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Abstract: The Gulf of Suez area is one of the most favorable regions in Egypt for geothermal
exploitation since it hosts an evident cluster of superficial thermal springs. Some of these thermal
springs include Hammam Musa, Hammam Faraun, Sudr, Ayn Musa and Ain Sokhna, which
are characterized by high temperatures ranging between 35 °C to 86.66 °C. It is this feature that
makes the Gulf of Suez locality sufficient for geothermal power production. Corrected bottom
hole temperature (BHT) data from 197 oil wells situated onshore and offshore of the Gulf of Suez
were utilized for the present research. The results indicated that the study area has a geothermal
gradient ranging from 24.9 to 86.66 °C/km, a heat flow ranging from 31 to 127.2 m W k™!, a thermal
conductivity of 2.6-3.2 W m~! k™!, and an amplitude temperature varying from 49.48 °C to 157.8 °C.
The derived geothermal and geological layers were used together with the remote sensing thermal
infrared and topographic data, to map relevant physiographic variables including surface elevation,
fractures density, drainage density, nighttime land surface temperature and major lithological units.
The nine produced variables were integrated in GIS to model the geothermal potential map (GTP) for
the Gulf of Suez region. The model identifies the northeastern and the southwestern areas as equally
two sites for high geothermal potential. Findings of this study demonstrate that integration of well
logging and space data with the adopted geospatial techniques is a practical method for geothermal
prospecting in similarly geologic and tectonic setting in Egypt and East Africa.

Keywords: well logging data; bottom-hole temperature (BHT); Landsat thermal infrared; DEM;
fractures density; stream density; GIS

1. Introduction

Nowadays, Egypt is witnessing unprecedent expansion of domestic, urban and economic
expansion [1]. This expansion puts a considerable stress on the current energy resources of Egypt, in
particular, electricity resources. It is projected that the country consumption from electricity will be
increasing at a rate of 1500-2000 MW per year. Thus, the search for new energy resources, such as
geothermal energy, became of a vital importance to cope with the rapid economic and urban growth
in Egypt.

African and Arabian countries have an abundance of geothermal energy resources that are not
currently utilized for electrical resource delivery. The development of the geothermal systems in
these countries is relatively recent and was initiated during the separation of the Arabian—-Nubian
Shield (ANS) between 31 and 15 Ma [2-6]. The breakup of the ANS activated large-scale volcanic
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and tectonic activities over the Arabian shield including the present-day countries of Yemen, Egypt,
Eritrea, Djibouti, Ethiopia and Kenya [2-5]. The expanded region surrounding the Red Sea continues
to be vastly active and dynamic with tectonic events. These energetic events have historically resulted
in the expansion and proliferation of geothermal systems in the region.

In Egypt, the earliest magmatic activity was informed from Zabargad Island (~6.6-1.3 Ma) [7,8]
with magmatic activity being characterized by basalt flows and dike swarms [9,10]. All the geothermal
systems in the African and Arabian countries are directly related to the volcanic and magmatic activity
associated with the rifting of the Red Sea [11,12]. From the arid Sahara to the extensive Nile River,
Egypt has an abundance of natural diversity. Located within the uppermost northeast quadrant of
Africa, Egypt links the continent with the Middle East by bordering with the southern Levant region.
To the east, Egypt borders the Red Sea. This adjacency to the Red Sea Rift, a scientifically classified
divergent plate boundary with a spreading center between the African and Arabian plates [13],
provides a distinct tectonic setting which positions Egypt to have substantial geothermal resources [14].
The eastern and western coasts of the Gulf of Suez within the northwest Red Sea include a cluster of hot
springs with a range of characteristic temperature variations (e.g., Hammam Musa, Hammam Faraun,
Sudr, Ayn Musa and Ain Sokhna). These hot spring regions are the most promising for geothermal
development [12] (Figure 1). The hot spring of Hammam Faraun contains high geothermal variables
including a measured heat flow of 127.2 m W k~1. This value is about three times the average values in
the eastern part of Egypt [15]. EI-Nouby [16] analyzed the potassium deposits in the Middle Miocene
Evaporites in the Gulf of Suez and determined that the radioactivity and the isothermal maps, which
represent patterns of constant or equal temperature, have similar alignments, which are congruent
with the main structure trends of the area. While previous studies have provided localized detail
information, it is noted that geothermal studies on the periphery of the region were sparse which limits
the characterization of the regional supply of the geothermal potential distributed across the study area.
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Figure 1. (a) Shows the location of the study area marked by the red box, (b) position of the thermal
springs, along the Gulf of Suez rift.

