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ABSTRACT

Long-established and widespread mining activities in the Northern Atacama Region of Chile have historically
impacted the environment. Most notably, the Potrerillos and El Salvador mines, until 1976, were responsible for
dumping over 150-10° tons of tailings into the El Salado River, discharging directly into the bay of Chafiaral on
the coast. Water resources in the Northern Atacama Region are scarce; the few include the El Salado River and
the Pedernales, Maricunga, and Laguna Verde basins. This region also contains two highly sensitive national
parks: the Pan de Aztcar on the coast and the Nevado de Tres Cruces in the Andes.

Protecting available water resources in this inherently dry region is critical and environmental degradation
that has occurred has not been reported in terms of the most important superficial pollutants. In order to spe-
cifically evaluate the metals and metalloids polluting superficial water and fluvial sediments, a 3 year-long
survey was carried out in the basins of the Northern Atacama Region. Additionally, impacts of the El Salado
River flood in March 2015 were evaluated.

When compared to the average concentrations of dissolved elements in river water worldwide, the most
enriched elements of the Northern Atacama Region are, in decreasing order: Li, As, Mo, + Cd, Sb, and Cu. In the
case of fluvial sediments, compared to the composition of the upper continental crust, samples are enriched in
the following elements (in decreasing order): As, Cu, Mo, Li, + Cd and Sb. In surface waters, dissolved As, Li, Mo
and Cd are naturally enriched, concentrations of Cu and Sb are inferred to be related to mining activities. In
fluvial sediments, concentrations of As, Li and Cd are of natural origin while Cu, Mo and Sb are related to the
exploitation and mineral treatment of porphyry copper deposits.

During the intense March 2015 flood event, contaminant elements were remobilized in the Andes Mountains
and El Salado Alto Basin, and concentrations increased in the El Salado Bajo Basin predominantly due to the
creation of a hydrologic connection between adjacent basins. Despite the presence of world-class porphyry Cu-
Mo and iron oxide copper-gold deposits in the region, some of which have been mined since the end of the 19th
century, concentrations of dissolved Cu are lower than previously reported. This is likely related to cir-
cumneutral pH and the complexation of Cu as a cation in contrast to As and Mo which might be stable as
HAsO42~ and MoO,> ~, respectively, in solution over long distances.

1. Introduction (Clarke, 2006), there are a few available water resources. Sources of
extractable groundwater include the El Salado, Pedernales, Maricunga,

The Northern Atacama Region of Chile, specifically located between and Laguna Verde basins, in which two highly sensitive National Parks

26 and 27°S, is one of the most inhospitable places in the Atacama exist, the Nevado Tres Cruces in the Andes (Earle et al., 2003) and the
Desert. Despite arid to hyper arid conditions since the Late Triassic Pan de Aztcar on the coast (Thompson et al., 2003). The El Salado
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River drains into the Pacific Ocean and is the only superficial water
system in the Northern Atacama Region. In particular, groundwater is a
valuable resource that is supplied predominantly by precipitation and
surface water infiltration; aside from potable water use, it is estimated
that 70% of extracted groundwater is utilized for mining operations
(Neary and Garcia-Chevesich, 2008).

The Northern Atacama Region also hosts important mineral de-
posits. Since 1894, the seams and veins of the El Salvador porphyry
copper deposit, in the Potrerillos district, were mined by selective
methods followed by block caving methods (Olson, 1989). More re-
cently, other deposit types explored and exploited in this region consist
of stratabound (Espinoza, 1990), iron oxide copper-gold (IOCG) and
iron oxide-apatite (IOA) deposits along the Coastal Cordillera
(Benavides et al., 2007) as well as epithermal Cu-Au deposits in the
Andes (Sillitoe, 1997). Additionally, Li has become an important com-
modity, especially in the Pedernales and Maricunga salt flats (Gajardo,
2014). As a result of the economic potential and large-scale mining
efforts, the El Salado River has been affected by intense and often un-
controlled mining activities during the 20th and 21st century (Ramirez
et al., 2005).

To date, no geochemical baseline analysis has been conducted for
contaminants in surface water and fluvial sediments in the Northern
Atacama Region of Chile, in non-storm conditions or as a function of
storm events which are infrequent but powerful in regard to their im-
pacts on inhabitants of the region and the environment (i.e. flooding
and distribution of water sources). A comprehensive understanding of
contaminant sources, in addition to their distribution and redistribu-
tion, is critical in the Atacama Desert due to water scarcity and the
importance of sustaining current ecosystems. In the case of ground-
water that is recharged by surface water such as the El Salado River, its
quality impacts consumption and utilization for mining as the con-
centrations of contaminants such as As in water affect the production
and processing of copper concentrate (International Mining, 2016). In
addition, although infrequent, flood events can potentially create a
connection between areas of the region not normally linked hydro-
logically. This connection, which forms as a function of higher water
levels in upgradient areas, can act as a conduit for the flow and
transport of potential contaminants to areas downgradient where such
species may not be present under normal, non-storm conditions.

Through conducting a 3-year long survey of surface water and flu-
vial sediments in the Northern Atacama Region, this study aims to: (i)
identify and evaluate the main contaminants and probable sources, (ii)
establish a local geochemical background of the naturally and other-
wise anthropogenically enriched elements in surface water and fluvial
sediments, and (iii) document the influence of the March 2015 storm
event and mudflow in the Northern Atacama Region on the redis-
tribution of contaminant elements. In regard to the flooding of the El
Salado River which caused the March 2015 mudflow, metallic con-
taminants of surface water and fluvial sediments in the region were
characterized and compared before, two months after, and one year
after the event. As such, the presented results, discussions, and con-
clusions can have broader implications in comparable arid, high alti-
tude watersheds outside of the immediate study area.

2. Study area
2.1. Physiography and climate

The physiography of the Northern Atacama Region is comprised of
several features, including the coastal range (or Cordillera de la Costa)
separated from the Precordillera by the Central Depression. Pre-Andean
basins separate the Precordillera from the Andes (Valero-Garcés et al.,
2003). The specific study area encompasses basins of the Andes
Mountains, which include Pedernales, Maricunga, and Laguna Verde, as
well as the El Salado Bajo, Chafaral, and El Salado Alto basins (Fig. 1a).
The highest volcano in the world, the Nevado Ojos del Salado (6893 m
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s.n.m.; Stern, 2004), closes the Laguna Verde basin to the south
(Risacher et al., 1999; Fig. 1a) and marks the southern limit of the
central volcanic zone (CVZ) (Stern, 2004).

The Koppen climate classification (Rioseco and Tesser, 2016) in-
dicates that this area within the Atacama Desert is composed of, from
west to east: a coastal desert (BWn), normal desert (BWK), cold desert
(BWK), and a dry, steppe-like Andean climate (ETH (ws); Fig. 1b).
Additionally, the Andean study area is classified as the Desert Andes
(north of 31°S), within the Dry Andes (north of 35°S). Here, due to
limited precipitation and high elevation, only permanent snow patches
and small glaciers are found (Lliboutry, 1988 and references therein).

In the Northern Atacama Region, precipitation is scarce. Since 1984,
the average precipitation rate in the El Salado River (Las Vegas Station;
26°40’41” S, 69°39’56” E) has been 31 mm year ™ !, with a maximum of
174 mm and 115 mm in 1987 and 2015 respectively. Furthermore, in
2003 and 2007, there was no record of precipitation (MOP, 2017).

2.2. Hydrology

The Northern Atacama Region has four main hydrologic basins, two
of which contain hot springs. From west to east these correspond to the
El Salado Basin (which is divided into the smaller El Salado Bajo,
Chanaral, and El Salado Alto basins) and the naturally endorheic
Pedernales, Maricunga, and Laguna Verde basins located within the
Puna (Fig. 1a).

The El Salado River originates west of the Andes and its natural
headwaters are located downgradient of the Pedernales Basin in a dif-
ferent basin; both are separated by a distance of approximately 200 m
(Fig. 1a). The El Salado River drains naturally into the Pacific Ocean at
Chanaral. However, in the mid-1970s, it was channeled 10 km to the
north of Chanaral, at Caleta Palito (Ramirez et al., 2005; Fig. 1a).

