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Abstract The hydrochemistry of groundwater from the
Mogher Al Mer area, located in southwestern Syria, has
been used as a tool to identify and assess the hydro-
geological systems and associated conditions. In this arid
region of Syria, groundwater is considered as the main
source of water supply for both drinking and irrigation
purposes. The detailed description of hydrogeochemical
conditions, including major ions, physico-chemical and
in situ field parameters, has underlined the very complex
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variability of the stratigraphic sequences and hence the
numerous hydrogeological units within the study area.
On the one hand, groundwater chemical signature is
found to be mainly controlled by the water-rock inter-
action processes in the mountainous western part of the
study area. On the other hand, anthropogenic influences
are observed in the eastern plain. In terms of recharge
mechanisms, the region can be considered as a part of a
main intermediate or even regional flow system instead
of a local one.

Keywords Aquifer - Groundwater - Hydrochemistry -
Arid region - Syria

Introduction

In the former days, the Barada and Awaj Rivers, mainly fed
by karst springs (Wolfart 1964), were considered as a vital
socioeconomic resource, sustaining the Ghouta Oasis and
agricultural activities in the Damascus Basin (Barada and
Awaj Basin) (INECO 2009).

Due to the decrease in surface water supplies in the
study area, groundwater remains the only option to sup-
plement the ever-growing demand for water to meet the
requirement of human activities (Al-Charideh 2011, 2012a,
b). Therefore, additional threat is put on all fresh ground-
water resources. The protection and management sustain-
able of groundwater resources is a priority objective in both
industrialized and developing countries (European Com-
mission 1995; Barbieri et al. 2005). Groundwater man-
agement in Syria is an issue of great concern to water
policy makers, planners, and legislators, with respect to
pollution and resources sustainability (FAO 1993;
Angelakis 2000).
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Consumption rates greater than recharge rates are
common in the last 20 years in most regions of Syria.
Consequently, groundwater levels have started to decrease
dramatically and negative water balance has been detected.
Several springs have dried up and a large number of rivers
have become seasonal or have been converted to waste-
water canals (Al-Charideh and Abou-Zakhem 2009;
Meslmani and Wardeh 2010). From a holistic perspective,
a conceptual approach that encompasses human pressures
must recognize the hydrogeological heterogeneity caused
by the complexity of the geological structure. Also the
potential contributions of distinct recharge areas have to be
identified once groundwater withdrawal has begun (Mah-
lknecht et al. 2006; Palmer et al. 2007; Li et al. 2008; Folch
et al. 2011).

The characterization of the flow conditions within the
local aquifers is an important step towards a better man-
agement of water resources. Hydrochemistry can provide
an important information and independent method for
identifying recharge areas and delineating preferential flow
paths. Groundwater carries chemical signatures of recharge
precipitation and interactions along flow paths with aqui-
fers rocks as well as anthropogenic activities (Rakhmatul-
laev et al. 2010, 2012; Huneau et al. 2011).

Groundwater in the Mogher Al Mer area is the main
source of water supply for small population centres as well
as for private use in agriculture and cattle supply. However,
the processes (natural or anthropogenic) controlling the
chemistry and quality of groundwater in this area is not yet
well understood. Therefore, the main objectives of the
present study are to (1) evaluate relevant rock—water
interactions that influence water quality in the study area
within the framework of its complex geology and mor-
phology, (2) determine predominant water type based on
their chemical compositions and ionic ratios, (3) interpret
the groundwater flow system conditions to update and
improve the knowledge on the groundwater flow
behaviour.

General setting of the study area

The Damascus Basin occupies the southwestern part of the
Syrian Arab Republic (SAR).The climate of SAR is char-
acterized by warm dry summers and cool rainy winters.
SAR has scare water resources with more than 60 % of the
country receiving less than 250 mm/year of rainfall
(Mourad and Berndtsson 2011). Annual precipitation in the
Damascus Basin varies in the range of 86-900 mm/year
and this basin is classified into four climatic zones: hot
desert, arid, semiarid, and moderate (RDAWSA 2006).

