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Abstract

The high-Andean mountain of northern Chile host numerous water systems that is in risk due to increased mining activities.
Total and dissolved Cd, Cr, Cu, Hg, Ni, Pb, Se, and Zn in water, and Cd, Cu, Fe, Ni, Pb, Zn, As, Mo, Al, and V in sediments
of 21 aquatic systems (rivers, saline lakes, salt flats), were studied. The presence of Pb, Cd, and As in waters and sediments
could be explained, in part, by mining activities. Waters are not suitable for human consumption or irrigation due to high
content of Cu and As and high pH that exceed Chilean water quality guideline values. The use of different background ref-
erence values influences noticeably the conclusion related to environmental quality of sediments, measured with different
environmental indexes. The local geological background suggest that Cd, Mo, Pb, and As generate some degree of contami-
nation, while the use of unpolluted systems as background suggest that all metals measured in sediments represent a low
contamination risk. The use of background values of local unpolluted systems seems to be more realistic than geological
formation or Upper Continental Crust reference values to assess the environmental condition. The ecological risk assessment
suggests that Cd and As are threat for communities living in these aquatic environments. However, these systems support
abundant wildlife, developing unique extreme ecosystems with great potential for non-consumptive use such as special
interest tourism and conservation.
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Chile, the magnitude of the mountain range generates particu-
lar meteorological conditions — such as the alfiplano or high-
Andean climate — that strongly affect the water availability
and the atmospheric circulation at continental-scale (Garreaud
et al. 2003). The high Andes (19°S-27°S) is extremely dry,
and the precipitation (100—400 mm year™") is concentrated
mainly in the austral summer, when the increased sunlight
alone destabilizes the local troposphere, strengthening the
easterly winds and enhancing the moisture transportation
from the core of the continent (Grosjean et al. 1995; Vuille
et al. 2000; Falvey and Garreaud 2005). The high-Andean
mountain located between 25°S and 29°S has 24 endorheic
basins at altitudes >3000 MASL, (Fig. 1). These high-Andean
water systems have their origins in the tectonic activity, suc-
cessive glaciations, and volcanism, also impacted by intense
solar radiation, low atmospheric humidity, and a strong supply
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Fig. 1 Location of water sys-
tems studied in the high-Andean L
Atacama, northern Chile. A
Altitudinal profile from the
coast to the Andes Mountains
(Source: www.geovirtual.cl);

B altitudinal location of the
systems studied. For rivers, the
altitude corresponds to the sam-
pling point.4x Indicate mining
activities
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of wind-borne allochthonous material (Vila and Miihlhauser
1987). Nevertheless, these endorheic basins in the high
Andes are fed by liquid and solid precipitation forming riv-
ers, saline lakes, and evaporitic basins commonly called salt
flats (locally, salares). The salares are in an advanced stage
of lacustrine evolution, with >50% of the surface covered by
a salt crust, or a solid layer of various mineral (Chong 1988).
These aquatic systems sustain complex ecosystems, often with
highly diverse flora and fauna, as well as local productive
activities like tourism, but mainly industrial mining, and cur-
rently lithium exploitation.

3300

Site

The chemical composition of high-Andean water sys-
tems depends on the local climate and geology. Whereas
climate involves water supply, sunlight, and temperature;
geology plays a significant role in basins closure, through
structural system and volcanic activity (Houston et al.
2011), weathering processes and the leaching of rocks
and soils in the basin, specific contributions of possible
exposed mineral manifestations, and eventual anthropo-
genic factors (Chong 1988). Consequently, bottom sedi-
ments accumulated in the water systems play an essential
role in their chemical dynamics, acting as either sources
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or sinks of nutrients and other substances that deter-
mine the area’s trophic status and biodiversity (Trolle
et al. 2010). On the other hand, different studies indicate
that lagoons of remote “pristine” mountain regions that
are far away from direct human activities are very critical
for the deposition of atmospheric pollutants (Fernandez
et al. 2000; Usenko et al. 2007; Van Drooge et al. 2011;
Vilanova et al. 2001; Bandowe et al. 2018). Moreover,
large-scale human activities (e.g., industrial centers, min-
ing, extensive agriculture) generate regional-level pollut-
ants that may affect water quality for human consumption
at local scale (Choque-Quispe et al. 2021, 2022), as well
as water bodies in protected remote areas (Rizzo et al.
2010). These and others studies use different environmen-
tal and ecological risk indices (geoaccumulation index,
contamination factor, potential ecological risk, and oth-
ers) to assess the health status of aquatic systems (Cheng
et al. 2015; Cheng et al. 2015; Tapia et al. 2018; Guédron
et al. 2021; Custodio et al. 2022, and many others).

A small proportion of the High-Andean water bod-
ies of the Atacama region are under the control of the
National System of Protected Wild Areas (SNASPE).
Only the Nevado Tres Cruces National Park is legally
protected (Escudero et al. 2016). The low proportion of
protected areas may be due, in part, to a lack of scientific
information about high-Andean water systems, making
it difficult to demonstrate the fragility and unique con-
dition of these systems and impeding a better-founded
justification of their need for protection. Moreover,
the subsistence of this territory is uncertain due to the
increased importance of lithium mining. Recently, seven
high-Andean aquatic systems of the Atacama Region
have been authorized for lithium exploitation. These sys-
tems are Isla, Parinas, Grande, Agua Amarga, Aguilar,
Maricunga, and Piedra Parada (see Fig. 1). Economic
development normally does not consider the ecological
richness of natural environments, mostly due to the lack
of scientific information about the structure and function
of these fragile, unique, and extreme systems.

Another concern related to aquatic systems manage-
ment is the fact that in Chile, the Water Quality Guide-
lines for marine and continental systems are focused only
on the protection of human health (primary guidelines),
while the ecosystems protection guidelines (second-
ary guidelines) have not been fully developed. On the
other hand, Chile still does not have Sediment Quality
Guidelines for aquatic systems. This situation is a major
obstacle to progress in the implementation of sustain-
able development strategies. In this regard, environmen-
tal agencies of countries with a robust legislation advise
that environmental standards must be implemented on the
basis of scientific information generated locally in each
system that is intended to be protected (ANZECC 2000).
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In order to generate sustainable territorial development
and contribute with a deeper understanding of the High-
Andean zone, the present work aims to generate and analyze
chemical data on the water and sediments of these aquatic
systems, describing differences and similarities between
them. Besides, we evaluate their environmental condition
using different indexes and background reference values in
order to provide a solid baseline to analyze eventual natural
or anthropogenic alterations of these extreme ecosystems.

Materials and methods
Climate and geology of the study zone

According to the Koppen-Geiger climatic classifica-
tion (Sarricolea et al. 2017), the north of Chile between
25° and 28°S is climatically composed from west to
east by a cold semi-arid zone with winter rain and oce-
anic influence (BSk’(s)); a cold desert with winter rain
zone (BWKk(s)) that to the north becomes cold desert
(BWKk), alternated with a hot desert with winter rain
climate (BWh(s)) in coastal zones and valleys; a cold
semi-arid zone with winter rain (BSk(s)) with specific
tundra zones with winter rain (ET(s)); a cold semi-arid
zone (BSk); a tundra zone (ET); and an ice cap climate
(EF) to ice cap climate with summer rain (EF(w)) in
areas that exceed 6000 MASL. (Fig. 2). In particular, the
study basin contains the climates BSk, ET, ET(w), EF
and EF(w), and is delimited by the isohyets of 100 and
200 mm-year~' (DGA 1987) (Fig. 2). There is no public
meteorological station in the basin, and the closest sta-
tion, “Pastos Grandes” (27°06'51"S, 69°33'51"W, 2260
MASL; Fig. 2), is located to the west of the basin in the
Intermediate Valley (Fig. 1). Since 1967, this station has
registered an average precipitation of 31 mm year™!, with
maximums of 150 and 145 mm year™! in 1987 and 1997,
respectively, while in 1968, 1969, 1985, 1988, and 2003
no rainfall was recorded (data from https://explorador.
cr2.cl/).

