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Abstract: Energy consumption worldwide has undergone a recent shift, with hydrocarbons, coal,
and new energy sources taking center stage. However, fossil fuels face criticism due to their negative
impacts on the environment through air pollution. Geothermal energy is a clean, renewable, and
eco-friendly alternative that can be harnessed for power generation. The Lunayyir volcanic field is
located in the western part of Saudi Arabia and has been identified as a potential geothermal resource.
In this study, a comprehensive analysis of the gravity, magnetic, and land surface temperature data
collected over the study area is conducted to investigate the geothermal potential. The gravity
data are processed using standard techniques to correct for instrument drift, diurnal variations,
and topographic effects and to filter out high-frequency noise. The magnetic data are processed
using standard procedures. Analysis of the gravity data shows that the Lunayyir volcanic field is
characterized by a series of gravity anomalies, which can be interpreted as indicative of the presence
of subsurface geologic structures that are similar in geothermal areas, such as faults, fractures, and
intrusions. The magnetic data, on the other hand, show that the volcanic field has a relatively low
magnetic susceptibility, which is consistent with the presence of volcanic rocks implying shallow heat
sources. Landsat satellite data are utilized to calculate the land surface temperature through the use
of GIS software. Additionally, the normalized difference vegetation index (NDVI) is calculated using
the near-infrared and red bands of the Landsat satellite. The land surface temperature of the year
2007 shows the relatively high temperature at the surface as compared to 2000 and 2021, which is an
indication of volcanic activities in the subsurface. It is suggested that these structures may provide
conduits for hot fluids, which could potentially be exploited for geothermal energy production. The
obtained results emphasize the importance of combining different geophysical datasets to obtain
a better understanding of underground geology and geothermal systems. In general, this study
improves the assessment of the Lunayyir volcanic field in the western part of Saudi Arabia for
geothermal energy.

Keywords: geothermal energy; gravity; magnetic; temperature; Lunayyir volcanic field

1. Introduction

As economic development leads to the depletion of traditional fossil fuel resources
and environmental degradation, there is a growing demand for clean energy. Geothermal
energy has emerged as a significant clean energy alternative owing to its vast reserves and
environmentally friendly properties compared to fossil fuels. Increasing its global use could
reduce harmful emissions from fossil fuels [1]. Geothermal resources provide essential
information on renewable energy obtained from the Earth’s interior heat. These resources
can be utilized in various ways from large power stations to small pumping systems.
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Utilizing geothermal energy can reduce carbon dioxide (CO2) emissions and local air
pollutants, and also offer protection against energy price volatility, contributing to energy
security [2]. Researchers and local governments are concerned about the socio-economic
impacts of geothermal resource utilization. The evaluation of potential geothermal locations
and their socio-economic implications requires a large amount of quantitative data and
processing techniques. Spatial assessment studies have been conducted worldwide to
expand management policy [3].

One disadvantage of geothermal energy is that it cannot be easily transported over
long distances, unlike coal, natural gas, and petroleum, which can be easily transported
from their source to the intended user, regardless of the distance [4]. The use of geothermal
energy can be limited by factors, such as the limited availability of suitable geothermal
sources, the distance between the source and intended use, and the suitability of certain
areas for geothermal extraction.

Extracting geothermal energy can also have negative impacts on the surrounding
environment, and transportation of the energy can be challenging. Moreover, there is
always a risk of volcanic eruptions triggering earthquakes, and geothermal sources may
contain hazardous materials. The installation cost of a steam power plant for geothermal
energy is typically quite expensive. Furthermore, during construction, there is a potential
for the release of harmful and poisonous gases through the drilled holes [5,6].

Saudi Arabia plans to move economically from hydrocarbons to renewable and low-
carbon energy sources to free up hydrocarbons for export and boost the economy. Renew-
able energy has unique characteristics when compared to oil-based alternatives [7]. In the
Kingdom of Saudi Arabia, major geothermal resources are influenced by volcanic fields.

Geothermal energy is basically heat that exists beneath the earth and causes global-
scale geological events as heat is a type of energy. Geothermal energy is frequently utilized,
but only specific portions of the earth have subsurface heat [8]. This research focuses
on geothermal energy, which is one type of renewable energy source, along with tidal,
hydro, wind, ocean currents, waves, and solar energy. Since it is not impacted by climatic
changes (such as droughts and floods), seasonal variations (such as rainy and dry seasons),
night and day, or weather conditions, the geothermal resource provides some of the
largest capabilities.

The availability of geothermal energy throughout the year makes it an attractive alter-
native source of energy [9,10]. Saudi Arabia has a wide range of renewable energy sources,
including solar energy, marine energy along the Red Sea coast, and geothermal energy in
volcanic fields and hot spots. To utilize these resources, the Saudi government launched
the “National Renewable Energy Program (NREP)” as a long-term project supported by
the National Transformation Program (NTP) and 2030 vision [11].

