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Abstract: This study investigates the presence and spatial extent of saline water and seawa-
ter intrusion in the Subiya Peninsula, Kuwait, a region designated for the establishment of
the new Silk City. We collected transient electromagnetic (TEM) data at 63 stations using a
coincident loop setup on a regional, as well as local, scale. The data were analyzed through
conventional 1D inversion techniques, including Occam and Levenberg-Marquardt meth-
ods, to create detailed resistivity models of the subsurface. Our findings indicate significant
variations in groundwater salinity, with increased salinity towards the coast and partly de-
creasing resistivity with depth, suggesting a transition from brackish to saline water. In the
northern region, close to the Abdali farms and Al-Raudhatain freshwater fields, groundwa-
ter remains fresher at greater depths, while in the south, saline conditions are encountered,
occurring at shallower depths. Local scale analysis reveals potential saltwater intrusion
pathways and highlighted geological features such as faults. A thorough understanding of
the hydrogeological conditions is crucial, as saltwater injection for oil recovery is common
in Kuwait, and may correlate with present-day seismic activity. These insights are critical
for the sustainable planning and development of Silk City, emphasizing the necessity for
further geophysical studies and borehole data to ensure construction safety and sustainable
water supply management. This research provides a foundational understanding of the
hydrogeological conditions essential for the successful implementation of the Silk City
project and for groundwater management in northern Kuwait.

Keywords: coastal aquifer; saltwater-freshwater interface; aquifer characterization;
electromagnetic surveying; groundwater evaluation; Silk City; Kuwait

1. Introduction

Seawater intrusion poses a significant threat to coastal aquifers, endangering fresh-
water resources essential for drinking water supply, agriculture, and ecological sustain-
ability [1-3]. This phenomenon is primarily driven by over-extraction of groundwater,
climate change-induced sea-level rises, and anthropogenic activities, leading to salinization
of freshwater reserves [4,5]. In arid and semi-arid regions like Kuwait, where natural fresh-
water resources are scarce, the issue is particularly critical. The country heavily depends on
desalination plants and groundwater extraction from shallow aquifers to meet its growing
water demands. However, increasing groundwater exploitation, coupled with saltwater
intrusion, poses significant risks to water security and sustainable development.
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Kuwait’s coastal aquifers are particularly vulnerable to two major sources of subsur-
face salinization. The first is deep subsurface saltwater injection, a process used in oil
recovery that can potentially migrate upward and impact shallow groundwater systems.
The second is direct brine infiltration into the shallow subsurface, which can lead to the
contamination of water fields, such as those in the northern Al-Raudhatain and Abdali
farms. However, saltwater intrusion along Kuwait’s coastline has increased due to over-
exploitation of these aquifers and possible future hazards, such as rising sea levels and
saltwater injection activities in Sabriya oilfields [6]. The intrusion not only threatens the
availability of potable water, but also compromises agricultural productivity and ecosystem
health in coastal areas.

Given the complexity of saltwater intrusion mechanisms, geophysical methods play
a crucial role in delineating subsurface hydrogeological conditions. One such technique,
loop source transient electromagnetics (TEM), has been widely used in groundwater
exploration-related studies, due to its ability to detect resistivity variations in subsur-
face formations [7-12]. It offers a valuable tool for studying seawater intrusion in coastal
aquifers [13-17]. TEM methods are particularly effective for identifying freshwater—
seawater interfaces, mapping salinity distribution, and assessing the pathways and pro-
gression of saltwater intrusion [18,19]. This information is crucial for understanding the
dynamics of saltwater intrusion, predicting its future impacts, and informing effective
management and mitigation strategies.

While electric resistivity tomography (ERT) provides high-resolution 2D and 3D
imaging of resistivity variations, making it effective for detecting lateral and vertical
salinity gradients, it has lower depth penetration, and can be affected by electrode coupling
issues in high-salinity environments. Nuclear magnetic resonance (NMR), on the other
hand, directly measures water content and porosity, providing valuable hydrogeological
information, but its depth penetration is limited, and it is highly sensitive to noise, making it
less effective in urban and coastal environments. In contrast, TEM offers deeper penetration
and is highly sensitive to conductive layers (ideal for saline groundwater mapping). It
enables faster data acquisition compared to ERT, making it more efficient for regional-scale
studies. However, TEM has lower near-surface resolution than ERT, and cannot directly
measure water content like NMR.

