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Abstract In this study, the distribution of the chemical con-
stituents (major, minor, and trace elements) is determined in
different localities in Egypt’s western desert oases, i.e.,
Bahariya, Farafra, Bahrean, Siwa, El-Gara, and Al-Jaghbub
oases. The Nubian Sandstone Aquifer (NSA) is shared be-
tween all oases; however, the Limestone Aquifer (LA) is
shared only between the western oases, i.e., Bahrean, Siwa,
El-Gara, and Al-Jaghbub. The LA is usually located above
NSA in Egypt’s western desert. The results indicate notable
difference in chemical characteristics between the LA and the
NSAwaters. Under furrow surface irrigation systems that are
commonly used in the Bahariya and Farafra oases, negligible
potential for harmful effects on soils and plants is anticipated.
However, in case of using drip or sprinkler irrigation systems,
the iron and manganese identified in groundwater may pre-
cipitate, causing blockages to occur. The LAwaters salinity is
found to be higher than NSA and above acceptable level for
irrigation. Besides, salinity, chloride, and water sodicity make
this water unsuitable for irrigation. Durov and piper diagrams
reveal that the majority of investigated waters were calcium–
magnesium sulfate water type corresponding the Bahariya and
Farafra, and sodium, chloride, and sulfate water type

corresponding the Siwa, Bahrean, El-Gara, and Al-Jaghbub
waters. The saturation indices for minerals indicated that most
studied LAwaters were undersaturated for halite; however, the
NSA waters were saturated with respect to aragonite, calcite,
and dolomite.

Keywords Siwa oasis . Bahariya oasis . Farafra oasis .Water
quality . Irrigation .Waters type

Introduction

Many people believe that the water will be the oil of the
twenty-first century. Successful water management will be
the key to future economic growth and social wealth in both
developed and developing countries (Aly et al. 2014a). Egypt
and other countries in the region cannot afford to turn a blind
eye to the shortage of water and the shortsighted misuse of
stored underground water supplies. The limitation of the water
resources in Egypt coupled with the continuous population
growth invokes a pressure on the region resources especially
water. To cope with water resources limitation, it is inevitable
to adopt a national policy for using brackish groundwater and
recycling wastewater (Aly 2007). Unluckily, Egypt’s ground-
water quality has deteriorated dramatically in recent years
(Aly and Benaabidate 2010). A good understanding of the
hydrochemical processes that govern groundwater quality is
required for the sustainable management of the groundwater
resources (El-Sayed et al. 2012). The chemical composition of
groundwater is determined by cation exchanges with the
surrounding geological layers, dissolution and precipitation
of minerals, and evaporation and oxidation-reduction reac-
tions. Understanding these complicated hydrogeochemical
processes will help to get an insight in the contribution of
rock-water interactions that influence groundwater quality
(Aly et al. 2014b). These geochemical processes are
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responsible for the spatial and temporal variations of the
groundwater’s chemistry (Kumar et al. 2006). In addition,
geochemical patterns (major ion and trace element content)
of groundwater largely determine its suitability for drinking,
domestic, or agricultural purposes (Kaitantzian et al. 2013;
Adhikary et al. 2012; Elkrail and Obied 2013). The Egyptian
western desert corresponds to the eastern part of a very large
sedimentary basin (about 1,800,000 km2) which underlies
extensive areas of Egypt, Libya, Sudan, and Chad. This basin
is filled with a thick succession of Sandstone and shales of
Palozoic to Mesozoic age and is known as the Nubian
Sandstone complex which constitutes the Nubian Sandstone
multi-layer Aquifer System (Trac 1984). In Egypt, the Nubian
Sandstone Aquifer (NSA) occupies an area of about
850,000 km2, including the area known as Wadi El Gedid
(New Valley) at Kharga, Dakhla, Farafra, and Bahariya
(Karanjac 1995). The groundwater resources of the NSA in
the western desert of Egypt have attracted the interest of
investigators since the end of the nineteenth century.
Methodical studies of the aquifer in the Kharga and Dakhla
oases date from 1956 when the Government of Egypt initiated
the New Valley Development Project. Since that date, a series
of exploratory and production well-drilling programs have
been undertaken, and around 500 wells have been completed
to various depths in the Kharga and Dakhla oases, and also the
two northern oases of Fafafra and Bahariya, as well as their
environs (Trac 1984). Furthermore, the number of wells had
exceeded 1200 in Siwa Oasis (Aly et al. 2008). The continu-
ous agricultural expansion, urban development, and the
increased demands on Egypt western desert groundwater
supplies cause the more groundwater abstraction and
lead to the dangers of overexploitation and deterioration
of the groundwater quality (Aly et al. 2008). Furthermore, Aly
and Benaabidate (2010) concluded that the groundwater
depletion was observable in Egypt groundwater, and if
this depletion continues unabated, the agricultural land
depended on groundwater for irrigation may not be able
to survive.

