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The mining zone at El Triunfo, Baja California Sur, Mexico, was exploited for gold extraction for 200 years.
This area includes more than 100 abandoned mining sites. These sites contain mine tailings that are
highly contaminated with potential toxic elements (PTE), such as As, Cd, Pb, Sb, Zn, and other associated
elements. Over time, these wastes have contaminated the sediments in the adjacent fluvial systems. Our
aim was to assess the vertical PTE variations in the abandoned mining zone and in the discharge of the
main arroyo into a small lagoon at the Pacific Ocean. Sediments were collected from the two following
locations in the mining zone near the arroyo basin tailings: 1) an old alluvial terrace (Overbank) and a
test pit (TP) and 2) two sediment cores locations at the arroyo discharge into a hypersaline small lagoon.
Samples were analyzed by ICP-MS, ICP-OES, and INAA and the methods were validated. The overbank
was the most contaminated and had As, Cd, Pb, Sb, and Zn concentrations of 8690, 226, 84,700, 17,400,
and 42,600 mg kg�1, respectively, which decreased with depth. In addition, the TP contained elevated As,
Cd, Pb, Sb, and Zn concentrations of 694, 18.8, 5001, 39.2, and 4170 mg kg�1, respectively. The sediment
cores were less contaminated. However, the As, Cd, Pb, Sb, and Zn concentrations were greater than the
concentrations that are generally found in the Earth’s crust. The normalized enrichment factors (NEFs),
which were calculated from the background concentrations of these elements in the system, showed that
extremely severe As, Cd, Pb, Sb, and Zn (NEF > 50) enrichment occurred at the overbank. The TP was
severe to very severely enriched with As, Cd, Pb, Sb, and Zn (NEF ¼ 10e50). The sediment cores had a
severe enrichment of As, Pb, and Zn (NEF ¼ 10e25). Their vertical profiles showed that anthropogenic
influences occurred in the historic sediment deposition at the overbank and TP and in the sediment
cores. In addition, the As, Pb, and Zn concentrations in the sediment cores were related to the deposition
of fine sediments and organic carbon.

� 2013 Published by Elsevier Ltd.
1. Introduction

Mine tailings and residualwaters release large quantities of trace
elements into the environment (Nriagu and Pacyna, 1988;
Salomons, 1995). These wastes are rich in potential toxic elements
(PTE) and are abandoned without protecting the adjacent biota.
These PTE are widely distributed and become concentrated in
fluvial sediments, agricultural and natural soils, vegetables, and
surface and subsurface waters. The most commonly studied PTE
include As, Cd, Pb, and Zn (Audry et al., 2004; Bodénan et al., 2004;
Borrego et al., 2004; Bhattacharya et al., 2006; Krysiak and
anology Department, Centro
litécnico Nacional (CICIMAR-
a Paz, BCS, Mexico.
o-Rodríguez).
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Karczewska, 2007; Lim et al., 2008; Taylor and Hudson-Edwards,
2008; Da Pelo et al., 2009; Meza-Figueroa et al., 2009; Navarro-
Flores and Doménech-Rubio, 2010; Perner et al., 2010; Rashed,
2010; Romero et al., 2010). However, few studies have focused on
semiarid systems where contamination is exacerbated by wind
transport of fine mine tailing particles during the rainy season
(Taylor and Hudson-Edwards, 2008; Meza-Figueroa et al., 2009;
Navarro-Flores and Doménech-Rubio, 2010). The historical evolu-
tion of mining activities and natural extreme events (e.g., tropical
storms and hurricanes) are known (Price et al., 2005; Kovács et al.,
2006). Thus, geochemical studies regarding the vertical distribu-
tion of PTEwere conducted to characterize the temporal variation of
the PTE. In addition, we aimed to determine if the contaminated
tailings that were produced by historical mining activities were
deposited in fluvial and coastal sediments and if PTE accumulated at
or were leached from the final disposal sites. Thus, the objective of
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this research is to characterize the vertical distribution of As, Cd, Pb,
Sb, and Zn in the El Triunfo mining zone, B.C.S., and in the arroyo
discharge that leads to the Pacific Ocean. From these results, the
influence of the mine wastes on the vertical accumulation and
enrichment of PTE at the source and destination of the main arroyo
will be determined.

2. Materials and methods

2.1. Study area

Themining zone of El Triunfo is in the State of Baja California Sur,
Mexico, which is 45-km south of La Paz, B.C.S. (Fig. 1). The climate is
dry and semiarid with sporadic rain in December and more during
the summer. This summer rainy season results from hurricanes and
tropical storms (Troyo-Diéguez et al., 1990). Furthermore, this zone
is located in the Cabo San Lucas block and is dominated by igneous
intrusive rocks, such as gabbro, granodiorite, andgranite. In addition,
metamorphic rocks, such as the garnet schists and gneisses are
present in this fluvial system (COREMI, 1999). The ore that is mined
occurs in epithermal veins that contain sulfur minerals and associ-
ated Au and Ag. These minerals include pyrite, arsenopyrite, sphal-
erite, and galena (Carrillo,1996). This minewas exploited for Au and
Ag from the middle of the XVIII century. There are hundreds of
abandoned mining sites, of which approximately 30 contain tailing
piles (Carrillo,1996). Themine zone is connected to the Pacific Ocean
Fig. 1. Map of the study area. A) shows the town of El Triunfo, La Noria, and the
location of the overbank and the test pit. B) shows the arroyo discharge. Cores 1 and 2
are located at the evaporitic basin that is adjacent to the Pacific Ocean.
in the southwest by the Hondoe Las Gallinase El Carrizal (HeGeC)
arroyo. This arroyo discharges into an evaporitic basin that extends
along the cost, which accumulates water during heavy rains. Previ-
ous regional studies have measured the PTE concentrations in
mining wastes, soils, and vegetables (Carrillo, 1996; Acosta et al.,
2000; Volke-Sepúlveda et al., 2003; Naranjo, 2004). In addition,
geochemical studies were conducted regarding themigration of the
PTE throughout the HeGeC arroyo, which discharges at the Pacific
Ocean (Romero-Guadarrama, 2011; Marmolejo-Rodríguez et al.,
2011).

