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Abstract: A sustainable approach is proposed for managing the effects of salinity ingression in Salalah
coastal aquifer, Oman. This paper aims to analyze and compare the groundwater levels and salinity
of the aquifer from 1993 to 2027, considering both predictive and actual transient scenarios. Two
novel scenarios were proposed, established, and examined in this study to bring back the aquifer to
steady-state condition. The first scenario entails ceasing groundwater pumping from both Salalah and
Saada wellfields, while compensating for the groundwater supply from these sources with surplus
desalinated water. This scenario is projected to occur during the predictive period spanning from
2023 to 2027, denoted Scenario A. The second scenario is business as usual and involves continuing
pumping from both wellfields during the same predictive period, denoted Scenario B. A numerical
model for 3D flow simulation and advective transport modeling showed that on the eastern side of
the Salalah coastal aquifer, the extent of seawater intrusion (SWI) was identified stretching from the
shoreline to a distance of 1800 m, 1200 m, 0 m, and 600 m, in years 2011, 2014, 2018, and 2022 under
the transient period, whereas SWI was delineated in land up to 0 m and 700 m in the predictive year
2027 under Scenarios A and B, respectively. In the western side of Salalah coastal aquifer, SWI was
delineated in land up to 2000 m, 1700 m, 0 m, and 800 m, in years 2011, 2014, 2018, and 2022 under
the transient period, whereas SWI was delineated in land up to 0 m and 750 m in the predictive year
2027 under Scenarios A and B, respectively. This study claims that Scenario A effectively pushed the
seawater interface back to the coastline, projecting its reach to the shoreline (0 m) by 2027. In contrast,
in baseline Scenario B, the wedge of saline intrusion in the Salalah coastal aquifer was delineated
from the shoreline, up to 800 m inland, which accounted for continuation of pumping from both
wellfields during the predictive period. The study concludes that Scenario A has the capability to
efficiently reduce the impact of saline inflows from the coast, while Scenario B results in a more
pronounced impact of salinity intrusion.

Keywords: seawater intrusion; artificial recharge; numerical modeling; sustainable management
scenarios; Salalah coastal aquifer

1. Introduction

This research aims to address the existing gap in the literature related to water resource
management with a focus on the Salalah coastal aquifer. The objective is to improve
comprehension of implementing strategies for overseeing this aquifer and enhancing its
long-term sustainability. Additionally, the study seeks to broaden the knowledge base
on water resource management and sustainable development by drawing upon research
by the author [1] pertaining to the Salalah coastal aquifer. It is anticipated that this study
will provide a framework and practical guidance for stakeholders involved in decision-
making processes and practical applications within this domain. This effort is positioned
to contribute to enhancing policies and methodologies in water resource management by
using the sustainable approach proposed in this work.

In the year 2020, the Omani census disclosed that Salalah city had a population of
331,949. Seawater intrusion (SWI) stands out as the primary cause of groundwater contam-
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ination within the Salalah coastal aquifer, as noted by [1]. In the Salalah coastal aquifer,
a recharge and discharge system for the area was established [1]. The wedge of saline
intrusion was mapped up to 2 km from the coast in 2005 [1]. Notably, the underflow
flushing is less robust in the eastern and western coastal areas compared to the central
part of the Salalah plain [1]. This imbalance in the aquifer water budget, as previously
indicated [1], could further exacerbate the situation. The underflow from the mountain
catchment areas to the Salalah coastal aquifer is derived from the developed numerical
groundwater flow modeling and calibrated on hydraulic heads of 1992 at 50 Mm3/year [1].
The underflow or subsurface recharge is the combined recharge from the vertical com-
ponent of precipitation (rainfall/drizzle) and recharge from the horizontal component of
precipitation (fogwater/mists) captured by mountain vegetation cover [2]. Recent years
have witnessed a decline in horizontal precipitation due to the degradation of fogwater
forests, resulting in a deficit of groundwater recharge [2]. It is required to identify key
aspects of SWI in groundwater management and anticipate its future changes [3]. The
problem of freshwater shortage has been exacerbated by SWI [1]. A previous study [4]
illuminated the foundation by which artificial recharge can help combat seawater intrusion
in the Salalah coastal aquifer. It is important to develop effective preventive and control
measures to mitigate the environmental degradation of the Salalah coastal aquifer [5].
Salalah city used to depend totally on the Salalah coastal aquifer as the major groundwater
source before Sembcorp Salalah began operating an electricity generation and seawater
desalination plant in 2013 [6].

