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Abstract: Ensuring sustainability of groundwater (GW) resources requires understanding the inter-
playing factors in the hydrogeochemical evolution of the system (cause and effect relationships),
which is the subject of the current work concerning the groundwater resource in a hyperarid region,
namely, AdDawadmi, Saudi Arabia. Integration of geographical information system (GIS), statistical,
graphical, and geochemical modeling approaches are adopted to achieve the study’s design inten-
tions. Slicing the study area on a spatial basis helped yield insights into major constituents’ variation
trends using the graphical methods that lack spatial representation capabilities, such as Piper, radial,
and Durov plots. Localities of higher salinities, NO3

−, SO4
2−, Cl−, Na+, and Ca2+ are remarkable,

indicating the effects of localized and point source activities and evaporation-driven concentrating
processes rather than lithology supported by the largest regression and correlation coefficients for
Cl−, Na+, and SO4

2. Many interacting processes are identified: evaporation, vicious salinization
cycle (VSC), rock weathering, ion exchange, and geomorphological-driven flow. Hydrogeochemical
modeling using the Visual MINTEQ program concludes that concentration-driven evaporation might
lead to the precipitation of significant SO4

2− and Ca2+ along with CaCO3 saturation. Such processes,
coupled with the ion exchange, would greatly impact the GW chemical composition and affect the
aquifer and soil properties such as permeability. Human activities impact the GW system, neces-
sitating remediation plans and protection policies to prevent overexploitation and brook the VSC.
Finally, the integration of the adopted approaches was found useful, constraining the findings of one
approach, reducing the associated uncertainties, enhancing the confidence level and reliability of the
obtained conclusions, and obtaining useful information, enabling understanding of the internally
interacting processes otherwise hidden.

Keywords: groundwater sustainability; GIS and geostatistical analysis; hyperaridity; geochemical
modeling; Visual MINTEQ; Saudi Arabia; vicious salinization cycle; climatic change

1. Introduction

The Kingdom of Saudi Arabia (KSA) has no surface freshwater resources except
for some small temporary wadis. Although its withdrawals were more than 20 billion
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cubic meters (BCM) in 2010, it had only 2.4 BCM annual renewable resources. Hence,
KSA abstracts more than 80% of its water needs from fossil, non-renewable precious
groundwater (GW) reserves. Agricultural, landscape, and livestock activities mostly avail
from fossil and renewable GW abstractions. While the domestic and industrial sectors
growingly rely upon high-cost and energy-intensive desalination [1–6]. The thirstiest
agricultural activities, including livestock ranching and poultry, consume 85% of total GW
withdrawal in KSA, a water-stressed arid desert region. This abstraction rate, exceeding that
of recharge, is unsustainable, causing rapid depletion, water level decline, and enhanced
deterioration, leading to reduced usability and limited quantity that may last less than 50
years [2,7–11]. The quality of GW in KSA’s water-stressed hyperarid desert regions, such
as AdDawadmi, is likely to be intensely affected by aridity, prolonged drought periods,
lithology, hydrogeochemical interactions, and various anthropogenic activities associated
with overexploitation, and intensified land use. The KSA ranks third as the largest per
capita water user worldwide. It has faced inequality between its input renewable water
budget and demands primarily resolved through the overexploitation of fossil GW coupled
with desalination for domestic uses and recently reusing treated wastewater [6]. It is,
therefore, essential to study and evaluate the GW quality and recognize its type, history,
and genesis of mineralization to protect the aquifer from excessive withdrawal, optimize
its use, and ensure its sustainability for continuous water extraction.

Water resource explorations and their quality and suitability evaluations are within
the highest priorities of the KSA to realize the 2030 vision, which involves a detailed
blueprint for preserving the environment and natural resources. Recently, KSA has demon-
strated accelerated development, population growth, and living standards. As a result,
groundwater (GW) demand has recently been exacerbated due to heavy loadings resulting
from irrigation, landscape practices, touristic and sports activities, urbanization, livestock
farming, poultry, and population growth. These pressures, coupled with their underfit
(unbalanced low and limited precipitation to needs), have led to resource depletion and
deterioration [4,5,10,12,13]. In the area under consideration (AdDawadimi metropolitan
and its nearby environs), residents entirely rely upon GW since it is the sole source for
domestic, industrial, livestock, landscape, tourist, poultry farming, and irrigation purposes.
The importance of water geochemical studies is recognizing and understanding the hy-
drogeochemical and physicochemical processes and factors controlling the groundwater
(GW) chemical characteristics. Unfortunately, to our knowledge, there are no data con-
cerning water resources in the AdDawadimi governorate and its nearby environs. Such
data are essential for decision makers to involve the area in sustainable development plans.
Undoubtedly, natural conditions and anthropogenic activities impact the GW’s physico-
chemical, biological, and quality characteristics. The natural conditions include climatic
influences, geomorphology, geology (mineralogy and sedimentology of the containing
rocks), and hydrogeological factors. The anthropogenic activities introduce additional
stresses related to reclamation, cultivation, urbanization, industrialization, and livestock
ranching [14–17]. In GW studies, it is of utmost importance to identify its chemical charac-
teristics, evolution laws, and the main controlling factors and processes. In such studies,
the main questions to be resolved include, but are not limited to (1)what are the ultimate
sources and sinks of solutes; (2) how does the GW’s chemistry evolve; (3) how does the
system respond to both natural and anthropogenic activities; (4) what does make it unsuit-
able for domestic, municipal, or irrigated agriculture uses; and (5) what are the prominent
actors on the quality of GW.

Generally, agriculture may cause adverse effects, primarily on shallow aquifers, due to
pesticides and organic and chemical fertilizers [18,19]. Other contributors include livestock
ranching, which generates a high quantity of animal manure, septic tanks, buried storage
tanks, and landfill leachates, bringing a reasonable biological contamination load to the
aquifer. Another prominent process that modifies GW’s chemistry is the vicious wetting
and drying cycle, which is continuous consecutive precipitation and dissolution due to
evaporation, especially in arid and hyperarid climatic regions. In such a process, the
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concentration of ions having higher solubility grows while those with lower solubility
increase to a lesser extent [20–23]. However, the process is not a net source of solutes and
involves mainly redistribution of the solutes load within the system, presenting immense
stress and salinization mechanisms in prolonged drought periods and limited rainfall
during wetting seasons.

When integrated, local spatial statistics and geographical information system (GIS)
tools can provide large-scale handling variations [24–26] since the GIS mapping capabil-
ity provides means of contrasting solutes and parameter distribution with other spatial
datasets facilitating visualizing the intercorrelations and interpreting the results. These
underpinning tools for geospatial analysis may be extremely valuable for managing ground-
water resources to understand GW evolution and demarcate local variations. Researchers
have recently widened the application of these techniques in GW-related studies with
different objectives and scopes [24,27–32].

In the area under consideration (AdDawadimi governorate and its near environs),
residents merely rely on GW since it is the sole water source for irrigation and agriculture,
livestock ranching, poultry, domestic, industrial, and landscaping purposes. The area
has demonstrated, in recent years, significant urbanization, extension, and population
growth. Therefore, it is imperative to delineate the interplaying factors, such as geolog-
ical formations and anthropogenic activities affecting the precious limited stock of the
GW reserve.

