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HYDROGEOLOGIC FRAMEWORK OF THE GARDUNHA
MOUNTAIN: NORTHEAST AREA - CENTRAL PORTUGAL

The present paper describes the hydrochemical evolution of mineral groundwater in the northeast area of Gardunha mountain (centre
region of Portugal) which is formed by low permeability igneous rocks. For this study were considered 50 water samples and analyzed the
values of major ions. The methodology used consisted in the use of Piper diagrams that had allowed to identify the water chemistry and in the
application of statistical techniques of multivariate analysis, including factor analysis. The results guided to sodium-bicarbonate water type,
with very low mineralization, designated by fresh water in relation to total solids and soft in relation to hardness. When using the factor analy-
sis, 4 factors were considered, which explain and identify the origin of the presence of ions and their geochemical processes.

1. Introduction

The groundwater is a natural resource essential to the life and
the integrity of the ecosystems, representing more than 95% of the
Earth fresh water reservoirs that can be explored. Most of the agri-
cultural and industrial activities depend on groundwater, which is
also fundamental for the public supply, once more than a half of
the world population depend on this groundwater. In Europe, the
groundwater supplies approximately 65% of the water used for
human consumption [1].

Being a natural resource this water has had a decisive role in
the flourishing of civilizations and constitutes nowadays a privi-
leged source of most public and private supplies [2].

The quality of the groundwater is given by the dissolution of the
minerals present at the rocks that constitute the aquifers and the
percolation through them. Nevertheless, other factors may influ-
ence its quality, such as the composition of the recharge water, the
residence time, the interaction water-physical environment, the
climate and even the pollution caused by human activities.

In the whole world the aquifers are at risk of being contami-
nated because of the urbanization, the industrial development, the
agricultural activities and the mine extractive industries.

In Portugal, having already some knowledge in the hydrogeo-
logical area, it is possible to identify for some hydrogeological units
the existence of potential reservoirs that should be better acquainted
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and evaluated, once, if they were well used, they could become
“emergency structures”, providing help in crisis situations.

However, among all these needs what emerges as being par-
ticularly relevant is the supplying of water for human purposes,
which demands high quality standards, either in the water supply
or in the service provided to consumers.

With this present study we intend to contribute to the hydro-
geological and hydrochemical knowledge of the northeast area of
Gardunha mountain (centre region of Portugal).

2. Study area

The Gardunha mountain is a structural unit perfectly individ-
ualized which belongs to the Iberian Massif, and it is limited for
several depressions in which stands out on the SE the highest area
of the hydrographic basin of the Riverside of Alpreade, where it is
located Castelo Novo (Fig. 1). This mountain is characterized phys-
ically as an area with a rugged landscape, it presents to the West
old formations composed by metamorphic shale and to the East
granitic igneous lands, culminating to the elevation 1227m.

The captations in study are located all in hercynian granitic
orogeny of varied textures. Locally they form two different granitic
series, although, to the genetic-tectonic and chemical-mineralogi-
cal point of view they seem to make a junction in an only branch,
within the orographic hercynian: (1) granites with biotite-oligo-
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Fig.1 Location map of the study. The green line delimited the study area.

clase mega crystals; (2) post tectonic granites bounded in massifs,
usually biotitic and frequently with mega crystals.

As for the constitution of mineralogical essentials they have
quartz, oligoclase, microcline, microcline-partite, albite-oligoclase
and biotite. As secondary elements there is muscovite, apatite,
zircon, turmaline, magnetite, ilmenite, pyrite, fluorite [3].

The granitic rocks and the surrounding grounds are affected by
tectonic hercynian and late-hercynian actions that lead to metamor-
phism, folding and fracture. The fracture is noticed by the presence
of fault lines widely spread all over the area, situated mainly NNE-
SSW and NE-SW, where sometimes one can find pegmatitics, aplite-
pegmatitics and hydrothermal veins of quartz [3].

The localization of the springs is conditioned by the presence
of permeable conducts, due not only to this tectonic fracture but
also because of the piezometric and topographical surface. Some
of these factors were reactivated in the Quaternary, occurring at
the same time the thermal springs with the presence of the active
faults [4].