A high variation in the air temperature is observed
between winter and summer. Temperatures can drop down
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below freezing point at high altitudes (1,500-2,000 m) in
winter and can reach 42 °C during summer. The relative
humidity is usually about 24-50 % during summer (July
and August) and may reach up to 60-70 % during winter
(January and February). The annual average potential
evaporation varies between 1,500 mm/year in the flatlands
and 1,100 mm/year in the mountainous areas. Evapo-
transpiration in the mountainous area varies between 300
and 400 mm/year and it is close to precipitation in the flat-
land area (Selkhozpromexport 1986; Kattan 1997).

Mogher Al Mer and its surrounding areas (Fig. 1) cover
an area of approximately 400 km?. This region is consid-
ered as a main recharge area of Awaj River which is the
main watercourse in this area. The annual average dis-
charge of Awaj River is 4.7 m*/s (MOI 2005). Topo-
graphically, the area is characterized by mountains in the
west and northwest with sharp deep valleys in between, and
by a flat area in the east and southeast. The relief varies
between 800 and 1,800 m.a.s.].

Geological and hydrogeological setting
Geology

The main formations outcropping in the study area range
from the Middle Jurassic up to the Quaternary period. The
major Jurassic deposits are found in the Mt Hermon
(western and northwestern parts), whereas the plain areas
are characterized by outcroppings of the Paleogene, Neo-
gene, and Quaternary deposits. The Cretaceous formation
is exposed in a small part southwest of the study area. The
Paleogene formation is found in the southern part. The
thickness of Paleogene is about 1,500 m and is composed
of limestone characterized by nummulites and interbedded
with marl layers and clayey marls in the upper part of the
Eocene. The Neogene formation is outcropping in the
central and eastern parts of the study area with a thickness
of about 500 m. The dark colored Miocene basalts, which
are characterized by fractures filled with calcite, are found
locally beneath the conglomerates of Pliocene age. The
Quaternary deposits are mainly found in the plain area
around the Awaj River. Its thickness varies between 1 and
10 m. Figure 2 displays three cross sections showing sub-
surface lithology as well as the major structures within the
study area and the logs of wells penetrating Neogene,
Palaeogene, Cretaceous, and Jurassic formations.

In terms of tectonic, the area is strongly affected by
faulting and folding resulting in several folded structures
such as Mt. Anti-Lebanon (up to 2,466 m) and Mt. Hermon
(2,814 m) (Dubertret 1932; Ponikarov 1967; Selkhoz-
promexport 1986; La-Moreaux et al. 1989; Kattan 2006).
Generally, most strata from Jurassic to Cretaceous age are
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Fig. 1 Map of Syria divided into seven basins with the location of study area in the Barada and Awaj Basin. The locations of sampling sites,
groundwater equipotential contours, and three geological cross sections presented in Fig. 2 are shown on hydrogeological map of the study area

dipping in the southeast direction to the east Mt. Hermon.
The tectonic activities, mainly fault zones, together with
karstic features, seem to play a significant role in this area
in terms of increasing infiltration coefficient and control-
ling groundwater flow behaviour, and recharge/discharge
mechanisms (Burdon and Safadi 1964).

Hydrogeology

The aquifers in the study area can be classified into karstic
and porous aquifers.

The karstic aquifers consist of limestones and dolomites,
which upon dissolution along faults and fractures create a
secondary porosity. Such aquifers belong to the Jurassic,
the Cenomanian—Turonian, and the Upper Eocene units
(Al-Charideh 2012a). Porous formations consist of
unconsolidated or semi-consolidated sediments, such as the
Pliocene conglomerate units and the Quaternary aquifer.
The basalts, if not intensely fractured, can be considered to
a certain extent as an aquiclude (Kattan 1997, 2006).