The development of a sustainable geothermal resource relies heavily upon integrating the geology
and dominating structures with the geothermal properties of the potential reservoir rocks including
reservoir temperatures, permeability, and thermal conductivity. Accurate characterization of fractures
is crucial to the formulation of proper management plans for geothermal energy development.
The present research aims to build a geologic-geothermal model to enhance the geothermal potential
evaluation and exploration of future resources. The primary objective of this study is to develop
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an approach that can be used to evaluate geological, structural and topographical data that are related
to the geothermal resources of the Gulf of Suez area and its impacts. To derive this information, this
research incorporated remote sensing and GIS techniques with field data measurements (onshore
and offshore wells) to locate and evaluate geothermal development potential. Ultimately, this approach
aims to provide guidance for the determination and identification of new localities for geothermal
energy resources and delivery infrastructure. Utilizing the general trends and spatial distribution of
potentially suitable areas for geothermal power plant and electricity production, valuable information
can be provided to community planners and developers to inform land use, urban development,
and electrical resource delivery decisions.

2. Geological and Tectonic Setting

The initiation and evolution of the Red Sea Rift and the transition from a continental to an oceanic
rift occurs in the Red Sea near the Gulf of Aden and spreads north into the Sinai province, leading to
the formation of the Gulf of Suez rift (Figure 2) [17,18]. As a result of extensional forces formed by
a rising mantle plume beneath the Afar region where an upwelling mantle plume is uplifting the region,
the Arabian Shield rotated anti-clockwise over a transform fault near the Gulf of Aqaba. As a result,
the Red Sea Rift could not penetrate the Precambrian shield south of Sinai. Consequently, the rift axis
stopped at the Gulf of Suez (termed as a failed arm) [3,8,19-23]. The geology of the area under study
ranges from pre-Cambrian basement rocks to the Holocene Quaternary deposits (Figure 3) [24-27].
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Figure 2. Geological map of Egypt modified after [17,18].
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Figure 3. Shows the geology and structural setting of Sinai Peninsula. Modified after [24-27].

The Gulf of Suez is located at the northwestern end of the Red Sea, to the west of the Sinai
Peninsula. It stretches 300 km (190 mi) north in a NW-SE trending rift that is divided into three parts:
the northern, central and southern segments. The northern part of the Gulf dips to SW; the central
part dips to the NE, and the southern segment dips to the SW [28]. The structure of the Gulf of
Suez rift is controlled by extensional normal faults and rotational block faulting which is considered
to be a mode of structural evolution in extensional tectonic events and a result of tectonic plates
stretching apart. The crests of these plates represent the main target for oil and hydrocarbon exploration.
The pattern swarms of extensional faults consist of two major groups of trends. The first rupture
is linear with longitudinal stripes positioned parallel to the axis of the Gulf of Suez rift which was
generated an extensional system during Neogene time. The second rupture is N-S to NE-SW trending
with transverse faults containing inactive discontinuities in the pre-Cambrian basement rock [20].
The stratigraphic succession of the Gulf of Suez, modified after [29], is illustrated in Figure 4 to show
the dominant geological formations and thickness.

Intensive structural and tectonic events have been present in this region from the Cretaceous to
Pleistocene. Maximum activity of faulting and subsidence is dated to have occurred during the latter
stages of Oligocene while more present-day activity consists of significant hot spring structures.
Many of these active hot springs which have been attributed to the Red Sea and Gulf of Suez
divergent rifts are located along the eastern and western coastal margins of the Gulf of Suez [30].
The relationship of the geothermal feature localities and the physical features of the Gulf of Suez have
been accompanying with the pre-Miocene break [31]. Features associated with high temperatures are
reflective of more shallow blocks whereas cooler temperatures are linked with more deep pre-Miocene
blocks [32]. The main depressions located along the Gulf of Suez rift axis are related to a gradient of
high thermal measurements on the order of 20 °F per 30 m, which is attributed to the convective flux of
high temperature mantel flowing upwards to the thin crust surface [33]. To the upper east of Egypt’s
mainland lies the arid Sinai Peninsula with an area of 60,000 square kilometers. It is situated between
the Gulf of Suez on the west and the Gulf of Agaba on the east. The Mediterranean Sea borders
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the northern expanse of the Sinai while the southern triangular tip shares a boundary with the Red
Sea. Because of its positioning and geologic formation, Sinai contains geologic and geomorphological
features that are characteristically non congruent with the surrounding land masses.

