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Abstract

Fifty groundwater samples were collected from Al-Hasa to analyze the pH, electrical conductivity (EC, dS m ™), total dissolved
solids (TDS), major anions (HCO;~, CO5> ", CI”, SO,>, and NO; ), major cations (Ca®*, Mg>*, Na*, and K*), and total hardness.
The analyzed data plotted in the Piper, Gibbs, and Durov diagrams, and water quality index (WQI) were calculated to evaluate the
groundwater geochemistry and its water quality. The results reveal that most of the investigated samples are Ca**, Mg>*, SO,
Cl” and Na*, and HCO;~ water types using the Piper diagram. Na* > Ca** >Mg** are the dominant cations, while CI” >
HCO; >S0,* >CO;% are the dominant anions. Sodium adsorption ratio (SAR) values varied from 0.79 to 10; however, the
Kelly ratio (KR) ranged between 0.1 and 2.2. The permeability index (PI) showed that well water is suitable for irrigation
purposes with 75% or more of maximum permeability. The US salinity diagram revealed that the water quality classes of studied
waters were CIII-SI, CIII-SII, and CIV-SII, representing height hazards of salinity and medium- to low-sodium hazard. The water
quality index (WQI) results indicated that total dissolved solids are out of the drinking water standard limits in Saudi Arabia. The
WQI revealed that 38% of the studied wells were considered as poor water (class III), 52% are found as very poor water class

(IV), and 10% are unsuitable water for drinking class (V).
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Introduction

In Saudi Arabia, in general, and Al-Hasa oasis, in particular,
the groundwater is mainly for drinking and irrigation. In the
last two decades, exploitation of groundwater and other an-
thropogenic activities led to serious deterioration of ground-
water and shrinking of the agricultural land (Aly et al. 2016).
Water quality evaluation is vital for sustainability of water
resources based on its physical, chemical, and hydro-
geochemical properties (El-Sayed et al. 2012; Ledesma-Ruiz
et al. 2014; Tiwari et al. 2015). The variation in groundwater
hydro-geochemical process should be considered in the as-
sessment of water quality, as the groundwater layer lithology
may be affected by high concentration of some parameters
(Kumar et al. 2006, 2009, 2016). In recent studies, hydro-
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geochemical reports provide more information in the consis-
tency of hydro-geochemical processes influencing the quality
and composition of groundwater (Aly et al. 2016; Tiwari and
Singh 2014; Singh et al. 2013).

The water quality index (WQI) is a function to assess water
quality and to help policymakers in reassuring the public on
the quality of their water (Lateef 2011). The aim of the water
quality index is to provide a simplified approach for assess-
ment of drinking water quality. WQI defined the quality of
water by merging all parameters measured or evaluated into a
single number (Stigter et al. 2006; Saeedi et al. 2010).
Numerous studies were carried out using WQI with different
methods of calculation of the index and the weight values for
each parameter (Horton 1965; Zagatto et al. 1998; Tiwari et al.
2014). Backman et al. (1998) used the WQI to identify the
groundwater used for drinking purposes in central west Iran,
and their results proved that the water is of good quality.
Rokbani et al. (2011) used the WQI to assess the groundwater
in EL-Khairat in Tunisia. The WQI was used to evaluate the
water in Riyadh, Saudi Arabia (Al-Othman 2015). Al-Othman
reported that WQI ranged from 34 to 513 with an average of
282, thereby indicating mild pollution at some sites. In India,
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WQI and hydro-chemical modeling were used to evaluate the
groundwater quality in Palakkad District Kerala for drinking
and irrigation purposes (Kumar et al. 2016). Furthermore,
Kumar et al. (2015) made an estimate of specific differences
of groundwater quality by the water quality index (WQI) in
Tamil Nadu, India. According to them, the WQI results indi-
cated that the majority of the samples are falling under excel-
lent to good category and suitable for drinking water.