2.2. Sampling considerations

Sediments were sampled at the three following sites in the same
hydrographical basin: 1) near the mine zone; 2) at the evaporitic
basin, and 3) from a clean zone called La Noria (with no mining
influence) (Fig. 1A and B).

2.2.1. Near the mine zone
Sediments were obtained from an overbank (OB) with a tailing

pile. This OB is an old terrace that is covered by mine wastes from
an old artisanal mine. This OB is near a mining vent from which
gold was extracted and is located (23�48’16.4000N 110� 6’14.6000W;
493 m above sea level e masl) in a meander of the arroyo that is
approximately 490-m NE of the main smokestack. Sediments were
also obtained from a test pit (TP). The TPwas sampled by excavating
the arroyo Hondo sediments at approximately 4 m from the OB
(23�48’16.2700N 110� 6’14.5200W; 493 masl). These sediments were
collected to determine the influence of the OB tailings at a depth of
1-m in the arroyo sediments. The OB and TP sampling sites are in
the town of El Triunfo (Fig. 1A).

2.2.2. Evaporitic basin
The evaporitic basin occurs at the discharge of the H-G-C arroyo

(the main arroyo from the source to the destination) into the Pacific
Ocean (Fig. 1B). However, this arroyo discharges into an evaporitic
basin (a small hypersaline lagoon) and not directly into the Pacific
Ocean. Here, two sedimentary cores (C1 and C2) were collected. The
C1 core was obtained from the central part of the small lagoon
(23�37’40.7400N 110�26’41.1600W and 3 masl), which was near
the arroyo discharge. At approximately 500 m from the C1, the C2
core was collected from the proximal part of the discharge
(23�37’39.0000N 110�26’21.9600Wand 6 masl).

2.2.3. La Noria
The background levels were measured in La Noria in the same

hydrographical basin. This area is located 2.8 km northeast of El
Triunfo (Fig. 1A) (23�49’31.9200N, 110� 5040.2000 Wand 525 masl). La
Noria is a small group of rural houses. In addition, this site was less
impacted by mining wastes due to its higher altitude (525 masl)
than the wastes in the alteration zone (at 493 masl).

2.3. Sampling methods

The polyethylene material was washed with clean techniques
that were previously described (Marmolejo-Rodríguez et al., 2011).
Sediments were sampled in the three following zones: 1) near the
contamination source (OB and TP); 2) two sediment cores near the
discharge at the Pacific Ocean, and 3) in La Noria, a clean zone of the
hydrographical basin.

2.3.1. Sediment sampled in the mining zone: an overbank and a
test pit

Sediments near the mining activities were collected from two
different sites. At the OB, arroyo surface sediments were collected
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from a 2 m tall vertical trench (Fig. 1A). At the TP, samples were
collected approximately 4 m from the overbank. The TP samples
were collected to a depth of 90-cm from the arroyo surface. The OB
and TP sediments were each collected at 10 cm by beginning with
the deeper zones and carefully avoiding sediment mixing. This
method was suggested by Taylor and Hudson-Edwards (2008).

2.3.2. Evaporitic basins C1 and C2
In October 2010, two sediment cores (Fig. 1B) were collected

with a PVC tube. The sediment cores were 3.6 cm in diameter and
34 cm in length for the C1 core and were 3.6 cm in diameter and
31 cm in length for the C2 core. The sediment cores were cooled,
and each centimeter of the core was extruded starting at the up-
permost part.

2.3.3. Sediment in La Noria
At 300 m from La Noria, we obtained six different sediment

samples from a very small and homogenous alluvial terrace. This
measured 40 cm height and the sediment was sampled 5 cm away
from the deeper area to the upper part.

2.4. Analytical methods

The samples were dried in a wood-burning oven at 45e50 �C.
The total fraction (<2000 mm) of the sediment was pulverized in an
agate mortar prior to elemental analyses. Another aliquot of the
sediment was used to determine the grain size. The sieve technique
was used to quantify the amount of sand and the laser dispersion
technique was used to quantify the amounts of silt and clay (Horiba
LA-910 in the IIO-UABC laboratory). The total carbon and inorganic
carbon concentrations were determined by combustion with a
Coulometer (UIC Inc. Mod. CM5015 in the FCM-UABC laboratory).
The organic carbon (Corg) was estimated as the difference between
the total and inorganic carbon. The elemental analyses of As, Cd, Cu,
Pb, Sb, Zn, Al, Fe, and Li were conducted by total digestion in HF,
HClO4, HNO3, and HCl. First the samples were digested with HF.
Next, the samples were digested in a mixture of HNO3 and HClO4
while heating at 260 �C. The digested samples were dried and then
diluted with HNO3 and HCl prior to ICP/MS analysis with a Perkin
Elmer Sciex ELAN 9000. As and Sb were also analyzed with INAA.
All the analyses were realized at Actlabs (Ontario, Canada). The
methods were validated with certified materials (PACS-2 and
MESS-3). Moreover, one measurement was duplicated for every ten
samples analyzed. These duplicate measurements indicated that
good reproducibility was obtained. The method validation results
are shown in Table 1.

3. Results

3.1. Stratigraphy, grain size, and organic carbon in the
microenvironments

The vertical distribution of the grain size and the percentages of
Corg in the sediments are presented in Figs. 2 and 3.

3.1.1. Sediments in the overbank and the test pit
3.1.1.1. Overbank. The dominant grain size in the OB was sand
(66%). The percentages of gravel (27%) and silt and clay (6%) were
smaller (Fig. 2a). The grain-size sequence is composed of five lith-
ologic layers. Layer A, with a thickness of 98 cm, is a conglomerate
(gravel, very angular) with a sandymatrix. The composition of layer
A, suggests the occurrence of an extreme event with a high loading
capacity. Layer B has a thickness of 6 cm and is characterized by fine
sands. Layer C has a thickness of 30 cm and is composed of fine
sands and red silt. Layer D contains 15 cm of fine yellow sand.
Finally, layer E is 45 cm thick, is the most recent deposit and is
composed of fine redmaterial (tailings) that is mixedwith sand and
roots. From layers B to E (the last 102 cm), the average gravel
content decreases (17%) in comparison with the average sand
content (73%). Furthermore, the average silt content increases
(11%).

