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A B S T R A C T

This study investigates the suitability of statistical techniques for evaluating the fluoride content and the
groundwater quality from Robles Department (RD) and Banda Department (BD) in Santiago del Estero
(Argentina). For the original statistical study, evaluation of nine parameters (fluoride, pH, conductivity, atmo-
spheric and water temperature, total dissolved solids, chloride, hardness, and alkalinity) of 110 collected un-
derground water samples from 23 dispersed rural areas was proposed. Groundwater samples were obtained by
sampling taken from wells at different depths. Fluoride levels were determined by a standard colorimetric method
in two seasonal periods, the dry (from April to September) and rainy (from October to March) period. The
analytical results obtained for physicochemical parameters such as pH, total dissolved solids (TDS), and tem-
perature does not reveal any notable difference between the rainy and dry seasons studied. In both seasons, the
atmospheric temperature average was 22 �C. With respect to fluoride content, approximately 50% of the analysed
groundwater samples exceeded the limit established by current legislation (1.0 mg/L), obtaining concentration
levels in the range of 0.01–2.80 mg/L. This study demonstrates the usefulness of the univariate statistical method
(quartiles calculation, interquartile range IQR), multivariate principal component analysis (PCA), and cluster
analysis to establish a better understanding of the state of the contamination of the waters in the region studied.
1. Introduction

Groundwater is the main fresh water renewable resource for humans.
Wells and shallow aquifers constitute the most accessible and exploited
reservoirs for drinking purposes; however, they are also susceptible to
pollution by natural sources and anthropogenic activities (WHO, 2011;
Machiwal et al., 2018). Water–rock interaction, mineral dissolution,
groundwater residence time, flow paths, and human exploitation are the
main factors deteriorating groundwater quality (Kumar et al., 2016).
Many scientific articles concerning the contaminant elements contents
such as volcanic ash coming from natural processes in groundwater in
Argentina and the rest of Latin America have been widely reported
(Esposito et al., 2011; Kim et al., 2012; Borgnino et al., 2013; Gar-
cía-S�anchez et al., 2013; Bustingorri and Lavado, 2014). Different sci-
entific studies have provided information about the main components of
these sediments being responsible for the most prevalent forms of arsenic
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and fluoride (Alarc�on-Herrera et al., 2013; Martín et al., 2016; Zabala
et al., 2016; Navarro et al., 2017).

Inorganic and organic fluorides (calcium fluoride, sodium fluoride,
fluorapatite, and cryolite) present in igneous and sedimentary rocks, as
well as in volcanic ashes, coal, and clays constitute the main source of
fluoride in groundwater (Rao, 2003; Ozsvath, 2009; Rondano et al.,
2010; Jagtap et al., 2012; Narsimha and Sudarshan, 2017). The con-
centration of fluoride in this type of water will depend on mineral solu-
bility, characteristics, and chemical water composition (pH, alkalinity,
salinity, redox reactions, chloride levels, total hardness, total dissolved
solids, porosity, soil acidity, and temperature, among others), as well as
the ability to generate an ion exchange with other substances present
(Viswanathan et al., 2009; Banerjee, 2015; Sracek et al., 2015; Li et al.,
2018). This phenomenon has become an environmental and health
problem for water consumers. Groundwater with high fluoride concen-
tration (>1.5 mg/L), according to World Health Organization (WHO,
ebruary 2020
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2011), affects more than 260 million people worldwide (Mondal et al.,
2014). Fluoride is an essential micronutrient, which plays a fundamental
role in bone formation, proper conservation of dental enamel, and the
prevention of teeth from caries (Pollick, 2018). However, continued
consumption of water with small amounts of fluoride could cause fluo-
rosis (Viswanathan et al., 2009) producing dental problems, stains or
cavities (Guissouma et al., 2017), and bone malformations (atrophy of
growth and loss of mobility) (Kravchenko et al., 2014; Gupta et al.,
2017).

The province of Santiago del Estero is located between 25�33’03”S
and 30�41’20”S, 61�32’24”W and 65�10’46”W. The province is located
in the Chaco Pampeana Plain, and is crossed by the Dulce River. The
province is a large sedimentary loess plain that is limited to the south,
west, and northwest by the mountains of Sumampa–Ambargasta
(maximum elevation of 600m), Guasay�an (730m), and Cerro del Remate
(650 m), respectively.