Figure 1 shows the hydrogeological map of the study
area with major aquifers. The major hydrogeological units

in the study area are classified and described below (Sel-
khozpromexport 1986):

Jurassic unit

The karstic limestone layer containing gypsum infilling
(about 2,000 m thick) interbedded with dolomite, dolomitic
limestone, and marls layers forms this unit. The hydraulic
conductivity varies between 2 and 99.3 m/day, and the
transmissivity is about 3,085 mz/day (RDAWSA 2006).

Cretaceous unit

The limestone, dolomitic limestone, and crystalline dolomite
interbedded with argillaceous limestone, marl, and sandstone
formations compose the aquifer member of this unit
(400-1,000 m). This unit together with the Jurassic unit rep-
resents the most important water-bearing system in the
Damascus Basin and even in the SAR in terms of storage
capacity and discharge of springs (JICA 2001). The hydraulic
conductivity is up to 80 m/day and transmissivity varies
between 12 and 7,435 mz/day (La-Moreaux et al. 1989).
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Fig. 2 Three geological cross sections showing subsurface lithology as well as the major structure within the study area and the logs of wells
tapping Neogene, Paleogene, Cretaceous, and Jurassic formations

Sedimentary Mio—Quaternary aquifer

They consist of gravels and conglomerates interbedded
with clay, sandstone, and limestone. As clay content

The rocks of this complex (140-630 m thick) are wide-  increases and/or aquifer thickness decreases, the trans-
spread on the foothill of Mt. Hermon and in the plain area.  missivity value can drop down from 756 to 0.05 m?/day.
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Volcanic middle Miocene aquifer

The Basaltic aquifer (500 m) consists of fissured basalts
associated with thin beds and lenses of sand and sandstone.
This aquifer overlays the Neogene conglomerates. The
transmissivity of this aquifer is about 30-60 m?/day.
Almost all the springs emerging from the basalts aquifer
originate from deeper aquifers, such as the Neogene con-
glomerates or other related aquifers.

Groundwater contour map

Based on available water level data on 33 groundwater
monitoring points obtained from Ministry of Irrigation of
Syria, a preliminary potentiometric map was constructed for
November 2006 as shown in Fig. 1. The interpretation of
equipotential contours indicates that the general groundwa-
ter flow is organized towards the east direction. Minor flow
direction is also recognized from northwestern to south-
eastern where several springs characterized by relatively
high discharge rates are emerging. A stepper hydraulic gra-
dient is observed in the western and northern mountainous
parts, where the karsts and faults are more developed.

Sampling, analysis, and database preparation

A total of 107 water samples from springs and wells
(Fig. 1) were collected during the fieldwork campaign in
November and December 2006. Wells depths range
between 35 and 160 m and are owned by the Ministry of
Irrigation and farmers. Samples were collected in poly-
ethylene bottles, which were rinsed twice with sample
water. Two bottles of each water point were collected. One
bottle was filtered (0.45 um) and acidified with two drops
of nitric acid, (HNOj) for cations determination.

Field parameters such as electrical conductivity (EC),
pH, and alkalinity (HCO;3;™) were measured onsite. Within
30 days of sampling, all samples were analysed in the
UNESCO-IHE Institute laboratory in The Netherlands.
Cation concentrations were measured using an Absorption
Spectrophotometer (AAS), whereas the anions were mea-
sured with Dionex Ion Chromatograph (DIOEX ICC-
1000). Silica (as SiO,) was measured using HACH color-
imeter. In addition, the database was completed with other
available related data from different sources (RDAWSA
2006; Selkhozpromexport 1986). Using PHREEQC
(Parkhurst and Appelo 1999), different calculations were
performed to determine water types according to Stuyfzand
classification (Stuyfzand 1989), and the saturation indices
of a selection of minerals and the partial pressure of carbon
dioxide. Field parameters and majors ions for the different
sampling points are displayed in Table 1.