According to the Gibbs diagram, the predominant samples
fall in the rock—water interaction dominance and evaporation
dominance field. Moreover, the piper trilinear diagram shows
that water samples are Na—Cl and mixed CaMg/Cl types. In
Saudi Arabia, the groundwater in El-Saq aquifer is mostly
identified as good quality water with rates of TDS 300-
1000 mg L' (MAW 1984). The Poor quality water is due to
the presence of basalt rock-covered areas, near the edge of the
basement complex and valley outlets (Sharaf and Hussein
1997). El-Saq groundwater is categorized into six water types,
and the most prevailing types are Ca(HCO;), or NaHCO; and
NaCl. The Na,SO, type resides only in the basalt and paleo
valley areas. Sharaf and Hussein (1997) explained that the C1
and SO, are the dominant anions; however, Ca’" and Na* are
the dominant cations in the El-Saq aquifer. Sharaf and Hussein
(1997), Abdel-Aal et al. (1997), and Aly et al. (2016) ex-
plained that the Saudi Arabia groundwater degradation in dis-
quieting way is due to the increase of water salinity, as report-
ed by numerous extensive groundwater research over the last
few years. Furthermore, Al-Salamah et al. (2011) explained
that the depletion of groundwater was clear in Saudi Arabia,
and if this attrition continues insistently, the agricultural land
may not be able to survive. It is a documented fact that the
current excessive usage and drilling of groundwater in Saudi
Arabia lead to extreme depletion of water resources, and there
is a need to speed decision on some measure to reduce it.
Accordingly, numerous measurements are already in place
particularly about agricultural division. Thus, in the present
work, groundwater of Al-Hasa oasis in the eastern part of
Saudi Arabia was investigated for their suitability for drinking
and irrigation purposes by comparing them with the standards
(WHO 2011; Ayers and Westcot 1985). In addition, the WQI
was also calculated to assess the suitability of water for
drinking.

Materials and methods

Study area

The Al-Hasa oasis is located in the eastern part of Saudi
Arabia between 25° 29’ 58.8" N-49° 43’ 29.2" E and 25°
24" 19.0" E-49° 42" 55.5" N. The climate of the oasis is clas-

sified as hot and dry, desert climate. The average rainfall is
46 mm/year in the study area. The Al-Hasa climate is
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considered to be BSk (cold semi-arid climate) according to
the Koppen-Geiger climate classification (Table 1).

The Al-Hasa oasis is the largest in the Kingdom of Saudi
Arabia and one of the largest spring-fed oases in the world. On
an area of about 12,000 ha, mostly date palms were cultivated
in former times. The total number of date palm trees in the
oasis exceeds 3 million (General Authority for Statistics
2015). The enormous size of the farming area was made pos-
sible by the immense volume of groundwater discharging
from the underlying aquifers under natural artesian pressure.
All urban areas are located in the traditional oasis. In addition,
the oasis includes part of the giant Empty Quarter desert. The
oasis population is over 1,200,000 (General Authority for
Statistics 2015).

Geology

Quaternary deposits cover most of the surface in Al-Hasa.
These deposits consist of Eolian sand, Sabkhas, playas, and
fluvial deposits. The underlying strata are composed of
cemented calcareous materials, soft gray green marl, and red
beds. The red beds and the cemented calcareous materials are
likely upper member of the Miocene and Pliocene Hofuf for-
mation, while the gray green marl is almost belonging to the
Miocene Dam formation. The land of the Al-Hasa oasis rises
about 150 m from the sea and tends to the east side of the Gulf
through the area of Kenzan (Al-Sayari and Z6tl 2012). Today,
the region is characterized by dry arid desert environment and
Sabkha land. The Wadi region is geographically located be-
tween the coastal plain on the Arabian Gulf and the Al Saman
plateau in the west. It is known for its abundance of water
resources and trenches, which evaporates in the summer, leav-
ing a saline layer on the surface. After a rain, the water remains
above the surface to saturate the Sabkha (Matter et al. 2016;
Chapman 1974).

