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Abstract In this work, an assessment of groundwater
quality and its compliance with Brazilian environmental
protection standards was carried out. Ground waters
from the Serra Geral aquifer are currently used for
human consumption at the western region of the Brazil-
ian state of Paraná. Ground water samples from 10wells
covering the entire Toledo municipality rural region
were collected and analysed by two highly accurate
and sensitive spectrometric techniques: inductively
coupled plasma–optical emission spectrometry (ICP-
OES) and total reflection X-ray spectrometry (TXRF).
Among all detected elements, 18 elements (As, Ba, Br,
Ca, Pb, Cl, Co, Cu, Cr, Fe, P, S,Mn, Ni, K, Ti, Vand Zn)
were measured by the TXRF technique while three
elements (B, Mg and Na) were measured by ICP-OES.
Trace element concentration levels were then compared
with Brazilian environmental legislation (BEL). From
the results obtained, concentrations of chromium, iron,

arsenic, selenium, manganese and barium were detect-
able in some wells at slightly above the maximum limits
allowed by the BEL.
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1 Introduction

Fresh water is being used in a great number of
domestic and industrial anthropogenic activities
and is in high demand due to the large increases in
human populations in the last century. This heavy
use also brings serious supply side problems and
issues of environmental contamination around the
world. As this natural resource is scarce and exhibits
a non-uniform distribution on the Earth’s surface,
exploration of the world’s groundwater reserves
has become an actively pursued alternative to pro-
vide this essential resource to many populations
lacking fresh water. An important characteristic of
groundwater is its high quality, suitability for direct
consumption by human beings, without the necessi-
ty of a potability process, and containing as it does
just a few elements at very low concentrations de-
rived from the decomposition of rocks forming the
aquifer. Meanwhile, by increasing the superficial
contamination of rivers and soils from various
sources, frequently related to the infiltration of pes-
ticides, fertilizers, domestic sewage and animal
waste into aquifers or directly into tube wells, the
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groundwater might be compromised, introducing or-
ganic and inorganic pollutants (Justen et al. 2012;
Zaporozec and Miller 2000) and becoming a major
environmental concern.

Ground waters have shown vulnerability to contam-
ination by heavy metals related to anthropogenic activ-
ities, as has already been found in two Brazilian states
(Borba et al. 2003; Lopes et al. 2012). Among these
pollutants, some metals exhibit great potential toxicity
even at low concentrations, requiring the application of
fast and sensitive multielemental analytical techniques
to provide information on the composition of the
groundwater (De la Calle et al. 2013). As a part of
continuing efforts to monitor and control a series of
metals, environmental regulatory agencies have
established a few recommended maximum limits for
metals in fresh water intended for human consumption,
insisting on the application of atomic spectrometric
techniques with high elementary sensitivity.

One well-established analytical technique is total
reflection X-ray fluorescence spectrometry (TXRF),
leading to the realization of limits of detection on the
order of micrograms per gram or litre of sample due to
decreased background noise and matrix effects
(Obregón et al. 2014; West et al. 2011; Szoboszlai
et al. 2009; Marcó and Hernández-Caraballo 2004;
Klockenkamper and von Bohlen 1996). Additionally,
the TXRF technique is currently used to determine
concentrations of heavier elements (Rizzutto et al.
2006; Espinoza-Quiñones et al. 2010a, b), while lighter
elements such as Na, Mg and B are difficult to quantify
due to their poor detection limits. In environmental
sample analysis, inductively coupled plasma–optical
emission spectrometry (ICP-OES) and inductively
coupled plasma-mass spectrometry (ICP-MS) have
been widely used (Silliman et al. 2007; Ikem et al.
2002), but with high maintenance costs among other
instrumental requirements (Antosz et al. 2012).

The aim of this work is to assess groundwater quality
based on compliance with a series of physico-chemical
parameters and element concentration values
established by Brazilian protection standards. The de-
terminations of major, minor and trace element concen-
trations in groundwater samples were made using the
TXRF and ICP-OES techniques. A statistical multivar-
iate method was applied to characterize the groundwater
data in order to identify possible dependencies or corre-
lations among all analysed parameters, looking for an-
thropogenic contaminations.