Research indicates that a mere 3% of seawater mixed with freshwater in a coastal
aquifer can render the freshwater resource unfit for human consumption [7]. Given the
escalating impact of climate change and the heightened risks associated with human
activities, SWI has emerged as a critical threat to both human health and sustainable
economic development in coastal areas [8]. Recognizing and evaluating SWI are crucial
steps for preventing and mitigating contamination in aquifers, as previously emphasized [9].
The implications of SWI on coastal aquifers pose a significant concern in the effective
management of groundwater resources, as previously highlighted [10]. Urban water
demand could be managed by reallocation of the supply systems through state interest [11].
This study [12] indicated that the Jordanian government’s concern over citizens’ water use
habits is driving the state to devote more resources towards behavior change as a method
of water demand management. A conceptual model to account for the observed changes in
groundwater levels and salinity has been developed through an integrated approach of
remote sensing and geographic information systems [13].

1.1. Aims and Objectives

The primary aim was to identify a set of scenarios applicable in the region to miti-
gate SWI.

The objectives were:

1. To investigate the status of SWI in the aquifer and determine the most effective
strategies for aquifer management.

2. To combat SWI in the Salalah coastal aquifer through the implementation of a compre-
hensive approach.

3. To simulate the hydrodynamics of the aquifer by using the established numerical
code.

4. To evaluate sustainable management scenarios by using the established model.

1.2. Problem Identification

1. Increased extraction of groundwater has caused the seawater interface to move in-
land [1].

2. Under the business-as-usual situation, SWI is expected to continue and cause ground-
water contamination [5].

In the coming years, two key points are obvious:
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1. The natural subsurface recharge into the aquifer will not rise each year because of the
continuous deterioration of the fogwater forest, which acts as the catchment area of
the Salalah coastal aquifer [2].

2. The annual demand for water will increase over the coming 5 years by at least 3%
annually.

To help in this problem, Scenario A, i.e., to stop pumping from Salalah and Saada
wellfields and compensate groundwater supply from both wellfields by surplus desalinated
water, is proposed in this study to be implemented. Yet the need for agricultural irrigation
still heavily depends on pumping groundwater from the aquifer at 46 million cubic me-
ters per year (Mm3/year) [1–6]. In this study, because using desalinated seawater is too
expensive for agricultural purposes, pumping from the aquifer for agricultural purposes is
assumed at 46 Mm3/year.

Additionally, the effective control of seawater intrusion (SWI) through Managed
Aquifer Recharge (MAR) using artificial Municipal Treated Effluents (MTEs) has been
investigated [4,6]. The injection boreholes are designed to reach depths of 48 m below the
Earth’s surface within a third limestone layer [4]. The improvement in the water levels
and the decrease in saline intrusion flow towards inland were the main outcomes of this
study [4].

This study suggests continuation of artificial recharge flows by MTEs, and their
quantities to be increased, especially via injection boreholes with highly permeable aquifer
conditions. The objective is to achieve a balanced water budget within the aquifer. However,
recent findings by [14] suggest that both seawater intrusion (SWI) and subsequent Managed
Aquifer Recharge (MAR) could lead to the release, transport, and transformation of arsenic
(As), offering new insights into the geochemical processes of arsenic in coastal aquifers.
The authors of [15] studied MAR sites using reclaimed water and showed that artificial
recharge, with a rate of 1500 m3/day and a salinity of 3.3 g/L, could produce a recovery
in the groundwater level by up to 2.7 m and a reduction in groundwater salinity by as
much as 5.7 g/L over an extended simulation period. The authors of [16] mentioned that
MAR using tertiary treated wastewater (TTWW) is a feasible approach to developing water
resources in arid regions, and the best scenario depends on the decision-maker’s preference
when weighing the benefits of MAR and the level of damage to the aquifer.

SWI, on the other hand, can play a mitigating role in nitrate contamination by foster-
ing denitrification and anammox in coastal areas, as indicated by [17]. Laboratory-scale
experiments, coupled with numerical simulations, conducted by [18], examined the impact
of tides on the effectiveness of artificial freshwater injection in controlling SWI in an uncon-
fined coastal aquifer. While physical barrier techniques prove effective for shallow aquifers,
the management of deep aquifers necessitates expensive processes, as highlighted by [19].
A comprehensive approach to SWI management involves hydraulic barriers, encompassing
aquifer recharge, brackish water abstraction, or a combination of both, according to [20].

Managed Aquifer Recharge (MAR) emerges as a valuable contributor to colloid and
pathogen removal from injectant water, albeit with the challenge of aquifer permeability
reduction causing clogging during water infiltration in subsoil, as noted by [21]. Therefore,
regular environmental monitoring through the collection of routine water samples from
observation boreholes in the injection area is essential. This monitoring aims to assess the
presence of heavy metals, cations, anions, and bacteriological components.

In this study, the established MODFLOW, a 3D simulation flow model that is transient
in the saturated zone flow, MT3DMS for solute transport, and PMPATH simulation for
advective transport, as outlined by [5], are utilized.

