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Abstract

:

Positive and negative magnetic anomalies occupied the total aeromagnetic (TM) map of the Harrat ad Danun area, Saudi Arabia. Reduction to the pole (RTP) maps display the range of magnetic values (−312.4 to 209.4 nT) that vary in shape, size, and magnitude. These anomalies generally follow the NNW–SSE (Red Sea axis trend), NE–SW, and NNE–SSW trends. The NNW-SSE linear negative and positive magnetic anomalies could be brought on by buried faults, shear zones, or subsurface dikes. In the central part, the position of Au and Ba mineralization was connected to this trend. It is concluded that the principal structures are represented by the NNW–SSE, NE–SW, and NNE–SSW tendencies. Based on gridded RTP magnetic data, the 2-D power spectrum was computed and revealed the frequency of the near-surface and deep magnetic components. It is believed that the depths of the shallow and deep magnetic sources are typically 80 m and 570 m, respectively. Additional negative and positive magnetic anomalies with varied amplitudes and frequencies, trending in the NNW–SSE, ENE–WSW, and NE–SW directions, are seen when the high-pass and low-pass maps are closely examined. Many faults in various directions cut into these anomalies. The occurrence of negative linear magnetic anomalies (−36.6 nT to −137.3 nT) at this depth (80 m) is also confirmed by this map. The TDR filter and the Euler deconvolution method were used to identify the horizontal variations in magnetic susceptibility as well as the source position and depth of magnetic sources. The linear clustering rings are thought to be caused by contacts or faults with depths between 1 m to 474 m that are oriented WNW–ESE, NNE–SSW, and NNW–SSE. These faults or contacts are thought to be particularly prominent in the western, eastern, southern, northern, and central zones. The majority of felsic and mafic dikes are found to be connected to subsurface structures, showing that three structural trends—WNW–ESE, NNE–SSW, and NNW–SSE—affect the studied area. This demonstrates that important features and shear zones control the majority of Saudi Arabia’s gold deposits. A negative magnetic anomaly that is centered in the area, trending NNW–SSE and crossing the NNE–SSW fault, is connected to the plotted gold and barite mineralization in the study area. This may imply that these two tendencies are responsible for mineralization. This result raises the possibility of mineralization in the NNW negative magnetic feature located in the western part of the area. The occurrence of gold and barite was significantly impacted by the NNW–SSE and NNE–SSW structural lineaments.
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1. Introduction


Saudi Arabia has not historically been known for its mining industry. Nonetheless, significant mining production has been observed at least three different times over the past three thousand years [1]. The Abbasid Caliphate (750–1258 A.D.), the reign of King Solomon (961–922 B.C.), and the era of the Saudi Arabian Mining Syndicate (1939–1954) were the last three periods when gold was mined at Mahd ad Dahab, a mine that had produced gold intermittently since King Solomon’s time and has been reopened since 1984 [2]. The former mining history of this nation is not reported in any other notable ways. Since 1947, Saudi Arabia has expressed interest in the use of its natural resources, but it was not until the 1950s and 1960s that infrastructure geology and exploration began in earnest. The massive entry of mineral raw materials into the post-World War II reconstruction of Europe at this time led to a boom in the global mining sector [3]. The Saudi Arabian government formed a separate ministry for petroleum and mineral resources in 1967 and provided it with a sizable budget, laying the groundwork for a well-organized program of mineral exploration. Since then, Saudi Arabia has pursued an aggressive exploration agenda with the help and assistance of some foreign agencies, resulting in the discovery of a diverse range of minerals, including precious and base metals, energy minerals (other than petroleum), industrial minerals, construction minerals, and ornamental stones. While some of these discoveries have already been turned into working mines, others are still being researched and investigated [4,5].



Saudi Arabia is acutely conscious of the need to diversify its economy and attain self-sufficiency in its many industrial sectors despite having 25% of the world’s known oil reserves and deriving a fairly consistent income from them. Everything in their country’s thinking and planning is based on this fundamental idea. Furthermore, it is believed that mineral resources and their exploitation are crucial to a nation’s efforts to develop [2]. The development of mineral resources has also taken on a unique significance in Saudi Arabia given this context. Mineral development, on the other hand, will unleash a variety of benefits and multiplying effects into the process of national economic and social development. This will open up new doors for investment and the growth of other industries with the specific goal of extending their economic and industrial base. Saudi Arabia thus keeps up concerted efforts to look for, assess, and exploit its mineral resources.