Results and discussion

To protect valuable water resources effectively and to
predict any change in groundwater environments, it is
necessary to understand the hydrochemical characteristics
of the groundwater and its evolution under natural water
circulation processes (Lawrence et al. 2000; Guendouz
et al. 2003; Wen et al. 2005; Ma et al. 2005; Edmunds et al.
2006; Ma and Edmunds 2006; Jianhua et al. 2009). The
motion of groundwater along its flow paths generally
increases the concentration of the chemical species
(Domenico and Schwartz 1990; Freeze and Cherry 1979;
Kortatsi 2007; Aghazadeh and Mogaddam 2011).

Calcite, dolomite, and gypsum dissolution

The dissolution of limestones and dolomites is a dominant
mineralization process for groundwater of carbonate sys-
tems. In many cases, the dissolution of gypsum has also a
very important role (Flakova 1998). The most important
factor determining the solubility of minerals is the abun-
dance of carbon dioxide in the system. The process of
calcite and dolomite dissolution takes place under condi-
tions of open and closed systems, depending on the CO,
pressure. Figure 3 shows the pure calcite and dolomite
dissolution under both open and closed system dissolution
as a function of CO, supply determined by PHREEQC
(Parkhurst and Appelo 1999). The relationship between
measured pH and calculated pCO, in the water samples is
also shown on this figure. In the closed system, CO, is
decreasing along the groundwater flow path. On the other
hand, it remains constant in the open system (Appelo and
Postma 2005). The ranges of calculated pCO, as a function
of pH in the water samples comparing with those values of
open and close system dissolution indicated that open
system dissolution is prevailing in the study area.

During the contact between infiltrating water and lime-
stones, dolomites and gypsum, congruent or incongruent
dissolution of carbonate minerals can occur. Mineral
equilibrium calculations for groundwater are useful in
predicting the presence of reactive minerals in the
groundwater system and estimating mineral reactivity
(Deutsch 1997; Jianhua et al. 2009).

Since open system dissolution of carbonates is suspected,
bicarbonate, calcium, and magnesium concentrations have
been plotted as a function of calculated pCO, together with
the pure calcite and dolomite dissolution determined with
PHREEQC (Fig. 4a). The PHREEQC lines and the scatter
plot determine the dissolution state of the carbonate system.
Distinctly, this graph shows different sources of calcium in
water samples because most of the samples are plotted
above PHREEQC lines. In contrast, bicarbonate and mag-
nesium for most samples are situated below those lines.
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Fig. 3 Open and closed system dissolution of carbonate system
determined with PHREEQC and pH values as a function of pCO,
(atm) calculated values in the water samples

The scatter plot of saturation indices (SI) of calcite and
dolomite is shown in Fig. 4b. In this diagram, a central
band of 0.4 units wide along each axis, representing errors
that may occur in the measurement of pH, Mg”", and Ca®™.
The four quadrants of the plotting field (I-IV) represent
different kinds of equilibrium conditions with respect to
calcite and dolomite. The figure shows that some of the
water samples are distributed in quadrant I and III, and
most of them are situated in the central band of equilib-
rium. The samples in quadrant I represent supersaturation
with respect to both carbonates. The samples plotting in
quadrant III represent undersaturation with respect to cal-
cite and dolomite. These samples correspond to water
coming from an environment where carbonates are

impoverished, or to water that has a short residence time in
the hosting carbonate rocks (Langmuir 1971; Kortatsi
2007).

The SI of calcite as a function of calculated pCO, are
shown in Fig. 5 (chart), and are mainly closed to or exceed
zero for most samples and the spatial distribution of SI of
calcite is shown in Fig. 5 (map). The highest part of the
Jurassic is characterized by low SI of calcite, whereas
relatively high values were measured in the lower part
levels near the Arneh village. This is mostly due to a short
residence time and a lesser amount of CO, as a result of
vegetation absence in the higher parts characterized by
limited soil development. The low SI of calcite near the
Arneh village might indicate a quick groundwater circu-
lation from the north part towards the south part through
channels and conduits developed along faults and fractures
as a preferential flow. The high values encountered in the
alluvial and basalt aquifers can indicate a deep ground-
water flow from Jurassic aquifers to these aquifers con-
trolled by sub-regional geological structures.