1.3. Groundwater Development

To address SWI and maintain a balanced groundwater budget, two key approaches
can be implemented:

1. Reducing aquifer discharge rates:



Sustainability 2024, 16, 3670 4 of 22

• Reducing well abstraction (demand management through appropriate policy
tools: economic, environmental);

• Use surplus desalination plant output to substitute for groundwater.

2. Increasing aquifer recharge rate:

• MAR techniques by utilizing MTEs to substitute for groundwater.

Practicing both approaches in a sustainable manner is crucial. Additionally, numerical
groundwater modeling is used as a tool to measure the effectiveness of these schemes.

1.4. Available Measures to Government

This study estimated the current (2022) water demand in Salalah city at 98 Mm3, and
pumping rates at 64 Mm3.

Looking to the future, annual demand for water will increase.
The current (2022) consumption from the seawater desalination plants is 34 Mm3 and

demand will increase over the coming 5 years by at least 3% annually. (See Table 1).

Table 1. Illustration of groundwater levels and TDS (mg/L).

Predictive Options Objectives % of Increase/Decrease

Stop groundwater pumping from
Salalah and Saada wellfields and
compensate groundwater supply
from both wellfields by surplus
desalinated water.

To see the impact of the
abstraction stoppage from
both wellfields on the
aquifer water balance.

This scenario will reduce the
current (2022) pumping by
13.78 million m3,
approx. 21.44%.

Business as usual and continuing
pumping from both wellfields
during the predictive period from
2023 to 2027.

To see the impact of the
continued abstraction
from both wellfields on
the aquifer water balance.

This option will increase the
abstraction from the aquifer
during Scenario B by at least
13.78 million m3

annually approx.

The artificial recharge by injecting
treated wastewater effluents into
the constructed boreholes along
Salalah coastline will remain the
same flow in both scenarios during
transient and predictive scenarios.

To observe the
effectiveness of the direct
injection MTEs in
boreholes to compact
saline intrusion in the
aquifer coastal
agricultural strip.

This option will recharge the
aquifer artificially by 3
million m3 in the current
(2022), will add approx. 3%.

Demand through wellfield abstraction rates must be stopped, and the new source of
freshwater is from surplus desalinated water, in addition to increasing the aquifer recharge
rates by surface irrigation and artificial recharge by reusing MTEs. According to [3], the
issue of saltwater intrusion arises from both qualitative and quantitative challenges.

1.5. Numerical Modeling

The study outlines a method that suggests and evaluates two scenarios for ground-
water sustainable development to control the SWI in the Salalah coastal aquifer, through
transient and predictive simulations for the period 1993 to 2027. (See Figure 1).

Figure 2 below shows the artificial recharge flow rates by MTEs into injection wells
(Mm3/year).

In the first half of 2022 (Jan. to June), the artificial recharge flow rate of MTEs was
1.5 million m3; by assuming flow rates of MTEs in the second half of 2022 were the same as
in the first half, then flow rates are assumed at 3 million m3 in 2022.
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Figure 1. Salalah coastal location map (google.com/maps (accessed on 29 August 2022).

The hypothetical problem of the flow and solute transport of two novel scenarios
along with injected treated wastewater from point sources in the Salalah coastal aquifer
was modeled and simulated using computer programs MODFLOW 8.0.31 and MT3DMS
8.0.31. Under transient and predictive conditions, the constructed model was used to
predict the behavior of the aquifer under the proposed demand management and supply
augmentation from desalinated water. Specifically, two scenarios were explored and run to
compute the potentiometric surface and salinity distribution. One involved the cessation of
pumping for city water supply from both wellfields, substituted by surplus desalinated
water, and the other represented the “business as usual” condition without management
interference. The simulations provide insights into the expected changes in hydraulic heads
and salinity distribution with and without management intervention for the period 2023
to 2027.

A numerical model was utilized to predict the groundwater levels in the Wadi Al-
Jizi coastal aquifer in response to various water abstraction scenarios [22]. Additionally,
previous studies used groundwater modeling to predict water and salinity levels, assisting
in the management of water resources [23–36].
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Figure 2. The artificial recharge flow rates of MTEs into injection wells.

2. Materials and Methods

The methodology presented in this study involves proposing and assessing scenarios
for groundwater sustainable development to manage SWI in the Salalah coastal aquifer us-
ing transient and predictive simulation. In this study, two novel scenarios were formulated
and investigated for the transient and predictive scenario from 1993 to 2027 to restore the
aquifer to a steady-state condition. Scenario A involves ceasing groundwater from both
wellfields and supplementing groundwater supply with surplus desalinated water from
2023 to 2027. Conversely, Scenario B maintains business as usual, with continuing pump-
ing from groundwater wellfields during the same predictive period. All scenarios were
simulated under a constant underflow. These scenarios represent innovative proposals
aimed at addressing aquifer sustainability.