The Atacama Desert between 25.5°S and 27.5°S, in
northern Chile, comprises five major continental morpho-
structural units (Fig. 1), from west to east: Coastal Moun-
tain Range (or Coastal Cordillera); Intermediate Valley (or
Central Depression); Foothills (or Precordillera); Salt Flats
Valley (or Pre-Andean Depression) —including the endor-
heic basin studied—and Western Cordillera (Arriagada et al.
2006; Kay and Coira 2009). The Coastal Cordillera is largely
composed of Jurassic to Middle Cretaceous igneous and sed-
imentary rocks; the Central Depression consists of a basin
filled by Oligocene to Pliocene sediments; the Precordillera
is composed of Paleozoic basement and Mesozoic to Eocene
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volcanic and sedimentary rocks; the Pre-Andean Depression
is filled by Miocene to Holocene sediments; and Western
Cordillera consists of an active magmatic arc, formed by a
series of Pliocene to Holocene stratovolcanoes where peaks
reach over 6000 m, which marks the western limit of the
high Andes (Fig. 2) (Stern 2004; Clarke 2006; Arriagada
et al. 2006; Kay and Coira 2009; Tapia et al. 2018).

In accordance with Andean volcanism segmentation, the
study area is in the Central Andes Volcanic Zone (CVZ),
which corresponds to a region between 15°S and 28°S where

the Nazca plate is subducted beneath the South American
plate with a moderate slab angle (~25-30°) (Barazangi and
Isacks 1979) at a current rate of ~6-8 cm yealr‘1 (DeMets
et al. 1990; Kraemer et al. 1999; Kendrick et al. 2003; Stern
2004). In this zone, the continental crust is characterized by
being extremely thick, reaching values > 70 km along the
main magmatic arc (Beck et al. 1996; Trumbull et al. 1999;
Yuan et al. 2002). According to Davidson et al. (1991), the
volcanic activity in the CVZ is an expression of interac-
tion between subduction-related partial melts derived from

@ Springer


https://explorador.cr2.cl/
https://explorador.cr2.cl/

33022

Environmental Science and Pollution Research (2023) 30:33018-33039

the subcontinental mantle and those generated within the
continental crust. Particularly, the Cenozoic volcanism in
the CVZ comprises three main volcanic associations, all of
which are present in the basin studied and represent more
than half of the basin area: (i) Early Miocene to Pleisto-
cene andesite-dacite main arc stratovolcanoes; (ii) Early
Miocene to Pliocene silicic ignimbrite deposits and lava
domes present in both main arc and back-arc regions; and
(iii) small Pliocene to Pleistocene basaltic centers in the back
arc (Fig. 2, Supplementary material) (Schnurr et al. 2007).

Sampling and laboratory procedures

A total of 65 water samples and 70 sediment samples from
21 aquatic systems of the high-Andean Atacama Region,
northern Chile were collected (Fig. 1), during the austral
summer of 2015. In cases of saline lakes and salt flats,
each system was divided into 3 sections covering its entire
surface, and into each section at least one samples was
taken. In the case of the rivers, the samples were taken in
three different sectors, where the current was slow. Surface
water samples was collected with an acid rinsed plastic jar,
while surface sediment samples were taken with an acid
rinsed spoon. These samples were stored and transported
in inert containers treated with nitric acid and abundant
deionized water to avoid contamination. The salinity and
pH were measured in situ, using a YSI multiparameter
probe, model 6600 (YSI 2012).

Total and dissolved As, Cd, Cr, Cu, Hg, Ni, Pb, Se, and
Zn were measured in an accredited commercial laboratory
according to ISO 17025, using the APHA 3030-B methodol-
ogy for sample pre-treatment (Gottler 2017) and following
the Chilean regulation NCH2313 (INN 1997).

Sediment samples were dried at 40° C and then sepa-
rated for metal analyses. The fraction < 63 microns of the
sediment was separated in a Retsch sieve shaker, model
AS Basic 200. After that, about 0.2 and 0.5 g of the sieved
fraction was digested in a Mars Xpress microwave digester,
according to the EPA 3052 method. Finally, metal contents
were measured in a Shimadzu 6300 Atomic Absorption
Spectrophotometer, by flame technique, except for As,
which was measured by Hydride Generation. A mixture of
air-C,H, gases was used to read Cd, Cu, Fe, Ni, Pb, Zn, As,
and N,0-C,H, (nitrous oxide-acetylene) for Mo, Al, and
V. The technique was validated with the reading of met-
als in MESS-3 reference material, certified by the National
Research Council of Canada (Table I, Supplementary data).

Environmental evaluation

Considering that the high-Andean aquatic ecosystems are
not used for recreational purposes with direct contact, the
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metal content in water was evaluated using standards for
irrigation and drinking waters according to Chilean legis-
lation, established in NCh. 1333/78 and NCh. 409.01/84
(MOP, 1978, 2005).

Due to the lack of sediment quality guidelines in the
Chilean legislation, metal content in this matrix was evalu-
ated with different environmental indexes commonly used
in scientific studies.

The geoaccumulation index (/) was calculated using
Eq. (1), according to Miiller (1979).

Cn

oo = lot2 7555 M

where C,, is the current element concentration and B,, is
the background concentration. The results of I, were classi-
fied according to the contamination scale proposed by Miil-
ler (1979); <0 not polluted, 0—1 not polluted to moderately
polluted, 1-2 moderately polluted, 2—3 moderately to heav-
ily polluted, 3—4 heavily polluted, 4-5 heavily to extremely
polluted, > 5 extremely polluted.

The degree of contamination (Eq. 2) and the ecologi-
cal risk (Eq. 3) of some metals present in sediments of
high-Andean water systems was evaluated according to
Hikanson (1980).

N Oy
C== @
B
where Cj is the contamination index (CI) for element i,
C; is the measured concentration of element i in lagoon sur-
face sediments, and C;g is the background concentration. The
systems were classified according to the scale proposed by
Hékanson (1980) and shown in Table 1.

E =T xC. ®3)

where E‘r is the potential ecological risk (E) for a single
element /, and Ti is the toxicity response factor for the ele-
ment i, where 7" for As=10, Cd=30, Cu=5, Ni=2, Pb=5,
and Zn=1 (Hikanson 1980). The results of E’r were classi-
fied according to the contamination scale (Table 1) proposed
by Hékanson (1980).

Finally, the potential ecological risk index (PERI) was
calculated as the sum of E; and was categorized according
the classification of Hikanson (1980) (Table 1).

Three background values were used in this study to eval-
uate the metal enrichment in sediments of Andean aquatic
systems and their impact on natural ecosystems; refer-
ence values of local geological formation, concentrations
measured in unpolluted systems of the high-Andean zone
of Atacama Region, and values corresponding to Upper
Continental Crust proposed by Rudnick and Gao (2014)
(Table 2).
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In the first case, and in order to obtain a representative
local background of the basin, a composite is made from the
geochemistry of igneous rocks published in different studies
in the area (Brown 1991; Walker et al. 1991; Kay et al. 1994,
Mpodozis et al. 1995, 1996; Trumbull et al. 1999; Richards
et al. 2001; Schnurr et al. 2007; Naranjo et al. 2019) (Table
II, Supplementary data).

To obtain a local background that is representative of
the geochemistry of the basin, it is proposed to construct
a composite from the weighting between the average
chemistry of the geological outcrops in the basin and the
relative surface area factor (RAF) of these (i.e., the ratio
between the area of the outcrop and the total area of the
outcrops considered). In this way, the concentration of
the element E of the composite (E; Eq. 4) is defined by:

Ec= zn:Ei*RAFi

i=1

“

where E - is the concentration of element E in the com-
posite; and E; and RAF; are the mean concentration of
element E and the relative surface area factor, in geologi-
cal unit or outcrop i, respectively.

Meanwhile, relative surface area factor (RAF;; Eq. 5) is
obtained by:

®

Table 1 Critical range and grades of CI, E, and PERI (Hdkanson 1980)

where A; is the surface area of the geological unit or out-
crop i.

