monitoring sites of periods 1 and 2 in the Jequetepeque River basin, Peru

Rejo, and Alte Jequetepeque sub-basins, respectively.
Two monitoring sites, T6 and T7, were located down-
stream of the reservoir but have been added to the Alto
Jequetepeque sub-basin.

Sampling and analysis

We analyzed results from the two studies independently
due to the disparity between the data in terms of com-
ponents, location, and sampling time period. The
Peruvian government agency, the Direccion Ejecutiva
de Salud Ambiental (DESA), collected data in the first
study (“period 17), and we collected data in the second
study (“peried 27) to specifically analyze some points
of the basin, namely, those near mine sites and close
to the reservoir (Fig. 1). In all locations, samples
were taken from sites with high anthropogenic and
industrial input.

Period 1 samples were collected from 14 monitor-
ing sites distributed along the basin during almost
every month from 2003 to 2008 (Table 1). Peried 2
samples were collected from 16 monitoring sites near
the mine sites following the criteria described previ-
ously, to be able to analyze a higher number of trace
elements (Yacoub C et al. 2012). Samples from the
Llapa and Rejo sub-basins (LI and R samples, respec-
tively) were collected four times: twice in the dry
seagon (June 2009 and July 2010) and twice in the
wet season (November 2008 and November 2009).
Samples from the Alto Jequetepeque sub-basin (T
samples) were collected three times: twice in the dry
season and once in the wet season.

We followed criteria set up by the U.S. Environmental
Protection Agency (USEPA US Environmental
Protection Agency 1987) and the American Society for
Testing and Materials (ASTM 2000) to collect samples in
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petiod 2. Briefly, samples were collected in the field at 3
to 5 cm of depth and stored in sterilized plastic bottles.
Samples were pre-treated with: (1) HNO; until a pH<2
to measure trace elements; (2) H,SO, until pH<2 to
measure ammonium, hitrates, and nitrites; and (3)
NaOH until pH>12 to measure total and WAD cyanide.
Sulfate samples were not pre-treated. Samiples were then
filtered through cellulose acetate (0.45 um) and stored at
4 °C until further analysis.

For period 1, water samples were collected by the
DESA, and the concentrations of Cd, Cr, Cu, Fe, Mn,
Pb, and Zn and the pH, EC, and TDS were analyzed
by the Environmental Section of the Peruvian Ministry
of Health (Ministerio de Salud 2008). For period 2,
pH and EC were measured in the field using a
Wissenschaftlich-Technische Werkstétten 340i/SET
multiparameter tool. Water concentrations of TDS,
TSS, chloride, WAD cyanide, total cyanide, nitrite
and nitrate, ammonium, sulfate, Al, As, Ca, Cd, Cr,
Cu, Fe, Mg, Ni, Pb, and Zn were analyzed at the
Corrosion and Protection Institute Laboratory of the
Pontifical Catholic University of Peru in Lima, which
has the accreditation of the Standards Council of
Canada.

TDS and TSS were analyzed by a gravimetric
method based on SM 2540 C or D, respectively.
Sulfate and chloride were analyzed by high-
resolution liquid chromatography following EPA
300.0 rev. 2.1. Total cyanide was analyzed by titrimet-
ric methods for concentrations up to 1 mg/L and by a
colorimetric procedure after distillation for smaller
concentrations, using the SM 4500 C or D method,
respectively. WAD cyanide was determined by the
colorimetric method based on SM 4500 I and E.
Nitrite and nitrate was analyzed by spectrophotometry
based on HACH 8171, and ammonium was detected
with an HACH 8038. Metal content was determined
by inductively coupled plasma—optical emission spec-
trometry (ICP-OES model OPTIMA 3000DV, Perkin
Elmer) based on EPA 200.7.

The detection limits were 1 mg/L for TSS, 4 mg/L
for TDS, 0.5 mg/L for chloride, 0.001 mg/L. for WAD
and total cyanide, 0.013 mg/L for Al, 0.02 mg/L for
Ca and ammonium, 0.01 mg/L for Fe, Mg, and nitrate
and nitrite, 0.004 mg/L for Pb, 2 ug/L for Zn, 1 ug/L
for As, Cd, Cr, Cu, and Ni, and 0.1 pg/L for Hg. All
reagents were analytical grade quality. Result reliabil-
ity was estimated by determining the relative standard
deviations, which were less than 10 %.

