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The Al-Hassa area is well-known for its geological and hydrogeological importance since
it has historically boasted over 280 natural springs, which were used to irrigate the largest
oasis in the world. Al-Hassa is located near the renowned Ghawar oil field, the largest
conventional oil field globally. This study utilizes geophysical surveys and geological and
hydrogeological investigations to understand and reconstruct the subsurface heterogeneity
in the Al-Hassa Oasis area. The covered area in this study is more than 350 km?2. Therefore,
we divided the area into two parts based on the acquired data set to better understand the
subsurface. The first part is about 40 km? and is located in the Al-Hassa National Park area
in the northeast of the Al-Hassa Oasis. Five geophysical methods were used in this part:
210 gravity stations, a 3.6 km magnetic profile, forty-six magnetotelluric, six audio-
magnetotelluric, and 35 transient electromagnetic stations to reconstruct a 3D subsurface
model for the Al-Hassa National Park with the highest accuracy. The second part consists
of the whole Al-Hassa oasis and is covered with 571 gravity stations and 113 groundwater
well hydrochemical data. This study also utilized ground photogrammetry data and regular
structural field data acquired from a well-exposed outcrop in the Al-Hassa capturing the
Upper Miocene to Lower Pliocene Hofuf Formation. In the Al-Hassa National Park, all

electromagnetic soundings were processed and combined to achieve maximum resolution
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from the surface to maximum depth of investigation. Gravity and electromagnetic data
were combined to create the 3D model. Magnetic data was unimportant, so no
interpretation was made. The 3D geophysical subsurface modeling of the study area
showed a complex underground structure. Integrating geophysical datasets revealed lateral
resistivity discontinuities, a possible salt dome structure, and fracture zones that facilitate
or impede groundwater flow. In the whole Al-Hassa part, the resulting 3D geophysical
subsurface modeling unveiled an intricate subterranean configuration. It 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. The
combined hydrochemical and geophysical results show a good agreement between
groundwater quality and density (gravity anomalies) distribution within the study area. The
southeastern part of the study area exhibits distinctive positive gravity anomalies,
indicating denser rock formations alongside high total dissolved solids (TDS) in
groundwater, reflecting poor water quality. Conversely, the southwest displays significant
negative gravity anomalies, suggesting loose sediments or basins and low TDS values,
signifying good water quality. Additionally, the study reveals a pattern in groundwater
temperature distribution, with cooler waters in the areas characterized by negative gravity
anomalies (basins), and hotter waters emerging from areas with positive gravity anomalies.
These findings suggest that groundwater quality differences may stem from varying sub-
basins and interactions with distinct geological substrates. Temperature variations may also
be attributed to differing subsurface flow pathways. The structural investigations revealed
adominant fracture system trending WNW-ESE, and a series of secondary fracture systems

on NW-SE and NE-SW orientations. This suggests that a complex interplay of tectonic

XiX



stresses has shaped the area over the geological timescale. Overall, this thesis tries to
explain the controlling factors for the subsurface heterogeneity in the Al-Hassa oasis area,
emphasizing the role of geological, tectonic, and hydrogeological elements in shaping this

oasis's subsurface pattern.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Al-Hassa region features Saudi Arabia's largest oasis and one of the world's largest
naturally irrigated oasis (Figure 1)(Abderrahman and Ukayli, 1984). In the past, date palms
were cultivated in an area of around 120 km?. Natural artesian pressure has led to a massive
amount of groundwater discharging from the underlying aquifers, which allowed for a great

area of agricultural land (Al Tokhais and Rausch, 2008).

The irrigation water in this oasis is derived from 280 natural springs. The overall spring
discharge was around 315 MCM/a (10 m%/s) in the mid-twenties century (Abderranman
and Ukayli, 1984). The discharge varied greatly, with some springs producing more than
1 m3/s. Even though locals owned several minor springs, many of them, including the major
ones, were connected to a public irrigation system (Al-Dakheel et al., 2010). The old
irrigation method was clever and effective: with the help of gravity, water was moved and
reused across the oasis at varying elevations. The spring's discharge was around 10 m%/s at
the turn of the century, but they aren't flowing anymore. Groundwater levels have dropped
substantially because of the overexploitation of groundwater resources (Al Tokhais and

Rausch, 2008).



Generally, the water in these springs used to be warm, with temperatures ranging from 27
°C to 32 °C (Al-hagel and Bahlah springs); nevertheless, some of them are called hot
springs, with temperatures exceeding 32 °C (Al-harra, Al-jawharia, Al-khadoud, Um-
saba’a, Najim). The presence of such variability in spring water temperature within this
limited area raises a question about the source/s of this groundwater (Figure 1). In 1987,
Nabulsi tried to explain this temperature variation as a function of the water flow pathways
from the source aquifer to the ground (Figure 2). Hotter springs flow via shorter paths
through geological fissures. In contrast, cooler springs groundwater rises through longer
paths peculating within subordinate higher aquifers and flowing sub-horizontally before

being able to seep towards the Earth’s surface.
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Figure 1: Google map showing the study area in Al-Hassa, the locations of the major hot and cold springs (after personal
communication with Dr. M. Alfarhan), and approximate zones of hot and cold water with respect to the sampled wells
in the Al-Hassa area.
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Figure 2: Explanation of temperature variations in different springs (Nabulsi, 1987).
1.2 Problem statement and research gap
Al-Hassa represents one of the important geological areas in Saudi Arabia. The study area
comprises the largest oasis in the world. Due to the area's proximity to the giant Ghawar
oil field, the oil industry has conducted several geological, tectonic, and geophysical

surveys in the past. However, this data remains confidential.

The developed fracture system has led to the formation of one of the most complex aquifers
in the Arabian Peninsula. This groundwater system used to discharge a total of 315 MCMl/y
(million cubic meters/year) from its natural springs (Vidal, 1951), but with the increased
overexploitation of groundwater, the drawdown reached 150 m in the last 30 years and
numerous wells fell dry (Al Tokhais and Rausch, 2008). In response to this, the Ministry
of Environment, Water, and Agriculture has gradually supplied the agricultural area with

treated wastewater until it eventually stops depending on groundwater. Several



hydrological and geological studies (Abderrahman and Ukayli, 1984; Alabdula’aly et al.,
2010; Al-Dakheel et al., 2010; Al-Naeem, 2011; Al-Omran et al., 2018; Al-Zarah, 2011,
Bakiewicz et al., 1982; Chapman, 1974, 1971; Dirks et al., 2018; Hussain, 2006; Kalbus et
al., 2011; Nabulsi, 1987; Saner et al., 2005; Sharaf, 2001; Tleel, 1973) have been conducted
on Al-Hassa due to its agricultural and historical importance. However, due to its complex
nature, these studies did not fully characterize the subsurface geology and the aquifer
system. Therefore, there is an urgent need for comprehensive research to investigate such
a complex area for its geology, structures, aquifers, and the processes that have shaped all
these elements throughout its long history. Additional studies are required utilizing
integrated techniques including hydrogeology, tectonic, and geophysical tools to
characterize the subsurface geology and aquifer properties and construct a 3D subsurface

geological model in the area.

1.3 Objectives of the thesis

The main aim of this thesis is to develop a comprehensive methodology for characterizing
the subsurface geological and structural features of a complex area, specifically the Al-
Hassa Oasis, and construct a 3D subsurface geological model. The Al-Hofuf area has been
extensively studied by numerous researchers and the oil and gas industry over the years,
yet a convincing integrated 3D subsurface model has not been produced to provide a

thorough understanding of the subsurface geology.
The primary objectives of this research are listed as follows:

1. To collect and analyze relevant geophysical, geological, and hydrogeological data to

understand the complex subsurface geology of the Al-Hassa Oasis.



2. To model and interpret the collected data, generating subsurface models using all

available data as inputs.

Ultimately, the goal is to integrate and construct a 3D subsurface geological model that

incorporates all available surface and subsurface data from the study area.

1.4 Study area

The Al-Hassa Oasis is located about 60 kilometers west of the Arabian Gulf (Figure 1),
between 25° 20" 02" and 25° 32' 30" N Latitudes and 49° 46' 40" and 49° 34' 30" E
Longitudes and occupies an area of around 600 km2. The region has an elevation that varies

between 130 and 160 meters above sea level.

The phrase "Al-Hassa," which derives from Arabic, describes a terrain characterized by
piled sand and an impenetrable layer underneath it. When rain falls on such a terrain, the
water seeps through the sand (which also shields it from evaporation) and is held by the
impermeable base layer, ultimately forming an aquifer. In 2018, the oasis was included on
the UNESCO World Heritage Sites list. Additionally, since December 2015, it has been a
participant in the UNESCO Creative Cities Network. The most significant oases in the
Arabian Peninsula are Al-Hassa Oasis in Saudi Arabia and Al Ain Oasis in the United Arab

Emirates near the border with Oman.

1.5 Literature review

The Arabian Plate is often regarded as one of the most significant geological zones on
Earth. In the Arabian Shield to the west, it is composed of volcanic rocks, while in the east,

it is composed of sedimentary rocks. A complex multi-aquifer system is formed from the



Late Cretaceous and Tertiary formations in Saudi Arabia (Bakiewicz et al., 1982; BRGM,

1976; GTZ/DCO, 2006).

In the subsequent sections, the tectonics, geology, and hydrogeology of the study area are

briefly summarized.

1.5.1 Tectonics

The Al-Hassa oasis is located to the east of the Ghawar oil field. It extends from the Ghawar
hills to the Al Jafurah sand desert. In this area, naturally flowing springs are the source of
the oasis's water and vegetation. This oasis is situated at an elevation of around 130-160

m above sea level, with the Shedgum Plateau reaching a height of 290 meters.

The joint systems that trend either northwest or north-northwest in Jabal Al Qarah have
originated by marine waves. These caverns were subsequently changed by fluvial
weathering (Al-Sayari and Z6tl, 1978). More than one and a half kilometers long, Ghar
An Nasab may be found on the eastern slope of Jabal Al-Qarah. It was formed within large
and regularly shaped interconnected joints that have various forks. Hussain et al. (2001)
investigated the geology of the area around the Jabal Al-Qarah caves. The horizontally
bedded Hofuf formation was eroded to develop several geomorphological features in the
region. In contrast, the heart of the flat-lying Shedgum plateau is devoid of well-defined
stream courses. The fact that there are several big sinkholes that are just a few feet deep
and that the rocks underneath them are permeable is evidence that infiltration is a far more

important factor in the change of the landscape than runoff erosion.

Saner et al. (2005) noted that the fracture orientations in the outcrops of the Hofuf

Formation are randomly distributed and there is no clear fracture pattern. However, during



our reconnaissance field trip, we noticed two clear vertical fracture sets in the outcrop in
the NW and NE directions (Figure 3). This may highlight the necessity for a more detailed

tectonic investigation of the Hofuf Formation.

Figure 3: Nearly vertical fracture sets in the Hofuf Formation at Jabel Al-Bariga. A) NW set B) NE set.

1.5.2 Stratigraphic framework

The studied stratigraphic interval comprises (from older to younger), the Cretaceous Wasia
and Aruma Groups, the Paleocene Umm Er Radhuma Formation, the early Eocene Rus
Formation, and the Eocene Dammam Formation. The Neogene section consists of
Hadrukh, Dam, and Hofuf formations. The geological map and stratigraphic column of the

study area are shown in Figures 4 and 5.



The Cretaceous Aruma Formation

Powers et al. (1966) provided a comprehensive overview of the Aruma Formation, which
had previously been characterized by Steineke et al. (1958). After a further study by El
Asa’ad (1984, 1983a, 1983b), the Aruma Formation was found to be composed of three
units: the Khanasir member, the Hajajah member, and the Lina member. The Aruma
Formation was elevated to the status of a Group and consequently elevated its units to the
status of formations by Alsharhan and Nairn in 1990. The Khanasir Formation is made up
of limestone with abundant fauna (Vaslet et al., 1991), and it was dated using ammonites
as the primary dating method (Le Nindre et al., 2008). The Hajajah Formation comprises
limestone with mudstone and shale intercalated throughout it (Philip et al., 2002). The Lina
Formation is mostly composed of shales but contains some dolomitic limestone alterations

(Philip et al., 2002).
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Figure 4: Stratigraphic column and aquifers system of the Cretaceous and Tertiary periods in Saudi Arabia (Dirks et al

2018).

The Paleocene Umm Er Radhuma Formation

The reference section of the Paleocene Umm Er Radhuma Formation is approximately 243

m thick and contains a very fine to medium-grained yellowish gay dolomite and includes

quartz geodes and chert nodules (Powers et al., 1966). These rocks are believed to be



dolomized later from shallow marine limestone (Tleel, 1973). It contains fragments of

pelecypods, echinoid spines, and undefined Foraminifera (Al-Sayari and Z6tl, 1978).

The Early Eocene Rus Formation

The type-section of the Early Eocene Rus Formation is at Jabal Umm Ar Russ, consisting
of three units (Powers et al., 1966; Steineke et al., 1958). The bottom unit is about 21 m
thick and consists of gray color dolomitic limestone with chert nodules and quartz geodes
(Tleel, 1973). The middle unit is about 10 m in thickness and comprises limestone with
mud balls and calcite geodes. The top unit consists of 25 m of dolomitic limestone with
some gypsum in the upper part. Rus Formation is interpreted as deposited in a shallow

marine environment (Al-Sayari and Z6tl, 1978; Tleel, 1973).
The Eocene Dammam Formation

The typical section of the Dammam Formation is exposed in the Dammam area where it
conformably overlies the Rus Formation. It consists of five members: Midra member; Saila
member; Alveolina member; Khobar member, and Alat member (Powers et al., 1966). The
Midra member is about 3m and comprises laminated shale with unclean limestone, gypsum
lenses, and shark teeth. The Saila Shale member consists of impure gray limestone and
fissile shale (Tleel, 1973). The Alveolina member comprises microcrystalline dolomitic
limestone of about 1 m thickness and includes common Alveolina elliptica (Tleel, 1973).

The Khobar member is about 10m and consists of dolomitic marl in the lower part and
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limestone in the upper part. The Alat member is about 15m and contains dolomitic marl

and dolomitic limestone (Al-Sayari and Z6tl, 1978).
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The Miocene Hadrukh Formation

The Hadrukh Formation ranges from 20 m to 120 m in thickness and consists of sandstone,
marl, limestone, and claystone, with some gypsum and common chert. The color is
predominantly greenish gray, along with other colors like pink, brown, red, and white (Al-

Sayari and Z6tl, 1978; Powers et al., 1966).

The Miocene Dam Formation

Dam Formation was first studied by Steinke. M and T.W in 1935 where it was considered
as a phase (Figure 6). Later, it was upgraded to a formation of the Miocene age and formally
published by (Steineke et al., 1958). Its type-section is Jebel Al Lidam, which is about 90
m thick although only the lower part of the Dam Formation crops out in this area (Powers
et al., 1966). The Dam Formation unconformably tops Rus and Dammam Formations at
the Dammam dome area. It is composed of reddish marl interbedded with greenish clay,

packstone, grainstone, sandstone, and limestone (Al-Sayari and Zétl, 1978).

The Miocene Hofuf Formation

The type locality of the Hofuf Formation is at Hofuf City in eastern Saudi Arabia where it
covers huge areas. The Hofuf Formation varies in lithology and thickness in different
locations. At Hofuf city it is about 93 m thick. The bottom part is about 17 m and consists
of a white and brown conglomerate. Then, an 18 m thick impure calcareous sandstone. On
top of that, about 49 m of red mudstone and sandstone. The upper part is about 9m of

limestone (Al-Sayari and Z6tl, 1978).
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Figure 6: Lithological column of the Hofuf and Dam formations (Saner et al, 2005).

1.5.3 Hydrogeology

The complex multi-aquifer system in the study area contains four partially connected
karstified fractured aquifers (Figure 7). Aruma aquifer at the bottom, Dammam aquifer,
Umm Er Radhuma aquifer, and Neogene aquifers at the top. The Rus Formation which
consists of evaporites, marls, and limestones, performs as an aquitard disconnecting the
Umm Er Radhuma from the Dammam aquifers in some parts. It also interconnects the two
aquifers in other areas where secondary permeabilities are created by fissures and the
dissolution of evaporite layers. The bottom portion of the Aruma Formation, which is
composed of clay and shale, serves as an aquitard, dividing these aquifers from the Wasia

aquifer underneath it. The natural springs have been formed because of the preferential
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flow routes that have emerged along the Ghawar anticline because of intense fracturing.

