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ABSTRACT

This study was carried out to assess the water quality in the Amuyo Lagoons, Arica & Parinacota
Region, Chile. 19 variables were monitored bi-monthly over the period of 12 months by monitoring
standardized in situ and laboratory analysis, compared to Chilean regulations. One of the main
characteristics of the waters in the Red, Yellow and Green Lagoons is having high total Arsenic con-
tent, above 10 mg L™, which is more likely related to naturally occurring biogeochemical processes
associated with the activity of volcanoes. The Wilcox diagram was classified that these waters as
C4-54 indicating high salinity and sodium absorption rate and advises against their use in irrigation.
The Stiff and Piper diagram shown an important analogy between the three lagoons, although the
HAC analysis demonstrates a greater similarity between the characteristics of the Red and Yellow
Lagoon with the Green Lagoon showed some differences. In the PCA analysis, the concentrations of
yellow and green lagoons were indicated the following arsenic parameter (13.65 mg L™ and 15.77 mg
L, respectively). Although, for the red lagoon concentration is high (18.91 mg L). Nevertheless, the
untreated water is not suitable for drinking and agriculture purpose. In our knowledge, this is first
time we reported that the water characteristics in the area of the Amuyo Lagoons in Chile.
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1. Introduction

Environmental problems related to water in arid and
semi-arid regions have evolved into an international
problem as water is a key factor in satisfying both human
requirements and those of productive activities such as
mining, livestock and agriculture [1,2]

Thus, to study the composition of hydric resources in
order to know their potential use has become essential.
Furthermore, a monitoring program is needed to provide a
representative and reliable estimation of the quality of sur-
face water bodies [3]. Irrigation of water quality is usually
related to salinity and sodium, which are probably the most
common indicators, [4] while Wilcox classification [5] and
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sodium absorption ratio (SAR) are the probed methods for
evaluating the most irrigated water [6].

On the other hand, when studying the general water
quality, multivariate statistical analysis is a tool which
allows adequate studying and interpreting of the physical
and chemical information obtained by water characteriza-
tion techniques. Among these statistical assays, cluster anal-
ysis (HCA) is widely used to evaluate surface water quality
as it allows relationships to be obtained between parame-
ters and sample zones, thus identifying the possible factors
and sources that influence the quality of hydric systems
[7] and determining if samples can be grouped into hydro-
chemical groups [8]. In this way, it is possible to obtain valu-
able information that can be efficiently used to find rapid
solutions to tackle pollution problems [9]. Hydro-chemical
diagrams can also be used to compliment the analysis and
allow the main characteristics of water source to be sum-
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marized, thereby facilitating classification. Another good
option to reduce the number of water parameters when a
large number of variables are studied without loosing too
much of the information is to apply principal components
analysis (PCA) [8].

In this way, a large number of studies that make use
of these techniques have been reported. For instance, [10]
Junxia et al. studied the enrichments of arsenic and fluoride
in groundwater from the Northern China using HCA and
[11] Giiller et al. assesed the impact of anthropogenic activi-
ties on groundwater by means of PCA and clustering.

On the other hand, also water quality dynamics infor-
mation is valuable. Water quality parameter values vary in
space, but in time too and, therefore, monitoring is a key
aspect to capture the system dynamics. In this way, it is pos-
sible to find many time-related publications about water
quality [12-14].

In this sense, in the north of Chile, particularly the
Atacama Desert that is considered the most arid area
worldwide, the hydric resources are extremely scarce.
In the region of Arica and Parinacota, transverse channels
are located with a view to the high plateau and with access
to the sea. The aquifers are constituted by fluvial quater-
nary filling in the riverbeds. These unconfined aquifers
have thicknesses of not more than 200 m and their feed-
ing is directly related to the rivers. In these sectors, the
presence of arsenic (apparently due to volcanic activity)
and boron have been detected, both in surface water and
groundwater. These systems of closed surface runoff would
be interconnected underground through the said aquifers
[15]. Many studies have been carried out on water quality
in rivers and estuaries in the region. Nevertheless, there
is very little knowledge about the water quality in lakes,
lagoons and wetlands and the potential to use the water
as a resource for human consumption and/or agriculture

and livestock activities is unclear. In the recent times, the
removal of arsenic was done by several methods such as
chemical oxidation (fenton), microbiological oxidation,
coagulation-flocculation, photocatalyst, activated carbon,
ion exchange, membrane processing, zero valent, adsorp-
tion, electrocoagulation and so on [16-31].