In 1956, major agricultural development programs were
started at Kharga and Dakhla Oases in the western desert,
where a large number of deep wells were drilled. A similar
development program was begun in Libya’s Kufra Oasis in
1972. At the Kharga and Dakhla projects, water originally
flowed under artesian pressure, with an annual discharge rate
of about 200 million cubic meters (MCM). In 1956, with the
expansion of facilities, piezometric head levels started declin-
ing by as much as 1 m/year. This caused the production from
individual wells to decrease or, in the case of some shallow
wells, requiring the drilling of new deep wells in order to
maintain overall production. The declining head has also
caused at least half of the deep wells in Kharge Oasis to stop
flowing freely; consequently, these artesian wells have been
transformed to pumping wells (Ahmed 1977).

In the present study, the objectives are (a) to record and
compare the present quality status of the groundwater for
irrigation purposes in the Bahariya and Farafra oases, (b) to
classify the hydro-chemical characterization of studied waters,
and (c) to aid the management and future development of
groundwater resources in Egypt western desert.

Materials and methods

Description of the study sites

Bahariya oasis

The Bahariya depression is a natural excavation in the central
part of the Egyptian Western Desert, some 130 km west of El-
Minia governorate in the Nile valley and about 360 km S–W
of Cairo. It situated essentially between 27° 48′ and 28° 30′ N
and 28° 29′ and 29° 08′ E. It comprises an area of approxi-
mately 2250 km2.

Bahariya Oasis faces a sever constraint in the availability of
good agricultural land. This is further aggravated by the
scarcity of irrigation water and suitable soils under the aridic
conditions of the area (Rasheed et al. 2008).

Farafra oasis

The Farafra Oasis is one of the small oasis located in Western
Egypt, near latitude 27.06° N and longitude 27.97° E. It is
located in the Western Desert of Egypt, approximately mid-
way between Dakhla and Bahariya. Farafra has an estimated
5000 inhabitants (2002) living within its single village and is
mostly inhabited by the local Bedouins. Also located near
Farafra are the hot springs at Bir Setta and the El-Mufid lakes.
A main geographic attraction of Farafra is its White Desert
(known as Sahara el Beyda, with the word sahara meaning a
desert). TheWhite Desert of Egypt is located 45 km (30miles)
north of Farafra. The desert has a white, cream color and has
massive chalk rock formations that have been created as a
result of occasional sandstorms in the area.

Siwa oasis

The Siwa Oasis is considered one of the seven major impor-
tant depressions in the Western desert of Egypt. It is about
306 km southwest Marsa Matrouh and 60 km east of Libyan
border and about 400 km west of Bahariya oasis. The total
area of the oasis is about 1100 km, about 5 % of this area are
now under cultivation, while the remaining area is mainly
saline, rocky, or occupied by salty lakes. The main activities
of the population are agriculture together with some small
industries such as olive oil extraction, olive pickling, date
drying, and the production of carpets and kilims. The only
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source of water in the Siwa Oasis is groundwater, as rainfall is
almost nil. The water salinity of shallow wells ranges between
1600 and 8000 ppm, while the salinity of deep artesian wells
ranges between 300 and 400 ppm (Aly 2001). The Siwa Oasis
represents a fragile oasis-like ecosystem, lies in a depression
averaging some 20 m below sea level and the extensive
irrigation made it vulnerable to environmentally induced
water-associated land productivity problems. Such problems
are aggravated by poor natural resource management (NRM)
practices. In Siwa ample evidences of soil salinity, fertility
depletion and decline of soil productivity were evident. In
brief, the Siwa ecosystem suffers from serious land and water
degradation problems that threaten its very existence and thus
need urgent restoration interventions (Aly 2007).