They interconnect the multiple aquifers and direct groundwater to surface discharge.

Based on previous hydrochemical and hydrological studies in the area, the spring water is
concluded to be derived from the lower Umm Er Radhuma aquifer (Bakiewicz et al., 1982;
BRGM, 1976). The Wasia groundwater has isotope characteristics distinct from those of

the Umm Er Radhuma aquifer (Shampine et al., 1979).
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Figure 7: Geological and hydrologiacl characteristics of the study area (Al Tokhais and Rausch, 2008)
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The aquifer system's major groundwater flow is directed westward into the Arabian Gulf
from outcrop areas. Groundwater migration occurs predominantly through secondary
openings within the aquifer system, like fractures, joints, and beddings, which are usually
developed by dissolution. At the outcrop areas and for some distance eastward, the multiple
aquifers are unconfined until the groundwater table overlaps with the aquitards’ confining
layers. The groundwater in the study area is dated as 20000 years based on isotopes. This
is because of the deep aquifers, the long distance, and the slow percolation time (Al-Sayari
and Zotl, 1978; Bakiewicz et al., 1982). Significant recharge and discharge occur because
of the downward and upward flow of groundwater from the multiple interconnected
aquifers. The groundwater salinity ranges between 1,000 and 2,000 mg/l in the study area

(Al Tokhais and Rausch, 2008).

1.6 Data and Methodology

The current study has three phases: data acquisition, data processing and interpretation,
and modeling and data integration. An overview of the various methods and procedures is

illustrated and discussed in greater detail in the paragraphs that follow:

1.6.1 Geological, Hydrogeological, and Geophysical Field Investigations:

1.6.1.a Geology:

The geological investigation in this study focuses on tectonic features and structural trends

in the nearby outcrops using remote sensing and outcrop inspections.

1.6.1.b Hydrogeology:
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Water wells were selected for groundwater sampling based on previous studies along with
current field investigations. Selection was based on well location and depth, well status,
and well use. Focusing on current or daily operating wells ensured getting representative
samples from the targeted aquifer. Water level measurements and field parameter
measurements (Total dissolved solids (TDS), Temperature, Electrical Conductivity (EC),
pH) were carried out using multiparameter meters. Global Positioning System (GPS) was

used for determining well locations and elevations.

1.6.1.c Geophysical:

Electromagnetic:

The Audio-Magnetotelluric (AMT) technique is a passive electromagnetic approach that
measures changes in magnetic and electric fields at the same time (Cagniard, 1953;
Tikhonov, 1950). The resistivity matrix is given from transfer functions between magnetic
and electric fields, and it represents an upright profile of the subsurface's electrical
characteristics. The frequency range of the AMT is 10° to 1 Hz (Farzamian et al., 2019).

AMT method provides high resolution for the upper 1.5km.

An alternating current serves as the source for the TEM method, which is implemented by
injecting it into an inductively coupled transmitter loop. After the current has been shut off
for a period, it will disperse into the subsurface by moving downward and outward. To
record the transient decay of the induced voltage, a receiver coil or wire loop that detects
the fading of the induced current is used (Farzamian et al., 2019). The TEM method
provides high-resolution 1D models of the conductivity variation with depth for the upper

500m.
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The magnetotelluric (MT) approach investigates the electrical resistivity system of the
subsurface at depths up totens of kilometers by utilizing the Earth's natural
electromagnetic fields (Agyemang, 2020). Because the electric and magnetic responses are
sensitive to vertical and horizontal fluctuations in resistivity, the magnetotelluric approach
is ideally suited for studying complex geological settings. The investigation depth ranges
from 0.3 km when using higher frequencies to 10's km when using lower frequencies

for long-period soundings.

The different passive (MT and AMT) and active (TEM) EM methods applied, were
integrated to provide the highest-accuracy models from the top to the max depth of a few
km below the measured stations. Gravity measurements were used to constrain and

complementary support the final resulting quasi-3D EM model for the study area.

Gravity:

Two Calibrated CG-5 instruments were used in the acquisition. Three cycles per 1-minute
measurement were recorded at each station to make sure that we have good data for the

processing. For the Q/C, Max tilt X/Y of +/- 4.2 units.

The OASIS MONTAJ will be used for the processing part for the corrections and filtering.

1.6.2 Groundwater Sampling:
Sampling groundwater for analysis was carried out using polyethylene bottles (PE)
depending on the required analysis in terms of groundwater sample amount and

preservation type.
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The PE bottles underwent a triple pre-rinsing process using deionized water to prevent any
cross-contamination. The wells were subjected to an approximately one-hour purging
period before sampling to obtain water samples that accurately represented the subsurface

quality conditions.

For general hydrochemical analysis, one 200-ml sample was taken from each well. The
sample was preserved in a cooling box under 4° C and then taken to the laboratory to be

analyzed as soon as possible.

For minor and trace elements analysis, one 200-ml sample was collected and preserved by

adding nitric acid (HNO3).
For Oxygen and Hydrogen isotopes, a 200-ml sample was taken.

1.6.3 Laboratory analysis

lonic concentrations and isotopic analyses were carried out at King Fahd University of
Petroleum and Minerals (KFUPM), Dhahran, Saudi Arabia. Major ion concentrations
within the milligrams per liter (mg/L) range were determined using the Dionex 1CS-6000
lon Chromatograph (IC) following the EPA 9056A standard method (US-EPA, 2007).
Bicarbonate levels were determined using titration. Oxygen and hydrogen stable isotopes
were analyzed using PICARRO cavity ringdown spectrometer L2130-1 isotopic H20..This
included quantitative analysis of the following ions: Calcium (Ca?"), magnesium (Mg®"),
sodium (Na®), potassium (K*), bromide (Br’), ammonium (NH4"), chloride (CI°), sulfate
(SO4%), bicarbonate (HCO3"), nitrate (NO3"), nitrite (NO2"), fluoride (F), phosphate (PO4>

) and total dissolved solids (TDS).
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For minor and trace elements, the analysis was carried out using Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS). The following elements are expected: Aluminum
(Al), arsenic (As), boron (B), lithium (Li), silver (Ag), cadmium (Cd), iron (Fe), chromium
(Cr), cobalt (Co), copper (Cu), lead (Pb), lithium (Li), manganese (Mn), molybdenum

(Mo), nickel (Ni), vanadium (V) and zinc (Zn).

Oxygen (160 & 180) and hydrogen isotopes (H & D) analysis were carried out using a

Picarro L2130-i Cavity Ringdown Spectrometer CRDS analyzer.
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CHAPTER 2
Structural analysis of Neogene sandstone sequence through

integrated digital outcrop modeling and field investigations

Khogali, A.; Abu-Mahfouz, I.; Arrofi, D.; AlGhamdi, M.; Soupios, P. Structural analysis of
Neogene sandstone sequence through integrated digital outcrop modeling and field

investigations. Submitted to the Journal of Structural Geology 2024, Under Review.

2.1 Introduction

The Al-Hassa area hosts Saudi Arabia's largest oasis and one of the world's most expansive
naturally irrigated lands (Al Tokhais and Rausch, 2008). Historically, over 280 natural
springs, some yielding warm water, were utilized for oasis irrigation (Al-Zarah, 2011). The
water quality and temperature diversity observed across the area (Sen and Al-Dakheel,
1987; Al-Omran et al., 2008) hint at a complex subsurface geological framework that
requires thorough characterization. Given the acknowledged challenges in characterizing
subsurface fractures (Laubach et al., 2019), in this study, we integrated traditional
fieldwork and digital outcrop modeling (DOM) to elucidate the subsurface geological

complexities within the study area.

A considerable amount of work on automated outcrop fracture analysis has been published
(e.g., Zeeb et al., 2013a, 2013b; Prabhakaran et al., 2019). DOM is a globally utilized
method in geological research (e.g., Buckley et al., 2006; Alfarhan et al., 2020; Villarreal
etal., 2020; Thomas et al., 2021; Uzkeda et al., 2022; Eltom et al., 2023; and Panara et al.,

2023), and its applications are gaining popularity. Various studies demonstrate that digital

20



photogrammetry can yield high-quality datasets (e.g., Buckley et al., 2006), allowing for

accurate spatial measurement extraction.

High-resolution DOMs have proven to be incredibly valuable in the field of geology,
providing a wealth of diverse geological data (Villarreal et al., 2020). The applications of
DOMs span across multiple areas of geoscience, including structural geology (e.g., Uzkeda
et al., 2022), geothermal exploration (e.g., Thomas et al., 2021), geohazard assessment
(e.g., Valkaniotis et al., 2018), stratigraphy (e.g., Nesbit et al., 2018), reservoir outcrop
analogue studies (e.g., Eltom et al., 2023; Thomas et al., 2021) and sedimentology (e.g.,
Bilmes et al., 2019). Numerous studies have demonstrated the effectiveness of DOMs in

these domains, showcasing their wide-ranging capabilities.

In structural geology, DOMSs hold substantial significance by providing continuous spatial
observations of rock units, lithological contacts, and the geometry of geological structures.
Despite the wide range of research on ground photogrammetry in structural geology
worldwide, there has been limited application of ground photogrammetry in structural

geology studies in Saudi Arabia, as evidenced by the lack of relevant publications.

Moreover, the Hofuf Formation has been the subject of limited geological investigations
in Saudi Arabia, primarily focusing on its broader geological context in regional studies
(e.g., Powers et al., 1966; Hussain et al., 2006; Kumar, 2013). The present study mainly
aims to map fractures and examine the structural characteristics of the Hofuf Formation
using DOM, and then validate the results using traditional methods. It presents, for the first
time, a comprehensive structural analysis of the Hofuf Formation and examines the

implications on reservoir quality. Through this study, we demonstrate the utility and
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effectiveness of DOM techniques, particularly ground photogrammetry, in unraveling
complex fracture networks and understanding the structural evolution within the Hofuf
Formation. Furthermore, our study provides valuable insights and new perspectives into

the tectonic history of the Al-Hassa region in Saudi Arabia.

2.2  Study area, geological and tectonic settings

The study area comprises a series of well-exposed outcrops in Jebel Al-Shubah in the Al-
Hassa area, which is located around 60 kilometers west of the Arabian Gulf (Figure 8). The
area mainly lies between 250 20' 02" and 250 32' 30" N Latitudes and 490 46' 40" and 490
34" 30" E Longitudes and occupies an area of around 600 km2. The region has an elevation

that varies between 120 and 220 meters above sea level.

The type locality of the Upper Miocene to Lower Pliocene Hofuf Formation is at the Hofuf
city in eastern Saudi Arabia (Figure 8). The formation was observed in Qatar along with
the Dam Formation (Figure 9) as outliers. The Hofuf Formation represents the youngest
Neogene deposits in the study area (Figure 9). The term "Hofuf" was initially introduced

by Thralls and Hasson, in 1956 (Al-Saad et al., 2002).

The Hofuf Formation comprises randomly distributed hills and is composed of brittle rocks
ranging in color from brown to light yellow and from grey to pale white, exhibiting fining
upward cycles. This formation is situated unconformably above the calcareous Middle
Miocene argillaceous Dam Formation. The upper part of the Hofuf Formation is either
eroded or concealed beneath recent deposits (Powers et al., 1966). In its type section, the
Hofuf Formation reaches a thickness of approximately 95 meters and is divided into four

distinct units. These are a basal conglomerate unit, with a thickness of 17 meters, composed
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of pebbles and boulders, an 18-meter-thick unit of calcareous sandstone, a 49-meter-thick

unit of argillaceous sandstone of red mudstone-sandstone interval, and a blocky/nodular
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Figure 8: a) Structural and Tectonic map of Arabian Plate showing the location of the study area (from Ziegler (2001)).
b) Geological map of the study area (modified from Al-Mahmoud, (1987)).

limestone unit, with a thickness of 9 meters (Figure 9) (Al-Sayari and Z6tl, 1978; Al-Saad

etal., 2002).

The Neogene sedimentary sequence in the Arabian Gulf region is characterized by an
elongated NW-SE asymmetrical basin called the Zagros Syncline in the East Arabian

Block (Powers et al., 1966; Murris, 1980). This area underwent changes attributed to global
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Mid-Oligocene emergence and regional uplift from the Oligocene to the Miocene
(Weijermars, 1998). The development of the Hofuf Formation is linked to the Neogene
evolution of the East Arabian Block, supported by evidence such as grabens, strike-slip
faults, and transpressive folds (Hancock and Kadhi, 1978; Vaslet et al., 1991; Weijermars,
1998). Late Cretaceous-Eocene marked the initiation of doming in the Arabian-African
Shield, and Late Eocene-Oligocene witnessed rift development and separation of Africa
from Arabia. The tectonic activity of the Late Miocene-Pliocene has led to the Red Sea
floor spreading, causing drainage from the uplifted Arabian Shield and the deposition of
significant quartzose clastic sediments, forming the Miocene Hudrukh and Mio-Pliocene
Hofuf formations (Al-Saad et al., 2002). The regional topography, sloping eastward,

facilitated the west-to-east sediments transport of the basement erosion.
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Figure 9: Generalized stratigraphic column of eastern Saudi Arabia and the lithostratigraphic sequence of the Hofuf
Formation (modified after Dirks et al. (2018); Powers et al. (1966); Saner et al. (2005)).
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2.3 Methodology

Two different techniques were used to collect data from the studied outcrop: digital
photogrammetry (Figures 10, and 11b) and traditional geological field methods (Figures
11a and 11c). Digital methodologies offer many advantages compared to conventional
fieldwork; nevertheless, they also come with certain disadvantages. The strengths primarily
lie in the faster data acquisition and processing and the easiness of transferring the data into
meaningful figures and maps. On the other hand, it is worth mentioning that there are
certain limitations associated with electronics in general, such as calibration, battery

lifespan, and susceptibility of electronics to field conditions.

In the Al-Hassa area, hundreds of digital georeferenced photographs have been captured
around a small outcrop of the red mudstone and sandstone unit of the Hofuf Formation
(Figure 11). Applying the photogrammetry method outlined by Alfarhan et al. (2020), a
3D model was created from the collected georeferenced photographs. The creation of this
model involved several steps, such as identifying the photo’s location, constructing a TIN
mesh, simplifying it, applying texture to the mesh, and finally transporting the model from

the photogrammetry software to the ArcGIS platform for further processing.

In ArcGIS, the GeoAnalysisTools software extension was used to pick georeferenced
surfaces of different fractures from the 3D photogrammetry outcrop model. The strike and
dip of those surfaces/fractures were detected and mapped automatically by the software
during the processing (Figure 11b). The utilization of a 3D fracture mapping technique

facilitated the effective visualization of various sets of fractures, enabling a reliable
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Figure 10: Digital Outcrop Model (DOM) of the Hofuf Formation in the Al-Hassa area.

,“ﬂ?“

Figure 11: a) Structural data acquisition using traditional fieldwork. b) Structural
data acquisition GeoAnalysisTools extension. C) An example of the fractures in
calcareous sandstone unit the Hofuf Formation.



measurement of fracture density and the identification of fracture sets across the entire

outcrop sections.

In the conventional fieldwork investigation, fracture measurements were acquired to
compare and cross-validate the structural elements and characteristics obtained from the
digital outcrop modeling technique (Figure 1l1a, 11c). The primary method for
documenting fractures in this fieldwork involved systematically measuring fracture
attributes along linear transects. Fracture orientation, dip angle, aperture, and height were
recorded for each identified fracture set within the examined beds. To measure the heights
of fractures, we used a standard tape measure. Aperture widths were measured with the aid
of a hand lens and a specialized comparator (Ortega et al., 2006), which facilitated the

measurement of displacement sizes down to an approximate accuracy of 0.05 mm.