2 Material and Methods

2.1 Study Area

The area covered in this work is located in the western
region of the Brazilian state of Paraná, where ground-
waters are a secondary source of fresh water for human
consumption. Ground waters are supplied from the Ser-
ra Geral Aquifer System which is one of the principal
aquifers in the southern Brazilian states of Paraná, Santa
Catarina and Rio Grande do Sul, covering an outcrop
area of approximately 102,000 km2 with a subdivision
into the North Serra Geral (about 64,000 km2) and South
Serra Geral (about 38,000 km2). This aquifer is geolog-
ical characterized by a basaltic to rhyolitic Mesozoic
volcanic sequence belonging to the Serra Geral Forma-
tion with thickness varying from 50 to 1,500 m and an
average of 550 m (Athayde et al. 2012). In general, the
Serra Geral Formation consists mainly of volcanic rocks
as basalts and basaltic andesites that are predominantly
plagioclase, augite and pigeonite (Manasses et al. 2007),
showing different tectonic structures and defining a
fractured-type aquifer.

Geological studies (Mineropar 2005) of this region
have identified rocks with high concentrations of iron
oxide, arsenic and chromium in the region of Toledo
municipality. Additionally, this geological formation
mainly contains oxides of aluminium, calcium, magne-
sium, sodium, potassium and titanium as reported by
Ruegg (1976). Hydrochemical characteristics of
groundwater from the Serra Geral Aquifer System could
be influenced by waters of other aquifers such as Gua-
rani aquifer system that is a transnational aquifer as well
as by tectonic structures and pumping of deep ground-
water (Nanni et al. 2008). In the western region of the
Brazilian state of Paraná, groundwater from the North
Serra Geral aquifer is the main fresh water source used
by the rural population of the municipality of Toledo.
The groundwater quality could be also probably
influenced by anthropic activities such as different
agricultural crops, piggery farms, domestic septic
tanks and a fish-processing factory located in the
rural zone of the municipality of Toledo. Mining
activities and metal-processing factories are not
present in such area. This aquifer is constantly
recharged with freshwater coming from rain and
river waters, besides receiving waters coming from
agricultural land use and the other anthropogenic
activities.

32 Page 2 of 12 Water Air Soil Pollut (2015) 226: 32



The city of Toledo (latitude 24°43′12″ S, longitude
53°44′36″ W, with an average altitude of 550 m) is
located in the western part of the Brazilian state of
Paraná in the basin of the São Francisco River. For an
assessment of the effect of anthropogenic contamination
in the aquifer water, 10 tube wells for domestic purposes
were chosen covering the entire rural zone of the mu-
nicipality of Toledo, as can be seen in Fig. 1. In partic-
ular, tube wells 6, 8 and 9 are surrounded by domestic
septic tanks with distance less than 30 m. Approximate-
ly 150 m from tube well 1 there is a fish-processing
factory. Beside tube wells 2, 3 and 4, piggery farms are
installed, while tube wells 8 and 9 are located near
poultry houses. Conversely, different agricultural crops
surround tube wells 3 and 10.

2.2 Groundwater Sampling

Polyethylene bottles (1 L) used for sampling were sub-
jected to a sterilization process according to the Stan-
dard Methods for the Examination of Water and Waste-
water (APHA 2005). The collection and preservation of
groundwater samples were carried out as recommended
by the Environmental Sanitation Technology Agency of
the Brazilian state of São Paulo (Brazil 1988). At each
sampling site, groundwater samples were collected
monthly in three cleaned 1-L polyethylene bottles from
a tap installed at the outlet of the tube well for the
different analyses proposed. Before each sampling, wa-
ter from the tap was drained for about 15 min to dispose
the remaining water in the pipe. An annual groundwater
sampling procedure for monitoring a set of physico-
chemical parameters and trace element concentrations
was performed from November 2012 to October 2013.

2.3 Physico-Chemical Analysis

Measurements in loco of pH, dissolved oxygen (DO),
electrical conductivity (EC) and temperature were per-
formed simultaneously with four sensors installed at a
multi-parameter water quality meter (YSI Pro plus).
After collection, a portion of each sample was acidified
to a pH less than 2, and thus was preserved and main-
tained under refrigeration for spectrometric analyses.
Alkalinity, turbidity, chemical oxygen demand (COD),
5-day biochemical oxygen demand (DBO5), organic
nitrogen, ammonia nitrogen, nitrate, nitrite and total
phosphate were measured at the lab in accordance with

the Standard Methods for the Examination of Water and
Wastewater (APHA 2005).