The Upper Peninsula is comprised of low elevation alluvial expanses interspersed with uplifted
Mesozoic domes and anticlines of the Syrian Arc (Figure 3). As a result of sinking processes along
Tertiary fault structures, these Syrian arc features are located below the Quaternary deposits in close
proximity to the Mediterranean Sea [30]. The mid-section of the Sinai is comprised of a diversity
of geologic settings while containing both Mesozoic and Tertiary sediments. The arid southern tip
contains significant mountainous topography with an elevation range of 2450 m and is comprised of

pre-Cambrian basement rocks [34].
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Figure 4. The stratigraphic succession of the Gulf of Suez, showing dominant geological formation
and thickness (modified after [29]). Ayn Musa stratigraphic succession is marked by a red box with

a photo showing Ayn Musa (Source: [35]).
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3. Materials and Methods

The workflow for this study consists of two main procedures, first: variable extraction and mapping
using the compiled well logging, geological and remote sensing data products, and second: geothermal
potentiality analysis and modelling. A simplified workflow of the data and methods used is outlined
in Figure 5.
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Figure 5. Simplified project workflow.
3.1. Well Logging Data

Geothermal analysis was conducted using the well logging data from 197 deep oil wells (n =
160 onshore and n = 37 offshore) along the Gulf of Suez region, with depths ranging from 158.3
to 4223 m. The bottom-hole temperatures (BHT) of well data were collected by the Egyptian
General Petroleum Company (EGPC), the Gulf of Suez Petroleum Company (GUPCO), and British
Petroleum Company (BPC). BHT, commonly used in geothermal studies, remains the most abundant
and readily available source for subsurface temperature information. These temperature measurements
are collected at the time of active drilling or shortly after drilling circulation has ceased. Due to
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the convective cooling effect of fluid introduction in the mechanical drilling process, the temperatures
measured with this procedure are reduced in comparison to their baseline temperatures [36-38].
After the drilling process concludes and no further cooling fluids are added, the borehole steadily
returns to a less altered formation temperature. The temperature measurements collected are reflective
of the equilibrium formed between the thermally cool drill fluid and the high temperature of
the underlying formation—notably, raw BHT measurements reflect temperatures that are cooler than
actual formation temperatures [36,37,39,40]. Corrections for the raw BHT can be made when the BHT
measurement, time since circulation, and/or depth of measurement are known.

In order to address the temperature differentials between the logged BHT measurements
and the real formation temperature, various correction methods have been utilized [36—43]. In this
study, BHT data were corrected by applying the widely used Horner, and Gulf of Mexico correction
methods to obtain the actual formation temperatures. The Horner method (1951) [36], is suitable
if a series of BHT data from sequential well logging efforts is accessible. This method is limited by
the reliance upon assumptions which are warranted by the scarcity of time consumptive and resource
prohibitive documentation of drilling procedures. One such parameter includes the actual length of
time mud is circulated in the well. The Horner correction utilizes the timing of events in the drilling
process based on the presence of a linear heat source calculation. The Horner correction was calculated
using the following equation:

T
Teq = Tgut = AlOg + (1 + ?) 1

where: A is temperature measured, Te; (°C) is the corrected temperature at equilibrium, T (h) is
the cooling duration (assumed to be 10 h as circulation durations less than this threshold are deemed
to have a negligible effect), f (h) is the time since circulation, which is the interval between the drilling
fluid cessation and well logging initiation, and TgyT (°C) is the bottom hole temperature measurement.

The second method, by Waples et al., 2004 [37], is the Gulf of Mexico correction method.
This method was developed to correct log-derived temperatures. The method made comparative
calculations utilizing log temperatures and drill stem test temperatures of deep well (3500-6500 m)
samples in a Gulf of Mexico site, Gulf of Campeche. The correction is strongly linked to the time
duration following mud circulation cessation (TSC), and secondarily on depth. The Gulf of Mexico
subsurface temperatures (°C) corrections were calculated using the following equation:

Ttrue = Tsurface +f* (Tmeasured - Tsurface) —0.001391 (Z - 4498) 2)

where Tyeasured (°C) is log temperature measurement, Z (m) is depth below the seafloor surface, Ty face
is the annual mean temperature at the seafloor or land surface interface, 26.7 °C, and f correction factor,
which is a function of time since circulation cessation derived using Equation (3):

f=[-0.1462 +In (Tsc) + 1.699]/0.572 + 7007 3)

Table 1, shows the similarity of the derived values from the above two methods, thus supporting
the corrected formation temperature outcomes. Corrected formation temperatures were further used
to generate a geothermal gradient for each well within the study area based on an average yearly
surface temperature of 26.7 °C as incorporated in Equation (3) [44].
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Table 1. Bottom-Hole Temperatures using the Gulf of Mexico and Horner BHT Correction Methods.

