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Abstract: Groundwater constitutes an important part of the available water resources in arid areas.
Knowledge of the quantitative and qualitative status of groundwater is a key aspect in optimal
groundwater management. The purpose of this study was to provide technical information on the
groundwater in the sand aquifer of two neighboring areas in the United Arab Emirates to support
stakeholders working towards sustainable groundwater development. The chemical characteristics
of the groundwater have been used to identify the processes controlling groundwater chemistry and
assess the suitability of the groundwater for agricultural purposes. Despite tapping into the same
aquifer, considerable differences in groundwater quality were found between the two study areas.
The area with a shallower water table showed clear indications of irrigation return flow deteriorating
the groundwater quality. Using standard agricultural indices, the groundwater at both study areas
is classified as unfit for agricultural purposes. However, considering that groundwater is the only
available water source for irrigation, it will continue to be used for agriculture. This indicates the
need for improved irrigation management and the development of new strategies for sustainable
groundwater development in arid areas in the context of food security.
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1. Introduction

Groundwater is an important part of the total water resource in arid and semiarid regions [1,2].
In the United Arab Emirates (UAE), located in the southeastern part of the Arabian Peninsula,
groundwater is the main source for irrigation of agricultural areas because the climate is arid with
no reliable surface water resources. Despite the scarcity of water, water demand in the UAE has
increased tremendously over the last decade. The rapid population growth, industrial development,
and booming economy have increased water demand in various sectors [3]. Thus, the sustainable use of
groundwater in light of the increasing demand has become a serious challenge. The over-exploitation
of groundwater resources has already caused severe impacts such as salinization of groundwater,
desertification, and degeneration of vegetation [4].

The sustainable management of water resources depends upon the comprehensive understanding
of the hydrogeological systems, their behavior, and their evolution processes [5–7]. Groundwater
quality reflects the combined effects of many hydrochemical processes such as weathering, dissolution,
ions exchange, and various biological processes along the groundwater flow path [8]. Therefore,
hydrochemical analysis is commonly carried out to study the characteristics of the aquifer, salinity
problems, and recharge of the aquifer [9,10]. Furthermore, the hydrochemical analysis can also be used
to identify the interaction of water with minerals comprising rocks and sediments that can thus provide
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insights into aquifer heterogeneity and connectivity and into the physical and chemical processes
controlling water quality [11,12].

The processes affecting the groundwater composition vary in different areas along the subsurface
flow path of water. The process of dissolution typically occurs in the recharge area, ions exchange
phenomena occur during the flow whereas evaporation, precipitation and ion exchange dominate the
discharge area in controlling groundwater chemistry [13,14].

In the United Arab Emirates, only few hydrochemical studies are available to date. A study
conducted in the Dubai sand aquifer showed high mineralization of groundwater due to increased
resident time, irrigation return flow, rock water interaction and lack of recharge due to rainfall [15].
However, this saline groundwater is used for agricultural purposes, mainly to irrigate date palm [16].
In the Emirate of Abu Dhabi, studies have been conducted in the area of Liwa [17,18], the western
coast [19,20], and the eastern region [21,22]. The shallow sand dune aquifer of Abu Dhabi has been the
subject of a study by Imes and Wood [23], who suggested that the increase of solute observed in the
groundwater is a result of the upward transport of solute from underlying mudstone and evaporate,
and the loss of groundwater through evaporation. Elmahdy and Mohamed [24] identified groundwater
potential zones through resistivity surveys and from remote sensing data for the sand dune aquifer
of Abu Dhabi. However, there are still considerable knowledge gaps in many parts of the emirate
including areas where groundwater is extensively used for irrigated agriculture.

This study focuses on two neighboring agricultural areas, Remah and Al Khatim, which are
located in the Mideastern region of Abu Dhabi Emirate. The agricultural farms in Al Khatim produce
dates, whereas in Remah, greenhouses are used for growing vegetables for commercial production.
Large variations in salinity have been observed between these two areas, and despite the extensive use
of groundwater for irrigation, little is known about the hydrochemistry of the groundwater. There
is also an industrial area located upstream of Remah and Al Khatim. To date, little attention has
been given to the problem of groundwater salinity in the area or to a potential effect of the industrial
activities on the groundwater quality.

In 2005, notable effects of agricultural activities on groundwater levels and salinity have been
confirmed at Al Khatim [25]. The study also predicted further declines in groundwater levels and
quality if current agricultural practices were continued. The purpose of the present study was to
provide up to date technical information and further evidence of the effects of current agricultural
practices to support farmers, decision makers and other stakeholders working towards sustainable
groundwater development. The objectives of this study were to: (1) assess the groundwater chemistry
of the sand aquifer in the study area considering natural conditions (geological, hydrogeological, and
climatic influences) and man-made (agricultural) influences, and (2) evaluate the suitability of the
groundwater for agricultural purposes. Two types of approaches are used to achieve the objectives,
these are: (1) the development of geospatial water quality maps, and (2) the examination of the
suitability of the groundwater for irrigation purposes based on sodium percentage (Na%), sodium
adsorption ratio (SAR), magnesium hazard (MH), and Kelly’s index (KI).