The present study deals with the assessment of the
water quality in the Amuyo Lagoons, since no previous
scientific study of this area has been published. During a
12 month period, 19 variables were monitored bi-monthly
by means of standardized in situ and laboratory analysis
and an in depth analysis was carried out on the data using
different tools.

2. Study area

This work considers a study area, the Amuyo sector
in the Andean foothills in the north of Chile that belongs
to the Camarones region (Arica & Parinacota), where the
Red lagoon (19K 0473441 UTM 7892761), the Green Lagoon
(19K 0473382 UTM 7892664) and the Yellow lagoon (19K
0473336 UTM 7892830), also known as the Amuyo lagoons,
are located close to the Chuquicamata (5590 m above sea
level) and Anocarire (5050 m above sea level) volcanos [32].
These lagoons, which can be seen in Fig. 1, are close to the
Caritaya reservoir (19K 0464651 UTM 7897375, 3700 m over
sea level). The Red lagoon, 130 m and 116 m away from Yel-
low and Green lagoons respectively, flows into the Caritaya
River. This region is characterized by a cold tundra climate,
with a tropical influence which concentrates rainfall in sum-
mer, and a high dryness level which increases from south
to north [33,34]. The temperature does not normally exceed
5°C with a high diurnal range, while the annual precipita-
tion is low [34]. The Amuyo lagoons correspond to hydro-

Fig. 1. Map Lagoons Amuyo, Regién de Arica y Parinacota, Chile, South America.
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thermal outcrops, whose temperature ranges from 24.5°C
on the surface and rising to 57°C at 11 m depth for the red
lagoon. The yellow lagoon has 25°C in the surface and 28°C
in the bottom of the lagoon (estimated depth of 6.5 m). For
the green lagoon, its temperature is 33°C throughout its
depth (depth estimated 3.5 m) [15]. The access to this region
is difficult, even more from January to March, while heavy
summer rains are present.

3. Methods
3.1. Monitoring parameters and analytical methods

Samples were taken bi-monthly in the four seasons
between August 2012 and August 2013, collecting seven-
teen samples of surface water from the Amuyo Lagoons.
Each sample consists of equal volumes collected from 3
locations of the lagoons, which were always the same ones.
Temperature, conductivity, pH and total dissolved solids
(TDS) were measured in situ by means of a multi-parameter
device (HI 9828 model, HANNA Instruments, USA). The
instrument was calibrated every day.

Afterwards, the samples were divided into two sets.
One set was acidified with HNO, to pH < 2 in order to be
later analyzed for heavy metals. The other was used to
determine cations (Na*, K*, Ca**, Mg?*), anions (Cl, SO,*>
HCQO,, CO,, NO,), total hardness and some other elements
such as Zn, Mn, Fe, Cu, As and B. The total arsenic was
determined in an atomic absorption spectrophotometer
(Spectr AA-200 Varian) with a cathode lamp such as Hole
(Varian), according to the methodology used by Cornejo
[35]. The remaining physico-chemical parameters of the
samples of River Camarones was recollected and were ana-
lyzed according to international standards as APHA [36],
in the Environmental Research Laboratory of Arid Zones,
LIMZA, at the University of Tarapaca (Arica, Chile).

3.2. Data processing and multivariate statistical analyses

The accuracy of the chemical analysis done in the
LIMZA laboratory (ionic equilibrium — summation of cat-
ionic charge and summation of anionic charge) was vali-
dated by means of ROPRO 8.05 software [37].