Data treatment and statistical analysis

Data were treated to maximize the data used and to
minimize their related errors and were checked for
gaps and statistical outliers prior to statistical analysis.
The detection limit was used as a threshold value for
the results below the detection limits (Bengraine and
Marhaba 2003), and decimal logarithm transformation
was used to improve the statistical analysis (Yacoub C
et al. 2012). Note that gaps were relevant for pH, EC,
TDS, and Cd, and therefore such analyses were not
included in the PCA.

Multivariate statistical analysis helps to extract
information about the similarities or dissimilarities
between sampling sites, identify water quality vari-
ables responsible for spatial and temporal variations
in river water quality, and reveal the hidden factors
that explain the structure of the data base as well as the
influence of possible sources (natural and anthropo-
genic) (Shrestha and Kazama 2007). We first analyzed
the 199 samples from one monitoring site from period
1 and then subsequently analyzed the 50 samples from
the 16 monitoring sites of period 2. Both sets were
processed using PCA and HCA with the SPSS v15.0
software package. The Varimax normalized algorithm
was used for the rotation of principal components,
which facilitates interpretation of the principal com-
ponent by maximizing the variance of the extracted
factors and reducing the uncertainties of initial
untotated factor loading (Han et al. 2006; Joshi and
Balasubramanian 2010; Li and Zhang 2010a, b;
Passos et al. 2010; Perez and Valiente 2005; Shrestha
and Kazama 2007). Additionally, HCA was applied
using Ward’s method of agglomeration and squared
Euclidean distance as the measurement of similarity
(Li and Zhang 2010b; Perez and Valiente 2005).

Health risk assessment

To characterize risks on human health for water inges-
tion of trace metals, the HQs were quantified (Chen
and Liu 2006; De Miguel et al. 2007; Li and Zhang
2010a; Marcus et al. 2010; USEPA 1989):

HQ = C,/RiD

where C, is a constituent concentration in water, de-
fined as the maximum concentration for chemical and
RfD is the reference dose of ingestion from a risk-
based concentration table (US EPA May 2010). An



HQ between 1 and 10 indicated a low potential for
adverse effects, and between 10 and 100, a significant
potential for adverse effects, while those equal to or
greater than 100 indicated that adverse effects should
be expected.

Exposure and risks were estimated conservatively
as the maximum concentration for a chemical in a
media within the data set (Marcus et al. 2010).

Results and discussion
Period 1

Mean concentrations and standard deviations of each
monitoring site collected by DESA from 2004 to 2008
are given in Table 1. It is important to bear in mind that
low concentrations with homogeneous distributions
across the site, and therefore lower standard deviations,
indicate a major natural source or lithogenic character,
whereas high pollutant concentrations accompanied by
high standard deviations suggest anthropogenic sources
(Perez and Valiente 2005). Some highlights extracted
from Table 1 are discussed below.

The highest concentrations and standard deviations
were found in L15 and, to a lesser extent, in L14, SJ1,
and RO0, indicating an anthropogenic source for these
pollutants, while homogeneous distributions were
obtained for the other monitoring sites. Highest mean
values and standard deviations of pH, EC TDS, and
Cd were present in L15, while considerable EC values
were also obtained for the RO0 and T7 monitoring
sites. The two first sites (L15 and R00) were located
near mine areas, highlighting a peak of concentration
related to anthropogenic sources. T7 was located at the
lowest patt of the river downstream and was thus in a
position to magnify the pollution at the end of the
basin. This pollution may have multiple input types
(organic and inorganic pollutants) due to the presence
of big cities and agriculture at the lower part of the
basin.