2. Study Area

The study areas Al Khatim and Remah lie in the east of the UAE between Abu Dhabi and Al
Ain (Figure 1). The Emirate is characterized by an arid climate having an average rainfall of less than
100 mm/year and a very high rate of potential evaporation (2–3 m/year) [18].

The geomorphology of Al Khatim and Remah area includes sand dune ridges, and inland
sabkhas [26]. The city of Al Ain, in the proximity of the study area, is known as the largest oases of the
Arabian Peninsula [27]. The only perennial surface-water resource is the spring at Ayn Al Fayda which
is located about 15 km south of Al Ain. The spring originates from Miocene gypsum and clay layers
through thin Quaternary loose sediments [28]. There are many farms and plantation forests in the
study area [29–31].
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Figure 1. Al Khatim and Remah study areas located in the eastern region of United Arab Emirates.

The groundwater is mainly used for farming and for municipal irrigation. Excessive withdrawal
of groundwater and low recharge rate in the area has caused a significant decline of the groundwater
levels and an increase of salinity. Due to the extensive agricultural activities in the region, the
application of chemical fertilizers and pesticides is likely contaminating the groundwater and affecting
the groundwater quality [22]. Increased groundwater salinity and the rapid decrease in the water table
is of significant concern for the sustainable management of the groundwater resources in the area.

2.1. Geology and Hydrogeology

The topographic surface of Al Ain area shows a high elevation surface containing a westerly
directed trough axis [27]. The porosity and permeability of the karst limestone, marly limestone, and
the marl layers are low. Large volume of rainwater flow as surface runoff. The flow mostly occurs from
the eastern region (Al Ain) and towards the desert in the west (study area) [24]. The extension of wadi
courses to the western part, towards the study area, is dominated by dune fields with most of the study
area covered by Quaternary deposits. The Quaternary deposits recognized here are of four types that
include fluvial deposits, desert plain deposits, sabkha deposits, and aeolian sand [32,33]. The study
area, having sand dunes, is identified as a no-recharge area with all the precipitation captured by the
sand dunes and later evaporated [23].

Quaternary sediments are in abundance in the study area (Figure 2). Among them are the
10,000 years old Rub Al Khali formation which are mainly the aeolian deposit dunes [34]. Hili formation
are the older quaternary sediments, which are up to 2.6 million years old and they consist of cemented
aeolin deposits and fluvial sediments [34].
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Figure 2. Geological map of the study areas showing geological formations in and around the
study areas.

2.2. Hydrogeological Units

There are four identified hydrogeological units in the Emirate of Abu Dhabi [26], as shown in
Figure 3: (1) The carbonate aquifer in the north and east (Hafeet Mountain), (2) the sand dune aquifer
(linear and star sand) in the south and west, (3) the western gravel aquifer in the east, and (4) the
coastal aquifer in the west along the coast of the Arabian Gulf.
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Figure 3. Maps of the Abu Dhabi groundwater aquifers (modified after Elmahdy and Mohamed [24]).

In this paper, the focus will be on the sand dune aquifer, because the study area falls in this aquifer.
The sand dune aquifer covers about 74% of the total area in the United Arab Emirates and yet it is
the least studied aquifer in the UAE. The sand dune aquifer can be categorized into two types based
on the dune shapes. The first type is the linear dunes which receive water from Hafeet Mountain
and the western gravel aquifer located in the northeast of Abu Dhabi emirate. The second type is
barchan-like shaped, and it is located in the southern part of Abu Dhabi which is stretched between
Liwa and Madinat Zayed, receiving water from Oman and Saudi Arabia [24].
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The elevation of the sand dune aquifer gradually increases from sea level at the Arabian Gulf
until it reaches 250 m above ground level in the southcentral part at the Liwa Al Batin basin. There are
pockets of fresh water in the Quaternary sand dunes between Madinat Zayed and Liwa. Investigation
at Bu Hasa oil field indicates the presence of similar freshwater deposits [3]. This aquifer shows high
spatial variability in chemical properties of groundwater which may be influenced by the climate,
aquifer geological characteristics, and the water table depth [3].

The groundwater formations in the UAE are broadly classified into two categories. The upper unit
which consists of the Quaternary unconsolidated clastic sediments which are found in the desert or
sand aquifer throughout UAE and the lower unit which is composed of loosely cemented, calcareous
sandstones, sandy limestone, gypsum, and silty chalk [24].

The groundwater is recharged from precipitation in the eastern region at the Northern Oman
Mountains and Hafeet Mountain. The lithological map (Figure 4) shows that the water moves under
the ground from the east (Hafeet Mountain) passing through the study area and flowing towards the
west (Arabian Gulf).
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Figure 4. The different formations are: (A) Lithological formation of groundwater-bearing rocks; (B,C)
east and west topographic profile and showing the groundwater flow path (modified after Elmahdy
and Mohamed [24]).