In the first 100 cm (layer A), the Corg content is low (<0.1%). In
the sandstone layer and in the tailings deposit on top of the old
terrace, the Corg content significantly increased to a maximum of 1%
(Fig. 2a).

3.1.1.2. Test pit. The vertical profile of the TP sediment was ob-
tained 4 m from the OB tailings deposit. The TP depth was 90-cm
from the surface sediments of the arroyo. The grain-size was 57%
sand and 43% gravel. The silt-clay fraction was only 0.6% (Fig. 2b).
The sediment sequence is composed of four layers that are made of
sand and conglomerate (pebbles and very angular gravel). Layers A
and C resulted from extreme high energy events in which the
amount of pebbles and gravel increased relative to that of sand.
Layers B and D were deposited during periods of low energy in
which the amount of sand increased.

The lowest organic carbon concentration (<0.3%) was observed
in these layers due to their lower silt-clay contents. The vertical
distribution of Corg was not related to the sediment grain-size along
the TP (Fig. 2b).

3.1.2. Evaporitic basin
3.1.2.1. Sediment core 1. The C1 sediment core was covered by
water. On sampling day, the pH was 8 and the salinity was 130&.
The average grain-size distribution was 17% for fine to very fine
sand, 70% for silt, and 13% for clay (Fig. 3a). C1 is composed of 4
layers that are 7.5,11, 6, and 9.5 cm thick. Layer A contains fine black
sediment with a gray lenticular structure. In this layer, silt pre-
dominates at an average of 76%. Layer B consists of mud sediments
that are predominantly homogenous gray silt (75%). Layer C con-
tains fine yellow sand. In this level, the average silt decreased (62%)
and the average fine sand (29%) increased. Layer D is composed of
fine black sediments with a gray lenticular structure that is similar
to those in layer A. The surface of C1 consists of a 0.5 cm layer of
recent organic matter. The mean organic carbon concentration in
C1 (Fig. 3a) is 1.7% (0.49e3%). The Corg concentration is well-
correlated with the silt content, which decreases in the fine sand
layers.

3.1.2.2. Sediment core 2. This core was sampled at nearly the end of
the evaporitic basin. The pH was 8.94 and the salinity was 140& on
the day of sampling. The grain-size distribution consisted of 32%
fine sand, 56% silt, and 12% clay (Fig. 3b). The three following layers
were measured: 1) layer A consisted of 7 cm of mud, 2) layer B was
characterized by sand, and 3) layer C consisted of mud. The Corg
concentrations in these layers were between 0.04% and 3.8%. The
Corg concentration in layers A and C were>1%, which corresponded
to the presence of mud. However, in layer B (the sand layer), the
Corg content, significantly decreased to <0.2% (Fig. 3b).

3.2. Vertical distributions of Al, As, Cd, Cu, Fe, Sb, Pb, and Zn

3.2.1. Lithogenic elements
The concentrations of Al, Fe, and Li at La Noria are similar to

those in the Earth’s crust (Table 2). The standard deviation of Al was
lower than the standard deviations of the other elements in the
sediments. However, their concentrations were different between
the mine tailings and ash (Marmolejo-Rodríguez et al., 2011). In the
OB, TP, and sediment cores, the mean iron concentrations were
higher than in the Earth’s crust (Wedepohl, 1995). The highest iron



Fig. 2. a) The stratigraphic column of the overbank and the grain-size percentages of gravel, sand, and silt and clay. The percentages of Corg are represented by the filled circles.
Figure 2. b) Stratigraphic column of the test pit, and the grain-size and Corg percentages.
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concentrations were present in the tailings, in which oxy-
hydroxides were most likely formed. The Li concentration is not
homogenous and is highest in C1 and C2. These Li concentrations
were greater than in the Earth’s crust. Therefore, the Al concen-
tration was used to normalize elemental concentrations in this
system.
Table 1
Method validation results. Detection limits and concentration obtained and certified by th
MESS-3 from the National Research Council of Canada.

Element Detection limits
(mg kg-1)

PACS-2

Certified Obtain

As (mg kg�1) 0.1 26.2 � 1.5 27 �
Cd (mg kg-1) 0.1 2.11 � 0.1 2 �
Cu (mg kg-1) 0.2 310 � 12 318 �
Pb (mg kg-1) 0.5 183 � 8 186 �
Sb (mg kg-1) 0.1 11.3 � 2.6 7.5 �
Zn (mg kg-1) 0.2 364 � 23 397 �
Li (mg kg-1) 0.5 32.2 � 2 33 �
Al (%) 0.01% 6.62 � 0.32 6.3 �
Fe (%) 0.01% 4.1 � 0.1 3.8 �
3.2.2. Trace elements
The concentrations of trace elements in these systems, including

their average concentrations in the Earth’s crust (Wedepohl, 1995)
and the Mexican legislation values (NOM-147-SEMARNAT/SSAI-
2004) are presented in Table 2. Mexican legislation has set limits for
determining if soil remediation is needed to reduce health risks.
e certified standards (mean� s). The certificate reference materials were PACS-2 and

MESS-3 %

ed Certified Obtained Reproducibility

1 21 � 1 22 � 2 98 � 12
0.1 0.24 � 0.01 0.2 � 0 98 � 5
4 33.9 � 1.6 34.3 � 1.3 94 � 7
11 21.1 � 0.7 25.1 � 1.0 101 � 6
1.5 1.02 � 0.1 1.1 � 0.1 102 � 5
12 159 � 8 156 � 6 98 � 8
0.4 73.6 � 5 73 � 1.6 100 � 3
0.14 8.59 � 0.23 8.2 � 0.2 99 � 6
0.05 4.34 � 0.11 3.9 � 0.1 98 � 2



Fig. 3. a) Stratigraphic column of Core 1. The grain-size percentages of fine sand, silt, and clay are shown. The Corg is represented by a filled circles. b) Stratigraphic column of Core 2.
The grain-size percentages of fine sand, silt, and clay are shown. The Corg is shown represented by a filled circles.
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The elements studied here are classified as Potential Toxic Elements
(PTE).