2.4 Atomic Spectrometric Techniques

In order to assess seasonal and long-term variations in
trace element behaviour in groundwater, highly sensi-
tive spectrometric techniques such as ICP-OES and
TXRF were used for multi-element determination. As
such techniques lead to similar detection limits for
heavier element determination, measurements of 18 el-
ements: As, Ba, Br, Ca, Pb, Cl, Co, Cu, Cr, Fe, P, S, Mn,
Ni, K, Ti, V and Zn, were mainly performed by the
TXRF technique. Meanwhile, ICP-OES was mainly
used to measure concentrations of light elements such
B (Z=5), Mg (Z=12) and Na (Z=11) that would be
difficult to determine by the TXRF technique.

Quantitative TXRF analysis of the groundwater was
performed by an internal standard procedure. Addition-
ally, the use of small aliquots of an internal standard-
doped sample and the formation of a thin layer on a
TXRF sample support preclude matrix effects (Marguí
et al. 2010), allowing detection limits and control sam-
ple contamination (Dhara and Misra 2011) to be im-
proved comparatively. The detection of fluorescence
radiation spectral lines (K and L X-ray series) emitted
by irradiated samples has allowed the identification and
determination of each element’s concentration in a rapid
and simultaneous analysis of many elements from Na to
U in the periodic table (Stosnach 2005).

2.5 TXRF Measurements

In the present study, a portable benchtop TXRF spec-
trometer (S2 PICOFOX, Bruker AXS Microanalysis
GmbH) was used. An air-cooled low power X-ray met-
al-ceramic tube with a molybdenum target, working at a
max power of 50 W, and a liquid nitrogen-free Silicon
Drift Detector (SSD) featured the compact S2
PICOFOX TXRF instrument (Bruker 2007). This in-
strument contains a sample changer for a cassette of 25
samples.

Before preparation of TXRF sample carriers, a
cleaning procedure of the TXRF quartz glass sample
carriers (30 mm in diameter and 3 mm thickness) was
done to avoid contamination. First, residues on the
sample carrier surface were removed by mechanically
wiping each sample carrier with a fluff-free tissue paper
soaked in acetone. Using a 1-L borosilicate beaker, a set
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of sample carriers positioned in a washing cassette was
submitted to a sequential removal of impurities by ap-
plying a 2-h heating (80 °C) process performed with
three different cleaning solutions. A 10 % RBS 50
solution, a 10%HNO3 solution, andMilli-Q water were
used in that order as media of cleaning. A rinsing step
with Milli-Q water was included after each cleaning
process. Finally, the sample carriers were dried in an
oven at 80 °C for 30 min.

To obtain a thin, small spot of dry residue for TXRF
analysis, a 10μL drop of silicon solution was pipetted in
the centre of the TXRF quartz glass sample carrier and
then dried at 80 °C for a few minutes. Using 2-mL
Eppendorf-type microtubes, a 100-μL aliquot of poly-
vinyl alcohol was added to 890 μL of a groundwater
sample in order to enhance the homogeneity of the
samples and avoid any crystal formation after sample
drying. Additionally, a 10-μL aliquot of a Gallium stan-
dard solution (1.0 g L−1, Sigma-Aldrich) was added as
an internal standard. Then, a 5-μL aliquot of a Ga-doped
groundwater sample was pipetted into the centre of a
cleaned, siliconized TXRF quartz glass sample carrier

and left to dry at room temperature in a laminar flow
hood. For TXRF analysis on the same groundwater
sample, at least three different sample carriers were
prepared in this way. For TXRF analysis assessment,
sample carriers of a multi-element certified, reference
standard solution (Fluka Analytical, 90243 for ICP)
containing diverse elements at 10 mg L−1 (Ag, Ba, Ca,
Cd, Co, Cu, Fe, Mg, Mn, Sr and Zn), 50 mg L−1 (Al, B,
Cr, Li, Mo, Na, Ni and Tl) and 100 mg L−1 (Bi, K and
Pb) were prepared in quintuplicate. In each batch of 25
samples, procedural blanks were included.

As a slight drift of the spectroscopic amplification
can occur for longer operating periods, an instrumental
gain correction procedure was performed before each
sample batch. By obtaining two 60-s TXRF spectra of a
1-μg Se standard sample, the spectroscopy amplifica-
tion could be reset daily by the Gain Correction function
of the PICOFOX spectrometer. The data acquisition
time was 1,000 s per sample. The Spectra software
facilitates calibration, evaluation and storage of the data.
Ground water sample TXRF spectra were obtained in
triplicate. The Spectra software provides the net peak

Fig. 1 Map of the groundwater
sampling sites in the municipality
of Toledo located in the western
part of the Brazilian state of
Paraná
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area (after baseline subtraction), the detection limits (as
three times the square root of the background area) and
the concentration of each element.

