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Abstract Groundwater is the key for life in arid areas.
Aquifer overexploitation and climatic conditions can
significantly deteriorate groundwater quality. The Al-
Qassim area in central Saudi Arabia is characterized
by dense agricultural use and is irrigated mainly by
fossil groundwater from the Saq Aquifer. Understanding
the area’s hydrochemistry, major factors governing
groundwater quality, and alternative uses of the ground-
water are the main goals of this study. Groundwater
samples were collected and examined for major, minor,
and trace elements. Ionic relationships, hydrochemical
facies, geospatial distributions, and multivariate analy-
ses were conducted to assess the hydrochemical pro-
cesses at play. The salinity and nitrate concentrations of
the Saq Aquifer’s groundwater were found to increase in
the outcrop areas more than the confined areas. The
spatial distributions were fragmented by three main
factors: (i) modern recharge by relatively brackish water,
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(i1) irrigation return flow in intensive farming areas, and
(iii) overexploitation and draining of deep and relatively
saline zones of the aquifer. Seven water types were
found representing the alkaline water with a predomi-
nance of sulfate—chloride ions and earth alkaline water
with a predominance of sulfate and chloride. Mixing
between fresh and brackish water, dissolution of mineral
phases, silicate weathering, and reverse ion exchange
were recognized as the evolutionary processes, while
evaporation played a minor role. Cluster analyses char-
acterized the fresh groundwater zone, modern ground-
water recharge zone, and anthropogenic influence zone.
In the confined areas, nearly all the groundwater was
appropriate for domestic use and irrigation. In the out-
crop areas, some limitations were found due to unsuit-
able conditions.

Keywords Hydrochemistry - Groundwater quality -
Water supply - Saq Aquifer- Saudi Arabia

Introduction

Groundwater is a vital resource in arid areas, where
surface water is absent or found in small quantities
insufficient to sustain growing human needs. Rainfall
in such arid areas is rare, and the temporal and spatial
variations are high. The geogenic factors affecting nat-
ural groundwater geochemistry are the dissolution and
precipitation of various minerals and ion and reverse ion
exchange processes (Merkel and Planer-Friedrich 2008;
Rasool et al. 2015; Singh and Mukherjee 2015). The
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groundwater quality in these arid areas has deterio-
rated significantly as a result of aquifer overexploi-
tation, land-use/land-cover change, irrigation return
flow, unrestricted use of fertilizers and pesticides on
farming lands, and incorrect wastewater disposal
(Lockhart et al. 2013; Lavoie et al. 2015; El Alfy
and Faraj 2017; El Alfy et al. 2017).

The current annual total water consumption in
Saudi Arabia is nearly 17.5 billion cubic meters
(BCM). Only 5.4 BCM of the consumption is from
renewable surface and groundwater, while the annual
depletion of fossil groundwater is nearly 12 BCM
(World Bank 2012; MoWE, unpublished report,
2014). Agricultural activities are the cornerstone of
the Al-Qassim area economy and these activities
consume more than 85% of the water supply which
is dependent on the fossil water resource (FAO
2009). Aquifer exploitation has sharply increased,
and therefore, the groundwater level of Saq Aquifer
has declined severally over the past four decades,
thereby exacerbating water stress. Additionally,
groundwater quality has degraded due to both natural
and anthropogenic influences. With increases in pop-
ulation and the expansion of the economic activities,
water demand will exceed the current water supply,
which can lead to catastrophic water shortages
(Chaudhuri and Ale 2014; El Alfy and Merkel
2006; Gleeson et al. 2012; El Alfy 2013).

This study aimed to establish an in-depth under-
standing of the Saq groundwater hydrochemical
characteristics, the processes influencing the ground-
water quality, and an evaluation of the groundwater
source for potentially alternative uses. The study
was conducted by investigating the hydrochemistry
of the major, minor, and trace elements, geospatial
distribution mapping, and multivariate statistical
analyses. Integration of these techniques can help
greatly to assess aquifer pollution and address the
various natural and anthropogenic factors affecting
the groundwater chemistry (Salman et al. 2014,
Parizi and Samani 2013; Gemail et al. 2017). The
hydrogeology of Saq Aquifer and groundwater qual-
ity evaluations have been studied regionally by sev-
eral researchers (Burdon 1982; Jado and Zotl 1984;
Lloyd and Pim 1990; Zaidi and Mukhopadhyay,
2015; Ahmed et al. 2015), and due to the great
importance of the aquifer as the main water supply,
and its changeable dynamic status, more investiga-
tions are needed.
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Study area