The alternation of limestone and dolomite along the flow
path can be characterized by Mg/Ca ratios. Mg/Ca ratios
between 0.5 and 0.9 are typical for carbonate aquifers (Hsu
1963; Stadler et al. 2012). For groundwater genetically
bound to pure limestones, the Mg/Ca ratio is smaller than
0.1 on the other hand, water from pure dolomite is char-
acterized by Mg/Ca ratios higher than 0.7 (Flakova 1998).
However, even very pure limestone can give rise to rela-
tively high Mg/Ca ratios in water with a long residence
time (Moral et al. 2008; McMahon et al. 2004; Batiot et al.
2003; Lopez-Chicano et al. 2001; Edmunds and Smedley
2000; Fairchild et al. 2000; Plummer et al. 1978; Plummer
1977; Bicalho et al. 2012). In fresh water, Mg/Ca ratio
values greater than 1 can be the result of water interacting
with Mg-rich silicate rocks such as volcanic ones, with Mg
being derived from olivine (Schoeller 1956; Hem 1985;
Vengosh and Rosenthal 1994).

Figure 5 (chart) shows that most of the samples indicate
Mg/Ca ratios less than one and many of them less than 0.5.
These values imply that the contact time between the
infiltration water and hosting rocks was rather short. Few
samples show ratios superior to 1 indicating a basaltic rock
weathering or precipitation of gypsum resulting from an
impoverishment in Ca ions, or sulphate reduction process
facilitated by anaerobic conditions.

The dissolution of gypsum leads to increasing sulphate
concentration in groundwater and to enhanced solubility of
dolomite; consequently it lowers the solubility of calcite.
SI of gypsum as a function of SO,>~ concentration are
plotted in Fig. 6. The relationship between the two vari-
ables shows that the dissolution of gypsum is the main
source of sulphate in these waters (correlation coefficient
r = 0.64). This is associated with an increase in calcium
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concentration as shown in Fig. 7. This figure shows also
that there is no correlation between calcium and sulphate
for all the samples only when sulphate concentration
becomes greater than 0.5 mmol/L. The trend indicates a
positive relationship between the two variables due to
gypsum dissolution.

Dedolomitization process

The occurrence of Mesozoic limestones and dolomites
associated with gypsiferous layers gives rise to Ca-sul-
phate-rich water which induces dissolution—precipitation
processes in the dolomite—calcite mineral assemblage
(Capaccioni et al. 2001). Dedolomitization process means,
that the calcite precipitation and dolomite dissolution are
driven by anhydrite (gypsum) dissolution (Plummer et al.

@ Springer

Dolomite Saturation Index

1990). The dedolomitization is controlled by the three
following reactions:

CaSO; — Ca>" + 80,2 (1)
Ca*" +2HCO;~ — CaCO; + CO, + H,0 (2)
2CO; + 2H,0 + CaMg(CO5),

o Ca*" + Mg>" + 4HCO;3~ (3)

The increasing concentration of Ca®* during the disso-
lution of gypsum leads to the precipitation of calcite. A
decrease in HCO3;™~ concentration causes the dissolution of
dolomite and an increase in Mg>" concentrations in water.
The increasing in Mg>" concentrations causes an increase
in Ca%* concentration, until the equilibrium is reached
between water and both minerals. Thus, the gypsum dis-
solution brings about a substitution of dolomite by calcite.
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Fig. 5 Classification and spatial distribution of saturation index of calcite in the water samples with chart showing the SI of calcite and Mg

Ca>" molar ratio as a function of pCO, (atm) calculated values

In the thermodynamic calculation, it is likely that gypsum
dissolution is irreversible in most of the system, whereas
the water remains at or near saturation with respect to
calcite and dolomite. It is appropriate then to choose the
dissolved sulphate as a reaction progress variable in
examining the trend in the water quality data (Plummer
et al. 1990) (Fig. 6). The samples that are characterized by
low saturation indices of calcite and by low concentration
in sulphate (<1 mmol/L), indicate that little or no gypsum
dissolution occurred for these water samples. Some sam-
ples show over saturation of dolomite even with less con-
tent in sulphate, indicated that the dolomite dissolution was
not driven by gypsum dissolution. When the sulphate