The Pedernales Basin and salt flat, located at 3370 m a.s.l., are the
largest of the Atacama Region. There are two hot springs located in this
basin: (i) Juncalito, at 4180 m a.s.l., with temperatures ranging be-
tween 30 and 40 °C (Hauser, 1997a) and (ii) Rio Negro, at 4150 m a.s.1.,
with an average temperature of 35 °C (Hauser, 1997a; Fig. 1a). The
Maricunga Basin and salt flat are located at 3760 m a.s.l. and, after
Pedernales, this basin is the second largest in the Northern Atacama
Region (Fig. 1a). The Laguna Verde Basin, located within the Puna near
the Argentina border at 4350 m a.s.l. (Fig. 1a), is a salty lagoon fed by
rivers located generally to the south and west of the basin (Risacher
etal., 1999, 2003). The Laguna Verde hot spring, located in the Laguna
Verde Basin, is characterized by an average temperature of 40.5 °C
(Risacher et al., 1999).

2.3. March 2015 storm event

Despite the aridity of the Northern Atacama Region, intense rain
events typically occur once every few years. However, the frequency of
storms with the potential to cause flooding in some areas of the
Atacama Desert is within the interdecadal (Vargas et al., 2000) to
50 year (Hauser, 1997b) range. Between March 24th and 26th, 2015,
the Atacama Region experienced an intense precipitation event re-
sulting from unusual oceanic and atmospheric conditions that produced
an inward bound low-pressure cut-off system. Reported rainfall, in the
affected areas, ranged between 10 mm on the coast to > 85 mm in the
Andes Mountains. Snowfall was also observed over a broad area above
3600 m a.s.l. (Jordan et al., 2015; Fig. 1c).

At the Las Vegas hydro-meteorological station located in the El
Salado Alto Basin, reported precipitation within the three-day period
was on the order of 80 mm (MOP, 2017). Concentrated, warm, and
intense storms resulted in the flooding of the El Salado River (Wilcox
et al., 2016). Wilcox et al. (2016) suggested that the March 2015 event
was the heaviest and most extensive documented rainfall event within
the Northern Atacama Region, producing the largest documented floods
compared to adjacent regions. The floods were particularly unusual due
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550000 Fig. 1. The Northern Atacama Region. (a) Metallogenic

belts (from Sillitoe, 2012; Sillitoe and Perell6, 2005) and
basins (from Contreras et al., 2015). The uppercase la-
bels indicate: A. Caleta Palito; B. Chanaral; C. El Salado;
D. Manto Verde; E. Pampa Austral Tailings Dam; F. Diego
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de Almagro; G. El Salvador; H. Potrerillos; I. Inca de Oro;
J. Pedernales; K. La Ola Dam; L. Rio Negro hot spring; M.
La Coipa Mine; N. Maricunga; O. Laguna Verde lake and
hot spring; P. Marte Mine; Q: Sierra Nevada de Lagunas
Bravas; R: Falso azufre; S: Nevado de Incahuasi; T: Ne-
vado Ojos del Salado; U: El Solo; V: Copiap6 Volcano. (b)
Climatic zones of the Atacama Region: BWn - coastal
desert, BWk - normal desert, BWK' - cold desert, ETH(ws)

7100000

7050000

- cold steppe-like and dry climate of the Andes, ETH -
cold steppe-like, and BSK's - cold, semi-arid with winter
rain. (c) Precipitation and snow cover during March 27th
2015 (from Jordan et al., 2015).
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to their magnitude and high sediment supply, producing highly con-
centrated sediment flows and extensive mud deposition in urban areas,
especially at Diego de Almagro and Chanaral (Fig. 1a). As a result, the
aftermath comprised 31 deaths, 16 disappearances, and 30,000 dis-
placed people (Wilcox et al., 2016 and references therein).

2.4. Regional geology and ore deposits

Basement geology, in the distinct physiographic units, is composed
of Mesozoic igneous and sedimentary rocks in the Cordillera de la Costa
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as well as Mesozoic to Eocene intrusive and volcanic rocks in the
Precordillera; Oligocene to Pliocene basin fill sediments occupy the
Central Depression (Clarke, 2006; Fig. 2). At least since 60 Ma, regional
geology has been controlled by the CVZ, which is related to subduction
of the Nazca plate below the South American plate at a current rate of
7-9 cm year_1 (Stern, 2004). In this zone, the continental crust is
=70 km thick and basement ages range from Late Pre-Cambrian to
Paleozoic (Stern, 2004; Fig. 2). Cenozoic volcanism in the Atacama
Region is related to a number of recent geologic events: (i) Early Mio-
cene to Pleistocene andesite-dacite main arc stratovolcanoes, (ii) early
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Fig. 2. Geologic maps, sampling sites, and transects. (a) General location map with the basins; (b) El Salado Bajo Basin; (c) El Salado Alto Basin; (d) Pedernales Basin; (e) Maricunga and

Laguna Verde basins.

Miocene to Pliocene silicic ignimbrite deposits, and (iii) the formation
of lava domes present in both main arc and back-arc regions as well as
small Pliocene to Pleistocene basaltic centers in the back arc (Schnurr
et al., 2007; Fig. 2).

Ore deposits in the Northern Atacama Region have been classified as
longitudinal N-S trending metallogenic belts (Fig. 1a) which, from west
to east, correspond to: (i) IOCG and IOA deposits, (ii) Cu-Mo porphy-
ries, and (iii) Au-epithermal and porphyry deposits. Numerous Meso-
zoic IOCG and IOA ore deposits are hosted in the Cordillera de la Costa of
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northern Chile and are specifically contained within the Upper Jurassic-
Lower Cretaceous metallogenic sub-province of the Central Andes
(Sillitoe, 2003; Fig. 1a). These deposits include magnetite-dominated,
sulfide-poor deposits of the Chilean Iron Belt (Cerro Negro-La Florida;
Espinoza, 1990) and productive iron oxide Cu-Au deposits (e.g., Can-
delaria-Punta del Cobre and Mantoverde districts; Benavides et al.,
2007; Fig. la). Continuing to the east, Paleocene-Early Oligocene
(Sillitoe and Perell6, 2005) and Eocene-Oligocene metallogenic belts
are present; in the region, the former holds the Relincho porphyry
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copper deposit and the latter holds the Potrerillos (40-32 Ma) and the
El Salvador (42-41 Ma) porphyry Cu-Mo deposits. The El Salvador
(Fig. 1a) forms part of the major Cu-Mo porphyries in Chile (Cornejo
et al., 1997). Farther east, the Miocene metallogenic belt, known as the
Maricunga belt, is located in the Andes between 26 and 28°S. Miner-
alization includes porphyry-type Au and Au-Cu, epithermal Au and Ag-
Au high sulfidation, and acid-sulfate-type deposits (Sillitoe et al.,
1991). In addition, salt flats located in the Altiplano-Puna plateau, such
as the Maricunga and Pedernales, have an estimated Li reserve of
280,000 and 240,000 tons respectively (Gajardo, 2014). The Maricunga
salt flat is composed of a halite and gypsum crust where an ulexite
(NaCaBs04-8H,0) deposit is hosted (Risacher et al., 1999).

2.5. Anthropogenic activities and historical contamination of the El Salado
River

The primary anthropogenic activities in the study area include the
exploration, exploitation, and smelting of ores. The exploitation of
seams and veins in the Potrerillos district, from 1894 to 1940, began the
first of a series of anthropogenic developments in the region (Biblioteca
Nacional de Chile, 2017; Olson, 1989). Activity continued in 1959 with
the exploitation of the El Salvador porphyry copper deposit, producing
an average of 81 thousand metric tons of copper per year between 1960
and 2015 (SONAMI, 2017).

In the 1930s, a tunnel was drilled to divert salty water from the
Pedernales into the El Salado River (Risacher et al., 1999), transforming
a naturally non-endorheic Pedernales Basin into an artificially exorheic
basin (Risacher et al., 1999; Fig. 3a). Between 1938 and 1975, mining
activities linked to Potrerillos and El Salvador resulted in the disposal of
nearly 150-10° tons of tailings without treatment into the El Salado
River flowing directly into Chanaral Bay, creating approximately
3.6 km? of artificial beach. This artificial feature extends nearly 5 km
N-S and is 0.40 to 0.88 km wide (E-W) with an approximate thickness
of 9 m at the center (Castilla, 1983 and references therein). In 1976, the

Salar de'Pedernales 2016

SP02-C

As 1,420 mgekg'!
Cd <0.1 mgekg™
Cu 5.1 mgekg!
Li 452 mgekg™

Mo 8.2 mgekg™
Sb <0.1 mgekg!