Well Name Latitude Longitude Depth (m) Gulf of Mexico Horner
(°F) (@] P (@)
GS-327 2820 N 33.57 E 2542 243.74 117.6 250.24 121.2
GS-346 28.09 N 33.55 E 3033 247.92 119.9 249.76 120.9
GS-277 2841 N 33.30 E 4171 318.69 159.2 358.74 181.5
GS-160 28.94 N 33.99 E 4226 328.65 164.8 312.60 155.8
GS-316 28.23 N 33.50 E 3825 274.15 134.5 259.84 126.5
Amal-10-A 28.34 N 33.34 E 2600 101.52 38.6 91.91 33.2
SB-296 28.30 N 33.44 E 4152 268.9 131.6 267.43 130.7
SB-367 28.03 N 33.72 E 3418 276.35 135.7 317.56 158.6
GS-325 2821 N 3344 E 3184 272.82 133.7 294.93 146.1
SB-366 28.02 N 33.66 E 3687 312.46 155.8 330.81 166

The geothermal gradient is the change of temperature AT (°C) with depth AZ (meters) [45].
The geothermal temperature gradient was calculated using Equation (4):

_T-Ts _dT

GG - =17 4)

where GG (°C/m) is the geothermal gradient, T (°C) is the formation temperature (BHT), T5 (26.7 °C)
is the mean annual surface temperature and Z (m) is the total depth. An additional temperature
parameter of heat flow was calculated for the study area. Heat flow quantifies the transfer of heat
energy from the Earth’s core to the Earth’s surface. This heat results from two primary sources
including the heat that originates and is dissipated from the Earth’s core and the heat that is produced
from radioactive decay within the Earth’s crust [45]. The values for the Heat flow were determined by
combining sets of temperature gradients and thermal conductivity data using Equation (5):

Q =K (dT/dZ) ®)

where Q is heat flow (m W k1), K (W m~! K1) is thermal conductivity, dT (°C) is the temperature
change in a depth interval of dZ (m). Thermal Conductivity is a measure of conductive heat transfer
through a material. This conductivity varies for individual rocks and fluids based on physical
composition and structural properties of the material [46]. The thermal conductivity across the study
area were determined using Equation (6):

__Q
K= Zat ©

where K (W m~! K1) is thermal conductivity, Q (m W k1) is heat flow, A (m?) is the area of the body,
AT is difference in temperature.

The depth to basement metric (also referred to as the depth to crystalline basement) was the fourth
variable to be extracted for the area. The depth data were obtained from the most recent well data
drilled to the pre-Cambrian basement by Egyptian General Petroleum Corporation (EGPC 2000)
and extracted from gravity and magnetic surveys. The depth to basement is typically defined as
the depth to the top surface of igneous or metamorphic rocks which are either loose sediments or
sedimentary rocks. Impedance contrasts are often observed at the interface between these rock types.

The geothermal gradient, heat flow, thermal conductivity and depth to basement points data,
derived from the corrected onshore n = 37 well logging data, were interpolated using the inverse
distance weighting (IDW) method in ArcGIS to generate a continuous raster layer across the study
area for inclusion in the GIS-based geothermal potential model (Figure 6). This interpolation method is
simply used to provide an estimation of values at unsampled locations derived from measurements of
measured values of surrounding points and the distance between those points.



Resources 2020, 9, 109 9 of 21

32°E 33°20'E 32°E 33°20'E

(b)

n
%

4 z
4 ®. 4

- ® 8
© ©
N N
S - ngh :86.6 ngh 127 S
o | e . - o
N Low: 14.5 M Low: 397 N
~ ~
N N

28°40'N
28°40'N

M Low: 1583

27°20'N
27°20'N

Figure 6. Geothermal thematic layers derived from 37 onshore oil wells. (a) Geothermal gradient in
°C/km, (b) heat flow in m W k™1, (c) thermal conductivity in W m~! K1 and (d) depth to the crystalline
basement in meters. The plotted points show the locations of the thermal springs along the gulf.

3.2. Remote Sensing Data Set and Analysis

3.2.1. Digital Elevation Model (DEM)

The Shuttle Radar Topography Mission (SRTM) (https://earthexplorer.usgs.gov/) was used to
deliver information about the topographic properties of the study area. Eight SRTM tiles, at 1 arc
second (about 30 m) resolution, were download from the United States Geological Survey (USGS)
and mosaicked used in ArcGIS 10.7 (ESRI, Redlands, CA, USA) software to derive relevant variables,
including surface elevation, fractures and drainage network density. Surface elevation is a vital element
in determining the depth and source to the geothermal reservoir. Such surface terrain is an indicator of
the suitability for geothermal prospect and it is one of the principle factors in effecting heat contact of
geothermal energy between surface and subsurface. In low elevation areas, it is easy for geothermal
energy to rapidly reach the surface and conduct high geothermal recharge. Therefore, geothermal
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potentiality is expected to be greater in low elevation areas than in those areas of high elevation
(Figure 7a).
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Figure 7. Physiographic and geologic layers extracted from remote sensing thermal infrared and elevation
data, and geological unit. (a) Surface elevation, (b) lineaments (c) drainage network, (d) nighttime land
surface temperature and (e) simplified geological units.