El-Gara oasis

The Gara Oasis is the one of the smallest oasis located in
Western Egypt, close to west part of Qattara Depression,
approximately mid-way between Marsa Matrouh and Siwa
Oasis. El-Gara has an estimated only 300 inhabitants living
within its single village and is mostly inhabited by the local
Bedouins. Also, El-Gara includes hot springs and wells. The
Gara oasis lies in a depression averaging some 40m below sea
level.

Sampling sites and dates

In this study, water samples were collected from 39 differ-
ent locations that cover five oases of Egypt western desert
and one oasis of Libyan Desert, in attempt to capture the
spatial variations in the water resources quality of the
western desert groundwater (Fig. 1). The coordinates of
the studied wells were obtained using a custom made
Real-Time Differential GPS, which uses a radio signal to
correct the GPS signal in real time and provides an accu-
racy of approximately 5 m. Garmin 12XL GPS (Garmin
Corporation 1997) was used to locate the artesian wells,
using either the geographic latitude or the UTM northing–
easting coordinates systems (Fig. 1).

The collected samples were stored in ice boxes and
transported to the laboratory for chemical analysis. For heavy
metals determination, water samples were filtered if necessary
and preserved by acidity with concentrated nitric acid to pH<
2 (Klute 1986).

Water quality measurements

The water samples were analyzed according to the following
procedures:

– Water reaction (pH): The pH of the water was determined
using a pH meter (pH meter–CG 817).

– The total dissolved solids were measured by using elec-
trical conductivity meter (E.C) in dS/m at 25 °C (Test kit
Model 1500_20 Cole and Parmer).

– Calcium and magnesium were determined by versenate
titration method (EDTA) according to Klute (1986).

– Sodium and potassium were determined by using flame
photometer.

– Carbonates and bicarbonates were determined by titration
with 0.005 N sulfuric acid using phenolphthalein as indi-
cator for the former and methyl orange as indicator for the
latter according to Klute (1986).

– Chlorides were determined by titration with 0.005 N
silver nitrate solution and potassium chromate as indica-
tor according to Klute (1986).

– Boron was determined calorimetrically by using carmine
according to U.S. Salinity Laboratory staff (1954).

– Heavy metals, iron, zinc, manganese, copper, and
cadmium were measured by flame atomic absorp-
tion spectrometry, A Perkin Elmer AA model
(6083).

The suitability of water resources in Baharyia and Farafra
oases for irrigation was evaluated by FAO method (Ayers and
Westcot 1985).

Ion balance errors

The correctness of the chemical analysis was verified by
calculating ion balance errors; furthermore, standard so-
lutions and blanks were commonly run to check for
possible errors in the analytical procedures. The level of error
in the data was calculated using the following formula
(Appelo and Postma 1996):

Error of ionbalance ¼ Σ cations−Σ anions

Σ cationsþΣ anions
*100 ð1Þ

An error of up to ±3 % is tolerable, while every water
sample with a calculated error outside this range should be
measured again. Approximately 90 % of the measured water
samples were within this range. This means that the resultant
data quality is sufficient for chemical modeling and/or for
drawing simple conclusions about water quality.

Treatment of analytical data

The chemical analysis data of the water samples were plotted
on the Piper, and Durov diagrams using Geochemistry
Software Aq.QA, version AQC10664 (Rockware AqQA
Software 2011) for the identification of water types.
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Geochemical modeling

Interactions between water and the surrounding rocks and soil
are considered to be the main processes controlling the ob-
served chemical characteristics of the water. The deviation of
water from equilibrium with respect to dissolved minerals is
quantitatively described by the saturation index (SI). The SI of
a mineral is obtained from the following formula:

SI ¼ logIAP=kr ð2Þ

where IAP is the ion activity product of the dissociated
chemical species in solution and kt is the equilibrium solubility
product of the chemical involved (Alexakis 2011).

