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Abstract: Al-Hassa city, located in Eastern Saudi Arabia, boasts the world’s largest oasis and the most
expansive naturally irrigated lands. Historically, a total of 280 natural springs facilitated significant
groundwater discharge and irrigation of agricultural land. Furthermore, the water in certain springs
formerly had a high temperature. The spatial variability of the water quality was evident. At the same
time, Al-Hassa Oasis is situated on the northeastern side of the Ghawar field, which is the largest
conventional onshore oil field in the world in terms of both reserves and daily output (approximately
3.8 mmb/d). The aforementioned traits suggest an intricate subsurface that has not yet been publicly
and thoroughly characterized. Due to the presence of significant cultural noise caused by agricultural
and nearby industrial activities, a robust, easy-to-use, and accurate geophysical method (gravity)
was used to cover an area of 350 km2, producing the 3D subsurface model of the study area. A total
of 571 gravity stations were collected, covering the whole Al-Hassa Oasis and parts of the nearby
semi-urban areas. The gravity data were corrected and processed, and a 3D inversion was applied.
The resulting 3D geophysical subsurface modeling unveiled an intricate subterranean configuration
and revealed lateral variations in density, indicating the presence of a potential salt dome structure,
as well as fracture zones that serve as conduits or obstacles to the flow of the subsurface fluids.
This comprehensive modeling approach offers valuable insights into the subsurface dynamics of the
broader study area, enhancing our understanding of its qualitative tectonic and hydraulic features
and their impacts on the area’s natural resources, such as groundwater and hydrocarbons.

Keywords: gravity survey; 3D modeling; Ghawar oilfield; subsurface complexity; Saudi Arabia

1. Introduction

The Al-Hassa region in Eastern Saudi Arabia is well-known for being home to the
largest oasis in the world and the most extensive naturally irrigated lands on a global
scale [1]. Al-Hassa is located next to Ghawar, which is the largest conventional oil field
in the world. Due to its historical dependence on more than 280 natural springs, some
of which provide warm water for agricultural irrigation [2], the area’s diverse water
quality indicates the existence of intricate underground geological formations that require
careful investigation.

Prior research on the hydrochemistry and hydrogeology of the Al-Hassa region pro-
vides a thorough comprehension of the intricate subsurface conditions in the study area.
Bakiewicz et al. [3] studied the hydrogeology of the Umm Er Radhuma aquifer. Subse-
quently, the authors Sen and Al-Dakheel [4] assessed hydrochemical facies in the same
aquifer. Sharaf [5] emphasized the hydrogeological and hydrochemical aspects of ground-
water, specifically highlighting the risks of seawater intrusion. In their study, Al Tokhais
and Rausch [1] examined the hydrogeology of the Al-Hassa springs and predicted the
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future availability and quality of water. They concluded that if the current water extraction
rates continue, the situation will become increasingly dire. In his 2009 study, Al-Dakheel [6]
introduced a spatial modeling approach to analyze changes in groundwater salinity over
time. Al-Naeem [7] and Al-Zarah [2] expanded upon this by assessing groundwater suitabil-
ity for irrigation purposes and analyzing the elemental compositions. Al-Omran et al. [8]
analyzed the quality of the groundwater, while Dirks et al. [9] provided further information
on the geological aspects of the Umm Er Radhuma aquifer. In their recent studies, Abba,
Yassin, Jibril, et al. [10] and Abba, Yassin, Shah, et al. [11] utilized advanced methodologies,
such as machine learning and spatial mapping, to examine trace-element pollution and
nitrate concentrations, respectively. These studies provided state-of-the-art findings on
groundwater susceptibility and pollution in Al-Hassa.

The Ghawar oil field was first discovered in 1948 and began production in 1951. This
extensive oil field is projected to maintain its current maximum production capacity of
3.8 million barrels daily until at least 2050. Ghawar is the primary supplier of associated gas
for Aramco, and the greater Ghawar area also contains several significant non-associated
gas fields.