Lineaments are defined as mappable linear features of a surface which most likely reflects
subsurface structural phenomena [47,48]. Lineaments comprised of fractures, joints and faults is
an indication for the subsurface structures that may control the movement, migration, and storage of
geothermal energy. Lineaments, particularly of high permeability, play a vital role in the recharging of
geothermal energy in the hard rock terrains where geothermal potential is very much higher near dense
lineament zones. Therefore, regions of high fracture density can greatly serve as the best horizon for
geothermal energy [49]. Lineament density, so-called fault and fracture density (FFD), is a vital variable
since many geothermal systems are associated with high densities of faults and fractures [50,51]
and productive geothermal wells are associated with permeable faults at depth [52]. Lineaments
extraction in this study was performed through visual interpretation and on-screen digitizing of
accentuated topography imaged in an eight-direction summed hill-shade generated from the SRTM
DEM and very high-resolution imagery on Google Earth Pro. The lineament density, defined as
the total length of lineaments per unit area, was constructed for the entire area using the density kernel
analysis is ArcGIS (Figure 7b).

Drainage network is one of the important variables for understanding the lithological
and geological structures of landform evolution. Drainage courses, particularly those controlled by
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active structures, can act as conduits where meteoric water gets infiltrate along them into deep hot
strata and thus replenish the geothermal local reservoirs. A high drainage density, particularly of those
structurally controlled channels, is favorable for geothermal energy availability. The drainage network
was delineated based on a procedure by [53], using the widely used 8D flow direction algorithm [54-56].
The stream network was generated using a threshold of 200 cells and matched with those visible in
Google Earth Pro imagery for verification. Final stream network was used to derive the drainage
density layer, which is defined as the total length of streams per unit area in the associated drainage
basin (Figure 7c).

3.2.2. Thermal Infrared Data

Landsat TM data, was obtained from the United States Geological Survey (USGS) and used to
map variation in ground surface temperature and potential geothermal anomalies in the study area.
Thermal anomalies are locations where land surface temperatures (LST) are warmer than that of
the surrounding locations under normal conditions, thus, geothermal potentiality is expected to be
greater in spots with warmer surface temperature. Similar to natural hot springs, warm land surface
temperature (heated ground) could be among the surface expressions of conductive and convective
heat loss from geothermal systems. Thermal Infrared (TIR) remote sensing data can be used to map
the spatial distribution and extent of temperature anomalies associated with surface geothermal
features such as hot springs and heated ground [57-59]. An early study by [60], using thermal imagery
in the region of Long Valley and the Salton Sea, California, detect heated ground overlying faults
providing potential indicators of geothermal upwelling zones. Another study by [61], using a stack
of Landsat thermal imagery in the Island of Akutan, Alaska, has identified a known field of thermal
springs and revealed three new distinct regions with persistent warm surface temperature anomalies
providing targets for field investigations.

Cloud-free Landsat Thematic Mapper (TM 4 and 5) nighttime thermal scenes, at 120 m spatial
resolution, were acquired between September and November 1989. The nighttime land surface
temperature was chosen over the daytime data to eliminate the direct effect of solar heat. Moreover,
older Landsat data (1989) was used instead of the present LS data, as in 1989 the ground surface of
the study area was more exposed whereas today large segments of the coastal strip are masked by
modern developments. All thermal infrared bands (spectral channel 6 covering a spectral window
of 10.40-12.50 um) were radiometrically calibrated in ENVI 5.5.1 software (HARRIS GEOSPATIAL
SOLUTIONS, INC, Broomfield, CO, USA) to surface kinetic temperature and converted to degrees
Celsius. The TIR calibrated bands were mosaicked to highlight persistent surface temperature
anomalies and heated ground overlying large faults as possible indicators of geothermal upwelling
zones (Figure 7d).

3.3. Geological Units Layer

Geological rock units play an important role in hosting and transporting the geothermal energy
and heat flow from the deep subsurface to the surface. Basement rocks can produce geothermal energy
and heat easily from the heat source of the mantle. Sedimentary rocks can also host considerable
geothermal reservoirs. The main rock types occurring in the study area consist of basement rocks,
Carboniferous, Paleozoic and Mesozoic, Triassic/Jurassic, Upper Cretaceous, Eocene, Oligocene,
Miocene and Quaternary rocks. Regions in or near basement rocks, Eocene and Quaternary, Oligocene
and Miocene and Carboniferous sediments can be good sources for geothermal energy and thermal
conductivity. Likewise, regions along geological contact zones between basement and tertiary rocks,
such as the Zeit formation, south Gharib and Belayim formations (Miocene) are favorable for geothermal
exploitation. In the present study, the geothermal potentiality is expected to be greater in basement,
Miocene, and Carboniferous rocks. Dominant geological rock units in the area, obtained from
the Egyptian Geological Survey and Mining Authority (EGSMA) at a scale of 1:100,000, were on-screen
digitized in ArcMap (Figure 7e).



