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Abstract Salalah plain aquifer, located in the southeast of Sultanate Oman, has
been extensively used for agricultural, industrial and municipal purposes since the
early 1970s. Over abstraction to satisfy the growing need of freshwater demand has
contributed to the groundwater salinisation by seawater intrusion. The aim of this
study is to evaluate the impact of this phenomenon on the groundwater quality in
the Salalah plain. The occurrence of seawater intrusion in this plain was analysed
using a hydrodynamic and hydrochemical approaches. The first approach was based
on the analysis of groundwater table depth and salinity data available during the
period from 1984 to 2009. The groundwater piezometric heads recorded in the
upstream and intermediate regions of the plain showed seasonal fluctuations due to
the monsoon. In the coastal region, the piezometric heads showed small fluctua-
tions, which are indicative of a quasi-static regime. The groundwater salinity
showed large variations and generally increased in the flow direction from north to
south. Near the shoreline, the groundwater salinity has increased by 8420 puS/cm
during the period from 1984 to 1994. In the study area, 11 groundwater samples
were collected during October 2015 and analysed for EC, pH and major ions.
Results indicate that groundwater chemistry was classified as Na—Cl type in one
well, Ca—Mg-Cl type in three wells and Ca—Cl type in seven wells. The first two
water types indicate the effect of seawater intrusion and comparatively the Ca—Cl
water type highlights the effect of ion exchange reactions on the mineralisation of
groundwater. The high concentrations of nitrate recorded especially in the Hafah
agricultural area confirm the impact of fertilizers application on groundwater
quality.
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1 Introduction

Saltwater intrusion is a global environmental issue that degrades groundwater
quality by increasing salinisation in many coastal aquifers (Park et al. 2005; Bahar
and Reza 2010; Askri 2015). This process occurs due to groundwater overex-
ploitation to meet the growing requirement of freshwater for agricultural, industrial
and drinking purposes (Singh 2014; Yiice 2005). In coastal regions, the excessive
groundwater abstraction may cause a decline of piezometric heads and induce a
modification of natural flow system (Kouzana et al. 2009). The effect of seawater
intrusion on groundwater salinisation has been studied extensively during the last
two decades using different approaches. Sherif et al. (2011) showed that the
recently seawater intrusion has become the principal factor of water salinity in the
aquifer of wadi Ham, UAE. Arslan (2013) classified the groundwater in Bafra
coastal plain, Turkey, into three groups affected by saltwater intrusion of different
levels. Kuzana et al. (2009) indicated that saltwater intrusion from the
Mediterranean Sea is the main cause of high groundwater salinity observed in the
Korba aquifer, northern Tunisia. In this coastal aquifer, Zghibi et al. (2013) high-
lighted the occurrence of direct cation exchange associated with saltwater intrusion
and dissolution processes linked to cations exchange. Agoubi et al. (2013) studied
the causes of groundwater salinisation in the marine Jeffara aquifer, southern
Tunisia. They showed that the saltwater mixing with groundwater is the conse-
quence of seawater intrusion.

Coastal groundwater aquifers in Sultanate of Oman are supplying about 99% of
freshwater demand (Rajmohan et al. 2009). The rapid growth of population in
Salalah city along with economic growth enhanced the groundwater salinisation
through over abstraction of groundwater for drinking, municipal, agricultural and
industrial purposes. Clarck et al. (1987) indicated significant drops of piezometric
heads in the Salalah plain aquifer since the early 1980s. As consequence, evidence
of seawater intrusion due to the excessive groundwater abstraction became apparent
mainly in the coastal sector (D&MI 1992). This study concerns the impact of
seawater intrusion on the groundwater quality in the Salalah plain. The objectives
are (i) to analyse the dynamics of seawater intrusion in the shallow groundwater
aquifer, (ii) to explore the hydrochemical processes regulating the groundwater
mineralization and (iii) to evaluate the degree of suitability of groundwater for
irrigation purpose.