The canyons of the Dulce River include reddish brown limolithic and
silt-like conglomerates. In addition, a crystalline basement and acid
volcanic rocks are distinguished, which usually contain high concentra-
tions of fluoride, arsenic, and sulphates, among other components, pro-
ducing natural fluoride and arsenic contamination (Martín and Palazzo,
2009).

The channel of the Dulce River is related to large mega fractures
(meridian faults), which have led to major modifications along the river
course generating deep tectonics that has affected the aquifers
throughout the province.

Mechanically extracted groundwater in Santiago del Estero is the
main water source of human consumption for people living in rural areas
that belong to this region. This water is treated according to potable
standards for the water supply to the cities and urbanized areas, but not
in rural areas (Peralta and L�opez Sardi, 2012). Most of the studies re-
ported on water quality in the region of Santiago del Estero have focused
on the problem of arsenic (Herrera et al., 2000; Nicolli et al., 2012;
Pereyra et al., 2014; Litter et al., 2015). Currently, there is only a pre-
liminary study conducted by the authors that evidenced the presence of
high fluoride content in the water of rural areas in Robles Department
(RD) and Banda Department (BD) (Rondano et al., 2008). Taking into
account the problematic situation in a wide area of RD and BD in San-
tiago del Estero Province, the goals of the present study were to (1)
evaluate the potential pollution situation of this region; (2) investigate
the temporal evolution of groundwater quality in RD and BD during the
dry (from April to September) and rainy seasons (from October to March)
to determine the fluoride concentration variability; and (3) demonstrate
the usefulness of univariate methods such as interquartile and inter-
quartile range (IQR) calculation, and multivariate statistical methods
such as principal component (PCA) and cluster analyses to identify the
factors that influence the analysed system. The obtained results could
provide a valuable tool for implementation of corrective measures to
possible contamination situations.

2. Materials and methods

2.1. Reagents and materials

Zirconium oxychloride, sodium alizarin sulfonate (S-alizarin), black
eriochrome T (BET), sodium ethylenediaminetetraacetate (EDTA-Na2),
hydroxylamine hydrochloride, and methyl orange were supplied by
Merck (Germany). Sodium fluoride, sodium carbonate, potassium chro-
mate, and calcium chloride were obtained from Biopack (Argentina).
Hydrochloric acid, sulphuric acid, silver nitrate, sodium chloride,
ammonium chloride, and ammonia were purchased from Cicarelli
(Argentina). All reagents used were of analytical grade. Deionized water
used for all aqueous solutions was obtained using a Milli-Q water system
(Millipore, Germany). Calibrated plastic material was used for fluoride
determination. For the rest of chemical parameter determination, cali-
brated glass material was utilized.
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2.2. Study area

RD is located at the centre of Santiago del Estero Province, in north
central Argentina. It is limited to the south by San Martin, to the east by
Sarmiento, and to the west and north by two of the most populated and
urbanized areas, Capital and Banda departments, respectively (Fig. 1).
RD has an area of 1424 km2 with a population of 44,415 and a population
density of 30.8 people/km; 50% of its inhabitants live in rural areas
(INDEC, 2010).

BD is located at the centre-west of Santiago del Estero Province. It is
limited to the Capital, Rio Hondo, Robles, Jimenez, and Figueroa de-
partments (Fig. 1). The Banda is the most important city in BD and is
separated from the provincial capital by the Dulce River. BD has an area
of approximately 3597 km2, which represents 2.6% of the total provin-
cial area. According to INDEC, 144,136 people live in this department.
BD has a population density of 39.6 people/km2, with an increase of
1.16% per year, from 2001 to the present. Approximately 15% of in-
habitants live in rural areas.

RD and BD, as well as the rest of the province, are flat, extensive and
extremely saline, founded on a crystalline base with fine-textured sedi-
ments (loess) such as volcanic ashes, sands, loams, and clays formed
during the Pleistocene (Castro de Esparza, 2004; Mon and Guti�errez,
2007; Nicolli et al., 2012).