3.2.2.1. Background values found in La Noria. The samples from La
Noria were the least contaminated. These samples had lower PTE
concentrations than the OB, TP, and the sediment cores (Table 2).
The PTE concentrations at La Noria were similar to the average
values that are found in the Earth’s crust. Specifically for As, the
mean concentrations were only 2.7 times greater than those found
by Wedepohl (1995). For Cd and Cu, the concentrations were
similar to those in the Earth’s crust, but for Pb (0.7) the concen-
trations were lower. For Sb and Zn, the concentrations were slightly
higher than in the Earth’s crust. Therefore, in this microenviron-
ment, the PTE are not enriched. Thus, these concentrations were
used as regional background values.

3.2.2.2. Overbank on the Hondo arroyo near the alteration zone.
The OB is the most contaminated site with maximumAs, Cd, Cu, Pb,
Sb, and Zn concentrations of 8690, 226, 1510, 84,700, 17,400, and
42,600 mg kg�1, respectively (Table 2). These concentrations are
greater than those that are allowed by the Mexican legislation for
As, Cd, and Pb and for the Earth’s crust.

The vertical profiles of the elemental concentrations were
similar between the different elements that were studied here.
Overall, these elements were concentrated in the upper layer (100e
200 cm) and decreased to the baseline (100 to surface of the
arroyo). In the 100e200 cm layer, the elemental concentrations
were heterogenous. However, large As, Cd, Cu, Pb, Sb, and Zn
concentrations of 264e8690, 32.8e226, 59e420, 1860e84,700,
19e17,400, and 1540e42,600 mg kg�1, respectively, occurred in
this layer. The element concentrations were heterogenous, but with
lower concentrations toward the surface of the arroyo (Fig. 4).

3.2.2.3. Test pit in the Hondo arroyo near the alteration zone.
The TP (approximately 4 m horizontally from the OB samples) had
lower elemental concentrations than the OB. Specifically, the TP
hadmaximum As, Cd, Cu, Pb, Sb, and Zn concentrations of 694,18.8,
157, 5001, 39.2, and 4170mg kg�1, respectively (Fig. 5). These As and



Table 2
Lithogenic and potential toxic elements (PTE) origin of elements. Mean, standard deviation, minimum and maximum concentrations in the mining zone of El Triunfo:
(Overbank and the Test Pit), and in the arroyomouth of El Carrizal, which discharges at the evaporitic basin adjacent to the Pacific Ocean (Core 1 and Core 2). La Noria as pristine
zone of the same fluvial basin, the Earth’s crust average (UCC) and the Mexican Legislation (ML) limits are included.

Element Overbank (n ¼ 20) Test pit (n ¼ 9) Core 1 (n ¼ 17) Core 2 (n ¼ 15) LaNoria (n ¼ 6) UCC ML

Lithogenics
Al 5.5 � 2.6 6.9 � 1.6 7.8 � 1.1 7.2 � 1.4 6.7 � 0.3 7.74 n.d.
(%) 1.6e8.3 2.8e7.8 5.4e9.5 3.0e.9 6.2e7.1
Fe 9.0 � 5.0 5.02 � 0.9 4.3 � 0.8 3.2 � 1.2 3.1 � 0.3 3.08 n.d.
(%) 3.6e18 3.1e6.3 2.7e5.5 1.4e5.2 1.4e5.2
Li 10.6 � 2.6 11.6 � 2.4 37 � 6.0 27 � 13 3.1 � 0.3 22 n.d.
(mg kg�1) 6.7e16.8 8.6e14.8 29e46 11.6e56 2.8e3.5
PTE
As 2898 � 3481 318 � 151 108 � 46 46 � 40 5.48 � 1.7 2.0 22
(mg kg�1) 21e8690 174e694 50.8e186 7.8e112 3.7e8.0
Cd 67.6 � 83.2 7.9 � 4.4 4.0 � 1.2 1.8 � 1.6 0.03 � 0.0 0.102 37
(mg kg�1) 0.2e226 5e18.8 1.8e6.3 0.2e4.7 0.0e0.1
Cu 511 � 603 59.8 � 41.5 41 � 10 25 � 15 14.6 � 0.6 14.3 n.d.
(mg kg�1) 16.6e1510 27.4e157 58.9e26.2 5.9e55 13.6e15
Pb 27,079 � 33,900 1664 � 1552 402 � 135 156 � 144 11.4 � 1.0 17 400
(mg kg�1) 15e84,700 268e5001 172e617 13.6e362 10-13
Sb 4415 � 7005 15.5 � 9.7 16 � 13 6.6 � 6.2 0.6 � 0.48 0.31 n.d.
(mg kg�1) 1.2e17,400 9.9e39.2 5.3e55.5 0.5e19.6 0.2e1.5
Zn 14,248 � 17,100 1141 � 1243 278 � 63 138 � 88 68.7 � 5.2 52 n.d.
(mg kg�1) 67e42,600 390e4170 186e377 37e281 63e78

ML ¼ Mexican legislation NOM-147-SEMARNAT/SSAI-2004; UCC ¼ Upper Continental Crust, Wedepohl, 1995.
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Pb concentrations were higher than those set by Mexican legisla-
tion. The vertical profiles were similar for As, Cd, Cu, and Zn. The
maximum concentrations for As, Cd, Cu, Pb, Sb, and Zn were 694,
18.8, 157, 5000, 39.2, and 4170 mg kg�1, respectively, at 60 cm. For
Sb and Pb, an accumulation of PTE was measured at a depth of 10,
and 60 cm.
Fig. 4. The vertical profiles of As, Cd, Cu, Pb, Sb, and Zn concentrations and the
Normalized Enrichment Factor distributions for the overbank. The graphs on the left
are for As (filled circles), Cd (empty circles), Zn (empty triangles) and Cu (filled inverted
triangles). The graphs of the right are for Sb (empty circles) and Pb (filled circles).
3.2.2.4. Sediment cores from the mouth of the El Carrizal arroyo.
In sediment core 1 (C1), the maximum As, Cd, Pb, Sb, and Zn con-
centrations were 186, 6.3, 58.9, 617, 55.5, and 377 mg kg�1,
respectively (Fig. 6). In sediment core 2 (C2), the As, Cd, Pb, Sb, and
Zn concentrations were 112, 4.7, 54.6, 362, 19.6, and 281 mg kg�1,
Fig. 5. Vertical profiles of the As, Cd, Cu, Pb, Sb, and Zn concentrations and the
Normalized Enrichment Factor distributions in the test pit. The graphs of the left are
for As (filled circles), Cd (empty circles), Zn (empty triangles) and Cu (filled inverted
triangles) and the graphs of the right are for Sb (empty circles) and Pb (filled circles).
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respectively (Fig. 7), which were greater than the average concen-
trations in the Earth’s crust (Table 2). The As and Pb concentrations
in C1 and C2 exceed those allowed byMexican legislation (Table 2).
These concentrations decreased in C2, and only As exceeded the
value allowed by Mexican legislation.