The Al-Qassim area is an important agricultural center
in the central part of Saudi Arabia between 25° 52"-26°
23" N and 43° 24'-44° 7' E (Fig. 1) (Al-Bassam 2006).
The area is directly east of the Arabian Shield; however,
ground elevations range from 600 to 750 m above the
mean sea level, and the ground surface slopes slightly to
the east. The study area has a typical continental desert
climate where the average temperature values vary
greatly between day and night, and during the summer
and winter months (Almazroui 2011). The mean annual
precipitation rate in the Al-Qassim area is < 150 mm,
and evaporation rates can reach as high as 3 cm/year
leading to a climate with practically very low recharge
rates (5—12 mm/year).

Geological and hydrogeological setting

The area of study is located on the Arabian Shelf directly
east of the Arabian Shield. The shield area is comprised
of Precambrian—Cambrian highlands of igneous and
metamorphic rocks, while the shelf consists of an un-
conformable sedimentary sequence overlying the shield
rocks. The shelf rocks dip slightly to the east (1-2°) and
become progressively younger (Fig. 1). The area of
study is covered by Paleozoic and early Mesozoic sed-
imentary rocks, which are composed of sandstone, lime-
stone, shale, and gypsum (Powers et al. 1966). The Saq
Formation exposed in the form of a belt, parallel to the
Arabian Shield, unconformably overlays the basement
complex rocks. The Saq rocks consist of white, brown,
and red sandstones, which are coarse to fine-grained and
poorly cemented. The Saq lithology is homogeneously
dominated mainly by sandstones with some minor in-
terbedded shale and siltstone layers. The thickness of
Saq Aquifer within the study area ranges from between
350 to 750 m. The area of the study has a multilayered
aquifer system whereby the Cambro-Ordovician age
Saq sandstone aquifer is considered as the main water
resource in Saudi Arabia. The Saq groundwater is easily
reachable and economically feasible to the local
farmers. The Tabuk, Khuff, and Neogene secondary
aquifers also exist and these aquifers are separated from
the Saq by the Hanadir, Ra’an, and Qusaiba impervious
shales. The well depths tapping Saq Aquifer are below
100 m in the western part in the outcrop area (uncon-
fined), while wells can reach depths exceeding 1200 m
in the eastern part where confined conditions prevail.
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Fig. 1 Location map of the study area, groundwater samples, and geological units

In these areas, near Ash-Shimasiyah and Tanumah,
Saq Aquifer is overlain by the Hanadir shale and other
younger sedimentary rocks. The depths to water levels
vary between 50 m in the western part and 200 m in the
eastern part of the aquifer system. The hydraulic param-
eters of Saq Aquifer are good. Although the pore spaces
are partially cemented, good effective porosity (12—
20%) is retained. The transmissivity values range be-
tween 9 x 107> and 4 x 1072 mz/s, and the storativity
in the unconfined zone from 1.2x 107> to 7 x 1072,
while the storage coefficients vary from 107 to 5 x
107 in the confined zone. Due to intensive pumping
during the last four decades, a huge depression cone
has developed in the Buraydah—Unayza area. The
water levels dropped between 1960 and 2008 by >
150 m in Buraydah, and > 100 m in the Unayza area
in the confined part, and 3-30 m in the outcrop area
in the west (Fig. 2).

The current groundwater recharge rate is very limited
(3.5-12 mm/year) because of the prevailing arid

climatic conditions. Saq Aquifer recharged during the
humid conditions that prevailed in the Middle East
during Pleistocene; however, the age of groundwater is
10,000 to 30,000 years (BRGM 1985, 2006).

Land-use pattern and urbanization

Within the study area, different types of land use have
been identified. Several dense urbanized areas exist; Ar-
Rass City is located at the outlet of Wadi Al-Rummah in
the southwestern part of the area; closely downstream to
the east are the cities of Al-Badayea, Al-Khabra, and
Riyadh Al-Khabra, and in the eastern part the Al-
Bukayriyah, Buraydah, and Unayza cities are found. In
the northwestern part, intensive agricultural areas exist
where the local inhabitants can easily access the shallow
good-quality groundwater. Other smaller farm lands
are found near the urbanized areas where lower qual-
ity groundwater at relatively greater depths can be
found. At the outlet of the Wadi AI-Rummabh, there is
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Fig. 2 Water level decline of Saq Aquifer, Badayea area (MoWE, unpublished report, 2008)

a large depression, where a sabkha area has formed;
however, runoff water has accumulated there and is
subjected to intensive evaporation. The evaporites of
the sabkha are leached by the runoff water and per-
colate to recharge the shallow groundwater with
brackish water.

