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Abstract

:

In this paper, certain areas of the Kingdom of Saudi Arabia (KSA) are assessed in order to map potential geothermal energy zones. To evaluate high-resolution aerial magnetic data, spectral depth analysis using a modified centroid approach was used. The calculated geothermal parameters were gridded in order to delineate the regions characterised by a shallow Curie point depth (CPD) and a high geothermal gradient (GG) as well as a high heat flow (HF). The CPD, GG and HF calculated from the analysed data varied in the ranges of 6.0–15.0 km, 40.0–100.0 °C/km and 90.0–270.0 mW/m2, respectively. The obtained results show the concurrence of the positions of shallow CPD (<8.0 km), high GG (>83.5 °C/km) and high HF (>211.0 mW/m2). The geothermal systems that are oriented in the E–W direction are related to the Red Sea tectonics, the tectonic opening of the Red Sea/Gulf of the Suez Rift, hot subterranean anomalies and high enthalpy from radioactive granites. Likewise, the geologic structures (fractures and faults) related to the Red Sea tectonics serve as channels for the movement of hydrothermal fluids and the deposition of associated minerals. All in all, another geophysical study involving deep boreholes, and seismic, magnetotelluric, electromagnetic and geochemical data should be conducted to evaluate and estimate precisely the economic reserves of geothermal resources.
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1. Introduction


The Red Sea geodynamic processes control the tectonics and geology of the Kingdom of Saudi Arabia (KSA) and have caused the formation of a new oceanic crust along the axial trough, which is strongly supported by geophysical and geological results [1]. The Kingdom of Saudi Arabia is thought to be rich in geothermal energy resources, particularly the Neoproterozoic Arabian Shield, which is characterized by vast thermal springs, lava fields and volcanic and tectonic activities [2].



Early assessments of the geothermal potential in the KSA, conducted with geothermometers and geochemical, geological and geophysical approaches, found a wide range of reservoir temperatures (130–220 °C) and heat flows (120–210 W/m2) linked with hot springs [3]. These hot springs and minerals exist in the neighbourhood of the magmatic intrusions of the Precambrian to the Recent age [4]. Previous geophysical studies have shown that the major Northwest–Southeast-, Northeast–Southwest- and East–West-directed fault zones control the geothermal systems and the deposition of gold, base metals and other precious metals [4,5,6,7]. Several geoscience investigations in the KSA focused on hydrocarbon and mineral explorations [8]. However, a few geothermal investigations have been conducted in the KSA [3,9,10]. These recent geothermal investigations are expected to help the KSA to become completely powered by renewable and low-carbon energies, hence freeing up more hydrocarbon for export to boost the economy [9]. Nevertheless, the KSA has a high electricity production of about 240 terawatts with about 192 terawatts and 17 million kWh applied for cooling purposes and desalination processes, respectively [3]. These activities and others have increased the CO2 released from fuel combustion in the KSA from 252,000 Gg (in the year 2000) to about 446,000 Gg, presently [3].



Several recent geoscience studies all over the world are centred on reconnaissance explorations for geothermal resources [11,12,13] using magnetic data. Seismic, magnetotelluric, electrical resistivity, transient electromagnetic and bottom-hole temperature techniques, on the other hand, can be used in geothermal research and monitoring [14]. Overall, the magnetic method is an effective exploratory tool for determining the presence, lateral extent and depth of natural resources in the subsurface [15,16,17,18,19]. Likewise, magnetic data have been successfully applied in mapping the subsurface bedrock topography [2] and sediment thicknesses [20,21,22], in the early phases of geothermal developments. The magnetic data have significantly reduced the quantity of drilled wells needed to evaluate feasible geothermal fields. This method is the least expensive geophysical procedure for delineating the geothermal system of a region [23]. The aero-magnetic method is an operative tool in defining the regional surficial geologic borders [19] as well as the basement framework [24]. Likewise, it can be used for isolating anomalous geologic structures and bodies triggered by magnetic disparities [25]. In addition, magnetic data can be applied for mineral assessment programs, delineating hydrothermally altered rocks and geologic structures [26]. Additionally, it can be used in petroleum explorations, archaeological investigations and detection of unexploded ordnance [27,28]. Furthermore, lineaments and rift minerals interconnected with igneous intrusions can be explored by applying magnetic data [2,16]. This technique has been valuable in delineating geothermal reservoirs, basement framework, igneous intrusions [20] and magma chambers interconnected with the geothermal system source of heat [29]. Additionally, the magnetic method can be used to locate regions with diminished magnetization caused by thermal events, hydrothermal system assessment [30], concealed anomalies originated by granitic as well as magmatic structures [16] and associated lineaments [31,32,33]. Over the years, the various procedures involved in magnetic data acquisition, corrections, enhancements, presentations and interpretations have been considerably upgraded [19]. On the other hand, this method is normally connected with ill-posed inverse problems and characterized by unstable and non-unique solutions [19,20,34,35]. Nevertheless, reliable solutions to magnetic results can be acquired by applying enhanced procedures combined with a proper knowledge of geology [19].