AquaChem software [38,39] was used to plot the Piper
and Stiff hydro-chemical diagrams. The latter, also called
a polygonal diagram, gives the primary qualitative infor-
mation about mineralization levels. This study uses the
concentration values for anions (right) and cations (left) to
construct polygons using parallel straight half lines. The
concentration values are expressed in meq L™. The Stiff
diagram is usually plotted without the labeled axis and is
useful while making visual comparisons of water character-
istics. The patterns tend to maintain their shape upon con-
centration or dilution, thus visually allowing the flow paths
to be traced on maps [40].

The Piper diagram is probably the method most com-
monly used to identify similarities between different water
resources. It allows the proposing mixtures happened
between different water systems, which can be classified
attending to their position in the diagram [41].

Finally, Wilcox classification [5] is carried out to study
the possibility of using water from the lagoons for irriga-

tion. This analysis is mainly based on electrical conductivity
and Sodium Adsorption Ratio (SAR).

3.2.1. Hierarchical Cluster Analysis (HCA)

Cluster analysis is a statistical tool used to classify data
groups based on their similarities. It provides intuitive
resemblance relationships between any simple variable or
sample and the whole data set and it is usually plotted in
a dendrogram, a tree diagram frequently used to illustrate
the arrangement of the clusters [42]. Hierarchical cluster
analysis (HCA) is the most common approach in which
clusters are formed sequentially, by starting with the most
similar pair of objects and forming higher clusters step by
step. The Euclidian distances (dxy) between the two sam-
ples represented by the difference between the analytical
values of the samples (x; and y) [Eq. (1)] were used as the
similarity measurements [43].

dxy = 2;:1(’(; - Yf) 1)

Thus, the hierarchical cluster analysis (HCA) was used
to test the water quality data and to determine if the sam-
ples can be grouped into hydro-chemical clusters [8]. This
procedure was carried out by means of Pirouette 3.11 soft-
ware and applied to every sample collected in the study.

3.2.2. Principal Component Analysis (PCA)

The principal component analysis (PCA) [44] provides
a way to reduce dimensionality of the data by finding lin-
eal combinations of independent variables. PCA express a
matrix X as a product of the other two matrices, the score
matrix T and the transpose of the score loadings matrix L
according to Eq. (2):

X=TL" @)

The columns of L are the principal components (PC’s),
the m elements of the first column of loadings indicate the
contribution of the original variables to the first principal
component (PC1) and the matrix of scores T is the projec-
tion of the samples over the axes defined by the loadings.
Associated with each factor is a PC, which expresses the
magnitude of variance captured by each factor.

PCA methods were performed by using Piruette 4.5
[45]. The computation of PC’s was developed using Non-
linear Iterative Partial Least Squares (NIPALS) algorithm
[46,47] over the data, because it finds the first k PC’s with-
out computing all factors. The optimal number of PC’s was
determined based on the cumulative variance percentage
of PC’s.

4. Results and discussion
4.1. Monitoring parameters and analytical methods

The statistical analysis resulting from in situ measure-
ments as well as the ion concentrations of the waters of the
Amuyo Lagoons can be found in Table 1. The dominant cat-
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ion was Na*, corresponding to 2041 + 131, 2118 + 182 and
2254 + 88 mg L for the Red, Yellow and Green Lagoons,
respectively. The order of prominence of cations in the
waters, from most abundant to least was: Na*> Ca* > K* >
Mg?*. This pattern was the same for all the three Lagoons.
On the other hand, the most abundant anion in the lagoons
was CI- with 3979 + 191, 3733 + 488 and 4023 + 46 mg L,
again for the Red, Yellow and Green Lagoon. It is worth not-
ing that there is a high concentration, around 1000 mg L, of
sulfate in each of the lagoons while the micronutrients Cu,
Fe, Mn and Zn were below the detection limit, 0.1 mg L.
The order of prominence of anions in the waters from most
abundant to least was: CI- > SO,> > HCO, > NO," with this
order also being repeated in all the three lagoons.