As rock outcrops within the basin do not have their own
chemical data, these are obtained and compiled from the
geochemistry reported in papers. Meanwhile, the area of
the geological outcrops is calculated using the free software
OGIS 3.10, by using the $area function of the field calcula-
tor, available in the attribute table of the shapefile layer that
contains the geological outcrops.

In the absence of all the elements of interest for each
geological outcrop or not considering all the outcrops within
the basin — or the analyzed area—for the calculation of the
composite, the chemistry of the composite should be con-
sidered as the minimum or basal content of each element.

For the data reported as below detection level of the ele-
ments of interest, an element content equal to half the detec-
tion limit is considered. In particular, this correction was
made in some samples of the pyroclastic units of acid chem-
istry (dacitic to rhyolitic). This is justified because Ni usually
replaces Fe or Mg in olivine crystals, mainly, and to a lesser
extent in pyroxene and hornblende crystals, minerals that
are commonly absent in dacites and rhyolites (Best 2003).

In the case of metal background, based on unpolluted
systems, the aquatic systems, such as Azufreras, Pedernales,
and Negro Francisco, that have records of historical and cur-
rent anthropogenic intervention, were not considered of this
calculation. All the others systems, except the rivers that
were not included in this procedure, were separated in saline
lakes and salt-flats because their chemical processes can
influence the precipitation of metals into the water column.

CI Grades of contamination E‘r Grades of ecological ~PERI Grades of ecological risk of all metals
risk of a single metal

CI<1 Low contamination Ei<40 Low risk <150 low ecological risk

1<CI<3 Moderate contamination 40<El <80 Moderate risk 150 >PERI<300 moderate ecological risk

3<CI<6 Considerable contamination 80 < E' <160 High risk 300<PERI>600 considerable ecological risk

CI<6 Very high contamination 160 < E! <320 Very high risk >600 Very high ecological risk

E'> 320 Extremely high risk

Table2 Mean coillcentrations Metal

of metals (mg kg™ ") used as

background levels in this study Cd Ni v Mo Cu Zn Pb As
Igneous rocks' 0.002 12.83 98.07 1.60 34.10 81.04 11.93 0.20
Unpolluted lakes> 9.82 3.66 48.17 18.28 55.85 25.87 24.37 42.28
Unpolluted salt flats? 24.6 25.25 57.3 65.25 68.37 41.77 29.08 45.01
ucc? 0.09 47 97 1.1 28 67 17 4.8

!Geological formations of Andean basins of Atacama Region (see “Methodology” for details)

This study

3Upper Continental Crust (Rudnick and Gao 2014)
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For each case, the quartile Q3 was calculated and assumed
as a valid background for the high-Andean aquatic systems.
Other statistical methodologies like iterative 2c technique
(Gatuszka et al. 2015; Matschullat et al. 2000; Valdés et al.
2015) or mean values (Xi et al. 2020), require analysis of
a large number of samples (more than used in this study),
or information on metal content in surrounding sources of
aquatic systems analyzed, respectively.

The sediment quality guidelines (SQG) were used to pre-
dict the adverse effects produced by contaminated sediments
on aquatic organisms (US EPA 1992; Long et al. 1995;
MacDonald et al. 2000). The objective of the SQG is to
protect the organisms present in aquatic sediments from the
deleterious effects produced by chemical substances (Crane
2003). In general, the SQG ranges for aquatic systems from
different regions around the world differ by several orders
of magnitude, which makes comparison difficult (Cheng
et al. 2015). However, Mac Donald et al. (2000) proposed
global SQG values obtained from the integration of aquatic
systems data from different world regions applicable to sys-
tems without reference values. This proposal defines two
limits: threshold effect concentration (TEC), under which
no adverse effects on organisms are observed, and probable
effect concentration (PEC), at which noticeable adverse
effects are observed. Adverse effects may or may not occur
between these limits (Table 3).

Statistical evaluation

Statistical parameters (mean, standard deviation, minimum,
and maximum) were calculated in order to characterize the
results of water and sediment measurements.

Similarity dendrogram analysis based on complete link-
age methods (Euclidian distance) was performed with water
and sediment variables, in order to evaluate the degree of
correlation between the aquatic systems. This study explored
the physical-chemical properties of water and sediment
using a conglomerate analysis to search for similarities and
differences among the aquatic systems of the high-Andean
zone. This analysis allowed us to evaluate common charac-
teristics in these systems and identify those that have their
particularities that differentiate them from the rest. Although
three types of high-Andean systems were studied, this analy-
sis was focused on salt flats and lagoons, disregarding the
data on the two rivers. For these analyses, Minitab 14 soft-
ware was used.

Results and discussion
Saline water bodies have an essential geochemical impact on

ecology, water resources, and economic activities (Deocampo
and Renafult 2016). Also, these systems play an important

@ Springer

role in the carbon cycle, since they can emit large amounts of
carbon into the atmosphere and sequester an abundant amount
of carbonate (Tranvik et al. 2009). In northern Chile, the water
bodies of the high-Andean Atacama support important eco-
systems of flora and fauna adapted to living in extreme condi-
tions. However, economic activities (mainly mining) threaten
the sustainability of these ecosystems.

To date, only three published articles (Risacher
et al. 2002, 2003 and Tapia et al. 2018) and two technical
reports (Risacher et al. 1999; Dept. Hydraulic Engineering
2009) address the water and sediment chemistry of some
lakes and salt-flats in the high-Andean Atacama Region.
Other works developed in some salt-flats of the Atacama
Region have been focused on microbial communities (Escu-
dero et al. 2013; 2018). Those works, and recent studies
conducted in similar environments were used to discuss the
results reported herein.

Composite geochemistry (local background)

The average chemical composition of the geological out-
crops and the representative composite of the basin (or local
background) are presented in Table II Supplementary mate-
rial. For the calculation of the composite, igneous outcrops
(volcanic or plutonic) were used with an area percentage
greater than 0.5% of the basin surface, which are the most
abundant rocks in the basin (> 60% of the basin area; Table
II, Supplementary material). The use of sedimentary out-
crops is ruled out for two reasons: (1) these outcrops do not
usually have reported chemistry; (2) and, mainly, because
most of these outcrops correspond to deposits (alluvial and
piedmont deposits and sequences; Table II, Supplementary
material), which are the product of weathering processes
that fractionate and mobilize the elements (McLennan 2001;
Brantley et al. 2007); so their chemistry would reflect dilu-
tion and/or concentration processes and not the chemistry of
a pristine parent rock.

The outcrops that present a greater weight in the chemi-
cal composition of the composite are the M3i and Ms3i
units, with an RAF of 0.29 and 0.26, respectively (Table
II, Supplementary material), which correspond to volcanic

Table 3 Threshold effect
concentration (TEC) and
probable effect concentration
(PEC) values according TEC PEC
MacDonald et al. (2000)

Metal Sediment Quality

Guideline

Cu 31.6 149
Ni 22.7 48.6
Zn 121 459
Pb 35.8 128
Cd 0.99 4.98
As 9.79 33
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rocks of intermediate chemistry (andesitic to dacitic). In
rocks of this chemical affinity, the highest values of Al
(9.77%) are found, shown by the OM3 unit; and the maxi-
mum contents of Ni (28.33 mh kg™!), V (150.50 mg kg™ ),
and Zn (96.00 mg kg™!), corresponding to the Q3i unit.
Meanwhile, the highest Cu content is held by the CP3 unit
(203.33 mg kg™!), while the Q3t pyroclastic volcanic unit
has the highest Pb content (38.33 mg kg™!). Unfortunately,
not all the outcrops have published values of As, Cd and Mo,
so the content of these elements in the composite should
be considered as a basal or minimum concentration for the
basin.

The final values of geological background are showed
in Table 2.

Water chemistry

The values of most of the parameters measured in the waters
were below the detection limit (Table 4). Even though some
authors suggest that values below detection limits can be
used normally to evaluate water and sediment quality (Goch-
feld et al. 2005; Helsel 2005; Williams and Antoine 2020),
we chose not to use them, to avoid bias in the interpreta-
tion of the environmental condition. As a result, only pH,

salinity, Cu, and As, that recorded measurable values in all
systems, were used to evaluate water quality.