The genesis of the prolific Ghawar oil field can be traced back to the Amar Collision,
occurring approximately between 640 and 620 million years ago (Ma). This collision
initiated a series of structural events across the Arabian Plate, giving rise to distinct north-,
northeast-, and northwest-oriented structural patterns, such as the En Nala Anticline, Qatar
Arch, and Khurais-Burgan Anticline [12,13]. After this, an extensional regime between
about 570 and 530 Ma catalyzed the development of the Najd fault system and engendered
the formation of northeast-trending rift basins, laying the foundation for the creation
of major subsidence zones during Precambrian and Early Cambrian times [12,14–17].
During this period, the proximity of the Arabian plate to the Equator [15] facilitated the
deposition of extensive salt layers within these basins, including the Hormuz, Ghaba,
Fahud, and South Oman salt basins [12,18]. Notably, the Hercynian Orogeny during the
Devonian period was pivotal in reactivating pre-existing basement structures, thereby
generating prominent north–south oriented horst blocks across Central and Eastern Saudi
Arabia. These geological events and processes cumulatively contributed to the formation
of structural traps favorable for hydrocarbon accumulation, amongst which Ghawar stands
as a preeminent example [13].

Geophysical investigations are a set of techniques that are used to analyze and de-
scribe the properties of materials in the subsurface. These techniques are indirect and
non-invasive, meaning they do not involve direct contact with the studied materials. A
comprehensive understanding of the fundamental formations and their structures is essen-
tial for conserving natural resources through exploration and exploitation. Both seismic
and non-seismic geophysical methods can be used to analyze and track the properties
of the subsurface. However, relying solely on one geophysical method is inadequate; to
achieve the most favorable result, it is advisable to utilize multiple methodologies and
integrate their findings to the fullest extent. Methods and data integration are not always
applicable, since sometimes the study areas have cultural noise. The least susceptible to
noise geophysical methods should be used to extract any information about the subsurface.

Gravity anomalies result from the heterogeneous distribution of densities within the
Earth’s crust. Consequently, profound and broad geological structures, including the
delineation of sedimentary basins, hydrocarbon traps, and the boundaries of mineralized
zones, can be effectively identified and mapped through gravity surveys. This geophysical
method leverages variations in gravity to infer the subsurface’s structural composition,
offering insights into both the depth and nature of geological features of interest [19].

In the broader Ghawar structure, positive and negative gravity responses were ob-
served by Edgell [20], Saner et al. [21], and Mukhopadhay et al. [22]. Around 20 km east
of the Ghawar structure, the Al-Hassa area in Saudi Arabia has not been extensively stud-
ied regarding its geological and geophysical characteristics, despite its importance in the
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field. Previous investigations by Al-Dakheel et al. [23], Al Tokhais and Rausch [1], and
Mahmoudi et al. [24] have provided limited information on the subject.

This study aims to address the lack of research by creating an accurate and high-
resolution 3D model of the subsurface using a robust geophysical method. Specifically,
this research presents the results of a large-scale geophysical survey over urban, suburban,
and agricultural sites using the gravity method to analyze intricate fracture networks and
gain insights into the structural development and tectonic past of the Al-Hassa Oasis area
in Saudi Arabia. The study area’s subsurface model was acquired through the inversion
of three-dimensional (3D) gravity data, and the complex 3D subsurface structure of the
Al-Hasa Oasis was reconstructed.

2. Study Area—Geological and Tectonic Settings

The study area is located about 60 km west of the Arabian Gulf, in the eastern province
of Saudi Arabia, known for its prominent geological characteristics. It is situated between
latitudes 25.351462◦ and 25.547711◦, and longitudes 49.557074◦ and 49.754603◦, covering
an area of approximately 350 km2 (Figure 1a–c). The elevations in the area vary between
120 and 220 m above sea level. A sand layer covers the study area and lacks any extended
outcrops that can support any geological/tectonic study. Therefore, no geological maps
have been published that include information about the types of rocks in the studied area
(Figure 1a). Within the study area, there is a spot where rock outcrops, particularly the
Hofuf formation, were found. These rock formations would probably extend to other areas
in the eastern province.

The region is mainly characterized by sand dunes and Quaternary deposits, with
occasional exposed sections that reveal the Upper Miocene to Lower Pliocene Hofuf For-
mation (Figure 1b). In general, there is a scarcity of published geological research in the
area because it is located close to the Ghawar oilfield. Additionally, the groundwater wells
in the area lack any information about the types of rocks present. The Hofuf Formation
is distinguished by the presence of conglomerates and calcareous sandstones alternating
with reddish mudstones and limestones [25]. The Hofuf Formation is located above the
Dam Formation and consists of limestones and reddish marls. The Hadrukh Formation
follows, consisting of sandstones, limestones, and marls [26]. Following that, the sequence
comprises the dolomitic and limestone formations of the Eocene Dammam Formation.
The underlying formations include the early Eocene Rus Formation, which is made up of
dolomitic limestone and gypsum, and the Paleocene Umm Er Radhuma Formation, which
contains limestone and dolomite with quartz geodes and chert nodules [26,27].