The research utilized modeling methods, such as 3D groundwater flow simulation
modeling and predictive modeling of solute advection transport, to analyze the behav-
ior of the Salalah coastal aquifer. Utilizing a 3D groundwater flow simulation model,
MODFLOW [37], numerical modeling was conducted. Solute transport modeling was
achieved through MT3DMS, a mass transport simulation model, coupled with PMPATH
for advective transport simulation [38]. The theoretical framework of the model for sea-
water intrusion in the Salalah coastal aquifer was elucidated by [1]. Ref. [5] enhanced the
framework by focusing on predicting flow and solute transport to manage the Salalah
coastal aquifer utilizing the MODFLOW model. Moreover, Ref. [6] examined the use of
artificial recharge to halt saline intrusion in the Salalah coastal aquifer. The hydrogeo-
logical conceptual model and aquifer boundary conditions were explained in a previous
study [1,3,5].

In terms of restrictions and limitations, in using the Processing MODFLOW data
editor, the study only employed 3 layers, despite the software allowing up to 80 layers.
Additionally, each stress period in the study represents a year within a 35-year timeframe,
from 1993 to 2027, for analysis, even though MODFLOW permits up to 100 stress periods.
As a result, any limitations, within the MODFLOW model did not affect the research
methodology or results.

3. Results and Discussions

As of 2022, various sectors in Salalah city rely on different water sources, with ap-
proximately 36% from desalinated seawater, around 52% from groundwater, and 9% from
natural rainfall recharge in the Salalah plain area. Additionally, 3% of the water supply is



Sustainability 2024, 16, 3670 7 of 22

provided by Municipal Treated Effluents (MTEs) from the Salalah central sewage treatment
plant in Raysut (West Salalah) (Figure 3).
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Figure 3. The current (2022) domestic water demand of Salalah City.

The domestic water demand is projected to increase by 3% annually through the
predictive period 2023–2027. During this study, the researcher constructed, formulated, and
examined two innovative scenarios covering the period from 1993 to 2027, with the aim
of stabilizing the water balance of the aquifer. Scenario A proposes to stop groundwater
extraction from both wellfields and to compensate the water supply from surplus desali-
nated water plants from the predictive period 2023 to 2027. In contrast, Scenario B follows
the business-as-usual condition, and continues to pump groundwater from the wellfields
throughout the same time frame. These scenarios suggested new perspectives and potential
solutions to address the sustainability challenges facing the Salalah coastal aquifer.

The simulations were conducted based on two scenarios. The initial scenario involved
ceasing abstraction from Salalah and Saada Wellfields during the predictive period from
2023 to 2027. The developed flow model projected that, under constant underflow, the
saline intrusion wedge in 2027 would extend up to 0 m and 750 m from the shoreline for
Scenarios A and B, respectively.

In the Batinah coastal aquifer of Northern Oman, the delineation of the saline intrusion
wedge reached up to 10 kilometers from the coast, as reported by [39]. Delineation of the
saline intrusion wedge was detected [40,41]. Seawater Intrusion was studied for water
resource management [42–44]. According to this study, Scenario A is deemed effective in
advancing the saline zone front to the shoreline (0 m) in 2027 under constant underflow. In
the transient case of pumping wells at Garziz Farms for years 2023–2027, it is assumed the
pumping from the three wells will remain constant.

3.1. Water Levels Results (Piezometric Surface)

The model predicted a decrease in drawdowns by the end of the prediction period
(2027) for Scenarios A and B, as compared to the drawdowns in 2011. Scenario B, repre-
senting “business as usual”, demonstrated a sustained decline in potentiometric heads
throughout both the transient calibration and predictive stages. Conversely, Scenario A, in-
volving the cessation of groundwater pumping from Salalah and Saada wellfields, exhibited
an increase in potentiometric heads during the transient calibration and predictive stages.
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Figure 4A illustrates the encroachment of seawater intrusion into the southern part of
the Salalah coastal aquifer. The figure reveals a notable decrease in the water level, with the
water level dropping to 0 m at a distance of over 2 km inland.

Figure 4B shows the intrusion of seawater into the southern section of the Salalah
coastal aquifer. The figure describes a notable decrease in the water level, with the water
level falling to 0 m at a distance of over 1 km inland.

Figure 4C shows that no saline intrusion is simulated in year 2018 because a surplus in
the Salalah plain recharge, estimated in this study at 53 million cubic meters, percolated into
the aquifer from the rainfall of Cyclone Mekunu, which occurred in Dhofar Governorate,
Oman, in May 2018.
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Figure 4D demonstrates that there was a small simulated saline intrusion in the year
2022 because various sectors in Salalah city depend on different water sources, with approx-
imately 36% from desalinated seawater and approx. 52% from the Salalah coastal aquifer.

