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Geophysical methods may provide crucial information for the characterization of buried impact structures. In this study, we report and comment on the results of the geophysical survey of an elliptical-shaped structure near Mahout at Oman’s central desert. Geophysical models describe the variation in the physical properties of this structure’s subsurface in terms of density, magnetic susceptibility, and electrical resistivity of the formations buried under the desert sand. For the two former physical properties, a 3D inversion scheme was utilized, while for the latter, the very-low-frequency electromagnetic (VLF-EM) method and 2D inversion were involved for the first time in a similar study. The resultant models are in good agreement for imaging a generally bowl-shaped structure buried under the desert sand with a low resistivity (<40 Ohmm), highly magnetic (magnetic susceptibility 0.03–0.08 SI), and mixed density center (2.2–3.2 g/cm3). The results of the integrated geophysical survey at Mahout enhance the information about the applicability of the specific geophysical techniques at structures buried by sandy formations with less than 1-km diameter, which, currently, mostly comes from large-scale impact craters (>100 km), and confirm that such a multi-geophysical approach can be successful for imaging similar structures.
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1 INTRODUCTION
The almost 200 meteorite impact craters on Earth (Kenkmann, 2021) are of great research interest due to their significant effects on Earth’s surface and shallow formations (Osinski and Pierazzo, 2013) and their assumed connection with subsurface resources (James et al., 2022). Laboratory, geological, and remote sensing studies, as well as applied geophysics, have contributed to both the origin verification and the subsurface depiction of impact craters (Hanafy et al., 2022; Neville et al., 2014; Gilder et al., 2018). The expected physical properties of a hypervelocity impact-crater site have led researchers to apply several geophysical techniques for imaging the subsurface structure (Grieve and Pilkington, 1996; Riller et al., 2018; de Oliveira et al., 2022).
The geophysical techniques most commonly applied to possible impact structures are the gravity and magnetic methods (Grieve and Osinski, 2011). Electromagnetic methods such as the time-domain electromagnetic (TDEM) method can provide valuable information about the subsurface structure at sites where knowledge at large depths is valuable but at the expense of resolution (Hanafy et al., 2022). Ground-penetrating radar (GPR) could provide much higher resolution in imaging the subsurface structure but with limited depth extent due to the rapid attenuation of the propagated electromagnetic signal (Hanafy et al., 2022; Economou and Vafidis, 2010). Electrical resistivity surveys showed that post-impact sediments usually have higher resistivity than the impact breccias and fractured basement (Pohl et al., 1977; Tong et al., 2010). Still, electrical methods may be unsuitable at areas where contact resistance is not guaranteed (Economou et al., 2022). Seismic methods, such as the seismic refraction technique, can provide information about the buried formations’ porosity variation, which could be connected to the impact melt, while the seismic reflection method could be utilized for relatively large structures to image the subsurface seismic velocity variation with the aim to delineate the crater rim, or the depth of the impact disruption beneath (Grieve and Osinski, 2011). Hanafy et al. (2022) implemented an integrated geophysical study at the Wabar crater at Saudi Arabia, aiming to contribute to the studies of cratering processes in sandy sediments, which, currently, are poorly understood. A variety of geophysical methods were applied at possible impact craters, with most of the information provided by studies on structures of 100–1,000-km diameter (Morgan and Rebolledo-Vieyra, 2013; Grieve and Pilkington, 1996; Gilder et al., 2018). Further work is needed to assess the applicability of fast and reliable geophysical techniques at smaller structures.
The Sultanate of Oman has contributed to almost 14% of the world’s meteorite findings (except Antarctica), but no certain surface impact crater was reported. The Mahout structure at the Central Desert of Oman was recently suggested as a possible impact crater based on mineralogical, petrological, and geological studies complemented by the initial results of a geophysical campaign (Nasir et al., 2023). Further studies are required to enhance this characterization, such as universal stage studies, further analysis of shock features, and geophysical approaches. Going one step further to this structure's tracing of origin, we report and comment on the geophysical models derived from an integrated geophysical survey over this structure whose central part is mainly buried under the desert sand.