Material and methods

To achieve the study objectives, integrated tech-
niques and approaches have been applied, namely,
hydrogeological, hydrochemical, water quality in-
vestigations, and geospatial and multivariate statisti-
cal analyses. In total, 26 water samples were collect-
ed from irrigation and domestic wells tapping Saq
Aquifer in December 2015 (Fig. 1). The samples
were collected in 1-L polyethylene bottles which
were completely filled to avoid degassing prior to
chemical analyses. For minor and trace elements,
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acidified 100-mL aliquots of filtered (45 pm)
groundwater were collected in pre-cleaned low-den-
sity polyethylene bottles. Standard methods were
used for sample collection, storing, preservation,
and analyses (APHA 1995). Several physico-
chemical parameters are measured directly in the
field, such as the pH, total dissolved solids (TDS),
and electrical conductivity (EC), using portable mul-
tielectrodes (Hanna Instruments, MI, USA). The
major cations (Na*, K*, Mg?*, and Ca®*) were ana-
lyzed by atomic absorption spectrophotometry
(AAS). Bicarbonate (HCO3 ) and chloride (Cl")
were examined by titration method. The sulfate
(SO,%) concentration was estimated using colori-
metric methods. Silicon dioxide (SiO,) was calori-
metrically examined by the ammonium molybdate
method. Nitrate (NO3 ) was measured by ion chro-
matography (ELAN9000). For the trace metals (B>*,
F~, Fe(ons Mn?*, Pb**, and Zn**), inductively
coupled plasma—atomic emission spectrometry
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(ICP-AES) (Dionex ICS-5000) was used. Ground-
water hydrochemistry was studied using the occur-
rence, relations, and spatial distributions of the ma-
jor, minor, and trace elements, where several
hydrochemical processes were examined to under-
stand the rock—water interactions.

Descriptive statistics, normality tests, and multi-
variate analyses of the different variables were car-
ried out using the STATISTICA-10 computer pack-
age. The spatial distributions of several variables
were performed with ArcGIS 10.4 using fitted
semi-variogram models, where universal kriging
was used to approximate values in unmeasured sites
and cross-validations were done to reduce the root
mean square error (RMSE). Universal kriging is
more truthful than other methods, and the technique
was engaged with an accuracy of 3.6 and 3.2 for the
distributions of the TDS and NO; , respectively.
The semi-variograms were estimated as follows:

(k) = Y ()’ (1)

2n (h) (i.j):hij=h

where (%) is the semi-variance for distance class 74,
n(h) is the total number of pairs of values at distance
h, and h;; is the distance between locations i and ;.
Cluster analysis can provide a better understanding of
hydrochemical systems through discretization of differ-
ent groundwater categories which can be significant for
a geological setting (Kaufman and Rousseuw 1990; El
Alfy 2004). R-mode is suitable for different water qual-
ity variables, whereas Q-mode is suitable to identify and
determine the chemical components of water (Davis
2002; Tabachnick and Fidell 2006). The cluster analysis
is used to differentiate homogeneous subgroups of cases
in a population and identify a set of groups, which both
minimizes the within-group variation and maximizes
the between-group variation. The dendrograms indicate
the relative magnitude of the proximity coefficients at
which the cases were combined. Ward’s method is ef-
fective to form clusters that are homogenous and geo-
chemically different from other clusters (Cloutier et al.
2008; El Alfy et al. 2017). The variances of the different
variables are standardized to the matching Z scores to
escape false classifications caused by dissimilar orders
of level and the variances of the variables. A cluster
analysis was performed and the Z-standardized input
data matrix of 26 samples and 20 variables of
hydrochemical composition are shown in the Q-mode

dendrograms. The Z-score values were considered as
follows:
Xi—ui

i 5
= (2)

where Xi represents the data for the variable i data, and
pi and o7 are the mean and the standard deviation of the
same variable, respectively.

