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Abstract
Groundwater quality is a critical issue in arid and semiarid countries, where it is one of the most reliable sources of water on
which people depend. Water quality is a vital concern in the Kingdom of Saudi Arabia as it affects the health of its people,
the growth of its agriculture, and its economic development. In this study, the objectives were to: (1) investigate the depletion
rate of groundwater storage (GWS) in the study area by using Gravity Recovery and Climate Experiment (GRACE) data from
April 2002 to April 2016 to quantify terrestrial water storage; (2) determine the ionic composition of cations and anions for
24 samples (12 samples from Arabian Shield and 12 from Arabian Shelf in Saudi Arabia); and (3) assess the water quality of
the aquifer. The results show a GRACE-derived GWS depletion of − 2±0.13 km3/year. Ionic compositions reveal two main
groups: group I, with well depths of 144–607 m, and group II, with well depths of 12–150 m. Group I waters (all from the
Saq aquifer) appear to be fossil waters, while group II waters (alluvial aquifer) appear to be mixed waters. As illustrated by
the use of a Piper diagram, 85% of the samples in Arabian Shelf are characterized as a mixed water of calcium, magnesium,
chloride, and sulfate (SO4). In the Arabian Shield, 50% of the samples are characterized as Ca–Cl waters. Since most of the
samples (98%) are from domestic wells used for drinking water and have the potential for radioactivity in the groundwater, it
is essential to complete radioactive analysis and confirm acceptable water quality, based on the standards of the Water Health
Organization and the Saudi Arabian Standards Organization.

Keywords Groundwater quality · Groundwater depletion · Arabian Shield · Arabian Shelf · GRACE · Hydrochemical ·
Cations · Anions

1 Introduction

Freshwater resources in the Kingdom of Saudi Arabia (KSA)
are extremely vulnerable to both climate change and human
interventions [1, 2]. During the dry and wet seasons, the
recharge rates of the underlying aquifer systems vary sig-
nificantly; groundwater levels increase in the wet climatic
period and fall in the dry period [3]. There are several rea-
sons for human intervention in a given hydrologic system.
The construction of dams (reservoirs) allows expanded use
and utilization of a surface water resource. A lack of devel-
opment programs for the evaluation of alternative renewable
water resources leaves communities with no practical alter-
native. The management and development of these resources
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are important for sustaining population growth and growing
the country’s agricultural, industrial, and tourismsectors. The
population of the KSA is on the rise: in 1960: 4×106; in
2010: 27.3×106; by 2050, an estimated: 59.5×106 [4]. Its
annual consumption of freshwater resources is rising as well:
in 2010, 17.9×109 m3; by 2050, an estimated: 19.5×109

m3 [5]. The study area was chosen to investigate the differ-
ences in water quality from different geological formation in
the inland regions of northern Arabian Peninsula. This study
also gives an extraordinary chance to look at the effects of
climatic and anthropogenic forcing on a land-locked hydro-
logical system. Although the groundwater system is a critical
supply ofwater in thiswater-scarce region, its current usage is
not sustainable; over-exploitation of the groundwater and the
potential deterioration in its quality represent major threats
to its long-term viability. The population of the study areas
in 2010 was 571,717 persons within the Arabian Shelf and
224,708 persons within the Arabian Shield [4].
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Understanding the natural phenomena (e.g., rain-
fall/temperature patterns, duration, and magnitude) together
with human-related factors (e.g., population growth, over-
exploitation, and pollution) is important to maintain the
livelihood of the human population in a sustainable man-
ner. Despite the significance of the Saq aquifer system in the
KSA, there are major difficulties associated with managing
the groundwater system.Themost critical of these difficulties
is the unsustainable over-exploitation of the aquifer, which
also significantly influences the water quality. Demand for
water in Saudi Arabia increased from 2352 million cubic
meters (MCM) in 1980 to more than 20,000 MCM in 2004
[6]. Of this, 88% is for irrigated agriculture, 9% for domestic
use, and 3% for industrial needs. Potential and development
of the Saq aquifer have been studied by different researchers
[7–15]. In addition, several studies focused on water quality
[16–21]. This area needs more research to sustain the Saq
aquifer as the main water supply.