2 Materials and Methods
2.1 Study Area

Salalah is the capital of Dhofar Governorate in southeastern Sultanate of Oman. It is
the second largest city in the country with a population of 134,000 inhabitants and a
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yearly population growth rate of 2.3% (Oman Census 2003). The study area is a
sector of the Salalah coastal plain (Fig. 1). Jabal Al-Qara (mountain) and Arabian
Sea represent, respectively, the northern and southern boundaries of the area. Wadis
exist in the plain and flow to the sea. Two recharge and flood-protecting dams have
been built in 1993 and 2007 on Sahalnawt and Zarsis wadis, respectively. Since
2003, treated wastewater was injected into the groundwater to create a hydraulic
water barrier to reduce the amount of saltwater that can penetrate into the freshwater
(Shammas 2007).

Most of precipitation in Salalah region results from the monsoon occurring
between late June and early September. It is a combination of rain, fog, drizzle and
mist. The annual rainfall amounts vary from 45 and 154 mm in the plain and from
230 to 450 mm in Jabal AL-Qara (Shammas 2007). Cyclonic storms occur once
every 3-7 years, affect the plain and cause loss of life and extensive damage of
infrastructures. Daily temperature ranges from 27 °C in January to 32 °C in June.
Humidity varies from 40% in February to 97% in July. The evaporation is very high
and ca reach 1700 mm/year.

The Salalah plain is an intensively irrigated area. Fruits such as carica papaya,
bananas and coconut palms, grass and vegetables are cultivated mainly in the Hafa
agricultural area. Recently, large-scale grass cultivation has been implemented in
Sahalnawt and Jarziz farms.

Fig. 1 Location map of the study area filled circle represents sampling wells in October 2015,
filled triangle represents monitoring wells from May 1982 to February 2007. Line A-B is a cross
section clarified in Fig. 2
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The study area is a part of the down-faulting of the Salalah plain of Oman. This
plain resulted from the major tectonic activity, which was occurring in Dhofar
region during the refting between the Arabian and African plates (Roger and Platel
1987). It has two distinct formations: the Fars Group of the Tertiary age (middle to
early Miocene age) and the Mushsayl Formation of the Tertiary age (Early Miocene
to Oligocene) (Fig. 2). The Fars group has a maximum saturated thickness of
120 m, while the permeable and saline Mughsayl Formation has a thickness of
about 800 m (Shammas and Jacks 2007). The Fars group comprises Nar and
Adawnib Formations. The main aquifer in the plain contains carbonate and con-
glomeratic marine deposits of Adawnib Formation. The aquifer thickness is varying
from 60 to 70 m. Wadi alluvium including gravel, gravely clays and calcarenite

deposits are overlying the aquifer.

The groundwater is considered confined aquifer in Jabal Al-Qara and unconfined
aquifer in the Salalah plain. It is characterised by a storage coefficient of 3%,
hydraulic conductivity ranging from of 10 to 1000 m/day and transmissivity
varying from 1000 to 200,000 m%day (MAF-ICBA 2012). In general, the
groundwater is flowing from north to south with piezometric heads at about 10 m
above mean sea level near the piedmont of Jabal Al-Qara, declining to about sea
level near the coast (Fig. 3). The low hydraulic gradients of this aquifer (about
1 m/km) can be explained by its hydraulic connection to the sea and its high
transmissivity. In this case, any depletion caused by the groundwater pumping can

be compensated by the inflows from the sea.
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Fig. 3 Contour of groundwater piezometric heads in the study area (Askri et al. 2016)

The domestic, municipal, agricultural and industrial water needs in the Salalah
plain are provided by the groundwater. The potential water resources of this aquifer
are about 874 Mm® of which 42% is considered as fresh groundwater and the
remaining 58% as brackish groundwater (MAF-ICBA 2012). The main sources of
recharge are the underflow from Jabal Al-Qara to the plain, waters mobilised in
Sahalnawt and Zarsis dams, infiltrations of precipitation falling on the plain,
infiltrations of floodwater flowing through the wadis and injection of treated
wastewater. The groundwater aquifer is exploited by about 1500 wells and 17
boreholes. The total groundwater abstraction is estimated at 69 Mm?, out of which
46% is used for irrigation (Askri et al. 2016).

2.2  Sampling and Data Collections

Historical data of groundwater table depth and electrical conductivity (EC) recorded
in the Salalah plain were collected from the Ministry of Regional Municipalities and
Water Resources, Sultanate of Oman. The hydraulic heads in the groundwater
aquifer were measured as the height of the groundwater table above mean sea level.
They were calculated by subtracting the groundwater table depth from the land
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surface altitudes. These data were used to investigate the dynamic of seawater
intrusion in the plain aquifer by means of spatial and temporal variations of the
hydraulic heads and salinity of the groundwater aquifer.