In this study, we demonstrate that the integration of geophysical methods in similar studies can be successful for imaging the subsurface structure on the basis of the estimation of different physical attributes. Three geophysical techniques were utilized at the Mahout structure in Central Oman to image the deformational structures, namely, magnetic field method, gravitational field method, and very-low-frequency electromagnetic (VLF-EM) method. These methods were chosen based on several factors such as the expected geophysical contrast of the impact depression, which would produce alterations in formation density, the possible metallic nature of the melt, which would induce magnetic anomalies, and the expected corresponding electrical properties’ variation. The gravity method strongly depends on density, which is valuable for the structural information derived, while the method is independent of moisture or metallic bodies, which may bias the structural imaging of the other methods. The magnetic method is a very fast method as it is implemented in the field and can also detect structures with impact-induced or remnant magnetization. This is the first time that the VLF-EM method has been applied in possible impact structure imaging, and its choice was mainly based on the lack of moisture at the upper desert surface, which, in several cases, has made electrical resistivity tomography (ERT) or similar electrical methods requiring contact with Earth, not efficient due to prohibitive contact resistance.
2 MATERIALS AND METHODS
2.1 Geophysical techniques
A variety of geophysical 3D inversion algorithms for potential data have been developed for subsurface modeling (Li and Oldenburg, 1996; Li and Oldenburg, 1998; Portniaguine and Zhdanov, 2002; Fergoso and Gallardo, 2009).
Measuring the magnetic field of Earth can provide valuable information about the subsurface structure. Even though Earth’s magnetic field dominates the magnetic field intensity measurements, weak local perturbations, mainly caused by rocks and minerals either permanently magnetic or magnetized by induction, are of great importance in subsurface studies, especially when formations consist of metallic minerals (Li and Oldenburg, 1996; Portniaguine and Zhdanov, 2002; Gilder et al., 2018). The induced magnetization of a material is proportional to the volume magnetic susceptibility of this material and the inducing field of Earth. Magnetic susceptibility variation is indicative to the characterization of different subsurface formations or structures. In geophysical studies, susceptibility values are usually given in SI units, and for most materials, these values are at the order of 10–6, with the most important exception of magnetite-bearing formations, which can reach up to several orders higher.
Earth’s gravity field is a potential field that can be measured at the surface and provides valuable information for the subsurface structures. Numerous applications have been introduced that are mainly based on lateral density (mass) variation (Pilkington and Grieve, 1992). Recently, the gravity method has been applied in investigations on shallow targets (Murty and Raghavan, 2002; Atef et al., 2016; Klokočník et al., 2022). The gravity method usually measures the gravity acceleration in mGals, with the scope to estimate the subsurface density distribution in g/m3 (Ervin, 1977). The measurements must first be reduced for instrument and tidal time drifts and further for the effect of latitude and elevation. The method does not estimate absolute density values but rather the subsurface density contrast, so the results must be tied to a known or estimated density value of a specific subsurface structure at the study area.
The VLF-EM method is a passive method that involves a receiver recording the signal of VLF stations at several positions in the world (with the main aim being long-distance marine communication) in the frequency band of 15–30 KHz (Sharma et al., 2014). Even though the signal is artificial and not naturally sourced, as with methods like magnetotellurics (MT), the method is considered passive for the following reasons:
1. The source is a long-range military or communication transmitter generating an electromagnetic signal continuously and is considered a pre-existing signal.
2. The signal is not generated on site, and the survey equipment consists of the VLF receiver, which detects the man-made signals.
3. The equipment is receiver-only, not including a transmitter, which is the main characteristic of active methods.
For the sake of precision, one could also refer to the method as semi-passive based on the fact that the source is man-made. In summary, one could describe the VLF-EM method as passive because it uses distant transmitters’ signals and does not generate its own, but the signals themselves are man-made (Telford et al., 1990; Zonge et al., 2005; Reynolds, 2011; Chung et al., 2016).
The VLF transmitters are antennas consisting of wires up to several hundred meters long and serve as monopole radiators producing a vertical electric field component and a horizontal magnetic field component, which, in turn, is vertical to the EM signal propagation. Secondary electrical currents arise due to the subsurface conductivity variation (existence of low-resistivity structures–induction), which create secondary magnetic fields. The VLF receiver records the inclination of the major axis of the polarization ellipse (real part) and the latter’s ellipticity (imaginary part). VLF-EM data processing is normally used to obtain qualitative information about the subsurface low-conductivity structures. Inversion is utilized to obtain an estimation of the subsurface electrical resistivity variation (geoelectrical model).
2.2 Data acquisition
To delineate the subsurface structure of the Mahout crater, we inverted magnetic, gravity, and VLF-EM data (Figures 1, 2). The data were acquired in late October 2022 within a 800 m × 1,000-m grid, over and between control points served as 200-m nodes (Figure 1, white points), and processing was applied on the data values before inversion. The control points were flagged marks at the site, which guided us for the measurements between them.