The Neogene sedimentary sequence in the Arabian Gulf area is distinguished by
an elongated NW-SE asymmetrical basin called the Zagros Syncline, located within the
East Arabian Block [26,28]. The basin area is thought to have diminished during the
Neogene period, likely due to a global increase in sea levels during the Mid-Oligocene
period, followed by the upward movement of the Earth’s crust from the Oligocene to the
Miocene epochs [29]. The Hofuf Formation is formed due to the Neogene development of
the East Arabian Block. This is supported by features such as grabens, strike–slip faults,
and transpressive folds, as documented by Hancock and Kadhi in 1978 [30], Vaslet et al.
in 1991 [31], and Weijermars in 1999 [29]. Dome formation in the Arabian–African Shield
occurred from the Late Cretaceous to the Eocene, while rift formation and the separation
of Africa from Arabia occurred during the Late Eocene to the Oligocene. Tectonic activity
occurring from the Late Miocene to the Pliocene caused the Red Sea floor to spread, which
resulted in the drainage of the uplifted Arabian Shield and the deposition of substantial
clastic sediments. This process led to the formation of the Miocene Hudrukh and Mio-
Pliocene Hofuf formations [25]. The topography of the region, which slopes towards the
east, allowed for the movement of sediment from west to east because of erosion of the
underlying bedrock.
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Figure 1. (a) The coverage of Saudi Arabia by geological maps released by the Saudi Geological 
Survey is presented by the colored rectangles. A thick black square depicts the location of the study 
area. (b) Geological map of the wider area (modified from Al-Mahmoud [32]). A red rectangle shows 
the location of the caves map in Figure 1d. (c) The study area with all the acquired gravity 
geophysical measurements is presented. The camera icon shows the location of the photo shown in 
Figure 1f. (d) The fault-zone pattern described by Hussain et al. [33] is depicted. (e) W-E section 
shows the geologic formations, the groundwater flow (blue and red arrows), and the subsurface 
deformation due to basement uplift beneath the study area (modified from Al Tokhais and Rausch 
[1]), and (f) fault-zone field photo showing the major ENE-WSW and NNW-SSE directions observed 
at an outcrop within the study area. 

Figure 1. (a) The coverage of Saudi Arabia by geological maps released by the Saudi Geological
Survey is presented by the colored rectangles. A thick black square depicts the location of the study
area. (b) Geological map of the wider area (modified from Al-Mahmoud [32]). A red rectangle shows
the location of the caves map in Figure 1d. (c) The study area with all the acquired gravity geophysical
measurements is presented. The camera icon shows the location of the photo shown in Figure 1f.
(d) The fault-zone pattern described by Hussain et al. [33] is depicted. (e) W-E section shows the
geologic formations, the groundwater flow (blue and red arrows), and the subsurface deformation
due to basement uplift beneath the study area (modified from Al Tokhais and Rausch [1]), and
(f) fault-zone field photo showing the major ENE-WSW and NNW-SSE directions observed at an
outcrop within the study area.

Hydrogeologically, the area is recharged by the mountainous western part of Saudi
Arabia, where fresh groundwater flowing to the east and northeast is observed in many
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monitoring wells (Figure 1d). A notable gradient in groundwater salinity is observed across
the region, escalating from approximately 300 parts per million (ppm) in the west to more
than 5000 ppm along the Arabian coast. Intriguingly, a discernible abrupt shift in salinity
with depth reveals a distinct stratigraphic influence. Shallow aquifers exhibit comparatively
better groundwater quality, whereas deeper (around 800 m) aquifers, particularly within
the Aruma Formation, manifest exceedingly saline groundwater [1].

The uplift and formation of the Ghawar anticline induced significant fracturing in
the region. The Al-Shubaa outcrop and a southern one display joint systems trending in
the NW-SE or NNW-SSE and E-W or ENE-WSW directions, eroded by wave-cut gorges
(Figure 1e,f). Fluvial erosion later reshaped these features [27].