Cd 0.1 mgekg™
Cu 5.3 mgekg™!
Li 95 mgekg™!
Mo 0.4 mgekg™!
Sb <0.1 mgekg!
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El Salado was routed, via an artificial waterway, to Caleta Palito, a
rocky beach located approximately 10 km north of Chafaral (Fig. 3b)
and 10 km south of the Pan de Aztcar National Park. Between 1976 and
1990, 126-10° to 150-10° tons of solid waste were discharged forming a
second artificial beach at Caleta Palito. Analyses of mine tailing waste
water exhibited total Cu concentrations between 6 and 7 mgL™!
(Castilla, 1983 and references therein). In March 1990, the Supreme
Court of Chile ruled that discharging waste from the El Salvador Mine
into the El Salado River was to be prohibited. Consequently, the mining
company was required to build a tailings dam at Pampa Austral
(Fig. la). Currently, this dam is only permitted to discharge “clean
water” into the El Salado River that contains < 2mgL~"! total Cu
(Castilla, 1996).

Presently, the Potrerillos facilities function as a copper smelter
(Fig. 3c) and the largest mining operations are being developed si-
multaneously at sites in the Cordillera de la Costa and in the Andes. For
example, in the Cordillera de la Costa, Mantos Copper (formerly Anglo
American Norte) has produced, on average, 124 thousand metric tons
of copper per year between 1990 and 2015 (SONAMI, 2017). Recent
exploration activities in the Andes have permitted the discovery of
Caspiche and Cerro Maricunga (COCHILCO, 2016) as well as the esti-
mation of Li reserves in salt flats (Gajardo, 2014).

3. Analytical methods

3.1. Sampling

Superficial water and fluvial sediments were sampled within the El
Salado basins (RSO1 to RS16 and POO01; Fig. 2a,b,c), the Pedernales
Basin (Fig. 2a,d), and the Maricunga and Laguna Verde basins
(Fig. 2a,e). For more details, Fig. 2 is further separated into the re-
spective basins sampled (b-e).

The El Salado River was sampled approximately every 5 km along
its course in an E-W trending, downstream direction. The Pedernales

(e) Rio Negro:201684
RNO1 :

£ N

) mgekg

1 €d <0 1unigkg!

B Cu4.7 meeKg s
i 945 mgekiz ¥

: Mo 1889 mg-Kg

Sbis0 - mgeke!
tor

As

Fig. 3. Important locations and chemical deposits in the Northern Atacama Region. (a) Channel of the Pedernales salt flat in 2014; (b) Caleta Palito in 2014; (c) Potrerillos Smelter in
2014. (d) Chemical precipitate in the Pedernales salt flat, found in 2014 and 2016 and sampled in 2016; (e) Chemical precipitate in the Pedernales salt flat, found in 2016; (f) Chemical

precipitate in the Rio Negro hot spring, found in 2016.
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Basin was sampled in the man-made outlet (SPO1; Fig. 3a), the eastern
lake of the Pedernales salt flat (SP02), the southwest border of the
Pedernales salt flat (SP03), the La Ola Dam (LOO1), the Juncal River
(JLO1 and JLO2), and the Rio Negro hot spring (RNO1). Maricunga was
sampled in the northern limit (MAO1) and Laguna Verde was sampled
along the eastern and western borders (LVO1 and LV02) as well as in the
hot spring (LV03).

At each site, pH was measured using a field pH-meter. All water
samples were taken in the upper 5 cm of the river using a previously
homogenized syringe. 100 mL were filtered through an acetate syringe
filter (0.22pum) into a previously acid-cleaned polypropylene vial.
Previous tests made with water samples of this area showed that there
was no significant difference in the concentration of the studied ele-
ments using 0.22 or 0.45 um filters. In addition, work conducted by
Leybourne and Cameron (2008) in the Spence Deposit, north of the
sampling sites, indicated that there is no difference in the concentra-
tions of filtered versus unfiltered trace elements in the area. Therefore
the metal and metalloid species identified in this study are the dissolved
(0.22 ym filter) and particulate (< 63 um) fractions. Samples were
acidified in the field (pH ~ 2 with suprapure HNO3) and were stored at
4 °C until analysis.

At sites with available sediments, approximately 500 g were re-
trieved from the top 5cm of 1 m? representative areas using acid-
cleaned plastic instruments. In addition, in 2016 two precipitates were
collected at Pedernales (SPO1-A and SP02-C; Figs. 3d,e) and one was
collected at Rio Negro (RNO1; Fig. 3f). Despite the fact that sediments
from Potrerillos site (PO01) were sampled during all field campaigns
(2014-2016), samples from 2014 and 2015 were misplaced and
therefore not analyzed. After collection, these samples were stored in
sealed sampling bags at 4 °C until analysis. The sampled sediments were
dried in the laboratory at 50 °C. Afterwards, 2014 sediments were
homogenized with an agate mortar, and 2015-2016 sediments were
sieved (63 um) for geochemical quantification.

The easternmost basins, i.e. Pedernales, Laguna Verde, and
Maricunga, were not sampled during 2015 due to difficulties accessing
these sites after the flooding of the El Salado River.

3.2. Water and sediment analyses

Geochemical analyses of water samples collected in 2014 were
performed using a quadrupole ICP-MS at the GET Laboratory
(Toulouse, France) and elemental concentrations were certified by the
SLRS-5 water standard. Water samples collected during the 2015 and
2016 field campaigns were analyzed at the Helmholtz Centre for
Environmental Research in Magdeburg, Germany.

For trace elements, river sediments were digested with an aqua
regia solution according to the norm ISO 15587-1 (2002). Measure-
ments of the diluted (2015 and 2016) and digested solutions were de-
termined using an ICP-MS (Varian 8800) following the methods de-
scribed in EN ISO 17294-2 (2016).

Independently measured sediment standards were incorporated in
the daily procedure during each analysis for quality assurance.
Independent from the certified reference material LGC6187 Batch 01,
sample 0192 (river sediment — extractable metals) was used to verify
that recovery rates for the analyzed elements were within the given
certified range. The performed ongoing annual method validation es-
tablished a minimum level of quantification in addition to the main-
tenance of calibration curve linearity and homoscedasticity of variance
within the working range. Successful participation in a yearly inter-
laboratory test, organized by r-concept, assured quality data production
with the analytical methods used in this study. Element concentrations
of all sediments and precipitates were quantified at the Helmholtz
Centre for Environmental Research in Magdeburg, Germany.
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3.3. Element selection, local geochemical background, and environmental
indices

Before data treatment, all values below the detection limit (DL)
were recalculated as the DL divided by 2. Samples SP02A-2016
(Fig. 3c), SP02C-2016 (Fig. 3d), and RN01-2016 (Fig. 3e) were not
included in the statistical analysis of fluvial sediments as they corre-
spond to chemical precipitates. Subsequently, the comparison of ana-
lyzed elements in the sampled fluvial water with average global con-
centrations of worldwide rivers (Gaillardet et al., 2003) demonstrated
that As, Li, Mo, and to a lesser extent Cd, Cu and Sb are elevated. A
comparison between the analyzed elements in the sediments and ele-
mental concentrations in the upper continental crust (UCC; Rudnick
and Gao, 2003) demonstrates that As, Cu, Li, Mo, and Sb are elevated
with respect to the UCC. Therefore, As, Cd, Cu, Li, Mo, and Sb were
selected in an effort to accomplish the objectives presented in the in-
troduction.