Harrat Lunayyir (Figure 1) is relatively young and smaller compared to other basaltic
fields in the Arabian Peninsula. The recent basalts in it cover an area of more than 3500 km2.
However, there is still strong thermal activity in the area, as demonstrated by elevated
groundwater temperatures [12]. An earthquake swarm occurred at the Harrat Lunayyir
in 2009, causing concerns of a volcanic eruption or major earthquake. The earthquake
swarm caused a great deal of interest due to reports of surface rupturing and dike intrusion.
The Saudi government evacuated 30,000 residents, and geological investigations were
conducted. However, the area is poorly geologically mapped, so remote sensing data
analysis was used to study the Lunayyir volcanic field (LVF).
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The study presents evidence on the volcanic episodes and their respective spatial coverage 
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repeated image coverage and multispectral characteristics [14,15]. 

Geophysical methods are commonly used for exploring geothermal resources, 
providing information about the temperature, fluid content, aquifer locations, structural 
settings, and general properties of the system [3,16,17]. Researchers have utilized various 
methods, such as geophysics and geochemistry, to investigate the potential reserves and 
exploitation of geothermal resources.  

These methods have yielded promising results, such as identifying deep-buried 
faults and predicting geothermal potential [1]. Direct methods, such as well logs and ther-
mal methods, are considered to be the most successful, while indirect methods, such as 
susceptibility, density, and seismic reflection, are used to explore the structural setting 
and physical characteristics of the host rock [3]. The geographic information systems (GIS) 
technique is a useful tool for assessing natural resources, and several studies have used 
GIS to evaluate geothermal potential using different models [11,18,19]. 

Figure 1. The topographic map of the Arabian Plate and its surrounding regions shows major
tectonic features and Cenozoic volcanic fields (adopted from [13]). The current study area is the LVF,
highlighted with the red rectangle and arrow.

Satellite images and remote sensing interpretations were used to locate sites for magma
migration and entrapment and to distinguish between older and younger lavas. The study
presents evidence on the volcanic episodes and their respective spatial coverage and
examines volcanic hazard estimates based on the interpretation of remote sensing images.
Remote sensing data are advantageous for studying volcanic hazards due to the repeated
image coverage and multispectral characteristics [14,15].

Geophysical methods are commonly used for exploring geothermal resources, provid-
ing information about the temperature, fluid content, aquifer locations, structural settings,
and general properties of the system [3,16,17]. Researchers have utilized various methods,
such as geophysics and geochemistry, to investigate the potential reserves and exploitation
of geothermal resources.

These methods have yielded promising results, such as identifying deep-buried faults
and predicting geothermal potential [1]. Direct methods, such as well logs and thermal
methods, are considered to be the most successful, while indirect methods, such as suscepti-
bility, density, and seismic reflection, are used to explore the structural setting and physical
characteristics of the host rock [3]. The geographic information systems (GIS) technique is
a useful tool for assessing natural resources, and several studies have used GIS to evaluate
geothermal potential using different models [11,18,19].

Saudi Arabia has significant potential for geothermal energy, as demonstrated by the
Harrat fields along the Red Sea coast. These fields contain abundant heat sources and hot
springs [20]. The LVF is a large volcanic province located in the western part of Saudi
Arabia. It is composed of a series of basaltic lava flows, scoria cones, and volcanic domes,
which erupted during the Quaternary period.

The volcanic field is characterized by a number of prominent volcanic features [21].
It is characterized by a complex system of volcanic structures, and it has been identified
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as having potential for geothermal energy production. The use of gravity, magnetic and
temperature data can aid in understanding the geology of the area and identifying potential
geothermal resources. The LVF is one of Saudi Arabia’s newest volcanic fields [14,21].

This study aims to demonstrate the effectiveness of thermal infrared satellite tech-
nology in identifying geothermal anomalies through the use of land surface temperature
(LST) in combination with gravity and magnetic data to identify and characterize potential
geothermal resources. We utilized a combination of geospatial and geophysical data to
investigate the potential for geothermal energy production in the LVF, which is located in
the Saudi Arabia.

The analysis of gravity and magnetic data revealed evidence of subsurface geologic
structures, such as faults, fractures, and intrusions. Additionally, GIS analysis of the
LST data suggested the occurrence of volcanic activity in the subsurface, which could
serve as conduits for hot fluids. The manuscript provides a comprehensive discussion of
the various datasets and their interpretation, highlighting the importance of combining
different geophysical methods to obtain a better understanding of underground geology
and geothermal systems.

