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Abstract

The aims of the present investigation are to evaluate the chemical controlling factors of the water resources and identify the
source, as well as assess its quality with respect to domestic and irrigation criteria, to establish long-term environmental
measures and a sustainable water resources management plan in the mountain regions. For these purposes, 28 water resources
(14 drainage; 3 piezometric; 7 Arminaz Stream; 2 spring and 2 Dora River) samples were collected from different locations
of the Mont de la Saxe region and analyzed for pH, electrical conductivity, total dissolved solids (TDS), total hardness, and
major cations and anions. The pH of the water samples ranged from 7.6 to 11.6, indicating the alkaline nature of the water in
the study area. The TDS ranged from 142.1 to 995.3 mg L™! and exceeded the desirable limit of 500 mg L~ at some sites.
Ca-Mg-HCO, and Ca-Mg-SO,, were the dominant hydrogeochemical facies; Ca’* and Mg?* were the dominant cations and
HCO," and SO,>~ were the dominant anions in the Mont de la Saxe region. High concentrations of SO,*~ were attributed
to the dissolution of gypsum in the study area. The hydrogeochemical data show the mixing process from the springs pass
through higher altitudes drains samples to lower drains samples as well as piezometer. The chemistry of water resources of
the study area is mainly controlled by the rock-weathering phenomenon and ion exchange processes as well as by water flow
direction of the area. High concentrations of TDS, Ca*", SO42_, and TH and high salinity in many samples of the drainage
and Arminaz Stream water make it unsuitable for domestic and irrigation uses in the study area. This study could be useful
for future water resources management in the mountain regions.

Keywords Water resources chemistry - Chloro-alkaline indices - Saturation indices - Cluster analysis - Sources evaluation -
Domestic and irrigation water quality

Introduction

Freshwater resources are very limited in the world; only 3%
of the Earth’s water is freshwater and it is very necessary for
the survival of life. Most of the freshwater is in icecaps and
glaciers (69%) and groundwater (30%), while all lakes, riv-
ers, and swamps combined only account for a small fraction
(0.3%) of the Earth’s total freshwater reserves. Preserving
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freshwater quality is important for public health and also for
aquatic life. Unfortunately, deteriorating water quality and
depleting water resources are major environmental issues in
many parts of the world. In the last few decades, there has
been a tremendous increase in the demand for freshwater due
to the rapid growth of population and the accelerated rate of
industrialization (Chandra et al. 2015).

Geochemistry assessment helps to obtain an insight into
the contributions of rock/soil water interaction and anthro-
pogenic influences on water resources. These processes are
responsible for the spatiotemporal variations in water chem-
istry, which in turn depends on a number of factors, such as
general geology, the degree of chemical weathering of the
various rock types, quality of recharge water and inputs from
sources other than water—rock interaction. Such factors and
their interactions are responsible for changing water quality.
Babiker et al. 2007 suggested that the water quality required
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would depend on the desired use of water; hence, different
uses require different criteria of water quality assessment as
well as a standard method for reporting and comparing the
result of water analysis. Further, it is possible to understand
the change in quality due to water—rock interaction (weath-
ering) or any type of anthropogenic influence (Todd 1980).
Nowadays, understanding of the proper hydrogeochemical
processes, the source of pollutant entering and monitoring
of water quality and quantity status are very much essential
for sustainable development and effective management of
water resources for any area of the globe. Recently, many
researchers from several countries of the world have shown
much interest in understanding the geochemistry and quality
of water resources by using hydrogeochemical techniques
(De Montety et al. 2008; Prasanna et al. 2010; Zhu and
Schwartz 2011; Gaofeng et al. 2010; Alexakis 2011; Ryz-
henko and Cherkasova 2012; Ahmed et al. 2013; Zhang et al.
2015; Nair et al. 2015; Nematollahi et al. 2016; Barzegar
et al. 2017; Sanchez et al. 2017; Madhav et al. 2018) and
multivariate statistical tools (Shrestha and Kazama 2007,
Zhou et al. 2007; Srivastava and Ramanathan 2008; Huang
et al. 2010; Chapagain et al. 2010; Oyebog et al. 2012; Wang
et al. 2013; Marimon et al. 2013; Arslan 2013; Nasri et al.
2015; Singh et al. 2015, 2017; Voutsis et al. 2015; Arulbalaji
and Gurugnanam 2016; Al-Omran et al. 2017). In a similar
context, a number of Italian researchers have evaluated the
water resources quality and its geochemistry using the above
discussed methods (Nisi et al. 2008; Giménez-Forcada et al.
2010; Ruggieri et al. 2011; Albanese et al. 2013; Mongelli
et al. 2013; Corniello and Ducci 2014; Zuzolo et al. 2017;
Biddau et al. 2017).