[image: Figure 1]FIGURE 1 | Location map of the crater area. White points indicate the control measurement points. All the area enclosed by these points was prospected by the gravity (red circles) and magnetic (loops) methods with different station intervals, while study lines indicated by points C1–C6 (yellow triangles) and points A3–E3 (blue triangles) were prospected by the VLF-EM method. The black dashed line indicates a fault most possibly running through the structure, which can be partially seen at the rims. White dashed line is the area of the data in Figures 2A, B. Coordinates are UTM zone 40 N.
[image: Figure 2]FIGURE 2 | Geophysical data acquired at the crater area. (A) Map of the residual magnetic field of Earth (Nasir et al., 2023); (B) residual Bouguer anomaly map (Nasir et al., 2023); (C) images acquired after the VLF-EM data processing in the south–north direction (Figure 1, origin is C1 and end point is C6), yellow triangles; and (D) images of the corresponding VLF-EM data to the east–west direction (Figure 1, origin is A3 and end point is E3), blue triangles. For both the study lines, lines with circles denote the real part of the secondary magnetic field, while lines with triangles denote the imaginary part. Values are the vertical component of the secondary magnetic field in percent of the total magnetic field.
A GEM proton precession magnetometer measured in loops, starting from the desired origin point, ending at the same point (for diurnal corrections), and further measuring at a specific base point of the planned grid (Figure 1, reference point A1 for leveling all the loops together). The magnetic data were acquired with a relatively small interval due to the magnetometer’s advantage of auto-measuring both Earth’s magnetic field values and the position (Figures 1, 2A). This was a 0.2-s time interval, which was almost 10 cm inline spacing of a 100-m profile interval.
The gravity field of Earth was measured in south–north profiles with a 200-m interval and 100-m inline spacing using a CG-5 Scintrex gravimeter (Figures 1, 2B). Each profile line was initiated by a measurement at a base station, indicated by point C1 in Figure 1, and after the measurement at the last profile point, a measurement at the base station concluded to the end of the profile. Using this procedure, diurnal corrections were implemented for each profile. The rest of the data reduction steps, reaching to Bouguer anomaly values, were implemented in a grid correction manner (data processing section, Figure 2B).
The VLF-EM data covered two profiles, a south–north direction profile and a west–east direction profile. Indicative VLF-EM measurement stations are shown in Figure 1 (yellow and blue triangles with a 50-m distance). Between every two successive triangles, two more points were measured. Thus, the stations’ interval was 50/3 m (∼16.67 m) (Figures 1, 2C, D). The VLF-EM measurements utilized three frequencies, namely, 15 KHz, 16 KHz, and 16.4 KHz. These frequencies correspond to VLF stations producing the strongest signal to the receiver, which was a GEM GSM 19T geophysical device. The strongest signal means that the study lines were the closest possible to having a perpendicular direction compared to an imaginary line connecting the VLF station and the study area (electromagnetic field propagation direction).
The south–north profile had the direction of C1–C6 points and the west–east profile had the direction of A3–E3 points (Figure 1). For efficient VLF-EM measurements, the angle between the transmitter–receiver direction and the direction of the study lines should range between 45° and 90°, according to the literature (Palacky, 1986; McNeil and Labson, 1991; Telford et al., 1990; Zonge et al., 2005), but we used a stricter criterion of not being less than 60°. Here, the 15-KHz transmitter location corresponds to France, 16 KHz to South India, and 16.4 MHz to Norway. The first two transmitters referred above are on a line passing through the site with an azimuth of almost 298° (or an angle of −62°), which is also considered the angle with the south–north profile and, consequently, an angle of −28° with the west–east profile. The third transmitter of 16.4 KHz is over a line with direction almost 67° with the direction of the west–east study line and 23° with the south–north profile. Thus, the first two VLF transmitters were considered the most appropriate for the south–north profile and the third for the west–east profile, even though all three frequencies were measured during acquisition for both profiles.
The orientation of the study lines was chosen to be south–north and west–east because 1) the sections will have a normal orientation with the other types of geophysical data (parallel or vertical); 2) both study lines cross over the SW-NE fracture (even though not vertically), and it will be imaged within the VLF-EM resistivity sections; and 3) the signal strength of the data was considered adequate.