Previous research from State Chilean Agencies has concluded that
the concentration of certain elements in northern Chile in the dissolved
form, namely As, tends to remain constant (DGA, 2014). Therefore, the
goal of this study was to calculate the normal concentration of the se-
lected elements in fluvial water and sediments of the Northern Atacama
Region, including the geogenic and anthropogenic signatures, which
here is referred to as the local geochemical background. To calculate the
local geochemical background within this region for the dissolved and
particulate form, two previously used methodologies were employed:
percentiles (Tapia et al., 2012) and the iterative 20 technique (Gatuszka
et al., 2015; Matschullat et al., 2000). For the percentile method, values
within the 0.25-0.75 percentile were considered the local geochemical
background. For the iterative 20 technique, the average and standard
deviation (0) were obtained. Afterwards all values beyond the + 20
level were discarded and a new average and o were obtained; subse-
quently, a * 20 range using the reduced data was calculated. This
procedure was repeated until all values lied within this range, i.e. until
they approached a normal distribution (Gatuszka et al., 2015).

To infer water quality, recommendations of the World Health
Organization (WHO, 2011), the United States Environmental Protection
Agency (US EPA, 2009), and Chilean Guidelines (NCH 409, 2006) were
employed. In the case of Li, despite the absence of a guideline, Aral and
Vecchio-Sadus (2008) indicate that concentrations > 20 mg L~ ! might
entail a risk of death. To infer sediments quality, current Chilean reg-
ulations have not established guidelines for element concentrations.
Due to the lack of these values, sediment concentrations were compared
to the interim sediment quality guideline (ISQG) and probable effect
level (PEL) of the Canadian legislation (Canadian Council of Ministers
of the Environment, 2001), where there are guidelines for As, Cu and
Cd. Sediment quality for Li, Mo and Sb were not studied.

To infer the degree of contamination and probable sources of As, Cd,
Cu, Li, Mo, and Sb in sediments, geo-accumulation indices (Eq. 1, Igeo;
Muller, 1979) and enrichment factors (Eq. 2, EFs; Zoller et al., 1974)
were calculated using the following local background values: the
average concentration of Atacama regolith from 30 cm depth (Lépez,
2014), rocks from the La Negra (andesites to basaltic andesites; Lopez,
2014; Oliveros et al., 2007) and Punta del Cobre (Lopez, 2014) For-
mations, the Llano San Pedro volcanic sequence (Lopez, 2014), ig-
nimbrites (Lopez, 2014), and the chemical precipitates obtained from
the field campaign (Fig. 3d to f). All these materials (regolith, rocks and
precipitates) belong to the Northern Atacama Region, rocks and re-
golith are specifically located in the Chafaral Basin (Fig. 1a), within a
100 km radius of the study area.

G
ho = o, 1555
- n

In Eq. 1, C, corresponds to the measured concentration of metal n in
the sediment, and B, is the local background value for the metal n. The
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factor 1.5 is used for possible variations of the local background due to
variable lithologies (Muller, 1979; Nowrouzi and Pourkhabbaz, 2014).
For each sediment sample, the I, index indicates the following:

<o = 0, the sample is not contaminated.

geo < 1, the sample is non-to-slightly contaminated.

< 2, the sample is moderately contaminated.

< 3, the sample is moderately to highly contaminated.
< 4, the sample is highly contaminated.

gco = 5, the sample is highly to extremely contaminated.
o > 5, the sample is extremely contaminated.

ANNNNANNA

Ig
0 <1
1 Igeo

iV. 2 < Igeo
3 <
4 <1
Ie

M, /Fe,
EF = sample sample

Mbackground/ F €background

@

In Eq. 2, Mgmpie/Fesample corresponds to the ratio of the con-
centration of the metal (of interest) to iron in the sample and
Mbackground/Febackground is the ratio of the local background concentra-
tion of the metal to the local background concentration of iron (Zoller
et al., 1974).

To infer possible sources, calculated EF values near 1 indicate that
the trace metal originates from crustal contributions, is not enriched
(Chen et al., 2007; Zhang and Liu, 2002), and could originate from the
same rock, regolith, or precipitate with which it was calculated (Zoller
et al.,, 1974). High values signify that the sample does not originate
from that Earth material. Regarding EFs, Fe was used as the normal-
izing element because local background concentrations are readily
provided in the literature for rocks of the Atacama Region (Lopez, 2014;
Oliveros et al., 2007).

4. Results

Results are presented for the various sampling areas as a function of
surface elevation and are grouped as follows: the Andes Mountain ba-
sins (i.e. the Pedernales, Maricunga and Laguna Verde basins), the El
Salado Alto Basin, and the El Salado Bajo Basin. Surface elevations are
the highest in the Andes Mountains and they decrease toward the coast.
The average site elevation within the studied basins of the Andes
Mountains is 3832 m a.s.l. In contrast, the average surface elevations in
the El Salado Alto and El Salado Bajo basins are 1583 and 191 m a.s.1.,
respectively.

4.1. Andes Mountains basins

4.1.1. Area-specific geology

The Andes Mountains contain the Pedernales (Fig. 2d), Maricunga
and Laguna Verde (Fig. 2e) basins. This environment is mostly con-
stituted by Eocene to Miocene continental, marine, and volcanic sedi-
mentary sequences as well as Paleocene to Quaternary volcanic com-
plexes, volcanic centers, and ignimbrites. Paleozoic to Cretaceous
outcrops are very scarce in this area when compared to the El Salado
Alto and Bajo basins, respectively, and Cenozoic outcrops are pre-
dominant (Fig. 2). The Pedernales Basin contains a mixture of sedi-
ments originating from volcanic and intrusive rocks (Risacher et al.,
1999). The Maricunga Basin includes a mixture of volcanic formations,
plutonic rocks, and sediments (Risacher et al., 1999).

4.1.2. Enriched elements in water and sediments

In these basins, the most enriched elements in superficial water
when compared to the average concentration of worldwide rivers (from
Gaillardet et al., 2003; Table 1) correspond to Li (44,135 times global
average) > As (9444 times global average) > Mo (861 times global
average) and to a lesser extent Sb, Cd and Cu (24, 21 and 2 times global
average, respectively).

In fluvial sediments, the most enriched elements when compared to
the upper continental crust (from Rudnick and Gao, 2003; Table 2)
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correspond to As (35 times global average) > Mo (33 times global
average) > Cd (14 times global average) and to a lesser extent Li and
Cu (7 and 6 times the global average respectively); Sb is not enriched.

4.1.3. Elements and regulations

In the Andes Mountains, 100% of the samples present surficial water
values above the recommendations of the WHO, US EPA, and Chilean
Guidelines for As; 73% of the values are above the WHO re-
commendation for Mo and 40% of the samples exhibit concentrations
over the literature recommendation for Li (Fig. 4). On the contrary,
only 13% of the samples have higher values than the WHO and EPA
recommendations and no samples are above the NCH 409 for Cd. Only
6% of the samples are above the WHO and US EPA recommendations
for Sb and all values of Cu are well below national and international
recommendations for water (Fig. 4).

In the case of sediments, all As values are above the ISQG, while
88% of the samples are above the PEL; for Cd, 47% of the samples are
above the ISQG and 6% above the PEL, and for Cu, 47% of the values
are above the ISQG and 29% are above the PEL (Fig. 5).

4.1.4. Local geochemical background for water and sediments, contaminant
elements, and probable sources

In the Andes, using the 0.75 percentile (Tapia et al., 2012) and
iterative 20 techniques (Gatuszka et al., 2015; Matschullat et al., 2000),
in surface water the highest local geochemical background was ob-
served for As, and depending on the statistical method used, Li and Mo
(Table 3a). In sediments, the maximum values of local geochemical
background using the 0.75 percentile and iterative 20 methods are
found in the Andes Mountains basins for As, Cd, and Li (Table 3b).

In relation to probable contaminant elements in the Andes
Mountains basins, Iy, index indicate that Cu corresponds to a con-
taminant of this environment, especially during 2016 (Fig. 6); As, Cd,
Li, and Sb are not considered contaminants in this area. Regarding Mo,
in 2014 it was not considered a contaminant; however, in 2016 it be-
came one. In general, the level of contamination tended to increase
from 2014 to 2016 (Fig. 6).

In relation to the sources of the studied elements, except for Cu, EFs
indicate that these elements might have originated from local pre-
cipitates obtained from remote areas of the Andes; the Atacama regolith
might also be a source of Cd and Sb. Other Atacama rocks from the
Chanaral Basin do not indicate that they could be the source of these
elements (Fig. 7).

