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Abstract: The Wajid aquifer is considered the main source of water for drinking and irrigation in
Wadi Al-Dawasir and Najran, the southern region of Saudi Arabia. This aquifer has been used since
the 1960s, and due to the expansion in agricultural activities, the aquifer has been overexploited. The
study aims to understand the origin, hydrochemical processes of the groundwater in the shallow
unconfined, deep unconfined, and confined parts of the Wajid aquifer in the Wadi Al-Dawasir
area. In-situ hydrochemical parameters (pH, temperature, EC, and TDS) were measured in the
field, and groundwater samples were collected for major ions and stable isotopes (2H and 18O)
measurements in the laboratory. The results show that the groundwater in shallow unconfined, and
confined aquifers are of two types; Cl.SO4-Ca. Na and Cl.SO4-Na. Ca; however, groundwater in deep,
unconfined aquifers is characterized as HCO3-Ca. Na, and Cl. HCO3-Ca. Na; types of groundwater.
The isotopic analysis results reveal that all groundwater samples have values of δ18Oand δ2Hclose
to the local and global meteoric water lines, indicating the meteoric origin of Wajid groundwater.
Three major hydrochemical processes, including rock weathering, ion exchange, and evaporation,
have been identified as key controls on the chemical composition of water in the studied aquifer.
The evaporation and ion exchange processes have more influence on the chemical composition
of groundwater in the shallow unconfined and confined aquifers. On the contrary, weathering of
carbonate minerals affected more the chemistry of groundwater in a deep unconfined aquifer. The
unconfined section of the Wajid aquifer shows a reverse pattern of salinity with higher salinity in the
recharge area, which is most probably related to the return irrigation water and leaching of salty soil.
The open fractures in the upper part of Wajid sandstone most likely act as conduits to percolated
saline water to the Wajid aquifer.
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1. Introduction

The area of this study is located in the southern part of Saudi Arabia, in the Wadi
Al-Dawasir (Figure 1), where the groundwater from the Wajid aquifer is the main source of
water for drinking and irrigation purposes. The agricultural activity in Wadi Al-Dawasir
expanded since the 1960s, and water demand for irrigation increased [1]. As shown in
Figure 2, the crop area in Wadi Al-Dawasir increased from less than 5% (1973) to 15%
(1984) and to 41% (2018). This increase in crop area is associated with increases in water
demand for irrigation, which is only satisfied by groundwater from the Wajid aquifer
and led to aquifer overexploitation. Understanding the hydrochemical evolution of Wajid
groundwater by delineating its hydrochemical characteristics and isotopic composition is
essential for sustainable groundwater development. The hydrochemical characteristics of
groundwater are usually affected by the chemistry of recharge water and the hydrochemical
processes along the groundwater flow paths [2]. An integrated approach to analyze the
hydrochemical and isotopic data was adapted to identify the origin and hydrochemical
evolution of the studied groundwater.
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hydrochemical processes along the groundwater flow paths [2]. An integrated approach 
to analyze the hydrochemical and isotopic data was adapted to identify the origin and 
hydrochemical evolution of the studied groundwater. 

 
Figure 1. Location map shows the groundwater samples from unconfined and confined parts of the Wajid aquifer in Wadi 
Al-Dasawir, southern Saudi Arabia. 

 
Figure 2. Time-series Landsat satellite images show the temporal change in agricultural activities in 
the Wadi Al-Dawasir area in the period from 1973 to 2018. 

Figure 1. Location map shows the groundwater samples from unconfined and confined parts of the Wajid aquifer in Wadi
Al-Dasawir, southern Saudi Arabia.
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Figure 2. Time-series Landsat satellite images show the temporal change in agricultural activities in
the Wadi Al-Dawasir area in the period from 1973 to 2018.