2.4 Results

A total of 210 fractures were traced from the DOM. Most of the fractures observed on the
DOM are open fractures (joints and fissures) with a WNW-ESE primary orientation.
However, secondary orientations were also observed, including NE-SW and NW-SE
(Figure 12a). Most of the joints have an almost vertical dip angle, as observed also from
the field (Figure 12b). The histogram statistics in Figure (12b) show a negative skewness
value of -1.56 and a kurtosis value of 3.07, indicating a pronounced skewness towards

vertical fractures and the presence of heavy tails in the distribution.

A total of 45 main fractures were traced using traditional field techniques. As shown in
Figure (13a), the dominant fracture orientation was E-W, followed by WNW-ESE

orientations (100, 120, and 130 degrees, with 110 degrees also observed). Figure (13b)
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indicates that 36 out of the 45 fractures were nearly vertical, with dip angles ranging from
87 to 90 degrees. Additionally, 5 fractures had dip angles between 82 and 86 degrees, while
3 fractures exhibited dip angles between 70 and 82 degrees. One fracture had a dip angle
of approximately 50 degrees. The statistical analysis of the dip angles in Figure (13b)
yielded a skewness value of -3.74 and a kurtosis value of 16.04, indicating a highly skewed
distribution with heavy tails. The range of dip angles spanned 40 degrees, with a standard

deviation of 6.85 and a mean dip angle of 86.69 degrees.
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Figure 12: DOM structural data a) Orientation of open fractures or joints within the Hofuf Formation. b) Histogram
depicting the dip angles of fractures.
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Figure 13: Traditional fieldwork structural data a) Orientation of open fractures or joints within the Hofuf Formation. b)
Histogram depicting the dip angles of fractures.
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The results of fracture height analysis from the DOM method show that the fractures within
the Hofuf formation are dominated by short fractures of less than 100 cm, mainly confined
to their host beds (Figure 14a). Specifically, most of the fractures are bounded within the
calcareous sandstone layer; only very few small fractures are observed cutting to the
mudstone layer. The data is characterized by a positive skewness of 3.79, indicative of a
right-skewed distribution, and a kurtosis value of 18.72, suggesting heavy-tailed data. The
dataset exhibits a standard deviation of 109.53, reflecting notable data dispersion and a

mean of 60.88 as its central tendency.
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Figure 14: DOM fracture length analysis a) Distribution of open fracture. b) Log-log plot of fracture lengths distribution.

DOM fracture height distribution following power law distribution (Figure 14b). This
suggests that all the data is scale-independent, indicating a similarity in the structural
geometry across various scales and showing a significant variation in the measured
quantity (Seebeck et al., 2014). Therefore, fractures can be easily upscaled, aiding the

correction and interpretation of seismic imaging (Menegoni et al., 2022).

The dataset of fractures aperture reveals a positively skewed distribution with a skewness
value of 2.87 (Figure 15a). The kurtosis value is 10.42, indicating a leptokurtic distribution.

The range of aperture values spans from 0 to 22.7 cm, with a standard deviation of 3.56 cm
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and a mean aperture of 3.46 cm. Notably, most fractures exhibit relatively smaller
apertures, with 64 fractures having apertures less than 1 cm, while only 4 fractures have
apertures between 13 to 18 cm and 2 fractures around 22 cm. Fracture aperture distribution
following power law distribution (Figure 15b). This suggests that all the data is scale-
independent, indicating a similarity in the structural geometry across various scales and

showing a significant variation in the measured quantity.
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Figure 15: DOM fracture aperture analysis a) Distribution of open fracture aperture. b) Log-log plot of fracture aperture
distribution.
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CHAPTER 3
Subsurface characterization of the Al-Hassa National Park,

Eastern Saudi Arabia, using multi-geophysical methods

Khogali, A; Chavanidis, K; Kirmizakis, P; Stampolidis, A; Ashadi, A. L.; Hanstein, T;
Candansayar, E; Soupios, P; 2024, Subsurface characterization of the Al-Hassa National
Park, Saudi Arabia, using multi-geophysical methods, submitted to Arabian Journal for

Sciences and Engineering, Springer, Under review.

3.1 Introduction

The Al-Hassa region in eastern Saudi Arabia is renowned for hosting the world's largest
oasis and the most expansive naturally irrigated lands globally (Al Tokhais and Rausch,
2008). Al-Hassa is adjacent to Ghawar, the world's largest conventional oil field. With a
historical reliance on over 280 natural springs, some yielding warm water for agricultural
irrigation (Al-Zarah, 2011), the area's varied water quality suggests the presence of

complex subsurface geological structures warranting meticulous examination.

Previous studies on the hydrochemistry and hydrogeology of the Al-Hassa area offer a
comprehensive understanding of the subsurface complexity in the study area. Bakiewicz et
al. (Bakiewicz et al., 1982) studied the hydrogeology of the Umm Er Radhuma aquifer.
This early work was followed by evaluating hydrochemical facies within the same aquifer
(Sen and Al-Dakheel, 1986). Sharaf (Sharaf, 2001) highlighted groundwater's
hydrogeological and hydrochemical aspects, pointing out seawater intrusion risks. Al
Tokhais and Rausch (Al Tokhais and Rausch, 2008) addressed the hydrogeology of the Al-
Hassa springs, forecasting a grim future for water availability and quality if current
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extraction rates persist. Al-Dakheel (Al-Dakheel, 2009) presented spatial modeling for
groundwater salinity, marking shifts over time. Al-Naeem (Al-Naeem, 2011) and Al-Zarah
(Al-Zarah, 2011) furthered this by evaluating groundwater for irrigation and studying
elemental compositions. Al-Omran et al. (Al-Omran et al., 2018) characterized
groundwater quality, while Dirks et al. (Dirks et al., 2018) expanded on the hydrogeology
of the Umm Er Radhuma aquifer. Most recently, Abba et al. (Abba et al., 2024b, 2024a)
employed advanced techniques like machine learning and spatial mapping to investigate
trace element pollution and nitrate concentrations, offering cutting-edge insights into

groundwater vulnerability and pollution in Al-Hassa.

Geophysical investigations are indirect and non-invasive methods used to analyze and
describe the properties of materials in the subsurface. Thorough knowledge of the
underlying formations and their structures is crucial for preserving natural resources
through exploration and exploitation. Seismic and non-seismic geophysical methods are
available for characterizing and monitoring the subsurface. However, it is insufficient to
depend solely on one geophysical method; to attain the most favorable outcome, it is
advisable to employ various methodologies and combine their findings to the greatest

extent.

Recent advancements in geophysical methods, including magnetotelluric (MT) and
transient electromagnetic (TEM) methods, offer promising avenues for non-invasive and
cost-effective subsurface imaging. The TEM method, known for its high resolution in
shallow- and medium-depth imaging, has been extensively utilized in hydrogeophysical
studies (Massoud et al., 2009), groundwater exploration (Costabel et al., 2017; Siemon et

al., 2009), investigations of seawater intrusion (Demirci et al., 2020; Yang et al., 1999) and
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soil salinization (Al-Garni and El-Kaliouby, 2011). Combining TEM with supplementary
geophysical methods enhances the resolution of the subsurface features (Farzamian et al.,

2019).

Additionally, broadband MT data, including AMT frequencies, provide shallow and deeper
insights than TEM surveys, particularly regarding greater depth penetration (Arnason et
al., 2010; Patro, 2017). M.T. has been widely applied in studying geothermal resources,
exploring aquifer boundaries, and imaging saltwater/freshwater interfaces (Ashadi et al.,
2024; Erdogan and Candansayar, 2017; Nenna et al., 2013; Ueda et al., 2014). The joint
use of MT/AMT and TEM methods has been recognized for mapping medium-depth and
deep structures (Bai et al., 2001; Farzamian et al., 2019; Mohamed et al., 2002; Zhang et

al., 1995).

Moreover, potential field (gravity and magnetic) methods offer broader-scale information

on subsurface depressions, basins, and fractures (Chavanidis et al., 2022).

Despite its geological significance, the Al-Hassa area in Saudi Arabia has received limited
attention in geological and geophysical investigations (Al Tokhais and Rausch, 2008; Al-
Dakheel et al., 2008; Mahmoudi et al., 2011). This study aims to fill this research gap by

mapping and characterizing the subsurface using various geophysical methods.

The primary purpose of this survey is to demonstrate the utility and effectiveness of multi-
geophysical techniques, particularly electromagnetic (TEM, AMT, and MT) methods and
potential field (gravity and magnetic) methods, in unraveling complex fracture networks
and understanding the structural evolution and the tectonic history of the Al-Hassa region

in Saudi Arabia. A 3D resistivity model of the study area was obtained using three-
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dimensional (3D) AMT/MT data inversion. We also obtained a pseudo-two-dimensional
resistivity model using laterally constrained TEM data inversion. Afterward, a density
model from gravity data inversion constrained by a 3D resistivity model was obtained. All
geophysical models and available surface and borehole information were combined to

reconstruct the complex 3D subsurface structure of the Al-Hasa oasis.

3.2  Study area, Geology and Tectonic Regime

The study area is situated within the eastern province of Saudi Arabia, notable for its
predominant geological feature, a vast expanse covered by a layer of sand (Figure 16a).
Thus, no geological map with lithological information for the area under investigation has
been published. Beyond the confines of the park area, outcrops are evident, with the notable
presence of Hofuf formation outcrops depicted in Figure 1b of the geological map. These
outcrops likely extend to other locations within the eastern province. The Al-Hassa region
lies approximately 60 kilometers west of the Arabian Gulf (Figure 16b), positioned
between latitudes 250 20" 02" N and 250 32' 30" N and longitudes 490 46' 40" E and 490
34" 30" E, covering an expanse of approximately 600 km2. Elevations within the area range
from 120 to 220 meters above sea level. The study area is within the Al-Hassa National
Park, a natural oasis in Umran's neighborhood near Qarah Mountain. The park was
established in 1962 in an area of about 45 km2 (5.3 km wide "W-E" and 7.36 km length
"S-N") to act as a barrier for the dunes' migration into the Al-Hassa urban and oasis area.
The place is designed in an L-shape (Figure 16c), with the first half extending along the
southern border of the dunes and the other part extending along the eastern area. This
windbreak is roughly 20 km long and 250 - 750 meters wide, creating a solid barrier

between the sandy desert and residential and farming areas in the region.
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Figure 16: (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, 1987)). A black rectangle shows the study area of the National Park. (c) The study
area with all the acquired geophysical (AMT, MT, TEM, gravity, and magnetic) measurements.

The area predominantly comprises sand dunes/sheets and Quaternary deposits, with only
sporadic outcrops revealing the Upper Miocene to Lower Pliocene Hofuf Formation
(Figure 16b). Overall, the area has few published geological research due to the proximity
of the study area to the Ghawar oilfield, and the groundwater wells have no lithological
information. The Hofuf Formation is characterized by conglomerates, calcareous
sandstones interbedded with reddish mudstones, and limestones (Al-Saad et al., 2002a).
Situated beneath the Hofuf Formation are the limestones and reddish marls of the Dam
Formation, succeeded by the sandstones, limestones, and marls of the Hadrukh Formation

(Powers et al., 1966). Subsequently, the sequence includes the dolomitic and limestone
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formations of the Eocene Dammam Formation. Further, underlying formations consist of
the early Eocene Rus Formation, comprising dolomitic limestone and gypsum, and the
Paleocene Umm Er Radhuma Formation, which includes limestone and dolomite featuring

quartz geodes and chert nodules (Al-Sayari and Z6tl, 1978; Powers et al., 1966).

The Neogene sedimentary sequence in the Arabian Gulf area is characterized by a stretched
NW-SE asymmetrical basin known as the Zagros Syncline, situated within the East
Arabian Block (Murris, 1980; Powers et al., 1966). Tectonic movements in this region are
attributed to global emergence during the Mid-Oligocene and subsequent uplift from the
Oligocene to the Miocene (Weijermars, 1999). The formation of the Hofuf Formation is
related to the Neogene development of the East Arabian Block, evidenced by features such
as grabens, strike-slip faults, and transpressive folds (Hancock and Kadhi, 1978; Vaslet et
al., 1991; Weijermars, 1999). From the Late Cretaceous to the Eocene, dome formation
commenced in the Arabian-African Shield, while rift formation and the separation of
Africa from Arabia were during the Late Eocene to the Oligocene. Tectonic activity during
the Late Miocene to the Pliocene led to Red Sea floor spreading, causing drainage from the
uplifted Arabian Shield and depositing significant clastic sediments, resulting in the
Miocene Hudrukh and Mio-Pliocene Hofuf formations (Al-Saad et al., 2002b). The
regional landscape, sloping eastward, facilitated sediment transport from west to east due

to basement erosion.

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 monitoring
wells (Figure 17a). 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
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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 (Al Tokhais and Rausch,

2008).
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Figure 17: (a) W-E section showing the geologic formations, the groundwater flow (black and red arrows), and the
subsurface deformation due to basement uplift beneath the study area (Al Tokhais and Rausch, 2008). (b) Fault zone
pattern (Hussain et al., 2006) and (c) Fault zone field photo showing the major ENE-WSW and NNW-SSE directions
observed at an outcrop within the study area.

The uplift and formation of the Ghawar anticline induced significant fracturing in the
region. Some outcrops display joint systems trending in the NW-SE or NNW-SSE and E-
W or ENE-WSW directions, eroded by wave-cut gorges (Figures 17b,c). Fluvial erosion

later reshaped these features (Al-Sayari and Z6tl, 1978).

3.3  Geophysical Survey Methods and Data Acquisition

Geophysical studies give indirect results about subsurface features. Thorough knowledge
of the subsurface and its complexity is crucial for deep (e.g., natural resources exploration)

and shallow surveys (e.g., preventing foundation failure and understanding ground

37



conditions). In general, geophysical data inversion results are interpreted to reveal
underground structures. However, the geophysical data inversion is ill-posed and non-
unique. To reduce the non-uniqueness problem, different types of geophysical methods are
employed, such as MT, TEM, and gravity, and we apply joint inversion of the data or
combined inversion (inverted separately) of 2D/3D geophysical models (Candansayar and
Tezkan, 2008; Demirci et al., 2017; Edigbue et al., 2022). Thus, it is advisable to utilize
many geophysical methods and combine their inversion results for optimal outcomes. Non-
seismic geophysical technologies are important for enhancing the accuracy of scientific
and technical evaluations in subsurface research. In comparison to seismic methods, these
approaches offer cost-effective and practical solutions. Combining passive and active
electromagnetic (EM) methods in both time and frequency domains with potential field
methods (gravity and magnetic) can offer additional information that may lower field
development expenses and enhance the comprehension of geological structures (Ashadi et
al., 2024, 2022; Barajas-Olalde et al., 2023; Chavanidis et al., 2022; Hinojosa-Prieto et al.,

2021; Kalisperi et al., 2018; Panagopoulos et al., 2021; Rani et al., 2020).

Magnetic surveys measure the distribution of induced and remanent magnetization
produced by magnetic minerals in the crustal rocks belonging to all common lithological
groups. The magnetic mineral accumulation in a rock is a function of its primary
composition and geological history (Grant, 1985). Gravity surveys measure the lateral rock
density distribution with depth; thus, we applied it to the Al-Hassa National Park study as
the complex subsurface lithology and tectonic settings should provide significant density

changes.
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EM surveys are sensitive to subsurface resistivity structures. They are utilized to
characterize the subsurface's electrical properties (conductivity or its inverse, resistivity)
and create multidimensional models of the Earth’s resistivity distribution. Resistivity often
decreases when the measurements are collected over a basin, where fluids fill the pore
spaces of porous materials, or when a fractured aquifer is detected with secondary porosity,
where cracks are filled with fluids. There are time- and frequency-domain EM methods.
The TEM method is an active time-domain EM method and is recognized for its near-
surface application, reaching a depth of 500-600m below the surface (Hinojosa-Prieto et
al., 2021; Panagopoulos et al., 2021; Rani et al., 2020). In the TEM method, we inject an
alternating electric current inside the transmitter loop, which generates a vertical primary
magnetic field. This magnetic field induces the conductive material and generates Eddy
current, thus producing a secondary magnetic field. The secondary magnetic field

derivative is measured as a function of time.