This province belongs to the semi-arid Chaco region. Its climate varies
from arid and semi-arid to continental-warm sub-humid, with average
annual temperatures of 20�22 �C, and maximum temperatures of 45 �C
in summer andminimums of�5 �C in winter. Two quite different seasons
are found: the dry season, with average temperature of 12 �C, and the
rainy season with average temperature of 30 �C and rainfall up to 900
mm (Lorenz et al., 2000; Gaillard de Benítez et al., 2014). The study area
covers approximately 1000 km2 and is shown in Fig. 1, and comprises 23
zones. In RD, the following zones are monitored: Los Romanos, La Flor-
ida, Los Arias, Los Pereyra, La Rivera, Higuera Chacra, Taco Pujio, Tala
Pozo, San Marcos, Fern�andez, Pozo Suni, El Mistol, Colonia Jaime, Villa
Hip�olita, and Tramo 20. In BD, the following zones are monitored: El
Puestito, Cara Pujio, San Juan, San Lorenzo, Victoria, 4 Horcones, Los
�Alamos, and Colonia Argentina.
2.3. Sampling techniques

A total of 110 groundwater samples were collected from different
scattered rural dwellings located in RD and BD (Santiago del Estero,
Argentina). The study area is shown in Fig. 1. The number of samples
from each zone was as follows: Los Romanos (2), La Florida (8), Los Arias
(9), Los Pereyra (6), La Rivera (4), Higuera Chacra (1), Taco Pujio (2),
Tala Pozo (3), San Marcos (1), Fern�andez (4), Pozo Suni (10), El Mistol
(5), Colonia Jaime (9), Villa Hip�olita (4), Tramo 20 (3), El Puestito (4),
Cara Pujio (9), San Juan (7), San Lorenzo (3), Victoria (1), 4 Horcones
(2), Los �Alamos (6), and Colonia Argentina (7). Most of the groundwater
samples were extracted from aquifers or groundwater wells (not
exceeding 30 m) by rudimentary drilling performed by rural inhabitants.
These perforations consist of holes in the ground with very small di-
ameters made by the introduction of metal tubes, which, with the help of
the manual force and rudimentary tools turn in depth until reaching the
underground aquifer. Once the drilling has been conducted, pumps that
act as taps are placed for water extraction. The deepest perforations (up
to 120 m) were performed by government entities with specialized tools.
The well depth for sampling water goes from the soil to the surface of the
water. Two samplings per year were taken, corresponding to the dry
(April–September) and rainy season (October–March), respectively,
during 2008–2013.

Sampling was performed in accordance with IRAM Norm 29012-2
(IRAM, Institute Argentine of Normalization and Certification of Mate-
rials). All samples were collected for laboratory analysis using 1 L poly-
ethylene sterilized bottles and stored at 4 �C until analysis.



Fig. 1. Geographic location of the study area of Robles and Banda departments in Santiago del Estero Province (Argentina). Geographic distribution of sampling
locations in both departments.

K. Rondano G�omez et al. Geoscience Frontiers 11 (2020) 2197–2205
2.4. Water parameters determination

The environmental and water sample temperatures were determined in
situ using a thermometer (Franklin RA, Argentina). Electrical conductivity
(EC) and pH values were measured in the analytical laboratory of the
National University of Santiago del Estero by a multiparameter 850081
(Sper Scientific LTD, USA) equipped with a combined glass electrode PY41
(Alpha, USA) and a conductivity cell 850084 (Sper Scientific LTD, USA).
Total dissolved solids (TDS) were determined using the values obtained
from electrical conductivity, applying a mathematical equation and
dividing the conductivity values by a factor of two (Fuentes et al., 2002).
Chloride concentrationwas analysed by the precipitationmethod. A 10mL
aliquot of each sample was placed in a flask and 1 mL of indicator solution
(potassium chromate 5% w/v) was added. The mixture was titrated with
0.1 N silver nitrate until the indicator colour turned red. Total hardness
was determined by complexometric titration. A volume of 5 mL of sample
was placed in a flask and 1 mL of buffer (pH 10) plus 3 drops of the BET
(indicator) solution were added. The mixture was titrated with 0.01 N
EDTA-Na2. Total alkalinity was determined by acid–base titration. A 10
mL aliquot of sample with methyl orange indicator was titrated with
certified 0.1 N HCl.