The C1 and C2 vertical profiles are shorter than those for the OB
and TP. The trace metal profiles in C1 were more homogeneous
than those in the source (OB and TP). These concentrations
increased to a maximum at depths of between 18 and 24 cm. The
maximum As, Cd, Cu, Pb, Sb, and Zn concentrations were 186, 6.3,
53.8, 617, and 377 mg kg�1, respectively (Fig. 6). The As, Cd, Cu, Pb,
and Zn concentrations decreased with depth in C2 from a
maximum at first 12 cm to a minimum at between 18 and 22 cm
(Fig. 7).
4. Discussion

4.1. Normalized enrichment factors (NEFs)

The NEFs for the elements were calculated by using Al as a
normalizing element (Rubio et al., 2000; Marmolejo-Rodríguez
et al., 2007; Zourarah et al., 2007; Rashed, 2010). In regional sedi-
ments that are unaltered by anthropogenic activities, the mean
Al concentrations (as a ratio of Fe or Li; Table 2) are similar to
those determined by Wedepohl (1995). The background value
concentration, used to calculate the NEFs was obtained from La
Fig. 6. Vertical profiles of the As, Cd, Cu, Pb, Sb, and Zn concentrations and the
Normalized Enrichment Factor distribution in Core 1. The graphs of the left are for As
(filled circles), Cd (empty circles), Zn (empty triangles) and Cu (filled inverted tri-
angles) and the graphs of the right are for Sb (empty circles) and Pb (filled circles).

Fig. 7. Vertical profiles of the As, Cd, Cu, Pb, Sb, and Zn concentrations and the
Normalized Enrichment Factor distributions in Core 2. The graphs on the left are for As
(filled circles), Cd (empty circles), Zn (empty triangles) and Cu (filled inverted tri-
angles) and the graphs of the right are for Sb (empty circles) and Pb (filled circles).
Noria (the pristine zone located in the same hydrological basin)
(Fig. 1; Table 2) and was determined with the following equation:

NEF ¼ ðEi=AlÞsedðEi=AlÞLa Noria (1)

Where (Ei/Al)sed is the ratio between the element and aluminum
concentrations in each sample, and (Ei/Al)La Noria is the ratio be-
tween the element and aluminum concentrations in La Noria. The
NEFs have no units because the values are divided by values with
the same units.

The representative values for the enrichment levels are deter-
mined by normalizing values to a lithogenic element in systems
that are impacted by anthropogenic activities (Audry et al., 2004;
Borrego et al., 2004; Roychoudhury and Starke, 2006; Marmolejo-
Rodríguez et al., 2007; Zourarah et al., 2007; Meza-Figueroa et al.,
2009; Marmolejo-Rodríguez et al., 2011). For this NEF interpreta-
tion, we used a relative value scale that was adapted from
Hakanson (1980), Cobelo-García and Prego (2004), andMarmolejo-
Rodríguez et al., 2011.

NEF < 3 zero or null enrichment
NEF ¼ 3e10 moderate enrichment
NEF ¼ 10e25 severe enrichment
NEF ¼ 25e50 very severe enrichment
NEF > 50 extremely severe enrichment
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4.1.1. NEF vertical distribution and associations
The NEF vertical profiles for As, Cd, Pb, and Sb in the OB, TP, C1,

and C2 (Figs. 4e7) clearly indicated anthropogenic incorporation of
tailings into the OB. The NEF in the TP increased with depth (Fig. 5).
The NEF in C1 and C2 (Figs. 6 and 7) although the NEF in C2
decreased from 10 to 20 cm and slightly increased from20 to 30 cm,
these variations were less pronounced than in C1.

4.1.1.1. NEF vertical distribution and associations in the overbank.
The As, Cd, Cu, Pb, Sb, and Zn NEF intervals of between 110 and
200 cm were 56e6678, 382e9464, 90e442, 189e31,884, 807e
124,246, and 504e2654, respectively. These results indicate an
extremely severe enrichment (NEF > 50). The 110e200 cm range
consists offine redmaterials that correspond to tailings (layers Be E;
Fig. 2a). This result indicates that mining wastes are the main
contamination source for theHeGe C arroyo. However, theNEFs in
the OB (Fig. 4) are similar to theminingwastes of Adak, Sweden (Ag,
Pb, and Zn Mine; Bhattacharya et al., 2006) and are less enriched
than the gold mining wastes of South Africa (Roychoudhury and
Starke, 2006) and the arctic sediments from the Black Angel mine
(Greenland; Perner et al., 2010).

4.1.1.2. NEF vertical distribution and associations in the test pit.
The vertical distribution of the NEF is similar for all of the elements.
The concentration decreases to a depth of 20 cm (Sand layer D,
Fig. 2b) and increases with further depth. The NEFs are significantly
less concentrated in the TP than in the OB. The TP has As, Cd, Cu, Pb,
Sb, and Zn NEFs of 28e121, 47e180, 1.6e10, 23e420, 14e59, and
5.7e58, respectively (Fig. 5). These concentrations are extremely
severe for As, Cd, Pb, Sb, and Zn and only moderate contamination
for Cu (Fig. 5).