2.3 Data processing
The values of the magnetic field of Earth underwent corrections for time, based on the periodical measurements of the magnetic field at reference point A1 (Figure 1). The data were first corrected by subtracting the linear trend (the measurements were acquired in a relatively fast rhythm so that Earth’s magnetic field variation was considered linear for each measurement loop) for each loop, which was designed based on the first and last measurements of each loop. Then, the corrected data of each loop were further corrected according to the periodical measurements at point A1. For the position of point A1 (Figure 1), at latitude 20.771719° and longitude 58.020452°, we used the information provided by the National Centers for Environmental Information (NCEI) of National Oceanic and Atmospheric Administration (NOAA) to acquire the values of declination (1.1962°) and inclination (31.9036°), as well as the magnetic field strength of the area (42,611.6 nT) for the date of the measurements. The residual field data (Figure 2A), along with the information mentioned above, were imported into a 3D inversion scheme using the MAG3D code from the UBC-Geophysical Inversion Facility and a 10-m cell modeling mesh. The normalized root mean square error (NRMSE) was 0.0126; the RMSE values were normalized by the data amplitude range. Each prismatic cell was assumed to be characterized by the same magnetic susceptibility value, with the theoretical anomaly considered being the sum of the fields produced by the non-zero susceptibility valued cells. A least square inversion in three dimensions, including topography, involved a model objective function containing only power of 2 norms, favoring a smoother output susceptibility model.
The gravitational field data were processed following the conventional way of first applying diurnal corrections in a similar manner as the magnetic data above, with the difference that point C1 was used as reference (Figure 1). The data were reduced for latitude and height above the sea level, and the Bouguer anomaly was estimated using a density of 2.7 g/cm3, while we did not apply local and detailed terrain corrections as we imported the topography into the 3D inversion scheme. The part of the Bouguer anomaly that enhanced the long-wavelength contributions to the gravity field values was estimated over observation points outside the crater (Jimenez-Munt et al., 2012). Assuming a horizontally layered shallow subsurface surrounding the crater, we extracted the larger-wavenumber residual Bouguer anomaly (Fullea et al., 2008) describing only the crater’s contribution (Figure 2B). Inversion of these data in three dimensions was implemented similar to the magnetic data, using a 10-m prismatic cell mesh in a combination of parameters favoring a smooth output of the subsurface density contrast. The NRMSE was 0.066. The reference density value was the lowest of the study area, corresponding to the shallow subsurface sandy soils characterized by the lowest density value of 1.4 g/cm3.
Processing and inversion of VLF-EM data were implemented using VLFtomo software. The data were filtered using a 3-point moving average smoothing filter for high wavenumber noise removal. Even though, as referenced in the literature (McNeil and Labson, 1991; Telford et al., 1990), the angle of the study line and the propagation direction should be closer to 90° for the receiver to detect strong signals, the strength of the signal must also be checked frequently during acquisition. The VLF-EM instrument used in this study indicates the field strength for each measurement of each one of the three frequencies. The instrument’s directions denote that the field strength of 5 pT (or mgamma) and above is excellent, while lower strength is of lower quality down to 0.5 nT, which is characterized as unacceptable. For the south–north profile, the field strength for 15 KHz, 16 KHz, and 16.4 KHz varied within the ranges of 7pT–18pT, 6pT–11pT, and 2pT–5 pT, respectively, indicating that the first two are the most appropriate to be used in the inversion scheme, as already mentioned in the section above. Analogously, for the west–east profile, the field strength for the three frequencies previously mentioned was 2pT–4pT, 5pT–7pT, and 2pT–3 pT, respectively, indicating only the middle frequency as the most appropriate to be involved in the inversion scheme.
The VLF-EM method is, in general, sensitive to the initial model set before the inversion. A range of 100–1,500 Ohmm with a 200-Ohmm interval was tested as homogeneous half-space initial electrical resistivity models. All of them led to similar electrical resistivity modes after inversion with smoothing constraints, but the initial model of 300 Ohmm produced a lower misfit error between the measured and modeled data (Figure 7). The NRMSE was 0.036 and 0.0409 for the south–north-directed and the west–east-directed profiles, respectively.
3 RESULTS
The models’ resolution varies depending on the geophysical technique used and the station interval. Their resolution in general increases from the natural potential methods to the electromagnetic method from relatively low up to intermediate, respectively, with the main rule being that the targeted subsurface structures can be imaged efficiently when they have a relatively large specific physical property contrast with the surroundings and are larger than their mass center burial depth.