4.2. El Salado Alto basin

4.2.1. Area-specific geology

Geology at the location of El Salado Alto Basin is constituted by
Jurassic marine and continental sedimentary sequences, Jurassic,
Cretaceous and Paleocene-Eocene volcanic centers, domes and ignim-
brites, and Miocene marine and continental sedimentary sequences.
Mesozoic and Cenozoic rocks are predominant (Fig. 2c).

4.2.2. Enriched elements in water and sediments

In this basin, the most enriched elements in surficial water when
compared to worldwide rivers (from Gaillardet et al., 2003; Table 1) are
Li (78,662 times global average) > As (2787 times global
average) > Mo (680 times global average) > Sb (72 times global
average) and to a lesser extent Cd and Cu (17 and 14 times global
average, respectively).

Sediments compared to the average respective concentrations of the
UCC (from Rudnick and Gao, 2003; Table 2) indicate that in the El
Salado Alto Basin they are enriched as follows (in decreasing order): Cu
(50 times global average) > As (23 times global average) > Mo (19
times global average) and to a lesser extent Sb, Li, and Cd (7, 4.5, and
3.6 times the global averages, respectively). The Potrerillos sample
collected in 2016 shows the highest concentrations of As, Cd, Cu, Mo,
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Fig. 4. Element concentrations as a function of the sample year in surface water from the Andes Mountains and El Salado Alto and El Salado Bajo basins. Continuous lines represent the
average element concentration of surface water in each area and dashed lines represent concentrations suggested as drinkable by the US EPA (As, Sb; US EPA, 2009), WHO (As, Cd, Mo;
WHO, 2011), Chilean regulation (As; NCH 409, 2006), and Aral and Vecchio-Sadus (2008; Li).

and Sb in collected sediments of El Salado Alto Basin (Fig. 8).

4.2.3. Elements and regulations

In El Salado Alto Basin, dissolved As concentrations are above the
WHO, US EPA, and NCH 409 in all samples. For Mo, 89% of the samples
are above the WHO recommendation and 80% of the samples are above
the Aral and Vecchio-Sadus (2008) recommendation for Li (Fig. 4). In
the case of Cd, only 7% of the samples are above the WHO re-
commendation and no samples are above the US EPA and Chilean
regulations. For Sb, 7% and 11% are above the WHO and US EPA
regulations, respectively, and Cu is below all normatives (Fig. 4).

In sediments, 100% of the samples are above the PEL for As. In the
case of Cd, just 5% are above the ISQG and none above the PEL. For Cu,
95% of the samples are above the ISQG and 45% are above the PEL
(Fig. 5).

4.2.4. Local geochemical background for water and sediments, contaminant
elements, and probable sources

The highest local geochemical background for dissolved Cd is found
in El Salado Alto, and depending on the employed statistical method, Li
and Mo as well (Table 3a). In sediments, the highest local geochemical
background is not present in this basin for any of the studied elements
(Table 3b).

Regarding the probable contaminants of El Salado Alto Basin, the
Ieo index indicates that Cu and Mo might be contaminants (Fig. 6).

In relation to probable sources, local precipitates can explain the
presence of As and Li; the Punta del Cobre Formation could explain the
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concentration of As, and the Atacama regolith might explain the values
of Cd and Sb (Fig. 7). None of the local background precipitates, rocks,
and regolith used to calculate EFs can explain the elevated I, index for
Cu and Mo. This enhances the idea that these elements correspond to
contaminants of the El Salado Alto Basin (Fig. 7).

4.3. El Salado Bajo basin

4.3.1. Area-specific geology

El Salado Bajo Basin is constituted mostly of Jurassic sedimentary
and volcanic sequences, Cretaceous, Jurassic and Paleozoic intrusive
rocks, and metamorphic Paleozoic outcrops. Younger outcrops are
scarce, and are comprised of Miocene sedimentary sequences and
Quaternary alluvial and eolian deposits (Fig. 2b).

4.3.2. Enriched elements in water and sediments

In fluvial water, the most enriched elements in comparison to rivers
worldwide (from Gaillardet et al., 2003; Table 1) are Li (5398 times
global average) > Mo (206 times global average) > As (167 times
global average) and to a lesser extent Sb, Cd, and Cu (14, 13, and 9
times global average, respectively).

Sediments compared to the average respective concentrations of the
UCC (from Rudnick and Gao, 2003; Table 2) indicate that in the El
Salado Bajo, elements are enriched as follows (in decreasing order): Cu
(40 times global average) > Mo (33 times global average) > As (14
times global average) and to a lesser extent Li, Sb and Cd (8, 7 and 3
times global average, respectively).
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As shown, enrichments of fluvial water and sediments are in general
lower in this basin compared to the Andes Mountains and El Salado Alto
basins.
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4.3.3. Elements and regulations

For As and Mo, 63% of water samples present concentrations above
the WHO, US EPA, or Chilean regulations. All samples with values
below recommendations were taken during 2014, before the Atacama
storm event and landslide. In addition, all samples values are below the
national and international recommendations for Cd, Cu, Li, and Sb

(Fig. 4).
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Fig. 5. Element concentrations as a function
of the sample year in fluvial sediments of
the Andes Mountains and El Salado Alto and
El Salado Bajo basins. Continuous lines re-
present the average concentrations of sedi-
ments within each basin. UCC: Upper con-
tinental crust (Rudnick and Gao, 2003);
ISQG: Canadian interim sediment quality
guideline from Canada; PEL: Canadian
probable effects level (Canadian Council of
Ministers of the Environment, 2001).

In the case of sediments, for As and Cu, all samples show values
above the ISQG and PEL. For Cd, all are below the ISQG and PEL

(Fig. 5).

4.3.4. Local geochemical background for water and sediments, contaminant
elements, and probable sources
The highest local geochemical background for dissolved Cu was
obtained in this basin in addition to Sb when using the 0.75 percentile
(Table 3a). In sediments, the highest local geochemical background was
obtained in El Salado Bajo Basin for Cu, Mo, and Sb (Table 3b).
In relation to probable contaminants, I, index indicates that Cu,
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Fig. 6. Geo-accumulation index (Igc,) for selected elements. The materials used to cal-
culate this index are: andesites to basaltic andesites of La Negra Formation (L6pez, 2014;
Oliveros et al., 2007), andesitic lavas of Punta del Cobre Formation (Lépez, 2014), dacites
of the Llano San Pedro volcanic complex (Lépez, 2014), ignimbrites of dacitic composi-
tion (Lopez, 2014), Atacama regolith from 30 cm depth (L6pez, 2014), and chemical
precipitates collected during this study from remote areas of the Andes.

Mo, and Sb might be considered contaminants in this basin in contrast
to As, Cd, and Li (Fig. 6).

In relation to probable sources, except for Cu, precipitates from the
Andes could explain the high concentrations of the studied elements.
However, the large distance between the basin and precipitates in-
dicates that this material is not likely the source for elements in the El
Salado Bajo Basin. Other rocks such as those found in the Punta del
Cobre Formation, the Atacama regolith, and Ignimbrites could instead
be the sources of As, Cd, Li and Sb (Fig. 7).

5. Discussion

Based on the conducted analyses, results obtained, and expected
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Fig. 7. Enrichment Factors (EFs) for selected elements. The materials used to calculate
this index are: andesites to basaltic andesites of La Negra Formation (Lopez, 2014;
Oliveros et al., 2007), andesitic lavas of Punta del Cobre Formation (Lépez, 2014), dacites
of the Llano San Pedro volcanic complex (Lopez, 2014), ignimbrites of dacitic composi-
tion (Lopez, 2014), Atacama regolith from 30 cm depth (Lépez, 2014), and chemical
precipitates collected during this study from remote areas of the Andes.

concentrations of each sample area, relevant observations, compar-
isons, and interpretations (such as possible sources) regarding the stu-
died elements are summarized below in relation to the geology, an-
thropogenic activities, and geochemical anomalies (Section 5.1). A
profile displaying the spatial variation of the average concentration of
each of the studied elements at the sampling sites, between 2014 and
2016, is provided in Fig. 8 and the exact transect locations are shown in
Fig. 2. Natural impacts on the redistribution of the studied elements is
discussed in Section 5.2 and the temporal variation of concentration
values at the sampling sites is highlighted as a function of the large-
scale 2015 storm and flood event. Subsequently, applications to other
similar environments are discussed in Section 5.3.
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5.1. Geology, anthropogenic activities, and geochemical anomalies

5.1.1. Arsenic

The highest local geochemical background concentration for As in
fluvial water and sediments is located in the Andes Mountains (Table 3)
where the dominant geology corresponds to Cenozoic volcanic deposits
and sedimentary sequences (Fig. 2d,e). Despite the fact that the As
concentration is generally above the consulted regulations and
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recommendations for water and sediments (Figs. 4 and 5), in the stu-
died basins, As is not considered a contaminant (Fig. 6a).