In terms of chemistry, salinity is the primary differenti-
ating criterion to classify the three types of aquatic systems
in the high-Andean Atacama. In the rivers, average salinity
was 2.2 ppt; in lagoons, it was 47 ppt; and in salt flats, it
was 58 ppt. However, the salinity of the lagoons varied
widely, from 3 ppt (Santa Rosa, El Bayo, Negro Francisco)
to 130 ppt (Verde, Bravas). Four salt flats — La Laguna,
Maricunga, Aguilar, and Agua Amarga — presented salini-
ties above 70 ppt; salinity in the other systems were below
40 ppt (Table 4). The type of water in the salt flats of the
high-Andean Atacama depends on the geological charac-
teristics of their basins and the evolutionary pathways of
their systems. According to Risacher et al. (1999), the Ata-
cama Region encompasses 12 sulfated salt flats (including
two acid flats that contain much more sulfate than calcium),
three mixed salt flats, and five calcic salt flats. Waters from
carbonated pathways drain through volcanic rocks with
no sulfur or mineralization, so they do not salinize much.
Waters from calcic pathways drain through sedimentary
terrain or calcium brines, becoming highly salty. The qual-
ity of waters from the alkaline sulfated pathway is better
than that of waters from the neutral sulfated waters (more
sulfur, lower quality). From an evolutionary viewpoint, the

Table4 Mean and standard

o o System Total metal Disolved metal

deviation (S.D.) of pH, salinity,

As, and Cu measured in water Salinidad pH As Cu As Cu

samples of high-Andean aquatic

systems of Atacama region. Mean D.S Mean D.S Mean S.D Mean S.D Mean S.D Mean S.D

:;:‘;i?;:;:‘gg;fffedm Juncalito 267 001 911 0.1 064 019 001 000 065 0.19 001 0.00
Lama 231 0.01 9.10 0.02 121 0.04 0.02 0.00 121 0.04 001 0.00
Laguna Verde 163.34 029 7.19 0.01 3536 9.39 029 001 2653 564 026 0.02
Lagunas Bravas 115.05 043 9.27 0.01 13.81 2242 0.10 0.15 11.00 18.00 0.09 0.14
Santa Rosa 1.19 0.01 9.55 0.07 0.54 0.04 007 001 045 0.06 0.06 0.01
Jilguero 252 0.15 0.05 0.01 217 0.12 005 0.01
Negro Francisco 1.34  0.01 943 0.08 36.76 47.83 0.06 0.07 13.17 18.44 0.06 0.07
Bayo 402 000 732 0.01 1.18 0.21 003 000 090 0.04 0.02 0.00
Agua Amarga 203.01 020 422 0.04 11.16 0.04 031 0.01 11.06 0.04 027 0.03
Aguilar 76.04 23.12 6.59 0.01 0.88 0.02 031 0.01 0.78 0.02 030 0.01
Gorbea 7.16 0.02 6.71 0.03 0.01 0.00 0009 0.00 0.01 0.00 0.09 0.00
Infieles 16.10 549 0.15 0.00 13.78 2.77 0.12 0.01
LaIsla 436 0.07 879 0.01 022 0.00 002 000 0.19 0.00 0.01 0.00
Parinas 2899 0.04 831 0.00 058 0.02 006 000 053 0.01 006 0.00
Maricunga 142.54 136 6.74 0.01 0.65 050 0.15 009 032 0.19 0.13 0.09
Pedernales 6.89 395 829 0.07 086 0.16 003 0.00 0.51 040 003 0.00
Piedra Parada 432 503 006 005 319 312 0.05 0.04
Grande 1.12 0.16 0.07 0.00 1.02 0.20 0.07 0.01
Ignorados 250 0.02 672 0.19 0.13 0.00 0.03 0.00 0.09 0.00 002 0.00
La Laguna 107.64 1581 7.70 0.14 8245 4.67 028 0.01 7528 223 0.27 0.00
Azufreras 436 0.07 942 0.02
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brackish lakes are in a stage preceding the formation of salt
flats, and they will eventually develop a salt crust (Risacher
et al. 2002). On the other hand, the salt flats in the high-
Andean Atacama are in a stationary stage (Risaher et al.
2002), suggesting a neutral hydrogeochemical balance. A
variety of natural or anthropogenic factors (e.g., climatic
change, industrial activity) could upset this balance.

The pH of both rivers was similar (9.1, Table 4). In
the case of lakes, Verde and El Bayo showed the lowest
values, with means of 7.2 and 7.3, respectively, while the
other 3 lakes recorded means slightly above 9 (Table 4).
The pH of the salt flats fluctuated between 4 and 10. The
lowest pH value (4.22) was recorded in Agua Amarga salt
flat (Table 4). Further north, in the Antofagasta Region
(20°37'-23°34'S), Rasuk et al. (2015) reported pH values
between 7.6 (Llamara Salt Flat) and 10.8 (Pujsa Salt Flat),
and Alpers and Whittemore (1990) reported pH values
between 5.3 and 8.1 for the surface waters of the Ham-
burgo and Punta Negra salt flats, respectively. In the Ata-
cama Region, Risacher et al. (1999) found values between
1 and 7.9 in some salt flats analyzed. A later study by
Risacher et al. (2002) looking at the causes of acidifica-
tion in two salt flats reported mean values of 3.8 for Gor-
bea and 3.4 for Ignorado. Those authors concluded that
acidification begins with the juxtaposition of hydrothermal
alteration in the basin’s volcanic rocks and high sulfur
contents in its surroundings. The present study does not
report pH for Ignorado Salt Flat. However, in Gorbea Salt
Flat, the average pH was 6.7 (Table 4), higher than the
mean of 3.7 reported by Risacher et al. (2002), who also
found peak values reaching 7.4. This discrepancy suggests
that pH levels in a given salt flat (Gorbea, in this case) can
vary widely and indicates that water enters into the sys-
tem from various sources through substrates with different
chemical compositions. Risacher et al. (1999) notes that
each system receives input from various sources, including
hydrothermal alterations that would explain the acidity of
some systems.

Of the two metals with concentrations in waters above
the detection limit, arsenic had the highest values. In terms
of the rivers studied, Juncalito had slightly higher concen-
trations of As, and its Asy, was two orders of magnitude
higher than in Lama River (Table 4). This result indicates
that, unlike Juncalito, a more significant fraction of particu-
late As is present in Lama River.

Concentrations of As ranged from 0.5 mg L™! in Santa
Rosa to 37 mg L™! in Negro Francisco (Table 4), whereas
Laguna Verde recorded the highest concentrations of total
(0.27 mg L") and dissolved Cu (0.25 mg L") (Table 4).
Likewise to rivers, the highest concentrations of As,, in the
lakes (Verde and Negro Francisco; Table 4) could also be
explained by a higher proportion of particulate As than that
found in the other systems.
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In the case of the salt flats, total As values fluctuated from
0.01 mg L~! (Gorbea) to 82.45 mg L' (La Laguna) (Table 4).
Dissolved and total arsenic (75.23 mg L™! and 82.25, respec-
tively; Table 4), in La Laguna salt flat, was significantly higher
than in the rest of the salt flats. Copper concentrations fluctu-
ated from<0.1 mg L™! (La Isla) to 0.31 mg L™! (Aguilar;
Table 4). In Pedernales, Maricunga and Laguna Verde, Tapia
et al. (2018) report average concentrations of As, Cd, and Cu
in waters of 5.5 mg L™!, 0.001 mg L™', and 0.001 mg L',
respectively, while this study reports average values for these
same basins, of 9.3 mg L', <0.002 mg L', and 0.14 mg
L~!, respectively. These results suggest a high temporal and
spatial variability of the water chemistry of these aquatic sys-
tems, probably marked by seasonal variability, with the rain
and insolation as the most important climatic factors influ-
encing the water chemistry. It is important to note that only
La Laguna presented values above 20 mg L™!. Further north,
Rasuk et al. (2015) reported As concentrations of 0.4 mg L™
(Coposa Salt Flat), 1.2-2 mg L™! (Llamara Salt Flat), 5.5 mg
L~! (Atacama Salt Flat, Laguna Cejar), and 120 mg L™! (Pujsa
Salt Flat), all these systems, located in the Antofagasta Region
(20°37'—=23°34'S). In general, in northern Chile, aquatic sys-
tems from the arid region have high As concentrations, domi-
nated by As(V) (Céceres et al. 1992). Risacher et al. (1999)
reported As concentrations between 0.002 and 10.5 mg L™
in the salt flats of the Atacama Region. Later, Risacher et al.
(2002) reported As concentrations between 0.002 and 10.5 mg
L~!in Gorbea, and between 0.01 and 0.6 mg L~! in Ignorado.
These authors did not analyze the chemical composition of
the water in La Laguna Salt Flat, so we have no comparison
for the high values recorded therein. The As values reports
in Chilean basins are higher than those reported by Choque-
Quispe et al. (2021) in some Andean basin of Peru, where
the authors measured As concentration between 0.003 and
0.251 mg L',