Fluoride content was determined by the standard colorimetric method
using as a colour reagent a solution of zirconium oxychloride and sodium
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alizarin-sulfonate (S-alizarin) in acid medium (Bumsted and Wells, 1952;
Crosby et al., 1968; Cardwell et al., 1988; Kundu et al., 2009).
2.5. Statistical analysis

In the present study, univariate and multivariate statistical methods
were used to simplify and organize large data sets to provide meaningful
insight into groundwater contamination in the Robles and Banda de-
partments. More specifically, the statistical techniques examined the
relationships among variables determined in several samples and
returned a list of significant factors that control the related variables. All
data sets of the studied parameters (fluoride content, pH, conductivity,
environmental and water temperatures, TDS, chloride concentration,
hardness, and alkalinity) during the dry and rainy seasons, were analysed
by applying the univariate statistical method, which includes the lower,
median, and upper quartiles (Q1, Q2, and Q3) and the inter-quartile range
(IQR). In addition, for the analysis of fluoride variability in both stations,
the linear regression method was applied.

Principal components analysis (PCA) was chosen as the multivar-
iate method to determine the variation in the parameter values be-
tween zones and sampling periods. Furthermore, the variation in
fluoride level in the water samples collected depending on the well
depth was studied by the cluster multivariate method (Salifu et al.,
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2012; Brahman et al., 2013). Microsoft Excel and Infostat softwares
were used to perform univariate and multivariate statistical analysis of
all data, respectively.

3. Results and discussion

3.1. Seasonal variation of groundwater quality: univariate study

The hydrochemical analysis (ambient and water temperatures, pH,
conductivity, alkalinity, hardness, TDS, chloride, and fluoride concen-
trations) data of 110 groundwater samples collected from Robles and
Banda departments during both dry and rainy seasons are presented in
Supplementary Table 1. A univariate statistical analysis including the
lower, median, and upper quartiles (Q1, Q2, and Q3) was performed, and
the interquartile range (IQR) was calculated to provide meaningful in-
sights about the deterioration in the groundwater quality (Table 1). The
electrical conductivity (EC) data were in the range of 228–6770 μS/cm
and 202–7320 μS/cm for dry and rainy seasons, respectively, which in-
dicates the level of mineralization. In the dry season water sample tem-
perature, Ta, was between 10 �C and 24 �C and pH was between 6.79 and
9.23. For the rainy season, water sample Ta was in the range of 19–36 �C
and pH varied from 6.85 to 9.18. These results assume that 95% of the
analysed samples were within the pH range (6.50–8.50) established by
the World Health Organization (WHO) and the Argentine Food Code
(2012) for human water consumption. The average environmental tem-
perature of the workday in the dry season was 20 �C with a maximum
value of 24 �C. Water and environment temperatures were higher for the
rainy than the dry season. These values are logical since the rainy season
coincides with summer. Alkalinity due to the presence of CO3

2– and
HCO3

– is not harmful to human health; however, values higher than 500
mg/L cause an unpleasant taste. According to the results obtained for the
dry season 35% of the analysed samples exceeded this value, which is
reflected in the third quartile Q3 (590 mg/L) and the average obtained
(484 mg/L). In the rainy season, alkalinity was in the range between 141
mg/L and 843 mg/L with an average of 417 mg/L, and only 29% of the
samples exceeded the permissible limit of 500 mg/L. In both seasonal
periods studied 4% the groundwater samples exceeded the TDS limit
(1500 mg/L CaCO3) established by the Argentine Food Code (2012).
Nevertheless, 16% of samples showed a concentration above 1000 mg/L,
which would be indicative of an important amount of ions in solution
(Salifu et al., 2012) and could be explained by the presence of high
concentrations of HCO3

– salts. These results were according to the high
alkalinity and pH of the samples tested. With respect to water total
hardness, 5% and 14% of groundwater samples exceeded the limit of 400
mg/L during the rainy and dry seasons, respectively. Therefore, 10% of
samples exceeded the chloride limit established by legislation (350
mg/L).

According to World Health Organization (WHO, 2008) and the
Argentine Food Code (2012), the minimum and maximum fluoride
concentration limits in water for human consumption must be estab-
lished taking into account the air temperature average of the area under
Table 1
Statistical results of the parameters measured in groundwater samples during the d
interquartile range (n ¼ 110).