Resources 2020, 9, 109 12 of 21

3.4. GIS-Based Geothermal Potential Model

The developed GIS-based geothermal potential model can serve as a guide for selection of locations
that may merit detailed geothermal resource exploration in the Gulf of Suez area. The produced
nine raster layers (geothermal gradient, heat flow, thermal conductivity, depth to basement, surface
altitude, fractures density, drainage density, land surface temperature and geological units) where then
reclassified on a scale of 1-5, with 5 being most favorable (Figure 8). High geothermal gradient, high
heat flow, high thermal conductivity, low depth to basement, high fractures and drainage density, high
land surface temperature, low surface elevation and basement rock units received the highest values.
The simple additive weight (SAW) technique was applied to these nine intermediate layers to derive
the geothermal potential map. More weight was applied to the four derived field data layers (oil wells
data) due to their importance as geothermal indicators.

Geothermal
Gradient

(d)

Depth to
Basment

Land
Surface W
Temperature {,?

Drainage
Density

B verytow [ tow [ | medium [ High [ very High

Figure 8. Geothermal potential thematic layers. (a) Geothermal gradient, (b) heat flow, (c) thermal

conductivity, (d) depth to crystalline basement, (e) surface elevation, (f) fractures density, (g) drainage
density, (h) nighttime land surface temperature, (i) geological units.

4. Results

The corrected BHT using Horner and Gulf of Mexico correction approaches indicated that the study
area has a geothermal gradient ranging from 24.9 to 86.66 °C/km, and a heat flow ranging from 31 to
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127.2m W k~!. Additionally, the thermal conductivity was found to be in the range of 2.6-32 Wm~! k1,
with an amplitude temperature varying from 49.48 °C to 157.8 °C, and an oil window in the range of
66.08-0.5 m. The data revealed also that the maximum geothermal gradients were recorded at Sudr
hot spring in addition to five wells including GS-306, RR-89, SB-307, GH-451, and Hammam Faraun
with a thermal gradient values of 86.66, 65.4, 51.9, 49.1, 4.8 and 48 °C/km, respectively.

The geothermal gradient and heat flow data were plotted against the depth to basement
and thickness of overburden rocks in order to understand their correlations throughout the Gulf of Suez
area. Analysis revealed that there is an inverse relationship between geothermal gradient and heat flow
with both the depth to basement rocks and load of overburden rocks (Figure 9). Areas with substantial
shallow depth to basement and reduced thickness of overburden rocks, such as the northeastern
segment of the Gulf of Suez, where the three hot springs of Hammam Faraun, Sudr and Ayn Musa lie,
correspond to high geothermal gradient and heat flow. This area has a shallow depth to basement
with an average of 450 m and high geothermal gradient, heat flow and thermal conductivity of 58.2
°C/km, 10224 m Wk™1, 262 Wm™ k71, respectively. In contrast, areas, such as in Zaafaranna site in
the northwest of the Gulf, with a depth of basement of 943 m, have a considerably low geothermal
gradient, heat flow and thermal conductivity of 24.28 °C/km, 63.12 m W k7!, 260 W m~! k1,
respectively. The geothermal data indicates that the depth to basement rocks generally increases
southward in the Gulf of Suez region, however, such depth varies widely (between 158.3 m to 4223 m
in some localities), which could be due to the presence of controlling structures related to the Gulf
of Suez tectonics. This indicates that the Gulf area is consisted of different faulted blocks forming
the uplifted basement and the deep basins, which most likely are of great importance for geothermal
exploration and oil production.
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Figure 9. Shows inverse relationship of wells data. (a,b) Geothermal gradient and heat flow with thickness
of overburden rocks, (¢,d) geothermal gradient and heat flow with depth to crystalline basement across
the study area. (e) Bottom hole temperature (BHT) of 197 oil wells (onshore and offshore) versus depth to
basement along the Gulf of Suez region. (f,g,h,i) BHT and geothermal gradients four selected wells (Al
Amir (f), GS (g), SB (h), and Darag, (i) wells marked in yellow on the lower right image). Region with
shallow depth and narrow overburden rocks have high geothermal gradient and heat flow.

Potential Locations for Geothermal Exploration

The derived nine raster layers were integrated through the SAW approach, to generate
the geothermal potential model (GTP) for the Gulf of Suez area (Figure 10). The GTP, is categorized
into four different zones that range from low to very high geothermal potential. Based on the model,
the northeastern and southwestern areas of the Gulf of Suez were predicted to hold very high
geothermal potential in the area under investigation.
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Figure 10. (a) Geothermal potential prospect map along the Gulf of Suez region. (b) Very high geothermal

potential zone, highlighted in stripped green color, is superimposed on a satellite image (ArcGIS Basemap)
of the study region. Both the northeastern and southwestern areas of the Gulf of Suez are predicted to
hold very high geothermal potential.