Increased natural concentrations of dissolved As in the Andes
Mountains are a consequence of the presence of As-rich hot springs at
Rio Negro, Juncalito, and Laguna Verde (Aguirre and Clavero, 2000;
Risacher et al., 1999; Tapia and Verdejo, 2015). Similar enrichments
have also been observed at the El Tatio geysers, 500 km north of the
study area. There, elevated concentrations provide an additional source



J. Tapia et al.

of dissolved As to the El Loa River (Romero et al., 2003).

High As local geochemical background concentrations are compar-
able to other mining sites worldwide (Oruro, Bolivia; Tapia et al., 2012;
Tapia and Audry, 2013; Miedzianka, Poland; Gatuszka et al., 2015;
Chalkidiki, Greece; Kelepertzis et al., 2010; Table 3b). However, in the
case of the Northern Atacama Region, this local geochemical back-
ground is likely associated with natural sources of As present in large-
scale evaporite belts of the Neogene Central Andes, which contain
anomalous concentration of Li, As, Sr, and K (Alonso et al., 1991). Also,
As is found in the Maricunga Metallogenic belt. This belt is rich in high-
sulfidation gold deposits (Sillitoe et al., 1991) that are associated with
elevated As concentrations (White and Hedenquist, 1995). In addition,
and as determined in this study, precipitates from remote areas of the
Andes and geologic formations similar to Punta del Cobre, a Jurassic to
Cretaceous outcrop rich in andesites that bears the mineralization of the
Inca de Oro District (Fig. 1a; Soto, 2010), are important sources of As
for the Andes and El Salado Alto basins, respectively (Fig. 7a). It is also
apparent from Fig. 8 that the concentration of As increases near the
Potrerillos Smelter, attributable to the mining activities present there.

5.1.2. Cadmium

The highest local geochemical background of Cd concentration in
fluvial water and sediments is found in the El Salado Alto and the Andes
Mountains basins, respectively (Table 3). Despite the fact that this
element is enriched when compared to fluvial water and sediment
average global concentrations, in general it is not above water (Fig. 4)
and sediment (Fig. 5) recommended values and is not considered a
contaminant in any of the studied basins (Fig. 6b).

In relation to the origin of this element, in the Andes area, pre-
cipitates could be a source of Cd (Fig. 7b). In the El Salado Alto and Bajo
basins, the Atacama Regolith might be an important source of Cd
(Fig. 7b). It is also clear from Fig. 8 that the concentration of dissolved
Cd is high in the eastern border of the Pedernales salt flat, and in se-
diments and water increases abruptly near the Potrerillos Smelter, at-
tributable to the mining activities present there.

5.1.3. Copper

The highest local geochemical background concentration for Cu in
fluvial water and sediments is found in El Salado Bajo Basin (Table 3).
Copper concentrations are below national and international regulations
for water (Fig. 4), yet Cu is importantly concentrated in sediments and
is above the Canadian recommended values (Fig. 5). This element was
classified as a contaminant in all the studied basins (Fig. 6c).

El Salado River is located in a well-known Cu-rich metallogenic
province (Sillitoe, 2012; Sillitoe and Perell6, 2005) composed of Jur-
assic-Lower Cretaceous, Paleocene-Lower Eocene, and Upper Eocene-
Lower Oligocene metallogenic belts (Fig. 1a). The Upper Eocene-Lower
Oligocene and the Jurassic-Lower Cretaceous belts are recognized
worldwide for the presence of large-scale porphyry Cu deposits (Sillitoe
and Perell6, 2005) and IOCG deposits (Sillitoe, 2003), respectively.

Due to the Cu richness in this area, historically, the El Salado River
has been significantly affected by mining activities, especially through
the disposal of mining waste directly into the river over an approximate
time period of 40 years (Castilla, 1983). This anthropogenic influence is
evidenced by the fact that the highest elemental concentrations of Cu in
fluvial water were found at the Potrerillos site during the three-year
long sampling (Figs. 4 and 8). Additionally, sediments close to the
Potrerillos Smelter and in the discharge area at Caleta Palito have the
highest values of Cu (Fig. 8), supporting the idea that mining activities
are an important source of anthropogenic Cu in the Northern Atacama
Region.

Therefore it is likely that the natural presence of Cu-rich metallo-
genic belts, in addition to uncontrolled mining activities, have a direct
relation to Cu contamination in the studied sediments.
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5.1.4. Lithium

The highest local geochemical background concentration for Li in
fluvial water is found in the Andes Mountains and El Salado Alto basins;
for sediments, it is found in the Andes (Table 3). This element is above
the recommended concentration for water as suggested by Aral and
Vecchio-Sadus, 2008; (Fig. 4), and despite the fact that there are no
regulations in Chile or Canada for its concentration in sediments, in this
study it was found that Li is not considered a contaminant in any of the
studied basins (Fig. 6d).

Dissolved Li concentrations are observed to be at their highest va-
lues in the Pedernales and El Salado Alto basins (Fig. 8). Brines from
salt flats, in the Altiplano-Puna region, are known for their Li resources
(Chong, 1988; Ericksen and Salas, 1990; Gajardo, 2014). In addition,
Neogene Puna evaporites have anomalous concentrations of Li because
of their closed drainages and position adjacent to the volcanic arc; thus,
this basin can capture all the product of thermal activity there (Alonso
et al., 1991). As suggested in this study, precipitates from remote areas
of the Andes are also enriched in this element (Fig. 7d).

Therefore, the enrichment of Li in the Northern Atacama Region
might be explained by natural sources of the Altiplano-Puna in addition
to the transport of Li in fluvial water due to anthropogenic channeli-
zation of the Pedernales salt flat in the 1930s (Fig. 3a).

5.1.5. Molybdenum

Results from this study indicate that Mo presents the highest local
geochemical background concentration for water in the Andes and El
Salado Alto basins (Table 3a), and for sediments, the highest local
geochemical background is present in the El Salado Bajo Basin
(Table 3b). In water, for > 60% of the collected samples, the con-
centration of Mo is above the WHO recommendation (Fig. 4). Ad-
ditionally, Mo is considered a contaminant in sediments of El Salado
Alto and El Salado Bajo basins (Fig. 6e).

Natural high concentration of dissolved Mo has been found in
groundwater from the Spence porphyry Cu deposit (Leybourne and
Cameron, 2008), and as determined in this study, the highest local
geochemical background for Mo in fluvial water is in the Andes and El
Salado Alto basins (Fig. 8). Thus, natural Mo-rich brines and porphyry
copper deposits related groundwater could be the source for Mo in
water.

In the case of sediments, the highest local geochemical background
of Mo is in El Salado Bajo Basin. The precipitates from remote areas of
the Andes do not explain the high concentration of this element as do
other rocks of the Chanaral Basin (Fig. 7e). Due to the fact that Mo is
strongly correlated to Cu (Table 4), it is assumed that it originates from
the processing of porphyry Cu-Mo deposits, suggesting an anthro-
pogenic source for Mo in sediments. Therefore, Mo shows a geogenic
origin in fluvial water and an anthropogenic origin in sediments.

5.1.6. Antimony

The highest local geochemical background concentration for Sb is
present in El Salado Bajo Basin for fluvial water and sediments
(Table 3). This element presents < 11% of water samples above the US
EPA and WHO recommendations and any of these sample locations are
in El Salado Bajo Basin (Fig. 4). In the case of sediments, there are no
guidelines for Sb, however in this study it was shown that Sb is con-
sidered a contaminant in the El Saldo Bajo Basin (Fig. 6f).