In the Aosta Valley region (present research is a portion
of the Aosta Valley region), several environmental studies
(landslide, soil erosion, snow avalanche test, water-inflow
discharge and hydrographs and time series analysis) have
been conducted by many researchers in the recent time
period (Barla et al. 2010; Freppaz et al. 2010; Viglietti et al.
2010; Maggioni et al. 2013; Barbero et al. 2013; Russo et al.
2013; Stanchi et al. 2014; Lo Russo et al. 2015). However,
only a few researchers have conducted studies on water
resource quality and its geochemistry in the Aosta Valley
region (De Maio et al. 2010; Filippa et al. 2010; Bonomi
et al. 2015; Tiwari et al. 2017). Moreover, in the mountain
areas of Italy, three important strategies (water monitoring,
water use and protection of water) are essential for a sus-
tainable management of the water resources (Christe et al.
2013). Based on the above suggested points, the primary
objective of this study is to evaluate the geochemistry of
water resources (drainage water, piezometric water, stream
water, spring water and river water) and their quality for suit-
ability for drinking and domestic as well as irrigation uses in
the Mont de la Saxe region through an integrated statistical
and hydrogeochemical approach. The targeted outcome of
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this study is the generation of baseline information on the
water resources geochemistry and its quality status in the
study area that will help the mountain planners in managing
their water resources for community use.

Study area

In the Aosta Valley region of Italy, the study area (Mont de
la Saxe) (Fig. 1) covers about 50 km?. The Mont de la Saxe
has a steep terrain with an elevation ranging from 1100 m
above sea level (a.s.l.) in the northwest to 4100 m a.s.l. in the
southeast, respectively. The slope of the study area region
is composed of meta-granites to meta-rhyolites (Permian
volcanic rocks) and belongs to the Mont de la Saxe Unit.
The meta-granites are composed of grayish aplitic granites
with porphyritic texture, locally foliated, with cataclastic and
mylonitic bands and it dominated the study area. The com-
plex is characterized by intense fracturing with numerous
open joint sets. A number of landslide phenomena frequently
occur in Mont de la Saxe, particularly in the southwestern
slope (above the Entréves village). The Aosta Valley (the
study area is a part of the valley) is formed by the Dora
River, which flows from east to west, and its 12 tributary
valleys. The Aosta Valley is the smallest region in Italy and
important alpine valley systems of the Po River, surrounded
by the key peaks of the Graie and the Pennine Alps. The
climate of the Aosta Valley region is cold in the winter sea-
son and cool in the summer season, respectively. Maximum
annual rainfall occurs in the spring and autumn seasons and
minimum during the summer and winter seasons in the val-
ley. Merecalli et al. (2003) reported the highest mean precipi-
tation value by month is roughly 140 mm and the minimum
is 30 mm in the region of Aosta Valley.

The Aosta Valley geological structure (from NW to SE)
is a natural cross section through the structural block of
the Alps. According to Dal Piaz (1992), the stacked relics
of the African continental margins and ancient European
region, with wrecked portions of the ocean floor between
them, emerge in this area of the Alps. Moreover, the valley
has several structural geological domains, for example, the
Austroalpine Domain, Elvetico—Ultraelvetico Domain, Pen-
nidic Domain and Piemontese Zone.

The Mont de la Saxe (the study area of the present
research) geological and structural setting is strictly influ-
enced by the Ultrahelvetic—Helvetic front and the Penninic
frontal thrust, two local compressive structures oriented
NE-SW which dispersed the key tectonostratigraphic units
(Fig. 1). The unit of the Helvetic contains prominent crys-
talline duplexes, décollement nappes as well as sedimen-
tary cover units. It is noticeable by a blueschist-to-eclog-
ite-facies imprint of Cretaceous—Eocene age, followed by
a Barrovian overprint and consists of minor oceanic and
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Fig. 1 Geology and sampling location map of the study area (Mont de la Saxe)