The hydrogeochemical equilibrium model, Phreeqc
model (Parkhurst and Appelo, 2003), was used to cal-
culate the SI of the untreated groundwater with respect to the
main mineral phases.

Finally, the Excel and Sigma plot programs were used for
data statistics calculation.

Results and discussion

NSAS in the western desert

Themajor ions chemistry of groundwater samples of Bahariya
and Farafra statistically analyzed and the results summarized
by minimum, maximum, mean,…etc. (Tables 1, 2, 3, and 4).

Ghagboub Oasis

Siwa Oasis

Farafra Oasis

Bahariya Oasis

Monkar Eltalh & Bahrean

El- Gara Oasis

Fig. 1 Egypt map shows the locations of studied area
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Suitability of the groundwater for irrigation purpose was
discussed based on the basic criteria of FAO (1985). The data
showed that there are generally no considerable spatial differ-
ences between water qualities obtained from different loca-
tions and depths within the two Oases. In general, water
obtained from Bahariya and Farafra oases was the same in
its quality. It was also observed that the water salinity as one
primary indicator for water quality for irrigation was in the
acceptable level for irrigation in all places (Tables 1 and 2).
The average water salinity (TDS) in Bahariya groundwater
was 220.4 mg/L and ranged between 128 and 448 mg/L. On
the other hand, the average water salinity in Farafra studied
wells was 157.9 mg/L and ranged, as Bahariya, between 128
and 448 mg/L. In general, the studied Bahariya and Farafra
groundwater salinity, chloride, and sodium concentrations
were within acceptable limit for irrigation (Tables 1 and 2).
The permissible limit of the TDS, Cl, and Na according to
FAO (1985) is 500 mg/L, 9.0 meq/L, and 10 meq/L, respec-
tively. Specific toxic elements such as boron were in the
acceptable safe limit in most wells (<0.7 mg/L); however,

only one well water sample no. 6, Bir Kasa 1, in Bahariya
and two wells no. 14 and 15, Ain Kadra and Bir white desert,
in Farafra have boron concentrations more than 0.7 mg/L and
less than 3mg/L, this mean that these three wells have slight to
moderate degree of restriction on agriculture use according to
FAO (1985) (Table 3). The trace elements levels, iron, copper,
and zinc, generally were within the safe and acceptable levels
for surface irrigation except Ain El-Sera (3) which contain
iron concentrationmore than 5mg/L, this mean that this well’s
water may contribute to the loss of availability of essential
phosphorus and molybdenum. On the other hand, the copper
and zinc concentration in all wells samples was lower than
recommended maximum concentration of the Zn and Cu in
irrigation water. Most of Bahariya and Farafra groundwater
manganese concentration may be toxic to a number of crops,
but usually only in acid soils (Table 3) (AL-Farraj et al. 2013).
The recommended maximum FAO’s iron, copper, zinc, and
manganese concentrations on irrigation water are 5.0, 0.2, 2.0,
and 0.2, respectively. The pH of Bahariya and Farafra ground-
waters was within the normal range (6.5–8.4) except Bir Kasa

Table 2 Descriptive statistics of Farafra oasis groundwater chemical composition (n=15)

pH EC (dS/m) Cations (meq/L) Anions (meq/L) TDS

Ca++ Mg++ Na+ K+ CO3
−− HCO3

− Cl− SO4
−− (mg/L)

Maximum 7.5 0.7 2.2 2.6 2.4 0.8 0.0 2.5 6.0 2.2 448.0

Minimum 7.0 0.2 0.8 0.6 0.5 0.3 0.0 0.8 1.0 0.0 128.0

Mean 7.2 0.2 1.1 1.1 0.7 0.4 0.0 1.1 1.8 0.4 157.9

St. deviation 0.1 0.1 0.5 0.7 0.5 0.1 0.0 0.5 1.2 0.6 83.3

Variance 0.4 0.4 0.7 0.8 0.7 0.4 0.0 0.7 1.1 0.8 9.1

St. error 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.4

Median 7.2 0.2 0.8 0.8 0.6 0.3 0.0 0.9 1.5 0.1 128.0

Skew 0.6 3.4 1.6 1.5 3.7 3.3 0.0 2.3 3.6 2.3 3.4

Table 1 Descriptive statistics of Bahariya groundwater chemical composition (n=9)

pH EC (dS/m) Cations (meq/L) Anions (meq/L) TDS

Ca++ Mg++ Na+ K+ CO3
−− HCO3

− Cl− SO4
−− (mg/L)