Wajid aquifer formed within Cambro-Permian sandstone succession, which consists of
fine to very coarse sandstones that deposited in a variety of depositional environments of
fluvial, shallow marine, and glacial-fluvial ones [3,4]. Wajid aquifer is a regional and fossil
aquifer, which is under the unconfined condition in the outcrop area (western part of the
study area), and confined ones in the subcrop area (eastern part of the study area) Figure 3.
At a regional scale, the aquifer display thickness ranging from 200 to 900 m over an area
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of about 170,000 km2 [5]. The groundwater is fossil and non-renewable with residence
time greater than 30,000 years [1,6]. The Wajid aquifer is a single aquifer in the shallow
subsurface (area of this study); however, in the deep subsurface (east of the study area), it is
subdivided into lower Wajid aquifer and upper Wajid aquifers that are separated by a thick
shale layer [1]. The hydraulic properties of the Wajid aquifer are spatially varied due to the
variability in the density of open fractures, which have significant control over them [7]. Its
hydraulic conductivity was reported in the range from 4.6 × 10−5 to 1.9 × 10−4 m/s [1].
The groundwater flow in the studied aquifers illustrated in the water level contour map, as
shown in Figure 4. It flows toward the northeast with a gradient of 0.002. The recharge
area is located south and southeast of the study area.
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This study aims to define the origins and hydrochemical processes of the groundwater
in shallow and deep unconfined and confined parts of the Wajid aquifer in the Wadi
Al-Dawasir area by analyzing the hydrochemical and isotopic data set.

2. Materials and Methods

Thirty-two groundwater samples were collected from 32 wells (Figure 1) tapping the
Wajid aquifer (unconfined in the western part and confined in the eastern part of the study
area) during March 2018. Groundwater samples from each well were collected in new
polypropylene bottles (1 L) for the ion concentration and isotopic composition, and after
filtering using 0.45 µm membrane. The water samples were collected from production wells
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after the water was pumped for more than one hour to make sure that the stagnant water
has been removed. The in-situ hydrochemical parameters, including pH, EC, temperature,
and TDS, were measured in the well using the multi-parameter meter (Hanna HI 9828
manufactured by Hanna Instruments company in Woonsocket, RI, USA). All water samples
were stored at 4 degrees Celsius in an icebox.

Laboratory analysis was conducted in the Environmental and Hydrology Labora-
tory at King Fahd University of Petroleum and Minerals (KFUPM). Ion chromatography
(IC) (method to separating ions according to their interactions) was used to measure the
potassium (K+), sodium (Na+), calcium (Ca2+), magnesium (Mg2+), ammonium (NH4

+),
chloride (Cl−), nitrate (NO3

−), and sulfate (SO4
2−) in mg/L. The gravimetric method was

used to measure the total dissolved solids (TDS), and the result was reported as mg/L. The
colorimetric titration method was used to measure the bicarbonate (HCO3).

Stable isotopes 2H and 18O of the 20 groundwater samples were analyzed using a
laser gas analyzer with off-axis integrated cavity output spectroscopy technology (LGR
OA-ICOS) at the Environmental Isotope Laboratory, University of Waterloo, Canada.
The Precision of the measurement of 2H and 18O are 0.8‰ VSMOW and 0.2‰ VSMOW,
respectively. The results of 2H and 18O are reported as δ-values, which describe the ratio to
the international standard VSMOW (Vienna standard mean ocean water) established by
the International Atomic Energy Agency.