Factor analysis is a multivariate statistical technique
that is developed to inspect the underlying patterns or
interactions of multiple variables and to condense infor-
mation into a smaller set of factors for prediction pur-
poses (Hatcher and Stepanski, 1994; Davis 2002; El
Alfy et al. 2015). The R-mode factor analysis was
carried out using 20 variables and was used to find the
associations between the physico-chemical variables
and to recognize correlations. The principal factor ex-
traction was reached using varimax criteria (Kaiser
1958), which strengthened the loadings of closely cor-
related variables in each factor (Furi et al. 2012). The
scree plot graphical technique was carried out to choose
the number of key components to extract.

Results and discussion
The Saq hydrochemistry

The hydrochemical variables and descriptive statistics
of the groundwater samples are presented in Table 1.
The results indicated that the groundwater of Saq Aqui-
fer is revealing of fresh, moderate to brackish condi-
tions. In the area of study, the Saq groundwater salinity
ranged between 534 and 5664 mg/L, with an average of
2061 mg/L and standard deviation of 1687. Nearly 58%
of the water samples surpassed the maximum limits for
drinking water proposed by the World Health Organi-
zation (WHO) in 2011 (1000 mg/L) (WHO 2011). The
K* concentration extended between 5 and 42 mg/L, with
an average value of 17 mg/L. The concentration of Na*
ions showed a wide range from 59 to 1816 mg/L, with
an average of 537 mg/L. The concentration of Ca** ions
varied between 230 and 1053 mg/L, with an average of
398 mg/L. The concentration of Mg?* ions ranged from
12 to 133 mg/L, with an average of 41 mg/L. The Cl"
concentration ranged from 213 to 3408 mg/L, with an
average of 1262 mg/L. The SO,> concentration ranged
from 112 to 1920 mg/L, with an average of 462 mg/L.
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Fig. 3 Spatial distribution of groundwater salinity of Saq Aquifer

The HCO5; ion concentration extended between 108
and 189 mg/L, with an average value of 150 mg/L.

The salinity varied from the Saq outcrop areas to the
confined parts depending on the geologic and
hydrogeological situations. Generally, the Saq ground-
water salinity showed an increasing trend in the outcrop
area in the western part and decreased in the confined
area to the east. Deviations in the general salinity trends
were the result of several conditions: (i) modern ground-
water recharge with relatively brackish water, especially
in sabkha depression areas in the west, where runoff
water percolates to reach the groundwater after intensive
evaporation (Fig. 3); (ii) irrigation return flow in the
dense agricultural areas in the south and northwest
(Fig. 3); and (iii) overexploitation and draining of the
deep relatively saline zones of the aquifer, where salinity
differs greatly in several adjacent wells, especially in the
dense urbanized areas of Al-Badayea, Al-Khabra, Ri-
yadh Al-Khabra, Al-Bukayriyah, Unayza, and
Buraydah (Fig. 3).

The sampled groundwater nitrate concentrations ex-
tended between 21 and 47 mg/L, with an average value
of 35 mg/L and standard deviation of 8. The spatial
distribution of the nitrate concentrations plotted by
means of the fitted semi-variogram model shows high
peaks in the dense urbanized and agricultural areas
(Fig. 4). Generally, NO;  in natural groundwater might
fluctuate up to 10 mg/L; however, anthropogenic activ-
ities like agriculture, septic systems, and animal manure
can increase the concentration to rise above the WHO
permissible limit of 50 mg/L (Widory et al. 2004;
USEPA 2012). In the Al-Badayea, Al-Khabra, and
Buraydah urban areas, the sewer systems are not ad-
vanced and overflowing cesspit are used, resulting in
high peak NO;3™ concentrations. Additionally, high con-
centrations are detected in the southern and western
parts, where without the confining bed of the Hanader
shale, anthropogenic pollutants like fertilizers and nutri-
ents can leach through the surface to reach the
groundwater.
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Fig. 4 Spatial distribution of the nitrate concentrations in the groundwater of Saq Aquifer