Potential sources of As include primary minerals in
the loess, volcanic materials, and desorption of anionic
species from Fe oxides under high-pH condition (Smed-
ley et al. 2002). The precipitation of As by complexing
with Fe oxides were found to be less effective in conti-
nental waters with high pH (8.5-9.5) than in waters with
a lower pH (Dzombak and Morel 1990). However, in the
high-Andean systems studied herein, this trend was not
observed. Indeed, the correlation values between the two
variables were not significant (p-values of 0.831 for As,,
and 0.92 for Asg;; p=0.05), which indicates that pH does
not significantly influence the chemical behavior of As in
these systems. At the moment, we have no explanation for
these extreme values, but they are undoubtedly an excep-
tion in the chemistry of salt flats in this area and could
suggest extreme conditions for the development of, among
others, unique microbiological communities. For example,
Rasuk et al. (2015) suggest that the high As values detected



Environmental Science and Pollution Research (2023) 30:33018-33039

33027

in Pujsa Salt Flat (Antofagasta region) could explain, at
least in part, the abundance of Cyanobacteria and Act-
inobacteria in this system as compared to other systems
studied in the Antofagasta Region. Abundant flamingos
(birds of the genus Phoenicopterus) were observed feeding
directly in La Laguna Salt Flat during water sample collec-
tion. This observation suggests two characteristics; despite
the high As content, there is an important microcrustacean
community (Artemia probably) that serves as food for the
flamingo population (Yohannes et al. 2014), and these fla-
mingos probably have physiological adaptations that allow
them to tolerate high levels of As.

Sediment chemistry

The order of abundance for metals in the river sediments
was: Fe > Al>Cu> As>V>Zn>Mo>Pb>Cd>Ni. Lama
River had the highest concentrations of Cu, Pb, Cd, Fe, and
Al, whereas Juncalito River had higher concentrations of Ni,
Mo, Zn, and V (Table 5). Arsenic contents were similar in
both systems (Table 5). The order of abundance for metals
in the lagoons was: Fe > Al>Cu> As >V >Zn>Pb> Mo
>Cd > Ni. Laguna Verde had the lowest concentrations of
Cu, As, Mo, and V, but the highest values of Zn, Pb, Ni, and
Cd (Table 5). Finally, the order of abundance of metals in
salt flats was: Fe > Al>Cu>V>Mo>As>Z>Pb>Cd>
Ni. Agua Amarga had the highest Cu concentration, and the
Pb concentration in Parinas was noticeably higher than in
the rest of the salt flats (Table 5).

Mountain aquatic sediments contain distinct types of
metals in highly variable concentrations. Yang et al. (2002)
reported metal concentration between 100-360 mg kg™!
(Pb), 0.3-1.9 mg kg~! (Cd), 39-180 mg kg~! (Zn), and
8-25 mg kg~! (Cu), in Scottish mountain lake sediments.
In northern Chile, Urrutia et al. (2002) reported average
concentrations of 4.1 mg kg~! (Pb), 0.13 mg kg~! (Cd),
21.51 mg kg™! (Cu), and 40.61 mg kg~! (Zn) in surface
sediments from Lake Chungara (18.3°S, 4517 MASL).
Further north in central Peru, Custodio et al. (2022)
reported average concentrations of 4.95 mg kg~! (As),
0.175 mg kg™! (Cd), 34.23 mg kg™! (Zn), 0.16 mg kg~!
(V), 8.3 mg kg~! (Cu), 6.8 mg kg~! (Pb), and 8.89 mg
Kg~! (Ni), in three lagoons used for fish farming. However,
aquatic systems in the high-Andean Atacama averaged dif-
ferent metal concentrations: 25.4 mg kg™! (Pb), 11 mg kg™
(Cd), 57.5 mg kg~! (Cu), and 26.7 mg kg~' (Zn). Tapia
et al. (2018) studied the metal content in sediments of Ped-
ernales, Maricunga, and Laguna Verde, and reports aver-
age concentrations of As, Cd, Cu, and Mo of 170 mg kg‘l,
1.3 mg kg!,178 mg kg™!, and 37 mg kg™, respectively,
while this study reports average values for the three same
basins, of 37.3 mg kg~!, 13.3 mg kg™!, 34.4 mg kg~ !,
and 28.5 mg kg~!, respectively. Spatial differences in the

geological and chemical properties of the drainage basins,
as well as temporal variability associated to sampling col-
lection, could explain these differences.

Considering that Pb is a volatile pollutant that is eas-
ily transported by ascending air masses and deposited by
cold condensation in high-altitude environments (Urrutia
et al. 2002), the source of the metal content such as Pb,
at least partially, could originate in the intense industrial
activity carried out in the Atacama Region’s central val-
ley. Other trace metals released into the atmosphere such
as Cd, Cu, and Zn can be transported over long distances
with aerosols or particulate forms (Hur et al. 2007; Grgic
2008; Spiro et al. 2013). For these reasons, the contami-
nants can accumulate in remote environments such as
oceans (Chance et al. 2015; Birch 2017), mountain areas
(Yang et al. 2010; Bacardit et al. 2012; Rose et al. 2012;
Bing et al. 2016), and polar regions (Shotyk et al. 2003;
Hur et al. 2007). A similar explanation was applied in cen-
tral Chile, in the case of volatile organic pollutants found
in higher concentration in Andean lakes than in coastal
lakes (Barra et al. 2001; Pozo et al. 2007). Likewise, As
is a relevant component of atmospheric dust in the desert
(Risacher et al. 2003), but it is also a pollutant released
from the numerous copper-processing plants in northern
Chile (Gidhagen et al. 2002). Thus, these causes could, at
least in part, explain the As content found in systems of the
high-Andean Atacama.

Copper mining is the primary industry in northern
Chile and, due to this, it is possible that at least a fraction
of the Cu recorded in sediments represents the contribu-
tion of this activity. Previous research performed in cen-
tral lakes of Chile by von Gunten et al. (2009) supports
the idea that a detectable signal of excess atmospheric Cu
deposition recorded in a sediment core taken in an Andean
lake coincides with the commissioning of the first indus-
trial smelters in AD 1907/1909. Also, the substantial Cu
deposition increase, recorded in the sediments from the
1960s onwards, is related to the growth of copper min-
ing in central Chile. Similar evidence was found in Inca
Coya lake (22°20.3'S; 68°35.9'W), Antofagasta Region),
where a sediment core showed a significant increase of Cu
content along the twentieth century, in concordance with
the evolution of massive copper mining activities in the
Altiplano zone (Cerda et al. 2019).