There are two main geological settings in Saudi Arabia, each having a clear age and lithological difference. The Precambrian metamorphosed rocks from the Arabian Shield, the main source of mineral occurrences and discoveries, make up the western region of Saudi Arabia. The country’s western region has exposed Shield rocks, which make up nearly one fourth of Saudi Arabia [6]. The alternative setting consists of more recent sediments from the Paleozoic, Mesozoic, and Tertiary eras that have not been altered or significantly disturbed. These cover rocks are dispersed across the north, east, and south of the Shield region and sit atop the stable Precambrian basement. Moreover, from the Tertiary to the present, there have been sporadic volcanic eruptions with some alkaline basaltic outflows, primarily in the Shield region. However, in Saudi Arabia, the most impressive Quaternary deposits are sands and gravels that cover rocks to create massive sand deposits [7,8,9].



The Shield area, which comprises stratiform deposits, veins, contact metamorphic deposits along the borders of igneous rocks, and magmatic and late magmatic deposits in igneous rocks, is the region with the best potential for finding metallic minerals. In contrast, non-metallic resources are dispersed across the entire nation, including the Shield, and are not limited to any particular region. Also abundant are several evaporites. The coastal region between the Red Sea and the Shield yields several minerals [6,10]. Investigation of the Red Sea’s mineral deposits on the seabed has also produced promising results. In conclusion, Saudi Arabia offers a potential host environment that is rich in a range of metallic and non-metallic minerals, where numerous gold (Au) occurrences and other deposits have been found in the AS (more than 800); some of them, such Mahd ad Dahab, Al-Sukhaibarat, and Bulghah, are currently in production [10,11]. In addition, the base metals (copper, zinc, and lead) are demarcated in select AS areas, such as Al-Nuqrah, Al-Amar, and Jabal Sayid [10].



The authors of [12] concluded that mining is crucial to the process of development because it transforms mineral resources into a form of capital that boosts a country’s output. Additionally, according to the conventional perspective, mining, like other economic activities, plays a vital role in the development process and may turn a mineral resource into sustained improvements in people’s lives [13]. Together with the size of mineral resources over time, environmental costs, such as large amounts of solid waste, diminishing ore grades, energy, chemical, and water inputs, as well as pollution outputs, particularly greenhouse gases, are crucial components in determining how sustainable mining can proceed [8]. In order to properly control and encourage the sector’s sustainable development, the Saudi government must increase the sectoral institutions’ capabilities. A new mining code will also simplify the licensing processes and increase predictability and transparency by removing the administrative and legal barriers that prevent private sector participation in the minerals sector [14]. Recently, some research was conducted to assess Saudi Arabia’s mineralization activities and structures [15,16,17,18,19,20,21,22]. Several areas in Saudi Arabia are promising because they hold great reserves of mineralization and have yet to be investigated in detail.



The magnetic survey was widely used in different applications such as mineral exploration, geological mapping, engineering, detect magnetic sources and their boundaries. Additionally, it was utilized to detect geologic structures (faults, contacts, folds, and shear zones) that might be relevant to the search for minerals [23,24,25,26,27,28,29,30,31,32,33,34,35,36].




2. Geological Setting


The study area is situated in Saudi Arabia’s Western province, 158 km northeast of Jeddah. It covers the area between 21°50′ and 21°56′ north and 39°48′ to 39°56′ east (Figure 1a,b). The study area is situated in the Arabian Shield’s western region. A simple geological map of the area under study (Figure 1c), which is a portion of the Makkah Quadrangle map created in [37], is shown in Figure 1c. A combination of metamorphic and plutonic rocks makes up the Western Arabian Shield, which includes the investigation area. The tertiary-layered rocks of the Rahat group make up the Harrat Rahat area, which serves as the region’s southern boundary. Shaw Hit, Amah Basalt, and some alluvial debris make up this collection. Sedimentary rocks from the Tertiary period make up the lowest portion of the study area, which is covered in flows of basaltic lava. Precambrian–Cambrian complexes, Tertiary–Quaternary–Recent alluvial deposits, and Cretaceous–Tertiary sedimentary successions make up the area. Gabbro rocks in the east eventually ascend into Precambrian intrusions of biotite granodiorite and monzogranite from the north to the southeast [38]. The study area contains the following types of rocks:




	
Precambrian rocks: the Fayiadah Formation, which includes felsic volcaniclastic rocks, andesitic rhyolitic and basaltic lavas, as well as andesitic volcaniclastic rocks, is attributed to this group.



	
Precambrian intrusive rocks: belong to the Hishash Complex (igd), which is composed of granodiorite, and the Shiwan Complex (Kwtn), which is composed of hornblende tonalite.