Maximum 8.8 0.7 2.0 3.5 1.7 0.9 0.3 3.3 4.0 2.2 448.0

Minimum 7.4 0.2 1.0 1.4 0.5 0.3 0.0 1.1 1.1 0.3 128.0

Mean 7.9 0.3 1.3 2.2 1.2 0.5 0.1 1.9 2.2 1.0 220.4

St. deviation 0.5 0.2 0.3 0.6 0.5 0.2 0.1 0.7 1.0 0.7 101.8

Variance 0.7 0.4 0.6 0.8 0.7 0.5 0.3 0.9 1.0 0.8 10.1

St. error 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.4

Median 7.9 0.3 1.2 2.2 1.5 0.4 0.0 1.7 2.0 0.8 192.0

Skew 0.7 1.4 1.7 1.1 −0.7 1.3 1.8 0.9 0.7 1.2 1.4
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1 and Bir Kasa 2 (no. 1 and 6) which were slightly alkaline. In
case of using drip or sprinkler irrigation systems, the water
suitability of Bahariya and Farafra groundwater might be
different, due to the expected chemical and physical blocking
processes that might occur through the irrigation nets by
the heavy precipitated materials of iron and manganese (Aly
et al. 2011). Overhead sprinkling may result in unsightly
deposits on plants, equipment, and buildings. Awater sample
from western lake in Baharyia oasis was also tested
hydrochemically and found contain high salt content
(EC=63.1 dS/m). Furthermore, it contains high concen-
tration of boron (59.9 mg/L). The lake’s trace elements,
i.e., iron, manganese, copper, and zinc, were found
within the safe concentration. This is due to the aeration
and oxidation process of trace elements in the lake’s
surface area is expected as follow (AL-Farraj et al.
2013):

4 Fe2þ solubleð Þ þ 3O2→2 Fe2O3 precipitateð Þ

Comparison the hydrochemical features of studied oases
groundwater

As shown in Tables 1 and 2, and Figs. 2 and 3, the dominant
cations in Bahariya and Farafra oases groundwaters were
magnesium then calcium, this mean that there is a minerali-
zation and dolomitization in the water–rock interaction in the
groundwater of these two areas. According to Appelo and
Postma (1994) in an aquifer containing dolomite and calcite,
it might be expected that the groundwater be close to equilib-
rium for both minerals as follow:

Ca2þ þ CaMg CO3ð Þ2  ���! 2CaCO3 þMg2þ andaccording the

ratio Mg2þ
� �

= Ca2þ
� �

remains fixedas :

K4:22 ¼ Mg2þ
� �

= Ca2þ
� � ¼ Kdol= Kcc½ �2 ¼ 10−17:09= 10−8:48

� �2

¼ 0:8at25�C

On the other hand, the dominant cations in the Bahrean,
Siwa, El-Gara, and Al-Jaghbub oases were sodium and then
magnesium for both LA and NSA. The dominant anions in
Bahariya and Farafra groundwater and LAwere chloride then
bicarbonate, while the dominant anions in the other deep
western desert groundwater (NSA), i.e., Siwa and El-Gara,
were bicarbonate then chloride (Figs. 2 and 3). The dominant
ions in the LA waters of Siwa, Bahrean, El-Gara, and Al-
Jaghbub oases were sodium and chloride. This mean that there
is water–halite interaction during upward fresh water flows
from the NSA to the fractured carbonate zones through the
fault planes. From the previous discussion, we can conclude
that there are considerable similarities between the
hydrochemical characteristics of Bahariya and Farafra oases.
There is also some similarity between water salinity of these
two oases and the NSA groundwaters of the western oases. In
contrast, the LA groundwaters of the western oases exhibited
marked difference from Farafra and Bahariya NSA ground-
waters (Tables 1, 2, and 4; and Figs. 2 and 3).