Parameters Dry season

Min Max Average SD Q1 Q2 Q3

pH 6.79 9.23 7.70 0.49 7.36 7.64 7.97
Temperature (�C) 10 24 20 3 20 21 22
EC (μS/cm) 228 6770 1459 845 875 1280 1748
TDS (mg/L) 114 3385 729 423 437 640 874
Alkalinity (mg/L) 157 1325 484 185 345 451 590
Cl– (mg/L) 45 792 178 132 92 138 218
Hardness (mg/L) 30 906 236 167 132 197 290
F– (mg/L) 0.01 2.80 1.01 0.66 0.44 0.93 1.47

TDS: Alkalinity and hardness are expressed in mg/L CaCO3; SD: standard deviation.
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study (Sujana and Anand, 2011). During both seasons, the environmental
temperature average was 22 �C, and the corresponding established limits
were fixed at 0.70 mg/L and 1.00 mg/L as low and high values, respec-
tively (Fig. 2). In this study, the fluoride content for groundwater samples
ranged between 0.01 mg/L and 2.80 mg/L in the dry season and
0.01–2.35 in the rainy season. These high concentrations are included in
the value of the third quartile (Q3) of the distribution. Approximately
50% of the samples exceed the maximum limit of 1.00 mg/L F– (Sup-
plementary Table 1).

Fig. 2 shows the fluoride concentrations, in both the dry and rainy
seasons. The horizontal lines indicate the minimum and maximum limits
established by legislation. During the rainy season, a decrease in the
fluoride concentration in 38% of samples can be observed, representing
47% of total samples. This might be explained by the excessive dilution of
the groundwater because of rainfall. In the dry season, a wide concen-
tration range was found (0.07–2.80 mg/L). Out of the 110 samples
analysed, 51 samples showed values higher than the maximum (1.0 mg/
L). In the rainy season, 42 samples, which represent 38% of the total
samples, exceeded this limit. It was also observed that approximately the
50% of samples showed fluoride concentrations above the maximum
limit for the two seasons studied. This fact might be indicative of
considerable water pollution by fluoride.

In the dry season, 43.6% of the samples had fluoride content below
0.7 mg/L, which is the minimum amount in water recommended by
current legislation, and 46.4% of the samples exceeded the maximum
limit allowed (1.0 mg/L). Only 10% of the samples were in the range
recommended by legislation (0.7–1.0 mg/L) as appropriate for human
consumption.

In the rainy season, 39.1% of the samples have fluoride content below
0.7 mg/L and 37.3% of the samples exceeded the maximum limit.
Therefore, 23.6% of the samples are in the range recommended.

3.2. Principal components analysis

Principal component analysis (PCA) is a multivariate statistical
technique used to reduce the dimensionality of a data set (Terr�adez
Gurrea, 2010a,b), determine the causes of the variability that occur, and
sort the data according to importance (Ramirez et al., 2005; Ch�avez et al.,
2015). This technique transforms a number of variables with a certain
degree of correlation, into another smaller number of uncorrelated var-
iables called principal components, which result from linear combina-
tions of the original variables. This technique is based on the
decomposition of the original data matrix in three matrices: A, B, and C.
Matrix A contains the coordinates of the samples in all the principal
components established, matrix B (eigenvalues) contains the variances
explained by the principal components, and matrix C or the load matrix
(eigenvectors) contains the contribution coefficients of the original var-
iables in the principal components (Davis, 1986; Ramírez et al., 2005;
Ch�avez et al., 2015). The variation in parameters studied (alkalinity,
TDS, pH, chloride, hardness, and fluoride concentration) in the ground-
water samples of the research area vary differently and PCA is therefore
ry and rainy seasons indicating average, standard deviation, quartiles, and the

Rainy season

IQR Min Max Average SD Q1 Q2 Q3 IQR

0.60 6.85 9.18 7.73 0.48 7.41 7.71 7.95 0.54
2 19 36 24 3 22 23 26 4
873 202 7320 1455 894 850 1303 1858 1008
437 101 3660 728 447 425 651 929 504
245 141 843 417 152 285 392 524 239
126 36 657 174 120 94 128 220 126
158 20 1039 185 134 116 158 233 116
1.02 0.01 2.35 0.78 0.58 0.30 0.60 1.32 1.02



Fig. 2. Evaluation of the fluoride concentration (mg/L) in the samples collected during both dry and rainy seasons. (––) High and (---) low values established by
legislation.

Table 2
Principal component loadings of variables, and percentage of partial and cu-
mulative variances in dry and rainy seasons.