In October 2015, eleven groundwater samples were collected in the study area
for major anion and cation analyses. The concentrations of major ions were mea-
sured using titration method at the Laboratory of Water in Salalah city, Directorate
General of Water, Sultanate of Oman. Assuming chloride to be a conservative ion,
the fraction of seawater in the mixed water was estimated as follow (Appelo and
Postma 2005):

CCI sample) — CCl reshwater
f.;‘(’a — (sample) (f ter) (1)

Ca (seawater) — Ca (freshwater)

where Ccigample)s Ceicireshwater) @d Ceygseawatery are the chloride concentrations of
groundwater sample, freshwater and seawater, respectively.

PHREEQC software was used as a specification program to calculate the
saturation indices (SI) (Parkhurst and Appelo 1999). This parameter is showing if
water will trend to precipitate (SI > 0) or dissolve (SI <0) a given mineral
(Hamzaoui-Azaza et al. 2011). Specific calculations were run for calcite, aragonite,
dolomite and halite minerals In order to understand the effect of saline sources on
groundwater quality. The processes inducing groundwater salinisation were iden-
tified using the following molar ratios: Na/Cl, Ca/Mg and (Ca + Mg)/HCOs.

The electrical conductivity (EC) and the sodium adsorption ratio (SAR) were
used to assess the degree of groundwater suitability for irrigation use. Indeed, the
water availability to the plants decreases with the increase of these two parameters
values. The sodium hazard is expressed by the SAR, which is calculated using the
following equation:

SAR = —— )
(Ca+Mg)
2

where units are expressed in milli-equivalent per liter.
The assessment of irrigation waters was made using the diagram of US Salinity
Laboratory Staff (US Salinity Lab Staff 1954), where SAR is plotted against EC.

3 Results and Discussion

3.1 Temporal Variations of Piezometric Heads and Salinity
of Groundwater

Data of monthly groundwater table depth in three irrigation wells located in
upstream (F-63), intermediate (F-68) and downstream (F-56) regions of the study
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area were available from May 1984 to February 2007. The piezometric heads of the
groundwater show seasonal and long-term fluctuations (Fig. 4). The high piezo-
metric heads observed during monsoon were usually followed by decreasing trend
during post monsoon. The small declines are explained by the high transmissivity
of the karstic aquifer and its hydraulic connection to the sea. The long-term fluc-
tuations of the groundwater piezometric heads show different patterns with respect
to well location. The piezometric heads recorded in the wells F-63 and F-68
declined until June 1998, after which they increased until February 2007. The
decreasing trend observed during the first period may be explained by the
increasing number of wells implemented in the intermediate and upstream regions
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Fig. 4 Plots of monitored groundwater piezometric heads from 1984 to 2007
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of the study area. The piezometric head recorded in the well F-56 was approxi-
mately constant until June 1995. Then, it decreased continuously until April 2002.
In May 2002, this piezometric head increased by 40 cm after which it was main-
tained approximately constant until August 2006. The groundwater regime in this
well seems to be in equilibrium, which means that the water abstraction by pumping
was compensated by recharge through the rainwater infiltration and lateral flow
from the sea.

Data of monthly groundwater salinity in the wells F56, F-63 and F-68 were
available from 1984 to 1994. During this period, the EC increased by 8420, 152 and
83 uS/cm for the wells F-56, F-68 and F-63, respectively (Fig. 5). These results

Fig. 5 Plots of monitored
groundwater salinity from
1982 to 1994
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show that the groundwater salinity has increased in the study area at different rates.
This rate was very high in the coastal area probably due to a strong seawater
intrusion, which has been favored by overpumping. The groundwater salinity
increased slowly in the upstream and intermediate of the study area. The location of
these regions far from the sea and from the agricultural areas suggest the mineral
dissolution as the main source of the groundwater salinisation.