The present study focuses on the water quality of ground-
water samples from the Arabian Shield and Arabian Shelf
and how the depletion rate affects it. It also examines
their suitability for drinking water and domestic purposes,
by comparing it to World Health Organization (WHO)
global standards and Saudi Arabian Standards Organization
(SASO) standards for bottled and unbottled drinking water
[22]. It is worth mentioning that this study (1) investigates
the depletion rate of groundwater storage (GWS) in the study
area by using Gravity Recovery and Climate Experiment
(GRACE) data (from April 2002 to April 2016) to quan-
tify terrestrial water storage (TWS); (2) determines the ionic
composition of cations and anions for 24 samples (12 sam-
ples fromArabian Shield and 12 fromArabian Shelf in Saudi
Arabia); and (3) assesses the water quality of the aquifer.

2 Study Area

2.1 Arabian Shield

The Arabian Shield occupies the west-central one-third of
the KSA and is part of the larger Afro-Arabian Shield [7,
23]. It is the geologic base of the central Najd, Hejaz, and
Asir regions and extends from 50 to 700 km inland from the
Red Sea toward Riyadh. This ancient landmass consists of
igneous andmetamorphic rocks of Precambrian Era (the old-
est of them about 1170million years old [7]) (Fig. 1). Basalts
of mid-Tertiary and Quaternary Periods, 26 million years old
or younger, are spread over western parts of the Shield and
form the harrat [7, 24]. Sedimentary rocks of the Paleozoic

Era, between 570million and 225million years old, andmod-
ern alluvium partly overlie the Shield itself. A narrow strip
of Tertiary to Quaternary Period sedimentary rocks, includ-
ing alluvium and related surficial deposits, also mantles the
Precambrian Era rocks between the base of the mountain
and the Red Sea coast, where the structural relationships are
complicated by faults connected with the Red Sea rift [25].
For the most part, shield rocks are relatively impermeable
and are therefore are not significant aquifers [26]. Locally,
however, small yields of water might be found in the heavily
jointed or fractured crystalline rock of the shield or in the
younger basalt. The Shield influences the water resources in
other ways; it forms the highest parts of the Kingdom and
substantially controls the drainage and distribution of rain-
fall, which runs off through the wadis and is then available
to recharge the groundwater. Because the rocks of the Shield
are commonly impermeable, they shed most of the rain that
falls on them, shunting relatively large percentages of the
rainfall to the adjacent bodies of sedimentary rocks, which
can take in and store some of the water [13].

2.2 Arabian Shelf

When the vast mass of crystalline rocks that form the east-
ward extension of the Shield was slowly and progressively
tilted downward to the northeast by tectonic activity, a shal-
low sea occupied the eastern part of the Arabian Peninsula
and received layer after layer of sedimentary deposits [13].
Thedepositionof these sediments beganduring theCambrian
Period (more than 500 million years ago) and continued,
with several interruptions, until about the Pliocene Epoch,
which ended 2.6 million years ago [13]. Subsequent geo-
logic events resulted in the folding and emergence of this
part of the peninsula. Erosion by wind and water has since
sculpted the land into its present form as the Arabian Shelf
(Fig. 1). The character of the sedimentary rocks (mainly lime-
stone, sandstone, and shale) is known from data accumulated
over many years from geologic and geophysical surveys, test
holes, and production wells for the extraction of petroleum
or water. The sedimentary units have an aggregate thickness
as high as 5500 m, thinning toward the west as the basement
rocks become shallower. The critical water-controlling role
of thegeology is underscoredbyhow these sedimentary rocks
hold virtually all the naturally occurring freshwater that is
available in the kingdom [26]. Some of the sedimentary rock
layers, mainly sandstone and limestone, have considerable
interconnected pore space or other openings that are filled
with freshwater and can conduct water readily to wells [7,
23, 24, 26−28].
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Fig. 1 Geological map for
Arabian Shield and Arabian
Shelf