Hydrogeology

The Al-Hasa region consists of several springs of natural wa-
ter gathered to be a single-water stream like the river pours in
the Arabian Gulf. This river was dried up but returned some-
what after the project of irrigation and drainage in the area of
Al-Hasa. The springs in Al-Hasa belong to the huge
Euphrates—Gulf-Rub Al Khali Basin. The Late Cretaceous
and Tertiary formations of Aruma, Umm Er Radhuma, Rus,
Dammam, and Neogene form a complex multi-aquifer system
(Al-Sayari and Zo6tl 2012; MOWE 2007). The aquifers are
partly interconnected. The Umm Er Radhuma aquifer and
the Dammam aquifer are separated by the Rus formation that
consists of evaporates, marls, and limestone. The groundwater
system in the study area consists of four partly interconnected
aquifers. These are as follows: (a) Neogene aquifer complex at
the top—a mixture of karstified fractured bedrock aquifers
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Table 1  The means of weather parameters in Al-Hasa oasis

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Record high (°C) 313 36 40 453 48 50.3 50 49 46.4 46 39.3 32
Average high (°C) 21.1 23.9 29.2 345 40.6 43.6 45 447 414 37.6 29.1 232
Daily mean (°C) 14.8 17.1 21.5 26.8 3255 355 36.8 36.1 32.8 28.6 22 16.8
Average low (°C) 9.5 114 14.6 19.9 24.8 27.5 29.3 28.8 25.2 212 16.1 11.5
Record low (°C) 0.8 4 6 13 17.5 21.3 25 19 19.2 16.5 7 1.8
Average rainfall (mm) 19.5 6.7 5.6 113 32 0 0 0 0.5 0.1 16 23
Average rainy days (>0.1 mm) 9.3 4.5 6 6.7 0.8 0 0 0 0 0.2 4.7 6.6

and unconsolidated porous clastic aquifers; (b) Dammam
aquifer complex—a partly karstified fractured bedrock aqui-
fer; (¢) Umm Er Radhuma aquifer—a karstified fractured bed-
rock aquifer; and (d) Aruma aquifer at the base—a karstified
fractured bedrock aquifer of minor importance (Al Tokhais
and Rausch 2008).

Chemical analysis

The groundwater samples were collected from 50 different
locations that cover the Al-Hasa region during March 2016.
In attempting to evaluate spatial variability in the water re-
source quality of the studied areas, samples were collected
from different areas as shown in Fig. 1. The samples were
stored in icebox and transferred immediately to King Saud
University’s labs for analysis. The well samples were

Fig. 1 Location of well samples
in the Al-Hasa oasis

collected and analyzed for electrical conductivity, pH, cat-
ions, anions, and B. The EC was determined using EC-
meter (dS m™' at 25 °C) (Test kit Model 1500 20 Cole
and Parmer). The pH was measured using a pH-meter (pH
meter—CG 817). The soluble cations (Ca** and Mg?*) were
determined by ethylene diamine tetra acetic acid (EDTA)
titration method. The soluble Na* and K* were determined
using flame photometer apparatus (Corning 400). The CO5
and HCO3 anions were determined by sulfuric acid
(H,S0,) titration method, whereas the Cl™ was determined
by titration with silver nitrate (AgNO3) (APHA 1998). The
sulfate (SO,4>") was determined in suspended solution using
the turbidity meter, and the nitrate (NO3 ) was determined
by the phenoldisulfonic acid method (APHA 1998). The B
was determined using the azomethine-H method
(Golterman 1969).
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Accuracy of collected data

The accuracy of the collected results was verified by calculat-
ing the errors of ion balance; then, the standard solutions as
blanks are usually run to check for possible errors in the anal-
ysis steps. The percentage of error in the data was calculated
using the following equation (Appelo and Postma 1996):

3 cations- anions

E f ion bal = *100 1
fror ot 1on balance . cations + X anions (1)

An error of up to +2 percentage is acceptable, while any
sample had error difference than this band should be taken for
repeating the analysis again. About 98% of the samples were
inside this range. This means that the resultant data quality is
sufficient enough for calculation of WQI and determining type
of water to draw a conclusion about water quality.