MT method is a natural source geophysical EM method (Chave and Jones, 2012). We
mostly measure broadband MT data in the approximate frequency range between 0.01 Hz
to 1000 Hz. Broadband MT data is used to reveal resistivity structures between 0.1 km and
10-20 km, depending on the resistivity of the area. Audio magnetotelluric (AMT) data have
an approximate frequency range between 1 Hz to 80 kHz. These data reveal a shallower
resistivity structure than broadband MT data. It must be highlighted that MT, AMT, and
TEM data can be processed and interpreted individually or combined in a joint-inversion
scheme to constrain uncertainties since those methods map different depths with different

accuracies (Ashadi et al., 2024; Barajas-Olalde et al., 2023).
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3.3.1 Magnetic Data

The magnetic data within the Al-Hassa National Park was collected in June 2021. The
survey was conducted using a Geometrics G-858 cesium magnetometer that was set up as
a gradiometer with two sensors positioned vertically apart. This configuration enabled the
simultaneous measurement of the vertical magnetic gradient. The lower sensor was
positioned at a height of 0.4 meters above the ground, whereas the upper sensor was at a
height of 1.4 m. A G-857 proton magnetometer was used as the base station to correct
diurnal variations. It was installed in a remote and noise-free area, and it continuously

acquired data every 15 seconds during the measurements.

The survey was conducted in an East-West direction, as shown in Figure 16¢ (along the
purple line), covering a total distance of 3.6 km, while the recording was continuous,
collecting data every 0.3 seconds. The location of the magnetic stations was determined
using the magnetometer's mounted GPS, while a handheld GPS was used for comparison.
The two GPS datasets were similar; therefore, we kept the magnetometer's location data.
It should be mentioned at this point that during the acquisition, three sources of cultural
noise were encountered: a borehole, an abandoned truck, and two metallic pipes. The Oasis
Montaj software was used to process data. Initially, the quality control for the base station
and the rover magnetometer time series was applied. The three noise sites were identified
in the rover measurements. The magnetic data were corrected for diurnal variation using
the base station, and we derived the total magnetic field for both the top and the bottom
sensors. The International Geomagnetic Reference Field (IGRF) correction was applied to

the total field data afterward, and the noise on the recorded data was removed/masked (de-

spiking).
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3.3.2 Gravity Data

In this study, 210 gravity measurements were collected within the Al-Hassa National Park
and the eastern area, covering approximately 53 km2, using two Scintrex CG-5
AUTOGRAVTM gravitometers (Figure 16c¢). The gravitometers were set to account for
the Earth's tide effect and the instrument's tilt during transportation and automatically make
the necessary corrections to the measurements. The data were acquired during the morning
to avoid the extra minor noise caused by the high air temperature typical for the area during
the summer months when we measured (June 2021, June 2022). The measurements were
made in sets of three or five, with a duration of 30-60 seconds, to eliminate noise produced
by various artificial or natural sources. To further ensure good data quality, any set of
measurements with a difference of more than 10 uGal and/or tilt greater than 15 arcsec was
repeated with additional readings. The Trimble R10 Differential GPS location was used to

determine the location and elevation of each station.

Coherent and non-coherent noise, topography, and geographic latitude impact gravity
readings; hence, the raw data must be corrected for the effects of these factors. First, we
corrected the measured data for the Earth's tide and the instrument's height and drift. The
Earth's normal gravity at the survey's base station was computed using the 1980
International Gravity Formula (Moritz, 1980). Topographic correction (or terrain effect)
reduces the impact of local topography on the measured gravity field at each station. This
effect was reduced after applying the topographic correction algorithm of Oasis Montaj's
Gravity and Terrain Correction extension. This algorithm creates a grid from a coarse
regional elevation model, which is used as the "regional correction grid" for gravity

corrections beyond a "local™ distance. This distance is relevant to a more detailed elevation
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model that covers the study area and is used to apply the correction within the limits of this
area. As the local elevation model, we used the SRTM (Shuttle Radar Topography
Mapping) topography at 30 m resolution, while the SRTM topography at 90 m was used
as the regional elevation model. The Free Air and the Bouguer corrections were finally
applied to the corrected data to calculate the complete Bouguer anomaly (CBA), which
includes the effect of both large and deep-seated structures of regional scale and shallower
local bodies. Modifications in this general workflow might be needed depending on the

study's objective and the type of the survey (Fairhead, 2016).

To isolate the effect of the shallow structures, we derived the residual gravity field map by
subtracting a first-order polynomial from the CBA map. To further proceed with
identifying subsurface geotectonic structures (e.g., rock contacts, faults) with significant
density contrast and correlate the gravity analysis results with the geology of the study area,
we applied the terracing transformation and the tilt derivative (TDR) filters on the residual

field data.

Terracing transformation (Cordell and McCafferty, 1989) can distinguish homogeneous
domains of constant gravity field intensity with sharp boundaries (Li, 2016). Structural
edges can be further enhanced using the zero contours of the TDR (Miller and Singh, 1994;
Verduzco et al., 2004), while this filter also improves the signal of deeper and/or weaker
gravity anomaly sources (Fairhead, 2016). TDR can be calculated by equation (1):

[ w )

TDR = arctanI dz | (D,
e )
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where dG/dx and dG/dy are the first-order derivatives of the gravity field in the x and y
directions, and dG/dz is the first-order vertical derivative. It was applied to the residual
gravity field data to clearly define the locations and the dip direction of structures' edges
corresponding to faults and/or vertical/sloping rock contacts that act as the causative

anomaly Sources.

The variations in the anomaly sources' depth can also be studied using the tilt-depth method
(Salem et al., 2007). Assuming vertical geologic contacts or faults, the burial depth of the
upper surfaces of the sources is located at half the physical distance between the

corresponding contours of & 45o0.

To study the subsurface distribution of the rock densities, we created 3D models using the
VOXI Earth Modeling tool of Oasis montaj. Since one of the main focuses is to detect the
subsurface formations that aid groundwater circulation, usually located within subsurface
basins (Araffa et al., 2015; Silva-Avalos et al., 2022), we selected to highlight structures
that present negative density contrast compared to the Bouguer reduction density of 2.67
g/cm3 that we used as an average for our study. Moreover, we used the GM-SY'S Advanced
Profile Modeling extension of Oasis montaj to construct a 2D model along a W-E profile
in the central-southern part of the National Park. The model was constrained using a 2D
resistivity section obtained from the 3D M.T. data inversion result. Also, we calculated the
gravity field along the 2D model and compared it with the observed field measured by the

gravity stations, which was depicted in the complete Bouguer anomaly map.
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3.3.3 Magnetotelluric Data

MT data were recorded using the KMS-820 acquisition unit from 52 stations. The LEMI-
120 audio frequency and LEMI-118 low-frequency induction coils were used to measure
the magnetic field for broadband MT and AMT data, respectively. LEMI-701 non-
polarizable electrodes were used for electric fields in AMT and broadband MT frequency
measurements. AMT measurements were set up for approximately 25 minutes with three
different sampling frequencies of 4 kHz, 20 kHz, and 80 kHz. The recorded time of each
MT station lasted about 6 hours with three different sampling frequencies of 1 kHz, 4 kHz,
and 40 Hz. In total, we collected broadband MT data on 46 stations, and on six of those

stations, we also collected audio MT data along three profiles.

The KMSPro software was used to process the time series of both MT methods using a
robust statistical technique, as validated by Smirnov (2003). During data processing, the
low-frequency filter parameters (short FFT window of 16, 32, and 64 samples) were chosen
for data filtering to deal with 40 Hz sampling rate data, and the high-frequency parameter
(FFT window of 65k samples) to filter other higher sampling rate data (i.e., 1 kHz, 4 kHz,
20 kHz, and 80 kHz). The notch filter was also used during data filtering to reject any
narrow frequency bands, such as the 60 Hz noise from power lines, and leave the remaining
spectrum unchanged. After applying proper static corrections, the AMT data were

incorporated into the MT data.

After time series analyses and impedance estimation in the frequency domain, we prepared
the data sets and a 3D initial resistivity model using 3D-Grid software (3D-Consulting Geo

Inc.). We removed the data from 10 stations because of their high noise levels. We also
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masked the MT data, which has a large standard deviation in some station data sets. We
only used off-diagonal impedance components (Zxy and Zyx). Diagonal impedance
components (Zxx and Zyy) are not used because of their low amplitude and high noise
levels. Finally, we smoothed and resampled the M.T. data before the 3D inversion; for the
latter, we used the ModEM software (Egbert and Keller, 2012; Kelbert et al. 2014). This
software uses finite difference forward solution for modeling and Jacobian matrix
calculation and regularized smoothing inversion with a conjugate solution solver for
inversion. The model mesh and data information used in 3D inversion are given in Table

1. We obtained 3D inversion results after 130 iterations with a 1.74 RMS error.

Table 1: 3D inversion settings

Stations, periods 42,51 Mesh dimensions (x, y, z - in (400, 400, 404)
km)

Number of data 1429 Survey area (x * y - in km) 35km? (5x7)

Period range (in seconds) 0.01 — 1000 Minimum mesh dimensions (100, 100, 20)
(dx, dy, dz - in meters)

Blocks added for boundary (15,15, 18) Iterations 130

(nx, ny, nz)

Total blocks (nx * ny * nz) 476000 Initial and final RMS 15.66 - 1.74

(100 x 85 x 56)

3.3.4 Transient Electromagnetic Data

The TEM data were acquired on 35 stations along three profiles supplementary to the MT
data. The main purpose of the survey was to collect the TEM data along the three profiles
and produce quasi-2D resistivity sections and quasi-3D resistivity depth slices

reconstructing the subsurface, after the inversion of the acquired data.

The ABEM-WalkTEM system was used for the TEM survey. The employed transmitter

loop was a single-turn wire about 400 meters long, with each side 100 meters. Two receiver
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loops were utilized for data acquisition to cover shallow and deep subsurface layers
simultaneously. The first receiver, RC-200, featured a wire length of 40 meters arranged
in a 10 x 10 meter configuration. Internally, this wire comprised two turns, resulting in a
total receiver area of 200 square meters, coupled with an amplitude gain factor of 7, leading
to a cumulative amplitude gain factor of 1400. The second receiver, RC-5, constituted a
square loop measuring 0.5 x 0.5 meters and encompassed 20 internal turns. This setup
yielded a total receiver area of 5 square meters, with the amplitude gain factor also set at

7, resulting in a total coil amplitude gain factor of 35.

Three cycles (stacks) of measurements were applied at each location to improve the signal-
to-noise ratio (SNR). An average current of 6.6 A was emitted. Employing a dual-moment
setup, each measurement was concurrently conducted using low and high moments. The
low moment, characterized by a current intensity of approximately 2 A, was optimized for
detecting shallow subsurface layers during early time intervals. Conversely, the high
moment, featuring a current intensity of approximately 13 A, was tailored to penetrate
deeper subsurface layers, emphasizing late time intervals. The characteristics of the
transmitter waveforms were regulated through user-defined script files comprising 39
receiver time gates. The total measuring time was 7953 s, divided into 39 gates where the
shortest and longest gates equal 2 us and 1633 ps, respectively. At the time of
measurements, the noise (natural background noise for both moments) is also recorded and

used to determine the depth of investigation (DOI).

TEM data were filtered and inverted using the Aarhus SPIA software developed by Foged
et al. (Foged et al., 2013) and SPIA (https://hgg.au.dk/software/spia/). The filtered data

were processed by applying the efficient Aarhusinv inversion code (Auken et al., 2015)
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with varying levels of smoothing (low, normal, or high). The processed data and inversion
models are stored in the SPIA database and can be directly imported into Aarhus
Workbench (Vignoli et al., 2015) for convenient visualization of the results as cross-

sections or depth slices.

3.4 Geophysical Data Results

3.4.1 Magnetic

The magnetic data are presented in Figure 18. More specifically, Figure 18a shows the data
before the filtering for the cultural noise and the removal of the spikes, while Figure 18b
shows the result after data processing. The magnetic response of the three main noise
sources is highlighted with yellow circles in Figure 18a. They create high-amplitude spikes
of very short wavelengths that do not match the general trend of the rest of the dataset.
After removing the responses caused by the artificial magnetic sources, the data showed
no significant anomalies that could be attributed to the shallow geologic structures
identified using the gravity and EM methods. Thus, we did not integrate the analysis of the

magnetic data into the rest of the models.

3.4.2 Gravity

Figure 19 presents the maps of the calculated CBA (Figure 19a) and the residual gravity
field (Figure 19b). The CBA anomalies vary from 21.94 to 24.01 mGal, while in the
residual field map, which represents the effects of the shallow structures on the measured
gravity field, the anomalies vary from -1.47 to 0.97 mGal. This indicates a recorded signal
with a total amplitude of 2.44 mGal. It should be highlighted that the gravitometer used

has an accuracy of 0.001 mGal.
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Figure 18: The magnetic response along the measured profile is indicated with the black line and the recorded magnetic
field (color scale). (a) The data before noise filtering and spike removal. The three high-amplitude responses, marked
with yellow circles, correspond to cultural noise sources. (b) The results after the data processing.

The residual gravity field shows low-gravity areas in the western and southern parts of the
National Park (blue color), while high gravity values (red and pink colors) are encountered
in the northern and southeastern parts. The largest portion of the National Park is

characterized by mid-to-low gravity anomalies (around -0.12-0 mGal).

Figure 20 shows the TDR (Figure 20a) and the terracing (Figure 20b) map produced by the
residual gravity field. The zero-value contours of the TDR were used to interpret the

lineaments shown as black lines. The dip direction of the lineaments is also shown in Figure
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20a (the direction of the semi-circles). The terracing filter enhanced the subsurface features
(Figure 20b), indicating similar gravity response areas. The results of the tilt-depth method

are shown as colorful circles overlain the terracing map of Figure 20b.
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Figure 19:The results of the gravity data processing. The white dots correspond to the measured gravity stations. (a) The
complete Bouguer anomaly map. (b) The residual gravity field map.

By applying 3D inversion to the gravity data, the 3D representation of the structures by
voxel was constructed, representing the density contrast (positive or negative) as shown in
Figure 21. We discretized the area in a mesh with 79x82x23 voxels in X (easting), Y
(northing), and Z (depth), with a resolution of 100 m. This provided a maximum depth of
2.3 km for the inversion. Since we wanted to highlight the negative (low) density contrast
bodies, we used the values of 0.1 g/cm3 and -1 g/cm3 as the upper and lower boundary on

the inversion algorithm for visualizing the 3D gravity model (Figure 21b).
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Figure 20: Enhancement filters on the gravity data. (a) The tilt derivative and the interpreted lineaments (black lines)
correspond to structural edges. (b) The terracing map is overlaid by the results of the tilt-depth method and shown as
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Figure 21: The 3D model of the Al-Hassa National Park survey area shows the negative density contrast bodies. (a)
Top view of the model. The residual gravity field map overlays the anomaly sources, and the locations of the acquired
gravity stations are shown as black points. (b) Side view of the model, in which the depth of the interpreted bodies can
be studied. The directions of the geotectonic elements and their relative positions are also shown.
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3.43 MT and TEM

The 3D inversion result of MT data is shown as six different depth slices (Figure 22) at
177-224 m, 500-596 m, 708-838 m, 987-1160 m, 1359-1589 m, and 1854-2161 m. Figure
23, presents three different 2D sections of the acquired EM data. One in the S-N direction

(Figure 23a) and two profiles in the W-E direction (Figure 23b,c).
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Figure 22:The 3D inversion results of MT data collected in the Al-Hassa National Park. The 3D resistivity model is
presented as xy-sections for different depth ranges. The triangle symbols show the MT station locations. Depth increases
from left to right and top to bottom.
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Figure 23: The 3D inversion results of MT data along three MT profiles. Each section line's location is shown on the
plan view of the survey area given on the right side of the related 2D section.

All depth slices and cross sections were plotted using the same resistivity range (10-100
Qm) and color scale, where the darker (blue) colors depict the low resistivity formations,

and the brighter (red) colors represent the high resistivity areas.