continental nappes. The collisional wedge was later accreted  an antithetic fold-and-thrust belt. The Helvetic—-Dauphinois
by the Helvetic basement and cover units and depressed by =~ domain was powerfully malformed from the Late Oligo-
the Southalpine lithosphere, which in turn was deformed as  cene onward when the orogeny spread onto the proximal
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European margin. The Helvetic Domain contains migma-
tites, granites, orthogneisses, paragneisses and porphyries
in the southeast part of the massif (Val Veny—Val Ferret)
and belongs to the Monte Bianco Massif and Mont Chetif
wedge complex. The Ultrahelvetic units are a meta-sed-
imentary sequence which predominantly contains closely
foliated carbonate-bearing argillaceous schists and arena-
ceous limestones with quartz arenites levels. The age of the
sequence can be referred to as the Middle Jurassic. The Pen-
ninic units cover the lower distal clastics and pelagic Creta-
ceous deposits of the Courmayeur Zone, the more internal
ocean—continent transition zone and the middle Penninic
nappes comprising Zone Huillere Permo-Carboniferous
deposits (black schist, quartzites and conglomerates) and a
Pre-Permian crystalline basement complex (paragneiss and
mica schists with amphibolites and metabasites intercala-
tions). These units dip toward SE developing an imbricated
structure and large belts oriented northeast—southwest. The
Quaternary alluvial, glacial and debris deposits are in uncon-
formity and related. The recent and actual alluvial deposits
lie on the valleys’ bottom and consist of gravels, pebbles
and boulders in a coarse-grained sandy matrix along the
river channels and finer-grained deposits (sandy silts and
silts) in floodplain areas. Old glacial outcrop deposits occur
irregularly along the slopes, while the recent ones become
particularly widespread along secondary tributary valleys
at altitudes higher than 2000 m.a.s.l. The debris deposits
include moraines, alluvial fan and flow deposits, along with
the stream incision and at the outlet of the minor valleys.

Materials and methods

A total of 28 water resources, including 19 groundwater
samples (14 drainage, 3 piezometric and 2 spring) and 09
surface water samples (7 Arminaz Stream and 2 Dora River)
were collected in pre-washed polyethylene bottles during the
year 2015 in the Mont de la Saxe area for determination of
the quality status of water and its geochemistry (Fig. 1 and
Table 1). Sampling site elevation and coordinate values were
determined using a Differential Global Positioning System
(DGPS) during the sampling period in the study area. The
pH, temperature, electric conductivity (EC) and total dis-
solved solids (TDS) were measured in the field using the
Multiparameter Instrument (HI 9829). In the laboratory,
the water samples were filtered through 0.45 um Millipore
membrane filters to separate suspended particles. Appro-
priate quality assurance procedures and precautions were
carried out to ensure reliability, and samples were carefully
handled to avoid contamination. Glassware was properly
cleaned and analytical-grade reagents were used. Milli-Q
water was used throughout the study. Acid titration was used
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to determine the bicarbonate (HCO;™) of the water sam-
ples. Major anions (F~, C1~, SO42_, and NO;7) were ana-
lyzed by ion chromatography (Dionex ICS-5000, Thermo
Scientific). Major cations (Ca>", Mg?**, Na* and K*) were
measured by inductively coupled plasma mass spectrom-
etry (ICP-MS 7500ce, Agilent). In Italy, reference analytical
methods for the determination of water chemical parameters
follow the Legislative Decree No. 152 (2006). Moreover,
the APAT (Protection Agency of Environment and Techni-
cal Services) and IRSA-CNR (Institute for Water Research,
National Research Council) established the guidelines (No.
29/2003) for water sampling and physical, chemical, biologi-
cal and microbiological water characterization (Apat—Irsa/
Cnr 2003). Cationic and anionic charge balance (< 10%) was
achieved for all analyzed water samples.

Evaluation of geochemical and solute acquisition
processes

Piper diagram, Gibbs diagram and saturation index (SI)
were computed using AqQA, Grapher and PHREEQC
software.

The ion exchange between the groundwater and its host
environment during residence or in movement processes
is the important controlling factor for the water chemistry
of the region. The ion exchange process can be understood
by chloro-alkaline indices, also known as Schoeller indices
(Schoeller 1977) and expressed as:

CA -1 =ClI"(Na* + K*)/CI", 0

CA -1 =ClI"(Na* +K")/SO;” + HCO; +NO;. (2

Multivariate statistical analysis

A correlation coefficient is a commonly used measure to
establish the relationship between two variables. It is sim-
ply a measure to exhibit how well one variable predicts the
other. Cluster analysis (CA) is an important technique for
analyzing hydrogeochemical data. A number of researchers
have successfully used it to classify the water samples and
formulate geochemical models (Alberto et al. 2001; Meng
and Maynard 2001; Singh et al. 2005, 2012). According to
Singh et al. (2012), the main aim of the CA is to group
objects into statistically distinct groups or clusters, so that
objects within a cluster are similar to each other but dif-
ferent from those in another cluster. In the present study,
the inter-elemental correlations and CA of the analyzed
physico-chemical parameters of the water resource samples
were computed to understand the possible sources of ions
in the study area.
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Evaluation of the suitability of water for irrigation

Salinity, sodicity, toxicity and related parameters are gener-
ally considered when evaluating the suitability of water for
irrigation (Shainberg and Oster 1976; Todd 1980). Specific
parameters indicating the suitability of water for irrigation
(Table 2) are based on the effects of dissolved major ions on
plant growth and soil properties.