The groundwater level is deep at Remah, on average 155.5 m below ground level, and at Al Khatim,
the recorded groundwater level is 32.6 m below ground level. Over the last 20 years, the water level in
both study areas has dropped significantly due to groundwater abstraction for agricultural irrigation.
In Al Khatim, the water level declined by around 15 m while in Remah, the decline in groundwater
has reached between 40 m to almost 200 m in some areas, mainly because of the disconnect (lower
hydraulic conductivity) of the lower part of the aquifer with the surface [34].

3. Materials and Methods

3.1. Sample Collection and Analysis

A comprehensive field survey was conducted in both study areas (Remah and Al Khatim). Ten
bore wells were randomly selected in each area (Figure 5), based on accessibility, well conditions
and permission of the farmers. To assist in the well selection process, farmers were interviewed to
confirm the selected wells are in good condition and are used for irrigation purposes. The groundwater
level was measured using water level meter and the samples were collected immediately after the
measurement. The purpose of measuring water level prior to the collection of samples was to obtain
water level readings that were not affected by the pumping activity to collect the samples. Twenty
groundwater samples (10 samples from each study area) were collected. The water samples collected
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from the wells were transferred into polyethylene bottles having nitric acid (HNO3) for preservation
and stored in an ice box. Electrical conductivity, salinity, and pH were determined in the field during
sampling using a U-52, Horiba, multiparameter probe. The concentrations of major cations and anions
(Na+, K+, Ca2+, Mg2+, Cl−, SO4, HCO3−, and NO3−) and trace metals (Cd, Cr, Zn, and Pb) were
estimated in the laboratory following APHA [35] standards. For the purpose of metal analysis, the
instrument Inductively Coupled Plasma Spectroscopy—Optimal Emission Spectrometry (ICP-OES)
was used for the investigation of trace metals with instrument detection limit (IDL) of 0.005 mg/L for
Cd, Zn, and Cr and 0.004 mg/L for Pb.
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Figure 5. Sampled groundwater wells and land use map for Al Khatim and Remah study areas.

The selection of cations and anions to be analyzed was based on the conditions of the study area
and the usage of these groundwater wells. Sodium, chloride, and calcium were selected because they
are helpful in the identification of the source of salinity in the groundwater through sodium chloride
relationship. Magnesium, potassium, bicarbonate, and sulfate ions can be helpful in exploring and
understanding the sand dune aquifer with types of rocks that are playing a role in determining the
groundwater chemistry.

The study area is located within an agricultural region and thus usage of fertilizer is likely.
Furthermore, an industrial area is located upstream of the study area. Therefore, trace metals
were included in the groundwater analysis because they can be helpful in determining the effect of
anthropogenic activities (agricultural and industrial) on the groundwater chemistry. Particularly,
cadmium can be an indicator of fertilizer use and was therefore included in the analysis

Statistical analysis, data categorization, development of water quality maps, and water quality
analysis were carried out using Minitab 17, Microsoft Excel 2017, Arc GIS 10.3, and AquaChem (2014.2)
water-quality software, respectively.

3.2. Development of Water Quality Maps

The maps of different water quality parameters were developed in Arc GIS 10.3 based on field
analyzed data. The geostatistical analysis was used to create the quality maps for different parameters
of the collected groundwater samples for Al Khatim and Remah area. Base maps of study area
boundary were prepared using ground values. The detailed maps of all parameters were created using
data interpolation techniques (inverse distance weighted).
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3.3. Suitability of Groundwater for Irrigation Use

The suitability of groundwater for irrigation depends upon its mineral constituents and thus
can influence both the soil and the plants [18]. To assess the quality of groundwater for agricultural
purpose, the following criteria were used: sodium percentage (Na%), sodium adsorption ratio (SAR),
salinity hazards (EC), magnesium hazard, and Kelly’s index (KI). All the concentrations for these
criteria are in units of milliequivalents/ liter.

Sodium adsorption ratio (SAR) [36] is used to determine the suitability of groundwater for
agricultural purposes. The SAR indicates the degree of replacement of sodium ions with other ions
that results in sodium hazard. The SAR can be expressed as (Equation (1)):

SAR =
Na+√

Ca2+ + Mg2+

2

(1)

Sodium percentage (Na%) [37] can be used to study the sodium hazards. A low value of sodium
percentage is good for irrigation, whereas a higher value indicates its unsuitability for irrigation. It can
be expressed as (Equation (2)):

Na% =
Na++K+

Na+ + K+ + Ca2+ + Mg2+ × 100 (2)

Salinity Hazard (EC) is the presence of salt content in the irrigation water. Excess concentration of
salt in the water and soil affects the crop yield and degrades the soil [37]. The suitability of water for
irrigation purpose was divided into four classes by Wilcox [37], with an electrical conductivity greater
than 3000 µS/cm in irrigation water is considered unsuitable for irrigation use.