Although phosphate is highly immobile in soils be-
cause it is adsorbed by soil colloids or organic matter,
high concentrations were observed in the groundwater
samples. The maximum allowable level of HPO,* in
drinking water must not exceed 0.025 mg/L according
to the United States Environmental Protection Agency
(USEPA) (EPA 1993). The concentrations in all the
water samples exceeded this limit, varying from 0.035
to 0.068 mg/L. The Swaziland Water Service Corpora-
tion (2010) and the European Commission have pro-
posed a higher threshold for HPO,? (< 1 and 0.5 mg/L,
respectively), and the concentrations of all the analyzed
water samples lay within this higher tolerance. The high
concentrations of HPO,>~ might be attributed to inade-
quate management of fertilization and the leaching of
nutrients and detergents. Another factor responsible for
the greater HPO,> concentrations in the groundwater
could be the practice of large amounts of phosphate
fertilizer in areas where the irrigation efficiency of the
sandy soils are low.
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Water types and facies

Seven different groundwater types were identified in the
study area (Table 2). The hydrochemical data were
plotted in a Piper diagram (Fig. 5), which provided a

Table 2 Distribution of water type for the 26 groundwater sam-
ples from Saq Aquifer

Type  Water Number of Percentage
composition samples of samples

I Ca—Cl-HCO; 7 26.9

I Ca—Na—Cl 4 15.4

I Ca—Na-CI-HCO; 3 11.5

v Ca—Na—CI-SO4 3 11.5

A% Ca—Na-S0,—Cl 2 7.7

VI Na—Ca—Cl 6 23.1

VI Na—-Ca-S0,~Cl 1 39
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Fig. 5 Piper diagram for the
groundwater samples
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good method to classify and differentiate the groundwa-
ter types (Piper 1944; Aly and Benaabidate 2010;
Semerjian 2011).

The majority of the samples were within the C1-SOy4
type of groundwater facies representing alkaline water
with prevalent sulfate—chloride ions. Fewer samples
were within the Ca(Mg)—CI(SO,) facies which is char-
acterized by the earth alkaline water with increased
alkalis and prevalent sulfate and chloride. The identified

v
HCO3+CO3

Na+ K cl

facies showed that the samples in general are dominated
by the presence of Ca®* and CI” ions. The Na—Ca—Cl
and Ca—Na—Cl facies represent groundwater influenced
by rock—water interaction (halite dissolution and ion
exchange). The Ca—Na—Cl-HCO; and Ca—Na—CI-SO4
facies represent reverse ion exchange and presence of
some shale intercalations. The Ca—Na—SO4—Cl water
type is influenced by reverse ion exchange, whereas
the Na—Ca—SO,—Cl type represents ion exchange.
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The hydrochemical processes affecting groundwater
that indicate the original genesis can be best explained
with the Durov diagram (Lloyd and Heathcote 1985).
The groundwater samples fell into the 3, 5, 6, and 9
fields of the Durov plot (Fig. 6). The Durov plot of the
groundwater samples indicated that most of the samples
are in the phase of mixing and dissolution, with few
samples experiencing reverse ion exchange. However,
most of groundwater samples fell into field 6, which
represents the mixed type of groundwater facies and
indicates the reverse ion exchange process, since the
chloride and sodium ions are dominant. Field 9 charac-
terizes simple halite dissolution reflecting the continuity
of dissolution and the ion exchange process until the end
point water of sodium chloride. In field 3, Ca®* and
SO4* are dominant representing simple dolomite dis-
solution. Field 5 suggests the mixed type of groundwa-
ter facies with no dominant ions.

The EC versus Na/Cl plot was established to inves-
tigate the influence of evaporation processes on

groundwater chemistry (Jankowski and Acworth
1997). The water samples showed a nonlinear relation-
ship with a correlation coefficient of 0.17, representing
that evaporation is not a major process governing the
groundwater chemistry in the study area (Fig. 7a).
Figure 7b shows a 1:1 equivalent between the Cl™ versus
Na* concentrations indicating halite dissolution. There
are three water sample groups identified in Fig. 7. The
first group contains most of the samples and plots along
the halite dissolution line (Fig. 7b). The second group is
represented by samples with higher values of CI™ than
Na*. The excess of CI in this water group might be due
to the removal of Na* from the groundwater system by
reverse ion exchange or the addition of C1™ from anthro-
pogenic sources. The third group is characterized by
samples with higher concentrations of Na* than CI,
which might be attributed to silicate weathering or ion
exchange reactions. The ion exchange reaction hypoth-
esis was tested by plotting Na*—Cl~ versus (Ca** +
Mg>H—(HCO; +SO,*") as shown in Fig. 7c. Base
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ion exchange reactions within the groundwater should
exhibit a slope of —1.0, with the trend line intercept
close to 0 on the y-axis (Fisher and Mullican 1997
Rajmohan and Elango 2004). The groundwater samples
plotted with a slope value of — 0.97 and an intercept of —
0.3, which showed that the Ca®*, Mg**, and Na* con-
centrations are consistent through the ion exchange
process.