2. Geological Setting and Study Area Description

The Western Arabian Peninsula in Saudi Arabia is covered by Cenozoic basaltic
fields. Some of these regions are still active, and they pose a risk of explosion to the local
communities. Camp et al. (1987) [22] documented a historical volcanic activity in Saudi
Arabia. An earthquake, M = 4.7, occurred in the LVF, located close to the west side of
the Arabian Plate, and it was considered that this occurrence is linked to the Red Sea
rifting [23].

It is uncertain, nevertheless, how much the northern Red Sea’s opening contributed to
the formation of these volcanic fields. Apart from these, the north portion of the south Red
Sea seems to involve the more intricate phenomena of continental crust stretching, which is
currently taking place at a rate of 10 mm/year [24]. The LVF is one such region that was
identified as having the potential for geothermal energy production [25].

The Cenozoic lava of the East African Rift system provides a well-known example of
tholeiitic-to-alkalic volcanism associated with the early development of a rifted continental
margin. In contrast, the adjacent and contemporaneous lava plains of the western Arabian
Plate, the Arabian Harrats, are not related to continental drift [14]. Over a 3000 km stretch
from the northern side to the southern side, Arabian Harrats can be found all over the west
side of the Arabian Peninsula [26].

The tectonic margin of the western Arabian Plate connected to the Cenozoic devel-
opment of Red Sea greatly influences the volcano-tectonic history of the LVF and other
Harrats in this region. These findings have been corroborated by thorough examinations for
the Red Sea [27], the Gulf of Aden [28], and the Dead Sea Rift. According to [29], there were
two episodes of sea-floor spreading during which the west Arabian Plate occurred. The
beginning of the early stage began 30 million years ago in the late Oligocene and continued
until 15 Ma at the end of the initial Miocene. The later stage began around 5 Ma ago in the
Pliocene and has persisted ever since [30].

Cenozoic basaltic lava fields (Harrats) are distributed through the west side of the
Arabian Peninsula from Yemen in the southern side, through Saudi Arabia and Jordan, and
to Syria in the northern side. Unfortunately, due to the absence of detailed investigation, the
volcanic and tectonic evolution of the Arabian Harrats still is not well understood [31]. The
topographic map of the Arabian Plate and its surrounding regions shows major tectonic
features, and Cenozoic volcanic fields are shown in Figure 1 [13]. The Arabian Harrats
are notable for their diverse geological features and long history of volcanic activity. Each
Harrat has its unique characteristics and provides a valuable window into the region’s
geologic past.
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They are characterized by extensive lava flows, volcanic cones, and craters, and they
provide a valuable window into the region’s geologic past. The region is home to many
Harrats, each with its unique geological features and history as shown in Table 1.

Table 1. A details comparison between several Harrats in Saudi Arabia (adopted from [32]).

Harrat
Rahat

Harrat
Kura

Harrat
Khaybar

Harrat
Ithnayn

Harrat
Lunayyir

Harrat
Hutaymah

Location SE of Medina
City ~137 km NE of Medina City ~200 km NW of Medina

City
~95 km SE of
Hail City

Size 23,250 km2
2512 km2 14,064 km2 3988 km2

3575 km2 ~900 km2

20,564 km2

Stratigraphic
classification

- Shawahit
- (10–2.5 Ma)
- Hammah
- (2.5–1.7 Ma)
- Madinah
- (1.2-Present)

- Kura
- Jarad
- Mukrash
- Abyad

- Mukrash
- Abyad

Q5- “Historic to late
Prehistoric lava flows.”
Q4- “Prehistoric lava
flows and scoria cones.”
Q3- “Non-eroded lava
flows and scoria cones.”
Q2- “Eroded lava flows
and scoria cones.”
Q1- “Eroded lava flows
without scoria cones.”T-
“Tertiary” basalt.

–

Timing 10 Ma–Present 11–5 Ma 5 Ma—Present 3 Ma—Present 600 Ka—Present 850 Ka—Present

Volcanic
characteristic

- Scoria cones
- Shield

volcanoes
- Tuff cones
- Domes
- Maars

- Scoria cones
- Shield

volcanoes

- Scoria cones
- Shield

volcanoes
- Domes
- Tuff cones
- Composite

cone

- Scoria cones
- Shield

volcanoes

- Scoria cones
- Shield volcanoes

- Tuff cones
- Tuff Rings
- Spatter cones

Rock type

- olivine
transitional
basalts (OTB)

- Alkali olivine
basalts (AOB)

- Benmoreite
- Hawaiite
- Mugearite
- Trachyte

- AOB
- Basanite
- Hawaiite
- Phonolite

- OTB
- AOB
- Benmoreite
- Hawaiite
- Mugearite
- Trachyte
- Comendite

- OTB
- AOB
- Hawaiite

- AOB
- Basanite
- Hawaiite

- AOB
- Basanite
- Tephraite

In two seasons of sea floor spreading prior to the early Miocene rifts epoch, the
Arabian Shield separated from the Nubian Shield along rifts in the Red Sea and the Gulf of
Aden [27,30,33]. The colliding of the Eurasian Plate with the Arabian Plate along the Bitlits
and Zagros Thrust systems, as well as rifting and seafloor spreading in the Red Sea and
Gulf of Aden, comprise the region’s active tectonics. Along the Dead Sea Transform and
Gulf of Aqaba fault systems, strike-slip faulting takes place. Sediments that thicken near
the Arabian Gulf cover the eastern region of the Arabian Plate [34].