3.2 Spatial Variability of Groundwater Salinity

Figure 6 shows the spatial distributions of the groundwater salinity in the study area
in 1998, 2004, 2006 and 2009. The EC of the groundwater showed large variations
and generally increased in the flow direction from north to south. Comparing the
maps for the years 1998 and 2004, it is evident that the area of fresh waters has
increased and the area of saline waters has decreased mainly in eastern corner of the
study area. This amelioration of the groundwater quality can be explained by the

186000 188000 190000 15200 154000 156000 196000 200000 202000 204000 TBE000 1BBO0O 190D 1GE0O0 100 196000 198000 200000 HGODD MDD

Fig. 6 Regional variations of groundwater salinity in the years 1988, 2004, 2006 and 2009
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positive effect of the groundwater injection by the treated wastewater. The com-
parison between the salinity maps recorded during the years 2004 and 2009 shows
an opposite trend as the area of fresh waters has decreased, while the area of saline
waters has increased mainly in eastern corner of the study area. The deterioration of
the groundwater quality during this period was observed despite the increase in the
artificial recharge from the treated water from 2.0 to about 7.0 mm? per year during
the period from 2003 to 2009 (Shammas 2007). During the last year, only 53 mm
of rainfall was recorded in the Salalah plain. Thus, the groundwater salinisation can
be explained by the evapo-concentration of some salts, which is the consequence of
high rate of evaporation and low quantity of rainfall.

3.3 Major Ion Trends

In October 2015, the pH values in the study area were in the range of 7.1-7.8,
showing that the samples are neutral to slightly alkaline (Table 1). In this case, the
dissolution of carbonate minerals may be the origin of the groundwater alkalinity.
The EC of the waters varied from 1360 to 9310 pS/cm with an average of
3124 pS/cm. Only one sample collected in the center of the Hafah agricultural area
(SAL-9) was classified into fresh water category with EC of <1000 pS/cm (Mondal
et al. 2010). Four water samples (SAL-3, SAL-4, SAL-5 and SAL-10) were clas-
sified into saline category with EC > 3000 puS/cm. The first three wells are located
in the Awqad region in southwestern the study area and the fourth well is located in
the Dahariz region, southeastern the study area. These two regions are located near
the shoreline and the high EC maybe explained by the high rate of seawater
intrusion. TDS contents varied from 884 to 6051 mg/l with an average of
2030 mg/l. About 91% of the water samples had TDS value higher than the rec-
ommended limit for drinking water as per WHO (2004) standard, i.e., 1000 mg/I.

The order of relative abundance of major cations was (molar basis):
Na* > Ca®* > Mg®* > K* in four wells (SAL-4, SAL-5, SAL-10 and SAL-11),
Ca®* > Na®* > Mg?* > K* in four wells (SAL-1, SAL-3, SAL-6 and SAL-8),
Ca®*>Mg>*>Na">K" in two wells (SAL-2 and SAL-7) and
Mg?* > Ca** > Na* > K* in the well SAL-9. The Na level constituted on average
about 39.0% of the total cations concentration and varied from 3.92 to 36.98 meq/l.
About 55% of total samples fall above the suitable limit of Na (8.7 meq/l) for
drinking water (WHO 2004). The concentrations of Ca and Mg ranged from 5.69 to
14.02 meq/l and from 4.94 to 12.35 meq/l, respectively. Their concentrations
represented on average 33 and 27% of all the cations, respectively. Higher con-
centrations of Na, Ca and Mg were found in the well SAL-10. The K concentrations
represented on average only 0.5% of all the cations and ranged from 0.05 to
0.44 meq/l. The low concentration of this cation would be explained by its ten-
dency to be fixed by clay minerals.
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The order of anion abundance are CI~ > HCO;~ > SO,>” > NO; in two wells
(SAL-11 and SAL-5), CI” > NO5;~ > HCO;™ > SO,* in eight wells (SAL-I,
SAL-2, SAL-3, SAL-4, SAL-6, SAL-8, SAL-9 and SAL-10), and CI” > SO,*” >
HCO3; > NOj in one well (SAL-7). The Cl level represented about 58% of all the
anions and ranged from 9.53 to 25.66 meq/l. Higher Cl concentration in Dahariz
region (SAL-10) suggests seawater intrusion. However, the relatively low con-
centrations of this anion in the upstream region (SAL-1 and SAL-11) indicate the
lateral recharge from Jabal Al-Qara. The suitable limit of chloride (250 mg/1) for
drinking water (WHO 2004) has been exceeded in total water samples. The SO,
and HCOj; concentrations ranged from 0.81 to 4.31 meq/l and 3.33 to 6.63 meq/I,
respectively. Their average concentrations represent 10 and 14% of all the anions,
respectively. Total water samples had SO, concentration below WHO standard, i.e.,
250 mg/1. The increase of SO, concentration from the inland to the shoreline can be
explained by a possible seawater intrusion, which has a high SO, concentration.
This interpretation is also justified by the absence of geological formations con-
taining SO, in the study area. The HCO; can come from the following three
sources: dissolution of carbonate minerals, soil CO, or bacterial degradation of the
organic contamination (Bahar and Reza 2010). The NO5 concentrations varied from
2.71 to 8.57 meq/l. Its average concentration represent about 17% of all the anions.
About 64% of total waters exceeded the drinking water standard for nitrate
(50 mg/l). The highest NOj concentrations recorded in Hafah agricultural area
shows an anthropogenic pollution, which may be introduced by agricultural
activities (crops residue, use of nitrogen fertilizers and animal manure).