Variables Dry season Rainy season

PC1 PC2 PC3 PC1 PC2 PC3

Alkalinity 0.45 0.32 �0.34 0.48 0.43 �0.09
Fluoride 0.46 0.08 0.50 0.53 0.15 �0.27
pH 0.54 �0.09 0.11 0.54 �0.26 0.29
TDS 0.20 0.68 �0.36 �0.04 0.27 0.90
Chloride �0.20 0.56 0.68 0.10 0.67 �0.02
Hardness �0.46 0.34 �0.16 �0.43 0.46 �0.16

Partial Variance (%) 46.5 23.2 13.9 39.3 27.9 17.2

Cumulative Variance
(%)

46.5 69.7 83.6 39.3 67.2 84.4

K. Rondano G�omez et al. Geoscience Frontiers 11 (2020) 2197–2205
applied to the correlation matrix for the present study. When the corre-
lation matrix is used, each variable is normalized to unit variance and
contributes equally. The PCA results of six parameters evaluated from
110 groundwater samples, collected from the 23 zones under study, in
both seasons, are shown in Table 2. To avoid the numerical range
problems of the original variables, the PCA analysis was performed by
diagonalization of the correlation matrix, so all variables contributed
equally since they have been scaled with respect to the variance unit. The
variables were grouped into three principal components (PC1, PC2, and
PC3), which explain 83.6% and 84.4% of the cumulative variances for
dry and rainy seasons, respectively. PC values (load) higher than 0.40
indicate a high association between the variables considered. Table 2
summarizes the PCA results including the contribution of each variable,
the loading of each principal component and the explained and cumu-
lative variances.

For the dry season, PC1 was responsible for 46.5% of the total vari-
ance. Absolute values higher than 0.40 correspond to alkalinity, fluoride
content, pH, and hardness, and were highly correlated with PC1. PC2
explained 23.2% of the total variance and was mainly contributed by the
variables of TDS and chloride concentration. Additionally, 13.9% of the
total variance was explained in PC3 and fluoride and chloride concen-
trations gave the most contribution. For the rainy season, the variables of
alkalinity, fluoride level, pH, and hardness were highly correlated with
PC1 (with a partial variance of 39.3%); variables such as alkalinity,
chloride concentration, and hardness were highly correlated with PC2
(partial variance: 27.9%); PC3 explained the 17.2% of the total variance,
and TDS provided the most contribution.

The 23 zones studied were projected onto factorial axis representing
the percentage variation in each principal component. Figs. 3 and 4 show
the PCA plots for the variables studied in the dry and rainy seasons,
respectively.
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Fig. 3a shows the score plot for the first two PCs in the dry season,
explaining 69.8% of the total variance. PC1 presents high loads in the
variables of pH, alkalinity, hardness, and fluoride content. The corre-
sponding areas to Fern�andez, Tala Pozo, Tramo 20, Los Arias, Pozo Suni,
and San Marcos are associated with the high fluoride content. In addi-
tion, in the areas of the Fern�andez, Tala Pozo, and Tramo 20, the highest
values of pH and alkalinity were found. Hardness has a strong association
with Cara Pujio. PC2 explains the TDS and chloride variables. El Puestito
and Colonia Argentina present a strong association to these variables.

Fig. 3b explains the 60.4% of cumulative variance, reflected in the
PC1–PC3 components. This confirms the behaviour of PC1 observed
previously and shows that PC3 confirms the strong association of fluoride
with the zones Fern�andez, El Puestito, and Victoria, and chloride with El
Puestito.

Fig. 3c explains the 37.1% of the cumulative variance, reflected in the
PC2–PC3 components (Table 2). The figure shows the strong association
that TDS has with Colonia Argentina.

Fig. 4a explains 67.2% of total variance reflected in components
PC1–PC2, while Fig. 4b explains 56.5%, expressed in components
PC1–PC3 (Table 2).

From the analysis of PC1 in Fig. 4a, it can be observed that the var-
iable pH presents a strong association with the zones of Tramo 20 and
SanMarcos, while in Fig. 4b, it is also associated with Fern�andez and Tala
Pozo.

It is also observed that the variable fluoride presents high loads in
PC1, which are associated with the Fern�andez and Victoria areas, while
in Fig. 4b this association is manifested with El Puestito, Victoria, and 4
Horcones. Both PC1 and PC2 show a strong association in Cara Pujio with
hardness. PC2 indicates a strong relationship between chloride and El
Puestito.