The design intention of this study is to integrate GIS, statistical, and graphical ap-
proaches to:

(a) Evaluate the hydrogeochemical status and understand the implications of evaporation,
rock–water interactions, and the interplaying factors;

(b) Identify the GW chemistry’s hydrogeochemical characteristics in the AdDawadimi
governorate and its nearby environs, Riyadh region, Saudi Arabia.

Integration of all such approaches is anticipated to help understand the effects of
hyper-aridity, intensive agricultural activities, and higher daylight temperatures and define
their deteriorating stresses on the quality of the GW reserve in the region. To help reduce
the spatial distribution-related limitations of the well-established plots, such as Piper, radial,
and Durov plots, the study area was sliced into portions for demarcating variations among
localities instead of their application to the whole studied area. The hydrogeochemical
modeling program, Visual MINTEQ, was used to demarcate whether the GW system is
oversaturated, undersaturated, or at equilibrium. Integration of many different approaches
is the adopted strategy to elucidate otherwise hidden phenomena and distributions con-
straining the findings of one approach. Moreover, a statistical analysis is presented to
help mark the correlation between the different affecting factors. The ultimate goal of this
work is to evaluate and assess the interplaying hydrogeochemical processes affecting and
controlling the evolution of the GW system. This is essential for decision makers to involve
the area in sustainable development plans. Despite the utmost importance of these studies,
which could provide indistinguishable information to decision makers and policy planners,
they are very scarce in the AdDawadimi governorate, and we could not find one such study
specific to the region. To our knowledge, this work represents the first-of-a-kind water
resource quality study on the region under consideration.

1.1. The Study Area
1.1.1. Location, Physiography, and Climate

AdDawadmi governorate lies northwest of Riyadh Province, Saudi Arabia, with
its western half at the outermost eastern fringe of the so-called Arabian Shield. The
governorate surface is mostly flat, with numerous rocky outcrops and plateaus. The
governorate morphology generally slopes towards the east and northeast with a mean
elevation of 940 m above mean sea level (AMSL). The Jabal Al-Nir in the far west is the
highest at 1307 m, and the far northeast is the lowest plain at 660, see Figure 1. The shallow
sedimentary thickness ranges from 1.0 to 7.0 m, overlying the bedrock, and generally slopes
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from the west to the east [33]. The governorate’s surface abounds with huge mountains,
plateaus, sand dunes, and valleys. Many large and small wadis, large valleys, small reefs,
and valleys are distributed throughout the study area, such as Al-Rasha valley, Wadi
Khnuqa, wadi Abu Ashland, and Shoaib Dawadmi. The Ad-Dawadmi is famous for
cultivating diverse crops and has witnessed salient agricultural outgrowth in the past thirty
years, yet has been providential in preserving its production levels.
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AdDawadmi governorate, Saudi Arabia.

Moreover, pasture-based livestock farming (primarily camels, goats, and sheep), poul-
try farms, and aquaculture are widely spread [9,34]. The climate of the Ad-Dawadmi
governorate is ordinarily hyper-arid. The precipitation is limited, intermittent, and recently
affected by climatic change with long consecutive drought periods; the last rainy season
was in 2017, with subsequent limited occasional shower storms. From 2005 to 2015, the
long-term yearly average is only 4.9 mm, with an average temperature of 8 ◦C for cold
periods and 42 ◦C for the hot season [35].

1.1.2. Geological Settings

AdDawadmi lies at the Arabian Shield eastern-central border with unconformably
overlying Palaeozoic sediments in the central KSA high-pediment-containing Precambrian
granitic rocks complex coupled to two belts of folded metasediments and two oval layered
basic complexes [36]. Those metasediments comprise sulfide and silver mineralization
localized in parts of an extensive fracture N–S trending belt across the territory. The
conformable calcareous Ar-Ridaniyah, arenaceous, and semipelitic Abt formations are the
oldest rocks deposited in a transgressive subsiding likely marine environment during the
Precambrian, Figure 2. The AdDawadmi governorate is considered to contain the following
four main geologic units [36–38]: A granitic batholith makes up over 80% of the district
and constitutes three granitic varieties. Two-layered basic intrusions occur in the district, a
southern one, AlJe’alani, an area of about 50 km2, and a northern one, Arja, covering 9 km2.
Both are oval and contain inwardly dipping igneous layers. In the north and the southeast,
metamorphic sedimentary successions occur; these are unconformably overlain in the east
by Ordovician sandstone. A well-developed fracture pattern characterizes the district
where swarms of dykes and zinc–lead–silver veins have intruded. The metasediments
belong to two conformable formations, the lower Ar-Ridaniyah, which constitutes a quartz-
feldspathic unit at the base, and an overlying Abt, which is essentially pelitic and semi-
pelitic. The district represents the Najd orogeny by the emplacement of post-kinematic



Sustainability 2023, 15, 4863 5 of 29

granitic intrusions with extensive secondary fracturing partly emplaced by zinc–lead–silver
veins and subsequent dyke intrusion.
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Deformations and the subsequent metamorphism to greenschist facies were due to
ultrabasic and basic rock intrusions. Detailed studies on Al-Jealani intrusion have indicated
the formation of layered gabbroic rocks with persistent dominant plagioclase and the strong
amphibolitization of the units rich in pyroxene. The metals initially present in the N–S
trending belt of preexisting sedimentary rocks are thought to have been mobilized, con-
centrated, and deposited by the medium of hydrothermal fluids related to post-kinematic
granitic activity during the last orogenic episode. The ore minerals within the fractures
are sphalerite, galena, native silver, silver sulfosalts, and sulfides. The other genetic type
is an iron–zinc sulfide deposit in the form of metamorphosed and structurally disrupted
strata-bound lenses within the calcareous horizon of the Ar-Ridaniyah formation. In a
sedimentary calcareous environment, the pyrrhotite and sphalerite are mineralized as
metamorphosed syngenetic–diagenetic [37–39].

Groundwater, the artery of life ecologically and sustainably, is the sole available water
resource since precipitation is very limited in duration and, recently, in amount. However,
characterizing, monitoring, and studying the cause-and-effect relationship for the aquifer
in the region are scarce or have not been conducted at all [34]. Hence, the hydrological
characteristics of the study region such as types, numbers, reserves estimates, thicknesses
of the aquifer/s, hydraulic conductivity, transmissivity, specific yield, etc.) are all missing
since this is a first-of-a-kind study in such an area. The study region is the central part of
the district, namely, the AdDawadmi metropolitan and its nearby environs (latitudes 24◦20’
to 24◦40’ N and longitudes 44◦12’ to 44◦33’ E). The water table levels were consistently
in the range of a few meters, 2–3, and even less below ground level (BGL) in 1996 [33].
These levels have declined very sharply and are consistently more than 12 m BGL. The
asymptotic spatial distribution natural neighbor interpolated piezometric levels map is
given in Figure 3, ascertaining that the piezometric level follows the general slope trend
from west to east and northeast.
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2. Materials and Methods
2.1. Sampling and Preservation

Forty-seven GW samples were collected from the accessible and active wells. Before
the sample collection, representative aquifers’ water was attained by pumping enough to
reflect the well’s water geochemistry with the least possible uncertainty. Plastic bottles
of 1 L volume were thoroughly rinsed several times with the well water before being
filled, preserved, and cooled according to the measurand(s) precautions and rules. Samples
collected for the hydrochemical analyses received no preservatives; upon going back to the
Water and Environment Research Unit, College of Science and Humanities at Ad-Dawadmi,
Shaqra University laboratory (WERU), samples were split, pretreated, and acidified to pH
< 2 (for analysis of NO3

− and NH4
+) according to the standard methods and sampling

directions [40,41]. The areal distribution of the sampling points’ locations is in Figure 4.
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2.2. Analyses and Procedures

The electrical conductivity (EC), pH, temperature, and dissolved oxygen (DO) param-
eters were measured immediately in-field using ThermoScientififc (Waltham, MA, USA),
ORION STAR A122 electrical conductivity meter, PascoScientific (Roseville, CA, USA)
pH electrode connected to an Explorer GLX, Pasco data logger via PASPort CHEMISTRY
Sensor, PascoScientific, independent temperature electrode connected through the Passport
CHEMISTRY Sensor, and, Pasco Scientific DO electrode, respectively. All meters were
calibrated, stored, and maintained per the manufacturer’s instructions.