Calculation of water quality index

The calculation of WQI for estimating effect of physical and
anthropogenic actions was based on numerous key elements
in the chemistry of groundwater in the collected data. To esti-
mate the WQI, weight has been assigned for each of the
physico-chemical elements according to the elements based
on the relative importance in the overall quality of water for
drinking purposes. The weight value ranges between one and
five. The maximum weight of 5 has been assigned for NO; ™~ as
the important element in this region; 4 for TDS, pH, EC, and
SO,%"; 3 for HCO; and CI; and 1 for Ca®*, Na*, K*, and
Mg2+ (Ramakrishnalah et al. 2009; Lateef 2011; Al-Hadithi
2012; Al-Omran et al. 2013). The relative weight was calcu-
lated by using the following equations:

Wi =wi/Y"  wi (2)
where

Wi the relative weight;
wi  the weight of each parameter;
n  the number of parameters.

The next step is the calculation of quality classification. The
quality rating scale (gi) for each element is calculated by dividing
the element concentration in each water sample by its respective
standard (WHO 2011) (Table 2) multiplied by 100:

qi = (Ci/Si)*100 (3)
where

qi  the quality rating;

Ci  concentration of each chemical parameter in each sample
(mgL™);

Si  standard for each chemical parameter (mg L)
according to the guidelines of the WHO (2011).
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Table 2  Relative weight for parameters (Ramakrishnalah et al. 2009;
Al-Hadithi 2012)

Chemical Weights (W;)  Relative weight (Wi) ~ WHO
parameters standards
pH 3 0.097 6.5-8.5
TDS (mg L") 4 600 0.129
Ca®* (mgL™) 2 75 0.065
Mg® (mg L") 2 50 0.065
Na* (mg L") 2 200 0.065
K*(mgL™) 2 12 0.065
HCO; (mgL™h 2 120 0.065
Cl (mgL™h 3 250 0.097
SO, 2 (mgL™) 3 250 0.097
NO; (mgL™) 5 10 0.161
Total 31 1.00

To calculate the final phase of the WQI, S is determined
first for each parameter. Total SI values give the water quality
index for each sample.

Sli = Wi*qi (4)
WQi  =yr Sk (5)
where

SIi  the sub-index of ith parameter.
qi  the rating based on concentration of ith parameter;
n  the number of parameters.

Table 3 shows the limitations of WQI, which is, catego-
rized by water types into five classes (Excellent water, Good
water, Poor water, Very poor water, Water unsuitable for
drinking).

Hydro-chemical characterization

The groundwater sample hydro-chemical categorization was
estimated by using the major cations and anions. The obtained
data are aggregated on the Piper and Durov diagrams using the
Geochemistry Software AquaChem 2014.2 (AquaChem

Table 3 Water quality classification based on the WQI value
(Ramakrishnalah et al. 2009; Lateef 2011; Al-Hadithi 2012)

Classification of drinking water quality

WQI range Class Type of water

<50 I Excellent water

50-100.1 I Good water

100-200.1 I Poor water

200-100.1 v Very poor water

>300 \Y% Water unsuitable for drinking
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2014) to classify the types of water. The United States salinity
laboratory (Richards 1954) and Gibbs (Gibbs 1970) diagrams
were also used in this research. Moreover, salinity hazard,
sodium adsorption ratio (SAR), sodium percent (Na %),
Kelly’s ratio (KR), and permeability index (PI) were estimated
to investigate the suitability of groundwater for irrigation
purposes.

Results and discussion
Evaluation of water quality for irrigation purposes

The major chemical analysis and calculation parameter re-
cords of groundwater samples were analyzed statistically,
and the results of the minimum and maximum were tabulated
in Table 4. The discussion was based on the following basic
criteria: (a) cations and concentrations of Na*, Ca**, and Mg**
ions ranged between (11 up to 90), (0 up to 41.1), and (5.8 up
to 23) meq L, consecutively (Table 4). The limit of these
ions for irrigation water as suggested by Duncan et al. (2000)
and Sharifi and Safari Sinegani (2012) is 4.0, 2.98, 7.0, and
0.8 meq L L. On these permissible limits, only 2.0, 2.0, and
0.0% of the water samples are considered suitable for irriga-
tion usage with respect to Ca®*, Mg?*, and Na™. The order of
ionic concentrations for the cations is Na* > K* > Mg** >