Figure 4E demonstrates that there will be no simulated saline intrusion in the year
2027 under Scenario A: stop pumping from both wellfields during the predictive scenario,
because the abstraction from both wellfields is stopped under Scenario A, allowing the
aquifer water level to return to a steady-state situation.

Figure 4F presents the intrusion of seawater into the southern part of the Salalah
coastal aquifer. In the year 2027 under Scenario B: business as usual during the predictive
scenario, the wedge of saline intrusion was delineated from the shoreline up to 800 m
inland. The flow model anticipates the groundwater levels in the Salalah coastal aquifer
as of the current year (2022) will continue, and the underflow from the mountain remains
constant for both scenarios (Table 2).

Table 2. The computed drawdown (in meters) within the agricultural coastal belt at the position
(Layer, Row, Column) = (1, 47, 20) for both baseline Scenario A and predictive Scenario B (business
as usual).

Drawdown
(m)/Years 2011 2014 2018 2022 2027

Scenario A
0.7319909 0.6089069 0.4557001 0.5307458

0.3525451

Scenario B 0.5206156

To calculate the percentage of reduction or increase in drawdown (m/year) in Scenario
A and Scenario B in 2022 compared to the drawdown in 2011, the following formula
was used:

Percentage Change =

(
New Value − Old Value

Old Value

)
× 100% (1)
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For Scenario A: Old Value (2011) = 0.7319909 m/year and New Value (2022) =
0.3525451 m/year.

Percentage Change in Scenario A :
(

0.3525451 − 0.7319909
0.7319909

)
× 100% ≈ −51.79%

For Scenario B: Old Value (2011) = 0.7319909 m/year and New Value (2022) =
0.5206156 m/year.

Percentage Change in Scenario B :
(

0.5206156 − 0.7319909
0.7319909

)
× 100% ≈ −28.90%

In Scenario A, the drawdown (m/year) in 2022 decreased by approximately 51.79%
compared to the drawdown in 2011. This indicates a significant reduction in drawdown,
which could be seen as a positive outcome for the aquifer. A decrease in drawdown
suggests that the rate of water level decline has slowed.

In Scenario B, the drawdown (m/year) in 2022 decreased by approximately 28.90%
compared to the drawdown in 2011. While there is still a reduction, it is not as significant
as that in Scenario A. The aquifer in Scenario B also experienced a decrease in drawdown,
indicating a relatively slower rate of water level decline compared to 2011.

In both scenarios, there is a reduction in drawdown by 2022, which suggests some
level of conservation or better management of the aquifer. However, Scenario A shows a
more substantial reduction, which might indicate more effective measures in controlling
drawdown and preserving the aquifer’s water levels. Further analysis would be needed to
determine the specific factors and management practices that led to these changes.

From Table 2, drawdown is decreased in 2027 in predictive Scenario A compared to
the transient scenario in 2022.

To calculate the percentage of reduction or increase in drawdown (m/year) in Scenario
A and Scenario B in 2022 compared to the drawdown in 2014 and 2018, you can use
Equation (1):

Calculate the percentage changes for both scenarios compared to the drawdown values
in 2014 and 2018:

For Scenario A: Old Value (2014) = 0.6089069 m/year, Old Value (2018) = 0.4557001
m/year, New Value (2022) = 0.3525451 m/year.

Percentage Change in Scenario A:
For 2014 to 2022: Percentage Change in Scenario A: ( 0.3525451−0.6089069

0.6089069 ) × 100%
≈ −42.10%

For 2018 to 2022: Percentage Change in Scenario A: ( 0.3525451−0.4557001
0.4557001 ) × 100%

≈ −22.57%
For Scenario B: Old Value (2014) = 0.6089069 m/year, Old Value (2018) =

0.4557001 m/year, and New Value (2022) = 0.5206156 m/year
Percentage Change in Scenario B:
For 2014 to 2022: Percentage Change in Scenario B: ( 0.5206156−0.6089069

0.6089069 ) × 100%
≈ −14.53%

For 2018 to 2022: Percentage Change in Scenario B: ( 0.5206156−0.4557001
0.4557001 ) × 100%

≈ 14.26%
In Scenario A, from 2014 to 2022, there is a reduction in drawdown of approximately

42.1%. This suggests an overall improvement in the drawdown situation in Scenario A
during this period. From 2018 to 2022, there is still a reduction in drawdown, but it is
less significant, at approximately 22.57%. This indicates that the rate of improvement has
slowed between 2018 and 2022 compared to the earlier period.