PCO,-cal

2+/

concentration increases for some samples, they become
near saturation with respect to dolomite if we accept an
uncertainty of about £0.5 for saturation index determina-
tion. The majority of these samples are located in the
Jurassic aquifer. SI of gypsum as a function of sulphate
concentration evolve from undersaturated to quasi-satu-
rated and sulphate concentration increases with the devel-
opment of gypsum dissolution. Figure 7 shows that the
high values of sulphate (more than 1 mmol/L) which are
associated with over saturation with respect to dolomite
were measured mainly near the Arneh village. It indicates
that the dedolomitization process is occurring there. This
phenomenon was observed near Beit Tima and south of
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Fig. 6 Saturation indices of calcite, dolomite, and gypsum as well as
pCO, (atm) calculated values as a function of S0,*~ (mmol/L)

Heneh villages (Miocene aquifer). Other high concentra-
tions of sulphate which are not associated with over satu-
ration of dolomite indicate additional sources of sulphate
such as anthropogenic influences. As a consequence of
dedolomitization reactions, the calcite precipitation in the
system causes a decrease of pH values due to H' released
from HCO;™ during the incorporation of COj to calcite. In
our case, the pH values are hardly going down as shown in
Fig. 7. According to Figs. 6 and 7, we can conclude that an
approach to dedolomitization processes only occurs in
isolated places where the gypsiferous formations are
located.

@ Springer

Silicate weathering

The effect of silicate weathering on the water chemistry is
primarily the addition of cations and silica, given that high
silica in the water samples indicates active hydrolysis of
silicate minerals.

The silica values for the samples collected in 2006 are
shown in Fig. 8. Clearly, a sharp boundary between three
groups is observed. The first one is characterized by low
silica concentrations and located in the Jurassic aquifers.
The second one is located in the Neogene and Quaternary
formations and characterized by higher silica. The highest
concentration in silica, (third group), was observed in the
basaltic Miocene aquifer which is more weathered com-
pared to the basalt of the Quaternary. High silica content In
the Neogene/Quaternary aquifers might indicate a flow
pattern from the Miocene basaltic aquifer to the southeast
direction toward these aquifers.

The mineral stability diagram is another approach to test
the proposed hydrochemical evolution (Drever 1988; Guler
and Thyne 2004b). The stability fields for the Na-Plagio-
clase (albite) and its potential weathering products, par-
agonite, gibbsite, kaolinite, and pyrophyllite are shown as a
function of log ([Na™]/[H"]) and log [H4SiO,4] in Fig. 8. It
shows that the main reaction is the conversion of albite to
kaolinite. Meaning that the primary silicate minerals, such
as plagioclase and clinopyroxene, can be dissolved and
weathered to kaolinite which is most likely to be in equi-
librium with groundwater. While noting some samples
extending into the albite stability field suggesting equilib-
rium between clay and primary mineral, it is not likely to
be the main process controlling the water chemistry.

Figure 8 also shows the stability fields for the Ca-Pla-
gioclase (anorthite) and its possible weathering products,
gibbsite, kaolinite, and Ca-montmorillonite as a function of
log ([Ca*"1/[H'1» and log [H4SiO4]. In this case, the
kaolinite is more likely to be stable than for example
gibbsite, as a result of anorthite weathering products. This
may be due to removal of the Ca from the system by the
precipitation of Ca salts. Some samples which are located
at or close to the stability field of montmorillonite indicated
that the typical aquifer of these water samples is basically a
basic rock (like basalts) (Appelo and Postma 2005).

The two diagrams show that most of the groundwater
samples are not in equilibrium neither with albite nor with
anorthite, and they will decompose if they are present in
the system.