Multivariate analysis

In the case of lakes, the dendrogram showed that the chemi-
cal properties of Negro Francisco, Jilguero, Santa Rosa, and
Bravas lakes are very similar, while Verde and Bayo lakes
showed particular chemical characteristics that differentiate
them from the former group (Fig. 3). Altitudinal differences
between the lakes can explain this result, because Verde
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Table 5 Mean and Standard

o System Cu Zn Pb Cd Ni Fe Al v As Mo
deviation (S.D.) of metals
measured in sediment samples Juncalito Mean 538 283 126 48 44 08 04 492 551 2338
of high-Andean aquatic systems SD 78 49 16 05 06 00 00 32 95 29
of Atacama region. Values of Fe
and Al are expressed in % and Lama Mean 629 21.1 224 5.9 22 1.1 07 436 560 165
the others metals are expressed S.D 5.6 1.6 2.0 3.1 02 00 0.1 6.8 3.1 0.6
in mg kg™ Bayo Mean 534 227 166 8.1 29 13 03 422 406 194
S.D 14.1 2.6 6.5 1.3 08 02 00 54 102 4.0
Negro Francisco Mean 60.3 20.6 24.6 5.1 21 12 1.1 443 596 163
S.D 16.5 32 29 1.1 0.1 01 00 131 1.5 43
Jilguero Mean 563 19.0 177 8.3 26 08 02 468 345 194
S.D 12.2 35 5.9 14 08 01 00 4.1 2.6 3.6
Santa Rosa Mean 523 159 193 7.7 26 09 05 400 420 132
S.D 2.7 3.0 4.0 1.7 03 02 0.1 55 35 1.5
Laguna Verde Mean 113 375 535 31.0 45 0.6 0.1 7.1 0.3 8.6
S.D 1.0 122 6.5 7.6 1.7 01 0.0 23 0.0 5.1
Lagunas Bravas Mean 55.6 238 182 55 33 08 04 530 390 172
S.D 1.9 4.0 4.1 0.8 04 01 02 5.9 5.3 14
Gorbea Mean 622 437 163 147 295 04 05 702 173 634
S.D 63 104 6.6 40 136 03 01 240 48 118
Infieles Mean 47.6 148 20.7 43 35 05 04 376 504 233
S.D 8.2 13 8.4 0.5 02 03 01 110 4.6 39
Azufrera Mean 703 28.6 30.1 54 98 04 05 602 145 197
S.D 10.8 1.1 0.9 0.3 1.5 00 0.0 14 5.0 1.8
Isla Mean 590 39.8 307 286 266 07 04 471 195 797
S.D 7.4 5.7 3.8 23 21 02 0.1 35 1.9 127
Las Parinas Mean 722 459 79.1 273 272 07 04 416 172 615
S.D 4.1 5.1 209 44 44 0.1 0.1 6.3 52 128
Maricunga Mean 599 162 254 3.4 14 10 09 395 555 619
S.D 9.7 2.0 2.0 0.3 01 01 01 179 4.8 809
Pedernales Mean 620 214 259 5.5 19 10 10 577 560 15.1
S.D 10.6 1.2 5.0 0.5 03 00 03 5.8 5.6 22
Piedra Parada Mean 559 182 20.8 7.6 23 09 08 457 418 165
S.D 5.4 37 37 2.1 1.3 02 02 147 7.6 2.5
Salar Grande Mean 547 128 257 6.5 1.8 09 05 445 457 127
S.D 8.8 1.9 121 22 06 01 01 155 8.9 2.3
Ignorado Mean 51.0 39.1 81 334 292 06 07 515 179 708
S.D 9.9 9.1 1.5 8.5 43 01 01 176 39 210
La Laguna Mean 413 13.8 13.1 53 21 07 01 185 313 106
S.D 11.3 2.0 1.7 0.3 03 00 00 3.6 29 2.9
Aguilar Mean 69.2 39.8 243 8.8 71 05 06 629 178 418
S.D 10.6 44 2.4 1.2 26 0.1 02 274 1.6 145

and Bayo are located in the top of the altitudinal range of
the high-Andean aquatic systems of the Atacama region
(Fig. 1). Particularly, high contents of Cu in waters, and Pb,
Zn, and Cd in the sediments of Laguna Verde can explain
its uniqueness (Tables 4 and 5). It is essential to mention
that, of the six lakes studied; only Laguna Verde presented
the upwelling of thermal waters, which indicates an influ-
ence of volcanic activity on the chemistry of its waters. This
observation correlates to the fact that this lagoon had the
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lowest pH values of all those studied (Table 6), which may
be evidence of hydrothermal alteration of volcanic origin
(Risacher et al. 1999). In the case of salt flats, dendrogram
analysis identified two groups and one solitary system. La
Laguna Salt Flat constitutes an independent group, as it
differs significantly from the other salt flats (Fig. 3), with
lower V and Al contents in its sediments (Table 5) and
higher As contents in its water (Table 4). In particular, As
is six times higher than the average of the other systems.
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Water and sediment quality guidelines
Water

In a desert area such as the Atacama, high-Andean basins
are a valuable source of water for human consumption and
industrial activities. However, their use should be defined
by quality standards that establish what types of use are
allowed. Thus, Chilean legislation establishes maximum
levels of various substances (including metals) allowed for
purposes of irrigation and human consumption (MOP 1978,
2005). The concentrations measured in the waters of the salt
flats, rivers, and lakes were mostly below the detection limit
and, therefore, below the maximum levels allowed by the
regulations. Nonetheless, this was not the case for total As
and Cu contents. Concentrations of both were measurable
in all studied systems, meaning that these two metals can be
used with greater precision to evaluate water quality.

The graph in Fig. 4 classifies the systems under the regu-
latory compliance for Cu and As simultaneously. The results
show that only Gorbea Salt Flat meets the standard for irri-
gation, and none comply with the standard for human con-
sumption. However, this interpretation should be taken with
caution because, although we found pH values between 6.70
and 6.80 in Gorbea (Table 4), Risacher et al. (1999) report
pH values between 1 and 7 (mean of 3.7) in the same salt
flat. Those values are beyond the ranges established by the
water quality standards (5.5 to 9.0) for both irrigation and
human consumption (MOP 1978, 2005). It should be noted
that the water samples from this study were collected in a
different sector than those used by Risacher et al. (1999).
Those authors indicate a wide variety of water types in this
salt flat due to different water sources and substrate types.
For instance, of the four water sources sampled in Gorbea
Salt Flat, three had As concentrations exceeding the stand-
ards for human consumption. However, these waters can
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Table 6 Potential ecological risk index (PERI), with different back-
ground, for all aquatic system of high-Andean of Atacama Desert

localidad PERI (geol)  PERI (unpoll)  PERI (UCC)
Bayo 774.5 50.5 2731.5
Negro Francisco 5354 51.4 1708.8
Jilguero 788.9 52.3 2770.9
Santa Rosa 742.1 52.1 2582.7
Verde 2800.0 161.6 10,354.3
Bravas 557.5 44.8 1867.3
Juncalito 474.7 1604.3
Lama 606.7 2001.7
Agua Amarga 528.7 46.2 1570.6
Gorbea 1345.5 42.7 4959.6
Infieles 450.8 334 1448.1
Azufrera 583.8 47.7 1828.8
La Isla 2568.6 76.2 9583.3
Parinas 2585.9 132.4 9159.5
Maricunga 397.8 38.7 1167.1
Pedernales 577.3 42.1 1855.9
Piedra Parada 743.4 38.3 2564.4
Grande 660.2 42.4 2196.8
Ignorado 2918.7 54.9 11,181.6
La Laguna 514.0 25.1 1780.0
Aguilar 858.2 45.1 2950.4

be used for mining activities. In fact, a variety of mining
facilities in the area have permits to extract water for their
purposes, which are not always easy to audit.

According to Risacher et al. (1999), the carbonated and
sulfated pathways produce the best-quality waters. Those
authors indicate that, in the southern Atacama, waters from
carbonated pathways are abundant. The more diluted these
waters are, the more significant is their potential for use as
a resource for humans. However, the present study showed
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Fig. 3 Results of dendrogram of similitude analysis for lagoons (left) and salt flats (right) of high-Andean region
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that the chemical properties of the systems studied (includ-
ing those from the southern Atacama) exceed the limits
established by the water quality standard for human use.
Nonetheless, groundwaters may not present the same chemi-
cal characteristics as surface waters. Such is the case of Azu-
freras salt flat, where Risacher et al. (1999) report that the
quality of the groundwater, unlike that of the surface water,
is adequate for both human consumption and irrigation.