In a similar manner to Cu, this element shows the highest values for
fluvial water and sediments in the Potrerillos site (Figs. 4, 5, and 8).
This is strongly correlated to Cu and Mo (Table 4), suggesting that
mining activities could be the most important source for Sb in fluvial
water and sediments of the El Salado River.

5.2. Natural element redistribution

Based on Table 4, all studied elements present strong positive cor-
relations in the El Salado Alto and El Salado Bajo basins, except for Li in
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Table 4

Correlation coefficients between elements of surface water (a) and fluvial sediments (b).

(a) Water

El Salado Bajo

El Salado Alto

Andes

All samples of Northern Atacama Region

Mo

Li

Cu

cd

As

Mo

Li

Cu

cd

As

Mo

Li

Cu

cd

As

Mo

Li

Cu

cd

As

0.69
0.70

0.35

0.76
0.01
0.69
0.73

0.67

Cd

0.54

0.04

—-0.35
-0.89

0.87

0.14
0.56
0.19

0.04
0.48
0.26

0.01

-0.19

0.34
0.74

Cu

—0.84
0.61
0.55

-0.90

0.94
0.64

—0.68

0.87
0.76

—0.67
-0.35
0.67

-0.21
0.29
0.00

0.74

—0.07
—-0.16

0.55

Li

-0.90
-0.85

0.94

0.94

—0.04

-0.15

0.88

Mo

0.71

—0.22

—-0.72

0.15 -0.21

-0.10

0.01 -0.19 —0.06

-0.18

—0.08

Sb

(b) Sediments

El Salado Alto El Salado Bajo

Andes

All samples of Northern Atacama Region

Mo

Li

Cu

Cd

As

Mo

Li

Cu

cd

As

Mo

Li

Cu

Ccd

As

Mo

Li

Cu

Ccd

As

0.18
0.

0.87
0.88

-0.03
—0.06

0.27
0.00
0.27

0.18
0.44
0.14
0.29
0.44

As

-0.07
—-0.20

0.00

85

0.97

0.62
0.37
0.95

0.09
0.30
0.81
0.06

Ccd

0.97
0.97
0.99

0.75
0.82
0.

-0.43

0.99
0.99

-0.37

0.96
0.97

—-0.51

0.91
0.88

0.28
0.52
0.19

0.05
0.52
0.99

Cu

0.91
0.94

—0.43
—-0.42

0.49
0.21

0.46
0.08

Li

0.96

90 —0.01

0.99

—-0.21

—0.08

0.51

Mo
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the El Salado Alto Basin and Cd in the El Salado Bajo Basin. These
correlations suggest that besides mining there are likely other controls
on the redistribution of elements.

5.2.1. Redistribution in the Andes Mountains

From the collected data, there was a systematic increase in the
average concentration of dissolved Cu, Sb, and Mo. Concentrations of
As and Cd remained constant. In fluvial sediments, the average con-
centration of all analyzed elements increased in 2016. Comparing
specific sites (RNO1 and SP02), there is a clear increase of Mo and Sb in
the dissolved fraction however this is not observed for Cu. With respect
to fluvial sediments, specific sites (LV01, LV02, JL02, LOO1) showed a
marked increase in Cu and Mo concentrations (contaminants of the El
Salado Alto Basins), followed by Li and As, and to a lesser extent Cd and
Sb. In 2016, saline precipitate samples from Pedernales (SP02-C;
3361 m a.s.l.) and Rio Negro (RNO1; 4118 m a.s.l.) showed a yellow
coloration that was not present in 2014. These samples have the highest
concentrations of As and Li in all the surveyed basins (Fig. 3e and f).

With the initiation of the March 2015 mudflow, recent research
indicates that snow covered a wide area above 3600 m a.s.l. (Jordan
et al., 2015; Fig. 1c), which is in agreement with information from local
border agents in the field (personal communication, 2015). Studies
performed in Scotland have demonstrated that there is an increase in
concentration of dissolved Al, Cd, Cu, Fe, Mn, and Pb after snow melt
(Abrahams et al., 1989). Previous research in the Arctic has ad-
ditionally shown that polar environments are especially sensitive to
these types of changes, of which, some would have direct effects on the
role of snow in contaminant scavenging (Macdonald et al., 2005). The
Desert Andes are characterized by permanent snow patches and small
glaciers (Lliboutry, 1988). Therefore it is suggested that snow cover,
above 3600 m a.s.l., and subsequent melting could have played an
important role in the transport of elements from the west (the Cu-Mo
rich metallogenic belt). This transport would have acted as a catalyst
increasing the concentrations of Cu, Mo, and Sb in the dissolved frac-
tion and Cu, Mo and (to a lesser extent) Li, As, Cd and Sb in fluvial
sediments. Transport could have also produced enrichment of As and Li
in saline crusts within the Andes Mountains of the Northern Atacama
Region.

5.2.2. Redistribution in the El Salado Alto basin

From 2014 to 2015, the El Salado Alto Basin experienced a dilution
in Cd, Cu, and Sb concentrations; this effect was not observed for As and
Mo (Fig. 4). For Cu and Sb, the highest values were always found in
Potrerillos (Fig. 4). Intense rainfall in the El Salado Alto Basin (80 mm;
MOP, 2017) diluted these elements, diminishing their concentration in
the dissolved fraction. As previously proposed, dissolved As and Mo
originate in the Andes Mountains and the Altiplano-Puna plateau. Any
increase in their concentration is related to the transport of these ele-
ments from their source area. For Cd, dilution is more complex. Al-
though, in general, the highest concentrations of particulate and dis-
solved Cd are found in the Andes Mountains, this was not the case in
2014 when the highest Cd concentration found in the El Salado Alto
Basin was at Potrerillos (Fig. 4). This suggests that dilution of this
source caused the decreased concentrations in 2015. In the El Salado
Alto Basin, most elements (As, Cu, Li, Mo, and Sb) in fluvial sediments
show decreases in concentration in 2015 (Fig. 5), which is likely related
to transport downstream during the flooding (Jordan et al., 2015;
Wilcox et al., 2016).

5.2.3. Redistribution in the El Salado Bajo basin

Despite the redistribution of elements in the Andes Mountains and
El Salado Alto Basin, the most notable changes of this type occur in the
El Salado Bajo Basin. Dissolved elements from El Salado Bajo show
higher concentrations of As, Cd, Cu, Mo, and Sb just after the 2015
storm and mudflow, with the lowest values in 2014 (Fig. 4). A possible
explanation for this phenomenon is that, during 2014, the El Salado



J. Tapia et al.

Alto Basin was not hydrologically connected to the El Salado Bajo
Basin, but rather the surface water flow ended 10 km west of Diego de
Almagro (Fig. 1a). In 2015, the El Salado Alto, Chanaral and El Salado
Bajo basins became connected hydrologically due to the El Salado River
flood. This connection was observed two months after the flooding
during the field campaign, that is, surficial flow with a notable amount
of suspended matter at locations between Diego de Almagro and the
first site of the El Salado Bajo Basin (Fig. 2b).

In spite of the pronounced 2015 storm event, hydrologic conditions
reverted in 2016 as the El Salado Alto Basin terminated 20 km east of
Diego de Almagro (Fig. 1a and Fig. 2c; water not present at RS08 and
RS09), and furthermore, as in 2014, surficial water of the El Salado Alto
Basin was not connected to the Chanaral and El Salado Bajo Basins.
These normal conditions where water of the El Salado Alto and El
Salado Bajo basins were confined to their respective areas, as of 2016, is
capable of explaining the decrease in analyzed element concentrations
when compared to those of 2015 (Fig. 4). For sediments collected in
2016, available samples show that Li, Mo, Cu, and Sb represent re-
spectively, 7, 5, 4, and 3 times the 2015 concentrations. Arsenic and Cd
do not exhibit significant changes in concentration at these sites
(Fig. 5).