3 Data andMethods

3.1 Groundwater Depletion from GRACE

GRACE is a joint project between the National Aeronau-
tics and Space Administration (NASA) of the United States
and the German Aerospace Center (DLR) that was launched
in March 2002 to map Earth’s static and temporal global
gravity fields [29]. The variability in Earth’s gravity field
is directly related to the spatiotemporal variations in the
total vertically integrated terrestrial water storage [30]. The
GRACE-derived TWS is used extensively in hydrology,
oceanology, cryosphere, and solid Earth fields (e.g., [1,
31–36]).

In this study, solutions derived from GRACE, avail-
able from University of Texas Center for Space Research
(UT-CSR), were used to quantify TWS. The CSR mascon
solutions approach uses the geodesic grid technique [37] to
model the surface of the Earth using an equal-area gridded
representation of the Earth via 40,962 cells (40,950 hexagons
+ 12 pentagons). The size of each cell is about equatorial 1°,
the number of cells along the equator is 320, the average
area of each cell is 12,400 km2, and the average distance
between cell centers is 120 km. These mascons do not suffer
from over-sampling at the poles like an equiangular grid. No
neighboring cells meet at a single point [37]. The change in
GWS is determined using the following equation:
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�GWS � �TWS − �SMS (1)

�GWS and �SMS represent the change in groundwater
and soil moisture storage, respectively. Four versions of the
Global Land Data Assimilation System (GLDAS) [38–40]
and theCommunity LandModel [41]were used to extract the
soil moisture. The GLDAS model provides reasonable esti-
mates of soil moisture over the arid environment of North
Africa and the Middle East [32]. It is a land surface mod-
eling system developed by NASA that incorporates field-
and satellite-based observations to derive detailed advanced
simulations of climatic and hydrologic variables [42]. The
GLDAS model simulates TWSgldas (a summation of soil
moisture, snow, and canopy storage) through the four model
versions mentioned above. The four GLDAS versions men-
tioned were used in this study after subtraction of the
temporal mean (from April 2002 to April 2016) from each
version. Given the fact that the study area is in a hyperarid
region with minimal vegetation and no surface water reser-
voirs, the GLDAS-derived snow and canopy storages were
neglected.Themean soilmoisture estimates of the fourTWS-
gldas simulations were calculated and then subtracted from
TWSgrace estimates to quantify the GWSgrace variability
over the investigation area.

The trend error in σGWS was calculated using standard
error propagation equation:

σGWS �
√

(σTWS)
2 +

√
(σSM)2, (2)

where (σ SM) is the error of soil moisture that calculated from
standard deviation of the trends that were computed from the
four GLDAS simulations, and (σTWS) is the error of ter-
restrial water storage that were calculated using procedures
described in Scanlon et al. [43].

3.2 Ionic Composition of Cations and Anions
of Groundwater Samples

All thewater samples were stored in 1-L polyethylene bottles
that were kept between 1 and 5 °C. The water samples taken
for trace-element analyses were collected using sterile 100-
mL plastic bottle designed for bacteriological examinations.
Hydrogen ion concentration (pH) and electrical conductiv-
ity (EC) were determined at the sampling sites by using a
portable pH meter and EC meter after calibration by using
ThermoFisher Scientific Instruments (Massachusetts, USA).
Ionic composition (cation and anion) and trace elements have
been determined by several methods; see Table 1.