For Scenario B: From 2014 to 2022, there is a reduction in drawdown of approximately
14.53%. This suggests an improvement in drawdown, although it is not as significant as
that in Scenario A. From 2018 to 2022, there is an increase in drawdown of approximately
14.26%. This indicates a reversal of the improvement observed between 2018 and 2022.
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It is important to note that the recharge event from the 2018 cyclone had a significant
positive impact in 2018, replenishing the aquifer and reducing drawdown. The subsequent
trends in drawdown from 2018 to 2022 differ between the two scenarios, with Scenario
A showing a continued reduction in drawdown, albeit at a slower rate, and Scenario B
showing an increase. These changes may be influenced by various factors, including an
effective strategy for aquifer sustainable management in Scenario A.

On the east side of the Salalah coastal aquifer, the wedge of saline intrusion was
delineated, up to 1800 m from the shoreline in year 2011, and decreased to 1200 m in year
2014 and to nil (0 m) in year 2018. This is because the extra surplus of the Salalah plain
recharge, estimated in this study at 53 million cubic meters, percolated into the aquifer from
the rainfall of Cyclone Mekunu, which occurred in Dhofar Governorate, Oman, in May
2018. In 2022, the wedge of saline intrusion was delineated, up to 600 m from the shoreline,
and in 2027 it was nil (0 m) and up to 700 m under Scenarios A and B, respectively. By
comparison, on the west side of the Salalah coastal aquifer, the wedge of saline intrusion
was delineated, up to 2000 m, 1700 m, 800 m, and 750 m from the shoreline, in years 2011,
2014, 2022, and 2027 (under Scenario B), respectively.

3.2. Solute Transport Results

The business-as-usual Scenario B demonstrates a persistent rise in Total Dissolved
Solids (TDSs) during both the transient calibration and predictive phases. According to
Table 3, TDS exhibits an upward trend in the predictive baseline Scenario B. Notably, the
model cell (Layer, Row, Column) = (1, 51, 6) is situated approximately 200 m below the
treated sewage injection bores.

Table 3. The calculated solute concentration of salinity (TDS) within the agricultural coastal belt in
position (Layer, Row, Column) = (1, 51, 6) for the baseline Scenarios A and B: business as usual.

Salinity (TDS)/Years 2011 2014 2018 2022 2027

Scenario A
12,477 14,381 13,828 12,233

8712

Scenario B 10,299

Figure 5A illustrates the intrusion of seawater into the southern part of the Salalah
coastal aquifer. The figure shows a notable increase in the salinity levels, with the salinity
levels rising to 10,000 mg/L at a distance of over 500 m inland.

Figure 5B demonstrates the intrusion of seawater into the southern part of the Salalah
coastal aquifer. The figure illustrates a notable increase in the salinity levels, with the
salinity levels rising to 10,000 mg/L at a distance of over 300 m inland.

Figure 5C illustrates that there was no rise in the TDS levels into the entire Salalah
coastal aquifer. This is attributed to the surplus recharge from Cyclone Mekunu rainfall
that occurred in Salalah in May 2018.

Figure 5D shows that there is slight simulated saline intrusion in the southern part
of the Salalah coastal aquifer in the year 2022. This is primarily because various sectors in
Salalah city rely on the Salalah coastal aquifer for 52% of their water needs, and approx.
36% of the water demand is supplied through pipelines from desalinated seawater.

Figure 5E shows that in the year 2027 under Scenario A: stop pumping from both
wellfields during the predictive scenario, there was no simulated saline intrusion and no rise
in TDS levels in the entire Salalah coastal aquifer because the extraction from both wellfields
ceased under Scenario A, allowing the salinity levels to return to a steady-state condition.

Figure 5F shows that in the year 2027 under Scenario B: business as usual during the
predictive scenario, saline intrusion was simulated and TDS levels increased throughout the
Salalah coastal aquifer due to the persistence of business-as-usual conditions in Scenario B.

From Table 3, TDS (mg/L) decreases in 2027 in predictive Scenario A compared to the
transient scenario in 2022. TDS (mg/L) decreases in 2027 in predictive Scenario B compared
to the transient scenario in 2022.
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To calculate the percentage reduction or increase in Total Dissolved Solid (TDS) levels
in Scenario A and Scenario B in 2027 compared to the TDS levels in 2011, 2014, 2018, and
2022, you can use Equation (1):

Calculate the percentage changes for both scenarios compared to the TDS values in
each year:

For Scenario A in 2027: TDS in 2011 = 12,477 mg/L, TDS in 2014 = 14,381 mg/L, TDS
in 2018 = 13,828 mg/L, TDS in 2022 = 12,233 mg/L, and TDS in 2027 = 8712 mg/L.
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Figure 5. Schematic diagram of the calculated salinity levels (TDS in mg/L) in the Salalah coastal
aquifer for the years: (A) 2011, (B) 2014, (C) 2018, (D) 2022, (E) 2027 (Scenario A), and (F) 2027
(Scenario B).