3. Materials and Methods

Gravity and magnetic data were available over the LVF using both ground-based and
airborne surveys from different sources [35,36]. The gravity data were processed using
standard techniques, including corrections for instrument drift, diurnal variations, and
topographic effects. The data were also filtered to remove high-frequency noise and to
enhance the signals of interest. On the other side, the magnetic data were processed using
the slandered procedures [37].

The current study utilized Shuttle Radar Topography Mission (SRTM) data (30 m
spatial resolution) obtained from NASA to analyze the Harrat Lunayyir region. Addition-
ally, Landsat satellite data were used to calculate the land surface temperature during the
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summer season for the years 2000, 2007, and 2021. The Landsat 5 TM satellite data were
used to gather information about the Earth’s surface for the years 2000 and 2007. For the
year 2021, data from the Landsat 8 OLI satellite were utilized instead.

3.1. Gravity Data

The data were acquired between the months of April and May in the year 1980. The
USGS (United States Geological Survey) collected the gravity data within an area spanning
from latitude 24◦ to 26◦ N and extending from the coast of the Red Sea to the LVF using two
LaCoste–Romberg gravimeters. The survey covered a gravity station with a station interval
of 2 km. The entire survey was tied to Flanigan and Akhras’ absolute gravity station
(KGN-6). The locations of the stations were determined through the use of semi-controlled
photomosaic at a scale of 1:50,000, and their elevations were determined with a vertical
precision of ±2 m through the use of Paulin M2 altimeters and helicopter altimeter surveys.
Corrections were applied to account for tidal, latitude, terrain, and Bouguer effects [36].

Gravity data of the LVF can be used to identify and evaluate potential geothermal
resources in the area. Geothermal systems are characterized by the presence of hot rocks or
fluids in the subsurface, which can cause local variations in the gravity field. By analyzing
these variations, scientists can identify potential geothermal reservoirs and assess their
size and productivity. Gravity data can also be used to evaluate the depth and shape of
potential geothermal reservoirs. Figure 2 shows the trend of the Bouguer anomaly on the
regional scale. By modeling the gravity data, scientists can estimate the depth and shape of
potential reservoirs and assess their viability for geothermal development [38]. The heat
flow (HF) of the LVF was calculated by utilizing Equation (1) [39].

HF = −k × Geothermal Gradient (1)

where the HF is measured in mW/m2, the geothermal gradient value is 34 ◦C/km, and k is
the thermal conductivity with the unit W/m. k [40].
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3.2. Magnetic Data

Regional aeromagnetic surveys were flown in 1962 over areas of mineral prospecting
in the Precambrian rocks of the Arabian shield. A comprehensive survey of the remaining
parts of the shield followed in 1965–1966. These surveys used terrain clearances of 150 and
300 m, a line spacing of approximately 800 m (although the spacing varied between 500
and 2000 m), and analog recording methods. Small areas of the shield and coastal plain,
including volcanic areas (Harrats), were filled in by separate surveys flown at various times
between 1976 and early 1983, with a line spacing of 2500 m and terrain clearance of 300 m.
In 1976, a survey commissioned by the Saudi–Sudanese Commission covered the central
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Red Sea. The area over the Phanerozoic rocks was flown in 1982 and 1983, at a terrain
clearance of 120 m and a line spacing of 2000 m, using digital data recording methods [37].

In the Harrat Lunayyir area, magnetic data can be used to map the subsurface geology,
which can help to identify areas with the potential for geothermal activity. The volcanic
rocks and magma chambers in the area can generate heat that can be used for geothermal
energy, and researchers can investigate the minimum and maximum values of Curie depth,
magnetic intensity, and SRTM 30 Topography. Surface magnetic data were analyzed using
spectral analysis to estimate the Curie point depth (CPD) in the study area [41].

3.3. Land Surface Temperature and Normalized Difference Vegetation Index Data

GIS has a wide range of applications in spatial information-related fields. It is an
economical tool for identifying areas of interest for geothermal exploration through resource
evaluation [42]. The land surface temperature (LST) is crucial evidence that can be utilized
to identify sample zones that meet the criteria of hot springs sites. The Landsat satellite
images can be used to estimate surface temperatures across the study area as stated by [3].
LST data can provide valuable information about the distribution and characteristics of
geothermal reservoirs, which are areas of the subsurface that contain hot rocks or fluids
that can be used for geothermal energy production.