Ca®". (b) The concentrations of anions, which are COs,
HCO; , CI', NO3 , and SOy, lie between (0.02—-1.51),
(3.39-42.2), (4.8-23), (0.2-20), and (3.0-48.0) meq L', re-
spectively, with a mean value of 0.51, 17.32, 9.00, 10.1, and
11.5 meq L ! (Table 4). The maximum allowable (McKee and

Wolf 1963; Ayers and Westcot 1985; Duncan et al. 2000;
Sharifi and Safari Sinegani 2012) values of CO; , HCO;
Cl, NO;3 , and SO427 in irrigation water are 0.1, 5.5, 7.0,
17.0, and 10.0 meq L', respectively. Water is considered
suitable for use in irrigation with respect to HCO; , CI', and
SO427, consecutively. The order of the concentration of ions is
Cl > S0,* >HCO5 . The pH values of the water samples
ranged between 7.15 and 8.06. The limit of maximum pH
value of irrigation water ranged between 6.5 and 8.4 (Ayers
and Westcot 1985). This means that 99.5% of the studied
water samples were within safe limit with respect to pH since
only one sample has pH = 8.6 (Ayers and Westcot 1985). The
risk of salinity was measured by electrical conductivity (EC,
dS m™"), which is a measure of the ability of water to transport
electric current. It characterizes the quantity of soluble salts
(TDS). Therefore, in this study, the risk of salinity was evalu-
ated by the electrical conductivity which differs in 1.98—
11 dS m™', which is beyond classification of the FAO, as
proposed by Ayers and Westcot (1985) for the salinity hazard.
The results indicate that 65% of the studied wells are classified
as moderate water salinity and the remaining wells classified
as severe water salinity. These findings are in covenant with
Aly et al. (2016) who indicated the high salinity of well water
of Riyadh region in the central of Saudi Arabia. One of the
most important criteria in determining the risk of sodium haz-
ard is sodium adsorption ratio (SAR) (Todd and Mays 2005).
The excessive sodium content in water sample reduces the soil
infiltration and available water to plants. The excessive sodi-
um content can also cause sodium toxicity in sensitive plants,
causing marginal leaf burn and defoliation. The abundance of
sodium in water may immobilize other nutrient ions,

Table 4 Descriptive statistics of

Al-Ahsa groundwater chemical Units Max. Mini. St. dev. Vari. Med. Skew.

composition (n =50)
pH 8.06 7.15 0.19 0.04 7.79 -1.13
EC dSm™! 11 1.98 1.92 3.69 321 2.41
TDS ppm 8030 1268 1230 2460 2055 1545
Ca** meq L™ 90 11 17.23 296.75 19.4 2.66
Mg* meq L™’ 41.11 0 8.18 66.93 5.58 1.99
Na* meq L™ 23 5.8 3.17 10.06 11.9 1.09
K* meq L™ 0 0 0 0 0 0
olo meq L™ 1.51 0.02 0.34 0.12 0.51 1.12
HCO;~ meq L™ 41.2 3.39 8.25 68.14 17.32 1.03
S0, meq L™’ 48 3 8.74 76.34 11.5 2.34
cr meq L™ 23 48 3.74 14.02 9 1.94
NO;~ meq L~ 20 0.2 47 22.0 10.1 0.18
SAR 10 0.79 1.97 3.86 5.7 0.62
KR 22 0.1 035 0.12 0.9 1.26
PI 76.60 18.80 9.65 93.19 54.65 —0.80
% Na 66.70 8.30 9.34 87.26 46.45 -0.95
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particularly Ca, Mg, and K (Sharifi and Safari Sinegani 2012).
The SAR is calculated as follows:
Na

Table 4presents the SAR data of the groundwater samples.
The results have ranged from 0.79 to 10 with the mean of 3.86.
All values were lower than 11. It can be classified as excellent
water for irrigation (Richards 1954). There is another criterion
that can be used to categorize water, and this criterion is
Kelly’s ratio, which is calculated by measuring the concentra-
tion of Na* against Ca®* and Mg>* using the following for-
mula:

