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Reduction of aeromagnetic noise and extraction of mineralization-related residual anomalies are critical for aeromagnetic data processing in mineral exploration. This study introduced a multifractal singular value decomposition (MSVD) method to remove the noise and improved the bi-dimensional empirical mode decomposition (BEMD) algorithm to extract residual magnetic anomalies. It is shown that MSVD and improved BEMD could effectively reduce the noise and extract residual magnetic anomalies. Then, a wavenumber–domain iterative approach is applied in 3D imaging of magnetic anomalies and gradients with depth constraints, which is a rapid tool for qualitative and quantitative interpretation of magnetic data and is suitable for rapidly imaging large-scale data. The 3D inversion result is verified by four geological sections along the regional tectonic directions and some drilling holes on the deposits. It is revealed that this proposed approach is practical and effective in dealing with aeromagnetic data interpretation and inversion for mineral exploration.
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1 INTRODUCTION
Aeromagnetic exploration is a powerful and fast, convenient and economical technique enabling the delineation of geological structures and exploration of mineral resources. It has been applied in the exploration of geotectonics, faults, igneous rocks, craters, magnetic-related polymetallic deposits, and extraction of hydrothermal alterations (Muundjua et al., 2007; Ortiz-Alemán and Urrutia-Fucugauchi, 2010; Gao et al., 2016; Elkhateeb and Abdellatif, 2018; Sridhar et al., 2018; Eldosouky et al., 2020; Shebl et al., 2021; Xiong, 2021; Bencharef et al., 2022; Ekpe et al., 2022; ElGalladi et al., 2022; Mahdi et al., 2022; Mamouch et al., 2023). Hereinto, two factors have to be taken into account before interpretation or inversion.
The first one is the noise in the aeromagnetic data, which is usually random or fringe-pattern alike. The noise could be generated not only by the ground objects such as the power transmission lines and transmission substations but also by the ferromagnet in the aircraft itself. In addition, the differences between the aircraft airlines and the processing of reduction to the magnetic pole could also cause fringe-pattern noise aligned along the declination direction (Li and Nabighian, 2015). The noise is usually very small in quantity but will make the aeromagnetic data artificial and aliasing (Ma et al., 2019). The commonly used denoising methods are mainly focused on low-pass filter algorithms like moving average (Liu et al., 2015), Wiener filter (Lee and Lee, 2021), maximum likelihood filter (Bouhrara et al., 2019), and wavelet transform (Lin et al., 2022). The method of upward continuation to a certain height (Zhu and Lu, 2021; Tazi et al., 2022; Zhu et al., 2022) could also suppress the noise to some extent while enhancing the deep anomalies. However, the drawback of a low-pass filter is that it will filter out some useful high-frequency information while denoising. Fortunately, the method of MSVD (multiscale or multi-fractal singular value decomposition) is especially sensitive to noise and is practical in denoising when the noise level is low (Di Pietro Paolo et al., 2006; Little et al., 2017). It could decompose the aeromagnetic data into a series of singular values from high to low frequencies, in which the high-frequency noise could be separated by selecting the corresponding singular values and usually without filtering out the useful high-frequency information. The second one is anomaly separation or extraction of residual anomalies. Separation of regional and residual aeromagnetic anomalies is considered very essential before any qualitative and quantitative interpretation process. The reason is that the observed aeromagnetic anomalies represent the combined effects of sources under different depth, density, or magnetic variation, especially for metallic deposits (Abdelrahman and Sharafeldin, 1996; Al-Rahim, 2016; Zahra and Nakhla, 2016). What really needs to be inversed is the mineralization-targeted or residual anomalies after removing the regional (background) anomalies and the neighboring interferences. There are some filtering techniques that have been applied to deal with this regional–residual separation issue, such as graphical separation (Gupta and Ramani, 1980), radial power spectrum analysis (Zahra and Nakhla, 2016; Elkhateeb and Abdellatif, 2018), match filter (Spector and Grant, 1970), preferential filtering method (Guo et al., 2013), polynomial fitting (Martínez-Moreno et al., 2015; Gabtni and Jallouli, 2017; Innocent et al., 2019), fast Fourier transform (Saada et al., 2022), and upward continuation (Eldosouky et al., 2022). However, there are no unique and absolute solutions for regional–residual anomaly separation. Some of the separation techniques are not suitable for handling data characterized by both the non-linear and non-stationary nature (Mandal and Niyogi, 2018). All separation techniques hypothesize about source distribution. The general assumption is that the observed field is the sum of the effect of shallow and deep sources (Keating and Pinet, 2011). Fortunately, BEMD (bi-dimensional empirical mode decomposition) is an additive, independent, and self-adaptive algorithm that could exactly separate the anomalies into different components from the high-pass to the low-pass, showing the anomalies from the local to the regional scale. The best factor of all is that the original magnetic field is the summation of the decomposed components called BIMFs (bi-dimensional intrinsic mode functions). Some improvements of this algorithm are made in this study by ordinary kriging interpolation and self-adaptive sifting process to overcome its mode mixing problem. After removing the noise and regional anomalies, the mineralization-related residual anomalies could be embodied for 3D inversion. The Euler deconvolution method, tilt depth method, and 3D inversion by Geosoft’s VOXI Earth Modeling are commonly used methods in tracing the position and depth of the origins of magnetic anomalies and estimating the 3D magnetic susceptibility distribution (Eldosouky et al., 2021; Kharbish et al., 2022). In this study, a method of wavenumber-domain iterative approach for 3D imaging of magnetic anomalies and gradients with depth constraints is applied for 3D inversion, which is especially suitable for rapidly imaging large-scale data and for showing the 3D magnetic susceptibility distribution volumetrically (Cui and Guo, 2019).