Table 2 indicates the factor scores of the six avail-
able metal concentrations, e.g., the loadings of the
principal components and the cumulative percentages
for the rotated matrix. The four components described
in Table 2 accounted for more than 90 % of the total
variance. All four contributed to a similar extent to the
overall variance, with F1 being the principal contributor.
The communalities values wetre over 0.7, supporting the

Table 2 Varimax rotated values for water samples of the period 1
(n=199)

Principal components

1 2 3 4 Communalities
Cu 0.923 0.921
Cr 0.997 0.997
Fe 0548 0617 0.746
Mn 0.681 0.560 0.846
Pb 0.944 0.997
Zn 0918 0.923

Eigenvalues 1.71 1.63 1.07 1.01

Cumulative 28.55 5578 73.67 90.52
variance (%)

Values below 0.3 are not shown

decision to use the four factors. The first factor, F1,
explained 28.6 % of the total variance and correlated
strongly with Zn, and weakly with Mn and Fe. The
second factor, F2, was highly dominated by Cu and, to
a lesser extent, by Fe and Mn and accounted for 27.3 %
of the total variance. The third factor, F3, was dominated
by Pb and accounted for 17.9 % of the total variance.
The fourth factor, F4, strongly depended on Cr and
contributed a total variance of 16.8 %.

Cluster analysis was performed with the factor
loadings obtained from the PCA (Han et al. 2006; Li
and Zhang 2010b; Perez and Valiente 2005) and
resulted in a total of five groups, as summarized in
Table 3. Score plots can illustrate the relationships
between all the samples, providing a satisfactory man-
net to visualize the polluted areas (Han et al. 2006;
Kartal et al. 2006). Thus, the results of the obtained
clusters that were plotted according to the factors
(Fig. 2) highlight several issues. The higher peak
values of Zn, Fe, and Mn (F1) were present mainly

Table 3 Clustering of monitoring sites for the period 1 (»=199)
according to the Ward’s method using squared Euclidean distance

Cluster No. of samples Monitoring sites

Cluster 1 158 L1100, Ll4, LIS, LI6, P1, ROO, RS,

R6, ST1,872,813,T5, T6, T7

Cluster 2 9 L14,116,P1, R00,SJ1, T5,T7
Cluster 3 11 LI5, R0, SJ3, T5, T7

Cluster 4 19 L100, L4, L15,L16,P1,R00, T5
Cluster 5 5 Ll4, LIS, SJ1




Fig. 2 Score plot of the a
five clusters obtained for

peried 1 (from 2003 to 2008) 0 Clusters
between factor scores 1 and o ;
3 (a) and factor scores 2 o3
and 4 (b) A4
5
8_
™
2s
o
o
"
13
]
-
o
o
[T v
2 v
0—
T T ul T T T
-2 0 2 4 6 8
Factor score 1
Clusters
1
o2
v3
2 A4
S
- ’f‘w% P Was Ty, 8
o :
o
o
"
15
)
S
o
o
w
.24
-4+
0

o=

in Ll4, LI5, and SJ1, as shown by cluster 5. The
highest concentration of Zn was obtained in SJ1,
which is located near the principal road, and it had
similar concentrations to those attributed to traffic
pollution in the literature (Joshi and Balasubramanian

T T T
0 2 4

Factor score 2

2010). The values for Fe and Mn were alse high in 8J2
and SJ3 and in fact were higher in the samples from
the San Juan sub-basin than in any of the other sam-
ples. Therefore, the factor associated to this area may
be related to a mixed source of traffic pollution and



natural sources of weathering of parent material and
subsequent pedogenesis (Joshi and Balasubramanian
2010; Kartal et al. 2006; Li and Zhang 2010a, b;
Romero et al. 2006).

Cu, Fe, and Mn (F2) and Pb (F3) were present with
high mean values and standard deviations in samples
from L15, R0O0, SJ3, T5, and T7, as revealed in cluster
3. Cluster 4 reveals that these metals were also present
in samples from L100, L14, L15, L16, T5, SJ3, and P1,
albeit with lower concentrations than in cluster 3,
while cluster 2 emphasized the same trend for the
same points as clusters 3 and 4 but based only on
samples taken in the dry season. Therefore, we con-
clude that these trace elements were mainly associated
to anthropogenic sources, such as mining. This con-
clusion is also supported by their strong correlations
and their elevated values in intense mine areas at the
upper part of the basin (Table 1, Fig. 1). The T5 and
T7 samples, located at the lower part, may have the
same origin due to the dynamics of the basin. Trace
metals from the mines located at the upper parts of the
basin are transported (in sediment form) to the lower
parts, where the slow flow causes fine grains of sedi-
ments to accumulate in the river banks that could then
be released to the water column (Macklin et al. 2006;
Miller et al. 2002).