5.3. The case of copper and applications to other dry areas of the world

5.3.1. Copper in the El Salado Alto and El Salado Bajo basins
Large-scale porphyry copper deposits and mining activities are
scattered throughout the El Salado Alto and El Salado Bajo basins.
Average dissolved concentrations of Cu were 10, 42, and 27 ug L™ ! in
2014, 2015, and 2016 respectively, which is approximately 6 times
greater than the worldwide average for riverine Cu (Table 1; Gaillardet
et al., 2003) as well as approximately 2 orders of magnitude lower than
the concentration recommended for safe drinking water (Table 1; NCH
409, 2006; US EPA, 2009; WHO, 2011). Maximum concentrations for
dissolved Cu were found at the Potrerillos stream and were 59, 48, and
50 ug L~ ! in 2014, 2015, and 2016 respectively (Figs. 4 and 8).
Previous studies at Caleta Palito (Figs. 1a and 3b) showed an in-
creased concentration of dissolved Cu in the disposal channel, of
2390 ug L™ 1 (Castilla, 1996). During the field campaigns of this study,
values obtained at the same site are 2 orders of magnitude lower than
previously reported. An explanation for these large differences could be
the construction of the Pampa Austral tailing dam in the late 1990s,
which helped to control and restrict concentrations of dissolved Cu
entering the main stream. No important changes in concentrations of
dissolved Cu were observed in studies with pH = 6 (Atkinson et al.,
2007). Therefore, these lower than expected values are reasonable be-
cause the El Salado Alto and El Salado Bajo basins were characterized
by circumneutral to alkaline pH values thereby preventing the dis-
solution of Cu in the basins and sampling years of this study. Further-
more, the presence of carbonate rocks is limited to the Jurassic marine
sequences which are found in the headwaters (RS01; Fig. 2c) as well as
to the west of Diego de Almagro (sites RS09 to RS10; Figs. 2b,c),
therefore, this type of rock is probably not controlling pH. Additionally,
Leybourne and Cameron (2008) determined that in the Spence por-
phyry copper deposit, under circumneutral pH and high salinity con-
ditions similar to those found in the present study (Aguirre and Clavero,
2000; Risacher et al., 1999), the concentrations of porphyry copper
deposit-associated metal and metalloid species in groundwater are
stable in solution for relatively long transport distances (> 1 km) in
contrast to Cu which complexes as a cation (< 1 km). In the studied
sites, it was found that dissolved and particulate Cu and Sb have ele-
vated concentrations in the vicinity of Potrerillos. However, the same
result was not reported downstream or in the Andes, suggesting that Cu
and Sb complex as cations in the proximity of their source location. On
the contrary, As and Mo migrate downstream long distances from their
source. Considering average pH (8.6) and Eh (—0.09 V) conditions
during the 2016 sampling campaign as well as Eh-pH diagrams for
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aqueous As (Smedley and Kinniburgh, 2002) and Mo (Anbar, 2004), it
is inferred that these elements are transported as HAsO,>~ and
Mo0O,42~, respectively.

5.3.2. Applications to other dry areas of the world

Consequences of the exploitation of Cu have been studied in select
locations of the Atacama Desert, Chile (Castilla, 1983, 1996; Ramirez
et al., 2005). Nevertheless, at present there are other similar dry regions
in which porphyry copper deposits are exploited. One of these locations
is the Oyu Tolgoi porphyry Cu-Au-Mo deposit located in the southern
part of the Gobi Desert, Mongolia. Modern exploration of this area
started in the 1980s, and the first copper concentrate was produced and
exported in 2013 (Porter, 2016), resulting in an improvement of their
economy (The World Bank, 2017). The Gobi region is a cold desert and
a snow cover is formed between November and February (Batima et al.,
2005). As shown from this study, snowmelt can facilitate the re-
mobilization of contaminant elements in this type of environment
especially if mining activities are unregulated.

Likewise, Iran is related to the central Iranian volcano-plutonic Cu
belt in which the Sarcheshmeh porphyry deposit is located, the most
important Cu-Mo mine in Iran (Atapour and Aftabi, 2007). This mine is
located 60 km NW from Kerman, the nearest city, and the Sarcheshmeh
Cu smelter plant started operations in 1981. Conducted studies close to
this facility have shown that mining activities have resulted in soil
contamination (Khorasanipour and Aftabi, 2011). At Sarcheshmeh, the
average annual precipitation varies from 300 to 550 mm, the tem-
perature ranges from + 35 °C to — 20 °C, and the area is covered with
snow 3 to 4 months per year (Ardejani et al., 2008). Generally, rainfall
in Iran occurs from January to April (Weather Online, 2017); however,
in a similar manner to the Atacama Desert, recently in August 2017, a
vast area of northern Iran approximately 500 km north of Kerman was
affected by heavy rains and flash floods, resulting in at least 12 fatal-
ities, 2 missing people, and over 2000 affected individuals (Davies,
2017). As illustrated in this study, remobilization of mining-related
contaminants could also occur in this arid to semiarid environment due
to flash floods or snow melt.

6. Conclusions

Analyses of surface water and fluvial sediments of the Northern
Atacama Region of Chile, as presented herein, have aided in the as-
sessment of the main regional contaminants and probable sources, the
establishment of a local geochemical background, and the assessment of
the redistribution of contaminant elements as a result of the large-scale
March 2015 Atacama flood event and mudflow. This analysis and
evaluation aids in the goal of better understanding contaminant sources
and impacts due to natural and anthropogenic factors in regions with
scarce water resources.

In regard to the central subjects of this study, the following con-
clusions are summarized below and could be applicable to other similar
geologic and hydrologic systems outside of the immediate research
area:

6.1. Sources and contaminant elements

Samples obtained in the Northern Atacama Region indicate that Li,
As, Mo, Cd, Sb, and Cu all exhibit higher concentrations in surface
water and fluvial sediments when compared to worldwide averages in
rivers and the UCC, respectively. In particular, concentrations of Li, As,
and Mo are orders of magnitude greater in surface water when com-
pared to worldwide averages in rivers. Despite elemental enrichment in
the analyzed dissolved load samples, it is concluded that dissolved As,
Cd, Li, and Mo originate from natural sources, whereas dissolved Cu
and Sb are considered mining-related contaminants. In the particulate
fraction, it is inferred that As, Li, and Cd enrichment is natural, origi-
nating from salt flats, Neogene evaporites, and epithermal deposits of
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the Andes Mountains. Nevertheless, enrichment in Cu, Mo, and Sb is
related to fluvial contamination from mining activities. The obtained
local geochemical background is mainly reflecting geology for As, Cd
and Li in fluvial water and sediments, however this is not concluded for
Cu, Mo and Sb which reflect the combination of anthropogenic activ-
ities and geology. When comparing concentrations in surface water and
sediments from the Northern Atacama Region to other sites impacted
by mining activities such as Oruro, Bolivia, of the studied elements,
only Sb exhibits higher values in the dissolved fraction outside of the
studied region while concentrations in sediments are comparable. Aside
from natural enrichment and human-induced contamination, re-
mobilization of elements has occurred as the result of floods and
snowmelt in the El Salado River basins (El Salado Alto and El Salado
Bajo) and Andes Mountain basins, respectively.

6.2. March 2015 Flooding

In the Andes Mountains, the March 2015 massive flood event
spurred an increase of Cu, Mo and Sb in the dissolved fraction as well as
an increase of Cu, Mo, and, to a lesser extent, Li, As, Cd and Sb in fluvial
sediments. Flooding also led to an enrichment of As and Li in saline
crusts of the Andes Mountains. From 2014 to 2015, the El Salado Alto
Basin samples exhibited a dilution of dissolved concentrations in Cd,
Cu, and Sb due to increased precipitation. A major portion of the
analyzed elements in the particulate fraction decreased in concentra-
tion just after the event and subsequently increased 1 year after the
flood. The El Salado Bajo Basin showed the most significant changes in
concentration in the dissolved fraction. Just after the 2015 event,
concentrations increased due to the creation of a hydrologic connection
between the El Salado Alto and El Salado Bajo basins.

6.3. Copper

Despite the fact that this region has been affected by intense mining
activities, concentrations of Cu in the dissolved fraction are lower than
previously reported. This is likely related to circumneutral to alkaline
pH and the complexation of Cu as a cation.
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