The Subiya Peninsula (Figure 1), located in northern Kuwait, is undergoing rapid
transformation due to the Silk City megaproject, one of the country’s most ambitious
urban development initiatives. Approved in 2010 and scheduled for completion between
2030 and 2035, the Silk City project aims to establish a major economic and residential hub
featuring advanced infrastructure, including a 1001-meter-tall skyscraper, an international
airport, and a major seaport on Bubiyan Island. This large-scale urban expansion, connected
to Kuwait City via the 26-kilometer Jaber Causeway, is expected to drive economic growth
and urbanization. However, the sustainability of such extensive development hinges on the
availability and quality of groundwater resources, posing significant future socio-economic
risks, particularly in light of potential seawater intrusion risks. By mapping affected areas,
this study supports sustainable water use, safeguards freshwater reserves, aids urban
planning, and informs climate resilience policies, ensuring long-term stability.

Approximately 75% of Kuwait’s land is designated for grazing and tourism-related
activities, while oil fields occupy 7% and military zones account for 4%. As one of the most
water-stressed countries in the world, Kuwait relies heavily on transboundary aquifers
to meet its water needs. Kuwait generally experiences low surface runoff due to sparse
precipitation and the high permeability of sandy soils. During extreme weather events, such
as winter storms, rainfall occurs, but is rapidly absorbed, forming small, saline ephemeral
playa lakes. Historically, rainwater infiltration through the Dibdibba Formation of the
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Kuwait Group was considered significant in models for the Al-Raudhatain and Umm
Al-Aish agricultural zones [20]. However, a study by Al-Hurban et al. [21], which involved
excavating six shallow pits in northern Kuwait’s drainage basins and analyzing satellite
imagery using ArcHydro GIS, revealed limited infiltration capacity and minimal interaction
with freshwater lenses at depth. Rainwater that does not accumulate in playas eventually
drains seaward.

The water balance in the Subiya Peninsula is highly constrained due to its arid climate.
The region experiences low annual precipitation (100 to 120 mm) and high evaporation rates
(~2500 mm/year), leading to minimal natural groundwater recharge [22]. Additionally,
urban expansion and excessive groundwater extraction have intensified concerns over
seawater intrusion into coastal aquifers, threatening water quality and availability [23]. As
Subiya transforms from a desert landscape into an urban and industrial hub, large-scale
projects such as Silk City and oil extraction activities in Bahra and Sabriya fields further
increase water demand and groundwater stress [24]. The Jaber Al-Ahmad Causeway,
facilitating regional connectivity, accelerates urbanization and economic growth, adding
to water consumption pressures. Given that about 90% of Kuwait’s water supply comes
from desalination, with groundwater serving mainly agricultural and industrial purposes,
addressing water sustainability challenges is critical [25]. Therefore, as Silk City advances,
Kuwait must prioritize the expanding desalination capacity, improving water recycling,
and protecting coastal aquifers to ensure long-term urban and industrial growth in Subiya.
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Figure 1. (a) A surface geological map of Kuwait illustrating its primary structural features, alongside
the distribution and ages of outcrops and sedimentary cover [26]. The focus area of this study,
Subiya, is outlined by a black square with coordinates at the lower-left corner at 29°30'50.22" N,
47°35'43.32" E, and at the upper-right corner at 30°02'44.28"” N, 48°09’37.26"" E. (b) A stratigraphic
column of the major geological formations, from the Miocene to Holocene, in the Kuwait Group [27].
The white numbers on the geologic map indicate outcrops: (1) Jal Az-Zor Escarpment, (2) Subiyah,
(3) Ahmadi Quarry, (4) Khairan Ridges, and (5) Enjefa Beach.

Despite the recognized threat of saltwater intrusion in Kuwait’s coastal aquifers, there
remains a notable research gap in assessing its implications for large-scale urban develop-
ment in arid environments. While previous studies have focused on mapping groundwater
salinity in northern Kuwait, comprehensive geophysical investigations specifically address-
ing the hydrogeological conditions of the Subiya Peninsula remain limited. The increasing
reliance on groundwater, coupled with saltwater injection for oil recovery and the antici-
pated effects of future sea-level rises, underscores the urgent need for a detailed assessment
of salinization risks in this region. This study seeks to bridge this critical knowledge gap by
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employing TEM surveys to achieve the following objectives: 1. delineate the distribution
of saline water within the Subiya Peninsula’s aquifers; 2. assess the extent and dynamics
of seawater intrusion in the region; and 3. evaluate the potential impact on Silk City’s
infrastructure and water resource management strategies. By integrating geophysical data
with hydrogeological analysis, this research aims to provide scientific insights necessary
for developing sustainable groundwater management policies, ensuring long-term water
security and infrastructure resilience for Kuwait’s future urban expansion.