Cr was related to F4 and may be attributed to a
combination of natural and industrial sources: High
concentrations with high standard deviations were
obtained close to the Sipan mine site, and significant
concentrations were also present downstream.
Additionally, cluster 4 links the Cr peak that was
observed in period 1 in samples from the L100, L14,
L15, Ll6, T5, and SJ3 sites, suggesting that a combi-
nation of natural erosion and mining was the pollution
source. Cluster 1 presented weak loadings on all the
factors for all the samples, supporting the difference
between the samples taken and the suggested sources
of pollution for the monitoring points in the other
samples.

Findings in the literature consider seasonality to be
an important factor (Li and Zhang 2010a, b; Luis et al.
2010). Only cluster 2 reflected seasonality, showing
peaks in July 2003 and July 2005. Specifically, Cu, Fe,
and Mn concentrations were related to the dry season
obtained for cluster 2 samples (located in sub-basins
without the mentioned facilities), which may be due to
a combination of natural erosion and release of acid
mining drainage. The outstanding points for the other

clusters did not rely on the sample season, supporting
the findings of previous work on the selected area
(Yacoub et al. 2011). The mine processing and water
treatment facilities located at the upper patts of the basin
could interfere with the natural hydrology of the basin at
these points, due to the mine dam located upstream and
to the management of their treatment plants. This could
explain the independence from seasonality of most of
the analyzed trace metals in the water samples.

Period 2

Mean concentrations and standard deviations of the
data collected from 2008 to 2010 are given in Table 4.
Overall, the standard deviations from period 2 were
lower than those from period 1, suggesting a decrease
in the contributing sources. Nevertheless, the standard
deviations obtained from period 2 were not homoge-
neous for all the sites.

The principal component loadings, the cumulative
percentages for the rotated matrix, and the factor
scores of period 2 concentrations are shown in
Table 5. There are a total of seven components with
eigenvalues >1, which account for 89 % of the total
variance. The communalities values obtained were
over 0.78. Therefore, the decision to obtain seven
components was sustained. As described for period
1, Table 5 presents the eigenvalues and percentage of
the cumulative variance for each component as well as
the factor scores for the related elements. Note that the
factor loadings obtained from both periods of these
two factors associated to mining are similar, with F1
from period 2 related to F1 and F2 from period 1, and
F4 from period 2 parallel to F3 and F4 from period 1.

We used HCA and score plots to obtain the re-
lationships between all the samples (n=50) (Table 6,
Fig. 3). Taking into account the lack of industrial
activities in the region, and comparing the mean con-
centrations of all the points with huge concentrations
near mine sites and their standard deviations (which
are one or two times greater for these points than for
the rest of the monitored points), the source of Cu, Cd,
Ni, Al, Fe, Zn, and Cr (related to F1 and F4) can be
associated to mining (Table 4, Fig. 1). These findings
were in agreement with the obtained clusters 2 and 3:
Cluster 2 is related to L15 samples, which presented
the highest levels of the basin for all the trace metals
described, while cluster 3 also presented peaks of Cu,
Ni, Al, Fe, and Zn mainly for RO, R1, R2, R4, and L13.
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Table 4 (continued)

Alto-Jequetepeque sub-basin samples

T1

0.021+0.02
0.014+0.009
0.09+0.11

<0.004
<0.004
<0.004

<0.001
0.002
<0.001

8.1+0.45
7.9+0.44
8.1+£0.3

0.002+0.0015 0.40+0.27

<0.001
<0.001
0.004°
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

56+2.8

0.003

0.37+0.26
0.24+0.15
0.35+0.24
0.22+0.17
0.34+0.31

0.12

3
3
3
3
3

0.003+0.0026 0.25+0.14

53+2.3

0.004+0.002
0.002+0.001

T2

0.002+0.0009 0.46+0.18

56+7.2

T3

0.012+0.006
0.012+0.005

0.01

0.001£0.0012 <0.004
<0.001

<0.001

8.1+0.14
8.3+0.1

4.5

0.005+0.0055 0.24+0.21

0.002+0.001
0.002

0.002+0.0005 56+7.2

T4

<0.004
<0.004

0.38+0.379

0.003+£0.0015 58+5.8

<0.001

T5

35

T6

All the analytes are in milligrams per liter except for EC (in microsiemens per centimeter) and pH

*The first campaign was given a detection limit of 0.002 mg/L for Cr and Cd

® The third campaign presents a peak of Cr, while the other campaigns were under the detection limit
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It should be noted that Cd peaks only appeared in L15,
located just downstream Sipan mine site. Additionally,
Cr was observed mainly in L14 and only at low levels
in L15, suggesting that it arose from the same source in
both sites.