2.3. Hydrochemical Characterization

When conducting an analytical method, three separate considerations of experimental
error are usually made (i.e., before an analysis, during the analysis, and at the end of the
analysis). Errors known or believed to affect the result should be minimized as practically as
possible via, for example, monitoring the measurement process and evaluating the quality
of the measurements and their fit to the original study design criteria. Method validation
evaluates whether the precision and accuracy obtained by following the procedure are
appropriate for the problem (results are fit-for-purpose). Before a procedure can provide
useful analytical information, it must demonstrate that it can provide acceptable and reliable
results. Usually, validation uses a standard sample whose composition closely matches
the samples to which the procedure must be applied. The procedure’s precision was
evaluated by comparison of replicate analyses. The current work followed the validated
procedures stated in the Standard Methods for examining Water and Wastewater [42].
The standard methods received great validation practices and contained, in some cases,
numerous stages to remove interferences and ensure the reliability of the individual result
obtained. Relieving some of such precautions and preparatory steps may be beneficial as
commensurate with the study intentions and required levels of confidence and accuracy.

When such relieving’s or modifications were adopted, the rule of thumb that it must
not compromise the analysis reliability was assured by applying the respective quality
control, operational checks, and quality assurance practices. Bicarbonate (HCO3

−) is
determined titrimetrically against sulfuric acid by neutralization method, APHA procedure
No. 2320B, with no pretreatments or filtration and keeping the sample out of contact
with air. Chloride (Cl−) was determined trigonometrically against silver nitrate (APHA
procedure No.4500-B Cl−) using a potassium chromate indicator. Complexometric titration
using disodium EDTA was used in determining Ca2+ and Mg2+ [43]. A flame photometer
(MICROPROCESSOR FlamePhotometer, Model-1382, Electronics India, India) measured
Na+ and K+ concentrations following APHA procedures No.3500-Na B and 3500-K B.
The turbidimetric method (procedure No.4500-SO4

2− E) was followed to measure sulfate
(SO4

2−) ion concentration using JENWAY 6850 UV/Vis. Spectrophotometer at 420 nm
wavelength (Jenway, London, UK).

Nitrate (NO3
−) ion concentration was quantified spectrophotometrically at 410 nm

wavelength following the modified phenol sulfonic acid method [44], which received
further refinement and tuning to yield an intense and stable colored complex. The addi-
tion of 25 mL of 6N NH4OH instead of the initially devised 3N in the complexing step
yielded stable, intense, and reproducible color intensity. The accuracy and precision of
the tuned procedure were evaluated, assuring the modification validity, robustness, and
purpose-fitness. The modified ammonia diffusion method [45] was followed to collect and
concentrate the dissolved NH4

+ ion. The collected NH4
+ was quantified spectrophotomet-

rically following Nessler’s method at 405 nm wavelength. Dissolved organic carbon (DOC)
was estimated spectrophotometrically at 254 nm wavelength using potassium hydrogen
phthalate (PHP) as a proxy, yielding R2 consistently higher than 0.99 [45].

2.4. Statistical Analyses

The statistical analysis of hydrogeochemical data has become common and indispensable
in recent years with different degrees of complexity. This practice finds good opportunities
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due to user-friendly software, which dramatically automates and facilitates execution. In
addition, statistical analyses have been found to provide fruitful insights and views for the data
at hand and help mine the implicit relationships and mutual effects that can be very helpful
in delineating the controlling factors of system chemistry. Descriptive statistics, regression
analysis, and Spearman rho correlation coefficient tests were executed to highlight and figure
out the significant relations between the individual constituents [46–51]. Different statistical
analyses and representations were executed using the Minitab@18 statistical package. The
methods applied and representations will be hinted at, explained, and commented on in their
respective sections.

2.5. Geospatial and Geostatistical Analyses

ArcGIS 10.8 software spatial analysis tools were employed to analyze, map, interpolate,
aggregate, and represent the GW hydrological and physicochemical data. Geostatistical
analysis methods were used to study the spatial distribution of the interpolated concerning
parameters and solutes variation in space. The Inverse distance weighted (IDW) inter-
polation method was adopted since it applied less smoothening algorithms that keep
visualizing the local variation with a better spatial resolution [30]. IDW interpolation
algorithm determines cell values using a linearly weighted combination of a set of sample
points, with the weight being a function of the inverse distance [52].

2.6. Analysis of the Hydrogeochemical Water Quality

AquaChem®10 Water Quality Data Analysis and Reporting Software. It comprises
analysis tools that cover a range of functions, calculations, and robust analytical capabilities
complemented by a selection of commonly used geochemical plots, such as Piper, Schoeller,
Ludwig–Langelier, Durov, scatter plots, and Wilcox, to represent and conclude the chemical
features. It is widely employed to classify, analyze, plot, and report hydrogeochemical and
biogeochemical data.

3. Results and Discussion
3.1. Water Quality Characterization

The descriptive statistics summary of the physicochemical and field characteristics
for the collected GW samples is given in Table 1. The information indicated that they were
semi-neutral to slightly alkaline (pHs range from 6.8 to 8.35) with 7.33 on average and
standard deviation (stdev) of ±0.35, n = 47. The GW pH plays a significant role in the
geochemical equilibrium, especially dissolution/precipitation processes, so it is considered
an essential parameter to measure [53]. Electrical conductivities (ECs) varied significantly,
spanning over 255 to 17,990 µS/cm with a similar divergent range of TDS calculated as 0.65
fractions of ECs. The samples’ temperatures were from 21 to 31.9 ◦C, with an average of
27.32 ◦C, stdev of ±2.17, n = 47. The GW temperature variations are linked to the recharge
with rainfall; relatively higher temperatures are seen for deep GW, and the reverse is for
shallow GW [54]. Although temperature and pH are not water health-related parameters
under direct regulation, they represent the independent and uncontrollable geochemical
equilibrium state governors.