3.3 Radioactive Analysis

Radioactive materials were used to measure gross α and
gross β activities. Following the method of Salonen [44] and

Table 1 Analytical methods

Measurement Method Quantification

Ca, Mg Flam atomic absorption 0.1 mg/l

Na, K Flam photometry 0.1 mg/l

HCO3 Acid titration with colored
indicator

0.1 mg/l

Cl Specific electrode 0.05 mg/l

SO4 Nephelometry 0.05 mg/l

NO3 Colorimetry 0.05 mg/l

Trace elements Furnace atomic absorption 0.1–1 μg/l

Sanchez-Cabeza et al. [45–47], an aliquot of thewater sample
(about 60 mL) was filtered using a 0.45-μmmembrane filter
and then warmed on a hot plate stirrer for 1 h at about 60 °C,
while being stirred in a narrow neck conical flask to remove
radon. The sample was cooled to room temperature, and any
change in volume due to evaporationwas corrected by adding
a few drops of distilled water. Gross α and gross β determina-
tions were performed by direct measurement of 8 mL of the
Rn-free sample and 12 mL of liquid scintillation cocktail in
a 20-mL polyethylene vial for 500 min. The sample was vig-
orously shaken and cooled for 3 h, and then, counting began
with a liquid scintillation spectrometer using a pulse shape
analyzer forα/β discrimination. Immediate counting reduces
Rn ingrowth interference to aminimum.Two control samples
(blank and standard samples) were prepared and measured
as unknown samples. The blank sample was deionized water,
whereas the standard was a standard solution composed of a
mixture of 241Am and 90Sr, in equilibrium with its daughter
90Y, in deionized water. The obtained results are compared
toWHO standards and guidance levels to show a preliminary
assessment of the radiological risk attached to groundwater
use of these resources.

4 Results

4.1 GWS from GRACE

The observedGRACE-derived TWSdepletion over the study
area is related to variations in both soil moisture storage
and GWS, since GRACE has no vertical resolution [48]. To
quantify the GRACE-derived GWS variations over the Saq
aquifer system, the GLDAS-derived soil moisture estimates
are subtracted from theGRACE-derivedTWSaveraged from
the UT-CSR mascons as shown in Eq. (1). Figure 2 shows
the temporal variations in the GRACE-derived groundwater
estimates over the Saq aquifer, revealing an average ground-
water depletion rate of − 2.11±0.13 km3/yr for the region
(e.g., [48]). Water-level data from Saq aquifer has been used
to directly validate the GWS from GRACE depletion over
Fig. 2.
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Fig. 2 a Secular trend in GRACE-derived groundwater storage esti-
mates (in mm/yr) generated over the Arabian Peninsula from April
2002–2016, and distribution of groundwater observation wells (black

symbols; green stars for the present study) over the Arabian Peninsula.
b Water level in meters of observation wells located on the map from
1977–2016

4.2 Ionic Composition of Arabian Shelf and Arabian
Shield

Table 2 shows the results of the ionic composition in Arabian
Shelf and Arabian Shield. The water samples are some-

what acidic to neutral, with pH values ranging from 6.40
to 7.80 in the Arabian Shelf and from 7.10 to 8 in the Ara-
bian Shield. (EC ranges from 460 to 1100 μS/cm, with an
average of 766.64 μS/cm in Arabian Shelf.) However, 95%
of the samples are over the maximum permissible limit of
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EC (1500 μS/cm) in the Arabian Shield. The total dissolved
solids (TDSs) were measured by summing up all major
ions’ concentrations, which range from 253 to 660 mg/L in
the Arabian Shelf with an average value of 479.92 mg/L.
Only 20% of the samples have TDS values<500 mg/L,
which is below the 1200 mg/L standard from WHO and
the 1000 mg/L standard of SASO mg/L. The water samples
from the Arabian Shield have high TDS, with a maximum
of 5417.5 mg/L and a minimum of 942.7 mg/L;~95% of
these samples exceed the limit for water use. These high
TDS values are probably linked to a local source of contami-
nation of the aquifer, such as inadequate well protection and
subsequent pollution from the soil surface into the well in
question through non-cemented or poorly cemented annular
spaces (MWA 2012). TDS distribution shows that the high-
est values, from 1200 to 5000 mg/L, are observed in areas
where the geological formations contain aquifer outcrops.
The TDS in deeper groundwater samples is generally below
1200mg/LL, and in some places less than 500mg/LL (MWA
2012).