High values of EC and concentrations of Ca, Mg,
chloride, and sulfates (F2) were present at all the T
samples (cluster 1) and in November 2008 for L14
(cluster 4). This could be attributed to anthropogenic
activities, such as fertilizer use in agriculture, which is
the main activity in the lower part of the basin.

TDS, TSS, nitrite and nitrate, and ammonium (F3)
were mainly present in L15 (associated to cluster 2) and
(to lesser degrees) in RO, R1, R2, R4, and L13 (linked to
cluster 3) in the wet season. Importantly, water treatment
plants operate significantly more in the mine in the wet
season than in the dry season due to the strong rainfalls,
meaning that the volumes of treated water introduced
into the river are higher in the wet season. Therefore, the
source appeared to be attributed to anthropogenic activ-
ities such as flocculants from the treatment plants, and
this is in agreement with previous research at these sites
(Yacoub C et al. 2011).

Peaks from WAD cyanide (F5) are related to R1 and
R2 highlighted in cluster 5, while total cyanide (F7) was
linked to clusters 2, 5, and 6. Since these parameters
appeated in the closest points downstream of the mine
sites, an anthropogenic source was attributed to them;
here, spillage is the most plausible explanation.

Higher As and Pb concentrations (connected to F6)
appeared in the wet season for samples present in clus-
ters 2 and 3, where mineral deposits contained elevated
concentrations of As and Pb (MWH Inc, 2006). These
metals are known to be associated with jarosites. This is
in agreement with findings in the literature, with a lag
time for time discharges of metals observed, especially
for Pb (Lin et al. 2007). Therefore, mining is the likely
source of pollution of As and Pb at the RO, R1, R2, and
R4 sites, and of As at the LI3 and L15 sites.

Spatial and temporal distribution of trace metals

In order to compare the rivers of the world for which
the impact should be similar, the maximum and mean
data for trace element concentrations in some rivers
affected by mine pollution are shown in Table 7. We
discuss below how each sub-basin was affected, based
on the statistical analyses presented in the sections
“Period 1 and “Period 2.”



Table 5

Varimax rotated values for water samples of period 2 (n=50)

Principal components

1 2 3 5 6 7 Communalities

pH —0.445 0405 —0.647 0912
EC 0.382 0.795 0.924
TSS 0.868 0.91
TDS 0.364 0.643 —0.417 —0.308 0.91
Chloride —0.311 0.636 0372 0.406 0914
WAD CN 0.923 0.909
Total CN 0.302 0.895 0.923
Nitrate+nitrite 0.307 0.777 0.826
Ammonium 0.637 0.606 0.884
Sulfate 041 —0.425 0.303 0.448 —0458 0.898
Al 0.87 0.925
As 0472 0.764 0.849
Ca 0.569 0.747 0.94
Cd 0.902 0.843
Cr 0915 0.953
Cu 0.916 0.932
Fe 0.84 0.321 0.87
Mg 0.943 0.951
Ni 0.866 0.849
Pb 0.376 —0.325 0.489 0.49 0.802
Zn 0.73 0.309 0.784
Eigenvalues 5.77 3.20 281 2.08 1.81 1.59 146

Cumulative variance (%) 27.48 42.72 56.08 65.99 74.60 82.16 89.10

Values below 0.3 are not shown

Llapa sub-basin

Taking into account the locations of the sample points,
the Llapa sub-basin was considered to be the most
polluted area of the Jequetepeque River basin, with

Table 6 Clustering of monitoring sites for the period 2 (n=50)
according to the Ward’s method using squared Euclidean
distance

Cluster ~ No. of samples Monitoring sites

Cluster 1 17 T1, T2, T4, T5,T6

Cluster 2 4 L15

Cluster 3 25 Ll1, L12, L13, LI4, RO, R1, R2, R3
Cluster 4 1 L4

Cluster 5 2 R1,R2

Cluster 6 1 Ll1

11

mining being the main source of pollution. The big-
gest concentration peaks of metal were located at L15,
although those at L14 were also considered relevant,
especially for Cr contributions. These points are
located downstream of the Sipan mine site.