The ionic charge balance equilibrium (ICBE) among total cations (TZ+) and total
anions (TZ−) was found to be within ±10%, ranging from −9.79 to +6.84, with mean and
median values of −2.46 and −3.45, respectively, and stdev of ±4.48. The Anderson–Darling
normality test revealed that CBE is normally distributed with a p-value < 0.036. Although
skewness and Kurtosis indicated a mild shift towards the negative wing, such statistics
still reveal that the entire analyses are under statistical control providing fit-for-purpose
confidence in the acceptability and reliability of the analytical data. The reason behind
this ICBE widening is the immense divergent ECs. The cations content of Na+, K+, Ca2+,
and Mg2+ in all GW samples exhibited the ranges of 10.7–2380, 1.52–19.6, 41.7–1668.2, and
0.5–670.5 mg/L, respectively. While the anions content of HCO3

−, Cl−, SO4
2−, and NO3

−

occupied the ranges of 128.9–536, 19–5074, 13–3322, and 0.21–269.28 mg/L, respectively. All
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constituents spanned over many orders of magnitude except for that of HCO3
−. HCO3

−

was changed over a relatively limited range compared to all other constituents. Figure 5
shows the box plot of the examined major constituents and physical parameters distribution.
As evident from Figure 5, most parameters are not normally distributed, pointing out
localized acting processes or point sources representing an accumulation function in the
groundwater system under consideration.

Table 1. Descriptive Statistics summary of the measured and collected Physicochemical properties.

Variable Mean Median SE
Mean SD Coef.

Var Min Q1 Q3 Max. Range IQR Skewness Kurtosis

pH 7.3372 7.3300 0.0504 0.3454 4.71 6.8000 7.1000 7.5400 8.3500 1.5500 0.4400 0.64 0.37
Temp., ◦C 27.321 27.500 0.316 2.168 7.94 21.500 25.000 29.000 31.800 10.300 4.000 −0.10 −0.13
DO, mg/L 11.877 12.400 0.275 1.882 15.85 7.000 10.400 13.200 14.500 7.500 2.800 −0.78 −0.22

Odor 0.00426 0.00000 0.00426 0.02917 685.57 0.00000 0.0000 0.00000 0.20000 0.20000 0.00000 6.86 47.00
Appearance 0.1340 0.0000 0.0469 0.3212 239.62 0.0000 0.0000 0.0000 1.0000 1.0000 0.0000 2.23 3.45
Alt., m amsl 976.23 985.00 4.17 28.60 2.93 911.00 947.00 996.00 1034.00 123.00 49.00 −0.37 −0.71
DWL, m bgl 23.979 25.000 0.770 5.277 22.01 12.000 20.000 26.000 40.000 28.000 6.000 0.92 2.42
WD, m bgl 38.43 40.00 1.21 8.28 21.54 25.00 30.00 45.00 52.00 27.00 15.00 0.03 −1.09

Disch., m3/d 37.77 40.00 2.31 15.84 41.94 15.00 30.00 40.00 80.00 65.00 10.00 0.81 0.51
EC, µS/cm 5227 4280 546 3745 71.65 255 2939 7050 17,990 17,735 4111 1.39 2.18
TDS, mg/L 3293 2696 344 2359 71.65 161 1852 4442 11,334 11,173 2590 1.39 2.18
Na+ mg/L 661.8 504.0 84.6 580.0 87.64 10.7 260.0 801.0 2380.0 2369.3 541.0 1.38 1.08
K+ mg/L 6.607 5.700 0.563 3.861 58.43 1.520 3.800 8.600 19.600 18.080 4.800 1.30 1.98

Ca2+ mg/L 518.0 433.7 54.9 376.1 72.61 41.7 229.4 698.5 1668.2 1626.5 469.2 1.18 1.31
Mg2+ mg/L 84.3 60.7 15.1 103.8 123.16 0.5 22.8 126.5 670.5 670.0 103.7 4.12 22.24
NH4

+ mg/L 0.02 0.01 0.01 0.04 150.10 0.00 0.00 0.04 0.18 0.18 0.04 2.44 7.49
HCO3

− mg/L 314.9 302.6 15.0 102.8 32.65 128.9 242.1 374.4 536.0 407.1 132.3 0.30 −0.54
Cl− mg/L 1038 660 150 1028 98.96 19 343 1518 5074 5055 1175 1.78 3.95

SO4
2− mg/L 1303 1163 121 830 63.72 13 644 1980 3322 3309 1336 0.57 −0.31

NO3
− mg/L 72.70 51.24 9.87 67.67 93.09 0.21 28.94 116.53 269.28 269.07 87.59 1.48 1.80

TC, epm 61.84 51.71 6.58 45.10 72.92 3.02 29.42 91.74 208.39 205.37 62.32 1.14 1.22
TA, epm 62.72 52.82 6.30 43.21 68.90 3.49 33.06 84.03 196.01 192.51 50.97 1.09 1.03
ICBE, % −2.462 −3.449 0.653 4.479 −181.94 −9.799 −6.046 0.313 6.842 16.642 6.359 0.43 −0.84

DOC, mg/L 1.893 1.477 0.208 1.425 75.28 0.134 0.893 2.550 7.651 7.517 1.658 1.82 4.80

DO: dissolved oxygen; Alt.: Altitude; ams: Above mean sea level; DWL: depth to water level; bgl: below ground
level; WD: well depth; Disch: well discharge; EC: electrical conductivity; TDS: total dissolved solids; TC: total
cations; TA: total anions; ICBE: Ionic charge balance equilibrium; DOC: dissolved organic carbon; epm: equivalents
per million, m3/d: cubic meter per day.
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Figure 5. Box plot the major constituents (a) and physical parameters distribution (b).

3.2. Major Constituents Analysis

Generally, Cl−, SO4
2−, Na+, and Ca2+ are mutually the most predominant anions and

cations of the major constituents. The study area was partitioned into different portions on
an areal basis, namely, north, south, east, west, northeast, southeast, northwest, and south-
west. The average distribution of major constituents throughout those sections is shown in
the radial diagram in Figure 6. The distributions indicated that the relative proportions
are quasi-uniform throughout the area, whatever the section is. However, the total load
exhibited a recognized spatial variation, with the most loads appearing in the northern
half and especially the northeastern section, following the general geomorphological trend
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in Figure 1. The spatial variations among individual constituents are not remarkable,
indicating that this might be due to a relatively common acting process (i.e., a process
affecting the major constituents to a comparable extent). The most probable concentrating
processes are rock weathering and evaporation. The rock weathering process necessitates
the geological settings to be the same throughout the study area, which is not the case, as
evidenced in Figure 1. The other process, anthropogenic-driven evaporation, remains the
possible mechanism leading to the observed salinization, provided that differences in the
rates of such process effects the observed dissimilarities and spatial variations. However,
there is no information or even observation to support this hypothesis. The authors claim
that the net effect observed might be ascribed to both processes with a contribution from a
third one leading to the pronounced variation in the northern part, which is thought to be
the geomorphological-driven flow of higher saltwater (i.e., the uppermost layer of water
infiltrated through the soil with much-solubilized contents of soil salts) from south to north.
Such a claim will be further investigated in the following sections.
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3.3. Classification of Groundwater Using Geochemical Diagrams

Over the last decades, many hydrochemical diagrams have been developed and
applied with diverse aims to understand better the GW system’s interpretation, particularly,
the GW system’s controlling processes, hydrogeochemical facies, and its evolutionary
trends. Of those diagrams, the Chadha [55], the Piper [56], the Durov, Schoeller, scatter (ion
ratios), Pie, and Ludwig–Langeiler plots are invoked and utilized in the following section.