Magnesium Hazard (MH) measures the concentration of magnesium relative to that of magnesium
plus calcium of water and was expressed by Raghunath [38] as (Equation (3)):

MH =
Mg2+

(Ca2+ + Mg2+)
× 100 (3)

The water associated with magnesium ratio exceeding 50 has higher alkalinity and thus it affects
crop yield negatively [18]. Water with magnesium hazard less than 50 is considered safe for irrigation.

Kelly’s Index (KI) [39] measures the presence of sodium with respect to calcium and magnesium
and can be expressed as (Equation (4)):

KI =
Na+

Ca2+ + Mg2+ (4)

A Kelly’s index value greater than 1 indicates excess sodium in the water and is categorized as
unsuitable for irrigational purposes, whereas a value less than 1 indicates the suitability of water for
irrigation use.

4. Results

4.1. Hydrochemical Analysis of Results

The results of the hydrochemical analysis are shown in Table 1. The coefficient of variation (CV),
which is the ratio of standard deviation to the mean, was used to describe the variability of groundwater
properties, with CV ≤ 15% indicating low variability, 15% < CV ≤ 35% indicating moderate variability,
and CV > 35% indicating high variability [40]. As seen from Table 1, there is a moderate to high
variability in most parameters.
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Table 1. Descriptive statistics of chemical concentration and water depth in groundwater in Remah
and Al Khatim (CV: coefficient of variation).

Remah

Parameters Min Max Mean CV WHO [41]

EC (mS/cm) 4.7 8 6.2 18% 0.78–31.2
Salinity (mg/L) 2500 4400 3350 20% —

TDS (mg/L) 3156 5380 4148 18% 500–1500
pH 4.5 7.2 5.9 15% 6.5–8.5

Na (mg/L) 581 873 695 14% 200
Cl (mg/L) 851 1474 1163 19% 200–600
Ca (mg/L) 62 242 137 45% 75–200
Mg (mg/L) 21 47 29 29% 30–150
K (mg/L) 6.2 27 15 42% 10

SO4 (mg/L) 1143 2016 1513 20% 200–400
HCO3 (mg/L) 32 51 39 15% 300
NO3 (mg/L) 21 164 96 60% 45

Water Depth (m) 103 198 156 20% —

Al Khatim

EC (mS/cm) 17 24 19.8 12% 0.78–31.2
Salinity (mg/L) 9700 14,600 11,770 13% —

TDS (mg/L) 9006 14,371 10,893 13% 500–1500
pH 5.02 7.03 6 10% 6.5–8.5

Na (mg/L) 2047 2865 2453 11% 200
Cl (mg/L) 4094 5888 4730 13% 200–600
Ca (mg/L) 436 1007 684 22% 75–200
Mg (mg/L) 89 183 125 28% 30–150
K (mg/L) 12 48 27 45% 10

SO4 (mg/L) 2827 5457 3632 24% 200–400
HCO3 (mg/L) 80 140 104 17% 300
NO3 (mg/L) 14 1060 316 95% 45

Water Depth (m) 17 42 33 30% —

The different groundwater parameters were compared to WHO standard guideline values
(if applicable) [41] for drinking water. As seen from Table 1, most parameters exceed the drinking
water guidelines, owing to a generally high level of dissolved solids.

Geospatial quality maps were developed for EC, salinity, pH, Na, Cl, Ca, Mg, K, SO4, HCO3, and
NO3. The results for the individual parameters are discussed below in more detail.

4.1.1. Electrical Conductivity and Salinity

Electrical conductivity (EC) of groundwater shows a rapid determination of total dissolved solids,
it is an important parameter to demarcate salinity hazard. The mean value of EC of the samples in
Remah is 6.2 mS/cm which is less as compared to the mean value in Al Khatim samples 19.84 mS/cm.

Salinity of groundwater also shows the same pattern as EC, the mean value of salinity in Remah
is 3350 mg/L whereas it is much higher in Al Khatim 11,770 mg/L. Geospatially, the higher salinity
was observed in Al Khatim at the south, whereas in Remah higher salinity is recorded in the north
(Figure 6). The salinity of groundwater dictates its suitability for irrigation purposes.
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4.1.2. Hydrogen-Ion Concentration (pH) and Temperature

A pH of water is mainly related to the amount of dissolved CO2, CO3
2−, and HCO3

− [42]. pH
value lower than 7 indicates acidity and a higher number indicates alkalinity. Values of pH in the
Remah region range from 4.48 to 7.16, and in the Al Khatim region they range from 5.02 to 7.03.
Thus, at both study areas, the water can be classified as acidic to neutral (Figure 6). The groundwater
temperature at the time of collection in Al Khatim region has an average temperature of 31.6 ◦C
whereas the average temperature recorded in Remah samples was 34.6 ◦C.

4.1.3. Major Ions

The major cations and anions investigated in the groundwater samples are sodium (Na+),
potassium (K+), calcium (Ca2+), magnesium (Mg2+), chloride (Cl−) and sulfate (SO4

2−). Their
distribution is presented below:

Sodium concentration in Remah was observed higher in the north, and it decreases towards
the south with a mean value of 694.9 mg/L, whereas in Al Khatim region it is higher in the south
with a mean value of 2452.6 mg/L (Figure 7). The concentration of sodium has an important role in
the evaluation of groundwater quality for irrigation because it increases the hardness of soil and the
reduction in its permeability [43].