The Cu and Mn peaks obtained at L15 had maximum
values of 59.5 and 22.5 mg/L, respectively. These values
are higher at the Jequetepeque basin than those obtained
from rivers located near mine sites worldwide, such as in
the Andean region, Asia, or Europe (Miller et al. 2004,
Lin et al. 2007; Parra et al. 2011; Tarras Wahlberg and
Nguyen 2008; Sarmiento et al. 2011) and have similar
values as those obtained at rivers affected by the Rio
Tinto mine in Spain. Fe presented an extraordinary peak
of 6,508 mg/L, which is higher than any value reported
in the literature (Table 7). Mean concentrations of Cu
(3.1 mg/L) were higher than the concentrations found in
the Bolivia, Chile, or Portugal rivers that have nearby
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Fig. 3 Score plot of the clusters obtamed for period 2 (from
2008 to 2010) between factor scores 1 and 3 (a), factor scores 4
and 5 (b), and factor scores 6 and 7 {c)
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mine sites (Miller et al. 2004; Parra et al. 2011; Luis et
al. 2010) and were higher than the concentrations found
16 km downstream of the mine sites near China rivers
(Lin et al. 2007; Ma et al. 2011).

The peak Pb concentration (0.74 mg/L) at LIS was
similar to concentrations reported for Asian rivers.
Mean Pb concentrations at L15 were similar to those
from rivers affected by the drainage of waste rocks in
Vietnam (Tarras Wahlberg and Nguyen 2008) and from
points 16 km downstream of mine sites in China (Ma et
al. 2011; Lin et al. 2007). Additienally, Zn concentra-
tions were similar to concentrations reported for rivers
located 16 km downstream of a mine site (Lin et al.
2007), for rivers affected by drainage tailings (Tarras
Wahlberg and Nguyen 2008), and for the Pilcomayo
river in Bolivia (Miller 2004).

Of all the sampling points at the Jequetepeque
basin, Cd peaks only appeared in LIS, with a high
peak of 0.21 mg/L, which is higher than concentra-
tions reported in several studies of rivers affected by
mine sites (Lin et al. 2007; Miller et al. 2004; Tarras
Wahlberg and Nguyen 2008).

As mentioned above, Cr concentrations were higher
at L14, with mean concentrations of 0.53 mg/L
(Table 4) and a peak of 2.1 mg/L obtained in period
2 (Table 7). These Cr concentrations arise from mining
contributions and can be considered to be important as
compared with the values reported in the literature
(Canovas et al. 2008; Tarras-Wahlberg and Nguyen
2008; Sarmiente et al. 2011). Additionally, the EC
values and Ca concentrations at LI5S showed peaks of
1,644 uS/ecm and 377 mg/L, respectively, from sam-
ples obtained in period 2, and high peaks of concen-
tration were also obtained at L14 at this time (Table 7).
These values are similar to those reported from rivers
in the Andean region, Europe, and Asia that have
nearby mining activities (Parra et al. (2011), Gozzard
et al. (2011), Ma et al. (2011) for EC and Luis et al.
(2010) and Palmer et al. (2011)). Since L14 and L15 are
located in the upper part of the basin, where no other
activities were developed, the source of these contam-
inants can be attributed to mine activities. This further
supports the findings discussed in sections “Period 17
and “Period 2.

Rejo sub-basin

The highest concentrations of ammonium, chloride,
nitrate and nitrite, sulfate, and WAD CN in the entire
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basin were present in the Rejo sub-basin (Table 4). Ca
mean concentrations (around 80 mg/L) at Jequetepeque
were similar to those reported for rivers with mining
impact in Spain and UK (Cénovas et al. 2008; Gozzard
et al. 2011). Similar values as the peaks at RO
(266 mg/L) were obtained from rivers in Portugal and
Indonesia (Luis et al. 2010; Palmer et al. 2011). Two
peaks of sulfate were found at RO and R1, of 692 mg/L.
and 226 mg/L, respectively (Table 4); these values are
higher than some findings in UK and Chile rivers that
were affected by mine activities (Gozzard et al. 2011;
Parra et al. 2011).