3.3.1. Chadha Plot

The occurrence modes of GW in reservoirs that differ in their chemical composition
are described as hydrogeochemical facies. Many plots provide comparable and/or syn-
onymous information regarding hydrochemical facies such as Chadha, Piper, and Durov.
The differences between the alkaline earth and alkali metals in the Chadha plot are plotted
on the abscissa expressed as percent reacting milliequivalents. While on the ordinate axis,
the differences between weak acidic and strong acidic anions are plotted by the same
units as those used in the x-axis. The Chadha plot of GW samples from the study area is
shown in Figure 7. Figure 7 shows that 61.73% of the total samples fall under the subfield
of alkaline earth exceeding alkali metals and strong acidic anions exceeding weak acidic
(Ca2+-Mg2+-Cl−) water type with a permanent hardness category. About one-fifth of the
GW samples fall under the Na+-Cl− subfield, namely, 21.27%, which poses salinity prob-
lems in irrigation, livestock farming, and domestic and industrial uses, and 10.63% fall
under the subfield that strong acidic anions exceed weak acidic anions. The remaining
minor fractions, 4.25 and 2.12, fall under the alkaline earth metals exceed alkali metals, and
weak acidic ones exceed strong acidic anions subfields, respectively.
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3.3.2. Piper Plot

The Piper diagram portrays the relative concentrations of the major cations and anions
on two trilinear plots, together with a central quadrilateral diamond plot where the points
from the two trilinear plots are projected, showing the overall chemical character of the
water as milliequivalents percentages [57]. Three data points represent every sample, one
in each triangle and one in the projection diamond grid, revealing certain useful properties
of the total ion relationships. The Piper plot allows comparisons of six parameters in many
samples but does not portray the absolute ion concentrations with relative percentages like
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all trilinear plots. The Piper plot’s main purpose is to show samples’ clustering and infer
their hydrogeochemical facies.

The hydrogeochemical properties of GW are a function of the soil texture, aquifer
lithology, GW residence time, geology, and water regional flow pattern, hence illustrating
the GW’s origin, chemical composition, and water types according to the ionic composi-
tion [58,59]. The hydrochemical facies delineate GW’s chemical composition and demarcate
the origin, mixing water from different sources, evolution pathways, and chemical water
types [57,60]. A Piper diagram is a widely utilized graphical form that illustrates the
general distribution of anions and cations. As a countermeasure for this limitation, the
study area was partitioned or sliced into small portions on a spatial basis to look for the
localized variabilities from place to place. Figure 8A shows the water quality classifications
within a Piper plot, and Figure 8B–J show the Piper plots for all GW in the whole and
sliced partitions of the study area, respectively. The main shortcoming of the Piper plot
is its inability to demarcate or represent spatial variability. Again, the Piper plot does not
portray the absolute ion concentrations but rather the relative percentage like all trilinear
plots. So, only the changes in the relative proportions of the major constituents are caught
but not the changes in the total load. The diagrams showed no dramatic evolutions of
the hydrochemical facies throughout the study area but rather a mild transformation of
the relative proportions from one locality to another with no definite regime (i.e., the data
are broadly distributed rather than forming distinct clusters). Such a theme may suggest
the presence of a relatively similar water–rock interaction regime, and the anthropogenic
activities all over the area under consideration that did not alter the relative chemical
composition. The samples generally lie in the Cl− and SO4

2− anions dominance fields and
Ca2+ and Na+ cations dominance fields. According to the water classification scheme in
Figure 8A, samples are distributed descendingly under L, N, and P, respectively, with only
one sample falling under each M and O field; i.e., samples fall under Ca2+-Na+-Cl−-SO4

2−

water types. The distribution of samples in the sliced partitions exhibits a somewhat similar
theme, especially in the half partitions.

However, for smaller partitions such as northeastern and northwestern, the clustering
(narrowing distribution) is apparent, suggesting the presence of homogenous controlling
factors acting in the locality. However, the sample distribution in the AdDasma-AsSumera
(southeastern, Figure 8J) partition is very broad compared to the size of the locality, with
other partitions demarcating dramatic differences within the locality. These dramatic
differences may be attributed to different anthropogenic activities within the partition since
some wells are far from agricultural and livestock farms and are used mainly for domestic
and drinking purposes with apparently reduced TDS levels, while others are within recent
farms and the rest are with old farms with far higher levels of TDS, >10,000 mg/L. The
cations are distributed in the no dominant, Ca2+ dominant, and Na+ + K+ dominant water
types, and the anionic species are distributed within the dominant Cl−, SO4

2−, and no
dominant types, with one sample falling within the HCO3

− dominant zone. A detailed
analysis shows the samples fall under a variety of water types, including Cl−-SO4

2−,
Ca2+(Mg2+) Cl− (SO4

2−), Na+(K+) Cl−(SO4
2−), and only one sample in Ca2+(Mg2+) HCO3

−

water types. Unfortunately, this diagram provides little information to discriminate the
separate clusters of samples, which agrees with the comment of Güler et al. [60]. As shown
in the central quadrilateral diamond plot, the GW samples mostly fall under the SO4

2−-
Cl− and Ca2+-Mg2+ (permanent hardness) parts of calcium chloride-type (non-carbonate
hardness), and in the field of SO4

2−-Cl−, and Na+–K+ (saline) of sodium chloride-type (non-
carbonate alkali). Only one sample falls under HCO3

−-CO3
2− and Ca2+-Mg2+ (temporary

hardness), indicating the dissolution of rock-forming minerals such as gypsum, anhydrite,
Na-rich rocks, and halite dissolution. In general, samples falling in Na-Cl facies in the
diamond field of Piper show a saline nature in the groundwater [61]. These results are
consistent with the computed mean values of the mineral phase saturation indices (SIs)
that show undersaturation of halite, gypsum, epsomite, and anhydrite and oversaturation
of calcite, dolomite, and aragonite.
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3.3.3. Schoeller Diagram and Ludwig–Langelier Plot

Schoeller diagram, Figure 9 exhibits a similar theme that shows a high level of Ca2+,
Na+, Cl−, and SO4

2− and a lower level of Mg2+ and HCO3
−. Generally, strong acids (Cl−

and SO4
2−) are dominant over weak acids (CO3

2− and HCO3
−), whereas alkali metals

Na+ and K+ and alkaline earth metals (Ca2+ and Mg2+) are interchangeably comparable.
Moreover, Cl− and SO4

2− are far higher than Na+ or Ca2+, 3.5-1.4:1, as shown in the
Ludwig–Langelier plot in Figure 10 and the Pie plot in Figure 11. The GW samples were
dominated by the combination of sodium-chloride and calcium-sulfate-type as shown in ion
ratios plots in Figure 12 and the Pie plot of the major constituents showing approximately
equal proportions of Cl−, Na+, SO4

2−, and Ca2+, respectively. The bicarbonate anion and
magnesium cation were depleted relative to other constituents except in very few samples
exhibiting low salinity levels.
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3.4. Major Ionic Species

The Durov diagram shows comparable distributions to Piper’s plot with extra TDS
and pH representation, Figure 13. Figure 13 shows that samples with high salinity levels
have low pH values and higher Na+ and Cl− contents than Ca2+ and SO4