Filtering and de-noising were automatically applied after importing the TEM data into the

processing software. Any resultant inverse model can be an initial model for the subsequent
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inversion process. The residual data averaged around 0.92. Two distinct resistivity models
were computed for each acquired TEM sounding. A smoothed resistivity model is created
based on a predefined number of layers with increasing thickness, while a layered
resistivity model is developed with the fewest layers needed to achieve the best fit,
assuming the mean resistivity within each layer is accurate. This method identifies minor
and incremental variations in resistivity. The 1D inversion results of the TEM data are
combined, and a pseudo-3D resistivity model is obtained. The Aarhus Workbench was
utilized in this survey for visualizing the TEM data, and three (0-100 m, 100-200 m, and
200-300 m below the ground surface) quasi-2D depth slices were generated by
interpolating the spatially distributed TEM soundings (Figure 24a,b,c). The comparison of
the shallow 3D MT depth slice (170-220m below the ground, Figure 24d) with the TEM
depth slices of 100-200m and 200-300m bgs (Figure 24b,c) are presented. The black circles
depict the same anomalies indicating the agreement between the time and frequency

domain EM data modeling for the same depth.
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CHAPTER 4
Reconstruction of the subsurface of Al-Hassa Oasis using

gravity geophysical data

Khogali, A.; Chavanidis, K.; Kirmizakis, P.; Stampolidis, A.; Soupios, P. Reconstruction of
the Subsurface of Al-Hassa Oasis Using Gravity Geophysical Data. Appl. Sci. 2024, 14,
3707. https://doi.org/10.3390/app14093707

4.1 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 (Al
Tokhais and Rausch, 2008). 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 (Al-Zarah,
2011), 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 provides a
thorough comprehension of the intricate subsurface conditions in the study area. Bakiewicz
et al. (Bakiewicz et al., 1982) studied the hydrogeology of the Umm Er Radhuma aquifer.
Subsequently, the authors Sen and Al-Dakheel (Sen and Al-Dakheel, 1986) assessed
hydrochemical facies in the same aquifer. Sharaf (Sharaf, 2001) emphasized the
hydrogeological and hydrochemical aspects of groundwater, specifically highlighting the
risks of seawater intrusion. In their study, Al Tokhais and Rausch (Al Tokhais and Rausch,

2008) examined the hydrogeology of the Al-Hassa springs and predicted the future
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availability and quality of water. They concluded that the situation will become
increasingly dire if the current water extraction rates continue. In his 2009 study, Al-
Dakheel (Al-Dakheel, 2009) introduced a spatial modeling approach to analyze changes in
groundwater salinity over time. Al-Naeem (Al-Naeem, 2011) and Al-Zarah (Al-Zarah,
2011) expanded upon this by assessing groundwater suitability for irrigation purposes and
analyzing the elemental compositions. Al-Omran et al. (Al-Omran et al., 2018) analyzed
the quality of groundwater, while Dirks et al. (Dirks et al., 2018) provided further
information on the geological aspects of the Umm Er Radhuma aquifer. In their recent
studies, Abba, Yassin, Jibril, et al. (Abba et al., 2024a) and Abba, Yassin, Shah, et al. (Abba
et al., 2024b) 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-
, hortheast-, and northwest-oriented structural patterns, such as the En Nala Anticline,

Qatar Arch, and Khurais-Burgan Anticline (Al-Husseini, 2000; Pollastro, 2003). After this,
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an extensional regime between about 570 and 530 Ma catalyzed the development of the
Najd fault system and engendered the formation of north-east-trending rift basins, laying
the foundation for the creation of major subsidence zones during the Precambrian and Early
Cambrian times (Al-Husseini, 2000; Geert et al., 2001; Martin, 2001; Oterdoom et al.,
1999; Sharland et al., 2004). During this period, the proximity of the Arabian plate to the
equator (Geert et al., 2001) facilitated the deposition of extensive salt layers within these
basins, including the Hormuz, Ghaba, Fahud, and South Oman salt basins (Al-Husseini,
2000; Mattes and Conway Morris, 1990). 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 (Pollastro, 2003).

Geophysical investigations are a set of techniques that are used to analyze and describe 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 essential 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 fully integrate their

findings. Methods and data integration are not always applicable since sometimes the study
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areas have cultural noise and 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 structural composition, offering

insights into both the depth and nature of geological features of interest (Zhang et al., 2019).

In the broader Ghawar structure, positive and negative gravity responses were observed by
Edgell (Edgell, 1992), Saner et al. (Saner et al., 2005), and Mukhopadhay et al.
(Mukhopadhyay et al., 2020). Around 20 km east of the Ghawar structure, the Al-Hassa
area in Saudi Arabia has not been extensively studied regarding its geological and
geophysical characteristics, despite its importance in the field. Previous investigations by
Al-Dakheel et al. (Al-Dakheel et al., 2008), Al Tokhais and Rausch (Al Tokhais and
Rausch, 2008), and Mahmoudi et al. (Mahmoudi et al., 2011) 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
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three-dimensional (3D) gravity data, and the complex 3D subsurface structure of the Al-

Hassa Oasis was reconstructed.

4.2  Study area - Geological and Tectonic settings

The study area is located about 60 kilometers 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 25a, b, ¢). The elevations
in the area vary between 120 and 220 meters 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 25a). 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 Formation
(Figure 25b). 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, calcareous sandstones alternating with
reddish mudstones, and limestones (Al-Saad et al., 2002). The Hofuf Formation is located
above the Dam Formation and consists of limestone and reddish marls. The Hadrukh
Formation follows, consisting of sandstones, limestones, and marls (Powers et al., 1966).

Following that, the sequence comprises the dolomitic and lime-stone formations of the
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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 (Al-Sayari and Zotl, 1978; Powers et al., 1966).
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Rausch, 2008)), and (f) Fault zone field photo showing the major ENE-WSW and NNW-SSE directions observed at an
outcrop within the study area.

61



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 (Murris, 1980; Powers et al., 1966). 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 (Weijermars, 1999). 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 (Hancock and Kadhi, 1978), Vaslet et al. in 1991 (Vaslet et al., 1991), and
Weijermars in 1999 (Weijermars, 1999). 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 (Al-Saad et al., 2002). 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.

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 monitoring
wells (Figure 25d). 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
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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 (Al Tokhais and Rausch,

2008).

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

(Figures 25e,f). Fluvial erosion later reshaped these features (Al-Sayari and Z6tl, 1978).

4.3  Gravity survey

The gravity survey was carried out by the Geophysics lab of the King Fahd University of
Petroleum & 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 the 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 (gridded/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, sewers) do not allow 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 at a quick and cost-effective manner (Fairhead,
2016). However, due to the complexity of these areas, there are limitations in the

application of the gravity method as well.
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The measurements were acquired using two Scintrex CG-5 AUTOGRAVTM
gravitometers, which have a high resolution of 1 pGal and using 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
seconds, 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 pGal was repeated with
additional measurements. Stations with a tilt greater than 15 arcsec 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 was 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
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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
elevation datasets, such as LIDAR (Dilalos et al., 2018). A minimum distance of 75 m is
proposed to exist between a large construction and the installed gravity station (Dilalos et
al., 2018), while in many areas where a distance like this cannot be achieved, smaller
distances might be used, up to 30 m (Chavanidis et al., 2022). 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.

4.3.1 Gravity data processing

After their acquisition, the data were imported to Seequent’s Oasis Montaj 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
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measurements' 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)
(Moritz, 1980) 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 (Chavanidis et al.,
2022). 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 detailed and coarser Digital Elevation Model (DEM) or
gridded elevation data for the area of the survey and the wider area, respectively. The
software produces 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 (Kane, 1962) and Nagy (Nagy, 1966). In our study, the Shuttle Radar Topography
Mapping (SRTM) at 30 m resolution was used as the local elevation model, and the 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 (Fairhead, 2016). In order to separate the influence of the shallow
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structures, we obtained the residual gravity field map by calculating and subtracting a 1st

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 (Cordell and
McCafferty, 1989), can identify distinct regions of uniform gravity field intensity with
well-defined boundaries (Li, 2016). 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 structural edges (Miller and Singh, 1994; Verduzco et
al., 2004). This technique can also improve the signal of gravity anomaly sources that are

deeper or weaker. The calculation of TDR can be determined using equation (1):

(e

j@—i)zi@—i)z )

where 0G/0x and 0G/0y are the first-order derivatives of the gravity field in the x and y

TDR = arctanL

directions, and 0G/0z 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.
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The tilt-depth method (Salem et al., 2007) can be utilized to analyze the variations in the
depth of the anomaly sources. Given vertical geologic contacts or faults, the depth 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).

4.4 Results

Figure 26 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 south-eastern and northern part of the area under

investigation.
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Figure 26: The complete Bouguer anomaly map of the Al-Hassa study area. The white points correspond to the locations
of the gravity stations.

Figure 27 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.

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,
north-east, 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
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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.
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Figure 27: The residual gravity field map with the locations of the gravity stations (white points). The black rectangle
indicates the boundaries of the 3D modeling area.

Figure 28a 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 28a, 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
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zones. Based on this assumption, all lineaments were segmented in equal lengths and their
orientation was recorded and used to prepare the rose diagram of Figure 28b, using the

GeoRose software (http://www.yongtechnology.com).
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Figure 28: a) The tilt derivative and the interpreted lineaments (black lines), which correspond to structural edges
(tectonic lineaments and/or rock contacts) are presented. b) Rose-diagram of the inter-preted lineaments (insert into the
Figure with the tilt derivative and the lineaments).

Figure 29 displays the terracing transformation map, which improved the subsurface
characteristics. This suggests the presence of similar areas with regard 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 29).

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 30a. The
area was divided into a mesh consisting of 41x43x12 voxels in the X (easting), Y

(northing), and Z (depth) directions, with a resolution of 500 m. The inversion reached a
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maximum depth of approximately 4.2 kilometers. 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 30b).
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Figure 29: The terracing map overlaid by the results of the tilt-depth method (shown as colorful dots). The depth in the
depth color bar is positive down.
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Figure 30: 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 bodies, that
correspond to subsurface basins.
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CHAPTER 5
Subsurface complexity controls the aquifer heterogeneity: a

case study from the Al-Hassa oasis, Eastern Saudi Arabia

Khogali, A.; Chavanidis K; Stampolidis, A.; Kirmizakis P; Yassin, M; Abu-Mahfouz, I.; Al-
Shaibani A.; Soupios, P. Subsurface complexity controls the aquifer heterogeneity: a case
study from the Al-Hassa oasis, Eastern Saudi Arabia. Submitted to the Groundwater for
Sustainable Development Journal 2024, Under Review.

5.1 Introduction

Al-Hassa region, eastern Saudi Arabia hosts the most extensive, naturally irrigated oasis in
the world (Abderrahman and Ukayli, 1984), with an area of around 85.4 Km? and more
than 2.5 million palm trees. In the past, date palms were cultivated in an area of around 120
km?2. Natural artesian pressure and springs have led to a massive amount of groundwater
discharging from the underlying aquifers which have allowed for a great area of

agricultural land (Al Tokhais and Rausch, 2008).

The irrigation water in the oasis is derived from 280 natural springs. The overall spring
discharge was around 315 MCM/a in the mid-20th century (Abderrahman and Ukayli,
1984; Vidal, 1951). The discharge varied greatly, with some springs producing an
enormous water supply of 3600 m3/h. Even though locals owned several minor springs
many of them, including the major ones, were connected to a public irrigation system (Al-
Dakheel et al., 2010). The innovative irrigation method implemented in the past utilized
the natural force of gravity to transport and recycle water multiple times throughout the

oasis, adapting to varying elevations with efficiency. However, the once abundant spring
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discharge of approximately 10 m3/s has ceased, a direct result of the depletion of local
aquifers. The excessive extraction of groundwater for agricultural use has led to a
significant decline in groundwater levels (Al Tokhais and Rausch, 2008), highlighting the

urgent need for sustainable water management practices in the region.

Generally, the water in these springs used to be warm, with temperatures ranging from 27
°Cto 32 °C (e.g., Al-Hagel and Bahlah springs); nevertheless, some of them are called hot
springs, with temperatures above 32 °C (e.g., Al-Harra, Al-Jawharia, Al-Khadoud, Um-
Saba’a, and Najim springs). The presence of such spatial variability in spring water
temperature within this limited area raises a question about the source/s of this

groundwater.

Moreover, the Al-Hassa oasis has been the subject of limited research investigating
subsurface geology, primarily focusing on its spatial hydrogeological distribution (Abba et
al., 2024; Abderrahman and Ukayli, 1984; Al Tokhais and Rausch, 2008; Al-Dakheel,
2009; Al-Mahmoud, 1987; Simanek and Holden, 2020; Vidal, 1951). The present study
mainly aims to integrate hydrochemical investigations and geophysical data (gravity
survey) to correlate groundwater quality, subsurface anomalies based on gravity
geophysical model, and temperature variations. It presents the first subsurface research in
the Al-Hassa area, with broader implications for groundwater characterization and

sustainable resource management in arid regions.

5.2 The study area

The study area is situated in the eastern province of Saudi Arabia, lying to the east of the

well-known Ghawar oil field (Figure 31a). This region encompasses the most extensive
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natural oasis globally, making it a unique and valuable site for geological exploration but
also showing the high groundwater potential of this area. The total area under investigation
in this study spans approximately 350 km? (Figure 31b). The elevations within the study
area exhibit a range between 120 to 210 meters above sea level (masl). The area is
characterized by a blend of urban and agricultural landscapes. The agricultural regions are
primarily concentrated around the old natural springs that were being used for the irrigation
of any nearby agricultural activities. The urban parts are concentrated in three main cities:

Al-Hofuf, Al-Mubarraz, and Al-Uyun (Figure 31b). In terms of climate, the area falls
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within a semi-arid region, characterized by a hot and dry climate during the summer and a

cooler climate during the winter (Al-Omran et al., 2018).

5.3 Geological, hydrological, and tectonic setting

The Arabian Peninsula is considered an important geological region globally. It consists of
igneous and metamorphic rocks in the Arabian Shield to the west and sedimentary deposits
eastward across the Arabian platform (Khogali et al., 2020). The sedimentary part of the

Arabian Plate is subdivided into distinct tectono-sedimentary units that contain most of the
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Figure 31: a) Location of the study area within the Arabian Peninsula. b) Sample locations and geophysical measurement
stations. C) Geological map of study area. d) Potentiometric surface in the eastern section of the study area.
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groundwater and hydrocarbon resources of Saudi Arabia. These units include the Wajid
Basin, Wadi As Sirhan Basin, Rub al Khali Basin, Northeast Interior Homocline, East
Interior Homocline, Arabian Platform, Arabian Gulf Margin, Widyan Basin Margin, and

Tabuk Basin (Edgell, 1989).

The study area falls within the Eastern Platform, which is part of the Arabian Platform,
along with smaller tectono-sedimentary units such as Summan Plateau, Dibdibah Trough,

Khurais-Jauf Arch, Central Basin, and An Nala Trend (Edgell, 1989).

The study area is mostly covered by sand dunes/sheets and Quaternary deposits (Figure
31c). Only a few scattered outcrops reveal the Upper Miocene to Lower Pliocene Hofuf
Formation, consisting of conglomerates, calcareous sandstone interbedded with reddish
mudstone, and limestone (Al-Saad et al., 2002; Hussain, 2006; Kumar, 2013) (Figure 32a).
Beneath the Hofuf Formation lies the limestone and reddish marls of the Dam Formation
(Bashri et al., 2017). Then, there are the sandstone, limestone, and marl of the Hadrukh
Formation, followed by the dolomite and limestone of the Eocene Dammam Formation
(Al-Sayari and Z6tl, 1978). Finally, the early Eocene Rus Formation, which is composed
of dolomitic limestone and gypsum (Tleel, 1973), and the Paleocene Umm Er Radhuma
Formation, which consists of limestone and dolomite with quarts geodes and chert nodules

(Powers et al., 1966).