The concentrations of these elements can be diluted in the
surface as they are transported along the arroyo basin from the
source to the destination (Marmolejo-Rodríguez et al., 2011).
However, these elements can become more concentrated with
depth. The increased PTE concentrations in the TP occur because
layer A resulted from a high energy event (Fig. 2b). This high
energy event was potentially caused by a large landslide from the
adjacent tailing pile. Thus, this layer contains mining wastes in a
sand matrix. However, lower NEF values of 14e50 for As, Cd, Pb,
and Sb occurred in layer C (20-cm depth; Figs. 2b and 5), which
indicated severe enrichment and reflected a continuous deposit of
fine and contaminated sediments (tailings) by low energy wind
and rain.

4.1.1.3. NEF vertical distribution in sediment core 1 and 2. In sedi-
ment core 1, the NEF values for As, Cd, Cu, Pb, Sb, and Zn were 8.8e
24.8, 17.2e50, 1.7e3.3, 14.3e44.8, 8.5e67, and 2.4e4.5 mg kg�1,
respectively. These values are significantly lower than those found
in the OB and TP vertical distribution. In addition, these concen-
trations are larger than the previously determined concentrations
in the surface sediments near the mouth of the arroyo (Marmolejo-
Rodríguez et al., 2011). These results suggest that evaporitic basins
favor the deposition of fine sediments, which are transported in the
main arroyoflow or by wind. This evaporitic basin had several
variables, including pH (8e8.9) and salinity (130e140&), which
favored flocculation, adsorption, and precipitation (Chester, 2003).
The As and Cd NEF (Fig. 6) tended to decrease vertically in fine
sands and accumulate in mud. This result confirmed that the
elemental concentrations increase with decreasing grain-size
mainly due to increased surface area, which increases adsorption
(Salomons and Förstner, 1984; Kim et al., 2011). The Corg concen-
tration increased relative to the concentrations in the OB and TP.
The increased amounts of mud and Corg could be caused by the
feedback of sediments from the arroyo bank from wind transport
and changing water levels in the small lagoon. The sand in C1
potentially resulted from the introduction of materials during
hurricanes in 2009.

C2 contained zero to severe As, Cd, Pb, and Sb contamination
(NEF¼ 1.3e27,1.5e48, 0.9e32, 0.72e43) and from null tomoderate
for Cu and Zn contamination (NEF ¼ 0.44e2.8, 0.5e4.2). As, Cd, Pb,
and Sbweremore enriched in C1 than in C2 however, the Cu and Zn
NEFs were similar between both cores. This decrease potentially
occurred because C2 is farther from the El Carrizal arroyo discharge.
Their vertical NEF distribution was similar for all elements (Fig. 7).
The NEF values were highest in the first 12 cm and were lowest
between 12 and 28 cm.

4.2. Multivariate analyses of the microenvironments

The climate, flora, and fauna are different at the source (496
masl) than at the mouth of the arroyo. To characterize the micro-
environments in this system, multivariate analysis was used
because different groups are formed for each matrix.

4.2.1. Overbank at the Hondo arroyo
The elements in the OB were highly correlated according to

Principal Component Analysis (PCA; Fig. 8). The PTE (and their
loads) of Zn (0.894), As (0.890), Cu (0.888), Pb (0.886), Cd (0.885), Fe
(0.85), silt and clay (0.84), Sb (0.81), and Corg (0.74) were well-
grouped (marked loadings > 0.74)) and were inversely correlated
with Al (�0.84). This correlation represented Factor 1 and had a
variance of 78%. In this matrix, the Fe concentrations were highly
correlated with the silt and clay contents and the PTE were
enriched. Although Corg was not enriched (<1%), it was highly
correlated with the PTE concentrations. PTE were associated with
silt and clay and most likely resulted from the tailing materials
(Bhattacharya et al., 2006; Navarro-Flores and Doménech-Rubio,
2010). Factor 2 (9% of the variance) is represented by the grain-
sizes of sand (0.92) and gravel (�0.85). These factors and Al are
not associated with the As in the OB mine tailings. Geochemical
processes, such as oxidation, can be observed in the OB and are
evidenced by the large Fe concentrations (maximum contents 18%)
that are associated with the PTE. In addition, Sb is enriched and
associated with the PTE.

4.2.2. Test pit in the Hondo arroyo
The PCA of the TP (Fig. 8) were grouped into Factor 1 (Variance

53%) and dominated the PTE. The associated elements (with their
respective loads) include Zn (0.974), Cd (0.967), Cu (0.939), As
(0.936), and Pb (0.88). Factor 1 reflects anthropogenic enrichment.
It was remarkable that these elements were associated in the
absence of Sb although the TP was near (approximately 4 m) the
OB. The Sb concentrations decreased relative to the OB tailings,
which were reflected in the PCA. Factor 2 (Variance 18%) is rep-
resented by the lithogenic Al (0.91). Gravel (0.83), Fe (0.74), and Li
(0.6) were included in Factor 2 but had less influence. Factor 2 was
inversely related to sand (�0.82). In addition, Factor 1 was
dominated by Zn (maximum contents of 4170 mg kg�1). Corg
concentrations were <0.3%. Therefore, geochemical, rather than
organic, processes caused the downward migration of the ele-
ments. Although oxidation potentially occurred, the Fe concen-
trations (3e6.32%) were significantly lower than those in the OB at
a distance of 4 m (Fe concentrations are presented in Table 2).

4.2.3. Sediment cores 1 and 2 in the El Carrizal arroyo
The evaporitic basin, where themain arroyo (HeGeC) discharge

is near the Pacific Ocean, is influence by sandy sediments. However,
although the sea was close by, this area had fine sediments
(fine sand, silt, and clay).