2−. The distri-
bution of major constituents in the lateral triangles is similar to the EC level, especially
for cations all over the partitions of the study area. These themes suggest that a process
other than a water–rock interaction might be in place due to the modification in water
composition, which might be hard to be established through rock weathering alone. Ac-
tually, it is not easy to have different sources, e.g., halite, gypsum, and dolomite, which
could yield equivalent proportions of the major constituents and approximately constant
HCO3

− levels. Evaporation, evaporation-driven precipitation, mixing, ion exchange, and
reverse ion exchange might be the probable processes controlling and modifying the water
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geochemistry in the study area. The next section’s subject is figuring out and capturing the
most prominent GW chemistry processes.
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3.5. Processes Controlling GW Hydrogeochemistry

The evolution of GW’s hydrogeochemistry depends on hosting rock types, flow paths,
anthropogenic activities, mixing from different sources, and initial water composition.
Evaporation, evaporation-driven precipitation, mixing, ion exchange, and reverse ion
exchange might be the probable processes controlling and modifying the water hydro-
geochemistry in the study area. Identifying the process/es in place is tried via the Gibbs
diagram [62], ion exchange diagram, and other deemed cooperative relationships. Based on
the hydrogeochemical data, the Gibbs plot has been widely recognized as a powerful tool
to discriminate three distinct processes affecting the GW’s chemical composition evolution.
The philosophy behind the plot construction is that every process, namely, precipitation,
rock–water interaction, and evaporation crystallization dominance, has its fingerprint on
one or more of the water characteristics that trace such change or evolution. Gibbs diagram
is constructed by plotting the ratio (Na+/(Na+ + Ca2+)) and (Cl−/(Cl− + HCO3

−)) on the
abscissas against TDS on the ordinate to evaluate the functional variabilities of the ratios
of the aforementioned dissolved chemical species demarcating three significant clusters,
namely, precipitation dominance, rock dominance, and evaporation dominance. Figure 14
shows that almost all samples fall under the evaporation crystallization dominance zone,
except one sample falls away from this zone in the rocks weathering zone in the cation
fringe, while two samples fall under the weathering (rock dominance) zone in the anions
fringe. So, the Gibbs diagram concludes the impact of the evaporation process. This finding
seems logical due to very limited precipitation rates (hyper aridity) and very hot daylight
temperatures, implying very high evaporation rates, which exacerbate the ionic loads in
the infiltrating irrigation return flow water combined with the re-solubilization of the previ-
ously crystallized salts on the soil surface (i.e., the establishment of the vicious salinization
cycle). The positive values of saturation indices (SIs, declared later on) corroborate this
theme. The Gibbs and Chadah diagrams concluded that hydrochemical GW dominant
types in a wide range could be inferred from the Gibbs diagram, while the specific domi-
nant types in specific components would be declared geochemically in the Chadah diagram.
Hence, combining the two diagrams would be useful in demarcating the general types and
evolutions affecting the GW from the hydrochemistry data.

To further signify the effects of evaporation, the plot of Na/Cl against EC, Figure 15,
was constructed and showed that about half of the samples lie around the Na/Cl ratio
of one at different levels of EC. However, some other samples exhibited extremely far
away Na/Cl ratios ranging from 0.36 to 6.32, demarcating the contributions from distinct
sources or processes (i.e., silicate weathering, especially for low EC levels, ion exchange,
and reverse ion exchange). This behavior suggests the interplaying of many different
processes, which increases the system’s complexity. The prominent enrichment of Na+

ion concentration over Cl− might be from leaching secondary alkaline/saline soil salts,
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irrigation return flow, and partly by silicate weathering [63]. The relationship between
(Na+ + K+) versus Tz

+ yields a trending line with a slope of 0.29 and R2 0.78, indicating no
contribution from secondary sources leaching into the water. In the Ca2+ + Mg2+/HCO3

−

equivalent ratio, most samples fall higher than one, indicating that bicarbonate dissolution
dominance is not prominent. The spatial distributions of the ratios of (Na+ + K+)/Tz

+,
(Ca2+ + Mg2+)/HCO3

−, Ca2+/Na2+, Na+/Cl−, and EC are portrayed in Figure 16.
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The distribution of (Na+ + K+)/Tz
+ spatially varies reversely with (Ca2++Mg2+)/HCO3

−,
which may be attributed to the smaller contribution of Ca2+ and Mg2+ to total cations at
higher bicarbonate levels, implying the possible precipitation of calcium and magnesium,
and, hence, the enhanced contribution of sodium and potassium to the total cations. The
portions exhibiting a higher (Ca2+ + Mg2+)/HCO3

− ratio, the northwestern portion, show
low to moderate (Na+ + K+) contributions to the total cations. Moreover, calcite SI exhibited a
trendy inverse distribution with (Na+ + K+)/Tz

+, (Ca2+ + Mg2+)/HCO3
−, and Ca2+/Na2+.

On the contrary, the interpolated spatial distribution of Na+/Cl− and (Na+ + K+)/Tz
+ is in

direct accordance, implying that Na+ and Cl− might originate from a common source. Finally,
all those distributions seem independent of the total salinity, EC. The contribution regression
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of the individual cations and anions with the EC (Figure 17) confirmed sodium contribution’s
linearity with a slope of 0.13 and R2 0.88.
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Figure 17. Individual major ions contribution to the total EC of the GW samples throughout the
study area.

On the contrary, calcium and magnesium showed lower regression coefficients of
0.59 and 0.438, respectively. The regression coefficients of chloride, sulfate, bicarbonate,
and nitrate are 0.88, 0.617, −2.5, and 0.12, respectively. Higher regression coefficients
are observed for the conservative and quasi-conservative ions. This theme may suggest
that the hydrogeochemical composition of the GW system may be largely impacted by
concentrating and modifying processes along with the weathering ones.

Investigating the contribution and effects of the weathering reactions in the study
area has been attempted to infer the probable sources affecting the processes of the major
ions in GW’s chemistry. Figure 18A,B portray the effects of weathering and geochemical
processes, respectively. Most samples are affected by silicate weathering and Gypsum
dissolution, with only a few samples lying in the carbonate/dolomite and evaporate
dissolution fringes. Moreover, about one-third of the samples are impacted by calcium salt
precipitation and/or reverse ion exchange. The geochemical modeling results corroborate
calcium salt precipitation, as the saturation indices (detailed in the next section) of aragonite,
calcite, dolomite (ordered and disordered), gypsum, and anhydrate are mostly positive.
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3.6. Ion Exchange Process

The ion exchange process (IX) does not change the dissolved species’ total load but
rather alters the concentration of individual water chemistry parameters, mainly Ca2+ and
Na+. Two chloro-alkaline indices (CAI-1 and CAI-2) were inferred by Schoeller [64] to
demarcate the IX processes between the GW and its host environment; as such, the positive
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values of these indices mark the direct replacement of Clay-Na+ by the higher affinity Ca2+

ions, whereas the negative values denote the reverse [14,48,64]. The chloro-alkaline indices
are calculated using the following formulas:

CAI-1 = [Cl− − (Na+ + K+)/Cl−]

and
CAI-2 = [Cl− − (Na+ + K+)]/(SO4

2− + HCO3
− + CO3

2− + NO3
−).