From the climatic elements available to the characterization of
the area of study, was used the information related to the precipi-
tation registered in the weather centre of Castelo Novo 13M/03G
[5]. For the monthly rating of the hydrological balance, it was used
a methodology suggested by Thornthwaite and Mather [6] and
through the results one can notice the emergency of a dry period
and a damp period, being the first due to the hydraulic shortage, that
goes from June until September, having its peak in August, and the
second, the damp period, is due to the hydraulic superavit, that
goes from October until May, having the greatest amount of water
in January.

In terms of hydrogeological units, as a whole, it is accepted as
valid that it corresponds to a aquifer of the phreatic fissural type,

with hydraulic conductivity that varies between 0.008 and 2.38 m/d
and transmissivity values that vary between 0.28 e 54.8 mz/d.

The groundwater flow is not very deep, as proved especially
by the low mineralization of the water, considering that it is an
aquifer of common superficial water, containing mainly infiltration
waters and local flow, lasting for short periods of time.

The speed of the flow is generally high, given the type of per-
meability per fracture; the maintenance of the streams, even during
the dry period, is probably due to the capacity of regularization of
the alteration areas that covers some of the rechargeable areas.
During the dry periods above all the permeability, because of the
porosity of the alteration areas, plays a very important role, although
all the hydraulic action is conditioned by the flowing through the
fractures.

A hydrogeological conceptual model for this region is showed
in Fig. 2, showing that the infiltrated water tends to emerge in places
not very distant, nevertheless notice that part of the groundwater
flow can evolve to great depth along the large faults, recharging
deep aquifers.

3. Analytical Methods

In order to study the groundwater quality, 50 groundwater
samples have been collected for analysis of major and trace ele-
ments. pH and electrical conductivity (uS/cm) were measured at the
sampling site by the use of a multi-parameter analyzer, SCHOTT
- PH/LH 12. The following methods were applied for chemical
analyses performed at the Laboratory of Analyses of the Techni-
cal Institute (Instituto Superior Técnico): molecular absorption
spectrometry for Si022+; atomic absorption spectrometry for Pb,
Cu, Cr, Sr, Rb; ion chromatography for C1-, HCO;, NO;,
S0,%>", Ca’>", Mg*, K*, Na™.
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Fig.2 Hydrogeological conceptual model in the studied area

4. Results and discussion

Hydrochemistry

According to the analytical data (Table 1), in the groundwa-
ter investigated, the average pH is about 5.76 and the electrical
conductivity (EC) ranges from 20-30 uS/cm. The total dissolved
solids (TDS) vary from 24.2 to 41.3 mg/1, the average value being
of 31.6 mg/l, is fresh water based on Freeze and Cherry (1979)
classification.

The dominant ions in solution are HCO;  and Na™, which
represent on average respectively 61 and 71% of the total content
of anions and cations.

The CI~ > SO,?>~ > NO,~ anions are secondary in impor-
tance, representing on average 39% of all anions. Among the cations
Ca’" > K" > Mg*" are less abundant, they represent on average
29% of all the cations. The concentration of SiO,>" varies between
9.5 and 18.4 mg/l. These contents of dissolved silica can be related
to the hydrolysis of the silicate minerals present in the igneous
rocks. This process could also contribute to the rise of the con-
tents of HCO; ™ and alkali metals (Na™ and K*) or alkali muddy
(Ca’* and Mg*™").

According to the physical-chemistry composition presented,
this groundwater is classified as bicarbonate-sodium type (Fig. 3),
hypo-saline with acid and silicate reaction.