3. Results
3.1. Hydrochemical Characteristics

To identify the origin and hydrochemical evolution of the groundwater, the hydro-
chemical properties of the water should be understood. The descriptive statistical parame-
ters of the hydrochemical data of tested groundwater from the shallow unconfined, deep
unconfined, and deep confined Wajid aquifers were obtained and presented in Table 1. As
shown in Table 1, the deep unconfined aquifer has water with TDS in the ranges from 591
to 1116 mg/L with an average value of 755.5 mg/L. The TDS of the shallow unconfined
aquifer varies from 1670 to 2868 mg/L with an average value of 2226.6 mg/L. The higher
values of the TDS of groundwater in the shallow unconfined aquifer most probably related
to salinization issues due to heavy agricultural activity for a long time and prevailing
aridity climatic conditions. For the deep confined aquifer, the TDS varies from 1109 to
3600 mg/L with an average value of 2028 mg/L. The pH values of groundwater from
shallow unconfined, deep unconfined, and deep confined aquifer ranges from 7.0 to 7.0,
6.9 to 8.1, and 8.0 to 8.0, with the average values of 7.6, 7.4, and 7.5, respectively. This result
indicates that the groundwater in unconfined and confined aquifers is neutral to alkaline
in nature. The average concentrations of the major cations in the deep unconfined aquifers
follow the order of Ca2+ > Na+ > Mg2+ > K+, however, the order in the shallow and the
confined aquifer was Na+ > Ca2+ > Mg2+ > K+ with more sodium than calcium. The aver-
age concentration of the major anions in the shallow unconfined aquifer and deep confined
one follows the order of Cl− > SO4

2− > HCO3
- > NO3

2− with a higher concentration of
the chloride and sulfates ions. On the contrary, the deep unconfined aquifer displays an
average concentration of anions with an order of HCO3

− > Cl− > SO4
2− > NO3

2− with
more concentration of bicarbonate ion than others.

3.2. Hydrochemical Facies

The hydrochemical data of analyzed groundwater have been used to establish the
Piper diagram to understand the processes controlling water chemistry and to identify the
groundwater type [8]. As shown in Figure 5, the shallow unconfined, and deep confined
aquifers are characterized by two types of groundwater, the Cl.SO4-Ca. Na and Cl.SO4-
Na. Ca, in which the chloride and sulfate anions account for more than 85% of total
anions, and calcium and sodium account for more than 90% of total cations. The deep
unconfined groundwater is characterized by two water types, which are the HCO3-Ca. Na,
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and Cl. HCO3-Ca. Na. The bicarbonate concentration is considerably higher in the deep
unconfined groundwater than the shallow unconfined and deep confined ones.

Table 1. Descriptive statistics of the tested groundwater samples from the Wajid aquifer.

Ca2+

(mg/L)
Mg2+

(mg/L)
Na+

(mg/L) K+ (mg/L) HCO3
–

(mg/L)
Cl–

(mg/L)
SO4

2–

(mg/L)
NO3

2–

(mg/L)
TDS

(mg/L) pH

Shallow
unconfined

aquifer

Maximum 380.00 44.70 481.00 13.10 147.90 1020.00 561.00 108.00 2868 8.1

Minimum 195.69 14.29 179.31 0.00 67.14 344.96 240.14 8.69 1670 7.0

Average 255.10 25.60 272.13 3.43 113.08 494.96 372.90 31.31 2226 7.6

Deep unconfined
aquifer

Maximum 124.66 28.00 136.00 16.90 278.42 242.00 189.00 18.60 1116 8.0

Minimum 80.00 7.78 52.13 2.29 117.00 85.69 90.27 2.20 591 7.0

Average 98.42 18.36 87.84 7.48 171.68 161.70 131.67 6.86 755 7.4

Confined aquifer

Maximum 610.50 110.70 608.70 12.40 156.00 1115.00 1427.00 122.50 3600 8.0

Minimum 110.80 35.31 135.70 1.52 97.59 286.00 236.00 6.40 1109 6.9

Average 247.41 54.02 306.05 7.85 122.09 528.85 501.52 36.29 2028 7.5
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3.3. Oxygen-18 and Deuterium Compositions

Stable oxygen-18 and deuterium isotope values of the analyzed groundwater samples
were reported in δ notation in per mill (‰) versus Vienna standard mean ocean water
(VSMOW), and the results are shown in Table 2. The groundwater recharge source and
the residence time are the main key controls on its isotopic composition. As shown in
Table 2, the stable oxygen-18 and deuterium isotopic composition of the shallow unconfined
groundwater vary from −5.51% to −3.34%, and from −38.53% to −19.44%, with average
values of −4.34% and −26.87%, respectively. For the deep unconfined groundwater, the
δ18O and δ2H composition range from −5.71% to −3.28%, and from −31.69% to −10.57%,
and average values of −4.65% and −22.67%, respectively. The δ18O and δ2H composition of
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the unconfined groundwater vary from −5.71% to −3.54%, and from −37.50% to −18.40%
with averages of −4.45% and −28.25%, respectively.