Results and discussion

The analyzed physico-chemical data of the water resources
and the computed chloro-alkaline indices (CAI), sodium
adsorption ratio (SAR), percent sodium (%Na), residual
sodium carbonate (RSC) and permeability index (PI) in the
year 2015 of the Mont de la Saxe region in the Aosta Valley
are given in Table 1. Moreover, a statistical summary for
the analyzed 28 water resources samples compared with the

Table 2 Parameters indicating suitability of water for irrigation (after
Shainberg and Oster 1976; Todd 1980), including percent sodium
(%Na), sodium absorption ratio (SAR), residual sodium carbonate
(RSC) and permeability index (PI)

SAR = Na/[(Ca + Mg)/2]%3
Na% = Na+ K/(Ca+ Mg+ Na+ K) x 100
RSC = (CO; + HCO;) — (Ca + Mg)

Pl = (Na +/HCO, ) /(Ca + Mg + Na) x 100

)

(ii)
(iii)
(@iv)

All concentrations are in mEq L™!

Fig.2 Comparison plot between
pH and temperature
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Temp (°C)

drinking water quality standard established by the World
Health Organization (WHO 2006) is presented in Table 4.

pH, temperature and EC

The pH of the analyzed water samples varied from 7.6 to
11.6, indicating the alkaline nature of the water samples
in the study area. The measured temperature of the water
samples ranged from 0.93 to 9.75 °C (avg. 5.84 °C), and
EC ranged from 206 to 1253 pS cm™' (avg. 541 uS cm™)
in the study area. A study of the pH, electrical conductiv-
ity and temperature (Figs. 2, 3) shows that the Dora River
and its tributary Arminaz Stream have high values of pH,
between 10 and 11.6, and low to high values of temperature
and low conductivity except for a few locations. However,
the drainage and the piezometric samples, although maintain
temperature values close to those of the surface with a very
narrow variability, clearly deviate from low pH values of
about 8 and have a higher conductivity (Figs. 2, 3). This phe-
nomenon can be explained by the natural process of miner-
alization and altered water regime that lowers the differences
in the study area. The FD1, FD2 and TA1 sites (the River
Dora and the Arminaz Stream) represent the less mineral-
ized areas, typical for high-altitude drained systems, where
the high-water regime and turbulence result in low minerali-
zation (Fig. 3). Particularly, TA1 site of the Arminaz stream
was taken at high altitude (next to the snowfield) probably
due to this reason it has less mineralized as compared with
other Arminaz stream sites (Fig. 3). Surface waters corre-
spond to the limit just mineralized and formed by the waters
of the River Dora and the Arminaz Stream. Also fall into

12.0
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Fig.3 Comparison plot between 1600
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this group of the water sources, confirming their familiarity
and the low interaction with the rocks and their subterra-
nean circuit. Along the Arminaz Stream, the high concentra-
tion of EC may be due to the presence of small deposits of
“Carniole” (sulfate enrichment, i.e., gypsum), substantially
modifying the composition of these waters with an obvious
increase in the sulfate component.

Hydrogeochemical relations and water type

The Piper (1944) diagram is very useful in determining rela-
tionships of different dissolved constituents and classifica-
tion of water on the basis of its chemical characters. The
entire water samples are plotted in the Ca**-dominant zone
in the cation facies and most of the water samples in the
HCO;™ and SO,%~ zones in the anion facies, respectively
(Fig. 4). The plot of the geochemical data for both years on a
diamond-shaped field reveals that the majority of the plotted
points fall in zones 1, 3, 4, 5 and 6 (Fig. 4). All of the water
samples are plotted in zone 1, which indicates the dominance
of alkaline earths (Ca** +Mg?") over alkalis (Na* +K*). In
most of the water resources samples, weak acids (HCO;™)
exceed strong acids (SO,>~+CI7) and are plotted in zone
3. However, in the few samples of the Arminaz Stream and
drainage, strong acids exceed weak acids and are plotted in
zone 4. The plotted points of the water samples fall in zone
5, suggesting carbonate hardness, while some samples of
the Arminaz Stream and drainage lie in zone 6, indicating
that non-carbonate hardness exceeds 50% (Fig. 4). Based on
the dominance of different cations and anions in the water
resources, two hydrogeochemical water types can be defined
as Ca-Mg-HCO; and Ca—Mg—SO, in the study area.