The fact that the waters in high-Andean systems are
not suitable for consumption by humans does not negate
their ecological value. These waters support a complex and
unique ecosystem in which the richness of plant and animal
species is directly related to the existence of water resources.
Besides, the high variability of microbiological communi-
ties in high-Andean systems like those found, for example,
in the lakes and salt flats of the Antofagasta Region (Rasuk
et al. 2015), constitute a biotechnological potential that has
yet to be evaluated in the study area.

Sediment

Sediments are the final deposit of all substances present in
a water body and those incorporated by natural and anthro-
pogenic processes. Despite their importance, unlike other
developed countries (i.e., Canada, Australia, New Zealand),
Chile has no aquatic sediment quality guidelines. Besides, a
fair sediment management should be in force that balances
between ecological risk, economic losses and the benefits
associated with setting chemical-specific sediment and water
quality thresholds (Iovanna and Griffiths 2006).

The presence of metals and other inorganic and organic
substances in aquatic systems is the result of two sources;
the natural one represented by the background levels, and

100 1

=
Drinking water
Irrigation water

° Irrigation water

Log Cu (mg L'l)
\\\N

0,01 A

0,001 %

0,001 0,01 0,1 1 10 100 1000
Log As (mg LY

Fig.4 Water quality evaluation graph for aquatic systems in the
high-Andean Atacama, based on As and Cu contents. The diagonally
hatched area indicates both waters suitable for irrigation and human
consumption
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the anthropogenic contributions that may increase the con-
centration of metals. The knowledge of the geochemical
background of hazardous elements is crucial for defining
pollution, identifying the source of contamination, and for
establishing reliable ecological risk management (Galuszka
and Migaszewski 2011). Thus, the contamination level of
metals can be defined as the difference between total and
natural background concentrations (Apitz et al. 2009).

The background concept assumes that metals present in
aquatic systems are the result of erosion of lithogenic mate-
rial of the basin, their transport, and deposition in the water
body. The concentrations of metals in the geological forma-
tion surrounding lakes, and other aquatic systems, are usu-
ally used as background values to evaluate the enrichment
into the systems. However, the natural sedimentation pro-
cess could be altered by anthropogenic activities developed
within the basin, increasing the input of material (and metals
therein), above the natural rate, to the water systems. For this
reason, the background values derived from the geological
formation are only useful when they are established before
the beginning of anthropic activities, which is not always
possible.

Reimann et al. (2005) and Reimann and Garrett (2005)
made an exhaustive review of the meaning of the “back-
ground level” concept and referred to the average concentra-
tions of metals found in environments without any anthropo-
genic intervention. The authors suggest that one of the ways
to establish these intrinsic values is through the analysis of
pollution-free zones with similar characteristics to the areas
under scrutiny.

Several methods of approximation such as the geoaccu-
mulation index (/,,,) and the contamination index (CI) are
frequently used to evaluate the environmental significance
of the presence of metals in aquatic systems (Cheng et al.
2015; Tapia et al. 2018). These indices assume a base con-
centration value that reflects a natural condition. In both
cases, the concentrations of metals in geological forma-
tions established, for example, by Rudnick and Gao (2003),
Galuszka et al. (2015), and Kelepertzis et al. (2010), have
generally been used as background values. However, other
authors propose to use local reference values that explain
the natural presence of metals in the aquatic environment
(e.g., Riemann and Garret, 2005). For instance, Tapia et al.
(2018) used background concentrations of local sediments
of Oruro, Bolivia, to evaluate the environmental condition
of an Andean river, which in the cases of As and Sb, are
distinct from values of the upper continental crust reported
by Rudnick and Gao (2014).

Unfortunately, the information concerning the chemi-
cal composition of geological formations of each Andean
basin of the Atacama Region is still scarce. For this reason,
in this study three background reference values were used;
one of them corresponding to mean concentrations found
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in aquatic systems without human intervention, the second
corresponds to the mean concentration of some geological
formations of high-Andean basins, and finally content of
metals in UCC (Rudnick and Gao 2014) were used for this
evaluation (Table 2).

The I, of Atacama Andean water systems showed dif-
ferent results depending on the background used. Only V
showed values indicating no pollution problem by this metal
in all systems, using the three background values (Fig. 5;
Table 111, Supplementary material). The use of background
values of UCC formation to calculate the I, indicates noto-
rious problem of contamination only in case of Mo and Cd
(Iye,>3) (Fig. 5; Table III, Supplementary material). When
unpolluted systems are used as background values, no sys-
tem has notorious contamination problems (/,., < 1), (Fig. 5;
Table III, Supplementary material). On the other hand,
when local geological formation is used as background, Cd
showed values above 6, which indicate a heavily polluted
condition in all systems. In the case of Cu, only Azufre-
ras, La Isla and Parinas present an unpolluted condition
(Lo < 1), while in the case of Pb, only Ignorados does not
show pollution problem. In the case of I, results, when
UCC backgrounds are used, all systems present different
degrees of contamination by Cd, Mo and As (Fig. 5; Table
IIT, Supplementary material). In general, all the metals show
noticeable differences in / ., depending on the background
values used (Fig. 5). Of the three /., results, the use of back-
ground of unpolluted systems seems to be more conservative
and similar between all metals (Fig. 5). On the contrary, the
use of UCC and geological formation background provided
more variable values suggesting that metals like Cu, Pb, Cd,
and Mo have noticeable problems of contamination, even in
those systems without historical or current record of intense
industrial activities in the high-Andean zone (Fig. 5; Table
III, Supplementary material).

As in the case of I, CI of aquatic systems showed dif-
ferences depending on the background values considered.
All the systems showed the highest CI in the case of Cu and
Pb, when geological formation values were used as back-
ground, while Gorbea, Isla, Parinas, and Ignorados showed
the highest CI of Ni, with the same background (Fig. 6;
Table IV, Supplementary material). All these systems
showed CI above 6 for these metals, which suggests very
high contamination (Table 1), result that is clearly differ-
ent to CI obtained with the others two backgrounds (Fig. 6;
Table IV, Supplementary material), which suggest low or
moderate contamination (Table 3). Cadmium was the only
metal that showed CI above 6 (very high contamination,
Table 3) for all systems evaluated, using both geological
formation and UCC background values (Fig. 6; Table IV,
Supplementary material). Of 8 metals evaluated, V, Ni, and
Zn showed no contamination or low contamination (Table 1)
in most of the systems, using the three background reference

values (Fig. 6; Table IV, Supplementary material). In gen-
eral, the use of unpolluted systems as background seems
to be more conservative resulting in similar CI between all
metals (Fig. 6) and systems analyzed (Fig. 6; Table IV, Sup-
plementary material).

Geoaccumulation index and contamination index are
two methods used to evaluate the contamination degree of
aquatic systems. However, even when both indexes use the
same background values, the results are not always simi-
lar. In the case of high-Andean systems, Fig. 7 summarizes
the cross values of both indexes, using three background
reference values. When using both indexes, with the same
background, the same conclusion is expected, which is
graphically represented by all systems located in the same
interpretation area (light blue area in Fig. 7A, B). In the case
of indexes calculated with background of geological forma-
tion, only Zn, V, and Ni indicate low or moderate contamina-
tion, while Cu, Pb, and Cd indicate the maximum degrees
of contamination, in the case of CI (> 6, Table 1; Fig. 7A,;
Table IV, Supplementary material), but not the same in the
case of I, (<4; Fig. 7A; Table III, Supplementary mate-
rial). On the other hand, when unpolluted systems values are
used as background, both indexes indicate moderate con-
tamination for all metals measured in the aquatic systems
(Fig. 7B; Tables II and III, Supplementary material). Finally,
when UCC backgrounds are used, both CI and /., suggest
moderate contamination in the case of Ni, Zn, V, Pb, and Cu,
while the other metals exhibit different degrees of contami-
nation (Fig. 7C; Tables III and IV, Supplementary material).