2. Geological and Hydrogeological Setting

Kuwait largely consists of desert areas. The topography of Kuwait is generally flat,
with the surface elevation in the east of the country, near the coast, at 0 m, and in the
southwest, at up to 280 m above sea level [28]. The surface is characterized by few eleva-
tions, with the Jal Az-Zor and Al-Subyiah elevations in the north and the Al-Ahmadi and
Al-Kharian elevations in the south [26]. The most prominent elevation in the country is the
Jal Az-Zor Escarpment [29]. The escarpment runs from the southwest to the northeast, up
to the survey area in Subiya (cf. Figure 1a). There are various theories about the origin of
the Jal Az-Zor elevation [30]. The near-surface structures in Kuwait mainly consist of sedi-
mentary rocks from the early Miocene to the most recent Quaternary period (cf. Figure 1).
The Quaternary sediments at the surface are sand deposits containing portions of salt
carbonates and limestone. In the northeast of the country, along the coastline of Kuwait
Bay, there are tidal flats with Sabkha deposits. The tidal flat sediments consist mainly of
alluvial sandstones with a high salt content, and also consist partially of claystones [28].
Beneath the upper deposits lies the so-called Kuwait Group (cf. Figure 1b). This consists
of clastic sediments, and can be divided into the following three sections, with increasing
depth [31,32]: 1. the Dibdibba Formation (DF), 2. the Lower Fars Formation (LFF), and 3.
the Ghar Formation (GF).

The three formations within the Kuwait Group differ in age and sediment composition.
A stratigraphic representation of the geological formations within the Kuwait Group is
shown in Figure 1b. The DF, from the Miocene to the Pleistocene, is the uppermost layer of
the Kuwait Group, and can have a thickness ranging from a few meters to approximately
183 m in the north [33]. The formation consists of sand and gravel with portions of gypsum
and clay, and can be divided into two sections [28]. The upper section of the formation
primarily comprises coarse gravel, which differs from the deeper layers composed mainly
of gravelly sandstone with calcareous carbonates [31,34]. Below the DF lies the LFF, which
has a thickness ranging from 60 m in the west to 180 m in the north. This Miocene formation
consists of shale, sandstone, and fossiliferous limestone [31,33]. The lowest layer of the
Kuwait Group is the GF, from the Oligocene to the early Miocene. The sediments of the GF
mainly comprise calcareous sandstone with gypsum components [31].

Kuwait’s groundwater resources are limited and vulnerable to over-exploitation, as
well as contamination, primarily due to the arid climate, rapid population growth, and
extensive urbanization. Annual precipitation occurs predominantly from November to
February, with a generally low amount of rainfall [22,35]. However, rainfall patterns vary
across the different geographical locations. The groundwater level varies between 0 m
along the coast of the Arabian Gulf and Kuwait Bay in the east, and up to 90 m below the
surface towards the southwest [33]. Kuwait’s groundwater is generally brackish to salty.
The exceptions are the freshwater fields "Al-Raudhatain’ and 'Umm Al-Aish’ in the north
of the country, which represent the only freshwater resources in Kuwait [36]. The Kuwait
Group and the underlying Dammam Formation act as groundwater aquifers.

In this work, we focus on understanding the aquifers, and relate the derived subsurface
models to the value of “Total Dissolved Solids” (TDS). TDS describes the number of solids
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dissolved in a fluid. In groundwater, mainly salts are dissolved, making the TDS value an
indicator of whether the water is fresh or saline. Although the TDS value is usually given
in milligrams per liter [mg/L], we use here the unit g/L, due to the generally very high
values present in the area.

The LFF acts as an aquitard with lower permeability, separating the Dibdibba and
Ghar formations [33,37]. The aquifers in the Kuwait Group show large variations, with
TDS values ranging from below 4 g/L for brackish water in the southwest, to values
over 100 g/L, indicating hypersaline water, in the northeast near the coast [38]. Below the
Kuwait Group is the Dammam Formation, which mainly consists of limestone. It also
serves as an aquifer, with TDS values ranging from 2.5 g/L to 200 g/L, increasing from
southwest to northeast [33].

In the north lies Kuwait’s largest freshwater field, Al-Raudhatain. The TDS values in
this area vary from 0.2 g/L to 8 g/L. Water quality decreases with depth, and the fresh-
water field is surrounded by brackish and saline water, with values sometimes exceeding
14,000 mg/L at the periphery of the area [36]. Freshwater with salinity under 1 g/L can be
found in the upper section of the DF, where the system can be distinguished in two aquifers.
The upper aquifer has a thickness of 12 to 36 m, and is saturated with freshwater. Below
follows an aquifer with a thickness of 11 to 18 m, containing brackish to saline water [36].