Statistical analysis

Statistical analysis is an important tool used to process large
amounts of data and report overall trends. The computed
correlation matrix of the 13 measured parameters of the
water resources samples is given in Table 3. It is observed
that the EC and TDS show a high positive correlation with
S0,%~, Ca®*, Mg?* and TH and moderate correlation with
HCO;™ and NO;™. Good correlations were also observed
between Ca**-Mg?* (0.851), Mg?*—-HCO,™~ (0.861) and
Ca2+—HCO3_ (0.587) in the water samples, suggesting
that a significant fraction of Ca**, Mg?* and HCO;~ was
derived from weathering and dissolution of carbonate min-
erals. The lithology of the study area supports this observa-
tion. The positive correlations between Nat—Cl~ (0.852),
K™—CI~ (0.816), Na*-K* (0.633), Ca’>*~TH and Mg*"—TH
in the water samples indicates similar sources and/or geo-
chemical behavior during ionic mobilization. The good cor-
relation of Ca2+—SO42_ (0.982) indicates that gypsum dis-
solution could be the major contributor for these dissolved
ions in the water of the study area.

The results of the cluster analysis are shown in Fig. 5.
Each observation is labeled with the sample code to which it
was assigned. We found four cluster groups in the study area
(Fig. 5). It is apparent that the observations assigned to each
group share similar geochemical characteristics. The first
cluster group was associated with the spring (SB, SA) and
five high-altitude drainage water samples (DC, DG, DHI,
DHIC, and DHF), which shows that the drainage water
intersects the alimentation system of the springs. The second
cluster group was associated with the three drainage water
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Zone Characteristics of water
1 Alkaline earth (Ca+Mg) exceed alkalies (Na+K)
2 Alkalies exceed alkaline earth
3 Weak acids (COs+ HCOs) exceed strong acids (SO4+ Cl)
4 Strong acids exceed weak acid
5 Carbonate hardness (secondary alkalinity) exceeds 50%
6 Non-carbonate hardness (secondary salinity) exceeds 50%
7 Non-carbonate alkali (primary salinity) exceeds 50%
8 Carbonate alkali (primary alkalinity) exceeds 50%
9 No one cation-anion pair exceeds 50%
Stream ®

B Drainage 23

X Piezometer Y

¢ River

® Spring

9
Na-HCO;-Cl

Na-HCOs

Dominant
Type

Dominant
Type
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- - = - ¥ » & S
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Fig.4 Piper’s trilinear diagram showing the relationship between dissolved ions and water type

samples (DHB1, DHB2, DH4), one piezometric sample
(P3), one stream sample (TA1) and the Dora River samples
(FD2 FD1), and occur in this group maybe due to a hydraulic
connection between drainage, piezometric, stream and the
Dora River. The third cluster group was associated with the
two drainage water samples (DHBS, DHB3), three samples
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from the Arminaz Stream (TAS, TA6, TA7) and two samples
from piezometric (P1, P2), and occur in this group because
the buried sulfate deposits intersect the water flow net of
these aquifers. The last cluster group (fourth) was associ-
ated with the rest of the drainage water samples (DL, DLB,
DLT2, DLT1) and rest of the Stream Arminaz water samples
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Table 3 Correlation coefficient matrix of the measured parameters in water resources samples (n=28)

pH EC TDS F~ cr HCO;~  NO;~ SO Ca** Mg**  Na* K* TH

pH 1.000
EC -0.307  1.000
TDS -0.305 1.000  1.000
F~ —-0.536 0241 0235 1.000
cI- —0484 —0231 -0236 0397  1.000
HCO,~ —0.669 0686  0.68 0468 —0.017 1.000
NO,~  —0241 048 0490 0.111 —0.029 0306 1.000
SO~ —0.112 0960 0961 0.100 —0.290 0.458 0482  1.000
Ca%* -0223 098 0987 0.184 —0280 0.587 0458 0982  1.000
Mg —0458 0917 0921 0352 —0.159 0.861 0525 0799  0.851  1.000
Na* —-0513 0007 0007 0507 0852 0237 -0.097 -008 —0.067 0.120  1.000
K* -0593  0.142  0.140 0418 0816 0.179 0378  0.095 0093 0201  0.633 1.000
TH -0305 0.999 0999 0244 -0251 0.694 0494 0956 0986 0926 —0.010 0.131 1.000
DC
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Fig.5 Dendrogram showing clustering of the study area

(TA2, TA3, TA4) at high altitude, and occur there maybe
due to a similar hydrogeochemical behavior.

Hydrogeochemical processes and solute acquisition
processes

The chemical quality of water depends on some impor-
tant controlling factors like geological structure and
mineralogical composition of the aquifer, duration of
water—rock interaction, dissolution, precipitation of
mineral species and seawater and anthropogenic influ-
ences (Hounslow 1995). Gibbs’s (1970) diagram rep-
resents the ratio of Nat + K*/(Na®t + K* + Ca’*) and

Cl” + NO;7/(ClI” + NO3;~ + HCO3™) as a function of
TDS and helps to understand the functional sources of
dissolved chemical constituents, such as precipitation/
rock/evaporation dominance. The plot of geochemical
data on Gibbs’s diagrams suggests rock weathering as a
major driving force, which controls the water resources
chemistry of the Mont de la Saxe region (Fig. 6).