Fig. 8. Principal component analyses for the results from near the mining zone, the overbank, the test pit, and cores 1 and 2 at the discharge at the mouth of the arroyo.
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The sediment cores behaved differently. Factor 1 in the C1 PCA
(Fig. 8) was correlated with (with their loads) Fe (0.94), Cu (0.93),
Zn (0.89), As (0.87), Pb (0.85), Li (0.83), Sb (0.70), and Al (0.81)
(Variance ¼ 65%). Factor 2 (Variance 17%) included grain size, silt
(0.97), and clay (0.89) and was inversely correlated to fine sand
(�0.97). Here, the anthropogenic influence of the PTE was
disguised by the lithogenic elements, which resulted from the
decreased PTE concentrations relative to the concentrations near
the mining zone. This phenomenon is easily observed from the C2
PCA (Fig. 8), where Factor 1 (variance of 55%) is represented by the
concentrations that are not enriched with Cu, Fe, Li, and silt, and
Factor 2 (Variance 26%) is represented by the Pb (0.98), Cd (0.92), As
(0.89), Sb (0.76), and Zn (0.88) PTE. The concentrations in C2 were
less than half those in C1.

In both cores, the Corg concentrationwas greater than in the OB
and TP (Figs. 2 and 3). Thus, biogeochemical processes became
more important in the cores. In C1, the Corg (Fig. 3) was associated
with Al and Fe PTE, which potentially resulted from its closer
proximity to the arroyo mouth (10 m) than C2 (70 m). This distance
could cause the concentration dilutions and the associations of
Factor 1 with the terrigenous elements in C2. However, additional
research is necessary to evaluate these processes in this hypersaline
evaporitic basin.
4.2.4. Sample sites and their PTE concentration
The OB releases tailings into the arroyo. The influence of these

tailings is observed from the TP, PTE concentrations because they are
the closest sampling sites (Fig. 1). However, although the PTE con-
centrations reach contamination levels in the TP, their concentra-
tions are relatively lowand the resulting PCAdistribution is different
(Fig. 8). The PTE concentrations in theTPare diluted,most likely from
the rainy season, extreme events, andwind, which scattered the PTE
from the mine tailings of the OB throughout the arroyo.

In the evaporitic basin, the PTE only occur when the rain is
intense. Greater concentrations occur in C1 because it is located
directly in the discharge. The C2 is less influenced by discharge and
has lower PTE concentrations than those in C1. However, in this
study, the vertical accumulation of PTE in both cores corresponds
with the sediments dilution that was observed by Marmolejo-
Rodríguez et al. (2011).

4.3. Comparison between the El Triunfo e Pacific Ocean system and
the tailings and sediments from other systems that were influenced
by abandoned mines

The As, Cd, Cu, Pb, Sb, and Zn concentrations in the OB profile are
comparable to those in other systems that are impacted by mining.
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However, other studies did not determine the concentrations of all
of these elements. Thus, we discuss each element separately below.

4.3.1. PTE in tailings
4.3.1.1. Arsenic. The amount of As in the OB mine tailings is com-
parable to the amount in mine tailings from other previouslymined
sites (Table 3). The maximum As concentration in the OB was
similar to that observed in Au and Ag mine wastes in Massif, France
(Bodénan et al., 2004), Zloty Stok, Poland (Krysiak and Karczewska,
2007), and Songsheon, South Korea (Lim et al., 2008). Specifically,
in the La Soterraña, Spain Hg mine (Loredo et al., 2006), the
maximum As concentrations were found in the presence of pyrite
and arsenopyrite. Thus, serious contamination of the adjacent soils
and aquifers occurred. Similar As migration processes are occurring
in the aquifers that surround El Triunfo, which contains As con-
centrations of 400 mg L�1 (Carrillo, 1996).

4.3.1.2. Cadmium. The mean and maximum Cd concentrations in
the OB are comparable to those in the Rio Marmato sediments
(Colombia), which are affected by a gold mine (Prieto, 1998). In
addition, these values are comparable to those found in the tailings
and fluvial sediments that were affected by mining, extraction, and
smelting activities of Pb and Zn minerals (Rudnaya River, Russia,
Shulkin, 1997; Lot River, France, Audry et al., 2004; Black Angel
Mine, Greenland, Perner et al., 2010). The Cd concentrations in
these systems are associated with Zn minerals. Thus, Cd is found in
the form of CdS in the sphalerite (Dana, 1944). The El Triunfo mine
is rich in Zn (Marmolejo-Rodríguez et al., 2011) and Cd. Thus, Cd
and Zn are associated in this system.

4.3.1.3. Copper, lead, and zinc. The mean and maximum Cu con-
centrations in the OB were comparable to those in Ag and Au mine
tailings (Songsheon, South Korea, Lim et al., 2008; Sardinia, Italia,
Da Pelo et al., 2009) and in Cu, Pb, and Zn mine tailings (Sambo,
South Korea, Jung and Thornton, 1996; Mount Isa, Australia, Taylor
and Hudson-Edwards, 2008; Santa Lucia, Cuba, Romero et al.,
2010). These Pb and Zn concentrations contaminated the fluvial
sediments (Pulford et al., 2009; Romero et al., 2010) and soils
Table 3
Concentrations of As, Cd, Cu, Pb, Sb, and Zn in other systems in the world influenced by m
as: mean and s, or range, or maximum contents.

Systems influenced by mining activities,
in the world

As (mg kg�1) Cd (mg kg-1) Cu (

Tailings from AueAg mines South Korea
Imcheon mine in Choongchung South Korea n.d 0.6e9.4 27.0
Songsheon mine, South Korea 3584e143,813 2.2e20 30e
Au mine Chéni,Massif France. 6054 � 0.26 n.d n.d.
Zloty Stok and Zelezniak, Southwest of Poland 8690e15,800 n.d. n.d.

Furtei Sardinia, mine Italy 210e381 <0.5 196
Mine in Ratototok Bay North district of

Silawesi, Indonesia
409e695 n.d. n.d.