One of the main characteristics of water in the Amuyo
Lagoons is their high total As content, which is more likely
related to naturally occurring biogeochemical processes
associated with mineral solubilisation and volcanic activ-
ities due to the proximity of the Chuquicamata and Ano-
carire volcanos [48]. The Red, Yellow and Green Lagoons
have 18.91 + 0.71; 13.65 + 1.19 and 15.77 + 0.73 mg of As
L™ respectively; concentrations much higher than those
allowed by Chilean regulations [49,50] which are not lim-
ited to Chile, but are effective worldwide. For instance, in
the European Union (EU) elemental As and As compounds
are classified as toxic and dangerous for the environment
directive 67/548/EEC [51]. This directive lists arsenic tri-
oxide, arsenic pentoxide and arsenate salts as category 1
carcinogens and we should be noted that the concentration
of this element found in the Amuyo lagoons is consider-
ably higher than those reported in northern Chilean rivers,
which range from 1 to 3 mg L' [48], or in natural spring
waters from which people living in small villages, far from
potable water treatment plants take their drinking water
[52]. Consequently, the use of the waters in the Amuyo
Lagoons as a drinking water source or even for irrigation is
highly dangerous if untreated.

Different processes have been described as the poten-
tial technologies for As removal: membrane processes
[25,53,54], ion exchange [24,55], adsorption [27-31,56],
SORAS (Solar oxidation and removal of As) [57] or zero
valent technologies [26].

High concentrations of B were also found, with 357 + 71;
280 + 69 and 315 + 29 mg L™ for the Red, Yellow and Green
Lagoons, respectively. Again, the presence of this element is
more likely related to the volcanic activity of the region. The
WHO has estimated that the maximum acceptable B level in
water is 2.4 mg L' [58] while, in the EU, local standards estab-
lish a concentration limit of 1 mg L [59]. The applicable Chil-
ean regulation [49] does not include any concentration limit
for B in drinking water, although the highest concentration
allowed in water irrigation is 0.75 mg L [50]. Nevertheless,
the values in the Amuyo Lagoons exceed the WHO recom-
mendations by more than 7000%. Consequently, the use of
these waters is not advisable, especially considering that con-
ventional water treatments (coagulation, sedimentation and
filtration) do not remove boron to any appreciable extent and,
although some special treatments have been proven to remove
boron, the authors could not find any study which dealt with
the appropriate or higher concentration range.

The pH in the Green Lagoon demonstrated a large
variation ranging from 6.3 to 8.8. The Red Lagoon (7.2-8)

and the Yellow Lagoon (6.6-7.9) show far less variation. A
similar pattern can be seen regarding temperature, where
the Green Lagoon ranges from 20.8 to 35.9°C and the Red
and Yellow Lagoons range from 18.8 to 24.7°C and from
20.1 to 25.7°C, respectively. The temperature was found to
be almost identical in the Red and Yellow Lagoons during
sampling. Finally, it is worth noting that the total hardness
of these waters can be classified as very hard with a higher
level of Ca* (approximately 600-700 mg L) than Mg*
(approximately 30-40 mg L™).

As revealed by the relative standard deviation, nitrates,
bicarbonates, total hardness and presence of TDS afford the
highest seasonal variability. On the other hand, the lowest vari-
ations are much more dispersed and depend on each lagoon.

4.2. Hydrochemical characteristics

Using the EC and the SAR, the Wilcox diagram is pre-
sented in Fig. 2. It can be observed that all the samples cor-
respond to water with very high salinity (C4), which is not
suitable for irrigation under ordinary conditions, but may
be used occasionally under very special circumstances. In
order to use the water for irrigation, the soil must be per-
meable, drainage must be adequate, irrigation water must
be applied in excess to provide considerable leaching and
much more salt-tolerant crops must be selected [5]. Simi-
larly, the water in the lagoons is considered to have very
high sodium levels (S4) and is generally unsatisfactory for
irrigation purposes except at low and perhaps medium
salinity [5]. Consequently, considering the complete Wilcox
classification (C4-54), it can be deduced that these waters
are not recommendable for irrigation due to an excess of
salinity and sodium. Nevertheless, it is worth commenting
that some vegetal species such as moss or lichen, in addition
to animal tracks can be found in the vicinity of the lagoons.