In this investigation, Magsat satellite-generated magnetic data flown by NASA were used to offer insights into the subsurface geothermal anomalies [36]. The data that have the potential to probe different rock properties were applied to locate and determine the trend of geothermal systems and structures within the KSA. The world is composed of continents with various crustal blocks. These crustal blocks have different compositions, tectonic histories, ages and wide range of magnetic susceptibilities caused mostly by igneous intrusions [37]. Magnetic properties associated with various crustal blocks can be measured at satellite altitudes [38,39]. Previous studies have shown that igneous intrusion and extrusion have distinct magnetic content [19]. The satellite magnetic data can be used to detect anomalies over oceanic rises, plateaux and subduction regions that are in general inferred for induced magnetization effects [40]. These magnetic anomalies ordinarily and absolutely match to bathymetric structures with anomaly peaks over rises and plateaux, and trough over the basins [41]. Magnetic anomaly maps using a regional to continental scale are becoming readily accessible from terrestrial, shipborne and airborne surveys [42]. Satellite-generated magnetic data are generally well-thought-out to seal the coverage lacunas in the regional assembling of these near-surface surveys. All in all, crustal magnetic anomaly maps at satellite heights can be analysed simply for regional geologic structures [42]. Nevertheless, for analyses and deductions involving smaller-scale magnetic structures, satellite height anomalies are normally enhanced downwards [42]. On the other hand, aeromagnetic techniques flown from aircrafts or drones are routinely conducted around the world for various applications, as the magnetometer is, today, a standard instrument on any airborne geophysical survey. For example, many continents, such as North America, are entirely covered with aeromagnetic surveys with lines spaced from 0.1 to 1 km.




2. Location and Geological Background


The studied geological region is a section of the Arabian Shield (AS) in Saudi Arabia. It is geographically situated between latitudes 16.0°–30.0° N and longitudes 35.0°–48.0° E (Figure 1). The study location is bordered by Jordan, Iraq and Kuwait, Iran and Arabian Gulf, Rub’Al Khali Desert, Oman, Yemen, Egypt and Red Sea, and Eritrea to the northwest, north, northeast, east, southeast, south, west and southwest, respectively. The Kingdom of Saudi Arabia is characterized by two geological provinces: the Arabian Shield in the west and the Arabian Shelf in the east. The Arabian Shield (SA) is dominated by Precambrian (igneous and metamorphic) rocks classified into the Asir, Jeddah, Afif, Ad Dawadimi, Ar Rayn, Ha’il, Hijaz and Midyan terranes on the basis of their formation modes [43]. There are pockets of Archean and Paleoproterozoic lithologies inside the prevalent Neoproterozoic lithologies, which arose over 300 million years of the tectonic crustal expansion that commenced 850 Ma ago [44]. A sequence of magmatic arcs, sedimentary and volcanic basins, and granitic intrusions were produced by at least three continental collisions over the course of 300 million years. The opening of the Mozambique Ocean was triggered by the breakup and separation of Rodinia between 900 and 800 Ma ago, and intra-oceanic subduction is frequent [45].