According to Han and Liu (2004), we can use the
variation in the composition of water (Mg>*/Ca*" and
Na*/Caer) to distinguish limestone, dolomite, and silicate
rock sources of ions. Figure 9a displays the covariation
between the two molars ratios. These two ratios are
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Fig. 7 Classification and spatial distribution of saturation index of dolomite in the water samples, and a scatter charts of Ca®*, Mg (mmol/L)

and pH as a function of SO42* (mmol/L)

almost equivalent because both of them vary over three
orders of magnitude. Water samples composition seems to
be affected by the mixing trend of three types of rock,
most likely the carbonate rocks have a higher effect. It is
noticeable that the Mg®"/Ca*" ratios of most samples are
bellowing the Mg®"/Ca*" = 0.8 line. This is probably
due to equilibration of the water simultaneously with
calcite and dolomite. The water equilibrated together with
calcite and dolomite gives an ideal molar Mg?*/Ca®"
ratio of about 0.8 (Appelo and Postma 1993; Han and Liu
2004).

Dissolved solutes and nitrate concentrations

The intensive uses of fertilizers and manure in the
agricultural management systems have increased the
nitrate pollution of groundwater and have adverse
effects on ecosystems and human health (Anastasiadis
2003). Biodegradation of crop residues, agricultural and
municipal wastes applied to agricultural fields and waste
generated directly by animals are also considered as
other sources of nitrate pollution. Figure 10 shows that
the low nitrate concentration was mostly measured in
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Fig. 8 Classification and spatial distribution of SiO, (mg/l) concentration in water samples and stability diagram of both Ca-Plagioclase
(anorthite) and Na-Plagioclase (albite) and their possible weathering products

the mountain area (Jurassic and Paleogene aquifers)
where there are less agricultural activities. On the other
hand, this parameter tends to increase in the plain area
(Neogene and Quaternary aquifers). These two aquifers
host a considerable number of irrigation wells and
intensive agricultural activities using massive input of
nitrogenous fertilizers and manures. The effect of irri-
gated return flow on the groundwater seems to be sig-
nificant in this area. Inorganic agricultural fertilizers are
also thought to be the major sources of chloride in the
groundwater. Few water samples are characterized by
considerable chloride concentrations associated with
relatively high nitrate concentrations as shown in
Fig. 10. The high chloride concentration might be
attributed to geochemical processes associated with
evaporite dissolution. The upward leakage from deeper
aquifers, where these formations are located, increases
the chloride concentration.

Redox processes

Based on the relationship between pH and Pe, Fig. 9b
shows the stability diagram of redox conditions range
within the aquifers. It can be stated that the redox condi-
tions in the aquifers vary from aerobics to suboxic condi-
tions, because no redox couple is clearly present in this
case.

@ Springer

Stuyfzand classification

In hydrochemical studies, classification serves the purpose
of isolating a group of representative clusters (also known
as water groups or hydrochemical facies). This can be
correlated with location and geology (Suk and Lee 1999;
Barbieri et al. 2001; Guler et al. 2002; Guler and Thyne
2004a).

The predominant water types are determined and
schemed (Fig. 11) using the Stuyfzand method (Stuyfzand
1989). According to this method, groundwater can be
classify as very oligohaline, oligohaline and fresh (Cl™
<150 mg/L for all sample except one then the code
changes between G, g and F). The factor F is mainly
dominant in the southern and southeastern parts of the area
(plain part) as a result of intensive irrigation activities
associated with high evaporation rates and return flow as
well as the effect of topographic factor. The upward
leakage from deeper aquifers, where evaporites are present,
can be another source of chloride. In terms of alkalinity
values, the groundwater is classified as moderately low,
moderate and moderately high (alkalinity varying between
1 and 8 meq/L then the code changes between 1, 2, and 3).
HCOj3;™ concentration increases with the general direction
of the flow pattern. This indicates the effects of carbonate
rocks dissolution by infiltrating CO,-rich meteoric water
and dissolution of volcanic rocks. The local appearance of
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Ca-NOj water types in the plain area is a result of agri-
cultural pollution. In the western part, mainly in the
Jurassic aquifer, the calcium mix water type is present. The
“Mix” anions water type refers to all the water in which no
anion family makes up more than 50 % of the sum of
anions. Generally, the HCO;™ is the dominating anion and
Ca”" is the dominating cation of the hydrochemical types
of groundwater in the whole area.