2.6 ICP-OES Measurements

A dual-view inductively coupled plasma–optical emis-
sion spectrometer (Optima 7000 DV, Perkin-Elmer) was
used to perform elemental concentration measurements
as a complement to the TXRF analysis. As shown in
Table 1, conditions recommended by the manufacturers
were established for adequate excitation of a wide range
of elements. The sample introduction, RF generator,
plasma and spectrometer systems were controlled
through Optima WinLab32™ software. The ICP-OES
response was firstly calibrated against standards of
known composition that contained the analytes sought
(B, Mg and Na). The calibration blank and standards
were prepared in 2 % nitric acid. The set of calibration
standards was prepared from a single Boron stock solu-
tion and multi-element stock solutions containing Na
and Mg analytes. The accuracy and precision of the
analysis method were tested through the analysis of a
certified reference material (Fluka Analytical, 90243 for
ICP), containing 50 mg L−1 B, 50 mg L−1 Na and
10 mg L−1 Mg. Acidic groundwater samples were
analysed directly.

2.7 Statistical Analysis

To determine whether the elemental concentration and
physico-chemical data from the groundwater samples
were normally distributed, the null hypothesis was test-
ed for an alpha level of 0.05 on the basis of the Shapiro-
Wilk test, in which if the p value is greater than 0.05 the
sample data are assumed to come from a normally
distributed population. A cluster analysis was performed
in order to show the similarities among the groundwater
composition data collected from the set of 10 tube wells.
In order to avoid an influence of the measuring scale and
number of variables as well as the existent correlations
among them, the set of data were standardized by ap-
plying a linear transformation of each measured real
value (X) to a relative-to-mean value dispersion (Z)
normalized by the standard deviation (σ), as shown in
Eq. 1. In the experimental situation where the parameter
and concentration values were below the detection
limits, a value of one half of the detection limit was
considered as an attribution criterion (Farnham et al.
2002). After the linear transformation of the data, a

software. A cophenetic correlation coefficient was cal-
culated to test the quality of the cluster analysis.

Z ¼ X−μ
σ

ð1Þ

3 Results and Discussion

3.1 Characteristics of the Ground Waters

The analyses of all TXRF spectra obtained from
groundwater samples were performed using the
Spectra software, providing the main X-ray line
energy and net peak area of each element. The
following elements: As, Ba, Br, Ca, Pb, Cl, Co,
Cu, Cr, Fe, P, S, Mn, Ni, K, Ti, V and Zn, were
identified as constituents of groundwater based
mainly on their strong X-ray Kα lines. Based on
the concentration of the internal standard (10 mg L−1

Ga) and the Spectra software-calculated elemental
sensitivities for the S2 PICOFOX TXRF spectrom-
eter, the concentration and detection limit of each
element were determined. From the accuracy test
performed using the certified reference material
(Fluka 90243), it was verified that the TXRF results
were in good agreement with the certified values,

Table 1 Optima 7000 DV ICP-OES instrumental conditions used
for the analysis of groundwater samples

Parameters Value

RF power 1,300 W

Plasma gas flow 15 L min−1

Auxiliary gas flow 0.5 L min−1

Nebulizer gas flow 0.55 L min−1

Peristaltic pump speed 1.5 mL min−1

Nebulizer/spray chamber Glass cyclonic

Torch cassette position −2
Purge Normal

Resolution Normal

Read delay 16 s

Wash time 30 s

Read time 35 s

Number of replicates 3

Sample uptake rate 1.5 mL min−1

Detector 25,600 pixels CCD
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providing a certified elemental concentration recov-
ery in the 92–107 % range (data not shown). Mean-
while, the concentration results for Na, B and Mg
were obtained by the ICP-OES technique and a
certified reference material (Fluka 90243) also gave
results within the reported certified concentration
ranges. The annual mean concentration values cal-
culated from the elemental data obtained by the
TXRF and ICP-OES techniques are summarized in
Table 2, indicating the elemental characteristics of
the groundwater in the 10 tube wells.