The plot of (Ca**+Mg*") versus (HCO;™) and
(Ca’*+Mg”™) versus (SO,*7) indicates that the weathering
and mineralization of carbonate minerals and gypsum are the
dominant reactions with the minor addition of silicate dissolu-
tion in the study area and the lithology of the area is adding
proof (Figs. 7, 8).
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Fig.7 Scatter plot of 300
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For the evaluation of geochemical affinity of the study = network flow. The spring samples represented the terms less
area, the normalized ratios of K/HCO; versus SO,/Ca were  involved in this process probably due to the different water
plotted (Fig. 9). The plotted samples indicate that the com-  regime. The drainage sample DG and DC had geochemi-
position of the Stream Arminaz waters is controlled by the  cal characteristics close to those of spring water; this could
leaching of “Carniole deposits”, with a sulfate enrichment ~ be due to their partial mixing (Fig. 9). Moreover, we can
(i.e., gypsum), as in the landslide area samples. This can be  observe that how the DH drainage system is intersecting the
justified by the partial leaching of the same deposits buried  groundwater mixing area and it allows defining its extension
very close to the landslide area, intercepted by the water  up to the silicate terms of the piezometric P2 and P3 (Fig. 9).
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Fig.8 Scatter plot of 300
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Figure 10 shows that the groundwater flow directions of
the study area were reconstructed by observation of geo-
chemical data, and we observed two potentially overlapping
water circulation circuits: the karst and superficial. The karst
system aquifer is characterized by a network of conduits
and caves set along the planes of shrinkage detained within
the NE-SW direction. However, the superficial aquifer (dis-
continuous aquifer) is in the altered subsurface area with
directions that roughly follow the slope. During the summer

Fig.9 Scatter plot of (K*/
HCO,") versus (S0,27/Ca*")

K/HCO3 (mg/l)

period when the water capacity rises, the overflowing phe-
nomena occur along the north side of the Mont de la Saxe,
causing both travertine deposition and instability and trig-
gering landslide processes. In particular, the analyzed data
confirm that the geochemistry affinity between the springs
(SA and SB) and the Arminaz Stream is probably due to a
hydraulic connection, and the Arminaz water feeds these
springs, linked under-bed stream by the karst aquifer sys-
tem (Fig. 10). The hydrogeochemical data show the mixing
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process from the springs pass through higher altitudes drains
samples (DG and DC) to lower drains samples (DL and DH)
as well as piezometer water samples. It is also probable that
the presence of buried Carniole sulfate deposits influences
the mineralization process of the water sampled in the drains
DL and DLT and partly the drains DH in the study area.

Chloro-alkaline indices (CAI)

The positive or negative values of the chloro-alkaline indi-
ces (CAI-I and CAI-II) depend on whether the exchange
of Na* and K* is from water with Mg?* and Ca?* in rock/
soil or vice versa. The positive value of CAI ratio can be
due to the exchange of Na* and K* in water with Mg?*
and Ca®*, and this phenomenon indicates base-exchange
processes. However, if CAI values are negative, the reac-
tion will be a cation—anion exchange reaction and indicates
chloro-alkaline disequilibrium phenomenon. Throughout
this process, the host rocks are the prime source of dis-
solved solids in water. In the present study, all of the tested
water samples had negative chloro-alkaline indices values,
revealing chloro-alkaline disequilibrium phenomenon and
the reaction as a cation—anion exchange in the study area
(Table 1).

Fig. 10 Water flow directions in the study area

@ Springer

Saturation indices

By using the saturation indices (SI), it is possible to pre-
dict the reactive mineralogy of the subsurface from water
data without collecting the samples of the solid phase and
analyzing mineralogy (Deutsch 1997). Figure 11 shows the
comparison between the calcite saturation index and pH;
the weathering process of silicate causes calcite saturation
in the spring and river samples. High pH values about 11
activates a continuous uptake of the atmospheric CO, that
dissolves. The sudden CO, outgassing, availability of cal-
cium and magnesium and the oxygenation process cause
the travertine inside fractures and flowing of springs in the
site. Travertine deposits located along the mountainside are
proofs also of the seasonal springs of this area.