High values of the magnetic field local variation having a magnitude of 450 nT (from -250nT to 200nT) were mapped at the center of the crater, dominating the magnetic data (Figure 2A, dark red and dark blue). Gilder et al. (2018) summarized magnetic characteristics from meteorite impact craters and demonstrated different magnetic responses of five examples. One of these was the Manicouagan (Canada) crater, which, even though is much larger than the Mahout structure (diameter of 90 km), has a center that depicts a similar dipole anomaly (high positive and moderate negative values) that is met when prospecting over metallic targets, assuming induced magnetization effects only at inclinations corresponding to the north hemisphere. This crater’s center consists of a >1-km-thick impact melt sheet and is characterized by titanomagnetite at its deeper level and meta-gabbroic rocks in the center (Eitel et al., 2016). Similar dipolar magnetic anomaly was observed in the Ries impact structure in Germany, while a different explanation of this feature was given by Pohl, 1977 that the negative values of the magnetic field are due to the thermoremanent phenomenon during which the melt adopted the negative magnetic field of the impact season, but no clear explanation was given for the positive values. Still, the Manicouagan crater is much more similar to the Mahout structure, and its interpretation, even though based also on drilling samples, is not definite, and Eitel et al. (2016) denoted that more research is needed. What is definite is the presence of metal-bearing magnetic bodies that induce semi-dipole anomalies (a moderate–low value of the magnetic field force to the north and a high value to the south) in the magnetic field since the inclination is around 72.7°. At Mahout, the inclination is almost 32°, where a magnetic dipole would produce a low magnetic force to the north and an almost equally high magnetic force to the south, as shown in Figure 2A, which means that if we interpret the magnetic anomalies based on induced magnetization, a relatively highly magnetic body exists in the center, probably metal-bearing.
The residual magnetic field data were inverted in three dimensions to acquire the susceptibility variation in the subsurface structure. Moderate susceptibility values (0.03 SI units) to the lower part of the 3D model indicate a bowl-shaped magnetic anomaly (Figure 3, light blue dashed line), which could be related to a possible structurally controlled post-impact hydrothermal alteration led from the deposition of magnetic mineral species (de Oliveira et al., 2022). A highly susceptibility structure was imaged near the center of the crater, with susceptibility values varying from 0.03 SI units up to 0.08 SI units (Figure 3, white dotted lines). This seems to be a highly magnetic body dipping to the north and south (Figure 3, white dotted lines) with uplift at its center, where lower susceptibility values are estimated (Figure 3, light blue arrow). The 3D modeling of the magnetic data indicated that this highly magnetic body has a similar structure to the east–west direction (Figure 4) but not so widely expanded. This high-susceptibility body could be partially attributed to the possible post-melt deposition of magnetic mineral species, as well as the melt itself, and is shown in Figure 5 where iso-surfaces similar to the susceptibility range referred above are only imaged.
[image: Figure 3]FIGURE 3 | Magnetic method. Three-dimensional model of magnetic susceptibility of the area of the crater. Light blue arrow indicates the uplift, and light blue dashed line indicates the bowl-shaped deeper magnetic anomaly, while dotted white lines indicate a shallow high-magnetic susceptibility body. Color scale is magnetic susceptibility in SI units. View from the north-east.
[image: Figure 4]FIGURE 4 | Magnetic method. Three-dimensional model of magnetic susceptibility of the area of the crater. Color scale is magnetic susceptibility in SI units. View from the south-east.
[image: Figure 5]FIGURE 5 | Magnetic method. Three-dimensional model of magnetic susceptibility isosurfaces of 0.025–0.08 SI units of the crater area. Color scale is magnetic susceptibility in SI units. View from the north-east.
The 3D inversion of the residual Bouguer gravity map data (Figure 2B) indicated a density variation of up to 1.9 g/cm3 (density contrast from 1.4 g/cm3 to 3.3 g/cm3; Figure 6). This variation indicates a gradual density increase with depth, due to both the increase in the upper formation pressure with depth and the impact. A low-density sandy formation overlaps the rest of the subsurface structures and is characterized by 1.4 g/cm3–1.8 g/cm3 density (corresponding to dark blue, Figure 6). At the shallower part of the center, it can be observed that the high-susceptibility body dipping to the north and south (Figures 3, 5) is also of higher density at its flanks than the surrounding materials (Figure 6; ∼2 g/cm3–2.5 g/cm3; lighter blue delineated by white dotted lines). The increased density could justify the existence of a melt, which could possibly be composed of both the meteorite and the surrounding material mix. Deeper at the center (lower than −45 m; Figure 6), an increase in the subsurface density indicates a possible aftershock uplift (density values of 2.5 g/cm3–2.9 g/cm3, indicated by light blue arrow). Even though it can be observed that a general semicircle-shaped increase in density with depth from 2.5 g/cm3 up to 3.3 g/cm3 dominates the gravity section (Figure 6, bowl-shaped light blue dashed line), a local density decrease with depth (increase toward the surface) is observed from −200 m and higher (Figure 6, red arrows). This general semicircle-shaped density increase indicates a possible impact effect on the subsurface formations, but the shallower decrease indicates the effect of a possible rebound resulting also in the central uplift. The combination of compression and dilatation is interpreted based on experience with other craters (Klokočník et al., 2020), i.e., compression inside the crater and dilatation toward the limits. The asymmetrical shape of the possible uplift indicates a NE-SW after-impact fault observed in the area (Figure 1) and a possible non-vertical impact.