3. Gravity Survey

The gravity survey was carried out by the Geophysics lab of the King Fahd University
of Petroleum and Minerals in three phases, taking place in the summer of 2021, the summer
of 2022, and the spring of 2023. A total of 571 gravity stations were measured, at urban and
semi-urban areas north and east of Al Hofuf city, as well as within the Al Hassa National
Park area. The data were collected in grids and profiles and cover an area of approximately
350 km2, with varying station spacing (150–900 m) according to local conditions (grid-
ded/profile data, remote/urbanized areas, accessibility, etc.). The characteristics of urban
areas (e.g., roads, buildings, telecommunication cables, large metallic objects, buried pipes
and cables, and sewers) do not allow for the usage of magnetic or electromagnetic methods,
so the gravity method can be used to gain preliminary insights into the subsurface regime
of such areas in a quick and cost-effective manner [34]. However, due to the complexity of
these areas, there are limitations in the application of the gravity method as well.

The measurements were acquired using two Scintrex CG-5 AUTOGRAVTM gravito-
meters, which have a high resolution of 1 µGal and use the optimum acquisition parameters
depending on the natural and/or cultural noise of the area under investigation. We set the
gravitometers to automatically detect and discard spikes caused by high external noise, as
well as to consider the Earth’s tide effect and the instrument’s tilt during transportation
and make the necessary corrections to the measurements. To avoid the extra minor noise
caused by the high air temperature that is typical for the area during the summer months,
the data were acquired during the morning hours and stopped before noon. The gravity
measurements were taken in sets of three or five, with a duration of 30–60 s, according to
the environmental or cultural noise in the nearby area. To ensure high-quality data, any
set with a difference of more than 10 µGal was repeated with additional measurements.
Stations with a tilt greater than 15 arcsecs were not used, and the gravity readings were
repeated. The average standard deviation (SD) for all the acquired data was 0.037 mGal.

Three points were selected to be used as base stations (one for each measurement
period), which were located in a central location near the rest of the measurements, in a
relatively quiet area (with no external noise sources). Each day, an opening and a closing
measurement were taken on the base station.

To estimate the gravitometer’s height correction, the distance between the center of
the instrument’s mass and the elevation of the instrument’s location were measured so that
every measurement refers to the actual elevation of the topographic relief. The geographic
coordinates and elevation of each station were measured by Trimble’s R10 Differential GPS
(Global Positioning System), with an accuracy error of less than 1 cm, using either a base
station or the KSA-CORS (Kingdom of Saudi Arabia Continuously Operating Reference
Station) network (for the measurements that cover wide areas within the city). The latter
consists of a service provided for the entire country that increases the geographic and
elevation accuracy of measured positioning.

For urban areas, there is a need to minimize the influence of buildings and other
relevant constructions on gravity measurements. The mass, height, and vibrations of a
tall construction cause the so-called “Building Effect”, which needs to be eliminated from
the data by applying the “Building Correction”, using information from detailed ground
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elevation datasets such as LIDAR [35]. A minimum distance of 75 m is proposed to exist
between a large construction and the installed gravity station [35], while in many areas
where a distance like this cannot be achieved, smaller distances might be used, up to
30 m [36]. In our survey, due to the densely constructed urban and semi-urban areas, the
gravity station locations were selected so that there is a distance greater than 15 m from any
small construction (e.g., stone wall) and 30 m from any larger building. This issue did not
occur within the National Park and the surrounding area, where the stations were installed
in remote locations.

Gravity Data Processing

After their acquisition, the data were imported to Seequent’s Oasis montaj v2023.2
software for processing and enhancement. For the corrections to the raw data, the Gravity
and Terrain Correction extension was used; a useful tool integrated within Oasis montaj
that handles gravity data obtained from ground surveys. The common gravity corrections
of instrumental height and drift were applied to eliminate the factors affecting the mea-
surements’ quality. Since no absolute gravity station was available to use its coordinates
and elevation for the latitude correction, the base station of the 2021 survey was used as
the reference point, and all gravity measurements were tied based on that point. Earth’s
normal gravity was calculated using the 1980 Geodetic Reference System (GRS80) [37] so
that the theoretical gravity value of the 2021 base station location was considered equal
to zero.