Suitability for drinking and domestic uses

The statistical summary of the physico-chemical param-
eters of the analyzed water samples was compared with the
standard guideline values recommended by the World Health
Organization (WHO 2006) for drinking and public health
(Table 4). The pH values were above 10 for the Arminaz
Stream, spring and the Dora River water samples. The con-
centration of TDS ranged from 142.1 to 995.3 mg L™! (avg.
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395.3 mg L") and the values of TDS exceeded the desirable
limit of 500 mg L' in 25% analyzed samples (Table 1).
We found a high concentration of TDS in the drainage
water samples as well as in few samples of the Arminaz
Stream of the study area (Table 1). The total hardness (TH)
is an important parameter of water quality whether it is to
be used for domestic, industrial or agricultural purposes.
Water can be classified into soft (<75 mg L™"), moderately
hard (75-150 mg L), hard (150-300 mg L™!) and very
hard (> 300 mg L") based on hardness (Sawyer and McCa-
rty 1967). The TH of the analyzed water samples ranged
between 102.7 and 717.8 mg L™! with an average value of
288 mg L™!. The analytical data indicated that 17.8% of the
samples were moderately hard, 53.6% were hard and 28.6%
were very hard in the study area (Table 1). We observed
the high concentration of TH in the drainage water sam-
ples as well as in few sample of the Arminaz Stream. Long-
term consumption of extremely hard water might lead to an
increased incidence of urolithiasis, anencephaly, prenatal
mortality, some types of cancer and cardiovascular disorders
(Agrawal and Jagetia 1997).

The concentrations of F~, NO;™ and C1~ were within
the respective permissible limits of 1.5, 50 and 250 mg L~!
(WHO 2006) in all of the water resources samples in the
study area (Table 4). Sulfate concentration in the drainage
water samples and in few samples of the Arminaz Stream
water sample exceeded the limit of 200 mg L™' (WHO
2006) (Table 1). However, the concentrations were within
the respective limit of 200 mg L™! in the rest of the water
resources samples. Higher sulfate concentrations are associ-
ated with respiratory disorders (Subba 1993).

Fig. 11 Saturation index of the
study area

The concentrations of Ca>" exceeded the desirable limits
of 75 mg L™ established by the WHO (2006) in 52.8% of
the water samples in the study area. Maragella et al. (1996)
reported that the consumption of high level of Ca’* con-
centration for long periods may cause risk of kidney stones.
Moreover, 10.7% of the water samples had high concentra-
tions of Mg?* (>30 mg L™!) as per the WHO standards in
the study area. The level of Na™ concentrations in the water
resources samples was less than the recommended limit
(200 mg LY by the WHO (2006) for drinking water uses.

Suitability for irrigation uses

The statistical summary of calculated sodium adsorption
ratio (SAR), percentage sodium (%Na), residual sodium
carbonate (RSC) and permeability index (PI) are presented
in Table 4.

The concentration of sodium and electrical conductivity
play a vital role in classifying irrigation water. The high salt
concentrations in the water directly affect plant growth, soil
structure, permeability and aeration. For assessment of the
suitability of water for irrigation purposes, tests based on
electrical conductivity and sodium adsorption ratio were pro-
posed by the US Salinity Laboratory (1954). The US Salinity
Laboratory (1954) diagram classifies four salinity classes for
irrigation uses, such as low (EC=<250 uS cm_l), medium
(EC =250-750 pS cm™!), high (EC=750-2250 pS cm™!)
and very high (EC =2250-5000 pS cm™'). A high sodium
concentration leads to the development of an alkaline soil,
while a high salt concentration (EC) in water leads to the
formation of saline soil.
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Table 4 Statistics summary of

. Parameters Minimum Maximum Average SD Std. error WHO (2006)
the analytical data compared
with the WHO (2006) for pH 7.6 11.6 9.2 14 03 7.0-8.5
?rrr‘i‘:;tri‘fna;iigg“‘c’ Temp. 0.96 9.75 5.84 189 035 -
EC 206.0 1253.0 541.3 284.5 53.8 750
HCO;~ 75.0 255.0 151.6 52.1 9.8 200
F~ 0.04 0.6 0.3 0.1 0.02 0.6-1.5
CI 0.23 3.2 0.8 0.7 0.1 250
NO;~ 0.0 1.8 0.5 0.4 0.1 50
SO, 23.0 480.0 134.2 133.1 252 200
Ca** 36.0 200.0 89.2 47.0 8.9 75
Mg** 3.1 53.0 15.8 12.7 2.4 30
Na* 1.0 9.6 25 1.7 0.3 200
K* 0.1 1.1 0.5 0.3 0.1 -
TDS 142.1 955.3 3953 221.8 41.9 500
TH 102.7 717.8 288.0 164.0 31.0 500
SAR 0.02 0.35 0.07 0.06 0.01 -
Na % 0.53 13.43 2.58 2.48 0.47 -
RSC —10.16 -0.72 -3.27 2.75 0.52 -
PI 11.33 57.38 34.37 12.60 2.38 -

Unit: mg L™!, except SAR, %Na, RSC and PI (mEq L), pH, Temp. °C; and EC (uS cm™!)