The LST and normalized difference vegetation index (NDVI) data were obtained
by 50 different sample location in the LVF. The sample points where the LST and NDVI
samples were collected are shown in red, and purple represents the boundary of the LVF
as shown in Figure 3. The NDVI was calculated using near-infrared and red bands of
the Landsat satellite as described in Equation (2) [43]. First, we chose 50 sample locations
randomly in the study area. Then, we extracted the value of NDVI and LST on observed
years i.e., 2000, 2007, and 2021. The LST-NDVI relationship was determined using the
Pearson correlation coefficient approach.

NDVI = NIR−RED/NIR + RED (2)

where NIR is the near-infrared and RED is the red reflectance.
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4. Results and Discussions

Previous studies based on various geophysical, GIS, remote sensing, and chemical
methods have suggested that the Harrats in Saudi Arabia hold potential for future geother-
mal resources based on subsurface heat, groundwater, and possible permeability. The
proximity to metropolitan areas is advantageous for power production, as it reduces con-
struction and power line costs. The Harrats (e.g., Rahat, Lunayyir, and Khaybar) are
promising, although the distribution of permeability remains uncertain [32,44,45].

Remote sensing data offer many benefits and applications for investigating volcanic
hazards, such as frequent image coverage and multispectral properties that allow for
the geological mapping of rocks and structures [46]. Satellite images, including band
ratioing and SRTM data, along with remote sensing interpretations, were utilized to identify
potential sites for magma migration and entrapment within the top crust and to differentiate
between older and younger lavas in the LVF. Al-Amri et al. (2012) [47] divided the LVF
dominant basaltic lavas into two units: the older Tertiary unit (Jarad basalt) and the younger
Quaternary unit (Maqrah basalt) based on erosion characteristics.

However, they were unable to distinguish between these units using natural light.
Mogren et al. (2017) [15] applied a ratio remote sensing technique and classified three
distinct volcanic stage rocks: the oldest lava flows covering 354 km2, the intermediate
lava flows covering 295 km2, and the recent lava flows covering a smaller area of 28 km2,
including 6.8 km2 of volcanic cones as shown in Figure 4 adopted from [15]. The oldest
lava flows appear as dark volcanic rocks on a brown background in natural light color
composite. Active/young volcanoes are clear indications of the presence of an underground
heat source that is feasible for geothermal exploration [42].

4.1. Gravity Data Interpretation

Gravity surveys are useful in exploring conventional hydrothermal systems because
they can detect subsurface anomalies associated with deep granitic, including zones of
alteration and fault structures that indicate geothermal activity. Gravity analysis has been
effectively used to explore geothermal systems, particularly where these structures are
covered by newer sedimentary layers [48,49]. Previous studies that have employed gravity
techniques in geothermal exploration have demonstrated that gravity data interpretation
can be useful in identifying faults, fractures, basement rocks, and even magma chambers
and intrusive bodies related to the heat source of a geothermal system [49,50]. Harrat
Lunayyir proximity to the normal faults bordering the Red Sea Rift.

The seismic activity and its location indicate that Harrat Lunayyir could potentially
have areas with high permeability that could be exploited for geothermal energy [44]. The
study area has a potential area for geothermal resources due to its location in a tectonically
active region with associated volcanic activity. The Bouguer anomaly considers the effects
of topography and density variations in the Earth’s crust. The Bouguer anomaly in the LVF
indicates the presence of volcanic and sedimentary rocks with different densities in the
subsurface. The LVF is known to contain volcanic rocks, and the Bouguer anomaly can
help map the distribution and extent of these rocks. Areas of higher or lower density may
also indicate the presence of geothermal reservoirs. Areas of low density can indicate the
presence of hot rocks or fluids, which are characteristic of geothermal systems.
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Figure 4. The LVF has three types of volcanic components, and a location map is needed to show their
respective locations. Additionally, the spectral signature of each component needs to be identified
(adopted from [15]).

Figure 5 demonstrates the Bouguer anomaly of the LVF ranges from 11.4 to −60 mGal.
The white boundary demonstrates the research area. The legend represents the negative
and positive Bouguer anomaly values. The negative Bouguer anomalies (−60 to −1.0 mGal)
are usually associated with low-density areas, which is an indication of geothermal systems.
The area that is highlighted with white (the LVF) indicates that the low Bouguer anomaly
has a potential subsurface geothermal reservoir.