The complex multi-aquifer system in the study area contains four partially connected
karstified fractured aquifers. These are, from bottom to top, the Aruma aquifer, the Umm
Er Radhuma aquifer, the Dammam aquifer, and the Neogene aquifers (Al Tokhais and

Rausch, 2008) (Figure 32b). The Rus Formation which consists of evaporites, marls, and
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limestones, performs as an aquitard (brown color layer in Figure 32b), disconnecting
hydrologically the Umm Er Radhuma from the Dammam aquifers in some parts. It also
interconnects the two aquifers in other areas where fissures and the dissolution of the
evaporite layer create secondary porosity and high permeabilities. The bottom portion of
the Aruma Formation, composed of clay and shale, serves as an aquitard, dividing these
aquifers from the Wasia aquifer underneath it. The natural springs have been formed
because of the preferential flow routes that have emerged due to the uplift of the area and
the development of the Ghawar anticline which caused intense fracturing. The fracturing
interconnects the multiple aquifers and directs groundwater to surface discharge (Al
Tokhais and Rausch, 2008). The groundwater level in the northeast part of the study area
is between 66 to 82 masl following the regional groundwater flow direction to the east and

northeast (Figure 31d).

Based on previous hydrochemical and hydrological studies in the area, the spring water is
believed to be derived from the lower Umm Er Radhuma aquifer (Bakiewicz et al., 1982;
BRGM, 1976). The Wasia groundwater has isotope characteristics distinct from those of

the Umm Er Radhuma aquifer (Shampine et al., 1979).
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Figure 32: a) Stratigraphic column of the study area (modified after Al Tokhais and Rausch, 2008; Dirks et al., 2018;
Powers et al., 1966). b) West-east geological section crossing the central Saudi Arabia to the Arabian Gulf showing major
aquifers and the recharge and discharge zones. The extend of this cross-section is shown on Figurela (modified from Al
Tokhais and Rausch, 2008).

54 Methodology

The study consists of a total of 113 groundwater wells that were sampled from the Al-
Hassa area in 2022. The data from 85 wells were provided by the Saudi Irrigation
Organization (SIO), and 28 wells were sampled from distributed locations to cover the
oasis. These wells were primarily used for irrigation and have depths ranging from 75m to
250m below the ground surface, tapping the Neogene and the Dammam aquifers. However,

based on previous studies, all the aquifers in the study area are interconnected (Al Tokhais
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and Rausch, 2008), the samples could be considered to represent a mixture of the three

aquifers within the study area.

Two samples from each well were collected in polyethylene (PE) bottles for ionic
concentrations and isotopic analyses. Eleven (11) wells were analyzed for oxygen and
hydrogen isotopes. The PE bottles underwent a triple pre-rinsing process using deionized
water to prevent any cross-contamination. The wells were subjected to an approximately
one-hour purging period before sampling to obtain water samples that accurately
represented the subsurface quality conditions. The piezometric water level was measured
in 12 wells in the northeastern (known as, Al Hassa National Park) part of the study area.
Electrical conductivity (EC), temperature, total dissolved solids (TDS), and pH were
measured in situ using well-calibrated multi-parameter meters (Hanna HI 9828). The

collected samples were transported to the lab in a cooling box below 4°C for preservation.

lonic concentrations and isotopic analyses were carried out at King Fahd University of
Petroleum and Minerals (KFUPM), Dhahran, Saudi Arabia. Major ion concentrations
within the milligrams per liter (mg/L) range were determined using the Dionex 1CS-6000
lon Chromatograph (IC) following the EPA 9056A standard method (US-EPA, 2007).
Bicarbonate levels were determined using titration. Oxygen and hydrogen stable isotopes

were analyzed using PICARRO cavity ringdown spectrometer L2130-1 isotopic H2O.

To understand the spatial distribution and differentiation of geochemical and physical
parameters of the collected water samples within the study area, a total of 571 gravity
stations were measured in both urban and semi-urban regions located to the north and east

of Al Hofuf city, as well as within the confines of Al Hassa National Park covering the
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whole Al-Hassa oasis. Specifically, the Geophysics laboratory of the King Fahd University
of Petroleum & Minerals (KFUPM) conducted a gravity survey in three stages, occurring
during the summers of 2021 and 2022, as well as the spring of 2023. The data were gathered
within a 350 km? area using grids and profiles. The spacing between stations ranged from
150 to 900 meters, depending on factors such as local conditions, the type of data collected
(gridded or profile), the level of urbanization, and accessibility. Due to the presence of
various urban features such as roads, buildings, telecommunication cables, large metallic
objects, buried pipes and cables, and sewers, magnetic or electromagnetic methods cannot
be used effectively in urban areas. However, the gravity method can be employed to obtain
initial information about the subsurface conditions in such areas quickly and at a reasonable
cost (Fairhead, 2015a; 2015b). Nevertheless, the intricate nature of these regions imposes

restrictions on the practical implementation of the gravity method.

The primary purpose of the geophysical survey was to process the gravity data and
reconstruct the subsurface characteristics and complexity of the study area. The absence of
geological maps (the area covered by a sand layer) or other available geological
information (lithology, tectonic features, etc.) for the study area should be highlighted. The
measurements were acquired using two Scintrex CG-5 AUTOGRAV TM gravitometers
with a resolution of 1 uGal, after applying 2 days of measurements as a feasibility study
and choosing the optimum parameters for acquisition depending on the natural and/or
cultural noise of the area under investigation. The gravitometers were configured to
autonomously identify and eliminate data anomalies caused by external noise interference.
Additionally, they were programmed to account for the Earth's tidal variations and any

potential instrument tilt caused by transportation. Subsequent requisite corrections were
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applied to ensure the accuracy of the data acquired. To minimize interference from high air
temperature prevalent in the summer months, data collection took place in the early
morning hours and ended before noon. Gravity measurements were taken in sets of three
or five, with a duration of 30-60 seconds, based on the level of environmental or man-made

noise in the surrounding area.

Strict quality control measures were implemented to guarantee the reliability of the data,
including repeating any measurement sets that deviated by more than 10 pGal. Stations
exhibiting a tilt greater than 15 arcsec were excluded, and gravity readings were repeated
as needed. The average standard deviation, error, and variance were calculated at 0.036,

0.002, and 0.001, respectively.

Three base stations were chosen, one for each measurement period and positioned in a
central area of each field campaign. The base stations were always situated in a quiet area
without any external sources of noise. Every day, the base station was measured at the
beginning and end of the day. Additionally, an extra measurement was taken every 2-3

hours to investigate if there was a non-linear drift in the data that needed to be eliminated.

In order to determine the gravitometer's height correction, the distance between the center
of the instrument's mass and the elevation of the instrument's location was measured. This
ensures that each measurement accurately reflects the elevation of the topographic relief.
The precise geographic coordinates and elevation of each gravity station were determined
using Trimble's R10 Differential Global Positioning System (GPS), enabling accurate
topographic corrections during the analysis and modelling of the gravity data. The accuracy

error of the measurements was less than 1 cm using the base station.
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Following the acquisition, the data were imported into Seequent's Oasis Montaj software
to process and improve its quality. The Gravity and Terrain Correction extension was
utilized to rectify the raw data. The standard gravity corrections (Earth tide, instrumental
height, and drift) were implemented to mitigate the factors that impact the quality of the
measurements. Due to the unavailability of an absolute gravity station, the base station of
the 2021 gravity survey was used as the reference point. All gravity measurements were
then connected to this point. The 1980 Geodetic Reference System (GRS80) was used to
determine the normal gravity of Earth. This system established that the theoretical gravity
value at the 2021 base station location is considered to be zero. The impact of the local
topography was diminished following the implementation of the Oasis Montaj standard
algorithm for topographic correction. To execute the terrain correction algorithm, a highly
detailed Digital Elevation Model (DEM) for the specific survey area and less detailed
gridded elevation data for the surrounding region have to be used. The Shuttle Radar
Topography Mapping (SRTM) at a resolution of 30 m was utilized as the local elevation
model, while the SRTM at a resolution of 90 m was employed as the regional elevation
model. The corrected data underwent the application of the Free Air and Bouguer

corrections to calculate the complete Bouguer anomaly (CBA).

To identify subsurface geotectonic structures (e.g., rock contacts, faults) with significant
density contrast and correlate the gravity analysis results with the geology of the study area,
the total horizontal derivative (THDR) and the terracing transformation filters on the

residual field data were applied. THDR is given by equation (1):

THDR = \/(j—g)z + (3—5)2 (D),
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where dG/dx and dG/dy are the first-order derivatives of the gravity field in the x and y

directions, respectively.

The terracing transformation technique, as outlined by Cordell and McCafferty (1989), can
be used to identify specific areas with consistent gravity field intensity that have clearly
defined boundaries (Li, 2016). The peaks of the THDR are centrally located over structural
edges and vertical rock contacts. However, in cases of sloping contacts, the peaks were
displaced in the down-dip direction (Fairhead, 2015b). We used the curvature analysis
method of Phillips et al. (2007) to detect the locations of the THDR peaks, which are shown

as black dots in the map of Figure 41.

5.5 Results

5.5.1 Hydrochemical investigations

Table 2 presents a statistical analysis, including minimum, maximum, mean, and standard
deviation, of the major ions in the study groundwater samples, alongside a comparison with
the local Saudi Standards, Metrology and Quality Organization (SASO) and international
standards like the U.S. Environmental Protection Agency (EPA) and the World Health

Organization (WHQO) water quality standards.

The results indicate that the average E.C. is 5169.7 (uS/cm), surpassing the permissible
limit set by the WHO for all samples. The pH averaged as 7.3, while the mean values for

TDS, sodium (Na*), potassium (K*), calcium (Ca?*), magnesium (Mg?"), nitrate (NOs"
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Table 2: Summary of descriptive statistics for hydrochemical parameters, comparison with international and local drinking water standards, and proportion of parameters surpassing
permissible thresholds.

Samples exceeding the WHO

Variable Units Minimum Maximum Mean Std. deviation WHO EPA SASO permissible drinking limits (%)
E.C uS/cm 1856.0 12200.0 5169.7 2689.5 1500 1500 2300 100
DS mg/L 928.0 7808.0 3100.6 1599.3 500 500 1000 100
pH pH unit 6.5 8.0 7.3 0.3 6.5-8.5 6.5-8.5 6.5-8.5 0.0
Na mg/L 105.0 1930.0 605.5 379.2 200 200 - 92.9
K mg/L 6.3 85.0 29.8 13.6 12 12 - 92.9
Ca mg/L 93.0 748.0 248.8 120.1 75 75 75 100
Mg mg/L 33.6 390.0 124.7 76.6 50 50 - 93.8
NO; mg/L 0.9 102.9 16.7 12.8 50 45 50 0.9
HCO; mg/L 140.0 420.9 216.3 53.6 500 500 - 0.0
cl mg/L 256.2 3527.5 1129.2 701.6 250 250 250 100
SO, mg/L 70.6 1786.0 669.9 378.3 250 500 250 94.7
NHs mg/L 0.0 2.7 0.2 0.4 - - - 0.0
PO, mg/L 0.0 5.6 0.4 0.9 - - - 0.0
CO; mg/L 0.0 30.0 2.0 6.4 - - - 0.0
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), bicarbonate (HCO3), chloride (CI), sulfate (SO4%*), ammonia (NH3"), phosphate (POs),
and carbonate (COs*) are recorded in mg/l as 3100.6, 605.5, 29.8, 248.8, 124.7, 16.7,

216.3, 1129.2, 669.9, 0.2, 0.4, and 2.0, respectively (Table 2).

Furthermore, the percentages of samples exceeding the WHO permissible drinking limits
for various ions are as follows: TDS (100%), pH (0.0%), Na* (92.9%), K* (92.9%), Ca*
(100%), Mg?* (93.8%), NO3™ (0.9%), HCO3 (0.0%), CI- (100%), and SO+ (94.7%) (Table

2).

The Piper diagram (Figure 33) is a useful tool for classifying different groundwater
hydrochemical facies (Piper, 1944). The cation’s triangle exhibits a predominant trend
observed towards the alkali metals (Na* + K*) area, with a subset of samples positioned
within the no-dominance area. Similarly, on the anion’s triangle, most samples are
clustered within the CI" area, with only a minor proportion falling within the no-dominance
zone. In the diamond-shaped portion of the Piper diagram, the prevailing hydrochemical
facies are identified as Na-Cl water, encompassing most of the samples, while a subset of

samples exhibits characteristics indicative of a mixed water type.

Statistical analyses were conducted on the chemical constituents, encompassing correlation
and cluster analysis to elucidate the relationships between different hydrochemical

parameters and classify groups of clusters exhibiting comparable properties.

Utilizing Pearson's correlation coefficient (r) (Table 3), the relationships between various
parameters were categorized as follows: strong (r > 0.7), medium (r = 0.5-0.7), and weak
(r <0.5). A strong correlation was observed between total dissolved solids (TDS) and Na,

K*, Ca?*, Mg?*, HCOs", CI', and SO4%, indicating that these ions are primary contributors
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to elevated TDS amounts. Additionally, the impact of gypsum dissolution was evident from
the good correlation between Ca?* and SO4%, while halite dissolution was inferred from

the strong relationship between Na* and CI-.

The cluster analysis, employing dendrogram technique, discerned four distinct groups
within the dataset, as illustrated in Figure 34. This classification was based on the varying
concentrations of the analyzed groundwater parameters. The clustering process aimed to

uncover distinct patterns in water quality, highlighting areas with similar characteristics,
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Figure 33: Hydrochemical facies classification of the groundwater of Al-Hassa oasis using Piper diagram.
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Table 3: Correlation matrix of chemical parameters of the groundwater in the study area. The strong correlation between different parameters is highlighted in bold.

E.C TDS pH Na K Ca Mg N03 HC03 Cl 504 NH3 PO4 CO3
E.C 1
TDS 0.972 1
pH -0.360 -0.238 1
Na 0.936 0.958 -0.242 1
K 0.783 0.845 -0.009 0.842 1
Ca 0.844 0.862 -0.300 0.833 0.692 1
Mg 0.895 0.906 -0.290 0.920 0.797 0.758 1
NO3 0.369 0.276 -0.501 0.258 0.112 0.416 0.235 1
HCOs 0.715 0.729 -0.068 0.699 0.711 0.729 0.703 0.002 1
Cl 0.932 0.955 -0.307 0.971 0.817 0.867 0.921 0.306 0.684 1
SO4 0.830 0.845 -0.165 0.869 0.766 0.802 0.858 0.228 0.747 0.788 1
NHs 0.000 0.067 0.170 0.072 0.147 0.021 -0.020 -0.007 -0.063 0.076 -0.011 1
PO4 -0.076 -0.028 0.271 -0.026 0.098 -0.092 -0.027 -0.126 0.046 -0.036 -0.013 0.578 1
CO3 0.193 0.249 -0.057 0.225 0.191 0.213 0.297 0.016 0.067 0.294 0.118 -0.001 -0.099 1
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Figure 34: a) Dendrogram clustering based on the chemical parameters of 113 groundwater samples in the study area. b) The relationship between the clustered
groups based on the chemical characteristics of the sampled groundwater.
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linking distinct groups to their unique isotopic signatures to trace pollution sources and
understand hydrological processes for targeted environmental management and further

investigative research.

Table (4) presents the oxygen and hydrogen isotopic compositions for 11 samples,
alongside their respective total well depths, compared to their total dissolved solids (TDS).

The graphical representation in Figure (35a) shows the relationship between TDS and well

depth.

Table 4: Oxygen and hydrogen isotopic ratios of 11 selected samples along with the total well depths and TDS.

SN 5 180 (%) 5 2H (%) Well Depth (m)  TDS (ppm)
86 -4.3955 -34.212 75 4968
87 -4.8615 -36.68 90 2377
88 -4.958 -37.1575 75 1546
89 -4.6015 -35.0645 90 2600
90 -4.288 -33.42 120 4700
91 -4.0585 -32.153 80 5300
92 -3.9955 -31.7665 90 5400
93 -4.1275 -32.6345 120 5800
94 -4.326 -33.6255 90 3686
95 -4.4505 -33.7675 70 3371
96 -4.5135 -33.919 75 2270
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Figure 35: a) The relation between the TDS and well depths of 11 selected groundwater samples. b) Plot of 52H vs 6180

of the selected samples.
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Spatial distribution maps were generated using ArcMaps 10.8.2 software using the inverse
distance weighted (IDW) interpolation method to evaluate the lateral deviations in the

hydrochemical properties in the study area (Figure 6).