The saturation indices of anhydrite, gypsum, ha-
lite, calcite, and quartz phase minerals were calcu-
lated for the groundwater samples by means of the
PHREEQC computer package (Parkurst and Appelo
2011). The results showed that all samples were
undersaturated in regard to anhydrite, gypsum, and
halite, indicating the possibility for further leaching
the salts and dissolution of these minerals when
encountered in the aquifer media. The saturation
indices for quartz were supersaturated, while nearly
46% of the samples were in equilibrium or slightly
saturated with respect to calcite.

The geospatial distributions, classifications, and
plotting diagrams showed that the main prevailing
process is the simple dissolution of evaporites with
mixing from irrigation return flow. Intensive evapo-
ration influenced by low rainfall concentrates the
salts in the soil forming sabkhas in the outlet depres-
sions of the wadi, which can be later leached by
consequent runoff water. The groundwater quality
in this area has deteriorated due to extensive exploi-
tation in the dense urban and farming areas.

Assessment of groundwater quality

According to WHO standards, the pH values of the
water samples are in the range of permissible drinking
water limits (WHO 2011). Meanwhile, all the water
samples surpassed the Ca®* permissible limit (75 mg/
L). Nearly 53% of the water samples had Na* values that
surpassed the WHO permissible limit (200 mg/L). Only
23, 54, and 86% of the Mg”>*, SO,*", and CI™ ion
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concentrations exceeded the WHO desirable limits (50,
250, and 250 mg/L, respectively). The HCO; and
HPO,> ion concentrations of the water samples were
within the safe standards of the WHO (2011) and Swa-
ziland Water Service Corporation (2010) values. The
groundwater samples had high iron concentrations that
varied between 0.8 and 10.1 mg/L, with an average
value of 3.3 mg/L. Although the WHO has not proposed
a health-based guideline value for iron, nearly all the
water samples exceeded the limits recommended by the
USEPA (2017) of 0.3 mg/L. As iron is one of the eight
most abundant elements in the Earth’s crust, it can
simply pollute groundwater. In Saq Aquifer, the pres-
ence of iron can be confirmed by field observations,
where layers of ferruginous sandstone form part of Saq
Aquifer. The existence of iron in groundwater is strong-
ly affected by oxidation and reduction conditions. How-
ever, high concentrations of dissolved ferrous iron can
occur in solution at sites for either the reduction of ferric
oxyhydroxides or the oxidation of ferrous sulfides. Cor-
rosion of well casings and pipes, and bacterial activity
might increase iron concentrations in groundwater. The
average concentration of lead, boron, zinc, manganese,
and fluoride in the groundwater samples was 0.0001,
0.078, 0.006, 0.003, and 0.9 mg/L which are far below
the recommended limits by the WHO (2011) for drink-
ing water (0.001, 0.5, 2.0, 0.4, and 1.5 mg/L,
respectively).

Plotting the sodium adsorption ratio (SAR) versus
the EC can conclude the suitability of the groundwater
for agriculture (Fig. 8); however, sodium readily substi-
tutes other cations present in the soil, causing a sodium
hazard. The average EC value of the groundwater sam-
ples was 4205 uS/cm which is within the very high
salinity hazard range. The EC of the groundwater
samples fall into three classes, namely, of permissi-
ble, permissible to doubtful, and unsuitable for irri-
gation water. Leaching of the soil is needed in the
permissible class, while for the other two classes,
good drainage must be practiced. The concentrations
of boron, fluoride, manganese, lead, zinc, and iron
were far below the recommended permissible limits
of trace elements for irrigation water proposed by
Rowe and Abdel-Magid (1995).