Fadlelmawla et al. [38] analyzed the groundwater TDS values in the Kuwait Group.
The derived TDS map in Figure 2a is based on borehole data, and provides an overview for
the entire country. The survey area presented in this study is marked by a black square.
Along the coast of the Arabian Gulf, the TDS values range from 10 to 50 g/L, indicating
hypersaline groundwater. Moving westward, the TDS concentration decreases, indicating
fresher groundwater. This area includes the farming region of Abdali and the freshwater
field of Al-Raudhatain. Al-Senafy et al. [39] analyzed and modeled the groundwater in
northern Kuwait by integrating borehole information, as well as TEM measurements. Their
study establishes a relationship between the electrical resistivity of groundwater and the
TDS value. In our study, we use Archie’s empirical law to transform the modeled bulk
electrical resistivity into fluid resistivity (o), and subsequently use the relation proposed
by [40] to further transform the p into TDS values.
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Figure 2. The TEM survey design in Subiya. (a) A TDS map, with values in g/L (after [38]). The
location of the survey area is marked by a black square. The regional scale profile, with ~70 km
length, is indicated by a black line, and is subdivided into three zones: A-A’ (Z1) in the north, A’-B’
(Z2) in the central part, and B/-B (Z3) in the south. (b) Soundings along the regional scale profile

are marked as red dots. The background image shows the freshwater fields in blue and the Sabriya

oil field in brown (after [38]). (c) Local scale soundings covering the tidal flats in the south of the

Subiya Peninsula. The inferred faults are shown as black dashed lines, and the red GF as a red

dashed outline.
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3. TEM Survey Design and Data

The TEM method is widely used for imaging subsurface conductive structures [8-11,40,41].
It involves transmitting a current into square loops of insulated wire deployed on the
Earth’s surface. The transmitter loop’s current alternates between time-on and time-off
periods, generating a time-varying electromagnetic field, based on Faraday’s Law. After the
current’s switch-off, the primary magnetic field decays. This decay induces eddy currents in
the subsurface, which generate a secondary magnetic field recorded by a receiver positioned
either at the center or at an off-set distance from the transmitter loop. TEM offers remarkable
sensitivity to conductive formations, and enables high-resolution imaging of the subsurface
without requiring direct galvanic contact with the ground. The efficiency and application
of the TEM method are further detailed in [42,43]. With applications spanning various
geological settings, including saline water mapping, TEM has demonstrated its efficiency
and versatility in numerous studies worldwide. Despite its strengths, TEM may encounter
limitations in highly resistive rock formations or in laterally highly heterogeneous media
(e.g., [44]). Nevertheless, its relative simplicity, cost-effectiveness, and ability to probe
depths ranging from the surface to depths of a few hundred meters make it a valuable tool
for general geological and environmental studies, as well as mineral exploration.

TEM data were gathered utilizing the TEM-FAST portable device, using a coincident
loop setup with a single 50 m x 50 m wire loop. The transmitting current was maintained
at 4 Amperes, with a recording time ranging between 6 us and 0.02 s. In total, we covered
63 TEM stations at both local and regional scales, as shown in Figure 2b,c. On the regional
scale, 16 soundings, with a varying inter-station spacing between 5 and 10 km, cover a
roughly 70 km long profile, from the tidal flats in the south of Subiya towards the freshwater
fields around the Abdali farms in the north (cf. Figure 2b). A denser grid of soundings was
acquired on a local scale, to image the saltwater intrusion at the coast and around the core
area of the planned Silk City construction site (cf. Figure 2c). The station distance is 100 m
along the local scale profiles, with a profile distance of roughly 2-3 km. The main profile
(B-01-B-21) transects a possible fault zone, with an elevation change of approximately 20 m.

Four exemplary TEM transients are presented as induced voltage and transformed
into late-time apparent resistivity (p,, ) in Figure 3a,b for soundings A-01, A-08, A-13,
and B-01. The locations are marked on the map in Figure 2b. A clear change in data
characteristics is observed, indicating low resistivity (below 1 (dm) towards the tidal flats,
and higher values towards the freshwater fields around the Abdali farms, with comparably
low groundwater TDS values (cf. Figure 2a,b).

apparent resistivity [Qm]

\\\\\Hl \J\IHI‘

107 1073 1072
time [s]

1074 1073 1072
time [s] ( b)

Figure 3. Exemplary TEM data for soundings A-01, A-08, A-13, and B-01. The locations are shown in
Figure 2. (a) Observed induced voltage decay curves. (b) Late-time apparent resistivity curves.