The Piper diagram (Fig. 3) shows that Na* is the main
cation present in the lagoon waters, while chloride is the
most abundant anion species. It can be clearly seen that all
the samples are located next to each other indicating almost
equal characteristics. This is also reflected in Table 2, where
a water composition classification given by AquaChem
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Fig. 2. Wilcox diagram where RL, YL and GL stands for Red,
Yellow and Green Lagoons, respectively.
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Piper Diagram
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Fig. 3. Piper diagram.

Table 2

20 20 40 60
Ca HCO3 + CO3

80
cl

Hydro-chemical classification of the Amuyo Lagoons waters

Lake Sample Type of Water CE nS/ Sodium
“AquaChem” cm Adsorption
Ratio (SAR)
Red MA-0011-13 Na-Cl-B 14660  28.13
Lagoon  MA-0011-28 Na-Cl-B 14140  25.62
MA-0012-12 Na-Ca-Cl 14900  23.21
MA-0012-32 Na-Ca-Cl 14170 19.33
MA-0014-18 Na-Ca-Cl 14410 22.28
MA-0014-25 Na-Ca-Cl-B 14740  21.27
Yellow  MA-0011-16 Na-CIl-B 14590 22.35
Lagoon  MA-001129 Na-Cl 11250  24.08
MA-0012-13 Na-Ca-Cl 14720 2218
MA-0012-33 Na-Ca-Cl 12880 21.85
MA-0014-19 Na-Ca-Cl-B 14120  23.06
MA-0014-24 Na-Ca-CI-B 14610 21.81
Green  MA-0011-14 Na-Ca-Cl 25040 23.09
Lagoon  MA-0012-14 Na-Ca-Cl 14930  23.36
MA-0012-34 Na-Ca-Cl 12020 22.27
MA-0014-20 Na-Ca-Cl-B 14140  21.27
MA-0014-26 Na-Ca-Cl 14490 21.86

software is presented. The samples can be divided into
four water faces: Na-Ca-Cl (9 samples, 53%), Na-Ca-Cl-B (4
samples, 23%), Na-Cl-B (3 samples, 18%) and Na-Cl (1 sam-
ple, 6%). Again, some type of relationship can be observed
between the Red and Yellow Lagoons as 4 out of 6 samples
have the same classification. The Green Lagoon water is also

similar to the other waters, but with a lower coincidence.
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All the polygons shown in the Stiff diagram (Fig. 4)
resemble each other, once more indicating that the lagoon
characteristics are analogous. The species with the high-
est concentrations present in the diagram are chloride and
sodium plus potassium; sulphate and calcium are present
in medium concentrations and bicarbonate and magnesium

in low concentrations.

4.3. Principal Components Analysis (PCA)

By PCA, the samples were separated in three non-over-
lapping classes, corresponding RL, YL, and GL (Fig. 5A).
Using auto-scaling as a preprocessing, the cumulative vari-
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Fig. 5. PCA scores plot (A) and PCA loading plot (B) for the samples collected from the Amuyo Lagoons (red data — Red Lagoon, yel-
low — Yellow Lagoon, green data — Green Lagoon). These data were autoscaled and the PCA has been validated by cross validation.
The variance for PC1, PC2 and PC2 are 29.7%, 16.3%and 15.4% respectively.

ance explained by the first three PCs is 61.5%. The data
classification in Lagoons by the scores plot allows identi-
fying significant differences between the physicochemical
properties of the lagoons. The loading plot (Fig. 5B) shows
the role of the physicochemical variables by the differences
showed in the scores plot. In this way, the Green Lagoon
shows higher values for HCO,  and T and lower values for
As and EC. On the other hand, the Yellow Lagoon is clas-
sified mainly for its lower values of SO, %, Na*, EC and As.