Table 2. Stable isotope data of 20 groundwater samples from Wajid aquifer.

Sample Number Aquifer Oxygen-18 Deuterium

UW−01

Shallow Unconfined
Aquifer

−4.46 −24.99
UW−04 −3.93 −20.06
UW−05 −4.03 −21.62
UW−06 −4.53 −28.18
UW−09 −4.79 −30.13
UW−10 −5.09 −34.08
UW−11 −5.51 −38.53
UW−12 −3.77 −25.17
UW−13 −3.34 −19.44
UW−14 −3.93 −26.49

Min −5.51 −38.53
Max −3.34 −19.44

Average −4.34 −26.87

UW−02

Deep Unconfined
Aquifer

−5.71 −31.69
UW−03 −4.40 −21.96
UW−07 −4.49 −20.94
UW−08 −3.28 −10.57
UW−20 −5.35 −28.20

Min −5.71 −31.69
Max −3.28 −10.57

Average −4.65 −22.67

UW−15

Unconfined Aquifer

−4.01 −25.82
UW−16 −3.73 −25.14
UW−17 −5.71 −37.50
UW−18 −5.25 −34.40
UW−19 −3.54 −18.40

Min −5.71 −37.50
Max −3.54 −18.40

Average −4.45 −28.25

4. Discussion
4.1. Hydrochemical Processes Controlling Water Chemistry

Determination of the hydrochemical processes that control the chemistry of tested
groundwater was achieved through the establishment of a Gibbs plot and bivariate analysis
of the hydrochemical data. The Gibbs plot usually displays three major hydrochemical
processes, including rock weathering, evaporation, and precipitation. As shown in Figure 6,
the Gibbs plot of the tested groundwater samples was established by plotting the data of a
TDS versus Na/(Na + Ca). Generally, the studied groundwater samples were plotted in the
regions of rock weathering and evaporation dominances. Samples from the deep uncon-
fined groundwater plotted within the zone of the rock-weathering dominance, indicating
the aquifer matrix mineralogy effect on the water chemistry. On the contrary, the samples
from the shallow unconfined and deep confined aquifers were plotted in a transition zone
between rock-weathering evaporation dominance regions, indicating the weathering of
rock-forming minerals of Wajid sandstone is the primary process and evaporation as a
secondary process controlling the chemistry of groundwater.
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4.1.1. Weathering Process

The presence of calcium (Ca2+) and sodium (Na+), chloride (Cl−), sulfate (SO4
2−), and

bicarbonate (HCO3
−) as dominant ions in the Wajid aquifer indicating the rock-forming

minerals of Wajid sandstone (calcite, dolomite, gypsum, anhydrite, halite) are most likely
the source of the major ions. For the Ca2+ + HCO3

−, Ca2+ + Mg2++ HCO3
−, Ca2+ + SO4

2−,
the possible source is the dissolution of the calcite (CaCO3), dolomite (CaMg (CO3)2),
and gypsum (CaSO4·2H2O) and anhydrite (CaSO4), respectively. This interpretation
was verified by studying the relationship between the ions concentration of the tested
groundwater samples. As shown in Figure 7A, Ca + Mg versus HCO3 + SO4 plot shows
that groundwater samples from deep unconfined aquifer fall along or close the equiline
1:1, indicating the weathering process of either carbonate or sulfate minerals or both as the
main control on the concentration of ions in water composition [9]. However, by plotting
of Ca versus SO4 (indicating evaporitic minerals dissolution) as shown in (Figure 7B), none
of the tested groundwater falls along the equiline 1:1; thus, no contribution of gypsum or
anhydrite on the water chemistry. Plotting of Ca versus HCO3 of the tested groundwater
shows that the samples fall between equiline 1:1 and line 1:2, indicating the contribution of
calcite minerals on the chemistry of groundwater samples from the deep unconfined aquifer
(Figure 7C). The calcite mineral is mainly derived from carbonate cemented materials of
Wajid sandstone, as it has been documented by several researchers [10–17].