In Figure 4, we present the color-coded late-time apparent resistivity for one transient
time, t =1 x 1073 s. From the late-time apparent resistivity data, a very consistent behavior
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along the profile from south to north is observed. The apparent resistivity drops below
1 Om on the tidal flats, and surpasses ~10 (Om towards the Abdali farms, indicating a
decrease in subsurface salinity away from the coast. The general trend of the data is
consistent with the TDS map in Figure 2a. Note that midway between A’ and B’, we
observe a slight increase in p, rt.

x 106 t=1x10"3s

10
3.32¢ 9
3 8
- 3.31F -
= _ 6 E
£ 3.3¢ i £ S
z 4 3
3.29 N
3
3.28¢ 2
1
3.27 0

Easting [m] x10°

Figure 4. TEM data plotted for one time channel, t =1 x 1073 s, as late-time apparent resistivity for
the regional scale transect. The transect is divided into AA’, A’B/, and B'B.

4. Results and Discussion

Subsequently, 1D inversion of TEM data was carried out using conventional Occam
roughness 1 (R1) and roughness 2 (R2), as well as Levenberg-Marquardt (LM) inversion
techniques, where Occam R1 applies a first-order smoothness constraint that minimizes
changes between consecutive layers, providing a smooth model, while Occam R2 uses a
second-order constraint, minimizing the second order difference (curvature) of the mod-
els [40]. Both models usually differ at depths where the model parameters are not supported
by the data; hence, the divergence of R1 and R2 is often used to estimate the depth of
investigation (DOI). Two exemplary 1D models are depicted, together with induced voltage
data and model response, in Figure 5. The data are fitted well for both soundings, with chi
(x) values ~1 and reasonable equivalence ranges for the LM models. B-01 is located on the
tidal flats, and indicates 2-3 subsurface layers with resistivities below 1 (dm, already at
a depth greater than 10 m below the surface. The lowest resistivity values are observed
at 15 m depth, with values around 0.4 (dm. The DOI estimate is roughly 80 m, using
the approach suggested by Spies [45]. Sounding A-01 is located on the Al-Raudhatain
freshwater field, and shows much larger resistivity values overall (~6 (dm at 30 m depth),
down to the DOI of roughly 115 m. Note that the divergence of R1/R2 suggests reduced
DOI values, with 80 m for A-01 and roughly 50 m for B-01.

4.1. Spatial Distribution of Saline Groundwater

Figure 6 displays the resistivity extracted from the Occam R1 models for the 16 regional
TEM stations, at three different depths, on a Google Earth satellite image (top row), on
the TDS map from [38] (middle row), and on the topography map from [46] (bottom row).
Here, we show the elevations —10 m (left), —30 m (middle), and —60 m (right). These
graphics serve to assess the regional salinity in the groundwater, and discuss possible
causes for the resistivity variations seen in the presented models, which are possibly related
to TDS and altitude.
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Figure 5. One-dimensional models, together with data and model response, for soundings A-01 (a,c)
and B-01 (b,d). The data fit chi is displayed in the respective legend. The LM models are marked in
red, and the equivalent models (EQUI) in gray. Occam R1/R2 models are marked in green and blue.
The DOI, derived based on the approach suggested by Spies [45], is indicated by black lines.
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Figure 6. A scatter plot of the modeled subsurface resistivity, depicted on (a) the satellite image,
together with station/zone labels (top row), (b) the TDS map from [38], with values in g/L (middle
row), and (c) the topography map from [46], with labeled altitude (bottom row). The elevations
for the model scatter plots are —10 m, —30 m, and —60 m. The maps are derived from the Occam
R1 results.
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According to [38], the groundwater level in the northeast of Kuwait ranges from an
elevation of 0 m to 10 m. Thus, in the survey area, at all the depths shown in Figure 6, the
soil is saturated with groundwater. Note the resistivity variation with increasing depths. At
an elevation of —10 m, the resistivities for all soundings are above 1 (dm, and decrease with
depth. For the southern stations (A-10 to B-01), we observe a transition to a more conductive
subsurface, with 0.2-0.5 (dm at an elevation of —30 m. For the northern part of the profile
(stations A-1 to A-10), the resistivity remains mainly above 1 (dm down to an elevation
of —30 m. Below this depth, there is a transition to resistivities below 0.8 (Om. Since the
subsurface resistivity decreases with depth, we suggest that the groundwater becomes more
saline with increasing depth, indicating a transition from brackish to saline groundwater.
The progression from initially fresh to brackish groundwater close to the surface, becoming
saline at greater depths, is also reported in [47]. In the southern TEM stations, the transition
from brackish to saline water is evident at shallower depths, whereas in the north, this
transition occurs at greater depths (see also 1D models in Figure 4 for comparison).