The chloride concentration spatial distribution map also shows almost a similar pattern as in the
sodium ion (Figure 7), where the concentration of chloride ion (mean: 1115.5 mg/L) is higher in the
north of Remah and it is higher in the south and northwest in Al Khatim region (mean: 4729.9 mg/L).
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The calcium concentration recorded in the samples of Remah has an average value of 136.9 mg/L,
the quality maps show the higher concentration in the north of Remah and it decreases towards the
south (Figure 8). In Al Khatim samples, the concentration was much lower as compared to Remah.
The average concentration in Al Khatim is 78.1 mg/L where the higher concentration occurs in the
middle of the Al Khatim region and lower concentration in the north and south. With the movement
of groundwater through the vadose zone, it interacts with the soil and rocks and dissolves them [44].
The most common form of calcium in groundwater is because of the limestone or dolomite dissolution.
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Magnesium concentration in the collected samples of the two study areas shows the average
magnesium ion concentration in Remah region is 29.2 mg/L, and the concentration at Al Khatim is
higher with a mean value of 124.7 mg/L. The quality maps indicate higher magnesium concentration
in the north of Remah, whereas in Al Khatim higher concentration is in the south (Figure 8).

Potassium ion concentration as shown in the spatial distribution map (Figure 8), is higher in the
north of Remah and decreases towards the south, but the overall mean concentration is higher in
Al Khatim (mean: 27.4 mg/L) than Remah (mean: 15.6 mg/L). Specifically, in Al Khatim the higher
concentration of potassium ion occurs in the south. The sources of potassium ion in groundwater
are the igneous rocks as feldspars (orthoclase and microcline), sedimentary rocks as silicate, and
some mica and clay minerals [45]. Furthermore, agricultural fertilizers can be a source of potassium
in groundwater.

Sulfate concentration ranges from 1114.3 mg/L to 2015.9 mg/L in Remah with the mean of
1512.6 mg/L. The spatial quality map (Figure 9) shows that concentration of sulfate is higher in the
north of Remah and lower in the south. In the study area Al Khatim, the concentration ranges from
2827 mg/L to 5457 mg/L with a mean of 3632 mg/L. The spatial distribution shows the concentration
is higher in the south and decreases towards the north. However, there is one sample in the north
which displays a higher concentration. The source of sulfate in the study area is the sedimentary
rocks, gypsum (CaSO4.2H2O) and anhydrite (CaSO4) which is present in the study area and was also
reported by Murad et al. [22].

The spatial distribution of bicarbonate shows lower concentration in the south and northwest of
Remah with the mean value of 39.3 mg/L (Figure 9). However, the bicarbonate concentration in Al
Khatim is higher in the north with an average concentration of 104.3 mg/L. The sources of bicarbonate
are either the presence of carbon dioxide and/or the dissolution of carbonate rocks [22].

The spatial quality maps show higher concentration of nitrate in the south, the mean value of
nitrate in Remah is 96.4 mg/L. At Al Khatim, the concentration is higher in the north, and it decreases
in the south (Figure 9). The mean of all the samples in Al Khatim shows nitrate as 315.7 mg/L.
The concentration is comparatively lower in Remah and higher in Al Khatim. The nitrate levels are
generally high in both areas and mostly above the WHO [46] limit of 45 mg/L. Because the study
areas contain poultry farms and camel farms, it is likely that the animal manure and the underground
septic tanks are contributing to the concentration of nitrate in both study areas. Furthermore, nitrate
fertilizers are likely to be widely used in the study areas, and nitrate leaching to the groundwater is
therefore highly probable, particularly considering the sandy soil prevalent in the study areas.
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The results of chemical analysis of groundwater in the Remah area indicate the anions sequence
as SO4

2− > Cl− > NO3− > HCO3 and cations Na+ > Ca2+ > Mg2+ > K+. Whereas in Al Khatin the
anions sequence is Cl− > SO4

2− > NO3 > HCO3− and cations sequence as Na+ > Ca2+ > Mg2+ > K+.
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4.1.4. Trace Metals

The presence of higher concentration of trace metals in the groundwater poses a serious hazard
to human health. The source of trace metals is mostly anthropogenic, such as the effluents from
industrial entities. The concentration of these heavy metals is compared to the WHO [47] drinking
water guidelines (Table 2).

Table 2. Descriptive statistics for trace metal concentration in groundwater in Remah and Al Khatim
(CV: coefficient of variation).