Summary statistics of the geochemical analysis Table 1
Water Guideline
;;ZK. Units Min. | Max. | Average | Median \\;111;1 (e)
ters (2004)
pH - 534 1 6.19 5.76 5.77 6.5-9.5
EC uS/em 20 30 24.1 23 -
TDS mg/l 242 | 413 31.6 30.5 1200
Si0,*" | mg/l 9.5 184 | 139 13.5 -
Cl™ mg/l 1.9 2.6 2.14 2.1 250
HCO;™ | mg/l 4.2 11.8 7.24 7 -
S0,>~ mg/l 0.2 0.6 0.39 0.4 500
NO;~ mg/l 0.03 3.69 2.19 2.28 50
Na* mg/l 2.6 4.7 3.71 3.6 200
K* mg/l 0.29 | 0.51 0.39 0.41 -
Mg** mg/l 0.14 | 0.65 0.3 0.27 0.4
Ca’* | mgl | 051 | 144 | 081 | 075 -
Cr g/l 0.09 0.5 0.2 0.2 5
Cu g/l 0.2 22 0.48 0.27 200
Rb g/l 1.4 2.4 1.83 1.85 -
Sr g/l 2.4 4.85 3.16 3 -
Pb g/l 0.01 0.3 0.08 0.06 1
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To evaluate whether or not these waters could be used for drink-
ing purposes, the chemical data was compared with the maximum
permissible concentrations indicated in the World Health Organi-
zation guidelines [7] and reported in Table 1. Nearly all the ana-
lyzed samples fall within the range of drinkable waters, with the
exception of a few whose Mg2+ (maximum value 0.65 mg/1) con-
tents were high. This excess can probably be referred to natural
water-rock interaction processes.
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Fig. 3 Piper trilinear diagram of water chemistry in Castelo Novo

From the interpretation of the chemical analyses made during
this study, it can be noticed a relative temporal stability of the
chemical characteristics of the different elements, thus allowing
to provide a hydrogeochemical characterization and the definition
of the base contents of these aquifers, any time of the year, without
any data loss.

Multivariate analysis

One of the fundamental problems associated with any envi-
ronmental diagnosis, is linked to the great amount of data one has
to deal with. The large dimension of the tables, either because of the
number of samples or variables, makes impracticable any ‘manual’
research of relations, being necessary the asset to mathematical
techniques of data processing that can synthesize, with a minimum
of data loss, the most relevant information. Such techniques belong
to the family of the Factorial Methods of Data Analysis, where the
analysis in principal elements is included.

The objective of the factorial analysis is to study the chemism
of the aquifer and explain the diversification of data through a small
number of factors [8]. The practical application of the methods of
factorial analysis to hydrogeochemical studies of aquifers has an
undeniable success [9, 10, 11, 12, 13].

In order to clarify the relations between the variables in the
samples of groundwater, it was characterized each pattern created
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from the binomial samples versus variables (50 X 14, being 50 the
number of samples and 14 the number of variables).

The tables 2 and 3 present, respectively, the co-ordinates of the
variables in the factorial axes, the real value and the percentage of
the variance explained for each one of the factorial axes, resulting
of the Analysis in Principal Elements of the 50 samples of ground-
water.

Co-ordinates of the variables in the factorial axes Table 2
Variables Factor 1 Factor 2 Factor 3 Factor 4
Si0, 2" 0,90 —0.04 -0.11 -0.28
Cl™ 0,55 0.47 —0.42 0.08
HCO;~ 093 -0.15 0.23 -0.12
S0,>” —0.62 -0.01 -0.33 -0.05
NO;~ 0.04 0.30 —-0.34 0.85
Na* 0.89 -0.01 —0.26 —-0.13
K* 0.45 0.13 —-0.73 —-0.23
Mg** 0.50 -0.15 0.79 0.16
Ca’* 0.92 -0.01 0.13 0.21
Cr 0.03 -0.77 —-0.12 —-0.21
Cu —-0.02 —-0.83 —-0.27 0.31
Rb 0.87 -0.06 —-0.25 —-0.03
Sr 0.86 —-0.06 0.20 0.34
Pb —-0.04 —-0.88 0.24 0.17
Results of the Analysis in Principal Elements Table 3
Factor Value Equity Variance % | Total variance %
1 5.97 42.61 42.61
2 243 17.33 59.94
3 1.96 14.00 73.94
4 1.25 8.90 82.84

In a first analysis one can notice that the first 4 factors explain
82.84% of the total variance. The application of this method also
allowed the reduction of the ‘dimensionality’ of the problem (14
original variables) only to 4 ‘potential’ variables.