Percentage Change in Scenario A (2027 vs. 2011) = ( 8712−12477
12477 ) × 100% ≈ −30.28%

Percentage Change in Scenario A (2027 vs. 2014) = ( 8712−14381
14381 ) × 100% ≈ −39.55%

Percentage Change in Scenario A (2027 vs. 2018) = ( 8712−13828
13828 ) × 100% ≈ −36.97%

Percentage Change in Scenario A (2027 vs. 2022) = ( 8712−12233
12233 ) × 100% ≈ −28.95%.

This indicates a decrease of approximately 29% in the TDS (mg/L) value from 2022 to 2027
in Scenario A.

For Scenario B in 2027: TDS in 2011 = 12,477 mg/L, TDS in 2014 = 14,381 mg/L, TDS
in 2018 = 13,828 mg/L, TDS in 2022 = 12,233 mg/L, and TDS in 2027 = 10,299 mg/L.

Percentage Change in Scenario B (2027 vs. 2011) = ( 10299−12477
12477 ) × 100% ≈ −17.46%

Percentage Change in Scenario B (2027 vs. 2014) = ( 10299−14381
14381 ) × 100% ≈ −28.40%

Percentage Change in Scenario B (2027 vs. 2018) = ( 10299−13828
13828 ) × 100% ≈ −25.82%

Percentage Change in Scenario B (2027 vs. 2022) = ( 10299−12233
12233 ) × 100% ≈ −15.79%.

This indicates a decrease of approximately 16% in the TDS (mg/L) value from 2022 to 2027
in Scenario B.

In both Scenario A and Scenario B, the TDS levels in 2027 are lower than the TDS
levels in each of the previous years (2011, 2014, 2018, and 2022). This indicates a reduction
in salinity levels in both scenarios over time.

Scenario A generally shows a higher percentage reduction in TDS levels compared to
Scenario B. This suggests that the measures or conditions in Scenario A have been more
effective in reducing salinity levels. In Scenario A, the reduction ranges from approximately
29% (compared to 2022) to 40% (compared to 2014). In Scenario B, the reduction ranges
from approximately 16% (compared to 2022) to 28.4% (compared to 2014).

To compare the TDS within the agricultural coastal belt in Baseline B to Baseline A,
we can use the percentage changes: Scenario A has a larger negative percentage change,
approx. −29%, compared to Scenario B, approx. −16%; this indicates that the TDS in
Scenario A has decreased more than that in Scenario B from 2022 to 2027.

The reduction in salinity levels can have positive implications for the quality of the
aquifer water, making it more suitable for various uses, including drinking water and
irrigation. The specific factors contributing to the reduction in TDS levels may include
improved sustainable management practices in Scenario A compared to in Scenario B.
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3.3. Advection Transport Results

Figure 6 illustrates the invasion of seawater intrusion into the southern part of the
Salalah aquifer. This figure shows a drop in the water level in the southern part of the plain
coastal area, with the water level decreasing to 0 m at over 2 km landward.
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Figure 6. PMPATH results of the calculated groundwater levels (in meters above mean sea level, m
amsl) in the Salalah aquifer during a two-year simulation period, incorporating Municipal Treated
Effluents (MTEs) injected into wells for the year 2011 under the transient scenario.

Figure 7 shows the intrusion of seawater into the southern section of the Salalah coastal
aquifer. This figure illustrates a remarkable decrease in the water level, with the water level
dropping to 0 m at a distance of over 1 km upstream of the shoreline.
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Figure 7. PMPATH results of the calculated groundwater levels (in meters above mean sea level, m
amsl) in the Salalah aquifer during a two-year simulation period, incorporating Municipal Treated
Effluents (MTEs) injected into wells for the year 2014 under the transient scenario.

Figure 8 demonstrates that PMPATH (advection transport) shows that the advection
transport of the injected treated wastewater fluids would exceed a distance of 1000 m
downstream from the injection bores after two years. This indicates the likely dispersion of
the injected MTEs subsurface towards the shoreline within a two-year period in Scenario A.
This can be attributed to the excess recharge resulting from the rainfall of Cyclone Mekunu,
which hit Salalah in May 2018, pushing back the seawater interface towards the coast.
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Figure 8. PMPATH results of the calculated groundwater levels (in meters above mean sea level, m
amsl) in the Salalah aquifer during a two-year simulation period, incorporating Municipal Treated
Effluents (MTEs) injected into wells for the year 2018 under the transient scenario.

Figure 9 shows that there a slight saline intrusion was simulated in the year 2022, as
many sectors in Salalah city depend on different water sources, with water supply from
both desalinated seawater plants at approx. 36%, in addition to 3% from artificial recharge
from MTEs, versus a decrease in the abstraction from Salalah plain aquifer, which reached
only approx. 52%.
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Figure 9. PMPATH results of the calculated groundwater levels (in meters above mean sea level, m
amsl) in the Salalah aquifer during a two-year simulation period, incorporating Municipal Treated
Effluents (MTEs) injected into wells for the year 2022 under the transient scenario.