Remah

Parameter Min Max Mean CV WHO [47]

Cd (mg/L) 0.25 0.96 0.6275 69.89% 0.003
Zn (mg/L) 0.005 0.009 0.0073 20.41% 5
Cr (mg/L) 0.004 0.006 0.0053 12.1% 0.05
Pb (mg/L) <0.01 <0.01

Al Khatim

Cd (mg/L) 0.052 0.996 0.4293 78.8% 0.003
Cr (mg/L) 0.005 0.006 0.0055 9.12% 0.05
Zn (mg/L) 0.007 0.009 0.0082 19.4% 5
Pb (mg/L) <0.01 <0.01

Cadmium data exceed the WHO [47] guidelines, and thus quality maps were developed only for
cadmium (Figure 10). The concentration of cadmium reported high variability in both Remah and Al
Khatim regions. The quality maps show a higher concentration of cadmium in the north of Remah, and
it decreases towards the south. In Al Khatim higher concentration are seen in the south and northeast.
The analysis shows that cadmium exceeded the WHO [47] guideline values in all the collected samples.
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The data for chromium in both Remah and Al Khatim shows low variability, and they were found
to be below the WHO [47] standard guidelines. The zinc concentration in Remah shows moderate
variability, whereas in Al Khatim it shows low variability. The zinc values were also found below
the standard WHO values. The concentrations of lead in both Remah and Al Khatim were below the
acceptable limit of 0.01 mg/L, which is in accordance with WHO guideline limits [47].

4.2. Groundwater Levels and Salinity

Groundwater level was measured below the ground level (BGL) for all the groundwater wells.
The level of groundwater in Remah region ranges between 102.5 m to 197.98 m with an average water
level of 155.5 m. The deep-water level was recorded in Remah region as compared to Al Khatim. In the
Al Khatim region, the water level varied from 17.1–42.2 m with an average of 32.6 m.

In the Al Khatim region, salinity level is observed higher (mean: 11,770 mg/L) where the water
table is shallow (mean: 32.6 m), and comparatively in Remah less salinity (mean: 3350 mg/L) was
measured where water table is deep (mean: 115.5 m) (Figure 11). Possible reasons for higher salinity in
Al Khatim could be irrigation return flow carrying higher levels of dissolved solids.
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4.3. Suitability for Irrigation Use

The suitability of groundwater for agricultural use in Remah and Al Khatim was assessed using
agricultural indices. Sodium adsorption ratio (SAR) shows a mean value of 18.7, which indicates the
groundwater is unsuitable for irrigational purposes in both study areas (Table 3).
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Table 3. Groundwater classification for irrigation use (R: Remah; AK: Al Khatim).

Well ID Na% Salinity Hazard EC (µS/cm) SAR MH (%) KI (mEq/L)

R1 74% 7260 14.7 29.5 2.8
R2 76% 6950 15 22.8 3.2
R3 69% 8030 12.3 22.8 2.2
R4 72% 7570 12.3 20.8 2.5
R5 71% 5130 11.8 19.6 2.4
R6 80.7% 5890 14.8 30.4 4.1
R7 84.8% 5500 18.1 38.3 5.5
R8 81% 5110 14.6 30 4.2
R9 81.7% 5760 16.1 30.5 4.4

R10 84.1% 4710 16.3 35.6 5.3
AK1 74% 22,000 26.3 33.8 2.8
AK2 74.3% 24,200 26.3 36.0 2.9
AK3 70% 19,700 21.7 21.7 2.3
AK4 70% 18,000 20.6 18.1 2.3
AK5 71% 18,700 22.3 19.1 2.5
AK6 74% 16,700 22.6 30 2.9
AK7 67% 20,100 20.7 18.8 2.1
AK8 73% 17,100 24.0 18.6 2.6
AK9 69% 19,600 21.4 18.9 2.2

AK10 65% 22,300 21.3 21.2 1.9

Minimum 65.5% 4710 11.8 18.1 1.9
Maximum 84.8% 24,200 26.3 38.3 5.5

Mean 74.1% 13,015.5 18.7 25.8 3.1

Na%: 60–80 doubtful and >80 unsuitable; Salinity: >3000 mg/L unsuitable; SAR: >9 unsuitable; MH: <50% safe;
KI: >1 unsafe.

Sodium percentage (Na%) categorizes five samples of Remah as doubtful, whereas the remaining
samples showed unsuitability for irrigation purpose. The average Na% is 74.1 in both study areas
(Table 3). Thus, Na% indicates that water in both areas is unsuitable for irrigation purposes.

Salinity Hazard (EC) shows the amount of salinity in the water, with the range of more than
3000 µS/cm being unsuitable for irrigation purposes (Table 3). The average EC in Remah is 6200 µS/cm
and in Al Khatim 19,800 µS/cm. Among the total of 20 samples, all the samples show EC higher than
3000 µS/cm. Thus, the overall results show that the water is not suitable for irrigation in terms of
salinity for both the study areas.

Magnesium Hazard (MH) value in all the samples (Table 3) of both study areas is less than 50%,
thus it indicates that the alkalinity of groundwater is in permissible limits. The mean value of MH in
all the samples is 25.8%. This index indicates that water is safe to be used for agricultural purpose
from the magnesium hazard perspective.

Kelly’s Index (KI) in all the samples (Table 3) shows value greater than 1 which indicates that the
water is unsafe for agriculture activities.