[image: Figure 6]FIGURE 6 | Gravity density model. Color scale is density in g/cm3. Light blue arrow indicates the uplift, while light blue dashed line delineates the bowl-shaped deeper limit of the high-density structure. Green arrows indicate the upward and downward increase of density from −200 m elevation, and dotted white lines indicate the intermediate density values of the possible melt. View from the east.
The VLF-EM data underwent a 2D inversion scheme (data processing). Quesnel et al. (2021) applied electrical methods at the Rochechouart impact structure and found that low resistivity values were due to the presence of melt rich or polymict breccia and impact melt rock, while very low resistivity values due to suevite deposits within the melt (<25 Ohmm) were estimated at the Bosumtwi impact crater by Habimana et al. (2020). The south–north profile (Figure 1, yellow triangles) indicates a similar structure with the magnetic and gravity methods, revealing a shallow low-resistivity structure dipping to the north and south (<40 Ohmm; blue, Figure 7A, white dotted lines) while centered over a structure of intermediate resistivity (150–400 Ohmm, green colors, indicated by light blue arrow), which could be connected to the possible post-impact uplift referred above. This specific structure is also asymmetrical as mapped with the gravity method due to the estimated inclined impact and the visible after-impact fault in the NE-SW direction, passing from the specific profile at approximately 530 m from its origin (Figure 7A, black dashed line). At lower elevation and after the possible uplift, higher resistivity values (>400 Ohmm, light green color) indicate the transition of the uplift down to the base rock. Higher resistivity values (>1,100 Ohmm, yellow to red colors) at the edges of the profile are attributed to the formations of the area (dolomites and shales) covered with ejecta. A similar structure is visible in the west-east profile (Figure 7B), that is, a central intermediate to higher-resistivity value uplift and the lower-resistivity possible melt at the sides. Further to the edges, relatively lower resistivity values (20–50 Ohmm, light blue colors at 100 m and 750 m from the profile origin) are attributed to faults possibly created by the impact, while at 250 m from the study line origin, the low resistivity values are attributed to the aftershock fault (Figure 7B, black arrow; Figure 1, black dashed line).
[image: Figure 7]FIGURE 7 | Electrical resistivity model derived from the inversion of the VLF-EM data. (A) Geoelectrical model of the study line at the middle of the crater in the south–north direction and (B) in the east–west direction. Black dashed arrows indicate the SW-NE fault depicted in Figure 1, and red arrows indicate the intersecting point of the two VLF-EM study lines. Light blue arrow indicates the possible uplift, and dotted white lines indicate the low-resistivity value areas, which coincide with the intermediate density values of the possible melt. Color scale is in Ohmm.
4 DISCUSSION
The Mahout structure was recently suggested as a possible impact crater by Nasir et al. (2023), but further studies are required to enhance this characterization, such as universal stage studies, further analysis of shock features, and geophysical approaches. The present work provides an insight into whether the variation in the physical properties derived from geophysical models can be attributed to an impact crater or not. Mahout’s structure was clearly imaged by the geophysical models, which seem to have a fairly good structural agreement. The general bowl-shaped deeper structure at the geophysical models (Figures 3, 6) enhances the suggestion of a possible impact crater (Nasir et al., 2023). Based on this hypothesis, the bowl-shaped magnetic anomaly could be related to structurally controlled post-impact hydrothermal alteration due to the deposition of magnetic mineral species, and the low resistivity (Figure 7, white dotted lines) and highly magnetic anomaly (Figure 5) could partially or solely be related to the post-impact melt (de Oliveira et al., 2022). The inner edges of the melt magnetic anomaly correlate with the extension of the possible central-crater uplift (Figures 3, 6, 7, blue dashed arrows). The concurrence of the high susceptibility values with the low resistivity values enhances the hypothesis of the sole existence of only induced magnetization at least at the shallow parts of the crater. The density model, even though of relatively low resolution and very small gravity anomaly (from -3 mgals to 4 mgals; Figure 2B), confirms the hypothesis of both the northerly impact direction and a buried possible post-impact uplift of the structure. Still, due to the relatively subtle gravity anomaly, the magnetics are given much more consideration for the integrated interpretation.