These results represent a serious concern to the definition
of the best strategy to evaluate the environmental condition
of high-Andean aquatic systems, because not only differ-
ent background values generate different results for a same
environmental index, but similar environmental indexes,
like CI and I, provide contradictory interpretations even
when the same background values are used. However, the
combined analysis of the environmental indexes and back-
ground values suggests that local background of unpolluted
systems seems to be a better alternative to evaluate the envi-
ronmental condition of the high-Andean aquatic systems of
Atacama region. This conclusion agrees with the advice of
some authors (Reimann and Garrett, 2005) and environ-
mental agencies (ANZECC 2000), who indicate that a local
background is a better base of evaluation of aquatic systems.

The potential ecological risk (E), as a diagnostic tool for
water pollution control purposes, is used, i.e., to sort out
which lakes/basins and substances should be specially con-
sidered (Hikanson 1980). Even when the E of all metals
showed noticeable differences depending on the background
used (Table V, Supplementary material), most aquatic sys-
tems present low or moderate risk for the metals analyzed,
except in the case of Cd and As. Cd showed extremely high
risk, in all systems, when geological formation and UCC
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background were used, while the use of unpolluted system
as background shows low risk for the systems studied. On
the other hand, As showed high risk in 11 of 21 systems,
when UCC was used as background (Table V, Supplemen-
tary material). In general, and with the exception of Cd and
As, a different background does not change the ecological
risk condition of the high-Andean aquatic systems for the
metals analyzed (Table 5). Cd is a special case, because the
differences are notoriously dependent on the background
used to calculate ecological risk. In this case, background
of geological formation and UCC provided results forty
and one hundred times higher than unpolluted background,
respectively (Table I, Supplementary material). However,
the final ecological risk condition in the case of background
of geological formation and UCC does not change, being of
extremely high risk for all the systems (Table V, Supplemen-
tary material). In the case of As, the UCC background sug-
gests that 14 systems have moderate or higher risk, while the
unpolluted system background suggests that all the systems
show low ecological risk (Table V, Supplementary material).

CI and E need to be used carefully by considering geo-
chemical background, the toxicity of metals, specific physi-
cal-chemical conditions, and the organisms’ response to
the environment for a given lagoon, which may generate
uncertainties in estimating the ecological risk (Smedley
et al. 2002). For example, the CI evaluates the proportion
of metal that exceeds the background level defined by geo-
logical formation of some basins of high-Andean Atacama
region, and not necessarily indicate an anthropogenic origin
of this excess of metal. Various factors, like the climatic and
geologic events, as well as human activities, should increase
the metal concentration in aquatic systems.
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Potential ecological risk index (PERI) evaluates the
risk condition of an aquatic system combining the effect
of individual E (Hékanson 1980), and is usually used as a
strong environmental tool to infer the health of marine and
continental ecosystems (Saravanan et al. 2018; Williams
and Antoine 2020; Xia et al. 2020; Qi et al. 2020). In high-
Andean aquatic systems, the PERI based on background of
geological formation and UCC was higher than 300 (mostly
than 600) for all the systems, which suggests considerable
and very high ecological risk. On the contrary, the use of
unpolluted systems as background indicates low ecological
risk for all the systems (Table 6).

Table 7 summarizes the SQG results and shows the val-
ues proposed by MacDonald et al. (2000) and the average
concentrations and ranges of the parameters measured in
the high-Andean Atacama systems. Ni, Zn, and Pb meas-
urements are below the TEC suggesting no adverse effect
for organisms, while Cu showed values mostly between
TEC and PEC, indicating that adverse effects may or may
not occur. Finally, both Cd and As exceed the PEC limit
proposed by MacDonald et al. (2000) for lagoon systems,
which could represent an obvious risk for the communities
of aquatic organisms that inhabit these systems. However,
it is likely that the particular physic-chemical conditions of
the high-Andean Atacama water bodies require unique ref-
erence values based on local data in order to identify base
concentrations (no anthropogenic intervention). For exam-
ple, Cheng et al. (2015) suggest that if SQGs values are
below local background values, then they should be replaced
by this last value. This is the case of the aquatic systems
of Andean region, where local background values of Cu,
Cd, and As, measured in unpolluted systems are higher
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(Table 2) than TEC proposed by MacDonald et al. (2000;
Table 3). In this regard, the data reported herein constitute
a first approach for establishing reference values aimed at
evaluating eventual contamination processes that endanger
the health of the communities of organisms inhabiting high-
Andean Atacama systems.

Regardless of the background value used to calculate
environmental indexes, there was no coincidence in the case
of both indexes of ecological risk used in this study. Only in
the case of Cd and As, using geological formation and UCC
as background, the E showed similar results to the SQG. For
the rest of the metals analyzed, there is no risk in case of E,
but SQG suggests a different degree of risk for biological
communities. This, regardless of the background value used.

This situation suggests, preliminarily, that a background
of unpolluted systems could be a more realistic reference
value to evaluate environmental conditions of high-Andean
aquatic systems of Atacama Region, Chile. However, new
studies are necessary in order to increase the temporal and
spatial representativity of the chemical composition of water
and sediments of high-Andean systems of this extreme envi-
ronment, particularly to define carefully the background

Table 7 Distribution of samples in the ranges established by the SQG
according to the analyzed metal concentrations (in mg kg™') in sedi-
ments of Altoandino systems, northern Chile. Concentrations in mg
kg™!

Metal System % of samples within ranges of the Sedi-
ment Quality Guideline
<TEC >TEC >PEC
and <PEC

Cu River 0 100 0
Lagoon 16.7 83.3 0
Salt flat 0 100 0

Ni River 100 0 0
Lagoon 100 0 0
Salt flat 71.1 28.9 0

Zn River 100 0 0
Lagoon 100 0 0
Salt flat 100 0 0

Pb River 100 0 0
Lagoon 83.3 16.7 0
Salt flat 89.5 10.5 0

Cd River 0 333 66.7
Lagoon 0 11.1 88.9
Salt flat 0 23.7 76.3

As River 0 0 100
Lagoon 16.7 11.1 72.2
Salt flat 2.6 55.3 42.1

ATEC threshold effect concentration, PEC probable effect concentra-
tion (MacDonald et al. 2000)

levels of metals that represent the geological condition of
each basin.

Conclusions

Salinity allowed the clearest classification of the three
types of systems found in the study area. On average,
salinity was lowest in rivers, intermediate in lakes, and
highest in salt flats. The chemical composition of waters
and sediments revealed a wide range of concentrations for
various metals. In particular, the average concentration of
As was three times higher in La Laguna Salt Flat than in
the other systems. The presence of some metals like Cu,
As, and Pb in the waters and sediments of these aquatic
systems can be explained, at least in part, by emissions
transported by dominant winds, from industrial (mainly
mining) zones to the high Andes through the air. geoac-
cumulation index, contamination index, and potential eco-
logical risk showed diverse threats for organisms present
in aquatic systems, but there is no coincidence between
them, related to which systems and/or metals represent
this condition, The combined analysis of the environmen-
tal indexes and background values, suggests that local
background, like unpolluted systems, seems to be a better
alternative to evaluate the environmental condition of the
high-Andean aquatic systems of the Atacama region. Sedi-
ment Quality Guidelines indicate that Cd and As constitute
a risk for the communities of organisms that inhabit these
ecosystems. Local quality standards established should be
considering the inherent physicochemical characteristics.
These norms would allow evaluation of how extreme eco-
systems might be affected by possible modifications and
processes through anthropogenic activity. Waters are not
suitable for human consumption or irrigation due to high
content of Cu and As, and pH values exceeding Chilean
water quality guidelines. However, other studies conducted
in these systems show that this resource supports abundant
wildlife, constituting unique ecosystems of extreme envi-
ronments and with great potential for non-consumptive
use such as special interest tourism and conservation.
In this last point, the chemical information and the eco-
logical risk assessment of these Andean aquatic systems
could be a contribution to the current discussion in order
to increase the protected surface by the establishment of
a new National Park.
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tary material available at https://doi.org/10.1007/s11356-022-24294-w.
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