Generally, the maps depicting TDS, EC, Ca®*, CI, Mg?*, Na*, and SO.% (Figure 6a, b, c,
d, g, h, J) exhibit a consistent trend, with higher concentrations observed in the southeastern

section of the study area and relatively lower concentrations in the western section.

The spatial distribution maps for HCO3™ and K* (Figure 36e and f) reveal increased
concentrations in the northwestern part of the study area, alongside overall elevated
concentrations in the southeastern area. Interestingly, the NOs™ map (Figure 36i) exhibits
slight deviations from the patterns observed in other elements, with areas displaying low

NOs" concentrations despite having high TDS.

To elucidate the natural processes governing water chemistry, the Gibbs diagram (Figure
37) (Gibbs, 1970), offers valuable insights. This diagram assesses three fundamental
mechanisms: Evaporation, Rock-water interaction, and atmospheric precipitation. As

depicted in Figure 37, all samples are clustered near the evaporation zone.

Furthermore, the saturation index (SI) is utilized to anticipate interactions between water
and surrounding rock units based on groundwater geochemical data, eliminating the need
for rock sample analysis (Figure 38). PHREEQC 3.0 speciation code was employed to
calculate the Sl of calcite, dolomite, gypsum, halite, and anhydrite (Parkhurst, 1995). A
positive Sl indicates mineral precipitation in groundwater (supersaturation), while a
negative Sl suggests mineral dissolution (undersaturation), with zero Sl showing

equilibrium with groundwater (Appelo and Postma, 2004).
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Figure 38: Scatter plots displaying the relationship between the saturation indices of calcite, dolomite, anhydrite, halite,
and gypsum in the present study.

Results indicate oversaturation of calcite and dolomite in most tested groundwater samples,
with some exhibiting undersaturation (Figure 8). Conversely, all samples show

undersaturation of anhydrite, gypsum, and halite.
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Plotting HCO3™ + SO4% versus Ca®" + Mg?* (Figure 39a) provides insights into whether
these ions result from the dissolution of calcite, dolomite, and gypsum. Plotting Na* versus
CI- provides insights into the dissolution of halite (Figure 39b). Plots of Ca?* versus HCOs"
and Ca?* versus SO+ (Figure 39¢ and d) may confirm the probability of calcite or gypsum

dissolution in these samples.
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5.5.2 Gravity Survey

Since the subsurface model for the study area was unknown and the spatial distribution of
geochemical parameters from the collected water samples (Figure 36) was unexplained and
irregular, gravity measurements were conducted and processed to highlight the subsurface
complexity (Figure 40 and 41). The modelling of the gravity data would delineate
subsurface geotectonic structures such as rock contacts, faults, domes, and basins with
significant density contrast.

Figure 40 presents the residual gravity field. The residual field map displays the impact of
shallow structures on the gravity field, with anomalies ranging from -1.643 to 1.498 mGal.
The red color represents low-density anomalies associated with basins filled with loose
sediments. The blue anomalies indicate areas with high-density anomalies, indicative of
hard or more cohesive geological units. This indicates a measured signal with a total
amplitude of 3.141 mGals. It is crucial to emphasize that the gravitometer has a precision
of 0.001 mGal. The location of all the measuring points is shown as green squares.

Figure 41 shows the terracing filter map with the maximum horizontal gradient. The map
presents an improvement of the subsurface characteristics, suggesting the presence of
similar areas with regards to gravity response showing areas with distinct border between
low- and high-density geological units. The location of the maximum of the THDR is

depicted by the black dots over the terracing map (Figure 35).
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Figure 40: Residual Bouguer anomaly map of the study area based on 571 gravity stations, as depicted by green squares.
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Figure 41: Total horizontal derivative (THDR) and terracing map.
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CHAPTER 6

DISCUSSION

6.1 Structural analysis of Neogene sandstone sequence through

integrated digital outcrop modeling and field investigations

6.1.1 Fracture characteristics

The comprehensive digital outcrop modeling of the Upper Miocene to Lower Pliocene
Hofuf Formation in Saudi Arabia has yielded significant insights into the structural
characteristics of the region. Main finding is the pronounced dominance of fracture
orientations from the DOM along the WNW-ESE axis (Figure 12a), which were consistent
with the orientations from traditional fieldwork (Figure 13a). This persistent directional
tendency is not merely a local anomaly but resonates with the broader structural style of
the Arabian Peninsula. Such orientations reflect the principal stress direction imprinted on
the geological strata in the region over ages, likely due to the sustained compressional
forces (Tranos et al., 2024). This compression is most likely attributed to the ongoing
oblique collision between the Arabian and Eurasian Plates, a monumental tectonic

interaction that has shaped much of the Middle Eastern geology (Ziegler, 2001).

Secondary fracture orientations (e.g., 120° and 80°) suggest episodic or phased tectonic
stress, possibly indicating a complex interplay of forces in the Hofuf area over the

geological timeline. Caution should be taken in interpreting these secondary orientations,
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as they may represent localized adjustments or minor reactivations of pre-existing

structures, rather than entirely new tectonic regimes (Maerten et al., 2002).

A notable feature in the fracture characterization is the predominance of nearly vertical dip
angles, predominantly ranging between 88 to 90 degrees from the DOM (Figure 12b) and
87 to 90 degrees from the fieldwork (Figure 13b). This verticality typically indicates an
extensional regime or tensional stresses, a somewhat counterintuitive finding given the
region's known compressional history. This suggests a more nuanced tectonic evolution,
possibly involving phases of local extension intermixed with the dominant compressional
regime (Tranos, 2015). Such a revelation underscores the intricate interplay of tectonic
forces that have shaped the Hofuf Formation, hinting at a complex succession of stress

environments over time.

The diversity of fracture dip angles further complicates the structural story. The
interpretation of fracture dip angles requires a nuanced understanding that goes beyond
simple categorization into tensional or compressional regimes (Ferrill and Morris, 2003;
Schopfer et al., 2007). The observation that fractures with a wide range of dip angles exist
across various geological settings challenges the interpretation. While vertical fractures are
more common in tensional regimes (Gudmundsson, 1992), non-vertical fractures suggest
a more variegated history of stress and deformation. This diverse fracture geometry can be
attributed to various factors, including regional tectonic realignments, localized faulting
dynamics, or even the original depositional environment's influence on subsequent stress

responses (Zeng et al., 2023).
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The presence of fractures of various heights, predominantly less than 100 cm (Figure 14),
is indicative of a history of brittle deformation (Volatili et al., 2022). These short fractures,
typically resulting from localized stress concentrations, paint a picture of a dynamic
subsurface, periodically reworked by tectonic and possibly even climatic forces (Volatili

etal., 2022).

The fracture aperture analysis within the Hofuf Formation (Figure 15) offers insights into
its complex deformation history yet requires careful interpretation within the structural
context of the Hofuf formation. While the presence of narrow fractures, predominantly less
than 3 cm, might be interpreted as indicative of brittle deformation under relatively low to
moderate stress conditions (Hooker et al., 2013), the existence of wider fractures, with
apertures reaching up to 22 cm, suggests intermittent periods of elevated stress, potentially
linked to significant tectonic activities or faulting (De Joussineau and Petit, 2006).
However, it's crucial to acknowledge that using fracture apertures to estimate stresses—
without accounting for block displacements and deformations, besides local stress

alteration—can introduce substantial inaccuracies (Agheshlui et al., 2018).

The comparison between fracture height and aperture in the DOM shows a linear
relationship (Figure 42). The data implies that for each centimeter increase in fracture
aperture, there is a corresponding increase in fracture height, with a constant offset of 2.19
cm. The results also suggest that the model explains approximately 42% of the variability
in fracture aperture. While this relationship is not exceptionally strong, it contributes to our
understanding of the subsurface processes responsible for fracture formation within the
Hofuf Formation. This highlights the interplay between fracture height and aperture as a

significant factor in its deformation history (Renshaw and Park, 1997). These variations in
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fracture height and aperture have implications for hydrocarbon reservoir quality,
groundwater flow dynamics, and geotechnical stability. Moreover, the large aperture sizes
of most of the fractures measured (Figure 42) indicate that the fractures have undergone
further dilation (opening) derived by late tectonic stresses associated with uplift unloading
(Hooker et al., 2013). Another factor that may have contributed to accelerated fracture

opening is erosional processes (Eppes and Keanini, 2017).
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Figure 42: Fracture aperture size vs length measured from the DOM. Fissure: open fracture with an aperture size > 1 cm.
Joint: open fracture with an aperture size <1 cm.
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6.1.2 Implications for hydrocarbon exploration

The structural insights gathered from this study bear profound implications for
hydrocarbon exploration. Understanding the dominant WNW-ESE fracture orientation
provides a valuable predictive tool for mapping potential hydrocarbon conduits and
optimizing extraction strategies. Such fractures, which are well-aligned with regional stress
fields, can significantly enhance reservoir permeability, ensuring pathways for
hydrocarbon migration and entrapment. The proximity of the Hofuf area to the Ghawar
field, the world's largest conventional oil field, magnifies the significance of these
structural insights for sustainable resource exploitation and regional development. Hence,

all this will augment the economic and strategic value of the subsurface assets in the region.

In summary, the digital outcrop modeling of the Hofuf Formation provides a multifaceted
view of its structural characteristics. The predominant fracture orientations align with
regional tectonic forces, while the diversity in orientation, dip angles, heights, and
apertures of fractures reveals a complex geological history marked by varied stress
regimes. These insights are invaluable for furthering our understanding of the Arabian
Peninsula's geological evolution and enhancing the exploration and efficient exploitation
of its natural resources. Future studies should aim to integrate this structural
characterization with other geological, geophysical, and geochemical data, providing a

more holistic view of the subsurface and its potential resources.
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6.2 Subsurface characterization of the Al-Hassa national park,

eastern Saudi Arabia, using multi-geophysical methods

Five different geophysical methods were applied over the Al-Hassa National Park to
characterize the subsurface. Most of the data was very valuable, and their interpretation

helped me understand the complexity and uniqueness of the study area.

The magnetic data contained no significant geologically induced signal that could be used
to extract information about the subsurface. All the high-amplitude recordings, with a total
amplitude difference of 32.9 nT (Figure 18a), came from nearby metallic objects. When
these anomalies were identified and removed by filtering the data, the total amplitude
difference was down to 9.9 nT (Figure 18b), showing no important magnetic properties of

the subsurface rocks.

The residual gravity field (Figure 19b), which represents the contribution of the shallow
structures to the recorded signal, shows low gravity anomalies in the western, southern,
and northern parts of the National Park, while high gravity anomalies are encountered
mainly in the north and the southeastern parts. Mid-to-low gravity anomalies characterize
the largest extent of the National Park. Low-density anomalies can be considered as
basins/valleys filled with low-density loose materials of unconsolidated sediments that
follow a general N-S orientation and are interrupted locally by high-density saddles. The
assumption above about the N-S or NNW-SSE basins was confirmed by applying the
enhancement filters in Figure 5. The drawn lines on the TDR map (Figure 20a) could be
interpreted as tectonic lineaments and/or geologic contacts. Their dip direction is also

indicated in the exact Figure. The lineament analysis distinguished the boundaries of the
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geologic structures and highlighted the areas where small basins (low density, blue areas)
of the suggested N-S direction are created. The tilt-depth method was applied to improve
the understanding of the development and evolution of the basins (Figure 20b). This
analysis provided information about the depths in which the geologic contacts and/or
tectonic features are expected and offered valuable insights for subsurface modeling. The
structural basins within the Al-Hassa National Park are located at greater depths in the
southwestern part, where the rim of the basin is between 300-500 m below the ground
surface. In the central part, the geologic structures should be expected to be situated at
shallower depths, between 100 and 350 m. 3D inversion was also applied to the acquired
data to incorporate and present the study area's complexity (in-depth and lateral density
change). Figure 21a presents low-density (blue colors) and high (red colors) density areas.
The low-density (basins) structure appears with an N-S arrangement, which is also
indicated in Figure 21b, where only the low-density anomalies are depicted, creating N-S
elongated basins interrupted by higher-density areas located in the in-between space (white
areas). Finally, the assumption that the southwestern basin is the deepest is also supported
by the 3D model, in which a large structure that continues beyond the area’s limits and the

maximum depth of the model (3 km) is observed.

3D inversion was also applied to the MT data, achieving high accuracy for the shallow
layers (around 200 m depth) till the maximum depth of 2.1 km below the ground surface.
Several scattered low-resistivity (below 20 Qm, blue colors) anomalies were identified in
the first depth slice, between 0.177 and 0.224 km (Figure 22). These low-resistivity areas
are connected and becoming more extensive as we move deeper, from 0.5 to 0.838 km.

After the depth of 1 km, these low-resistivity anomalies cover the central and southwestern
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parts of the National Park until the maximum depth of 2.161 km. The first anomaly, in the
southwest part of the survey area, has its top part at a depth of 500m and average lengths
in the X, y, and z directions of 200 m, 600 m, and 1300 m, respectively; thus, an average
volume is 0.156 km3 (Figures 22 and 23b). The second deep low-resistivity anomaly can
be seen in the center of the area, with its top part at a depth of 980 m and average lengths
in X, y, and z directions of 1400 m, 900 m, and 1350 m, respectively (Figures 22 and 23a,
c). The second deep conductive anomaly volume is 1.7 km3. The geometrical
characteristics of the low-resistivity and high-resistivity structures can also be extracted

from Figures 23a, b, and c, where the three cross sections are presented.

Similar to the MT, resistivity models were also extracted from the 1D inversion of the TEM
data, and the construction of the quasi-3D resistivity model and the representation of its
depth slices are shown in Figure 24. The same color scale (blue and red for low and high
resistivity anomalies, respectively) and resistivity range (10-100 Qm) were applied to
compare the shallow MT and TEM depth slices. The TEM models are presented as three
depth slices, separated every 100 m, and reach a maximum depth of 300 m (Figure 24).
Lateral and in-depth resistivity variations were observed where the main resistivity features
are two low-resistivity (below 20 Qm) anomalies depicted from the surface (Figure 9a) till
the last depth slice (Figure 24c) and are shown as white circles. By comparing the third
depth slice (200-300 m, Figure 24c) with the depth slice from the 3D MT resistivity model
(177-224 m, Figure 24d), it is shown that there is a good agreement between the final

resulted model by the different geophysical methods.

Figure 43 presents the comparison between the MT and gravity 2D models. A 2D section

(Figure 43a) was extracted from the 3D MT model and used as the initial model for
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applying 2D constrained inversion of the gravity data acquired along the same profile. It
should be mentioned that MT and gravity are possibly the only methodologies that can get
deep information about the surface, and their integration can be beneficial for
characterizing complex areas. The MT model reaches a depth of 4.5 km, while the gravity
model reaches a depth of 1.8 km. A low-resistivity (less than 20 Qm) anomaly is shown in
the western part of the profile, with a total thickness of 1 km (from -2 to -1 along the easting
direction). This anomaly could be interpreted as a sedimentary basin filled with saturated
sediments due to its low resistivity and the fact that a high-potential aquifer characterizes
the area. The high-resistivity (around 100 Qm, red colors) anomalies are extended over the
rest of the profile, representing the basement of the study area. A sudden lateral
discontinuity at 1.7 km Easting is found and could be considered as a small basin with
lower resistivities. All this information was incorporated as an input constraint for the 2D
inversion of the gravity data, as shown in Figure 10b. The gravity model consists of four
density units based on the subsurface structures. The first unit with brown color is the
basement, with an average density of 2.69 gr/cm3 covering most of the profile. The second
and third basins are filled with low-resistivity sediments and are light pink. The basin in
the west is more extensive and deeper and produces a recorded gravity signature. The
smaller and shallower basin is interpreted at the profile's eastern end. Due to their depth
and expected compaction effects, the basins have slightly different densities, 2.55 gr/cm3

for the western and 2.50 gr/cm3 for the eastern. The final inverted gravity model has a very
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low RMS error (0.033), indicating that the conceptual model used for the subsurface

represents a realistic depiction of the subsurface.
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Figure 43: A comparison between the 2D MT and gravity models along the W-E direction.
(a) The 2D MT cross-section of the 3D resistivity model (Figure 8b). (b) root mean square
(rms) interpretation as the discrepancy between the observed and calculated values of the
gravity measurements, and (c) the 2D model is based on the inversion of gravity data.