The island arcs above them were accreted to the AS by the convergence of cratonic blocks during Cryogenian–Ediacaran, and the accretion zone is exposed on the surface as suture zones. With the formation of Gondwana, the accretions began in the southern AS, progressed north and finally concluded in the northeast AS. In the eastern AS, where the halt of accretion is poorly understood, no pre-EAO blocks are recorded. The Arabian Shelf is a succession of Paleozoic and newer sediments that were predominantly deposited along passive borders and contain up to 10 km of limestones and siliciclastics [44,45].



The Paleozoic series contains the world-famous oil and gas fields [46]. With the collision of east and west Gondwana, the NW-trending Najd fault system, crustal-scale sinistral strike-slip faults and ductile shear zones formed and had an effect on the AS [47]. This Najd fault system (NFS), which is approximately 2000 km long, 400 km wide and partially covered by Cenozoic lavas and alluvium [48], is comprised of a network of parallel and en echelon faults as well as secondary structures, such as strike-slip, oblique-slip, thrust and normal faults as well as folds and dike swarms. As a result of movement along the Najd fault system, the Dokhan volcanic, granite plutonism and molasse basins have been revealed and developed [47]. In some instances, the Najd fault system reactivates older Neo-Proterozoic terranes by traversing them. The NFS has predominantly brittle deformation, while the south-eastern AS contains a tectonic fabric that penetrates the fault zone. In addition, strike-slip faults with a north–south orientation in the southern AS (Asir Terrane) and eastern AS [44] are part of crustal-scale fault systems. Within the Jeddah Terrane, strike-slip faults have a northeast–southwest orientation [48]. These prominent geological structures serve as weak zones for igneous intrusions as well as pathways for hot springs and harrats. The geophysical information and wells drilled in the Rub’ Al Khali indicate the existence of a basin beneath the Quaternary sand [49].





[image: Minerals 13 00694 g001 550] 





Figure 1. Geological setting of the study location (modified after [6,50]). 
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3. Materials and Methods


The data used for this investigation were Magsat satellite-generated magnetic data flown by NASA and downloaded using doi:10.7289/V5H70CVX (accessed on 14 June 2019). Earth Magnetic Anomaly Grid (2-arc-minute resolution), version 3 (EMAG2v3), was delivered as a zip file that holds comma-delimited data (CSV). The digitized data were imported into the Geosoft Oasis Montaj platform by clicking the database tool. The digitized magnetic data in the database were further processed and gridded using the minimum curvature procedure. The enhanced operation enabled the data to be displayed in the colour raster format (Figure 2). On the whole, the reduced total magnetic intensity anomaly data were observed to vary from a minimum of −75.0 nT to a maximum of 65.5 nT within the study area. These satellite magnetic data have been observed to be very useful in delineating near-surface magnetic anomalies [42]. Furthermore, it is a powerful instrument that is frequently used to investigate time differences in the Earth’s core field at satellite height and at the core-mantle boundary [42]. The available codes, such as magmap.omn as well as spectrum calculation and display in [50,51] from Geosoft® (version 7.5.0), were applied to conduct all spectral analyses required for reconnaissance geothermal exploration in the KSA.



Spectral Analysis and Centroid Depth Method


In order to properly evaluate the geothermal anomalies caused by a series of volcanic eruptions, igneous intrusions and the Red Sea tectonics in the KSA, the spectral analysis procedure applying the centroid technique was adopted. The procedure has been observed to be very effective in the approximation of Curie point depth [52]. The procedure to approximate the depth extent of magnetic bodies can be grouped into two categories: those that evaluate the shape of isolated magnetic anomalies [53] and those that examine the statistical properties of the patterns of magnetic anomalies [54]. Both approaches offer the relationship between the spectrum of magnetic anomalies and the depth of a magnetic source by transforming the spatial data into the frequency domain. The authors of [55] indicated that the latter technique is more suitable for the regional compilations of magnetic anomalies. The technique applied here was similar to the technique of [54]. The top bound and the centroid of a magnetic source, Zt and Z0, respectively, were computed from the power spectrum of magnetic anomalies and were applied to approximate the basal depth of the magnetic source Zb.