Mine Almeria, Spain 71.5e1410 0.3e4.6 70.0

Tailings in PbeZn mines
Santa Lucia, mining zone, Cuba 1724 n.d. 811
Río Leichhardt, Mount Isa, Queensland Australia n.d. n.d. 370

Fluvial sediments influenced by mining activities
Rudnaya River, Russia n.d. 47.2 � 12.1 364
Marmato, Colombia Mining district 218e1850 28e240 129
Muñon Cimero mining area Asturias, Spain 26.8e28,060 n.d. 15.3
Tyndrum, Scotland, UK n.d. n.d. n.d.
Sedimentary cores
Lot River, France n.d. 127 97.7
Black Ángel mine Maarmorilik Greenland. Max 61.1 Max 74.1 n.d.
during rice cultivation (Jung and Thornton, 1996; Lim et al., 2008).
Taylor and Hudson-Edwards (2008) determined that the overbanks
near the mine zone had greater Cu concentrations and that Pb and
Zn concentrations were significantly more concentrated in layers
with a grain size of <2 mm in El Triunfo. Furthermore, these au-
thors determined these concentrations in two different sized
fractions (grain size <2 mm and <180 mm). However, the fine
fraction was minimal in our study (Fig. 2). The concentrations of
these elements were higher in our study because the tailings and/
or mine wastes (ash) were mitigated along the fluvial basin.

4.3.1.4. Antimony. The mean and maximum Sb concentrations are
greater than those found in the systems that were affected by Ag
and Aumining (Marmato River, Colombia; Prieto,1998; Ratotok Bay
Indonesia, Edinger et al., 2007; Almería, Spain, Navarro-Flores and
Doménech-Rubio, 2010). The Sb concentrations in the submarine
tailings in Ratotok (490e580 mg kg�1; Edinger et al., 2007) are
comparable with the Sb concentrations in layer C (Figs. 2a and 4) of
the OB.

The maximum PTE concentrations in the OB tended to decrease
toward the base of the alluvial terrace. This phenomenon differs
from that observed in the Australian overbanks (Taylor and
Hudson-Edwards, 2008), where no clear tendency was shown.
Here, the deposition is associated with recent mining. This ten-
dency is similar to those observed in recently contaminated areas,
such as the Tinto River (Spain; Borrego et al., 2004), Ruttjejaure
Lake (Sweden; Bhattacharya et al., 2006), Pirhuacocha Lagoon
(Peru; Cooke et al., 2007), Tindrum (Scotland, Pulford et al., 2009),
and the Black Angel mine (Greenland, Perner et al., 2010).

4.3.2. The test pit, sediment cores 1 and 2
In the TP, the maximum and mean concentrations of As were

similar to those in the other fluvial systems that were influenced by
the Ag and Au mines (Sardinia, Italy, Da Pelo et al., 2009; Playazo
Arroyo, Almería, España; Navarro-Flores and Doménech-Rubio,
2010). The As concentrations in C1 and C2 were similar to those
found in sediments from the Tinto River, Spain, which were influ-
enced by sulfur ores (Borrego et al., 2004). The Cd concentrations in
ining activities, they were compared in the text. Results in some cases were reported

mg kg-1) Pb (mg kg-1) Sb (mg kg-1) Zn (mg kg-1) Reference

e229 142e8500 n.d. 283e1640 Jung, 2001
749 125e50,803 n.d. 580e7541 Lim et al., 2008

393 � 1.26 n.d. 134 � 1.22 Bodénan et al., 2004.
n.d. n.d. n.d. Krysiak and Karczewska,

2007
e690 130e73 n.d. 48e36 Da Pelo et al., 2009

n.d. 490e580 n.d. Edinger et al., 2007

e957 55.1e8744 4.2e253.0 91.0e1870 Navarro-Flores and
Doménech-Rubio, 2010

22,700 n.d. 8300 Romero et al., 2010
� 838 2000 � 2210 n.d. 1600 � 1000 Taylor and Hudson-

Edwards, 2008

� 86 1061 � 151 n.d. 4227 � 871 Shulkin, 1997
e619 330e22,800 6.8e56 1365e11,800 Prieto, 1998
e68.2 16.2e222 1.0e208 n.d. Loredo et al., 2006

100e11,000 200e30,000 n.d. Pulford et al., 2009

2 523 n.d. 4430 Audry et al., 2004
Max 7800 n.d. Max 15,400 Perner et al., 2010.
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the TP were similar to those of Ag, Au, Pb and Zn in soils and tailings
from South Korea (Jung and Thornton, 1996; Lim et al., 2008). The
Cd concentrations in C1 and C2 were similar to those in tailings
from Incheon, Korea (Jung, 2001) and Almeria, Spain (Navarro-
Flores and Doménech-Rubio, 2010). The copper concentrations in
the C1 and C2 TP samples were similar to those in the arroyo
sediments near mining sites with low Cu concentrations (La
Soterraña, Asturias, Spain, Loredo et al., 2006). The antimony con-
centrations in the C1 and C2 TP samples were similar to those in
sediments from the Marmato River (Colombia, Prieto, 1998). The Pb
and Zn concentrations in the TP were similar to those in the fluvial
sediments that were influenced by Au and Ag mines (Pirhuacucha
Lagoon, Peru, Cooke et al., 2007; Playazo Arroyo, Almería Spain,
Navarro-Flores and Doménech-Rubio, 2010) and in fluvial systems
that were near Pb and Zn mines (Rudnaya River Russia, Shulkin,
1997; Mount Isa River, Australia, Taylor and Hudson-Edwards,
2008; Sta. Lucía, Cuba, Romero et al., 2010). The Pb and Zn in the
C1 and C2 are similar to tailings in Massif, France (Bodénan et al.,
2004). Our results (along with those of Kossoff et al. (2012))
strongly suggest that the release of tailings into floodplains should
be limited or prohibited. In addition, our results suggest that all
tailings should be removed from floodplains following dam over-
flow, such as those at the OB.

5. Conclusions

The abandoned gold mine at El Triunfo is an important source of
potential toxic elements, such as As, Cd, Pb, Sb, and Zn. The over-
bank sites, which contain large quantities of the tailings, are the
most contaminated sites with extremely severe anthropogenic
enrichment of PTE. The arroyo sediments in the TP are severely
enriched with As, Pb, Sb, and Zn. This contamination is exacerbated
by extreme weather events, which were observed from the sedi-
mentary sequence. The sediment cores that were approximately
49-km from the source (mining district, overbank, and test pit)
were severely enriched with As, Cd, Pb, and Sb. The C1 core was
more contaminated because it was directly affected by the arroyo
discharge. The contamination was diluted 500-m from the
discharge (C2). In the discharge, themaximum concentrationswere
correlated with Corg concentrations and silt contents.
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