From the groundwater physico-chemical analy-
sis, there is scant evidence of the presence of
organic contamination in groundwater in the 10
tube wells, with no significant values of organic
nitrogen, ammonia nitrogen, nitrite or total phos-
phate found related to the limit of detection of
each parameter. A high content of bicarbonate
and calcium was predominantly found in ground-
waters with a 6.6–7.2 pH value range in the Serra
Geral aquifer system, as reported by the Water
Institute of Brazilian State of Paraná (Brazil
2010). In the western region of the Brazilian state
of Paraná, bicarbonate and calcium content was
confirmed in 336 the tube wells by Athayde
et al. (2007), but with pH values inadequate for
human consumption in 36 tube wells of them with
values out of recommended pH range of 6.0–9.5
by the Brazilian Health Ministry (Brazil 2011). In
Table 3, annual content values of temperature, pH,
DO, EC and alkalinity were observed in ground-
waters at the 10 tube wells, complying with the
Brazilian norm for groundwaters (Brazil 2011).
The alkaline pH (8.0–9.4) of Serra Geral aquifer
groundwaters could be attributed to the strong
influence of the groundwater characteristic of the
Guarani aquifer.

Analysing the annual values of EC and alkalin-
ity, a wide variability in such parameters was ob-
served among all tube wells, suggesting that rocks
with different geological composition are present in
the study area. The presence of nitrate was detected
at all sampling sites, with annual values ranging
from 0.5 to 0.9 mg L−1 with a standard deviation
of 0.4 mg L−1. In addition, such constituents could
cause deterioration of groundwater quality. It can
be noticed that seasonal upper limits for nitrate
content at the sampling sites were slightly below
10 mg L−1, the allowed limits recommended by the

Brazilian norm for groundwaters, indicating that
there is an anthropogenic influence resulting in a
slight organic contamination of the groundwaters.

On the other hand, very small amounts of sulphur and
phosphorous were detected only at sampling site 1,
while such elements are expected to be present at con-
centrations below the detection limits for the other sam-
pling sites. The major elements in the composition of
groundwaters are Na, Ca, K, Mg and Fe. The elements
Ca andMg are well known to be currently present in the
groundwater due to the hydrogeochemical removal of
such elements from rocks rich in carbonates
(Karavoltsos et al. 2008). In terms of the vanadium
content in the groundwaters, sampling sites 2 and 4
showed mean concentration values of 0.21 and
0.30 mg L−1, respectively, in non-compliance with
allowed limits recommended by the Brazilian norm for
groundwater (Brazil 2008).

Although the natural presence of chromium is
uncommon in groundwaters (Marcolan et al.
2008), sampling site 10 exhibited a 0.56-mg L−1

value for annual mean chromium concentration,
slightly above the 0.55-mg L−1 allowed maximum
limit recommended by the Brazilian norm for
drinking water (Brazil 2011). As reported by
Marcolan et al. (2008), industrial effluents from
metal and wood processing, and tanneries, among
others, could be the source of chromium contami-
nation of groundwaters. However, such anthropo-
genic sources of chromium are absent in the rural
area of the Toledo municipality. Conversely, geo-
logical studies (Mineropar 2005) of this region
have identified rocks with chromium content,
which could also act as a possible source for the
chromium in the groundwaters. The presence of
iron in the groundwater could also be attributed to
the geological composition of the rocks in this
region.

The arsenic content in groundwaters at almost all
sampling sites was slightly above the 0.1-mg L−1 max-
imum limits recommended by the Brazilian norm (Bra-
zil 2011). As a consequence of the strong influence of
water-rock interactions and favourable geochemical and
geophysical conditions for the mobility and accumula-
tion of arsenic, a great variability in arsenic concentra-
tions can be expected to occur in groundwaters
(Smedley and Kinniburgh 2002). Conversely, further
studies are necessary to elucidate the presence of arsenic
in groundwater.
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In comparison, the annual mean Se concentration of
0.l mg L−1 in groundwaters from sampling site 10 was
above the allowed maximum limit allowed in Brazil.
Selenium concentrations above the allowed limits for
groundwaters have also been detected in India (Kumar
and Riyazuddin 2011). Although small amounts of sele-
nium are essential for life, a somewhat higher concentra-
tion may act as a toxin in human beings, indicating that
the boundary between essentiality and toxicity is narrow.

The groundwater quality could be probably influenced
by contamination sources that surrounded the tube wells,
but evidences of the presence of organic contamination in

groundwater in the 10 tube wells were scarce. Some
metals detected in groundwaters could be more consistent
for coming naturally from the aquifer geology.

3.2 Statistical Correlations

Performing the Shapiro-Wilk test, the elemental and
physico-chemical parameter data did not show a normal
distribution. Conversely, applying the non-parametric
correlation method of Spearman to the data enabled
similar behaviour to be found among the variables at a
95 % confidence level, as shown in Tables 4 and 5.