Besides the general behavior of increasing resistivity with depth, a regional pattern is
evident at all depths. In zone Z1 (A-A’), the resistivity decreases from west to east, and is
higher overall than in the southern zones (Z2, Z3). This trend suggests that groundwater
salinity decreases towards the inland areas and increases towards the coastal areas. In
zone Z2 (A’-B'), along t’he eastern coast southward, three stations (A-07, A-08, and A-09)
stand out with higher resistivity. At these stations, the salinity is lowered, possibly due
to a freshwater recharge from terrain elevations in the west (Figure 6, bottom row). The
resistivity increases towards Abdali, which aligns well with the decrease in TDS values
of the groundwater. Noteworthy is station A-01, located in the Al-Raudhatain freshwater
field. As visible in Figure 6 (bottom row), Al-Raudhatain is situated in a valley, and
surrounded by 12 dry riverbeds that are flooded during heavy rains, ensuring natural
groundwater recharge [33,36]. In Al-Raudhatain, the TDS values range from 0.2 to 8 g/L.
Similarly, the TDS values are significantly lower in Abdali compared to zone Z2 along the
profile. The fresher groundwater at Al-Raudhatain is confirmed by higher resistivities at
all depths for soundings A-01 and A-02. For the Abdali soundings (A-03, A-04, and A-05),
the groundwater remains fresher down to an elevation of —40 m. Below this, there is a
transition to saline groundwater, with resistivities of roughly 0.3 Om.

4.2. Regional Scale Interpretation

The 1D Occam R1 models are stitched together as quasi-2D sections along the regional
profile A-B (cf. Figure 7). We use a linear interpolation between the soundings. The profile
is subdivided into three distinct sections (Z1 to Z3, cf. Figure 7). We observe three distinct
layers that are interpreted in terms of geological and hydrogeological knowledge, namely
Holocene deposits (HD) and groundwater aquifers (AQ1 and AQ?2).

The northern DE which is the uppermost geological formation of the Kuwait Group,
has a thickness of up to 183 m [33]. Due to a DOI of maximum ~100 m, TEM resolves only
information about the DF as the primary aquifer beneath the surface deposits.

— HD: The surface layer consists of Holocene sand and gravel deposits, with resistivities
ranging from 20 Om to ~300 Om. Values vary due to locally different soil compositions
and water saturation. This layer may already be partially saturated due to rain
infiltration. The depth to the first aquifer ranges from a few meters, to 25 m in
elevated areas.

— AQI: This refers to the upper DF, serving as the shallow aquifer, and primarily consists
of sand- and gravel-rich sediments. The transition between HD and AQ1 is as low
as z = 0 m at location B-01, and reaches up to an elevation of 41 m at A-01 due to the
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elevated topography. The resistivity ranges from 2 to 10 Qm. Thus, the upper section
of the DF is likely saturated with brackish water.

— AQ2: below AQ]1, the resistivity decreases to between ~0.2 and 1.0 Om. The transition
occurs at an elevation of 5 m to roughly —50 m (A-03), caused by increasing salinity.
The lower DF differs in structure, being coarser and mainly composed of cemented
sandstone. As seen in the 1D stitched models (Figure 7), there is a noticeable resistivity
increase in zone Z2 between stations A-07 to A-09 down to roughly —40 m elevation,
extending even further downwards. This possibly indicates freshwater recharge from
the western elevated terrain (Figure 6). However, with values between 0.7 and 1.0 Qm,
the groundwater is still likely to be saline. In zone Z1, a lateral transition from saline
to brackish groundwater occurs between A-03 and A-02, with resistivities varying
from 0.2 Om to 4.5 Om at an elevation of —75 m. Conclusively, the groundwater is
likely to be brackish near the freshwater field of Al-Raudhatain.

31.62

10.00

3.16

p [Q2m]

1.00

0.32

0.10

| 20 km |

Figure 7. The stitched and interpolated 1D resistivity section derived from the Occam R1 results.
For improved visualization, the models are linearly interpolated along the profile. The black lines
indicate the transitions between the different layers in the DF. The formations are labeled. The vertical
gray/white lines separate the zones Z1, Z2, and Z3 (cf. Figure 6). Note that Z3 is oriented NE-SW.
The DOI is marked as the black shaded area.