Water is classified into four alkali classes, such as low
(SAR < 6), medium (SAR 6-12), high (SAR 12-18) and
very high (SAR 18) as per the SAR value. The calcu-
lated SAR values of the water resources samples ranged
from 0.02 to 0.35 (avg. 0.7) in the study area (Table 4).
The plot of the data on the US salinity diagram (USSL
1954) in which EC is taken as the salinity hazard and
SAR as the alkalinity hazard shows that the entire sam-
ples of the river water and that of piezometer, and most
of the drainage and Arminaz Stream samples fall in the
C2S1 categories, indicating good to permissible qual-
ity of water for irrigation uses (Fig. 12). Due to low
sodium and medium salinity, the water of C2S1 class
can be used for irrigation purpose on almost all soil with
little danger of problem from sodium. However, some
samples of the drainage water and the Arminaz Stream
fall into the categories C3S1, indicating high-salinity
and low-alkali water. Special salinity control measures
are required before using the high-salinity water (C3)
water on soils. High-salinity water can be used to irri-
gate semi-tolerant and salt-tolerant crop under favorable
drainage conditions. Only the spring water samples fall
in the class C1S1, indicating these to be good for irriga-
tion purposes in the study area.

Wilcox (1955) reported that the percent sodium (%Na) is
an important parameter to evaluate the suitability of water
quality for irrigation purposes. Singh et al. (2008) suggested
that the high percentage of Na* with respect to (Ca’*, Mg,
Na‘) in irrigation water causes impairment of soil perme-
ability and deflocculation. The percent sodium in the water

@ Springer

resources samples ranged from 0.53 to 13.43% (avg. 2.58%)
in the study area. The plot of analytical data on the Wil-
cox (1955) diagram relating EC and %Na shows that water
samples fall into two classes. Most of the water resources
samples are of excellent to good and few are of good to
permissible quality and may be used for irrigation purposes
without any hazard (Fig. 13).

The Doneen (1964) proposed a permeability index (PI)
for assessing the suitability of water quality for irrigation
uses. Long-term use of water rich in Na®, Ca**, Mg?*
and HCOj; concentrations affects the permeability of the
soil. The PI diagram classifies irrigation water into three
classes (Doneen 1964): Class-I and Class-II water types
are suitable for irrigation with 75% or more of maximum
permeability. However, Class-1II with 25% of maximum
permeability is unsuitable for irrigation uses. On the
basis, all of the water resources samples fall in Class-I
and Class-II in the Doneen’s chart implying that the water
is of good quality for irrigation purposes with 75% or
more of maximum permeability (Domenico and Schwartz
1990) (Fig. 14).

Summary and conclusions

The water resources of the study area were alkaline in
nature, while the Dora River and Arminaz Stream water
samples had high values of pH, between 10 and 11.6, and
lowest value of temperature and electrical conductivity in
the study area. Ca—Mg-HCO; and Ca-Mg-SO, were the
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dominant hydrogeochemical facies in the Mont de la Saxe
region. In most of the water resources samples, concentra-
tions of alkaline earths (Ca>* + Mg>*) exceeded alkali cati-
ons (Na*+K™") and weak acids (HCO;~) dominated over
strong acids (SO, + C17). Moreover, in the few samples
of the Arminaz Stream and drainage, strong acids exceeded
weak acids in the study area. Weathering and dissolution
of carbonate, sulfate, and silicate minerals, as well as a
cation—anion exchange reaction were the major processes
controlling the water resources chemistry of the Mont de la
Saxe region.

In particular, the analyzed data confirm that the geo-
chemistry affinity between the springs (SA and SB) and the
Arminaz Stream, probably due to a hydraulic connection
and the Arminaz water feed these springs, linked under-bed
stream by the Karst system. The hydrogeochemical data

SALINITY HAZARD

show the mixing process from the springs pass through
higher altitudes drains samples (DG and DC) to lower drains
samples (DL and DH) as well as piezometer. It is also prob-
able that the presence of buried Carniole sulfate deposits
influences the mineralization process of the water sampled in
the drains DL and DLT and partly the drain DH. The cluster
analysis of the analyzed water resources samples supported
these observations in the study area.

All of the tested water of the piezometric, spring and
Dora River was suitable for domestic and drinking uses and
can safely be used for irrigation propose without any haz-
ard. However, high concentrations of TDS, Ca™, SO42_ and
TH and high salinity in many samples of the drainage and
Arminaz Stream water make it unsuitable for drinking and
irrigation uses and a suitable treatment and special manage-
ment plan in the study area are required.
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Fig. 13 Plot of sodium percent
versus electrical conductivity
(after Wilcox 1955)

Fig. 14 Classification of irriga-
tion water based on the perme-
ability index (after Doneen
1964)
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