Topographic highs and lows strongly affect the local gravity field, and this dependence
should always be considered when processing gravity measurements [36]. The effect of the
local topography was reduced after applying the topographic correction using the Oasis
montaj standard algorithm. To run the terrain correction algorithm, it is necessary to import
a detailed and coarser Digital Elevation Model (DEM) or gridded elevation data for the
area of the survey and the wider area, respectively. The software will produce a new grid
that represents the terrain corrections; thus, the correction at each gravity station location
can be accurately calculated using the methods described by Kane [38] and Nagy [39]. In
our study, Shuttle Radar Topography Mapping (SRTM) at a 30 m resolution was used as
the local elevation model, and SRTM at 90 m was used as the regional elevation model. The
elevations of each gravity station were measured with high accuracy using the Trimble R10
Differential GPS system.

The Free Air and Bouguer corrections were applied to the corrected data to determine
the complete Bouguer anomaly (CBA). This anomaly considers the influence of extensive
and deep-seated regional structures, as well as shallower local bodies. Adjustments to
this overarching workflow may be necessary based on the specific goals of the study and
the nature of the survey [34]. In order to separate the influence of the shallow structures,
we obtained the residual gravity-field map by calculating and subtracting a first-order
polynomial that simulates deeper sources (regional field) from the CBA field.

To continue the process of identifying subsurface geotectonic structures, such as
rock contacts and faults, that have a significant difference in density and to compare the
results of the gravity analysis with the geology of the study area, we utilized the terracing
transformation and the tilt derivative (TDR) filters on the residual field data. The technique
of terracing transformation, as described by Cordell and McCafferty [40], can identify
distinct regions of uniform gravity-field intensity with well-defined boundaries [41]. To
produce the terracing transformation map, we run 30 iterations of the terracing algorithm
using Oasis montaj software. The zero contours of the TDR can be utilized to enhance the
structural edges [42,43]. This technique can also improve the signals of gravity anomaly
sources that are deeper or weaker. The calculation of TDR can be determined using
Equation (1):

TDR = arctan

 ∂G
∂z√(

∂G
∂x

)2
+

(
∂G
∂y

)2

 (1)
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where ∂G/∂x and ∂G/∂y are the first-order derivatives of the gravity field in the x and y
directions, and ∂G/∂z is the first-order vertical derivative. It was applied to the residual
gravity-field data to define the locations of structures’ edges corresponding to faults and/or
vertical/sloping rock contacts that act as the causative anomaly sources. The dipping
direction of the anomaly sources can also be estimated, which dips towards the negative
tilt angles.

The tilt-depth method [44] can be utilized to analyze the variations in the depths of the
anomaly sources. Given vertical geologic contacts or faults, the depths at which the upper
surfaces of the sources are buried can be found by measuring half the physical distance
between the corresponding contours of ±45◦.

To examine the distribution of rock densities beneath the surface, we generated three-
dimensional models using the VOXI Earth Modeling tool within the Oasis montaj software.
This software mainly uses the Cartesian cut cell method [42,43] for the inversion process.
This approach utilizes a Cartesian voxel comprising prismatic elements, which diminishes
computational complexity and saves computation time, while also enabling highly accurate
geometric depiction of geological surfaces. By integrating the method into inversion and
forward calculations, well-known artifacts that arise from representing topography with
prisms of fixed vertical extent are eliminated. To highlight the subsurface basins where
tectonic features largely influence fluid circulation, we studied the 3D distribution of
the negative density contrast bodies (density lower than the average crustal density of
2.67 g/cm3 that we used).

4. Results

Figure 2 presents the mapping of the resulting complete Bouguer anomaly (CBA). The
CBA anomalies range from 20.893 to 24.276 mGal. It is shown that the southwestern part of
the study area is dominated by lower CBA values than the rest of the area, whilst the highest
values are measured in the southeastern and northern parts of the area under investigation.
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Figure 3 shows the residual gravity field. In the residual field map, which shows the
influence of shallow structures on the gravity field, the anomalies range from −1.643 to
1.498 mGal. This indicates a measured signal with a cumulative amplitude of 3.141 mGals.
Here, it is important to note that the gravitometer has a precision of 0.001 mGal.
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The residual gravity field indicates regions of low gravity anomalies (lower densities)
in the southwestern area and locally, in some spots supported by several stations, in the
north, northeast, and central part of the study area, represented by the dark-blue color.
Conversely, areas of high gravity anomalies, depicted by the colors red and pink, are found
in the northwestern and southeastern parts of the study area. The rest of the study area
is characterized by mid-to-low gravity anomalies, typically ranging from −0.4 to 0 mGal,
represented by green and light-yellow colors.