4.3. Local Scale Interpretation

Figure 8a depicts the late-time apparent resistivity att = 1 x 1073 s as a scatter plot,
and (c) depicts the stitched 1D models obtained in the southern zone Z3. The spatial data
pattern indicates a significant resistivity decrease towards the coastline. We observe a few
rather distinct zones in the model, marked as Res1, F1, IZ, C1 and C2. The surface layer
Res1 shows resistivities larger than 5 (dm, with a thickness ranging from a few meters in the
south, to roughly 40 m towards location B-21. Note that the resistivity decreases between
B-11 and B-18, which coincides with the visible known fault at the surface (F1). It is likely
that due to the higher porosity around the fault zone, there is either an upwelling of saline
water or higher freshwater recharge. Towards the north, we observe an interface zone
(IZ) below the resistive zone Resl. From south to north (B-01-B-21), a more conductive
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layer (C1) appears, which may indicate a seawater intrusion pathway. The shape of the
top of the seawater intrusion can be partly explained by the Ghyben-Herzberg relation,
which describes the relationship between freshwater and saltwater in coastal aquifers,
estimating that for every meter of freshwater above sea level, there is approximately 40 m
of freshwater below sea level before reaching saline water [48]. Assuming the saltwater
interface to be at an elevation of —40 m at sounding B-19, the freshwater level would be
at an elevation of roughly 1 m. Below C1, the resistivity slightly increases to ~0.6 Om,
indicating a more compact formation (C2), being shallowest right below the visible outcrops
of the red GF (cf. Figure 8b,c). A unique interpretation is difficult, due to the absence of
borehole information. However, a relation between the possible fluid pathways, the fault
zones, and the known geological formations in this area is visually evident. This may have
significant implications for the planning of the ‘Silk City’ regarding not only construction
safety, but also water supply. Further geophysical studies could shed light on this matter.

Red Ghar
Formation (GF)

31.62
10.00

= 16 —

2 316 =

8 &

E= 1.00 =

[

ko

© 0.32
0.10

Figure 8. (a) A color-coded map of apparent resistivity late-time data for t = 1 ms. (b) An image of the
outcrop of the red GF. (c) A stitched and interpolated 1D resistivity section derived from the Occam
R1 results for the local scale transect (B-B’) at the Subiya coast. The inferred formations are labeled.
Note that Z3 is oriented from SW to NE.

4.4. Transformation of Models to Fluid Resistivity and TDS

Based on Archie’s formula, Al-Senafy et al. [39] derived a relationship between TDS
values, water, and soil electrical resistivity for northern Kuwait, by the incorporation of
TEM data, inferred borehole formation data, and well TDS:

pr=1/(1.3657 - TDS + 146.82) - 10~ )

Table 1 shows the various salinity categories and their corresponding TDS values [49].
Using Equation (1), the fluid resistivity values for each salinity category (fresh, brackish,
and saline) were calculated.
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Table 1. The different salinity categories with their corresponding TDS and fluid resistivity values.

Salinity Category TDS (g/L) Water pr ((0m)
Fresh 0-1 >6.61
Brackish 1-10 0.72-6.61
Saline >10 <0.72

Figure 9a depicts the TEM sounding A-01, which is located nearby the Al-Raudhatain
freshwater field. First, we calculated p from the model resistivities using Archie’s equation
(0f = Pmoder/ F), with the formation factors (F) proposed by Al-Senafy et al. [39], and
plotted them versus the depth, as shown in Figure 9b. With Equation (1), proposed by
Al-Senafy et al. [39], we subsequently solved for the TDS value of the fluid, and plotted it
versus depth, as shown in Figure 9c. Note that for near-surface sands with higher porosity,
a formation factor of F = 3.1-3.5 is specified, while for deeper areas, the formation factor for
cemented sandstone can be up to F = 21. For the lower formation factors (e.g., F = 3.1, sand
and gravel), the TDS values are in the brackish range, between 2 and 7 g/L. For higher
formation factors (e.g., F = 21, sandstone), the TDS can also be saline, with a TDS value over
10 g/L. According to [36], there are two aquifers in the DF at Al-Raudhatain. The upper
aquifer (AQ1) contains fresh groundwater, while the lower aquifer (AQ?2) is saturated with
brackish to saline water, and with increasing depth, there is cemented sandstone, with a
higher formation factor, that is saturated with saltwater. Note that the formation factors
are based on estimates provided by Al-Senafy et al. [39], which are derived from distinct
borehole analysis. For a more accurate interpretation, data from boreholes along the survey
profile line A-B are required, and could allow for more accurate information about the
formation parameters necessary for using Archie’s empirical equation.

p [Ohm m)] p; [Ohm m] TDS [g/]]
10! 102 107" 100 10" 10° 10! 102
surface’” ] mniiE fh]

\

Holocene deposits
. partly saturated

sand + gravel
F=31-35

\

upper Dibdibba
fully saturated
> sand + gravel
or sandstone
F=31-21

saline
brackish
fresh
fresh
brackish
saline

s F=3] osss F=35 osm F=2]