Table 4 Descriptive statistics of NSA and LA groundwater chemical composition (n=15)

pH EC (dS/m) Cations (meq/L) Anions (meq/L) TDS (mg/L)

Ca++ Mg++ Na+ K+ CO3
−− HCO3

− Cl− SO4
−−

Maximum 8.7 11.0 25.0 30.0 98.8 2.3 0.1 12.5 109.5 30.0 7040.0

Minimum 7.2 0.3 0.2 0.5 1.2 0.3 0.0 1.0 1.0 0.0 192.0

Mean 7.8 3.9 6.0 7.8 27.8 1.0 0.0 3.1 32.6 6.9 2525.9

St. deviation 0.4 4.2 7.3 8.8 32.0 0.7 0.0 2.7 38.3 8.8 2715.4

Variance 0.7 2.1 2.7 3.0 5.7 0.8 0.2 1.6 6.2 3.0 52.1

St. error 0.1 0.2 0.2 0.2 0.3 0.1 0.1 0.2 0.3 0.2 0.9

Median 7.8 3.4 4.4 6.6 23.1 0.8 0.0 2.8 25.5 2.8 2176.0

Skew 0.7 0.7 1.4 1.4 1.0 1.1 2.4 3.3 0.9 1.6 0.7

Table 3 The average concentrations of heavy metals and boron in the
groundwater of studied area

No Average Concentration (mg/L)

Cu Fe Mn Zn B

Bahariya (n=9) N.D.* 1.84 0.27 0.18 0.23

Farafra (n=15) 0.04 1.87 0.37 0.02 0.68

Siwa deep (n=4) 0.03 0.78 0.08 N.D. 0.13

Siwa shallow (n=4) 0.02 0.27 0.06 N.D. 0.38

Bahrean deep (n=2) 0.28 0.86 0.08 0.02 0.17

El Gara deep (n=1) 0.01 0.80 0.08 N.D. –

El Gara shallow (n=2) 0.04 0.23 0.10 N.D. –

Bir Ghagboub (n=1) – 2.10 – – 11.24

*N.D. Not detected
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The copper and zinc concentrations were low in
general; however, the iron concentration was the highest
trace elements in the NSA groundwater in all studied
oases flowed by manganese this is due to the Ferruginous
mineralization in the rock–water interface may takes place
(Table 3).

The heavy metals and boron data for Bahariya and Farafra
oases were also presented in box plots graph (Fig. 4a, b); the
box plots graph data as a box representing statistical values.
The boundary of the box closest to zero indicates the 25th
percentile, a line within the box marks the median, and the
boundary of the box farthest from zero indicates the 75th

Fig. 3 Schoeller diagram
indicating ionic concentrations of
groundwater in NSA and LA

Fig. 2 Schoeller diagram
indicating ionic concentrations of
groundwater in Bahariya and
Farafra Oases
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percentile. Whiskers above and below the box indicate the
90th and 10th percentiles. Figure 4 showed that the iron is
highest heavy metals concentration; however, the copper was
lowest concentration.

Generally, the trace elements in the shallow LA of the
western oasis were lower than the deep NSA. The iron con-
centration in Bahariya and Farafra was higher than the other
western oases. Boron concentration in all LA ofwestern desert

oases was generally in acceptable limit except the sample of
Bir Ghagboub (no. 39) which has boron concentration higher
than the acceptable limit (11.2 mg/L).

Hydrochemical aspects

The chemical data of the treated groundwater samples were
plotted on a Piper trilinear (Piper 1944) (Fig. 5). The piper