	
Tertiary rocks: these rocks primarily come from the Haddat ash Sham (Tsh) and Hammah Basalt formations (Tmhb). Whereas the latter is made up of alkalic olivine basalt, the former is composed of pebbly sandstone and siltstone and is exposed in the study area’s north and south.



	
Quaternary deposits: these make up a significant component of the study area and are mostly the result of weathering of the existing rocks. The alluvium’s thickness varies from place to place, rarely exceeding 4 m in the study area’s higher terrain while rising in the lower terrain and increasing to 29 m [37]. The Wadi Hishash soils are highly rich in quartz sand. In this region, the elevation decreases from 425 m to roughly 200 m. Pebbly sandstone and siltstone, which are composed of sand and gravel, surround the alluvial deposits.
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Figure 1. (a) Location map of Harrat ad Danun area, (b) Google Earth image, and (c) Geologic map of Harrat ad Danun area (after Moore and Al-Rehaili, 1989), Kingdom of Saudi Arabia. 
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3. Materials and Methods


The study area was flown by a consortium of Aero Service Corporation, Hunting Geology and Geophysics Limited, and Lockwood Survey Corporation Limited under the supervision of the Bureau de Recherches Géologiques et Minières for the Ministry of Petroleum and Mineral Resources of the Kingdom of Saudi Arabia between 1965 and 1966. This survey was carried out by the Fluxgate Gulf Mark III magnetometer with analog recording. The aeromagnetic survey flight lines were flown along parallel traverse lines oriented in a NE–SW direction, with an azimuth of 30° from true north and 800 m spacing. The tie lines were flown in an NW–SE direction, at a right angle to the flight line direction, with an azimuth of 150° from true north [39]. The tie line spacing was chosen as 16 km intervals. The total magnetic intensity (TMI) was conducted at a nominal sensor altitude of 300 m of terrain clearance [39].



The TMI grid was reduced to the pole (RTP) grid map in order to properly locate the magnetic anomalies across the magnetic source bodies. In the current experiment, residual and regional magnetic component maps were generated from the RTP aeromagnetic data using Fast Fourier transformation (FFT). The RTP aeromagnetic map was further subjected to Tilt Derivative (TDR) and Euler Deconvolution in order to find the characteristics that might be important in mineral prospecting.



The ratio of the potential field’s first vertical derivative to its horizontal gradient serves as a proxy for the tilt angle [40]. When employing the zero-contour line to locate the margins of sources at shallow and deep depths, tilt angle derivative (TDR) offers an advantage [40,41]; the tilt derivative (TDR) method is expressed as the following:


  TDR = t a  n  − 1    (    V D R   H G M    )   



(1)




where   V D R   is the vertical derivative of the magnetic field, and   H G M   is its horizontal gradient magnitude.



Reid et al. (1990) employed gridded data and generalized the Euler deconvolution to show the position and depth of the magnetic sources. This technique has successfully been utilized for regional interpretation and has proven its effectiveness in identifying lineaments and geological structures (contacts and faults). The authors of [42] suggested modifications to Euler deconvolution for application to magnetic data.


    ∂ T   ∂ x      (  x −  x 0   )  +   ∂ T   ∂ y      (  y −  y 0   )  +   ∂ T   ∂ z      (  z −  z 0   )  = N  (  B − T  )   



(2)




where T is the total field detected at (x, y, z) by the magnetic source at position (x0, y0, z0), B is the background value of the total field, and N is the degree of homogeneity or geophysics related to the structural index (SI).



In the current study, aeromagnetic data were gridded, processed, and mapped using the Geosoft Oasis Montaj program. Furthermore, the results obtained from structural lineaments were presented as rose diagrams using the RockWorks program.




4. Results and Discussion


The total aeromagnetic (TM) map (Figure 2) shows positive and negative magnetic anomalies. The positive anomalies vary from 2.6 nT to 220.9 nT with orange, red, and magenta colors. The highest positive magnetic anomalies (more than 47.7 nT to 220.9 nT) occupy the central, southeast–central, western, eastern, and northern parts. The negative magnetic anomalies (−7.8 nT to −288.3 nT) are characterized by yellow, green, and light-to-deep-blue colors (Figure 2). The western region is home to the highest negative magnetic anomalies, which extend from −288.3 nT to −95.9 nT (Figure 2).



The RTP map (Figure 3) displays the range of magnetic values, which range in size, shape, and magnitude from −312.4 to 209.6 nT. These anomalies generally follow the NNW–SSE (Red Sea axis trend), NE–SW, and NNE–SSW trends. It is possible that hidden faults, shear zones, or subsurface dikes are the cause of the NNW–SSE negative and positive magnetic anomalies (Figure 3). In the center of the research region, the position of Au and Ba mineralization was connected to this trend. According to [43], the NNW–SSE linear magnetic anomalies in the Kingdom of Saudi Arabia are related to mineralization.