The seawater fraction in the groundwater varied from 1.3 to 4.3% in the wells
SAL-11 and SAL-10, respectively (Fig. 7). The first well is located 9.3 km far from
the coastline, while the second one is located 1.2 km far from the coastline.

3.4 Water Types

The hydrochemical processes operating in the groundwater aquifer were analysed
using the Piper diagram (Fig. 8). Trilinear diagram analysis indicates that all
brackish waters are Ca, Mg, Na, Cl or Ca, Na, Mg, Cl which means high
groundwater episodes are washing salinised groundwater from Na—Cl to Ca and Mg
that coming from carbonate aquifer in the study area.

Three water types were found in the study area. They are in the order of Ca—
Cl > mixed Ca—Mg—Cl > Na—Cl. The low mineralised Ca—Cl type freshwater and
brackish water was identified in seven wells (SAL-1, SAL-2, SAL-3, SAL-6,
SAL-7, SAL-8 and SAL-9) located mainly in northwestern the study area. CI and
Ca were the dominant anion and cation, respectively. This water type was influ-
enced by the reverse ion exchange process. Water types (mixed Ca—Mg—Cl and Na—
CI) are present in four wells (SAL-4, SAL-5, SAL-10 and SAL-11) and indicate the
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Fig. 7 Contour of seawater fraction in the groundwater
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mixing of high salinity water caused from seawater intrusion with existing water.
These wells seem to be influenced by a strong seawater intrusion. These results
indicate an active saltwater intrusion followed by reverse ion exchange reactions in

the study area.

3.5 Effects of Mineral Dissolution

Approximately the total water samples were under-saturated with respect to halite
and supersaturated with respect to araganite, calcite and dolomite minerals
(Table 2). These results show that these mineral phases are contributing to the
groundwater mineralisation in the study area. Thus, the precipitation of calcite,

araganite and dolomite minerals,

and dissolution of halite are probable.

Precipitation of the first three minerals may occur during the cation exchange

process (Mtoni et al. 2012).
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Fig. 8 Piper plot of groundwater hydrochemical data in the study area

Table 2 Molar ratios and saturation indexes for calcite, aragonite, dolomite and halite

Well Ca/Mg | Ca/ SI of SI of SI of SI of
label (HCO5 + SOy) calcite aragonite dolomite halite
SAL-1 170.41 0.11 0.81 0.67 1.63 -5.81
SAL-2 235.57 |0.10 0.85 0.7 1.71 -5.76
SAL-3 117.39 |0.08 0.046 0.32 0.92 -5.50
SAL4 70.27 |0.05 0.27 0.12 0.57 -5.27
SAL-5 93.67 |0.06 0.22 0.08 0.47 -5.33
SAL-6 159.17 | 0.09 0.48 0.34 1.01 -5.65
SAL-7 146.25 |0.08 0.38 0.23 0.79 -5.68
SAL-8 188.62 | 0.07 0.61 0.47 1.28 -5.49
SAL-9 313.17 [0.09 0.08 -0.06 0.35 -5.97
SAL-10 51.57 ]0.02 0.5 0.35 1.08 -4.78
SAL-11 145.21 0.10 0.75 0.61 1.48 -5.75
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3.6 Sources of Groundwater Salinisation