Figure 10 shows that the advection transport of the injected treated wastewater fluids
would exceed a distance of 1000 m downstream from the injection bores after one year. This
indicates the potential dispersion of the injected treated wastewater effluents subsurface
towards the downstream within a one-year period under predictive Scenario A, pushing
the seawater interface back strongly towards the coast.
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Figure 10. PMPATH results of the calculated groundwater levels (in meters above mean sea level, m
amsl) in the Salalah aquifer during a two-year simulation period, incorporating Municipal Treated
Effluents (MTEs) injected into wells for the year 2027 under predictive Scenario A: stop pumping
from both wellfields under the predictive period.

Figure 11 shows that the advection transport of the injected treated wastewater fluids
would reach a distance of 200 m downstream from the injection bores after one year.
This indicates the low dispersion of the injected treated wastewater effluents underground
towards downstream within a one-year period due to business-as-usual Scenario B, pushing
the seawater interface back ineffectively towards the coast.
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Figure 11. PMPATH results of the calculated groundwater levels (in meters above mean sea level, m
amsl) in the Salalah aquifer during a two-year simulation period, incorporating Municipal Treated
Effluents (MTEs) injected into wells for the year 2027 under predictive Scenario B: business as usual
for both wellfields under the predictive period.

4. Conclusions

This study examined two innovative scenarios to assess the status of the current and
predictive SWI in the Salalah coastal aquifer. This investigation developed numerical
groundwater modeling scenarios to determine the behavior of the aquifer. This study
was a comprehensive assessment, in which numerical groundwater modeling scenarios
were developed to determine the status of the current and predictive SWI in the Salalah
coastal aquifer.

This study examined flow simulation to obtain groundwater levels results using MOD-
FLOW, and salinity levels were simulated using solute transport MT3DMS and advective
transport was simulated using the PMPATH model. This study focused on developing
and evaluating two novel scenarios, with particular emphasis on the transient and pre-
dictive scenarios spanning from 1993 to 2027. The first scenario is to stop groundwater
pumping from Salalah and Saada wellfields and compensate groundwater supply from
both wellfields using surplus desalinated water. The second scenario is business as usual,
and involves a continuation of pumping from both wellfields during the predictive period
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from 2023 to 2027. This study shed light on the aspects of proposed scenarios and their
implications for managing the Salalah coastal aquifer.

4.1. Flow Model—Conclusions

Two scenarios were run to determine the effects of management and absence of
management on the aquifer’s water levels and salinity. Both scenarios predict how the
aquifer will perform over the next 5 years. The management scenario (Scenario A) has a
positive impact on the quality and quantity of water in the aquifer.

Scenario A proposes a 17% reduction in the current discharge from the aquifer com-
pared to the levels in 2022. The introduction of treated wastewater into the Salalah coastal
aquifer has played a crucial role in stabilizing water levels. However, the efficacy of this
injection scheme is significantly compromised without adequate management, especially
in the eastern and western regions of the plain and coastal areas (Scenario B). In these areas,
hydraulic conductivity is lower compared to the central part of the plain and coastal area.

4.2. Solute Transport Model—Conclusions

Throughout the predicted time, the natural flow of water remains constant. In Scenario
B, “business as usual”, the impact of saltwater intrusion is more noticeable than in Scenario
A. By 2027, the expected decrease in salt levels within the agricultural coastal area is around
13% less in Scenario A than in Scenario B. So, according to this study, Scenario A is predicted
to have a more significant reduction in salt levels in the coastal farming area compared to
Scenario B over the period from 2022 to 2027.

Under Scenario A, the impact of saline water from the coast diminishes. This study
suggests that Scenario A is successful in pushing back the saline zone by approximately
1000 m. On the other hand, in Scenario B, in which water continues to be pumped from
both wells, the salt levels will decrease slightly.

4.3. Advection Transport Model—Conclusions

The PMPATH model highlights the dispersion of the injected treated wastewater
effluents underground towards downstream within a one-year period, causing the seawater
interface to move back towards the coast.

5. Recommendations

Scenario A is the best sustainable approach in terms of increasing groundwater levels
and reducing the TDS during predictive period. The following are strongly recommended
for managing the water resources of the Salalah coastal aquifer:

1. Stop groundwater pumping from Salalah and Saada wellfields and compensate
groundwater supply from both wellfields using surplus desalinated water.

2. Increase the injection of treated wastewater effluents into the constructed boreholes.
3. In the future, the study of sustainable development by implementing Scenario A, with

an evaluation after five years of operation, is recommended.
4. This research emphasizes the need to quickly reduce the current excessive withdrawal

of water from both wellfields to ensure the sustainable development of the aquifer.
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