All concentrations are in meq/L. The inverse distance weighted (IDW) interpolated
spatial distribution map of the calculated indices along with that of Na+ and Ca2+ ions
concentrations are in Figure 19. The spatial distribution of the indices indicated no clear
linkage between the distribution of sodium and the indices contrary to that of calcium
concentration. A quasi-coincidence between calcium distribution and CAI-1 is apparent.
Furthermore, the areas showing negative CAI-1 and CAI-2 values spread over 20–30% of
the area, indicating the prevalence of reverse ion exchange in such areas that exhibit the
highest localities of sodium ion concentration distribution. The relationship in Figure 20
corroborates those findings. Figure 20 concludes that the direct and reveres ion-exchange
occurrence is evident with a trending line slope of −1.06 and R2 0.845, with ≈28% of the
samples falling under the reverse ion exchange part and ≈50% in the direct-ion exchange
part. The spatial distributions and the relationship in Figure 20 complement each other
with close agreements on their quantitative conclusions regarding the shared percentages
of the direct and reverse ion exchange.
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3.7. Hydrogeochemical Analysis Using Visual MINTEQ

Visual MINTEQ was used to calculate the saturation index (SI) of various minerals,
namely, anhydrite, aragonite, artinite, brucite, gypsum, halite, calcite, dolomite (ordered
and disordered), epsomite, huntite, lime, magnesite, and vaterite to determine whether the
GW system is oversaturated, undersaturated, or at equilibrium, concerning the studied
minerals. The values of the SIs determine the tendency of the system to dissolve or
precipitate such minerals. The descriptive statistics summary of the Visual MINTEQ
calculated SIs are supplied in Table 2 and Figure 21 in box plot form. The geochemical
modeling program Visual MINTEQ computes the SIs, assuming that the “n” solid phase
was originally present in the medium based on the GW chemical composition, pH, and
temperature. The computed indices, SIs, namely, SIs in the range of −0.5 to +0.5, are
considered to pose no potential risk of dissolution or precipitation, and SIs less than
−0.5 presume that the solution is undersaturated, showing the tendency of the solution
to dissolve more of that mineral whenever it is present in the aquifer, and the reverse,
oversaturation with the tendency of precipitation when SI > +0.5. An SI of approximately
zero indicates that equilibrium or saturation conditions between the solution and the
mineral, with no reaction, are expected [54].

The data show that the SIs are not normally distributed with as high skewness and
Kurtosis values as those from the original data, except for that of halite, which exhibits
the lowest skewness and Kurtosis values. This trend may suggest significant processes
that impact major individual constituents that may undergo input/output (solubiliza-
tion/precipitation) effects. Large Kurtosis values indicate the presence of some extreme
localities that lead to large differences between the median and mean values. Anhydrite,
artinite, brucite, halite, epsomite, huntite, lime, gypsum, and magnesite minerals exhibited
negative SIs, indicating that the GW system is undersaturated concerning those minerals.
The undersaturation status exhibited for areas with the most negative halite, anhydrate,
and gypsum SI values would potentially increase the Cl−, SO4

2−, and salinity in GW with
water flow due to the large dissolution affinity of such minerals. The other aragonite, calcite,
dolomite (ordered and disordered), and vaterite minerals showed positive SIs values. The
points exhibiting the most positive SI values would have a larger potential for precipitation
of the respective minerals, such as aragonite, calcite, and ordered dolomite. Significant
SO4

2− and Ca2+ that might precipitate to the soil and CaCO3 saturation were observed in
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the semi-arid and arid areas [58], leading to concentration-driven evaporation due to the
aridity and higher weather temperatures. Such processes, coupled with the ion exchange,
would greatly impact and modify the chemical composition of the GW and affect the
aquifer and soil properties such as permeability. The results of the SIs are consistent with
the GW’s sodium, chloride, calcium, and sulfate levels.

Table 2. Descriptive statistics of the SIs of the main anticipated minerals.

Variable Mean SE
Mean StDev Min. Q1 Median Q3 Max. Range IQR Skewness Kurtosis

Anhydrite −0.7087 0.0799 0.5480 −2.8470 −0.8260 −0.5540 −0.3950 −0.0400 2.8070 0.4310 −1.80 4.20
Aragonite 0.3617 0.0584 0.4004 −1.7050 0.2820 0.4230 0.5540 0.9630 2.6680 0.2720 −3.22 15.24
Artinite −6.630 0.188 1.288 −11.873 −7.110 −6.417 −6.068 −4.785 7.088 1.042 −2.43 8.04
Brucite −5.477 0.116 0.793 −8.129 −5.760 −5.385 −5.057 −4.228 3.901 0.703 −1.44 3.69
Calcite 0.5039 0.0583 0.4000 −1.5600 0.4210 0.5700 0.6950 1.1070 2.6670 0.2740 −3.22 15.23

Dolomite
disor-
dered

−0.045 0.128 0.877 −3.680 −0.312 0.181 0.351 1.235 4.915 0.663 −2.44 7.44

Dolomite
ordered 0.495 0.128 0.877 −3.141 0.229 0.731 0.885 1.785 4.926 0.656 −2.45 7.50

Epsomite −3.642 0.103 0.704 −5.770 −3.915 −3.500 −3.153 −2.290 3.480 0.762 −1.25 2.09
Gypsum −0.4718 0.0797 0.5466 −2.5980 −0.5930 −0.3200 −0.1660 0.1980 2.7960 0.4270 −1.80 4.17

Halite −5.234 0.130 0.891 −8.216 −5.510 −5.183 −4.725 −3.697 4.519 0.785 −1.04 2.02
Huntite −3.853 0.300 2.057 −11.662 −4.470 −3.308 −2.850 −1.200 10.462 1.620 −2.51 7.01

Lime −20.299 0.0953 0.653 −21.780 −20.760 −20.260 −19.871 −19.037 2.743 0.889 −0.16 −0.43
Magnesite −1.109 0.147 1.005 −3.912 −1.322 −1.080 −0.890 4.237 8.149 0.432 2.62 18.75
Vaterite −0.0390 0.0588 0.4033 −2.1250 −0.1240 0.0010 0.1520 0.5410 2.6660 0.2760 −3.23 15.43
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3.8. Correlation Statistical Analysis

The spearman rho correlation analysis was computed using Minitab@18, Table 3, to
check the correlation between physiochemical water parameters such as temperature, pH,
EC, major cations, and major anions. The scaling terms are considered as the following:
r < 0.5 weak correlations, 0.5 > r < 0.7 moderate correlation, and strong correlation refer
to r > 0.7, provided that the p-values are < 0.05. The positive correlation values (colored
red in Table 3) refer to the direct relationship between the tested parameters and vice versa
(inverse relationship colored green in Table 3). As logically expected, the correlation analysis
showed that Na+, Ca2+, Mg2+, Cl−, and SO4

2− concentrations strongly correlate with EC;
they may be considered strong predictors for EC GW. Moreover, K+ and NO3

− exhibited
a moderate correlation with EC, expected for K+, since the rock-containing abundance is
usually limited and dominated by Na+-containing ones. pH showed a moderate negative
correlation with most of the tested physicochemical parameters.
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Table 3. Spearman Rho correlation matrix.