Additionally, the Rejo sub-basin contributed signif-
icantly to the peaks of Al As, Fe, Cu, Ni, and Pb in
nearby mine areas, but a dilution effect was observed
downstream (Table 4). These findings were similar to
some studies of the Andean region. As shown in
Table 7, similar values were found in Chile for Cu
and Fe (Parra et al. 2011) and in Bolivia for Al, As, Fe,
Cu, Ni, and Pb (Miller et al. 2004). Specifically, Al,
As, Cu, and Ni presented similar values to rivers
affected by waste rocks and open pits, while Pb con-
cenfrations were similar only to points affected by
open pits in Vietnam (Tarras-Wahlberg and Nguyen
2008). This is in agreement with the data from the
sections “Period 17 and “Period 2,” for which mine
activities was considered to be the contributing source
of these metals.

San Juan sub-basin

Lower concentrations were observed for the rest of the
sub-basins, except for one peak of Zn of 16.8 mg/L in
the San Juan sub-basin. As shown in Table 7, this Zn

Fig. 4 Mean concentrations
of trace metals collected

during period 1 (from 2003 100%

peak was higher than those reported for rivers with
mine activities in Bolivia (Miller et al. 2004), the UK
(Gozzard et al. 2011), or Vietnam (Tarras-Wahlberg
and Nguyen 2008). Nevertheless, the mean concentra-
tions obtained were significantly lower than the mean
concentrations found in the literature mentioned above
(Table 7), so that the Zn presence in the entire basin
can be considered to be low. As mentioned in the
section “Period 1,” the source of Zn may be related
to a mixed source of pollution (e.g., natural sources,
traffic pollution, etc.), taking into account the findings
in the literature.

Alto Jequetepeque sub-basin

The Puclush and Alto Jequetepeque sub-basins ate lo-
cated downstream to the other sub-basins, explaining
the homogeneity of the concentrations observed in
those samples for almost all the components. High
concentrations were observed for Ca, Mg, and sulfates,
with mean values of 52, 7.5, and 60 mg/L, respectively
(Table 7).

Concentrations of Ca, nitrates and nitrites, and sul-
fates were one order of magnitude lower than the
concentrations obtained at the Rejo sub-basin, while
the Mg and chloride values were higher at T samples
(Table 4). Due to the hydrodynamics of the basin, the
lower part of the basin is expected to have mixed
pollution sources, and this may be reflected in the
differences between the analytes. The presence of
mixed pollution sources would support the findings
highlighted in “Period 2" which suggest that the origin
of the concentrations is a mixed source of agriculture
and mine activities.
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Fig. 5 Mean concentrations
of different elements
collected during peried 2
(from 2008 to 2010) for
each wet and dry season
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We should point out that highest concentrations
were obtained in T5, which is just before the river
flows into the reservoir. This is hardly surprising,
since higher concentrations at that point were expected
due to the hydrodynamics of the basin (Canovas et al.
2008; Macklin et al. 2006; Miller et al. 2002).

Note that values obtained near mine sites in the
Jequetepeque basin are similar to those obtained in
the Andean region, while lower values were obtained
from UK mine sites, and the highest values were
reported in places such as China or Spain.

Temporal distribution

The mean concentration of trace metals obtained dur-
ing each season showed no seasonal variations, e.g.,
pH, CE, TDS, Cd, Pb, and Zn did not show differences
over time (Figs. 4 and 5). Nevertheless, a trend was
observed over time in which the concentrations of Cu
and Fe were much higher for samples taken before
2008 than for those taken later (Fig. 4). Since these
metals are related to mine sources, a plausible expla-
nation for this could be the closure of the mines, since
the Sipan mine closed in the Llapa sub-basin in 2005
and the mine extraction in the Rejo sub-basin ended in
2005 (S.A.C. 2010). On the other hand, some trends
were observed for period 2 which show the highest
concentrations for the 2008 wet season with respect to
the other seasons (Fig. 5). Additionally, for periods 1
and 2, the presence of Cu can be considered to be
significant as compared with those reported in the
literature (Canovas et al. 2008; Li and Zhang 2010a,
b; Lin et al. 2007, Miller et al. 2004; Parra et al. 2011;
Tarras-Wahlberg and Nguyen 2008). This suggests
that the still-active mines located in the upper part
are sources of pollution which place the basin popula-
tion at risk.