5. Discussion

In summary, comparing the two study areas, the following general statements can be derived
from the water chemistry investigations. The groundwater at Al Khatim area (in comparison with
Remah area) is characterized by:

â Shallow groundwater level
â Higher EC and salinity
â Higher concentrations of all ions
â Higher concentrations of cadmium, with all other metals being approximately equal to Remah
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The higher salinity and generally the higher concentrations of all parameters are likely a result
of the shallow water table at Al Khatim. Irrigation water returning to the aquifer may increase the
salinity and the concentration of major anions and cations. The presence of irrigation water return
flow at Al Khatim was confirmed by EAD [34]. The study also discussed that this case is unlikely in
Remah. EAD [34] reported values of hydraulic conductivity of 1 m/day at Remah, indicating a very
slow movement of groundwater. Combined with the low water table, irrigation return flow would
require a very long time to reach the water table in this area. In contrast, hydraulic conductivity values
of 29 m/day were reported at Al Khatim, indicating that irrigation return flow may reach the shallow
water table quickly. Thus, the differences in hydrochemical composition of the groundwater at the two
study areas can be attributed to the irrigation return flow, owing to the difference in the water table.

5.1. General Hydrochemistry

From the Piper diagram (Figure 12), the groundwater from both study areas can be clearly
classified as sodium-chloride water. All samples plot fairly close to each other indicating they are of
similar water type. The cations triangle shows the dominance of sodium + potassium, with sodium
accounting for 99% of the share. The anions triangle is dominated by chloride, followed by sulfate.
Here, the samples from Remah plot slightly above the samples from Al Khatim, indicating a dominance
of sulfate over chloride at Remah. In fact, the 20 samples collected from the two study areas can be
divided into two geochemical groups as follows:

Na–Ca–SO4–Cl (Samples: R1, R2, R3, R4, R5, R6, R7, R8, R9, R10, AK8)
Na–Ca–Cl–SO4 (Samples: AK1, AK2, AK3, AK4, AK5, AK6, AK7, AK9, AK10)
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Figure 12. Piper plot for Remah (R) and Al Khatim (AK).

All samples from Remah fall into the first group, and all but one sample (AK8) from Al Khatim
fall into the second group.

The Schoeller diagram [48] shows higher concentrations of chloride, sodium, and sulphate ions
and lower concentration of potassium, bicarbonates, and magnesium ions in all samples (Figure 13).
Also, a clear grouping of the samples can be observed, with samples from Al Khatim having generally
higher concentrations of the different water quality parameters.
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Regarding water genesis, Sulin’s graph [49] (not shown) indicates that all the samples collected in
Remah and Al Khatim are identified as being of old meteoric origin ( Na

Cl > 1) and Na2SO4 water type(
Na−Cl

SO4
< 1) .

The plot of calcium + magnesium and sulfate + bicarbonate should be along the 1:1 equiline if the
main reaction is due to the dissolution of dolomite, gypsum, calcite, and anhydrite [18]. If the ions
are exchanged from liquid (groundwater) to solid (calcite, dolomite and gypsum rocks), the process
is known as ion exchange. However, if the case is reversed and the ions are exchanged from the
solid (calcite, dolomite and gypsum rocks) to the liquid (groundwater), the process is then termed as
reverse ion exchange process. The samples of Al Khatim and Remah (Figure 14a) can be seen in the
ion exchange region, thus the ion exchange is the dominant process. The phenomena of ion exchange
occur during percolation of water [13,14], since the study areas are agricultural intense and pumping
rate is high [34], thus the water does not have enough time for dissolution of rocks.
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Figure 14. (a) Ca + Mg versus SO4 + HCO3; (b) Na versus Cl plot for Remah and Al Khatim.

The plot of sodium versus chloride (in mEq/L) shows dominance of chloride over sodium in
Al Khatim (Figure 14b). The samples should fall on the 1:1 equiline if the source of both ions are
halite dissolution [18]. The halite dissolution can be seen in the samples of deep aquifer of Remah.
The silicate weathering is out of question because the concentration of bicarbonate is less in both study
areas. However, in this study the dominance of chloride ions shows possibly ion exchange process,
thus cation exchange is the dominant process in both study areas. Another evidence which also rule
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out the silicate weathering is the higher concentration of chloride (average Al Khatim: 4730 mg/L;
Remah: 1116 mg/L) over sodium (average Al Khatim: 2453 mg/L; Remah: 695 mg/L), also shown
in Figure 14b. A groundwater study conducted in Delhi by Datta and Tyagi [50] attributed higher
concentration of sodium over chloride to the evidence of silicate weathering.

The relationship between calcium and sulfate concentration (in mEq/L) shows the dominance
of sulfate over calcium (Figure 15) in both study areas. The excess of sodium and chloride, when
combined with calcium and sulfate, forms CaCl2 and Na2SO4 type of groundwater. The high sulfate
concentrations are likely a result of the presence of volcanic and sedimentary rocks (gypsum and
anhydrite) [22]. The chloride and sulfate dominate the overall alkalinity of groundwater with respect
to bicarbonate and nitrate; which possibly shows the alkaline nature of groundwater and not the sand
dune aquifer.
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5.2. Trace Metal Contamination

Cadmium enters the groundwater through anthropogenic activities. It is a nonessential toxic metal,
which is mostly found in phosphate fertilizers [51]. Considering the extensive agricultural activities in
the study areas, the use of fertilizers is a likely source of the elevated cadmium concentrations found in
the groundwater at both study areas.