Parameters Na+ K+ Ca2+ Mg2+ NH4
+ HCO3− Cl− SO42− NO3−

EC,
µS/cm

Temp.,◦C pH
Anderson−Darling

Normality Test

p-Value Inference

K+ 0.552 <0.005 Fail
p-Value 0.000

Ca2+ 0.740 0.671 <0.005 Fail
0.000 0.000

Mg2+ 0.695 0.506 0.558 <0.005 Fail
0.000 0.000 0.000

NH4
+ −0.510 −0.142 −0.341 −0.511 <0.005 Fail

0.000 0.342 0.019 0.000
HCO3

− 0.493 −0.117 0.110 0.308 −0.369 0.474 Pass
0.000 0.432 0.464 0.035 0.011

Cl− 0.856 0.756 0.873 0.653 −0.354 0.120 <0.005 Fail
0.000 0.000 0.000 0.000 0.015 0.423

SO4
2− 0.892 0.498 0.682 0.715 −0.598 0.536 0.731 0.072 Pass

0.000 0.000 0.000 0.000 0.000 0.000 0.000
NO3

− 0.599 0.465 0.472 0.328 −0.136 0.152 0.528 0.489 <0.005 Fail
0.000 0.001 0.001 0.024 0.362 0.307 0.000 0.000

EC, µS/cm 0.928 0.676 0.856 0.760 −0.482 0.294 0.938 0.859 0.517 <0.005 Fail
0.000 0.000 0.000 0.000 0.001 0.045 0.000 0.000 0.000

Temp., ◦C 0.042 0.137 0.131 0.095 −0.165 −0.176 0.122 −0.005 −0.050 0.136 0.011 Fail
0.780 0.357 0.380 0.523 0.268 0.237 0.416 0.975 0.739 0.363

pH −0.670 −0.373 −0.543 −0.415 0.331 −0.425 −0.574 −0.578 −0.654 −0.622 0.113 0.321 Pass
0.000 0.010 0.000 0.004 0.023 0.003 0.000 0.000 0.000 0.000 0.448

WD *,
m bgl ** 0.108 −0.073 0.135 0.141 −0.103 0.349 −0.033 0.136 0.007 0.091 0.15 −0.158

0.472 0.627 0.367 0.345 0.49 0.016 0.827 0.361 0.965 0.542 0.912 0.290

The numbers in red indicate a worsening effect (positive correlation); the green one indicates an alleviation effect
(negative correlation); the blue colored numbers indicate no correlation. * well depth, ** meter below ground level.

Nevertheless, it is worth noting NO3
−, where we find that it was not localized due

to point sources but was widespread in most of the study area. HCO3
− showed a weak

correlation to EC, which was not expected since the concentration of HCO3
− ranges from

128.9 to 536 with a mean of 314.9 and stdev of ±102.8 mg/L (i.e., there is a large share of
HCO3

− to the total ions load of the samples). A probable explanation is that HCO3
− was

affected by, and underwent, different hindering processes, following the same trend as EC;
i.e., it did not ramp linearly by evaporation as it may have followed up-and-down variation
paths as it is largely dependent on pH levels. This explanation may be corroborated by the
findings of the Anderson–Darling normality test, which showed that HCO3

− passes (i.e.,
follow a normal distribution) with a p-value of 0.474, contrary to that of EC, which failed at
a p-value < 0.005. The concentrations of the constituents that underwent continuous unidi-
rectional (input or output) is expected to ramp (or decline) to one-tail, which means it does
not follow the normal distribution. A final inference may be that evaporation concentration
played a major role in the chemistry of the GW system under consideration, supporting
the findings of the Gibbs diagram, Figure 14, with HCO3

− continuously removed when
reaching a certain limit through precipitation as calcite, aragonite, and dolomite, with the
positive SIs for carbonate-containing minerals further corroborating the explanation of this
notable trend. The highest correlation coefficients >0.9 were noted for the conservative Cl−

and quasi-conservative Na+ ions, further supporting that evaporation significantly impacts
the system. The r of Na+ and Ca2+ is 0.74 (i.e., lower than that of Na+ and Cl− with EC).
Although there is no straightforward correlation coefficient between them, this supports
that calcium is not ramping at the same rate as that of Cl− and Na+ due to evaporation,
denoting its probable removal path through precipitation as indicated by the positive SIs of
the calcium-containing minerals. Moreover, direct ion exchange may share such findings
that the reverse ion exchange may compensate partially for the effect of direct ion exchange.
Overall, direct and reverse ion exchange processes have a mild effect compared to that of
evaporation since there is no common mineral resource for calcium and sodium to attribute
their concurrent ramping to that of rock dissolution. Well depth showed no correlation
except a mild worsening with HCO3

−. However, it is believed that well depth may have an
apparent correlation with the water chemistry variables, but, unfortunately, they are hidden
due to averaging the correlation matrix over the whole study area, which experienced local
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variabilities. So, many other prominent correlations may appear if the correlation matrix is
prepared over sliced portions. Such slicing on the correlation matrix was not performed for
the current work due to time constraints, but it may be formulated with more details in
upcoming work.

Such slicing on the correlation matrix was not performed for the current work to avoid
more lengthy, but it may be formulated with more details in upcoming work.

4. Conclusions

This study integrates GIS, statistical, and graphical approaches to evaluate the hydro-
geochemical status and understand the implications of evaporation, rock–water interac-
tions, and the interplaying factors in the AdDawadmi region, Saudi Arabia. The study
complemented, integrated, corroborated, and/or declined the findings of each approach
alone and portrayed an overall picture of the major players that control the geochemical
evolution in the study area. The concluding remarks, which are made with a general scope
sense rather than with specific local-relevant numbers, are summarized as follows:

a. Many co-occurring processes control the GW system’s evolution in the region: anthropogenic-
driven evaporation, ion exchange (direct and reverse), precipitation of calcium salts, dissolu-
tion of soil salts, and rock weathering.

b. The establishment of the vicious salinization cycle due to hyper-aridity, intensive
agricultural activities, and higher daylight temperatures. This cycle poses immense
deteriorating stresses on the quality of the GW reserve in the region.

c. Partitioning the study area into small portions on a spatial basis aided in mining
useful information, allowing demarcating variations among localities in the case of
relationships lacking spatial distribution ability such as Piper, radial, and Durov plots.

d. The Hydrogeochemical modeling inferred the oversaturation of many minerals due
to higher levels of EC and pH. The computed SIs are not normally distributed with as
high skewness and Kurtosis values as those from the original data except for those
of halite, which exhibit the lowest skewness and Kurtosis values, suggesting the
existence of significant processes that impact the major individual constituents that
may undergo input/output (solubilization/precipitation) effects.

e. The largest regression and correlation coefficients are observed for the conservative
and quasi-conservative ions, further supporting that evaporation significantly impacts
the system.

f. Localities exhibiting peaks of ECs, NO3
−, SO4

2−, Cl−, Na+, and Ca2+ are identified,
demarcating the effects of localized point source activities and evaporation-driven
concentrating processes rather than those of lithology, catchment, or basin-wise ones.

g. Integrating different approaches constrained the findings and interpretations, provid-
ing multiple lines of evidence that usefully supported or declined those that might
be masked.

h. Human activities, mainly agriculture, greatly impact the region’s GW system. Hence,
remediation plans and protection policies to be in place are highly recommended to
prevent overexploitation of the reserve and, simultaneously, remediate and brook the
established vicious salinization cycle.

i. Implementing and even enforcing recent irrigation systems’ adoption by the region’s
peoples could help relieve the continuous ramping problem.
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