Groundwater flow behaviour

According to water type classification, groundwater dis-
charge (mainly major springs), and geological and struc-
tural control, the study area can be divided into four
subareas Si, S, S3, and S, (Fig. 12).

The groundwater flows in S; from the north and north-
west in Mt. Hermon towards the south and southeast

®NO3/NH4  xXFe(OH)3/Fe

=NO3 single

through the karstic channels and conduits. Groundwater in
R1 discharges in many springs located in the valley around
the Arneh village; together these springs form one of the
two tributaries of the Awaj River (Sebarani). In S,,
groundwater also flows in karstic channels in the Jurassic
aquifer towards the south and east direction afterward
discharging in the Upper Beit Jinn spring. In this area,
another tributary of the Awaj River (Jinani) is generated.
The average annual discharge of upper Beit Jinn spring is
very close to the volume of the annual rainfall amount
estimated over S, (RDAWSA 2006), and since the infil-
tration coefficient is estimated to 84 % for this area
(RDAWSA 2006), the recharge area might not correlate
with the size of the geographic surface water catchment.
Therefore, the basin boundaries can be extended towards
the west (Fig. 12). In S;, groundwater flows towards Beit
Jinn spring and it is also controlled by faulting and struc-
tural blocks. S, is the biggest subarea which includes the
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zones with higher groundwater withdrawals for intensive
irrigation purposes. The Neogene and Jurassic outcropping
formations are the main sources of the water recharge in Sy
but it also receives the input of the upper Paleogene,
Quaternary and Miocene basalt aquifers. In this area, water
discharges through the major springs, Membeg, Talmassiat,
Tell assyouf, and Tabibieh located from west to east.
Numerous wells also exist in the Neogene conglomerate
aquifer which is recharged from both the direct infiltration
and the hydraulic exchange with the deeper Jurassic and

@ Springer

Cretaceous aquifers. At the level of a major northwest-
southeast fault cutting through the Neogene Plain, water is
thought to converge to Tabibieh Spring. This spring origi-
nates in the east-west fault along the Awaj River.

Conclusion

The use of hydrochemistry in this case study has provided
useful information about the different mechanisms
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Fig. 12 Schematic groundwater flow pattern based on major springs and hydrochemical tracers and associated hydrogeological subarea

characterising and controlling groundwater flow and its
origin. This has allowed to discriminate different main
behavioural trends in the groundwater flow pattern. The
study area can be divided into two main parts; the south

and southeastern parts characterized by a horizontal flow
component associated with active interaction between
groundwater and hosting rocks, evidenced by water
chemistry (water type). The upward leakage seems to play
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a significant role in this part. On the other hand, the situ-
ation in the western and northwestern parts seems to be a
little different. In this part, the karstic feature is well
developed, enhancing the infiltration and dissolution
mechanisms. Therefore, the vertical flow seems to be a
dominant scheme. Consequently, hydrochemical patterns
did not give enough evidences for expecting a huge feeding
flow from Jurassic aquifers towards the other aquifers.
Important anthropogenic influence through infiltration of
irrigation water in the plain area has been also detected.

The results show that the hydrochemical evolution is not
clear enough to provide an effective approach to delineate
the flow pattern indicating that this area is much more
dominated by recharge than discharge processes. Thus, this
area could be considered as a part of a main intermediate or
regional flow system more than a local one. The flow
pattern is clear from the potentiometric map but that does
not tell the whole story about the groundwater behaviour.

Nevertheless, an additional survey of the aquifer min-
eralogy, a new sampling for isotopes analyses and age-
dating techniques will be carried out to propose a quanti-
tative model of the hydrosystems. This will serve as a tool
to understand the behaviour of the aquifer system and its
response in term of water recharge/discharge, residence
time, and water quality.
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