Fig. 4c represents 45.1% of the cumulative variance, manifested by
the PC2–PC3 components. These components present loads greater than
0.40 with the variables alkalinity, chloride, hardness, and TDS (Table 2).
Fig. 4c shows a high chloride association with the zones El Puestito,
hardness with Cara Pujio, and TDS with Fern�andez.
3.3. Cluster analysis

The cluster analysis implements different processes to group objects
described by a set of data from several variables (Li et al., 2012). In this
work, the simple linkage method (Terr�adez Gurrea, 2010a,b) was applied
to determine the variation in fluoride concentration in groundwater
samples depending on the well depth fromwhich samples were collected.
Supplementary Table 1 summarized the groundwater samples and the
well depths. The results of the hierarchical cluster analysis were given as
a dendrogram (Fig. 5). As can be seen from the figure, the samples
collected from the different zones in the Robles and Banda departments



Fig. 3. Bivariate plots of the different PCs during the dry season: (a) PC1 vs. PC2, (b) PC1 vs. PC3 and (c) PC2 vs. PC3.
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Fig. 4. Bivariate plots of the different PCs during the rainy season: (a) PC1 vs. PC2, (b) PC1 vs. PC3 and (c) PC2 vs. PC3.
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Fig. 5. Hierarchical cluster for the analysed groundwater samples depending on
the wells depth in the (a) dry season and (b) rainy season.
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during different seasons were clustered together. Fig. 5 shows the dry and
rainy season dendograms, respectively. The horizontal axis indicates the
Euclidean distances or the correlations between the well depths and the
fluoride concentrations of the samples, and the vertical axis indicates the
nominal variable (depth).

Two principal clusters (A and B) are observed when a Euclidean
distance of 1.03 is considered (Fig. 5a). Cluster A groups include
groundwater wells with lower fluoride levels, cluster B those with higher
levels. When a Euclidean distance of 0.77 is applied, four clusters were
obtained (1 and 2 corresponding to low fluoride values, 3 and 4 with high
ones). Cluster 1 presents the lowest fluoride concentrations while cluster
4 includes those wells with higher fluoride content. In Fig. 5b (rainy
season), two clusters (A and B) were observed at a distance of 1.03. Both
included the same depth wells as in the dry season with exception of the
2204
4 m depth well, which appears in cluster A instead of cluster B. When a
distance of 0.51 was considered, 4 groups were obtained (1, 2, 3, and 4);
in clusters 1 and 2 the fluoride contents were lower than in clusters 3 and
4. A similar behaviour was observed in both the rainy and dry seasons. In
general, from the obtained results it could be concluded that fluoride
concentration in the different studied wells is related to the well depth. In
general, it is observed that the concentration of fluoride decreases when
the depth of the well increases.

4. Conclusions

Groundwater extracted through the pumping wells is the main source
of drinking water for the rural population of the region of Robles and
Banda departments, located in Santiago del Estero Province, in north
central Argentina. The hydrochemical analysis using univariate and
multivariate statistical techniques such as quartiles and inter-quartile
range calculation, linear regression method, principal components
analysis, and cluster analysis have provided information about the
environmental status and the groundwater quality of this region. Ac-
cording to results, the pH range and the TDS values were higher in the
rainy season than in the dry season, while the values of alkalinity,
chloride concentration, and hardness were higher in the dry season.
Approximately, 50% of the total analysed samples showed high fluoride
content during both dry and rainy seasons tested (up to 2.80 mg/L and
2.35 mg/L, respectively) and high chloride concentration (792 mg/L and
657 mg/L), higher than the values established by current legislation. The
results of PCA allowed reduction of the original data matrix to three
important PCs explaining 83.6% (dry season) and 84.4% (rainy season)
of the total variance, and the PCA analysis determined that the ground-
water samples from Fern�andez, El Puestito, 4 Horcones, and Victoria
contained the highest fluoride contents in both seasons. Cluster analyses
investigated the variation in fluoride level in the groundwater according
to well depth. In general, it was observed that at depths under 13 m the
fluoride concentrations increased considerably (1.05–2.80 mg/L) with
respect to the limits allowed by legislation. These statistical studies can
help to indicate the water quality of the wells.

The results obtained have shown that the groundwater in the study
areas has a significant level of fluoride contamination. This fact could
negatively affect the health of the rural population in these zones where
they do not have access to another type of properly treated water. With
the results obtained in this work, it is expected that the government
becomes aware of the worrying pollution situation of the groundwater
for the population living in Robles and Banda departments.
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