The contribution of halite mineral on the ion concentration of the tested groundwa-
ter has been studied by plotting Na versus Cl, as shown in Figure 7D. The majority of
groundwater samples from unconfined and confined sections located below the Na: Cl
equiline indicate an excess of Cl over Na, which implies another source of Cl, or loss of
Na by reverse exchange reaction with Ca. Three samples from a deep unconfined section
and two samples from shallow unconfined and confined ones located along with the Na:
Cl equiline reveal a significant contribution of halite mineral on the water chemistry of
those samples (Figure 7D). Two samples from each section, the shallow unconfined and
confined ones plotted above Na: Cl equiline, in Na side, indicating an excess of Na over Cl,
which means an extra source of Na, most probably silicate weathering (Na-rich plagioclase).
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The plagioclase mineral comes from the Wajid sandstone (particularly from Khusayyayn
Formation) [17].
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4.1.2. Ion Exchange Process

One of the most important processes that play a major role in ion concentration in the
groundwater is the ion exchange process. This process can be either normal or reverse,
where, in the normal ion exchange processes, the Ca or Mg in the groundwater exchange
with Na and K in the aquifer lithology (rock); however, in the reverse ion exchange process,
the Na and K from groundwater exchange with Ca or Mg from aquifer lithology [18].
The occurrence of the ion exchange process (normal or reverse) can be determined by
calculating the chloro-alkaline indices (CAI-1 and CAI-2) using the following equations,
where the concentrations of the ions are expressed in meq/l [19]:

CAI-1 = Cl− − (Na++K+)/Cl− (1)

CAI-2 = Cl− − (Na+ + K+)/SO4
2− + HCO3

− + NO3
− (2)

The calculated CAI-1 and CAI-2 of the analyzed groundwater samples are shown in
Figure 8. Around 75% of the analyzed groundwater samples are characterized by positive
CAI values, indicating the effect of reverse ion exchange. On the contrary, 22% of the tested
groundwater samples have negative CAI values, which reveal the occurrence of the normal
ion exchange process.
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The reverse ion exchange process acted to replace Na in water with Ca and Mg from
the aquifer matrix. This led to a decrease in Na concentration in groundwater samples.

4.2. Saturation Indices

Saturation indices of calcite, dolomite, gypsum, anhydrite, and halite minerals for the
tested groundwater were calculated using PHREEQC 3.0 [20], and the results are shown in
Table 3. The saturation indices (SI) elucidate the state of the aforementioned minerals in
groundwater (equilibrium (SI = 0), oversaturated (SI > 0), undersaturated (SI < 0)), which
can help to identify the geochemical reaction controlling the groundwater chemistry [21].
The results show that the analyzed groundwater samples are oversaturated with calcite
and dolomite, which indicates the possibility of calcite and dolomite precipitation. The
calcite and dolomite minerals come from the aquifer matrix, which is mainly sandstone
with a significant amount of carbonate minerals as cemented materials. The SI of calcite
and dolomite increases through the dissolution of these minerals in groundwater. In
contrast, the analyzed groundwater samples are undersaturated with gypsum, anhydrite,
and halite minerals, indicating the dissolution of such minerals could have occurred if these
minerals present in the aquifer matrix. The relationship between the saturation indices
(SI) of calcite and dolomite with TDS shows that the saturation of carbonate minerals
(calcite and dolomite) decreases with an increase in the TDS of the groundwater; thus, less
contribution of carbonate minerals in the TDS (Figure 9).
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Table 3. Saturation indices (SI) of carbonate and evaporate minerals for the tested groundwater samples.