Na

KR = & + Mg ™

The value of KR is above one, and it gives a clear sign that
the water is polluted with alkali hazards; thus, it is unusable
for agricultural purposes (Karanth 1987). The Kelly’s ratio of
the studied samples ranged from 0.1 to 2.2 with a mean value
0f0.12 (data shown in Table 4); those results came in the same
direction of result obtained by Al-Omran et al. (2005) for the
Riyadh region. Values of our findings for the KR indicate the
suitability for studied water for agricultural purposes. Sodium
percent (Na %) was used for evaluation of the relevance of
irrigation water (Wilcox 1955). High percentage of Na* with
respect to total cations in irrigation water causes desperation
of soils and impairing of soil permeability (Richards 1954),
where 60% of (Na%) is the maximum value for irrigation
water. The sodium percentage was calculated for the samples
using the following equation:

%Na = Na/(Ca + Mg + Na + K) x 100. (8)

All concentrations are presented in meq L™". The Na% of
the samples ranged from 8 to 152% with a mean of 45%.
Wilcox (1955) has classified the water according to some
parameters (for example, Na% and EC), and according to
his classification diagrams, the values of our sample are clas-
sified as excellent to good and good to permissible classes.
The relationship between Na% and EC of the studied samples
is shown in Fig. 2, with about 76% of the samples falling in
the classification class of good to permissible (based on
Wilcox (1955) classification). This means that 76% of water
samples can be safely used for irrigation purposes.

Another parameter used to assess the suitability of water for
irrigation purposes is permeability index (PI). Doneen (1964)
classified irrigation water based on the permeability index
using the following equation:

PI = (Na + VHCO;)/(Ca + Mg + Na) x 100 (9)
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Fig. 2 Plot of sodium percent versus electrical conductivity

where all concentration is in meq L.

Soil permeability is affected by long-term use of irrigation
water with abundance concentration of CO3, HCO3, and Na.
According to Doneen (1964), irrigation water is classified in
three PI categories. Categories 1 and 2 are types of water
suitable for irrigation with 75% or more of maximum perme-
ability, while category 3, with 25% of maximum permeability,
is unsuitable for irrigation purposes. On these bases, all of the
well water in the oasis fall in categories 1 and 2, implying that
the well water is suitable for irrigation purposes with 75% or
more of maximum permeability (Domenico and Schwartz
1990) as shown in Fig. 3.

Classes of salinity and alkalinity hazard

In the present study, the US Salinity Laboratory’s diagram
(Richards 1954) is used to evaluate the water samples in terms
of salinity and sodium hazards (Fig. 4). The salinity and alka-
linity hazard classes of the studied water samples were CIII-
SI, CHI-SII, and CIV-SII. The results suggested that these
water samples are considered high-salinity hazard and low-
to medium-sodium hazard. The excessive amount of dis-
solved salts is a major problem for irrigation water in the oasis.
This high-salinity hazard water cannot be used for irrigation of
many crops in the oasis without any kind of treatments, such
as desalinization, leaching requirements, mixing water with
less salty water, good quality-treated sewage water, or salt-
tolerant plants (Lauchli and Epstein 1990).
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Hydrochemical aspects
Gibbs’ diagrams

The controlling mechanism of the water chemistry in terms of
dissolved ions present in water as evaporation—crystallization
dominance, rock—weathering dominance, and atmospheric—pre-
cipitation dominance can be assessed by plotting hydrochemical
data according to the variation in the ratios of Na*/(Na* + Ca*")
and CI /(CI + HCOzs ) as function of TDS (Gibbs 1970). The
Gibbs plotting (Fig. 5) of chemical analysis data of the ground-
water sample points of the studied area was mainly around the
chemical weathering of rock-forming mineral zone and evapo-
ration; therefore, it indicated that the water quality of these water
was mainly controlled by weathering and evaporation.
Evaporation increases the salinity by increasing sodium and
chlorine and, thus, increasing total dissolved solids. The rock—
water interaction is the main source of ion solution to control
groundwater chemistry. It includes the process of interaction
between the water—rock chemical weathering of rocks and the
dissolution of the precipitation of secondary carbonates.
Evaporation greatly increases the concentration of ions formed
by chemical weathering, resulting in the increase of the salinity.
The existing groundwater sampling points in the Gibbs diagram
in the evaporation domain suggest an increase of Na and Cl ions
and consequent higher water salinity due to the use of drainage
water, high application of fertilizers, and sewage-treated water in
the region.