Mg Al Fe As Cd Cu N Pb Zn Cr

16

Mean concentrations

02010 - dry season
@2009 - wet season
@ 2009 - dry season

#2008 wet season

Risk assessment

We estimated the HQ in order to obtain the possible
effects of the trace metals on human health by water
ingestion (Table 8). The HQs obtained for period 1
were either much higher than 100 or higher than 10.
Thus, we conclude that ingesting large amounts of
water could present adverse health effects due to Cd,
Cu, Fe, Mn, and Pb and significant health effects due
to Cr and Zn. Considering the lack of water facilities
and trace metal remediation in the region, this poses a
serious health concern for the population of these
areas.

For period 2, As and Cr presented HQs higher than
100, indicating adverse health effects for ingestion. Al,
Cd, Cu, Fe, and Pb quotients were above 10, implying
significant effects on human health, whereas Ni and
Zn values were above 1, which can be considered to

Table 8 Hazard quotient, HQ, for the two studies calculated by
the maximum water concentration, C;, and RfD (in mgL
and mgKg day respectively)

ct cr RID ingestion HQ* HQ*
Al - 18 1 - 18
As - 2.67 0.0003 - 8,900
Cd 0.08 0.02 0.0005 160 40
Cr 0.13 2.67 0.003 43 8§90
Cu 59.5 1.54 0.04 1,488 38
Fe 6508 28 0.7 9297 40
Mn 22.5 - 0.025 900 -
Ni - 0.08 0.02 - 4
Pb 0.26 0.1 0.0014 182 71
Zn 16.8 3 0.3 56 10

2Values from samples of period 1

® Values from samples of period 2



have a small effect for the population health. This is in
agreement with the findings about the temporal trends
discussed in the last section, and only the potential Cr
affect to human health was worse in period 2 samples
than in period 1 samples. Therefore, the presence of
trace metals determined at the basin can be considered
to be harmful to human health.

Conclusions

Water samples along the Jequetepeque basin were
analyzed by principal component analysis and hierar-
chical cluster analysis to investigate the distribution of
trace metals and their sources. Major peaks were ob-
served mainly near to mine areas. The most polluted
area of the basin was located downstream of the Sipan
SL mine, with mining presenting the contributing
source of TDS, TSS, sulfate, Al, As, Ca, Cd, Cu, Cr,
Fe, Mg, Ni, and Zn. The Rejo sub-basin also contrib-
uted significant amounts of pollutants, with peaks of
Al, As, Fe, Cu, Ni, and Pb near the Yanacocha SRL
mine. Samples obtaining from the middle part, near
the reservoir, presented homogeneous values, indicat-
ing a natural source. Sulfates, Ca, Mg, chloride, TDS,
TSS, nitrite and nitrate, and ammonium peaks were
observed mainly at the Rejo sub-basin and at the
middle of the basin, and these are likely connected to
a mixed source of anthropogenic activities, such as
fertilizers from agriculture and flocculants from the
mine treatment plants.

In the Jequetepeque basin, concentration values
obtained near mine sites are similar to those obtained
in the Andean region, while lower values were
reported from UK mine sites and the highest values
are reported from other places, such China and Spain.

Temporal trends showed higher concentrations for
samples taken before 2005, especially for Cu and Fe
concentrations. A plausible explanation for this
trend is that, in 2005, mining extraction in the
Rejo sub-basin stopped and the Sipdn mine in the
Llapa sub-basin was closed.

The risks of water ingestion on human health in the
region decreased after 2005. Nonetheless, the levels of
Cr and As still have potential strong adverse effects, and
those of Al, Cd, Cu, Fe, and Pb, significant effects, for
human health, creating an outstanding risk for the
populations of these areas. Considering that the regions
lacks water facilities and methods of remediating trace
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elements, special attention should be paid to the regula-
tory policies, and further remedial efforts need to be
taken.
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