Multivariate analyses

The cluster analysis was interpreted at the similarity
level of 1.25, whereby the water samples were grouped
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Table 3 Factor analysis loadings and eigenvalues of the ground-
water samples

Factor 1  Factor2  Factor 3
pH -033  —0.17  -0.09
EC 0.98 0.08 0.10
TDS 0.98 0.08 0.10
Ca** 0.77 0.25 0.20
K* 036  —0.03 0.86
Mg** -0.06 0.55 0.65
Na* 0.95 002  —0.15
HCO;~ -0.78  —0.15 0.52
cr 097  -0.07  —0.05
NO;~ 0.79 0.42 0.07
S0 0.15 090  —0.01
SiO, 0.92 0.23 0.15
TH 0.73 0.36 0.35
B 0.98 0.05 0.08
Fegon 0.95 0.02 0.08
Pb** 0.95 0.11 0.19
n** 0.98 0.04 0.07
Mn?* 0.25 039  —0.10
F 0.06 0.82 0.06
HPO,* 0.85 0.32 031
Expl.Var 11.75 255 1.84
Prp.Totl 0.59 0.13 0.09
Eigenvalue 12.32 2.37 1.45

Cumulative total variance (%)  61.62 73.45 80.71

into three main clusters (Fig. 9a). The differences be-
tween the clusters were determined using the average
chemical analysis data and physico-chemical factors.
The spatial distribution of the clusters was justified
and validated using the salinity and nitrate spatial distri-
butions, land-use influences, and mineral phase equilib-
ria. Cluster I had 12 samples and originated in the
northern and southeastern parts of the study arca
(Fig. 10). This cluster had the lowest TDS values and
other ion concentrations with the exception of HCO;~
(Fig. 9b). These attributes characterize the fresh ground-
water zone; however, the aquifer was recharged with
meteoric water during the humid Pleistocene and there-
fore the cluster has slightly higher average pH and
HCO;5; values than the other clusters. Cluster II had
eight water samples and extended from the southwest-
ern to northeastern parts of the area. Except for high
concentrations of SO4>, Mg**, K*, and F~, this cluster
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Fig. 11 3-D representation of the loadings for factors 1, 2, and 3 after varimax rotation

had moderate other ion concentration values. This clus-
ter represents the modern groundwater recharge with
rainfall and runoff water region where the groundwater
flow and vertical percolation are moderate. The water in
this cluster has a greater ability to dissolve the different
mineral phases found in the aquifer media (calcite,
aragonite, gypsum, anhydrite, halite, and fluorite).

The third cluster contained the remainder of the water
samples and was initiated in the southwestern and north-
eastern parts of the study area. This cluster represents
the anthropogenic influences, where overexploitation
zones of the aquifer are found, water levels are highly
declined, and the wells discharge higher salinity water
from the deeper zones of the aquifer. These areas are
restricted to the dense urban and farming areas in Al-
Badayea, Al-Khabra, Riyadh Al-Khabra, Al-
Bukayriyah and Buraydah. In these areas, high

concentrations of nitrate are observed, confirming the
human impact of dense urbanization and agricultural
activities.

The factor analysis showed that there are three main
factors affecting groundwater hydrochemistry with a
total variance of 80.71% and the smallest eigenvalue
of 1.45 (Table 3). The outcome of the factor analysis
accounted factor 1 for 61.62 of the total variance and
12.32 of the eigenvalue. Factor 1 had four main pro-
cesses that resulted in an increase of the water salinity
(Table 3 and Fig. 11). These processes included the
following: (i) strong positive loadings with respect to
the EC, TDS, CI°, and Na* values indicating the
leaching of halite minerals; (ii) high loading of the EC
and TDS values with NO;~ and HPO,>~ indicating a
human impact, where the groundwater was influenced
by dense urbanization and agricultural activities; (iii)
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high loading of Ca®*, and HCO;~ indicating the disso-
lution of calcite mineral phases; and (iv) high loading of
the EC and TDS values with respect to B>*, Fe o, Pb*",
Zn*, Si0,, which confirms the dissolution of some of
the silicate minerals encountered in the aquifer media.
The second factor contained 12.32% of the total vari-
ance and 2.37 of the eigenvalue.

This factor has high loadings of SO427, F,
Mg?*, and NO;~ and moderate loading with Ca®*,
it reflects the dissolution of evaporites which have
gypsum and magnesium sulphate mineral phases
(CaS042H,0, MgS04-7TH,0), also it shows the
human impact of using nitrate and sulphate fertil-
izers. The high loading of fluoride may be derived
from the dissolution of silicate minerals. The third
factor accounted for 7.26% of the total variance and
1.84 of the eigenvalue. It had high loadings with
respect to K*, Mg?*, and HCO; , and low loading
of Ca2+, which may be attributed to an ion ex-
change process occurring between K* and Mg**
ions that were released in the water by the dissolu-
tion of carbonate minerals; however, the water is
nearly saturated or oversaturated with respect to the
calcite mineral phase.