Sample ID Aquifer Calcite SI Dolomite SI Gypsum SI Anhydrite SI Halite SI

UW−02

Deep
unconfined

aquifer

1.95 3.3 −1.69 −1.87 −6.95

UW−03 1.9 3.22 −1.67 −1.85 −6.96

UW−07 1.82 3.14 −1.31 −1.49 −6.26

UW−08 1.79 3.11 −1.44 −1.62 −6.49

UW−17 1.66 3.26 −1.52 −1.7 −6.32

UW−18 1.64 3.09 −1.56 −1.74 −6.52

UW−19 1.64 3.08 −1.53 −1.72 −6.48

UW−20 1.67 3.01 −1.49 −1.68 −6.44

UW−21 1.65 3.12 −1.59 −1.78 −6.63

UW−22 1.59 2.87 −1.37 −1.56 −6.18

UW−23 1.68 3.08 −1.4 −1.59 −6.62

UW−24 1.51 3.46 −1.74 −1.93 −6.64

UW−25 1.69 3.28 −1.38 −1.57 −6.15
UW−01

Shallow
unconfined

aquifer

1.76 2.92 −1.03 −1.22 −5.74

UW−04 1.74 2.86 −0.92 −1.11 −5.64

UW−05 1.55 2.46 −0.91 −1.1 −5.8

UW−06 1.65 2.74 −0.84 −1.03 −5.62

UW−09 1.62 2.61 −0.93 −0.93 −5.63

UW−10 1.36 2.07 −0.77 −0.77 −5.61

UW−11 1.62 2.46 −0.81 −0.81 −5.72

UW−12 1.7 2.8 −0.86 −0.86 −5.66

UW−13 1.74 2.85 −1.02 −1.02 −5.85

UW−14 1.33 2.09 −0.75 −0.75 −5.54

UW−26 1.6 2.62 −0.75 −0.94 −5.58

UW−27 1.63 2.72 −0.75 −0.95 −5.36

UW−28 1.59 2.69 −0.65 −0.85 −5.16

UW−29 1.55 2.56 −0.65 −0.85 −4.99

UW−15

Confined
aquifer

1.48 2.73 −1.08 −1.26 −5.62

UW−16 1.46 2.7 −0.97 −1.14 −5.58

UW−30 1.62 3.26 −1.3 −1.48 −5.65

UW−31 1.69 3.22 −1.11 −1.29 −6.05

UW−32 1.61 2.88 −0.17 −0.35 −4.89

The SI of evaporite minerals (gypsum, anhydrite, and halite) increases with increase
TDS, reveals a significant contribution of such minerals in the salinity of the tested ground-
water (Figure 9). The relationships between the Ca + HCO3, Ca + Mg + HCO3, Ca + SO4,
Na + Cl with calcite SI, dolomite SI, gypsum SI, and halite SI, respectively, were studied
as shown in Figures 10 and 11, to define the contribution of each mineral on the chemical
composition of tested groundwater. The significant correlation observed between the
Ca + HCO3 and calcite SI of analyzed groundwater samples from the deep unconfined
aquifer (Figure 10A) reveals an effect of carbonate minerals dissolution on the chemistry of
the tested water. On the contrary, no correlation was observed between Ca + HCO3 and
calcite SI of groundwater samples from shallow unconfined, and deep confined aquifers.
The relationship between dolomite SI and Ca + Mg + HCO3 was studied as shown in
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Figure 10B. The result shows only a weak correlation between dolomite SI and Ca + Mg +
HCO3 of groundwater from a deep unconfined aquifer and no correlation of groundwater
from shallow unconfined and confined aquifers. Thus, dolomite has less influence on the
chemistry of the studied groundwater than calcite minerals.

Water 2021, 13, x FOR PEER REVIEW 10 of 16 
 

 

and dolomite increases through the dissolution of these minerals in groundwater. In 
contrast, the analyzed groundwater samples are undersaturated with gypsum, anhydrite, 
and halite minerals, indicating the dissolution of such minerals could have occurred if 
these minerals present in the aquifer matrix. The relationship between the saturation 
indices (SI) of calcite and dolomite with TDS shows that the saturation of carbonate 
minerals (calcite and dolomite) decreases with an increase in the TDS of the groundwater; 
thus, less contribution of carbonate minerals in the TDS (Figure 9). 