Assuming that the layer extends infinitely far in all horizontal directions, the depth to the top bound of a magnetic source is small compared with the horizontal scale of a magnetic source, and that magnetization M(x,y) is a random function of x and y, [54] introduced the power–density spectra of the total-field anomaly Φ∆T:


    Φ   Δ T       k   x   ,   k   y     =   Φ   M       k   x   ,   k   y     × F     k   x   ,   k   y      



(1)






  F     k   x   ,   k   y     = 4   π   2     C   m   2         Θ   m       2         Θ   f       2     e   − 2   k   Z t       1 −   e   −   k       Z   b   −   Z   t           2    



(2)




where     Φ   M     is the power–density spectra of magnetisation, Cm is a proportionality constant, and     Θ   m     and     Θ   f     are factors for magnetization direction and geomagnetic field direction, respectively. This equation can be simplified by noting that all terms, except         Θ   m       2     and         Θ   f       2    , are radially symmetric. Moreover, the radial averages of     Θ   m     and     Θ   f     are constant. If   M   x , y     is completely random and uncorrelated,     Φ   M       k   x   ,   k   y       is a constant. Hence, the radial average of     Φ   Δ T     is:


    Φ   Δ T       k     = A   e   − 2   k     Z   t       A   e   − 2   k     Z   t           1 −   e   −   k       Z   b   −   Z   t           2    



(3)




where A is a constant. For wavelengths less than about twice the thickness of the layer, Equation (3) approximately becomes:


    ln  ⁡      Φ   Δ T         k         1   2         =   ln  ⁡  B   −   k     Z   t    



(4)




where B is a constant. We could estimate the top bound of a magnetic source by the slope of the power spectrum of the total filed anomaly. On the other hand, Equation (3) can be rewritten as:


    Φ   Δ T         k         1   2     = C   e   −   k     Z   0         e   −   k       Z   t   −   Z   0       −   e   −   k       Z   b   −   Z   0          



(5)




where C is a constant. At long wavelengths, Equation (5) is:


    Φ   Δ T         k         1   2     = C   e   −   k     Z   0         e   −   k     − d     −   e   −   k     d       ∼   e     −     k     Z   0       2   k   d  



(6)




where 2d is the thickness of the magnetic source. From Equation (6),


    ln  ⁡          Φ   Δ T         k         1   2           k         =   ln  ⁡  D   −   k     Z   0    



(7)




where D is a constant. We could estimate the top bound and the centroid of the magnetic source by fitting a straight line through the high-wavenumber and low-wavenumber parts of the radially averaged spectra of   l n     Φ   Δ T         k         1   2         and   l n       Φ   Δ T         k         1   2       /   k       from Equations (4) and (7), respectively. Figure 3 shows an example of a power spectrum of magnetic anomaly data. From the slope of the power spectrum, the top bound and the centroid of a magnetic layer composed of a horizontal (equivalent) layer were estimated. The basal depth of the magnetic source is:


    Z   t   = 2   Z   0   −   Z   b    



(8)







The obtained basal depth of the magnetic source is assumed to be the Curie point depth. The obtained Curie point depth reflects the average value of the area. If magnetization in the Earth’s crust is arbitrarily and uncorrelatedly distributed, the mean azimuthal power spectrum can be employed to compute Zt and Zb by Equations (6)–(8).



Fourier’s law is a central relationship when considering conductive heat conveyance [53]. Fourier’s law assumes the following form in the 1-D case, supposing a vertical direction for temperature disparity and a constant temperature gradient dT/dz:


  q = k   d T   d z    



(9)




where q is labelled as the heat flux and k is the coefficient of thermal conductivity.



The Curie temperature (θ) can be well-defined as:


  θ =     d T   d z       z   b    



(10)




where Zb is the CPD, supposing there are no heat sources or heat sinks between the Earth’s surface and the CPD; and dT/dz is constant and the surface temperature is 0 °C. The authors of [53] proved that any particular depth to a thermal isotherm is in reverse proportion to heat flow. Equations (9) and (10) were used to calculate HF and GG values, which were based on CPD estimates derived from magnetic computations.