The first area of very high geothermal potential lies in the northeastern part of the Gulf of Suez
and extends from Ayn Musa north to Abu Zenima City south. This particular location, which covers
an area of 597 km?, is characterized by superficial thermal manifestations represented by a cluster of
hot springs. Three known hot springs lie within this zone (Hammam Faraun, Sudr and Ayn Musa)
with Sudr and Hammam Faraun represent the hottest spring in Egypt with a high heat flow of 110.23
and 127.2 m W k™!, respectively, about 3 times the normal values in the eastern part of Egypt [15].
Data analysis revealed that this area has high fractures density and structurally controlled stream
network, which are principle factors in effecting heat contact of geothermal energy between surface
and subsurface. A numerical model of the geothermal system developed at this site indicated that
Hammam Faraun geothermal resource originates due to its tectonic position and high heat flow as well
as the deep circulation of groundwater in the structurally controlled subsurface reservoirs [62]. Based
on stable isotopes of 80 and Deuterium of thermal water samples collected from the three different
hot springs in the area, it was proposed that their recharge may be due to the mixing and circulation of
the Gulf of Suez water with the meteoric water that comes from regions of high altitude via sporadic
rainfall-surface runoff events or that enclosed the geothermal reservoir [63].

The shallow depth to basement rocks of 158.3 m, combined with low surface topography highlight
this area as a promising geothermal site. In such low topographic area, geothermal energy can
rapidly reach the surface and conduct high geothermal recharge. Moreover, this area is characterized
by tectonic uplift of hot basement rocks and is made up of sedimentary rocks, which contain hot
underground water heated by the underneath bedrocks. Basement rocks (mainly gneisses and younger
granites), the main source of heat, as well as Paleozoic sedimentary cover (mainly Carboniferous
sediments), which contain organic layers (coal seams) [64] and rich in radioactive elements (trace
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element) like U, Th, Rb, and Sr particularly in Um Bogma formation, could all be good indicators of
high geothermal energy.

The second area of very high geothermal potential lies at the southwestern part of the Gulf of
Suez [65], which extents between the town of Zaafarana north and Hurghada City south. This zone
covers a large extent of 4019 km? and includes Ras Ghareb, Gabal El-Zeit and El-Gouna areas. It is
marked by high geothermal gradient, heat flow and thermal conductivity with maximum values of
32.972 °C/km, 88.34 m W k™! and 2.68 W m~! K~!, respectively. The site is identified by increased
thickness of Nubian sandstone and Limestone, which considered as a good reservoir for the geothermal
energy due to its high petrophysical properties (e.g., porosity and permeability). Moreover, the site
is characterized by high fractures density, which increases the chance for the geothermal energy to
spread and diffuse easily in a large amount, and thus, suggests a region of a high tectonic activity
and rejuvenation. Seismic data of the Gulf of Suez (obtained from [66]), revealed the proximity of
the southwestern area to a cluster of microearthquakes of high magnitude and frequency, which
further support the high geothermal potential at this site. Moreover, this area has a notable drainage
density (mostly structurally controlled), which most likely enhances the infiltration of meteoric water
and facilitates rapid replenishments of the local geothermal reservoirs.

Both the northeastern and southwestern sites have high rock porosity, which serves as an important
factor that can increase the spreading of the geothermal heat. The stratigraphic successions of
the northeastern zone, around the two hot springs of Hammam Faraun and Ayn Musa were mapped
(modified after [29,67]) to determine the thickness and geological formation properties of the underneath
geothermal reservoirs (Figure 11). Analysis of these successions showed that the thickness of
the sandstone and limestone rocks in Hammam Faraun and Ayn Musa reaches 500 m and 400 m,
respectively. The existence of Miocene deposits with high porosities of 11-24% [68] in this particular
area along with the southwestern area of the Gulf (for instant, the Rudies, Kareem, Hammam Faraun,
Belayim and South Gharib formations) proposes the presence of a sizeable geothermal reservoirs.
The research of [69] indicated that these Miocene rocks, particularly in Zeit, South Gharib and Belayim
formations, along with the basement rocks exhibit the highest estimated thermal conductivity values
of W/m/K (~3-3.5). Rocks with high porosity have high heat conduction property which fasten the heat
flow through the rock.
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Figure 11. Schematic diagrams show the stratigraphic succession in the Hammam Faraun (means
Pharaoh’s Bath) hot spring, modified after [67].
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The IDW interpolated geothermal layers (Figure 12), derived from the corrected 160 offshore
wells logging data along the Gulf of Suez, were superimposed on the GTP map for model validation.
Analysis revealed the presence of relatively shallow depth to basement with high geothermal gradient
and heat flow, with an average of 1350 m, 42 °C/km, and 110 m W k1, respectively, at the norther
and southwestern segments of the Gulf of Suez. These segments lie right next to the two proposed
very high geothermal potential areas (Figure 12), validating the outcomes of the adopted model.

o High :65.4 o High : 127 igh : 3. wr High : 5110

0
M Low: 175 W Low: 455 1. M Low:250 Ll

Figure 12. Shows the offshore geothermal parameters and their distributions along the Gulf of Suez.
(a) geothermal gradient, (b) heat flow, (c) thermal conductivity overlaid by locations of offshore oil
wells, and (d) depth to the crystalline basement. As illustrated, there are a general clustering of high
geothermal gradient, heat flow and thermal conductivity with shallow depth to basement in the northern
and southwestern segments of the Gulf of Suez.