. 

Figure 9. Scatter plots showing the relationship between TDS and the saturation indices of calcite, 
dolomite, gypsum, anhydrite, and halite minerals. 

The SI of evaporite minerals (gypsum, anhydrite, and halite) increases with increase 
TDS, reveals a significant contribution of such minerals in the salinity of the tested 
groundwater (Figure 9). The relationships between the Ca + HCO3, Ca + Mg + HCO3, Ca + 
SO4, Na + Cl with calcite SI, dolomite SI, gypsum SI, and halite SI, respectively, were 
studied as shown in Figures 10 and 11, to define the contribution of each mineral on the 
chemical composition of tested groundwater. The significant correlation observed 
between the Ca + HCO3 and calcite SI of analyzed groundwater samples from the deep 
unconfined aquifer (Figure 10A) reveals an effect of carbonate minerals dissolution on the 
chemistry of the tested water. On the contrary, no correlation was observed between Ca + 
HCO3 and calcite SI of groundwater samples from shallow unconfined, and deep confined 
aquifers. The relationship between dolomite SI and Ca + Mg + HCO3 was studied as shown 
in Figure 10B. The result shows only a weak correlation between dolomite SI and Ca + Mg 
+ HCO3 of groundwater from a deep unconfined aquifer and no correlation of 
groundwater from shallow unconfined and confined aquifers. Thus, dolomite has less 
influence on the chemistry of the studied groundwater than calcite minerals. 

Figure 9. Scatter plots showing the relationship between TDS and the saturation indices of calcite,
dolomite, gypsum, anhydrite, and halite minerals.

Water 2021, 13, x FOR PEER REVIEW 11 of 16 
 

 

 
Figure 10. Scatter plots showing the relationship between (A) calcite SI and Ca + HCO3, (B) 
dolomite SI and Ca + Mg + HCO3. 

 
Figure 11. Scatter plots showing the relationship between (A) gypsum SI and Ca + SO4 and (B) 
halite SI and Na + Cl. 

A significant correlation was observed between the Ca + SO4 and gypsum SI of 
groundwater samples from shallow unconfined and deep confined aquifers, and a weak 
correlation of groundwater samples from deep unconfined (Figure 11A). The results 

Figure 10. Scatter plots showing the relationship between (A) calcite SI and Ca + HCO3, (B) dolomite
SI and Ca + Mg + HCO3.



Water 2021, 13, 1855 12 of 16

Water 2021, 13, x FOR PEER REVIEW 11 of 16 
 

 

 
Figure 10. Scatter plots showing the relationship between (A) calcite SI and Ca + HCO3, (B) 
dolomite SI and Ca + Mg + HCO3. 

 
Figure 11. Scatter plots showing the relationship between (A) gypsum SI and Ca + SO4 and (B) 
halite SI and Na + Cl. 

A significant correlation was observed between the Ca + SO4 and gypsum SI of 
groundwater samples from shallow unconfined and deep confined aquifers, and a weak 
correlation of groundwater samples from deep unconfined (Figure 11A). The results 

Figure 11. Scatter plots showing the relationship between (A) gypsum SI and Ca + SO4 and (B) halite
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A significant correlation was observed between the Ca + SO4 and gypsum SI of
groundwater samples from shallow unconfined and deep confined aquifers, and a weak
correlation of groundwater samples from deep unconfined (Figure 11A). The results indi-
cate more influence of gypsum dissolution on the chemistry of groundwater in shallow
unconfined and confined aquifer than the deep unconfined. As shown in Figure 10B, a
strong correlation observed between Na + Cl and halite SI for all analyzed groundwater
samples indicating a significant influence of dissolution of halite mineral on the chemistry
of groundwater (Figure 10A,B). The salty soil in the Wadi Al-Dawasir area most probably
be the source of the evaporite minerals.