Heat flow is a critical parameter in geothermal analysis as it provides information
about the amount of heat generated within the Earth’s crust and how it is transported to the
surface. It is determined by measuring the temperature gradient and thermal conductivity
of the rock or soil at a particular location [51]. Heat flow measurements are used in
geothermal analysis to determine the thermal energy available in a geothermal reservoir,
which can be used to generate electricity or provide direct heat. Heat flow is also used to
estimate the temperature of the geothermal reservoir, as well as the depth and thickness of
the reservoir [52]. Figure 6 shows the heat flow in the LVF. The area of interest lies at the
approximate range of the heat flow raise between 24 to 60 mW/m2.



Sustainability 2023, 15, 7645 10 of 21

Sustainability 2023, 15, x FOR PEER REVIEW 10 of 21 
 

the subsurface. The LVF is known to contain volcanic rocks, and the Bouguer anomaly can 
help map the distribution and extent of these rocks. Areas of higher or lower density may 
also indicate the presence of geothermal reservoirs. Areas of low density can indicate the 
presence of hot rocks or fluids, which are characteristic of geothermal systems.  

Figure 5 demonstrates the Bouguer anomaly of the LVF ranges from 11.4 to −60 mGal. 
The white boundary demonstrates the research area. The legend represents the negative 
and positive Bouguer anomaly values. The negative Bouguer anomalies (−60 to −1.0 mGal) 
are usually associated with low-density areas, which is an indication of geothermal sys-
tems. The area that is highlighted with white (the LVF) indicates that the low Bouguer 
anomaly has a potential subsurface geothermal reservoir.  

 
Figure 5. Bouguer anomaly map of the study area. White polygon lines show the boundary of the 
Lunayyir volcanic field. 

Heat flow is a critical parameter in geothermal analysis as it provides information 
about the amount of heat generated within the Earth’s crust and how it is transported to 
the surface. It is determined by measuring the temperature gradient and thermal conduc-
tivity of the rock or soil at a particular location [51]. Heat flow measurements are used in 
geothermal analysis to determine the thermal energy available in a geothermal reservoir, 
which can be used to generate electricity or provide direct heat. Heat flow is also used to 
estimate the temperature of the geothermal reservoir, as well as the depth and thickness 
of the reservoir [52]. Figure 6 shows the heat flow in the LVF. The area of interest lies at 
the approximate range of the heat flow raise between 24 to 60 mW/m2. 

Figure 5. Bouguer anomaly map of the study area. White polygon lines show the boundary of the
Lunayyir volcanic field.

Sustainability 2023, 15, x FOR PEER REVIEW 11 of 21 
 

 
Figure 6. Heat flow map of Saudi Arabia with the LVF indicated (modified after [11]). 

4.2. Magnetic Data Interpretation 
Peshawar Magnetic data can aid in the identification and characterization of geother-

mal resources by integrating information from CDP, SRTM 30, and magnetic intensity. 
CDP is particularly useful in providing information on the depth of magnetic sources re-
lated to hydrothermal systems, which are often associated with high heat flow and the 
thermal demagnetization of subsurface magnetic minerals.  

Thus, the depth of the Curie isotherm can be used to estimate the depth of hydro-
thermal systems and their associated heat sources [53,54]. SRTM 30 data can also provide 
valuable information about the topography of the area, which can affect the distribution 
of geothermal resources. Geothermal systems are often associated with fault zones and 
fractures, which can create pathways for fluid circulation. The topography can also affect 
the depth of the hydrothermal systems, as the elevation can affect the geothermal gradi-
ent.  

The low magnetic susceptibility basalt corresponds to the negative anomalies. The 
magnetic field value and weathering effectiveness in the area are influenced by the type 
of basaltic rocks, their mineralogy, and chemical composition [55]. A low magnetic anom-
aly associated with the presence of heated sedimentary rocks, which is the target zone for 
the geothermal reservoir [56]. The geochemical data analysis results indicate the presence 
of alkali basalt in the study area, which is considered to be a continental volcanic field [21]. 
The magnetic intensity of the LVF exhibits both positive and negative anomalies, ranging 
from −481.5 to +326.6 nT in magnitude.  

Positive anomalies of about +320 nT are observed in the southeast and northwest re-
gions of the LVF, while significant negative anomalies with magnitudes of −100 to −480 
nT are present in its central parts. Therefore, high-magnetic-intensity (0 to +326.6 nT) 
anomalies in areas with known geothermal activity can indicate the presence of hydro-
thermal fluids and associated mineralization. Low-magnetic-intensity anomalies in cer-
tain areas can indicate the presence of basalt, which is believed to be the target zone for 

Figure 6. Heat flow map of Saudi Arabia with the LVF indicated (modified after [11]).



Sustainability 2023, 15, 7645 11 of 21

4.2. Magnetic Data Interpretation

Peshawar Magnetic data can aid in the identification and characterization of geother-
mal resources by integrating information from CDP, SRTM 30, and magnetic intensity. CDP
is particularly useful in providing information on the depth of magnetic sources related
to hydrothermal systems, which are often associated with high heat flow and the thermal
demagnetization of subsurface magnetic minerals.