Geophysical modeling indicates that the dominating magnetic anomaly is at a depth of no more than 30 m, which rules out post-impact sediments as a source. Even though the bowl-shaped Mahout structure was proposed to be a simple crater (Nasir et al., 2023), the occurrence of a central raised area in the crater is similar to a complex type of impact craters, which are usually >4 km in diameter (Engelhardt, 1997). Based on the geology of the area, as mentioned by Nasir et al. (2023), there is a possibility that in the center, there is a remaining part of erosion. This part is filled with shale, which is easily eroded, and the remaining part is the silica-rich hard part with two rims. The possibility of the existence of a small complex crater still remains and could update the relation between the impact crater size and the impact angle, impactor velocity, and size, which is of great importance in the predictions of crater populations on surfaces of a specific age and is not sufficiently defined yet. Laboratory experiments attempted to link crater size with both the impactor and the target properties, also taking into consideration the existing findings, with an emphasis on complex craters. We must mention that despite the agreement of the geophysical models, regarding the general structure of the subsurface, confirmatory studies such as subsurface studies are needed to enhance the accuracy of these models.
The VLF-EM method does not require contact with the ground, which is an advantage over electrical methods requiring electrodes inserted in the completely dry desert ground. Dry conditions in the subsurface enable the larger penetration depth of the electromagnetic waves, while on the contrary, electrodes with strong contact resistance and large power are required for the electric methods to eject current at a large depth of interest, which, here, is some decades of meters. An alternative to the VLF-EM method could be the transient electromagnetic (TEM) method, which, even though could reach higher depths than the VLF-EM method, is not easily applied in the field (especially under difficult conditions of the desert), needs horizontal transmitter loops not possible on the site’s edges (rims), and is inherently of lower resolution, while the inversion is based on 1D forward modeling, constraining the lateral resolution.
Despite the capability of the VLF-EM method at such areas, this method is prone to several limitations regarding its efficient use, such as the strength of the signal from VLF transmitters. Even though the strength of the signal was discussed above, and no sources of errors are present on the surface, some potential sources of errors due to low conductivity and complex buried structures still need to be discussed. Low conductivity attenuates the electromagnetic signal and constrains the ability to prospect at the desired depth in several cases. Here, the largest depth (skin depth) in the VLF-EM sections of Figure 7 is not the same for their whole length. Depending on the mean resistivity of the models, the depth varies from 60 m to 70 m at the center down to 160 m at the edges, which led to the inability to extend their interpretation not lower than 70 m, especially at areas of lower resistivity, and to also choose almost 130 m as the section’s maximum depth (Figure 7).
Additionally, the VLF-EM method uses electromagnetic radiation of some kHz, which, together with the increased attenuation at some low-resistivity areas, may lead to insufficient imaging of complex structures. Over the years of its applications, this method proved to have satisfactory lateral resolution, especially for good conductors as targets, but limited depth resolution (Beamish, 2000; Oskooi and Pedersen, 2006). The in-depth resolution requires initial resistivity models that are closer to reality, something that it is not always available. Here, trials of several initial models had similar outcome to resistivity models, which indicated that the results can be considered reliable, based also on the fact that the structure is similar to the results of the magnetic and the gravity methods, as well as that the target model should image structures of decades of meters large.
Except gravimetry and seismic methods, which are the most common methods in impact-cratering studies, other geophysical techniques have also been applied depending on the specific target (Pilkington and Grieve, 1992; Tong et al., 2010). The dependence on the survey target involves not only the subsurface structure, which is suspected to be of impact origin, but also the overburden when it exists. The electrical resistivity is a property based on which one can delineate the study of geoelectrical boundaries, which, in their turn, depend on the porosity and moisture content of the subsurface. Tong et al. (2010) showed that lithologic boundaries can be imaged when defined by resistivity changes. This can be especially true in dry environments like the desert at Mahout. Here, it is demonstrated that geoelectric models based on VLF-EM measurements can image lithologic boundaries when combined with other methods like gravity and magnetics. It can be considered a successful application of the VLF-EM method for two reasons. The first is that at areas like the desert, there is limited or no surrounding signal noise from man-made structures, and the second is that the lithologic boundaries can be delineated. The limited noise has an effect on receiving strong signals and on inversion models closer to uniqueness with less dependency on the initial model. So, here, we showed that at relatively small craters of possible impact origin, two commonly used methods, the gravity and magnetic methods in combination with the VLF-EM method, can provide valuable information for both the shallow and deeper parts of the structure and especially in a sandy environment (Hanafy et al., 2022).