In Fig. 4a) and 4b) is presented the projection of the different
variables in the first and second factorial plans defined, respectively,
by the factors 1 and 2 and by the factors 1 and 3. This visualiza-
tion of the projections of the variables in the plan allows distin-
guishing the closeness and conflicts existing within them. The first
factorial plan constituted by the factors 1 and 2 include 59.94% of
the information contained in the pattern of correlation.

Factor 1 explains 42,61% of the total variance and includes
the variables SiO,>", HCO; ™, Na*, Ca>", Rb, Sr, CI~, SO,> ¢
Mg?*.

The association (Si0,>*, HCO,~, Na*, Ca*", Rb, Sr) is
tightly correlated with factor 1. This association characterizes the
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Fig. 4 a) Projection of the variables in the Ist factorial plan; b) Projection of the variables in the 2nd factorial plan

chemical composition of the water, whose origin may be found in
the geology of the region, namely in the interaction water/rock.
This association demonstrates the process of decomposition of
the rock. The silicate minerals present in the granite are the main
source of silica in the groundwater. The alteration of the granite
is the main source of the presence of the ion HCO; . The infil-
tration of the superficial waters containing CO, attacks aggres-
sively the aluminum silicate minerals, such as the micas and the
feldspar present, releasing cations like the Ca>" e o Mg?™ to the
water and creating clay minerals. The consequences of this unsuit-
able dissolution are verified in an increase of the pH and the con-
centration of HCO;  in the groundwater [14]. The presence of
sodium and calcium is due to the inconsequent dissolution of the
plagioclases [15]. The ions CI™ e Mg2+ present a moderate cor-
relation with factor 1 and the ion SO,* is correlated with the factor
1 of negative value, thus reflecting the hydrochemical classifica-
tion obtained by the Piper diagram. The factor 1 shows clearly the
interaction water/rock.

Factor 2 explains 17,33% of the total variance and includes
the variables Cr, Cu e Pb.

The association (Cr, Cu, Pb) is tightly correlated with the
factor 2. This factor may show the process of percolation of the
soil. The hard metals in the soil can be present in primary and sec-
ondary minerals, precipitate, absorbed, in the soil solution or in
microorganisms, plants and animals.

Factor 3 explains 14,00% of the total variance and includes
the variables K e Mg>*.

The factor 3 explains the ion K* in opposition to the ion
Mg2+. The presence of the K™ can be due to the dissolution of the
muscovites and the orthoclase present in the granite. The enor-
mous resistance of the K* to the alteration and its solidification
in the clay minerals formed by the processes of alteration [16]
may explain this factor.

Factor 4 explains 8,90% of the total variance and includes the
variable NO; .

The ion NO; is tightly correlated with the factor 4. This
factor characterizes the pollutant component of the water.

5. Conclusion

About the water quality in the granitic massif of the Gardunha
mountain, namely in the area northeast area, it is important to
refer to the fact that, through the physical and chemical analyses
made in selected springs, at first sight very representative, all the
waters are of sodium-bicarbonate type, being waters of very low
mineralization, with TDS values equal or inferior to 42.3 mg/L.

The lithological nature of the Gardunha mountain, in its granitic
sector, is a great supply of aluminum silicates with alkali and
alkali muddy cations that by hydrolysis allows the release of silica,
calcium, sodium and potassium. These are easily soluble in a mod-
erate acid environment, going to the surrounding water. From the
chemical attack to the minerals of the rocks result insoluble residua
formed by silica and by minerals from the clay group.

The order of the abundance of the major cations and anions
is the following: Na* > Ca>* > K* >Mg**, HCO,” > CI” >
> 50,2 >NO, .

The factorial analysis allowed studying the inter-correlation
between the analyzed variables and establishing its distribution
structure. 4 factors were obtained and they explain and identify the
origin of the presence of ions in the underground water. The factor
1 reflects the signature of the interaction water/rock. The factor 2
materializes the percolation process of the hard materials of the
soil. The factor 3 represents the dissolution process of the mus-
covites and the orthoclase present in the granite. The factor 4 has
a pollutant feature materialized by the ion NO; .
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