Figure 4a shows the TDR map generated using the residual gravity field. The TDR’s
contours at zero-value were employed to analyze the subsurface lineaments depicted as
black lines. The dip direction of the lineaments is also indicated in Figure 4a, represented
by the direction of the semi-circles. The subsurface lineaments can be considered as lateral
geophysical (density) discontinuities and with low uncertainty can be assumed as fracture
zones. Based on this assumption, all lineaments were segmented in equal lengths, and
their orientation was recorded and used to prepare the rose diagram in Figure 4b using the
GeoRose v0.4.3 software (http://www.yongtechnology.com, accessed on 17 January 2024).

http://www.yongtechnology.com
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Figure 5, displays the terracing transformation map, resulting in an improvement
of the subsurface characteristics, suggesting the presence of similar areas with regards to
gravity response. The depth solutions obtained from the tilt-depth method are displayed
as colored circles according to their values over the residual gravity field (Figure 5).

A 3D inversion was applied to the gravity data, resulting in the construction of a
voxel-based 3D representation of the subsurface density anomalies. This representation
depicts the density contrast, which can be either positive or negative, as illustrated in
Figure 6a. The area was divided into a mesh consisting of 41 × 43 × 12 voxels in the X
(easting), Y (northing), and Z (depth) directions, with a resolution of 500 m. The inversion
reached a maximum depth of approximately 4.2 km. To emphasize the presence of bodies
with a low-density contrast, we employed upper and lower boundary values of 0.5 g/cm3

and −0.5 g/cm3, respectively, in the inversion procedure for the visualization of the 3D
gravity model. The negative (green and blueish color) density anomalies are between
−0.002 and −0.48 g/cm3 (Figure 6b).
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Figure 6. (a) The top view of the 3D model of the Al-Hassa Oasis area shows the positive (pink bodies)
and negative (blue bodies) density contrast anomalies. (b) 3D model of the study area, showing the
negative density (green and blueish color) bodies that correspond to subsurface basins.
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5. Discussion

A detailed and extensive gravity survey was applied over the Al-Hassa Oasis to
characterize the subsurface and reveal any tectonic or geological information. The data
possessed significant value, and their analysis aided in my comprehension of the study
area’s intricacy and distinctiveness.

The residual gravity field (Figure 3) indicates the influence of shallow structures on the
recorded signal. It reveals low gravity anomalies in the southwestern part of the study area
and some other areas, namely in the north, northeast, and central parts of the area under
investigation. Low-density anomalies (blue and dark-blue colors) are usually represented
by fractured/eroded rocks, semi-cohesive sediments, sedimentary rocks, and, sometimes,
loose sediments. On the other hand, areas of high gravity anomalies, depicted by the colors
red and pink, are found in the northwestern and southeastern parts of the study area. Hard
sediments and rock formations usually produce such high anomaly densities. The rest of
the study area is characterized by mid-to-low gravity (density) anomalies, typically ranging
from −0.4 to 0 mGal, represented by green and light-yellow colors.

Based on the above, the low-density anomalies can be considered as deep basins where
only the area they cover can be calculated. Other information, such as the thickness of the
sedimentary basin, can be extracted from other results. The high-density anomalies appear
next to the basins, with very sharp NNW-SSE and W-E contacts. Assuming that the lateral
density change can be considered as a fault and considering the proximity of the study area
to the Ghawar anticline, the high-density anomalies are probably uplifted rock formations.

The previous assumption regarding the N-S or NNW-SSE basins and the E-W disconti-
nuities was verified by utilizing the enhancement filters and the produced map showing the
TDR, seen in Figure 4a. The lines depicted on the TDR map could be interpreted as either
tectonic lineaments or geologic contacts. The dip direction is also specified (Figure 4a). The
lineament analysis identified the borders of the geological structures and emphasized the
regions where basins (characterized by low density and appearing blue) of the predicted
north–south and west–east general orientation are formed. A rose diagram is created to
interpret the lineaments (Figure 4b). All linear features (black lines in Figure 4a) were
segmented into 100 m length lines, and the strike for each one was recorded. From the
total number of linear segments, the rose diagram was constructed where the dominant
lineaments in NNW-SSE, NNE-SSW, and E-W orientations were determined. Although
those orientations are depicted from the subsurface, they show a good agreement with
surface features documented by Saner et al. [21].