Conclusions

In arid areas, groundwater is a valuable and vulnerable
resource, where rainfall is rare and the recharge rate is
low. Due to the aquifer exploitation, declines in ground-
water levels have developed and groundwater quality
has degraded. The geochemistry of the groundwater of
Saq Aquifer was investigated, and the occurrence, rela-
tions, and spatial distributions were interpreted. Seven
different groundwater types were identified. The major-
ity of the samples were within the C1-SO, type ground-
water facies representative of alkaline water. Natural and
anthropogenic factors were determined as controls of
the groundwater hydrochemistry. The geogenic factors
included the dissolution and precipitation of various
minerals and ion and reverse ion exchange processes.
Most of the groundwater samples, however, were deter-
mined as mixed type groundwater facies resulting from
reverse ion exchange processes. A smaller number of
samples showed simple halite dissolution representative
of the continuity of dissolution and ion exchange pro-
cess until the end point of water. The EC versus Na*/Cl™
plot showed a nonlinear relationship indicating that
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evaporation is not a major process governing the
groundwater chemistry. The CI” versus Na* plot indi-
cates halite dissolution, reverse ion exchange, silicate
weathering, and ion exchange reactions. Base ion ex-
change reactions plot showed that some samples had the
Ca”*, Mg**, and Na* concentrations that were interre-
lated through the ion exchange process. The geochem-
ical equilibrium showed that all samples were undersat-
urated with respect to anhydrite, gypsum, and halite,
indicating the possibility for further leaching and disso-
lution of minerals encountered in the aquifer media. The
human influences affecting the groundwater are aquifer
overexploitation, land-use/land-cover change, irrigation
return flow, unwise use of fertilizers on farming lands,
and wastewater disposal. The groundwater salinity
showed a general increasing trend in the outcrop area
and decreased in the confined areas. This trend was
highly altered by three main factors: modern groundwa-
ter recharge with relatively brackish water, irrigation
return flow in the dense agricultural areas in the south
and northwest, and the overexploitation and draining of
the deep relatively saline zones of the aquifer. The
spatial distribution of nitrate showed high peaks in the
dense urbanized and agricultural areas; however, the
sewer systems are not adequate and overflowing cess-
pits are used. High concentrations of nitrate and phos-
phates were observed in the southern and western parts
of the area, where the confining bed of Hanader shale is
absent and therefore, anthropogenic pollutants like fer-
tilizers and nutrients can leach through the surface
reaching the groundwater. In the confined areas, nearly
all of the groundwater samples were deemed suitable for
drinking and irrigation purposes, while in the outcrop
area and dense urbanized and irrigated locations, some
limitations were found due to factors affecting the
groundwater salinity and nitrate concentrations. The
cluster analysis interpreted the data into three main
clusters. Cluster I characterized the fresh groundwater
zone; however, the aquifer was recharged with meteoric
water during the humid Pleistocene. Cluster II repre-
sented modern groundwater recharge by rainfall and
runoff water. Cluster III represented anthropogenic in-
fluences and identified the higher human impact over-
exploitation zones. The factor analysis showed that there
were three main factors affected the groundwater
hydrochemistry. The first factor had four main influ-
ences resulting in increasing the salinity, namely, the
leaching of halite minerals, human impacts where
groundwater is contaminated by dense urbanization
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and agricultural activities, the dissolution of calcite min-
eral phases, and some silicate minerals. The second
factor represented the dissolution of evaporites and also
indicated the use of nitrate and sulfate fertilizers. The
third factor may be attributed to ion exchange between
K* and Mg** ions, which are released by carbonate
mineral phases. The integration of the geospatial distri-
butions, classifications, and multivariate analyses
showed that the main dominant processes affecting the
hydrochemistry and groundwater quality was the simple
dissolution of evaporates with mixing from irrigation
return flow. The intensive evaporation affected by low
rainfall concentrates the salts in the soil forming
sabkhas. The groundwater quality in dense urban and
agricultural areas has deteriorated due to extensive ex-
ploitation. This study shows that groundwater in arid
areas is highly vulnerable; therefore, integrated manage-
ment of water resources and uses founded on
knowledge-based planning and allocation of water use
is critical.
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