The magnetic data (Figure 2) from this investigation were segmented into 3021 spectral blocks (of 156.25 km2 each) with 50% overlap before generating a power spectrum plot for each block to map the varying sizes of geothermal anomalies and related structures in the subsurface. Related parameters, such as CPD, GG and HF, were acquired and subsequently gridded. The calculated geothermal parameters are presented in Supplementary Table S1.





4. Results


The Curie point depth (Figure 4) varied in the range of 6.0–8.0 km (red), 8.1–12.0 km (green), and 12.1–15.0 km (yellow) for the shallow, intermediate and deep geothermal sources, respectively. Regions (Figure 4) with a shallow CPD were related to areas characterized by granitoid intrusions, volcano-sedimentary sequences and intra-oceanic island arcs [44,56]. The GG map (Figure 5) delineated low (yellow), intermediate (green) and high (red) geothermal gradient zones with <60 °C/km, 61.0–82.5 °C/km and 83.5–100 °C/km, respectively. Furthermore, the HF map (Figure 6) indicated low (90–150 mW/m2), intermediate (151–210 mW/m2) and high (211–270 mW/m2), and they coincide with the results in Figure 5. The interconnected peak GG (Figure 5) and HF (Figure 6) regions match the locations of low CPD (Figure 4) characterized by intense seismic and tectonics activities [57]. Recent geoscience studies [11,36] have indicated that resources are reliant on tectonic events. The series of tectonic events associated with the Red Sea tectonics created a network of geologic structures (Figure 1). High concentrations of these geologic features in the vicinity of the Red Sea serve as movement and depositional pathways for Harrats [3], hydrothermal fluids and related minerals [58,59].




5. Discussions


The magnetic method is an essential geophysical tool commonly applied in reconnaissance geothermal energy assessments [29]. Many geoscience researchers have used this strategy to conduct reconnaissance investigations of geothermal energy sources [11,12,13,29,30,60,61]. The rocks in the study area, which exist in the neighbourhood of the Gulf of Aqaba/Dead Sea transform fault, rift-transform triple junction of the Red Sea and Gulf of Suez [62], have been extensively metamorphosed by the Red Sea tectonic events [57]. The investigated area is characterized by dike swarms, normal and oblique faults as well as poly-deformational phases of tensional and shearing regimes. The major zones of high magnetization (Figure 2) within the study location are observed to follow a trend in the NW–SE and E–W directions. Based on geological mapping, the regional faults, just as in the case of the Red Sea (Figure 1), are oriented mainly in the NW–SE direction. The central region and adjoining areas bordering the Red Sea are characterized by these faults, while the northern, north-western and south-eastern flanks of the study area are devoid of such geologic structures (Figure 1). The poly-deformational events associated with the Red Sea tectonic occurrences are interconnected with the geologic structures mapped onshore. Furthermore, volcanic activities have been reported in the study area [2]. Ref. [63] reported emanations of hydrochloride acid and sodium chloride in volcanoes. Similarly, [64,65] documented the volcanic source of brine. Brine fields in rift environments dominated by igneous intrusions have been observed in recent geoscience studies [2,58,59,66,67,68,69]. These igneous intrusions are commonly associated with hydrothermal fluids and are believed the be the main source of the salination of groundwater [31,57,58] witnessed in the KSA. In addition, the multifaceted geologic structures (that is, faults, fractures and fissures) of the study area created pathways for hydrothermal fluid migration as well as mineral deposition zones [32]. Recent geophysical reports, metallogenic investigations as well as geologic mapping have indicated that hydrothermal polymetallic mineral occurrences are linked to deep-seated granite pluton [20,70]. Hydrothermal processes are thought to have played a significant influence on brine formation in Nigeria’s rifted Benue Basin [31]. Inside and outside of rift settings characterized by extrusive and intrusive igneous rocks, hydrothermal fluid and hydrothermal circulation systems with high salinity dissolved minerals, such as lead, zinc, copper and gold, making them abundant [32]. Because of its vast hydrocarbon potential, geothermal anomalies, mineral deposits, complex tectonics and related geologic features, the KSA has recently become a focal point of geoscience research [4,70]. Geophysical explorations, geological field mapping, isotopic, hydro-geochemical and geomorphic structures, as well as tectonic and stratigraphic investigations in the KSA, revealed that economic minerals, such as gold, volcanogenic sulphides and epithermal precious and base metals, are strongly linked to tectonic settings, major fault systems, volcanoes and sedimentary series [57,71,72].