The tilt-depth approach was utilized, and the terracing map was estimated to enhance
comprehension of the formation and progression of the basins (Figure 5). This investigation
presented data on the depths at which geologic contacts and/or tectonic structures are
anticipated and provided useful insights for subsurface modeling. The structural basin in
the southwestern area of Al-Hassa Oasis is situated at significant depths, with the basin rim
being approximately 200 m below the ground surface and extending to a depth of almost
1.8 km. The rest of the basins are shallower.

The obtained data were subjected to 3D inversion to incorporate and portray the
complexity of the research area, including changes in density, both in-depth and laterally.
Figure 6a displays regions with low density (shown by blue colors) and high density
(indicated by pink colors). The low-density structures are observed in a north–south
pattern. This is much clearer in Figure 6b, where only the low-density anomalies are
shown, represented by the sedimentary basins covering the study area. The figure shows
that almost all three basins are formed in the main N-S orientation. These basins are
interrupted by higher-density areas, which are represented by the white spaces in between.
Furthermore, the 3D model provides additional evidence to corroborate the notion that the
southwestern basin is indeed the deepest. The model reveals a substantial structure that
extends beyond the boundaries of the area and reaches a maximum depth of 4.2 km.

By utilizing several geophysical techniques and considering additional factors, such
as the proximity of the research area to the Ghawar oilfield and the anticipated tectonic
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characteristics in the region, we can draw the following conclusions based on the find-
ings. The presence of fractures with distinct orientations both at the surface and in the
subsurface offers insights into the complex geodynamic history of the region. Surface ob-
servations reveal predominantly E-W-oriented fractures, as indicated by Khogali et al. [45].
Conversely, subsurface data obtained from gravity surveys show the coexistence of both
N-S and E-W fracture sets. The orientation of the principal stress (σ1), resulting from the
Arabian–Eurasian plate collision along the Zagros belt, provides a plausible explanation
for the genesis of E-W fractures. This tectonic interaction, characterized by significant
compressive forces, will likely induce fracturing perpendicular to the σ1 direction, aligning
with the observed E-W fractures.

Conversely, the presence of N-S fractures, particularly noted in the subsurface and
absent on the surface, suggests a different mechanism at play. These fractures may be
associated with an extensional regime responsible for developing the Najd fault system.
Furthermore, the general N-S orientation of outcrop belts and subsurface basins in the Al-
Hassa area may derive from the Amar Collision’s imprint, which established N-S trending
structural patterns such as Al Nala anticline. This Precambrian event’s legacy, coupled with
a subsequent reactivation during the Hercynian Orogeny in the Devonian period, could
have further accentuated the N-S structural predisposition. It is crucial to acknowledge
the limitation of the outcrop data derived from a single outcrop study, which may not
fully represent the area’s complex fracture network. A comprehensive examination of
additional outcrops could yield further insights into the interplay of tectonic forces and the
development of fractures in the Al-Hassa area. This expanded analysis would enhance our
understanding of the subsurface fracture patterns and their implications for hydrocarbon
exploration and extraction in the region.

Moreover, the observed density variations contributing to gravity anomalies may
also be attributed to salt domes or diapirism, a hypothesis supported by the presence
of such structures in the region, such as the Dammam Dome and the North Gulf Salt
Basin [13]. This scenario underscores the multifaceted geological processes influencing
the area’s subsurface characteristics, further complicating the geophysical interpretation
and emphasizing the need for a multi-disciplinary approach for unraveling the geological
history and potential resource opportunities in the Al-Hassa region.

6. Conclusions

An extensive gravity survey was conducted in the Al-Hassa Oasis area to develop a
detailed and intricate subsurface model of the area being studied. The acquired gravity
data indicated that the subsurface geophysical structures in the research area are complex
and three-dimensional (3D), characterized by linear anomalies/features with low density.
The 3D gravity inversion revealed an intricate subsurface configuration characterized by
linear discontinuities oriented in the NNW-SSE and W-E directions. Given the anticipated
stress distribution in the wider research region, these discontinuities can be interpreted as
fracture zones. Furthermore, the extensive analysis of density variations aligns with the
structural characteristics of a salt dome, as explained in the discussion section. Based on
the predicted data, it has been concluded that gravity can provide images of anomalies
with a relatively minor contrast variation. Geological, geochemical, or other geophysical
data, particularly seismic data, could be valuable for validating the generated 3D model for
the research region and refining the final conceptual model for the Al-Hassa Oasis area.
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