4.3. Groundwater Origin

Several factors are documented in the literature that controls the isotopic composition
of the groundwater. Among them, the recharge source, flow path, and residence time of
groundwater [22]. The origin of the mixing of groundwater is usually determined through
the analysis of the relationship of stable oxygen-18 and deuterium isotopes and compared
to the local and global precipitation lines [23]. The local meteoric water line (LMWL) of
Riyadh, Saudi Arabia that established by Michelsen and others, 2015, (δ2H = 5.22. δ18O
+ 14.8‰) was used in this study [24]. The LMWL and GMWL of precipitation were used
to determine the origin of the tested groundwater samples. The isotopic composition
of the tested groundwater samples was plotted and compared with local and global
precipitation lines. As shown in Figure 12, the tested groundwater samples plotted along
or nearly close to GMWL and below the LMWL lines, indicating the meteoric origin of
the tested groundwater. The groundwater samples from the deep unconfined aquifer are
relatively enriched by deuterium isotope compared to the shallow unconfined and deep
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confined ones. The samples from deep unconfined aquifers occurred between the LMWL
and GMWL; however, the samples from shallow unconfined and deep confined aquifers
occurred along or below the GMWL. This indicates that the groundwater from the deep
confined aquifer is slightly depleted due to depth increasing. However, the relative isotopic
depletion of the shallow unconfined groundwater reflected the depletion of recharge water,
which most probably indicates the role of evaporation processes.
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Wajid aquifer.

The values of the deuterium excess (d) of the tested groundwater samples were
calculated (d = δ2H − 8×δ18O). The calculated d-excess values of the studied groundwater
vary within a range of 4.7‰ to 15.7‰ (Figure 13). The d-excess values of groundwater from
wells tapped shallow unconfined aquifer (recharge area) and the deep confined aquifer is
below the d-excess value of the global precipitation (10), indicating that the evaporation
process most likely influenced the rainwater before recharging the aquifer.
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4.4. Spatial Distribution of Salinity

The spatial distribution of TDS of the tested groundwater samples was studied to
delineate the lateral variation in groundwater salinity. As shown in Figure 14, groundwater
wells tapped shallow unconfined aquifer (western part of the study area), and confined
parts (eastern part of the study area) show a higher value of TDS than the wells tapped the
deep unconfined aquifer (middle part of the study area).
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The reverse pattern of TDS (higher values in recharge area) is attributed to agricultural-
derived salt deposits that formed due to long and extensive agricultural activity in the
study area with aridity climate conditions. In addition, the existence of high-density
open fractures within the Wajid aquifer facilitates the downflow of return saline water
(Figure 15). The presence of N-S and E-W trending sets of open and vertical fractures
within Wajid sandstone (hosting Wajid aquifer), reported in the literature by [25,26].
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Figure 15. Photograph shows the N10 E-trending fracture set within the Wajid sandstone outcrop
close to an agricultural area, Wadi Al-Dawasir.

5. Conclusions

The groundwater in the Wajid aquifer is fossils and non-renewable and displays two
distinctive facies, Ca-Na-Cl-SO4 and Ca-Na-Cl-SO4-HCO3. The identified hydrochemical
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processes controlling water chemistry are weathering process, evaporation, and ion ex-
change. Dissolution of carbonate minerals (calcite) identified as the main hydrochemical
process affected the groundwater chemistry of deep unconfined aquifer. On the contrary,
evaporation and ion exchange processes have more influence on the groundwater chem-
istry of shallow unconfined and deep confined aquifers. The groundwater in the studied
aquifer is of meteoric origin according to its isotopic composition. Shallow unconfined
and deep confined aquifers have groundwater slightly depleted in deuterium isotope
composition that reflected the influence of evaporation on infiltrated rainwater. The results
of this study show that the groundwater in the Wajid aquifer flows from southwest to
northeast, with higher salinity in the recharge area. This reverse pattern of salinity is mostly
related to the irrigated return saline water. The saline water percolated through open
fractures as a preferential conduit.
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