Summarizing all the findings mentioned above by applying different geophysical methods
and incorporating additional information, such as the proximity of the study area to the
Ghawar oilfield and the expected tectonic features in the area, we could reach the following

conclusions.
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One possible scenario for the geologic regime of the study area is that the resulting 3D
resistivity structure from the MT data, as shown in Figure 44 and confirmed by the TEM
and gravity measurements, consists of four main elements: a very low resistivity clayed
sand layer, a low-resistivity (less than 20 Qm) suprasalt formation, the resistive (around
100 Qm) salt body and low resistivity, around 20-50 Qm, subsalt formation. Stewart

(Stewart, 2018) documented these elements.

Specifically, very low resistivity (less than 1 Qm) is probably related to high
concentration clayed horizons covering the top layer of the study area. It should be
mentioned that in some areas, clayed materials were observed during the scouting and
fieldwork supporting our interpretation. The next unit is the Meso-Cenozoic suprasalt strata
consisting of, from top to bottom, the Hofuf, Dam, Hadrukh, Dammam, Rus, and Umm Er
Radhuma Formations with resistivities ranging from 1 to 20 Qm (Ashadi et al., 2022). The
total thickness of this unit reaches a maximum of 2 km, which agrees with the resulting 3D
resistivity images. The resistive salt formation appears next to the suprasalt low-resistivity
structures in very steep contact, as shown in Figure 11. The top of the salt formation ranges
from 200-300 m and extends to a depth of 1.5-2 km. Below all three units, the subsalt unit
is observed with an average resistivity of 30 Qm, which may be linked to either carbonate
sequences or effusive rocks. The subsalt formation is found from the 2-2.5 km depth and

continues till the end of the model at the depth of 4.5 km.

It is useful to observe that suprasalt sediments can be considered as an oil reservoir, as oil
moves upward from the subsalt formations (Berdichevsky et al., 2015). Seismic imaging
is frequently ineffective for imaging subsalt strata due to the significant differences in

velocity within the salt formation. Moreover, the seismic methods are costly and time-
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consuming. MT method can capture a detailed image of the intricate arrangement of the

salt structure with all of its components.

The other possible geologic scenario is that the observed low resistivity zone, ranging from
20 to 50 Qm, could be attributed to geothermal fluids circulating through fractures induced
by tectonic activity on the broader region. This hypothesis is bolstered by historical records
of hot springs in the Al-Hassa area, suggesting a geothermal influence on the subsurface
resistivity profile. Similar interpretations have been made in studies of other similar
regions, such as the Kumamoto area in Japan (Asaue et al., 2012). In this scenario, the
tectonically fractured zones act as conduits for geothermal fluids, altering the resistivity
characteristics of the surrounding rock formations. The presence of these fluids could
significantly impact the resistivity response, offering an alternative explanation to purely
lithological factors. This scenario not only underscores the complexity of subsurface
resistivity patterns but also highlights the potential for geothermal resources in the Al-
Hassa area, necessitating further investigation to delineate the extent of geothermal

influence on the observed resistivity characteristics.
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Figure 44: The 3D resistivity model for the study area of the Al-Hassa National Park..

6.3 Reconstruction of the subsurface of Al-Hassa Oasis using gravity

geophysical data

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 27) indicates the influence of shallow structures on the
recorded signal. It reveals low gravity anomalies in the southwestern part of the study area
and in some other areas, in the north, north-east, and central parts of the area under
investigation. Low-density anomalies (blue and dark blue colors) are usually represented
by fractured/eroded rocks and semi-cohesive sediments and sedimentary rocks, and

sometimes loose sediments. On the other hand, areas of high gravity anomalies, depicted
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by the colors red and pink, are found in the north-western and south-eastern 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 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
discontinuities 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 28a). 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 28b). All linear features (black
lines in Figure 28a) were segmented into 100m 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
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determined. Although those orientations are depicted from the subsurface, they show a

good agreement with surface features documented by Saner et al. (Saner et al., 2005).

The tilt-depth approach was utilized, and the terracing map was estimated to enhance
comprehension of the formation and progression of the basins (Figure 29). 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 meters below the ground surface and extending

to a depth of almost 1.8 km. The rest of the basins are shallower.

The obtained data was subjected to 3D inversion to incorporate and portray the complexity
of the research area, including changes in density both in-depth and later-ally. Figure 30a
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 30b, 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 maxi-mum depth of 4.2 kilometers.

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 findings.
The presence of fractures with distinct orientations both at the surface and in the subsurface
offer insights into the complex geodynamic history of the region. Surface observations
reveal predominantly E-W oriented fractures, as indicated by Khogali et al. (Khogali et al.,
2024). 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 (c1), 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 o1 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
subsequent reactivation during the Hercynian Orogeny in the Devonian period, could have
further accentuated the N-S structural predisposition. Acknowledging the limitation of the
outcrop data derived from a single outcrop study, which may not fully represent the area's
complex fracture network is crucial. 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
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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
(Pollastro, 2003). 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 in unraveling the

geological history and potential resource opportunities in the Al-Hassa region.

6.4  Subsurface complexity controls the aquifer heterogeneity: a case

study from the Al-Hassa oasis, eastern Saudi Arabia

Understanding the hydrochemical characteristics of groundwater is essential for effective
management and sustainable utilization of water resources (Costa Santos et al., 2024;
Rezaei et al., 2020). However, it is challenging to understand subsurface factors that control
groundwater chemistry or quality (Khogali et al., 2020). In this study, we conducted a
comprehensive analysis encompassing hydrochemical facies, statistical analysis, isotopic
composition, spatial distribution maps, and an extended geophysical investigation by
collecting gridded gravity data. By integrating findings from these diverse analyses,
valuable insights into the factors controlling groundwater heterogeneity in the Al-Hassa

Oasis region are gained.

The analysis of the chemistry of major ions provided a foundational dataset on the chemical

composition of groundwater samples (Table 2). High levels of various ions, exceeding
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permissible limits set by regulatory standards, raise concerns about water quality and
highlight potential anthropogenic influences. These findings set the stage for further
exploration into the sources and processes driving ion concentrations in groundwater. The
subsequent hydrochemical facies analysis, utilizing the Piper diagram (Figure 33), revealed
distinct patterns of ion associations, and provided insights into hydrological processes
shaping groundwater chemistry. The predominance of alkali metals (Na+ + K+) and ClI-

suggests influences from the evaporation and dissolution of evaporite rocks.

Statistical analysis further explained relationships between hydrochemical constituents,
revealing strong correlations between TDS and Na*, K*, Ca**, Mg?*, HCOs', CI, and SO4*
(Table 3). This underscores the crucial role of specific ions in shaping overall water quality
and highlights potential sources of enrichment (Laonamsai et al., 2023). Cluster analysis
based on dendrogram analysis revealed the formation of four distinct groups (Figure 34).
Group 1, comprising 6 samples, exhibited lower TDS, EC, and ion concentrations
compared to other groups, albeit with exceptions for pH, NOs,, and PO4>. Group 2,
encompassing 21 samples, was characterized by the highest TDS, pH, EC, and ion
concentrations. Group 3, comprising the majority of samples (66 samples), displayed the
lowest NOz™ concentrations and overall values slightly higher than Group 1. Finally, Group
4, consisting of 20 samples, exhibited the lowest pH and highest NOs™ values, with overall
values marginally lower than Group 2. Comparing the TDS to the total well depths showed
a very low correlation (R2 = 0.22) (Figure 35a), which may indicate that the groundwater
depth is not the main control of the water quality in this area. On the other hand, the isotopic
composition analysis (Figure 35b, Table 4) offered additional insights into hydrological

processes and water sources, with distinct isotopic signatures for groundwater groups that
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indicate the variation in recharge mechanisms and groundwater flow paths of those groups.
These findings underscore the complex interplay between geological, hydrological, and
climatic factors in determining groundwater chemistry (Farid et al., 2015; McEachern et

al., 2006).

The observed trends from spatial distribution maps, such as higher concentrations of certain
ions in specific regions, may suggest localized influences from geological formations, land
use practices, and hydrological processes (Ashraf et al., 2022; Dwarakish and Ganasri,
2015; Wang et al., 2007). In the study area, we noticed higher concentrations of most of
the ions in the southeastern part and relatively lower concentrations in the western part
(Figure 36). The factors governing groundwater chemistry in the study area, explored
through Gibbs diagram (Figure 37), saturation index calculations (Figure 38), and ionic
relationships (Figure 39). All samples are clustered near the evaporation zone in Gibbs
diagram, characterized by high salinity and the dominance of Na® and CI. Those
observations suggest the involvement of evaporites in enriching the groundwater of Al-
Hassa oasis. The saturation indexes indicate oversaturation of calcite and dolomite in most
tested groundwater samples, with some exhibiting undersaturation (Figure 38).
Conversely, all samples show undersaturation of anhydrite, gypsum, and halite, indicating
the potential for further dissolution of these minerals. Plotting HCO3™ + SO4? versus Ca?*
+ Mg?* (Figure 39a) suggested a partial dissolution of calcite, dolomite, and gypsum as
some samples align along the 1:1 equiline. Moreover, a significant contribution from halite
dissolution is evident, as most samples align along the 1:1 equiline with a strong correlation
(Figure 39b). Plots of Ca?* versus HCO3™ and Ca?* versus SO4% (Figure 39c and d) suggest

a minor probability of calcite or gypsum dissolution in these samples. Overall, the results
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showed that evaporation and halite dissolution are the main factors that enriched the

groundwater of the Al-Hassa oasis.

The integration of high-accuracy geophysical data from the gravity survey provides
additional context by delineating subsurface geological structures (Mohamed et al., 2023;
Omollo and Nishijima, 2023). The residual gravity field (Figure 40) reveals areas of low
gravity anomalies (corresponding to lower densities) in the southwestern region and, in
specific locations supported by multiple stations, in the study area's northern, north-eastern,
and central portions. Low-density anomalies are commonly identified by the presence of
fractured or eroded rocks, semi-cohesive sediments, sedimentary rocks, and occasionally
loose sediments. A prominent basin or depression is observed in the southwestern part,
indicated by a strong negative anomaly as aforementioned. Additionally, smaller elongated
sub-basins are discernible in the eastern and northern regions of the study area. In contrast,
regions with elevated gravity anomalies, represented by light to dark blue colors, are
located in the northwestern and southeastern sections of the study area. Hard sediments
and rock formations typically result in elevated anomaly densities. Specifically, the
rectangular-shaped, positive density anomaly in the southeastern part of the study area
suggests the presence of evaporites. It has to be mentioned that evaporites (halite,
anhydrite, and gypsum) are less dense than most rocks in the study area. The positive
anomaly comes from comparing the evaporites and the sediments filling the basins (low-
density anomalies) in the west and north of the evaporitic positive response. The high-
density anomalies are situated next to the basins, displaying clear and precise boundaries
oriented in the NNW-SSE and W-E directions (Figure 40 and 41). Considering the

geological fault represented by the lateral variation in density and the proximity of the
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study area to the Ghawar anticline, it is probable that the high-density anomalies
correspond to rock formations that have been uplifted. The remaining portion of the study
area is distinguished by moderate to low gravitational anomalies, typically varying from -

0.4 to 0 mGal, depicted by green and light-yellow hues.

In addition, the terracing map and the maximum of the THDR were calculated (Figure 41).
These filters yielded information on the expected geological boundaries and/or tectonic

formations, providing valuable knowledge for creating subsurface models.

The black dots on the THDR map can be interpreted as tectonic lineaments or geologic

contacts.

The presence of features such as diapirism, basins, and faults (as lateral changes of the
measured geophysical property) revealed by the gravity survey offers insights into potential
controls on groundwater flow and chemistry (Bajc et al., 2018; Hiebing et al., 2018; Scott,
2022). The observed correlation implies that the probable presence of a diapirism structure
in the southeastern part of the study area may underlie the compromised groundwater
quality in this area while having a relatively better water quality in the southwestern part
of the probable basin area (Figure 45). Moreover, the correlation of gravity anomalies with
groundwater temperature distribution (Figure 45) across the study area suggests that cooler
water originates from basin areas (low-density anomalies) characterized by loose
sediments, potentially facilitating the cooling of upwelling hot groundwater from deeper
aquifers. Conversely, areas with hotter water correspond to regions with dense rock
formations or doming, possibly stimulating shorter flow pathways for upwelling hot

groundwater through fractured geological formations.
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The correlation between hydrochemical characteristics and geological structures
underscores the interconnected nature of hydrogeological processes and geological
features. The findings of this study highlight the complex interplay of geological,
hydrological, and tectonic factors in shaping groundwater chemistry in the Al-Hassa oasis
region. By integrating findings from diverse analyses, we comprehensively understand the
complex processes governing hydrochemical variability. Moving forward,
interdisciplinary approaches combining hydrogeological, geochemical, geophysical, and
climatological techniques will be essential for advancing our understanding of groundwater
dynamics and developing sustainable water resource management strategies in arid

regions.
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Figure 45: Spatial distribution of TDS and water temperature and their relation to density variations in the subsurface.
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CHAPTER 7

CONCLUSION

The Al-Hassa area, renowned for its geological and hydrogeological significance,
historically boasted over 280 natural springs that irrigated the world's largest oasis. Situated
near the Ghawar oil field, the largest conventional oil field globally, this region holds
immense geological importance. This study employed a combination of geophysical,
geological, and hydrogeological methods to understand and reconstruct the subsurface

heterogeneity in the Al-Hassa oasis area, covering more than 350 kmz2,

The investigation divided the region into two parts based on the acquired data for a
comprehensive understanding of the subsurface. The first part, approximately 40 km2,
focused on the Al-Hassa National Park in the northeast of the oasis. Five geophysical
methods were employed: 210 gravity stations, a 3.6 km magnetic profile, 46
magnetotelluric, six audio-magnetotelluric, and 35 transient electromagnetic stations.
These were integrated to create a detailed 3D subsurface model. The second part
encompassed the entire Al-Hassa oasis, covered by 571 gravity stations and hydrochemical

data from 113 groundwater wells.

In Al-Hassa National Park, electromagnetic soundings were processed to achieve
maximum resolution. Gravity and electromagnetic data were combined to construct a 3D
model revealing a complex underground structure, while magnetic data offered minimal

additional insights. The resulting 3D geophysical subsurface model highlighted lateral
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resistivity discontinuities, a possible salt dome structure, and fracture zones that facilitate

or impede groundwater flow.

Across the broader Al-Hassa oasis, 3D subsurface modeling unveiled an intricate
subterranean configuration with lateral variations in density, indicating the presence of
potential salt dome structures and fracture zones that serve as conduits or barriers to
subsurface fluid flow. Hydrochemical and geophysical results aligned well with
groundwater quality and gravity anomaly distributions. Positive gravity anomalies in the
southeastern part indicated denser rock formations and higher TDS values, reflecting poor
water quality. In contrast, significant negative gravity anomalies in the southwest suggested

loose sediments or basins and low TDS values, signifying good water quality.

Groundwater temperature distribution revealed a consistent pattern, with cooler waters in
areas of negative gravity anomalies (basins) and hotter waters in regions of positive gravity
anomalies. These findings suggest that groundwater quality variations are linked to
interactions with distinct geological substrates and varying sub-basins. Temperature

differences may also be attributed to different subsurface flow pathways.

Structural investigations identified a dominant WNW-ESE trending fracture system and
secondary NW-SE and NE-SW oriented fracture systems, suggesting a complex interplay
of tectonic stresses that shaped the region over geological timescales. This thesis provides
a comprehensive explanation of the controlling factors behind subsurface heterogeneity in
the Al-Hassa oasis, emphasizing the roles of geological, tectonic, and hydrogeological

elements in shaping the region's subsurface patterns
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