Gridded RTP magnetic data were used to determine the 2D power spectrum (Figure 4). An examination of the power spectrum curve reveals the frequency of the near-surface and deep magnetic components. The shallow and deep magnetic sources are thought to have typical depths of 80 m and 570 m, respectively (Figure 4).



When looking at the high-pass (residual) map (Figure 5) of RTP data, it is possible to see a number of different negative and positive magnetic anomalies with varying amplitudes and frequencies, trending in the NNW–SSE, ENE–WSW, and NE–SW directions. These anomalies are dissected by many faults in different directions. In addition, this map confirms the existence of negative linear magnetic anomalies (−36.6 nT to −137.3 nT) at this depth (80 m). The negative and positive magnetic anomalies are depicted on the low-pass (regional) map of RTP data with varying amplitudes and frequencies (Figure 6). They are trending in the NNW–SSE and NE–SW directions.



The TDR filter was applied to the RTP grid to highlight structures such as faults and contacts to help in the mineral exploration research, to find magnetic sources’ edges. The zero-contour line, which shows the location of changes in magnetic susceptibility on the TDR map (Figure 7), is highlighted.



The research area’s RTP aeromagnetic data grid was subjected to the Euler deconvolution algorithm. The lower structural indices from 0 to 1 are superior depth estimators, as [44] showed. In order to characterize connections and faults in the regional interpretation of the study area, one structural indicator (SI) with a value of 0.0 has been chosen. The Euler deconvolution technique’s produced findings are shown as colored circles placed on maps to show the source position and depth.



The Euler map (Figure 8) was created by applying Euler deconvolution with SI = 0.0, which displays clusters of circles in linear and curved shapes to represent the nature of probable contacts between the rock units. It is believed that faults or contacts with depths between 1 and 474 m are what caused the linear clustering rings.



In the studied area, the linear solutions of depths (1 m–208 m) are widely dispersed (Figure 8). The main trends of these solutions are NNW–SSE, NW–SE, NE–SW, and NNE–SSW. These solutions relate to contacts and faults (Figure 3 and Figure 8). While this examination was being carried out, it was discovered that several areas of the negative and positive magnetic anomalies, particularly in the western, eastern, southern, northern, and central areas (Figure 3 and Figure 8), were associated with solutions that have depths between 208 m and 474 m (Figure 3 and Figure 8).



The subsurface features (faults) that impacted the research area are depicted in Figure 9 by converting the zero-contour lines of the TDR map to lineaments. It is concluded that the primary structures in the study region are represented by the NNW–SSE, NE–SW, and NNE–SSW tendencies (Figure 9). It is notable that it was found that the majority of felsic and mafic dikes are connected to subterranean structures by comparing the geological map (Figure 1) with the TDR map and its lineaments (Figure 7 and Figure 9). According to Figure 10’s analysis of lineament structures using Euler deconvolution, the research area is impacted by three structural trends: WNW–ESE, NNE–SSW, and NNW–SSE [30].



Most Au deposits in Saudi Arabia are controlled by major structures and shear zones [29,30,45,46]. The study area’s mapped gold and barite mineralization corresponds to a negative magnetic anomaly that is centered there and trends in the Red Sea fault system’s NNW–SSE direction, intersecting with the NNE–SSW fault (Figure 3, Figure 5, Figure 6 and Figure 7). This may suggest that mineralization is controlled by these two trends. Based on this finding, the NNW negative magnetic feature in the western portion of the area (Figure 3, Figure 5 and Figure 7) may likely contain mineralization. It is clear that mineralization is connected with both source depths of 80 m and 570 m for the residual and regional findings. Moreover, the mineralized zones are connected to the NNW–SSE direction. This is in agreement with the results of [22,43].