Investigation focused on cation and anion distributions
of sodium (Na+), calcium (Ca++), magnesium (Mg++),
potassium (K+), chloride (Cl−), sulfate (SO−2

4 ), bicarbon-
ate (HCO3

−), and nitrate (NO3
−), respectively. Table 2

shows that most of the cations and anions in the Arabian
Shield exceed the standard of WHO and SASO due to
several factors that affect the water quality in the region,
such as high evaporation and high abstraction. The lat-
ter necessarily affects the gradients of the aquifer, driven
both by residential and by industrial activities. The ionic
compositions of Arabian Shelf waters are within the stan-
dards of the WHO and SASO, but the radioactivity (in
terms of gross alpha and beta) exceeds the WHO guidance
level.

4.3 Hydrochemical Classification

The classification of groundwater analysis was done using
Piper’s diagram [49],which is the bestmethod to characterize
the water quality and the relative contents of the major ions
that determine the type of the water in the study area. From
Piper diagram, the phenomena of TDS versus depth by the
climatic variations during the course of the last several thou-
sand years can be explained. Along the limit of the basement
outcrop, the groundwater corresponds to water that has infil-
trated under increasingly arid conditions. Such conditions
have favored the evaporation of runoff and the deposition
of salty deposits in the soils, such as duricrust, leading to
an increase in the salinity of the water infiltrated down into
the aquifer. Farther from the basement outcrop, in the con-
fined parts of the aquifer that are preserved from present

runoff infiltration, it can be assumed that the correspond-
ing water has infiltrated under more temperate conditions
characterized by a lower mineral enrichment during infil-
tration [8]. The ternary diagrams (Fig. 3) show three types
of groundwater identified in this study. Type I occurs in the
confined section near the outcrops all over the study area.
Type II occurs in the basaltic area, in the confined section
in the northeast of the study area. Type X occurs in the
outcrops and shallow wells in the western part of the study
area and in some deep wells near the outcrops in the eastern
part.

Most of the samples fall in groups I and II, which show
evolved (Ca2+–Cl−) and mixed (Ca2+–Mg2+–Cl−–SO4

2−)
types, where unique chemical masking is achieved through
rock–water interactions (ion exchange, reverse ion exchange,
reactions within unsaturated zones, and increased residence
time) and anthropogenic influences. The group III water
type (Ca2+–HCO3

−) represents meteoric signatures or fresh
recharged water and constitutes only 5% of the total sam-
ples.

4.4 Radioactivity Analytical Results

We also performed radiological analysis of the Saq aquifer
system and adjoiningwaters to investigate linkswith ground-
water patterns and radioactivity. Twelve well samples were
taken from basement granite and related alluvium, including
those at the interface of granite and alluvium. An additional
12 well samples were taken from the unconfined sector of
the Saq aquifer. Most of the samples obtained from Saq
aquifer area have a high value of gross α and gross β,
exceeding the WHO limit (Table 2). The main rock types
and the sources of high radioactivity are basement rock,
sandstone characterizing the Saq aquifer, and shale in the
Hanadir Member of the Qasim Formation. The basement is
located below the Saq aquifer and laterally limits its exten-
sion westwards. The Saq aquifer is overlain by Hanadir
shale. The radiological activity of the different rock types
seen here is summarized in the literature [50–54] as fol-
lows:

• Granite basement exhibits an average content of 3 mg/kg
of uranium: 1–190 Bq/kg of radium (226Ra).

• Sandstone is not known for its high radionuclide concen-
tration; it shows about 1 mg/kg of uranium and activity of
less than 60 Bq/kg of 226Ra.