5. Discussion

With Egypt’s rapid population growth, reaching 102.3 million people in the year 2020, demand
continues to grow for new energy resources. Such energy demand is likely to rise even more with
the completion and full operation of the new Grand Ethiopian Dam (also known as El-Nahda Dam) on
the Blue Nile (the first phase of the reservoir’s filling was completed on July 2020). Once completed,
this massive hydropower dam will be able to hold 74 billion m? of water and produce 6000 MW
for Ethiopia [70], while reducing Egypt’s hydroelectric power generation by at least 7% during wet
years [71]. This mega dam is expected to have devastating consequences on Egypt’s water supply
and electricity generation during prolonged periods of drought. Today, about 94% of the nations’
energy needs are supplied by petroleum products (53% and 41% from oil and natural gas, respectively),
while the remaining energy fraction of 6% is provided through hydropower and coal. Although,
the presence of many natural hot springs and thermal wells across the Red Sea region, indicating
potential geothermal resources, power generation from geothermal plants has not yet established
in Egypt.

The two locations identified by the present work are suggested to be of high potential for
geothermal energy exploration in the Gulf of Suez region. Although, no estimation was made for
the whole geothermal system in Egypt, energy approximations were made for the area of Hammam
Faraun due to its unique geothermal characteristics. Through geothermal analysis and numerical
simulation, [72,73] have estimated a geothermal production of 12.4 MWt and 19.8 MWt at Hammam
Faraun, which considered to be economically appropriate for exploitation and construction of a small
binary power plant for electricity production.

Many areas around the world, with natural hot springs and thermal wells, similar to those in
the Gulf of Suez region in Egypt, are heavily exploited for geothermal energy. For example, there
are 3676 MW of geothermal power plants in operation in the United States alone and several other
countries, such as Indonesia (1948 MW), Philippines (1868 MW) and New Zealand (1005 MW) are
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using geothermal power as a significant share to their energy mix [74]. In Africa, a number of
countries in the vicinity of the East African Rift area, such as Tanzania, Ethiopia, Uganda, Rwanda,
Djibouti and Eritrea, have recently undertaken preliminary exploration for geothermal potential.
Today, nearly 40% of Kenya's electricity is generated from geothermal source, making this nation
the largest geothermal energy producer in Africa with an estimated value of 630 MW [75]. It is expected
that the global geothermal market achieves 32 GW by the early 2030 s, if all nations follow through
on their geothermal power development goals [76]. About 50% of this geothermal market could be
provided by Africa alone. Africa’s untapped geothermal energy potential is estimated to be 15 GW,
which if exploited, could alter the economies and rate of development of many African countries [77].
Egypt’s geothermal potential along the Gulf of Suez can contribute considerably to this number.

6. Conclusions

Despite the fact that Egypt is not among those nations that characterized by ample Cenozoic
igneous activity, its position in the northeastern side of the African plate strongly proposes that
the country might have unexplored geothermal resources, particularly along its eastern territory.
Field data, obtained from 197 offshore and onshore deep oil wells along the Gulf of Suez, were
used in this study. The corrected well logging data along with the geological and remote sensing
thermal infrared and digital elevation tiles were processed to generate the relevant geothermal
and physiographic variables for the area under investigation. Nine raster layers, including geothermal
gradient, heat flow, thermal conductivity and depth to crystalline basement, elevation, lineaments
density, land surface temperature, drainage density, major lithological units were combined in GIS to
model the geothermal potential map for the Gulf of Suez region. The model identified the northeastern
and the southwestern areas of the Gulf as equally two sites of very high geothermal potential, thus
possible locations for future geothermal exploration. These two sites show remarkably high geothermal
gradient, heat flow, shallow depth to crystalline basement, low surface elevation, high fractures
and drainage density and most importantly high rock porosity, which all serves as vital factors in
increasing the spreading of the geothermal heat and aid the geothermal energy to rapidly reach
the surface. The presence of high geothermal gradient and heat flow, along with shallow depth to
basement, in the offshore zone of the Gulf, right next to the two proposed sites support the result
derived by the adopted geospatial model. The method implemented in this study enables a rapid
identification of promising geothermal hotspots and provide vital information for future geothermal
exploration planning purposes in Egypt.
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