SPECIFIC CONDUCTANCE, IN MICROMHOS PER CM AT
25 DEGREES CENTIGRADE
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Fig. 4 Salinity classification of groundwater used in irrigation of the Al
Hasa wells

In the Schoeller diagram (Fig. 6), there is a predominance
of chlorine, magnesium, calcium, and sodium which influ-
ences the tendencies towards the chloride/sodium—magne-
sium—calcium facies.

Piper's diagram

Cations and anions of groundwater samples in the Al-Hasa area
were plotted on a Piper tri-linear diagram (Piper 1944) (Fig. 7).
This scheme provides a convenient way to classify and identify
the groundwater type, based on the cation and anion composition
of different water samples (Aly and Benaabidate 2010; Semerjian
2011; Baba et al. 2008). Most of the well water samples (96%)
have Ca**, Mg**, SO,> ", and CI” water types, and the remaining
(4%) is Na* and Cl1” water type in the groundwater of the oasis.

Durov’s diagram

The chemical data of the well water samples in the Al-Hasa oasis
are plotted on a Durov diagram (Fig. 8). Durov’s diagram helps
the interpretation of the hydrochemical processes occurring in the
groundwater system and can indicate the mixing of different
water types and ion exchanges. The Durov diagram revealed that
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Fig. 6 Schoeller diagram
indicating ionic concentrations of
groundwater in the study area
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Fig. 7 Piper tri-linear diagram for
the studied wells of the Al Hasa

oasis

most of the water samples fall in fields 4 and 5, the zones of
high-water salinity. The well water samples belonging to field 4

Fig. 8 Durov’s diagram for the
Al-Hasa groundwater samples
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Fig. 9 Calculated values of WQI 500

of the Al-Hasa oasis groundwater
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the groundwater is affected by oxidation of pyrite and other
sulfide minerals. Samples located in zone 5 indicate that the
mixing processes of two or more facies might exist and these
finds are in agreement with Aly et al. (2016) for the Riyadh
region.

Evaluation quality of water for drinking
purposes

The statistical analysis of the 50 wells in the Al-Hasa oasis was
done to identify the parameters that assess the drinking water
quality of the wells in the oasis (deviating from the WHO drink-
ing water standard) (Table 3). It is clear that the mean for most
parameter tested is exceeding the acceptable limits of the drink-
ing water standard used, such as the TDS, Mg, Ca, HCOs, Cl,
and NOs. The calculated WQI values for the well waters in the
Al-Hasa oasis ranged from 120 to 429 (Fig. 9), showing that
38% of the studied wells were considered poor water (class
III), 52% are very poor water class (IV), and 10% are unsuitable
water for drinking class (V). The reasons for the high WQI values
obtained for this study area were high values of TDS, Mng, Ca?,
HCO? -, CI', and NO*. A very high correlation coefficient
between these values was also reported by Aly et al. (2016)
and Deshpande and Aher (2012). The main reason of high nitrate
concentrations in all water may be due to over application of
fertilizer on the agricultural land in the oasis (Aly et al. 2016).

Conclusions

In this study, 50 well water samples from the Al-Hasa oasis,
east of Saudi Arabia, were evaluated to assess the suitability of
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Well No

groundwater for irrigation and drinking purposes and its geo-
chemistry. The results revealed that the studied wells are con-
sidered saline hazard water with no sodium hazards as indi-
cated by the sodium adsorption ratio (SAR), Kelly’s ratio
(KR), and permeability index (PI). The results of the SAR
values have ranged from 0.79 to 10 with the mean of 3.86.
All values were lower than 11. The samples can be classified
as excellent water for irrigation. The hydrochemical analysis
concluded that the well waters of the oasis correspond mainly
to Mg—Ca/SO4—Cl water type. To calculate WQI for drinking
purposes, ten parameters were taken into account, such as pH,
soluble solids, calcium, magnesium, sodium, potassium, bi-
carbonate, chloride, sulfate, and nitrate. The results show that
38% of the studied wells are considered poor water class (III),
52% are very poor water class (IV), and 10% are unsuitable
water for drinking class (V).
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