Furthermore, the investigated area is dominated by extensive plutonic igneous intrusions [57], and hence the geothermal resources are classified as low enthalpy, medium enthalpy (hot springs) and high enthalpy resources (harrats) [3]. In general, the dispensing surface temperatures and flow rates of thermal springs in KSA range from 31 to 96 °C and 5 to 20 L/m, respectively. In this study, regions characterized by a shallow Curie point depth (<8.0 km) (Figure 4) are characterized by a high geothermal gradient (83.5–100.0 °C/km) (Figure 5) as well as a high heat flow (211.0–270.0 mW/m2) (Figure 6), and are assumed to be possible geothermal zones [61]. The shallow CPD zones (<8.0 km) well-defined by spikes (Figure 7a) correlate positively with the localities of peak GG (Figure 7b and HF (Figure 7c). Based on the previous findings of [30,61], probable geothermal anomalies are defined by a low Curie point depth coexistent with a high heat flow and temperature gradient. In general, the geothermal structures are oriented the E–W direction (Figure 4, Figure 5 and Figure 6), and they are controlled majorly by the E–W oblique-slip faults [57]. However, previous geophysical reports have indicated that they are other major geothermal structures that follow the NW–SE and NE–SW directions [72] within the KSA. The NW–SE geothermal structures assumed the direction of the Red Sea and regional geologic structures (Figure 1). Nonetheless, the E–W-oriented geothermal anomalies mapped in this investigation have a direct linkage with the Red Sea tectonics. In general, the geothermal structures caused by harrats that occur at the southwest, western and north-western portions of the research area are the related tectonic opening of the Red Sea/Gulf of the Suez Rift in this area [72]. Other sources are from unconfined hot springs with a direct connection to hot subsurface anomalies through an open network of active faults and fractures as well as high enthalpy from radioactive elements of pre- and post-orogenic granite [57]. Furthermore, comprehensive geophysical exploration involving seismic reflection, bottom-hole temperature (BHT), transient electromagnetic (TEM) or magnetotelluric methods is required especially at the volcanic eruption regions, to assess the country’s economic reserves of geothermal resources for complementary energy production.




6. Conclusions


In the Kingdom of Saudi Arabia, a geothermal reconnaissance investigation was conducted using downward continued Magsat-generated magnetic data flown by NASA. The Curie point depth, geothermal gradient and heat flow estimated values were computed and gridded in this study. This study’s Curie depths, geothermal gradient and heat flow were in the range of 6.0–15.0 km, 40.0–100.0 °C/km and 90.0–270.0 mW/m2, respectively. The positions of the shallow Curie point depth (6.0–8.0 km) coincided with the placement of a high geothermal gradient (83.5–100.0 °C/km) and HF (211.0–270.0 mW/m2). These geothermal systems have a direct association with the bordering Red Sea tectonic events. Additionally, the tectonic opening of the Red Sea/Gulf of Suez Rift, hot springs with direct links to hot subsurface anomalies and high enthalpy from radioactive components in pre- and post-orogenic granite are all causal factors. Regardless of the successful delineation of geothermal structures, additional research involving the integration of deep boreholes and seismic, magnetotelluric, electromagnetic and geochemical data should be conducted in order to further evaluate and properly estimate the economic reserves of geothermal resources.
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Figure 2. Satellite-generated total magnetic intensity anomaly map. 
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Figure 3. Representative spectral plot of the study area. 
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Figure 4. Curie point depth map. 
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Figure 5. Gradient map. 
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Figure 6. Heat flow map. 
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Figure 7. Three-dimensional representation of (a) Curie point depth, (b) geothermal gradient and (c) heat flow maps. 
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