Chromium enters groundwater through anthropogenic activities and leaches from topsoil and
rocks, Zinc enters the groundwater from mining, smelting metals and steel production and lead
finds its way to groundwater from the combustion of leaded gasoline and ore smelting [52,53].
The concentrations of these trace metals (zinc, chromium, and lead) are below the permissible
WHO [47] limits.

5.3. Suitability for Irrigation

The suitability for irrigation was assessed using Na%, SAR, EC, MH, and Kelly’s index. With
the exception of MH, all assessed indices show that the groundwater in the study area is unsuitable
or unsafe for agricultural purposes. The extended Wilcox plot of Remah and Al Khatim (Figure 16)
shows that all samples fall in the C4-S4 category confirming that the groundwater of Remah and Al
Khatim area is not suitable for irrigation of traditional crops due to very high sodium hazard and very
high salinity.
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5.4. Effect of Agriculture on Groundwater Quality

Groundwater abstraction for irrigation has led to a significant decline of groundwater levels
in both study areas. At Al Khatim, groundwater levels dropped from 16 m below ground level in
2002 [25] to 33 m below ground level in 2017 (this study) but are still well above sea level (around
100 m asl). At Remah, groundwater levels dropped from 114 m below ground level in 2002 [34] to
156 m below ground level in 2017 (this study) and are now around 5 m below sea level. However, as
the study areas are located almost 60 km away from the Arabian Gulf, seawater intrusion is unlikely to
be the source of increased salinity.

Several indicators point at agricultural return flow affecting the groundwater quality at Al Khatim.
Elevated concentrations of substances related to fertilizer use (nitrate, cadmium) can be observed at Al
Khatim as well as a generally elevated TDS concentration. A relatively shallow groundwater table
and permeable sediments promote irrigation return flow. A study conducted in a neighboring region
also confirmed irrigation return flow as the source of groundwater contamination [20]. In contrast,
the groundwater at Remah does not seem to be influenced by irrigation return flow, which was also
confirmed by a recent study [34].

While the groundwater at the study area has significant natural salinity, current management
practices tend to further deteriorate groundwater quality. Most of the farms use flood irrigation,
which promotes evaporation considering the high temperatures prevalent in the UAE, and thus
concentration of salts. These salts are subsequently leached to the groundwater, increasing the salinity.
With increasing soil salinity, farmers need to apply more water to maintain the salt balance, which in
turn increases irrigation return flow and subsequent salinization of the groundwater.

The observed effects of agricultural activities on groundwater quality in the study area are
common effects observed in other parts of the UAE [15,34] and in arid areas in general [54]. Improved
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groundwater management addressing the reduction of irrigation return flow could help improve
groundwater quality and availability [16].

6. Conclusions

The groundwater from two neighboring agricultural areas, Remah and Al Khatim, located in
the Emirate of Abu Dhabi, was investigated in terms of general hydrochemistry and suitability for
irrigation. Both areas tap into the same sand dune aquifer, and the hydrochemistry is expected to
be similar. However, due to differences in surface elevation and subsurface permeability, the water
table at Al Khatim is found at shallow depth (mean = 32.6 m BGL), while at Remah, the water table is
deep below the surface (mean = 155.5 m BGL). The difference in depth to groundwater has shown
effects on the hydrochemistry. At Al Khatim, where groundwater is at shallow depth, irrigation return
flow plays a major role leading to increased salinity and elevated concentrations of all investigated
parameters. While the cation sequence shows a clear dominance of sodium over all other cations at
both study areas, there are differences in the anions sequence with chloride being the dominant anion
at Al Khatim and sulfate being the dominant cation at Remah.

Elevated concentrations of nitrate, potassium, and cadmium indicate pollution of the groundwater
from the agricultural activities in the study area. The nearby industrial area appears to have no adverse
effect on the water quality because the concentrations of other metals (except cadmium) were below
guideline limits.

The groundwater at both study areas is intensively used for agricultural irrigation. However,
based on the concentration of total dissolved solids, the groundwater in both areas can be characterized
as brackish water. A range of indices was used to assess the suitability of the groundwater for
irrigation. The assessment showed that the water at both study areas is unsuitable or unsafe for
irrigation of traditional crops and may only be suitable to irrigate salt-tolerant crops. Irrigation return
flow was found to have a major impact on the groundwater quality where the water table is shallow
and soils are permeable. However, in the absence of other freshwater resources, groundwater will
continue to be the only available water source for agricultural irrigation. It is, therefore, of paramount
importance to improve irrigation management and to continue assessing groundwater resources across
the UAE to enable the evidence-based development of integrated strategies for food security and water
resources management.
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