5. Conclusions


On the total aeromagnetic (TM) map, alternately distributed positive and negative magnetic anomalies are shown. The reduced to the pole (RTP) map exhibits a range of magnetic values (−312.4 to 209.6 nT) that differ in shape, size, and magnitude. These anomalies’ general patterns include NNW–SSE (Red Sea axis trend), NE–SW, and NNE–SSW. Subsurface buried dikes, faults, or shear zones could explain the NNW–SSE linear negative and positive magnetic anomalies. This trend was linked to the presence of Au and Ba mineralization in the research area’s center. It is concluded that the principal structures in the studied area are the NNW–SSE, NE–SW, and NNE–SSW tendencies. The gridded RTP magnetic data were used to estimate the 2D power spectrum. The power spectrum curve analysis reveals the frequency of the deep-seated and near-surface magnetic components. The estimated average depths of the shallow and deep magnetic sources are 80 m and 570 m, respectively. A variety of other negative and positive magnetic anomalies with differing amplitudes and frequencies are also visible when comparing the high-pass and low-pass maps, with the majority of them trending in the NNW–SSE, ENE–WSW, and NE–SW directions. Many faults cut through these anomalies in different directions. This map also shows the presence of negative linear magnetic anomalies at this depth (80 m) (−36.6 nT to −137.3 nT). The TDR filter and Euler deconvolution technique were utilized to identify horizontal variations in magnetic susceptibility as well as the source position and depth of magnetic sources. With depths ranging from 1 m to 474 m and orientations in the NNW–SSE, NW–SE, NE–SW, and NNE–SSW directions, the linear clustering rings are thought to be the result of contacts or faults. They exhibit both positive and negative magnetic anomalies, especially in the western, eastern, southern, northern, and central zones.



The majority of felsic and mafic dikes have been discovered to be connected to subsurface structures, demonstrating that three structural trends influence the study area: WNW–ESE, NNE–SSW, and NNW–SSE. This indicates that significant structural and shear zones regulate the majority of the Au deposits in Saudi Arabia. The plotted gold and barite mineralization in the study region corresponds to an area-centered negative magnetic anomaly with an NNW–SSE trend that crosses the NNE-SSW fault. This could imply that these two trends are responsible for mineralization. The NNW negative magnetic feature in the western part of the area is anticipated to have mineralization based on this detection.



A detailed ground magnetic survey should be conducted around possible Au and Ba locations to identify the subsurface structures framework that affected the area. Furthermore, electromagnetic (EM) and induced polarization (IP) surveys should be applied to the existing mineralization (Au, Ba) to explore any subsurface extensions. In addition, geochemical studies should be carried out at the known mineralization (Au, Ba) locations and similar areas to determine the grade of mineralization.
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Figure 2. Total intensity aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi Arabia (Aero Service, 1966). 






Figure 2. Total intensity aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi Arabia (Aero Service, 1966).
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Figure 3. Reduction to the pole (RTP) aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi Arabia (Aero Service, 1966). 






Figure 3. Reduction to the pole (RTP) aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi Arabia (Aero Service, 1966).
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Figure 4. Radially averaged power spectrum and depth estimate from RTP aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi Arabia. 






Figure 4. Radially averaged power spectrum and depth estimate from RTP aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi Arabia.
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Figure 5. High-pass filtered (residual) aeromagnetic map at 80 m depth, Harrat ad Danun area, Kingdom of Saudi Arabia. 






Figure 5. High-pass filtered (residual) aeromagnetic map at 80 m depth, Harrat ad Danun area, Kingdom of Saudi Arabia.
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Figure 6. Low-pass filtered (regional) aeromagnetic map at 570 m depth, Harrat ad Danun area, Kingdom of Saudi Arabia. 






Figure 6. Low-pass filtered (regional) aeromagnetic map at 570 m depth, Harrat ad Danun area, Kingdom of Saudi Arabia.



[image: Minerals 13 00866 g006]







[image: Minerals 13 00866 g007 550] 





Figure 7. Tilt Derivative (TDR) aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi Arabia. 






Figure 7. Tilt Derivative (TDR) aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi Arabia.
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Figure 8. Euler deconvolution solutions with structural index 0.0 (SI = 0.0) of the RTP aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi Arabia. Geologic map as background. 






Figure 8. Euler deconvolution solutions with structural index 0.0 (SI = 0.0) of the RTP aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi Arabia. Geologic map as background.
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Figure 9. The lineament structures as traced from the TDR aeromagnetic map (Figure 7) and rose diagram (inset), Harrat ad Danun area, Kingdom of Saudi Arabia. 






Figure 9. The lineament structures as traced from the TDR aeromagnetic map (Figure 7) and rose diagram (inset), Harrat ad Danun area, Kingdom of Saudi Arabia.
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Figure 10. The lineament structures as traced from Euler deconvolution solutions with structural index 0.0 (SI = 0.0) (Figure 8) and rose diagram (inset), Harrat ad Danun area, Kingdom of Saudi Arabia. 






Figure 10. The lineament structures as traced from Euler deconvolution solutions with structural index 0.0 (SI = 0.0) (Figure 8) and rose diagram (inset), Harrat ad Danun area, Kingdom of Saudi Arabia.
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