The integration of the three geophysical methods used in this work delineated the subsurface structure efficiently in terms of the structure’s general geometrical characteristics. The interpretation presented here follows already justified approaches for similar studies. Impact craters are related to gravity anomalies lower in the center (Figure 2B) due to impact fracturing, basin infill, or impact breccias (Pilkington and Grieve, 1992; Grieve and Osinski, 2011; Grieve and Pilkington, 1996; Klokočník et al., 2022) and a combination of compression and dilatation indicated by an increase and decrease in the outer and inner density in the lower center, respectively (Figure 6) (Klokočník et al., 2022). Magnetic anomalies are, in general, dipolar when far from the poles and equator. Impact craters often produce low magnetic anomalies due to demagnetization by the impact process. Still, there are cases where central uplifts (Pilkington and Grieve, 1992) or metal-bearing centers (Eitel et al., 2016; Gilder et al., 2018) produce long-wavelength anomalies. In the present study, the derived magnetic susceptibility (Figures 3, 4) denotes the possible existence of a metal-bearing structure, like the thick impact melt sheet characterized by titanomagnetite in Manicouagan (Eitel et al., 2016). Resistivity surveys are sensitive to the electrical properties of subsurface formations. Low resistivity values indicate the presence of polymict breccias, or fractured rocks (Tong et al., 2010; Henkel, 1992; Elo et al., 1992), or melt rich rocks (Quesnel et al., 2021), or even due to suevite deposits within the melt, as reported by Habimana et al. (2020) on the Bosumtwi impact crater. Based on the above, here, low resistivity values were interpreted as fractured areas or melt-rich formations (Figure 7). The latter could also be attributed to eroded shale formations observed in the area (Nasir et al., 2023).
The geophysical research proved that more work is needed before drilling, even though the latter is expected to provide more information about the structure. Excavation activities should be avoided at this stage since they will disturb the subsurface structure, which deserves more research. The VLF-EM method is sensitive to lateral resistivity variations, which is why it images similar structures like the other two methods relatively efficiently. Still, this method is extremely dependent on the initial model used for inversion. Gravity data, on the other hand, do not reveal clearly the inner part of the structure, which is why dense geophysical measurements require additional geophysical techniques, such as GPR (Bano et al., 2022) for increased resolution or the TDEM method (Economou et al., 2022; Hanafy et al., 2022) for increased electrical resistivity prospection depth. Furthermore, seismic methods should be applied to image the crater’s centerin detail, and additional geophysical surveys covering a wider area than the crater' s visible extend should be implemented.
5 CONCLUSION
An integrated geophysical survey was applied on the Mahout structure in the desert in the eastern part of Oman to provide arguments in favor of this structure’s impact origin. Gravity and magnetic methods were used to delineate the bowl-shaped crater and image possible magnetic bodies, respectively. The VLF-EM method was chosen among the electromagnetic and electrical methods with the scope to image the electrical properties of the subsurface, with increased resolution and prospection depth, avoiding, at the same time, any contact resistance problems. The two former geophysical methods are traditionally applied in similar studies, while, here, the performance of the VLF-EM method demonstrates an additional efficient approach in environments with sandy overburden. Overall, the integration of different geophysical methods proved successful in delineating relatively small structures (<1,000 m diameter) buried under loose sandy sediments suspected of impact origin. An observation worth mentioning is that if this structure is an impact crater, the combination of its almost 800-m diameter and a possible buried central uplift does not coincide with the features of today’s typical complex impact craters. The geophysical models are in good agreement with each other in imaging a bowl-shaped buried structure of which the density mainly increases with depth, indicating a possible impact. Local density variations could be attributed to possible impact features like a melt or rebound. The highly magnetic center (0.03–0.08 SI units) was also imaged and coincided with low resistivity values (lower than 40 Ohmm), which could be connected to possible impact melt features. This suspected impact structure has a likely impact origin, and further studies are recommended.
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