Fig. 4 Groundwater heavy
metals and boron statistical value
by box plot graph
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diagrams provide a convenient method to classify water types
collected from different groundwater resources, based on the
ionic composition of different water samples (Al-Omran et al.
2012; Semerjian 2011; Baba et al. 2008; Al-Ahmadi 2013).
The main water types have been identified on the basis of the
major ion concentrations as in Aly and Benaabidate (2010),
Aly et al. (2013), and Loni et al. (2014). This diagram reveals
that there are different types of mineral water in Egypt western
desert groundwater. Three main mineral water types have
been identified on the basis of the major ion concentrations
as in Aly and Benaabidate (2010) and Baba et al. (2008). The
first is rich in a calcium–magnesium sulfate water type which
corresponds to the Bahariya and Farafra water samples. The

second is rich in sodium, chloride, and sulfate water type
corresponding to Siwa, Monkar Eltalh, Bahrean, El-Gara,
and Ghagboub shallow groundwater samples. The third is rich
in sodium bicarbonate water type corresponding to Siwa,
Monkar Eltalh, Bahrean, and El-Gara deep groundwater sam-
ples (Fig. 5). In the study area of the Bahariya and Farafra, the
type of water that predominates isMg/CaSO4, which is mostly
due to the geology of the area which comprises gypsum,
anhydride, and dolomite; however, in the study area of the
Siwa, Monkar Eltalh, Bahrean, El-Gara, and Ghagboub shal-
low groundwater samples, the type of water that predominates
is NaCl, which is mainly due to the geology of the area which
comprises halite.

Fig 5 Piper trilinear diagrams
showing the major ionic
composition of the studied water
samples
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The major cation and anion concentrations of the samples
collected from groundwaters in the region were plotted on
Durov's diagram (Fig. 6). Durov’s diagram helps the interpre-
tation of the evolutionary trends and the hydrochemical pro-
cesses occurring in the groundwater system and can indicate
mixing of different water types, ion exchange and reverse ion
exchange processes. The result shows that the majority of the
Bahariya and Farafra NSA groundwater samples fall in field 4
and 5, the zone of high-water salinity. The samples belonging
to field 4 suggest the presence of SO4

−2 and Ca2+ as dominant
type of water and indicating gypsum-bearing sedimentary
aquifer and the groundwater affected by oxidation of pyrite
and other sulfide minerals. However, field 5 of Durov’s dia-
gram indicating mixing processes of two or more different
facies might be occurring. The LA groundwaters are located
in field 7 and 8. The field 7 suggests the presence of Cl− and
Ca2+ as dominant type of water and indicating the invasion of
fresh water by saline water, and field 8 suggests the presence
of Cl− and Mg2+, Na+, and Ca2+ as dominant type of water
indicating mixing of fresh and saline water. In high salinity
water environment, the process of reverse ion exchange may

create CaCl2 waters due to removal of Na+ from solution by
exchanging Ca2+ from clay fraction in aquifer. Alternatively,
CaCl2 type waters could also be a result of mixing process
between fresh water with more saline older water (Adams
et al. 2001). Gibbs’s diagrams, representing the ratios of
Na++K+: (Na++Ca2++Mg2+) and Cl−: (Cl−+HCO3

−) as a
function of TDS, are widely employed to assess the functional
sources of dissolved chemical constituents, such as precipita-
tion-dominance, rock-dominance, and evaporation-
dominance (Gibbs 1970). The chemical data of groundwater
sample points of the studied area were plotted in Gibbs’s
diagrams (Fig. 7). The distribution of sample points suggests
that the chemical weathering of rock-forming minerals and
evaporation are influencing the studied groundwater quality.
Evaporation increases salinity by increasing Na+ and Cl− with
relation to increase of TDS. The rock domain suggests that
rock–water interaction is the major source of dissolved ions
over the Bahariya and Farafra NSA groundwater chemistry.
The rock–water interaction process includes the chemical
weathering of rocks, dissolution–precipitation of secondary
carbonates, and ion exchange between water and clay

Fig 6 Durov’s diagram for studied groundwater samples (no. 1–24 Bahariya and Farafra water samples, and the other samples for NSA and LAwaters)
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minerals. The evaporation greatly increases the concen-
trations of ions formed by chemical weathering, leading
to higher salinity. The moving of groundwater sampling
points in the Gibbs field towards the evaporation domain
in limestone aquifer suggests an increase of Na+ and Cl−

ions and consequent higher TDS due to mixing of different
water types, ion exchange and reverse ion exchange
processes, and irrigation-return flows (Subba Rao 2006;
Kumar et al. 2014).