Some molar ratios can be used to determine the sources of groundwater salinisation
in coastal regions (Leboeuf et al. 2003; Yiice 2005; Mondal et al. 2010; Arslan
2013). In this context, the Ca/Mg and Na/Cl molar ratios reflect the degree of
seawater intrusion. This process is indicated by a high Ca/Mg (>1) molar ratio and
relatively low Na/Cl molar ratio (<0.86) (Vengosh et al. 1997). Table 2 shows the
selected molar ratios of the groundwater in the study area. The Na/Cl ratio was less
than 0.86 in 82% of total water samples, while the Ca/Mg ratio was higher than 1 in
91% of the total water samples. These results show that the process of seawater
intrusion has a predominant effect on groundwater quality in the study area.

The processes of mineral dissolution-precipitation in the study area were alos
analysed using some molar ratios. For example, a Na/Cl molar ratio close to 1
shows that halite dissolution is responsible for sodium, whereas the Na/Cl molar
ratio greater than 1 typically shows that the reactions of silicate weathering are the
main origin of sodium (Meybeck 1987). The (Ca + Mg)/HCO; molar ratio can
determine the sources of Ca and Mg in groundwater. These two cations originate
from the dissolution of carbonate minerals if this ratio is equal to 0.5 (Sami 1992).
The release of sodium from silicate weathering reactions may be a source of sodium
in two wells situated in the intermediate region of the Salalah plain. Na/Cl molar
ratio was less than 1 in 82% of total samples, indicating that the reverse ion
exchange process is the main cause of the significant reduction of Na concentration.
Potassium or sodium in seawater replaces magnesium or calcium adsorbed onto the
surface of clays during the occurrence of the seawater intrusion. This phenomenon
caused a relative depletion of sodium in groundwater. The (Ca + Mg)/HCO3 molar
ratio was higher than 3.04 in total water samples showing that an excess of alka-
linity in the groundwater was balanced by the sodium and potassium. The excess of
calcium and magnesium over bicarbonates indicates extra sources of these cations.

3.7 Suitability of Groundwater for Irrigation Use

The SAR values varied in the study area from 1.6 to 10.2 with a mean of 3.6. Three
water samples fall into the category C3-S1 (high salinity with low sodium) and one
water sample falls into the category C4-S4 (very high salinity with very high
sodium). The other water samples fall into the categories C4-S3, C4-S2, S4-S1 and
C3-S2 (Fig. 9).

Generally, the water samples show high to very high salinity hazard with
medium to low alkali hazard. The most of these samples fall into the category high
salinity with low to medium sodium. Thus, the most of the water samples may not
be suitable for irrigation under ordinary conditions. They can be used occasionally
if soils are permeable, drainage is adequate, irrigation water is applied in excess to
provide leaching, and salt tolerant crops are selected.
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Fig. 9 US Salinity Laboratory Staff diagram plot of the groundwater samples
4 Conclusions

Available data of groundwater table depth and salinity in the Salalah plain aquifer
were analysed to understand the dynamics of seawater intrusion in this plain. The
piezometric heads recorded in the upstream and intermediate regions had a
decreasing trend during the period from 1984 to 1998, which may be explained by
the increasing number of wells implemented in these regions. The groundwater
regime in the coastal area was in equilibrium in terms of recharge-discharge.
However, the rate of seawater intrusion was very high.

In October 2015, the groundwater chemistry in the Salalah plain was strongly
influenced by seawater intrusion, reverse ion exchange process and anthropogenic
pollutants. Three water types were identified in the study area: Ca—Cl type in seven
wells, mixed Ca—Mg—Cl type in three wells and Na—Cl type in one well. The first
seven wells were under the influence of the reverse ion exchange, while the last four
wells were affected by a strong seawater intrusion. The occurrence of this phe-
nomenon was also demonstrated by Na/Cl and Ca/Mg molar ratios. The high nitrate
concentrations recorded in the Hafah agricultural area highlights the impact of
agricultural activities on the groundwater quality. The use of groundwater in
Salalah plain for irrigation purpose require certain conditions related to the soil
texture, implementation of a drainage system and selection of salt tolerant crops.
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