Thus, the depth of the Curie isotherm can be used to estimate the depth of hydrother-
mal systems and their associated heat sources [53,54]. SRTM 30 data can also provide
valuable information about the topography of the area, which can affect the distribution
of geothermal resources. Geothermal systems are often associated with fault zones and
fractures, which can create pathways for fluid circulation. The topography can also affect
the depth of the hydrothermal systems, as the elevation can affect the geothermal gradient.

The low magnetic susceptibility basalt corresponds to the negative anomalies. The
magnetic field value and weathering effectiveness in the area are influenced by the type of
basaltic rocks, their mineralogy, and chemical composition [55]. A low magnetic anomaly
associated with the presence of heated sedimentary rocks, which is the target zone for the
geothermal reservoir [56]. The geochemical data analysis results indicate the presence of
alkali basalt in the study area, which is considered to be a continental volcanic field [21].
The magnetic intensity of the LVF exhibits both positive and negative anomalies, ranging
from −481.5 to +326.6 nT in magnitude.

Positive anomalies of about +320 nT are observed in the southeast and northwest re-
gions of the LVF, while significant negative anomalies with magnitudes of −100 to −480 nT
are present in its central parts. Therefore, high-magnetic-intensity (0 to +326.6 nT) anoma-
lies in areas with known geothermal activity can indicate the presence of hydrothermal
fluids and associated mineralization. Low-magnetic-intensity anomalies in certain areas can
indicate the presence of basalt, which is believed to be the target zone for the geothermal
reservoir as shown in Figure 7. The focus is on identifying areas with low anomaly zones,
particularly those located in the north-northwest part of the study area.
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Spectral analysis of magnetic data provides reliable geological information, indicat-
ing that further research into geothermal exploration in the region is warranted. Short-
wavelength anomalies are removed to enhance the long-wavelength anomalies associated
with deep sources. The spectral analysis method indicates an average CDP beneath the
region [57]. The interpretation of magnetic data has led to a better understanding of the
geothermal regime, allowing for estimation of the depth to the CDP and heat flow [58].
Regions characterized by plateaus and trenches tend to have deeper CDP values exceeding
25 km [53].

The estimated depth of the Curie points ranges from 31.07 to 32.79 km, with an average
depth of 31.84 km based on the available data. The CDP can be used to estimate the depth
of magnetic sources associated with potential hydrothermal systems in the LVF. High heat
flow associated with volcanic activity can cause thermal demagnetization of magnetic
minerals in the subsurface, which can affect the depth of the Curie isotherm (Figure 8).
Therefore, areas with shallow CDP may indicate the presence of potential geothermal
energy, and deep CDP values (>25 km) may be present with deep geothermal resources.
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The LVF is characterized by complex topography, including volcanic edifices, fault
zones, and fractures. Areas of high elevation can indicate the presence of volcanic edifices
and associated hydrothermal systems, while areas of low elevation may indicate the
presence of sedimentary basins and potential geothermal reservoirs (Figure 9).

By combining data from CDP, SRTM 30, and the magnetic intensity, we can identify and
analyze potential geothermal resources in the LVF. Specifically, regions with shallow CDPs,
elevated magnetic intensity anomalies, and situated on topographical highs may suggest the
existence of hydrothermal systems that have the potential for energy generation. The CDP,
SRTM 30, and magnetic intensity data can provide valuable information for identifying
and characterizing potential geothermal resources in the LVF and can contribute to the
development of sustainable energy sources in this region (Figure 10). Based on previous
study findings, it is inferred that this region is a volcanic or thermally active area, which
suggests that it has good potential for the exploitation of geothermal energy.
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4.3. LST and NDVI Interpretation

Geothermal energy potential is typically determined by analyzing geological and
geophysical dataset, which can be costly and difficult to gather and processes. GIS can
simplify the process by combining multiple datasets from broader regions and identifying
areas with significant geothermal potential [42]. The utilization of thermal infrared remote
sensors is crucial for studying geothermal resources over large geographic areas, as they
offer a cost-effective and efficient means of exploration. Thermal satellite images obtained
from Landsat data can be combined with existing geological and geophysical data to
identify potential sites for hydrothermal exploration [43].

Thermal infrared remote sensing (RS) provides spatially representative results over a
larger area compared with traditional geothermal exploration methods. To discover and
monitor geothermal resources effectively in the future, we need to improve our understand-
ing of geothermal anomalies and geological structures. The effectiveness of geothermal
exploration and monitoring can be improved by combining the analysis of geothermal
anomalies with the geological structures of the study area [59]. The use of thermal RS
has proven to be a highly effective method for exploring geothermal resources, resulting
in significant savings of both time and cost. This has been demonstrated in numerous
geothermal exploration efforts, including those conducted in active volcanoes and other
geothermal regions [60].