Geochemical modeling

The saturation index (SI) is the form most commonly
used for groundwater. Water is in equilibrium with a
mineral when the SI of this mineral is equal to zero. It
is undersaturated if this index is below zero and it is
oversaturated when the SI is above zero. However, the
inaccuracy on the pH measurements due to measuring
devices, the variation of this parameter when the water

flow toward surface, and the error that could occur
during chemical analysis, result in an inaccuracy in the
calculation of the saturation index. Therefore, it is recom-
mended to consider that the saturation is obtained in a wider
area such that −1<SI<+1 (Daoud 1995; Nasher et al. 2013).
The use of the SI showed that almost all studied waters in
western oases LA groundwaters were undersaturated with
respect to the halite. Therefore, there is a possibility for further
Na+ and Cl− concentration increase in the studied water sam-
ples due to the dissolution of halite (Al-Omran et al. 2012;
Alexakis, 2011; Aly et al., 2011) (Fig. 8). However, in
Bahariya and Farafra oases, the use of the SI showed that
almost all studied NSA groundwaters are saturated with
respect to aragonite, calcite, and dolomite (Fig. 8). The
dissolution of gypsum has a considerable role in the
saturation state for calcite and dolomite where saturation
state indicates the direction of the process; thus, precipitation
of calcite and dolomite and dissolution of gypsum are
expected (Appelo and Postma, 1996; Jalali, 2006).

Fig 7 Diagram depicting the mechanism controlling groundwater quality (samples no. 29, 30, 31, 32, 36, 37, 38, and 39 are for LA)
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Fractured carbonate aquifer in the western desert

This study suggests that the fractured carbonates aquifer in the
western oases, i.e., Bahrean, Siwa, El-Gara, and Al-Jaghbub is
the only exploited water in these oases. The EC of the upper

250 m fractured carbonate aquifer ranges between 3.4 and
10.5 dS/m. The reason of the high salinity of these shallow
wells (LA) is the water–rock (halite) interaction during the deep
fresh water flows upward from the NSA to the fractured car-
bonate zones through the fault planes (Fig. 9) (Elhossary 1999).

Natural Springs

Upper Cretaceous shale and clay (5-10m)

Lower Limestone Aquifer (600-700m)

Tertiary carbonate

rocks (Eocene &

Miocene)

Fig 9 Sketch diagram showing
recharge and discharge of LA
groundwater aquifer system in the
Siwa Oasis

Fig 8 The groundwater
saturation with respect to some
minerals (halite for LA, and
aragonite, calcite, and dolomite
for NSA
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Conclusions

Groundwater, a major source of water supply in western desert
of Egypt, is facing severe quantity and quality problems.
Water scarcity combined with the typically arid climate and
the excessive use of soils for agriculture causes severe water
quality problems. In general, water obtained from Bahariya
and Farafra oases was the same in its quality. It was observed
that the water salinity was in the acceptable level for irrigation
in all water samples of the two oases; however, the shallow
groundwater samples of the other oases were considered high
in its salinity. The pH and bicarbonate values were in safe and
normal range in all studied western desert wells. Most studied
waters were within the acceptable levels for boron and trace
elements, and the iron concentration was considered the
highest heavy metals concentration on all studied groundwa-
ters. The dominant ions in Bahariya and Farafra oases ground-
waters were magnesium, calcium, and chloride; however, the
dominant ions in Siwa, Bahrean, El-Gara, and Al-Jaghbub
oases were sodium, magnesium, and chloride. In the study
area of the Bahariya and Farafra, the type of water that
predominates is Mg/CaSO4, which is mostly due to the geol-
ogy of the area which comprises gypsum, anhydride, and
dolomite; however, in the study area of the Siwa,
Monkar Eltalh, Bahrean, El-Gara, and Ghagboub, the
type of water that predominates is NaCl, which is
mainly due to the geology of the area which comprises
halite. The use of the SI showed that almost all studied
waters in western oases LA groundwater were undersatu-
rated with respect to the halite. However, in Bahariya
and Farafra NSA groundwater, the use of the SI showed
that almost all studied waters are saturated with respect
to aragonite, calcite, and dolomite.
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