• Shale with an average content of 3.7 mg/kg of uranium has
10–2300 Bq/kg of 226Ra. Therefore, the origin of radioac-
tivity in the Saq aquifer water seems more likely related to
leakage of radioactive materials from adjacent layers into
the Saq, rather than being intrinsic to Saq waters.
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Fig. 3 Piper diagram of water samples from the Arabian Shelf and Arabian Shield

5 Discussion and Conclusion

This study focused on examiningwater quality in two regions
of Saudi Arabia with distinctly different geological char-
acteristics. Most of the samples were collected from the
Arabian Shield, from wells used for domestic and drinking
purposes, situated on coastal aquifers on the Red Sea coast;
these waters show very high TDS, above the limit recom-
mended globally and locally. According to the WHO and
SASO, this water is not suitable for drinking, but can be used
for other purposes. The high salinity of this water is likely
related to saltwater encroachment in coastal aquifers, where
pumping reverses original hydraulic gradients and results
in increased total dissolved mineral concentrations. On the
other hand, TDS distribution is influenced by various fac-

tors. For example, the geological formations corresponding
to the aquifer are the exposed situation, which leads to a
decrease in TDS versus depth. Such a trend is not common,
as groundwater enrichment in dissolved elements is gener-
ally linked to the length of the underground flow. The low
TDS of the deep confined parts of aquifers (i.e., the sam-
ples in the Arabian Shelf) is related to groundwater recharge
that took place under more humid climatic conditions in the
past [2]. In addition, the proximity of wadis subject to occa-
sional floods and surface water collection areas are reflected
by high TDS values in adjacent unconfined aquifers. Because
of this, most of the cations and anions in the Arabian Shield
samples have a concentration higher than the standard limit
for drinking water. A Piper diagram clearly illustrates the
dramatic differences in water quality; most of the water sam-
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ples were related to a Ca2+–Cl−-type water and a mixed-ion
Ca2+–Mg2+–Cl−–SO4

2−-type water, the second of which
appears to be sourced from the confined aquifer near the
outcrops of the study area. The third distinct water (Type III)
is a Ca2+–HCO3

− water, representing a recharged, meteoric-
derived water. The results of the radioactive analysis in this
region were found to be average and are within the stan-
dard limits for drinking water. The samples collected from
the Arabian Shelf have ionic compositions within the stan-
dard limits for drinking water. The majority of samples from
the Arabian Shelf fall in the mixed Ca2+–Mg2+–Cl−–SO4

2−
type and show an evolved groundwater type that is related to
the different periods of climate conditions. Our investigation
in this region using radioactive analysis revealed that most
of the samples from the Saq aquifer area have a high value
of gross α and gross β exceeding the WHO limit. However,
according to the WHO, there is no health concern for using
this water from both regions in the short term.

Water is a valuable resource in the Arabian Peninsula’s
current hyperarid conditions. In the KSA, for example, there
are no surface rivers, lakes, or reservoirs. To sustain its
growing population, KSA currently depends heavily on its
groundwater resources and is planning to increase its rates
of groundwater extraction in the near future. The lack of an
understanding of the available groundwater resources, the
spatiotemporal depletion rates, and the locations of extrac-
tion pose enormous challenges to the future of KSA.

This study included an integrated, cost-effective approach
that combines state-of-the-art GRACE data and GIS tech-
niques along with other relevant land surface models, remote
sensing, geological, and hydrological data to examine the
spatiotemporal variations in the groundwater resources of
the Saq aquifer system and to explore the natural and anthro-
pogenic drivers of these variations. The results of this study
will contribute to the effective and efficient utilization of the
water resources of the Saq aquifer andwill be used to promote
the sustainable development of the Arabian Peninsula’s nat-
ural resources in general. The study findings are being shared
with decisionmakers in relevant governmental agencies with
the aim of developing sustainable management scenarios for
the Saq aquifer.
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