The parameter of LST is crucial for conducting geothermal exploration [59]. After
atmospheric correction of the red and near-infrared bands, the surface emissivity values
were calculated. The method employed in this study follows the approach proposed
by [61], which involves determining the emissivity for each pixel based on the proportion
of calculated vegetation (NDVI) values. Qualitative classification was performed on LST
using [43] classification with minor modification as shown in Table 2.
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Index Temperature Range (◦C) Qualitative Classification

1 <39 Very Low
2 39–41 Low
3 41–43 Medium
4 43–50 High
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The temperature anomaly patterns in the LVF most likely reflect the emplacement
of a very shallow dyke intrusion [44]. Geothermal exploration requires the identification
of areas with high subsurface temperatures. LST is an important parameter that can be
used to identify such areas. In this research, we will discuss the role of LST in geothermal
resources exploration in the study area. This could be indicative of volcanic activity, such as
the presence of lava flows or hot gases, which would increase the LST. In 2000, the LVF was
considered in the category of no active eruption or significant volcanic activity occurring.

Therefore, any increase in the surface temperature data during this year would likely
be due to environmental factors, rather than volcanic activity. In 2007, there was a brief
eruption at the LVF, which lasted for a few weeks in January and February. This eruption
was characterized by the release of lava flows and ash plumes, which would have increased
the surface temperature of the area. Therefore, any LST data from 2007 would likely show a
significant increase compared to 2000. In 2021, there were no reports of significant volcanic
activity at the LVF.

Based on the qualitative classifications of the LST, it was concluded that the maximum
temperature range in the study area is in the high to very high geothermal anomaly zones
(Figure 11). Figure 12a–c show a pie chart of the qualitative classifications of the LST for
the years 2000, 2007, and 2021. Table 3 shows the details of the statistical analysis of the
qualitative classifications of the LST for the years 2000, 2007, and 2021.
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The high LST values in the central and eastern parts of the region suggest the presence
of geothermal resources in these areas. Further exploration is needed to assess the potential
of these resources and their feasibility for development. The details statistical analysis
of the LST that were calculated at different locations in the LVF for three different years
(2000, 2007, and 2021) is shown in Table 4. Table 5 represents the statistics of the subsurface
temperature obtained in the surrounding area of the LVF in 2007. Figure 13 shows the
NDVI variation of the LVF for the years 2000, 2007, and 2021. It was observed that 100% of
the area was classified as bare soil for all three years.

Table 3. Details of statistical analysis of qualitative classifications of the LST for the years 2000, 2007,
and 2021.

Year
Qualitative Classifications

Very High High Medium Low Very Low

2000 8% 80% 2% 2% 8%
2007 30% 68% 2% 0% 0%
2021 28% 72% 0% 0% 0%
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Table 4. Details of the statistical analysis of land surface temperature of the LVF considering
50 sample points.

Year
LST NDVI Correlation Coefficient

for LST- NDVIMin Max Mean Std Min Max Mean Std

2000 35.91 57.32 45.74 0.58 −0.04 0.12 0.05 0.01 −0.28
2007 42.49 58.40 49.10 0.41 0.01 0.16 0.06 0.01 −0.50
2021 44.11 58.73 49.39 0.36 −0.01 0.18 0.08 0.00 −0.53

Table 5. Statistical analysis of the subsurface temperature data from the surrounding area outside the
LVF at the well location (Source of data: [44]).

Year N Minimum Maximum Mean Std. Deviation

2007 55 21.65 32.8 29.34 2.33

5. Conclusions

Geothermal energy is a reliable baseload technology that enhances grid stability and
offers energy resilience without the need for expensive storage solutions. In the future,
geothermal energy could be highly beneficial as it could provide a reliable source of
power for densely populated urban areas in Saudi Arabia. A study for the detection of
geothermal anomalies using different geophysical approaches in the Lunayyir volcanic
field, Saudi Arabia was performed in this research. Gravity and magnetic data integrated
with other datasets can identify potential areas for further exploration and the development
of geothermal resources in the region. The gravity and magnetic data provided evidence
for the presence of geothermal potential.

It is possible to use thermal infrared remote sensing to reverse the LST and to identify
the areas with high geothermal anomalies for geothermal exploration. It was inferred
that the maximum cluster of data for LST (>43 ◦C) that occurred in zones of high to very
high geothermal anomalies may be an indication of shallow dyke intrusion. The NDVI
results indicated that 100% of the study area lies in bare soil. We concluded that integrating
these datasets can help to identify potential geothermal resource areas in the LVF for
exploration and development. The study concludes by emphasizing the potential benefits
of geothermal energy as a reliable baseload technology in Saudi Arabia.
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