Table 4 Spearman correlation values for elemental concentrations in groundwaters

P S Cl K Ca Ti V Cr Mn Fe Ni Cu Zn As Br Ba Mg Na B

P 1.00

S 0.91 1.00

Cl 0.74 0.81 1.00

K 0.25 0.35 0.44 1.00

Ca 0.18 0.39 1.00

Ti 0.61 0.53 0.62 0.35 1.00

V 0.57 0.49 0.51 −0.31 0.52 1.00

Cr 0.81 0.64 −0.19 0.61 0.58 1.00

Mn 0.92 0.82 0.73 0.21 0.62 0.58 0.90 1.00

Fe 0.22 0.25 1.00

Ni 0.80 0.74 0.65 0.13 0.64 0.70 0.81 0.83 0.04 1.00

Cu −0.01 0.05 0.09 0.23 1.00

Zn 0.05 0.14 0.24 0.32 0.61 1.00

As 0.83 0.77 0.68 0.21 0.66 0.63 0.84 0.84 0.87 1.00

Br 0.86 0.78 0.67 0.25 0.65 0.62 0.82 0.82 0.83 −0.03 0.90 1.00

Ba 0.45 0.45 0.46 0.18 −0.19 0.29 0.18 0.47 0.49 0.40 0.20 0.41 0.39 1.00

Mg 0.20 0.45 −0.29 1.00

Na 0.34 −0.22 −0.18 −0.45 −0.56 1.00

B 0.23 −0.23 −0.19 −0.22 1.00

Spearman correlation values in talic are more statistically signicant

Table 5 Spearman correlation
values for physico-chemical pa-
rameters of groundwaters

Spearman correlation values in
talic are more statistically
signicant

Temperature pH OD EC Alkalinity Nitrate Turbidity

Temperature 1.00

pH 1.00

OD 0.19 1.00

EC 0.57 1.00

Alkalinity 0.57 0.87 1.00

Nitrate 0.21 0.21 1.00

Turbidity 0.22 0.21 0.28 0.30 0.33 1.00
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According to the higher Spearman coefficient values in
Table 4, the following elements: P, Cr, Mn, Ni, As and
Br, exhibit the same tendency with variations in their
concentrations. A possible explanation for the origin of
this tendency could be the release of ions by the same
type of rocks as a consequence of water-rock interac-
tions (Mrazovac et al. 2013). In Table 5, alkalinity and
EC are strongly correlated, due to the values of both
parameters being related to the presence of ions that are
released from the rocks and transported by groundwa-
ters to the Earth’s surface.

3.3 Clustering

A hierarchical clustering was applied to detect natural
groupings in the element concentration data from the
groundwaters of the 10 tube wells. As an appropriate
metric, squared Euclidean distance was chosen,
allowing wells to be grouped by similarities in their
elemental compositions. A dendrogram is shown in
Fig. 2, where a great similarity between sampling sites
2 and 4 is evidenced by their similar groundwater char-
acteristics, forming a first group that is in contrast with
groundwater characteristics for the other sampling sites.
Another group could be comprised of sampling sites 7, 1
and 3 because they are geographically close to each
other, raising the expectation that their similar ground-
water characteristics originate from the rock formation.
A statistical test based on the cophenetic correlation
coefficient was applied to the elemental and physico-

chemical parameter data for groundwater obtained for
the sampling sites. A correlation value of 0.84 between
the cophenetic and Euclidean distance matrices was
found, confirming that the dendrogram is a good repre-
sentation of the data set.

4 Conclusion

The determination of element concentrations by both
TXRF and ICP-OES techniques yielded considerable
information on the groundwaters, allowing us to assess
the compliance to environmental norms as well as to
associate a set of sampling sites in terms of similarities
and dissimilarities.

A statistical analysis based on hierarchical clustering
and Spearman correlation coefficients applied to the
data on physico-chemical parameters and elemental
concentrations revealed that sampling sites are vulnera-
ble to anthropogenic contamination, as highlighted by
the higher nitrate concentration values as well as other
inorganic constituents of the groundwater. There was a
mutual correlation among elements as well as among
physico-chemical parameters.

A groundwater monitoring programme should be
continued in the same wells and extended to others of
the Serra Geral aquifer, looking for signs of anthropo-
genic contamination during long-term observation. Fi-
nally, further studies are necessary to assess the degree
of vulnerability degree of the Serra Geral Aquifer to
anthropogenic actions.

Fig. 2 Arrangement of the
groundwater sampling sites
produced by hierarchical
clustering
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