4.4. Hierarchical Cluster Analysis (HCA)

In order to determine the composition and physico-
chemical property patterns in the studied samples, HCA
was used. The first analysis was carried out (figure not
shown) including all the variables studied (see Table 1).
This analysis showed an important temporal relationship
between the samples, but no important information regard-
ing the lagoons. Thus, the analysis was repeated using
only general parameters (pH, T, EC, total hardness and
TDS) plus As and B as key components. All the cations and
anions were excluded from this analysis and the results are
shown in Fig. 6. Primary outcomes still show an import-
ant analogy between the consecutive samples of the same
lagoon (GL-5 and GL4; YL-6 and YL-5; RL-6 and RL-5; RL-3
and RL-4). On the other hand, it is noted that the Subgroup
I displays a correlation between Green Lagoon samples (4
out of 5 Green Lagoon total samples). In a similar way, Sub-
group IV shows parallelism between all the Yellow Lagoon
samples, all the Red Lagoon samples and subsequently,
between Red and Yellow Lagoon samples. This is in accor-
dance with the data previously expressed which intimately
related these lagoons. Subgroup III shows that the first
sample of the three Lagoons, corresponding to the samples
collected in spring presents an important relation between
them, especially in respect to Red and Yellow Lagoons. It

should be commented that the second Yellow Lagoon sam-
ple is a subgroup by itself (Subgroup II) which is proba-
bly caused by EC and TDS values, which are the lowest of
their respective series. Subgroups I and II form the Group I
which includes all Green Lagoon samples except GL-1. Sub-
groups III and IV form Group II which includes all the Red
Lagoon samples, the first Green Lagoon sample and all the
Yellow Lagoon samples except YL-2, show once again the
great resemblance between the Red and Yellow Lagoons.
Finally, the figure shows how Groups I and II do not cor-
respond, indicating that the Green Lagoon demonstrates
some general differences from the other two lagoons. This
connection may be related to rain, the total volume of the
lagoons and their relative position. The Green Lagoon is the
furthest from the river and is the highest, the Red Lagoon is
located in the middle (position and height) and the Yellow
Lagoon is the closest to the Caritaya River and is the low-
est. In the Andean foothills, there can be significant rainfall
meaning that, due to the height difference, water from the
Green Lagoon may flow to the Red Lagoon and in the same
way, from the Red Lagoon to the Yellow Lagoon (see Fig.
1). However, the Red Lagoon is probably not influenced
by this fact, because its volume is much greater than that
of the Green Lagoon. On the contrary, the Yellow Lagoon
receives water from the Red Lagoon and due to its lesser
volume, this effect might be more noticeable as it has been
seen throughout this paper.

5. Conclusions

In this study, the first time we successfully reported the
quality assessment and characteristics of the waters in the
Amuyo Lagoons, Chile. The annual averages of the studied
parameters show a very high concentration of As (18.91 +
0.71;13.65 + 1.19 and 15.77 + 0.73 mg of As L™ for the Red,
Yellow and Green Lagoons, respectively) and B (357 + 71;
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Fig. 6. HCA of the samples collected from the Amuyo Lagoons (RL — Red Lagoon, YL — Yellow Lagoon, GL — Green Lagoon).

280 + 69 and 315 + 29 mg L7, following the same order).
Both values are clearly above both the Chilean and interna-
tional regulations for drinking and irrigation water. Due to
their high salinity and SAR, these waters are classified as C4
and 54 in the Wilcox diagram which advises against their
use for irrigation. The Piper diagram and the Stiff diagram
show a high similarity among the lagoon water characteris-
tics. However, the HCA revealed a higher analogy between
the Red and Yellow Lagoons and some differences with the
Green Lagoon characteristics. In the PCA, it is observed
that the arsenic concentration in the three lagoons differ
between them, with the green and yellow lagoons being the
most similar and differing from the red lagoon.
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