[ | B | | 2] |

(b) (c)

Figure 9. (a) One-dimensional models for sounding A-01, (b) the derived fluid resistivity p¢ [(dm],
and (c) the TDS value [g/L] of the fluid. The values of py and TDS are shown for formation factors

F=3.1,3.5, and 21. The yellow area indicates partially saturated soil; the blue area indicates fully
saturated soil. Note that the DOI is at roughly —80 m elevation, and, therefore, is not plotted (see the
DO in Figure 5a).
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4.5. Geophysical Insights for Sustainable Engineering in Silk City

The study’s findings regarding groundwater salinity and seawater intrusion in the
Subiya Peninsula provide critical insights for engineering construction and urban devel-
opment in the Silk City project area. Variations in groundwater conditions, such as high
salinity in coastal zones and fresher water in northern regions like the Al-Raudhatain and
Abdali farms, directly impact construction stability and material durability. Saline water
poses a corrosion risk to infrastructure, necessitating corrosion-resistant designs or avoid-
ance of high-salinity areas. The identified fault features further highlight construction safety
concerns, guiding site selection and mitigation strategies. Additionally, the correlation be-
tween terrain elevation and freshwater recharge zones informs sustainable water resource
management, ensuring reliable freshwater supply for urban and agricultural needs. Data
on water content and bulk resistivity also offer valuable insights into subsurface porosity,
which are essential for assessing soil properties and infrastructure design.

However, this study is only a preliminary step; large-scale projects like Silk City
require comprehensive geophysical surveys and deep borehole data to refine interpretations
and ensure long-term safety. Government agencies should prioritize providing baseline
geophysical data, and support further investigations to address risks such as saltwater
intrusion, groundwater depletion, and potential seismic impacts from saltwater injection
practices. By integrating these findings into urban planning frameworks, the research will
enhance construction resilience, support sustainable resource allocation, and mitigate risks,
ultimately ensuring the success of multi-billion-dollar developments in the region.

5. Conclusions

This study concludes that the Subiya Peninsula exhibits significant variations in
groundwater salinity, which are critical for the proposed Silk City development in terms
of sustainable freshwater supply, but also with respect to agricultural progress at the
Abdali farms. Regional- and local-scale surveys, well-validated with TDS salinity maps,
reveal a clear spatial trend: coastal areas exhibit higher salinity, while northern regions
towards the Al-Raudhatain and Abdali farms maintain fresher groundwater at greater
depths. The spatial trend correlates with the terrain elevation, possibly indicating zones
of increased freshwater recharge. Although Al-Raudhatain shows the least subsurface
conductivities, fresh-to brackish water occurs predominantly only in the Holocene de-
posits, whereas water in the upper DF is likely to be brackish, or even saline. In contrast,
southern regions experience saline conditions at shallower depths, likely due to saltwater
intrusion pathways influenced possibly by faults. These also indicate increased freshwater
recharge or upwelling of fluids. The saltwater intrusion pathway aligns roughly with
the Ghyben-Herzberg relation. Towards the coast, a subsurface resistivity pattern below
the GF is slightly visible. However, no unique interpretation can be made without deep
borehole data to better understand formation factors.

Our findings confirm the need for more spatial geophysical data on a regional scale
and detailed hydrogeological assessments, in order to improve regional interpretation
and ensure construction safety and sustainable water resource management in the Silk
City project area. This deeper understanding of saltwater intrusion pathways provides
actionable insights into mitigating salinization risks for planned developments such as Silk
City. Specifically, integrating geophysical findings into urban planning frameworks ensures
construction resilience and sustainable resource allocation. Implementing a monitoring
concept at the Abdali farms and Al-Raudhatain freshwater fields is highly advised to track
changes over time, especially to monitor whether the saltwater interface moves towards the
freshwater fields due to extensive groundwater abstraction. Further groundwater depletion
poses a significant threat to the agricultural production at Abdali and the food supply for
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the Kuwait population. Saltwater injection for enhanced oil recovery is a common practice
in northern Kuwait. Although the correlation between injection and recent shallow seismic
movements (less than 2 km depth) is not yet quantified, further investigation is needed.

By integrating these insights into engineering construction practices and complement-
ing them with further detailed studies, the research enhances its application value, offering
actionable data to mitigate risks, optimize resource use, and ensure the long-term resilience
and sustainability of the Silk City project and surrounding agricultural areas. While TEM
alone provides a strong basis for salinity assessment, future studies could integrate ERT
for improved near-surface resolution, and NMR for improved hydrogeological character-
ization. This combined approach would enhance the accuracy of salinity detection and
provide a more comprehensive understanding of groundwater conditions.
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