The paper is organized as follows: Section 1 introduces the approach. Section 2 explains the principles of MSVD and improvements of BEMD and makes a brief introduction of MagFInv3D for inversion. Section 3 applies the approach to denoising, regional–residual anomaly separation, and 3D inversion and delineates the results. Section 4 validates the result by verification of four geology sections that are regional faults along the tectonic directions and by revelation of some drilling holes, and compares the proposed MSVD-BEMD-MagFInv3D approach and directly applying MagFInv3D for inversion without removing the noise and the regional anomalies. At last, Section 5 gives some conclusions. The algorithms are programmed by MATLAB 2022b.
2 METHODOLOGY
2.1 Denoising by multifractal singular value decomposition (MSVD)
The aeromagnetic data A can be decomposed into a unitary matrix U, a diagonal matrix S with σi= [image: image] (i=1, 2, 3…r) as its singular value and r as its rank, and a unitary matrix V in Eq. 1; Figure 1. The singular values correspond to the spectral energy densities, which represent a fractal or multifractal distribution described by a power law function (Cheng, 2005; Zhao and Chen, 2011; Wang et al., 2012). It does not need to estimate the power spectrum, so there are no map edge effects by MSVD (Cheng et al., 2000). The singular values of σi in matrix S are distributed in decreasing order along its main diagonal. They can be automatically fitted into a number of straight lines according to the inflection points where the fitting errors of all lines reach minimum synchronously on these locations. Each line represents a certain kind of noise or signal. Different kinds of aeromagnetic noise can be constructed and subtracted from the original aeromagnetic data in this way, and the signal can be rebuilt by these singular values.
[image: image]
[image: Figure 1]FIGURE 1 | Flow chart of MSVD.
2.2 Improved bi-dimensional empirical mode decomposition (improved BEMD)
The BEMD algorithm is an additive, orthogonal, self-adaptive, and multiscale decomposition method that could separate the aeromagnetic fields into different components from high to low frequencies. It has already widely been used in geochemical and geophysical anomaly mapping for these advantages (Chen et al., 2019; Zhang et al., 2020). Regional anomalies characterize geological backgrounds, and local anomalies characterize geological anomalies. As a matter of fact, some specific BIMF components that represent geological anomalies could be chosen to interpret geological features (Huang et al., 2010; Hou et al., 2012; Xu et al., 2016; Zhao et al., 2016). However, during the decomposition process, there is usually a mode mixing problem that is multifactor-induced (i.e., the noise in the data, interpolation method, and sifting process). For this reason, the improvements are made by ordinary kriging interpolation and self-adaptive sifting processes (Ma et al., 2019). The improvement by ordinary kriging interpolation could make the BEMD algorithm converge in the decomposition process whether the original data are linear or non-linear because there are no outliers interpolated by ordinary kriging. However, other interpolation methods like RBF (radial basis function) and polynomial regression may generate outliers while interpolating in some cases. It is especially distinct while extrapolation and that may induce the mode mixing problem, and the algorithm cannot converge in this way. The improvement of the sifting process is on the condition that when the number of extrema is less than 4 or the upper–lower envelopes are colinear, then all BIMFs and a Residue are screened out. The mode mixing and excessive or incomplete decomposition could also be restrained in this way. The schematic diagram of the improved BEMD algorithm is shown in Figure 2. The aeromagnetic data set A is divided into some BIMFs and a Residue (Eq. 2), which could be grouped into a high-pass (FHP), a band-pass (FBP), and a low-pass (FLP) filter (Eq. 3–5). A is the summation of these filters that are independent of one another.
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[image: Figure 2]FIGURE 2 | Schematic diagram of the improved BEMD algorithm.
2.3 3D inversion by MagFInv3D
MagFInv3D is a package programmed by MATLAB, a wavenumber–domain iterative approach for 3D imaging of magnetic anomalies and gradients with depth constraints, proposed by Cui and Guo in 2019, which could be downloaded from https://github.com/earthman131/MagFInv3D. The method is especially suitable and applicable for rapidly imaging large-scale or regionally large-area-covered data. First, supposing that the underground 3D magnetic field is composed of many horizontal layers from the top to bottom, the magnetic multi-parameters (including the total magnetic anomaly, three magnetic components, magnetic gradients, and magnetic full-tensor gradients) of each horizontal layer could be calculated by applying 2D fast Fourier transform (FFT). Second, a depth-scale factor and interface constraint are applied to enhance the depth resolution. At last, the imaging accuracy is improved by iteration when the error measured by the root mean square between the inversed theoretical magnetic data [image: image] and the observed magnetic data [image: image] is less than the threshold [image: image]. The flowchart of the approach is shown in Figure 3 by Cui and Guo in 2019.
[image: Figure 3]FIGURE 3 | Flowchart of wave number–domain iterative approach (Cui and Gao, 2019).
3 APPLICATION AND RESULTS
3.1 The study area and aeromagnetic data
The study area is in a polymetallic ore field in Inner Mongolia, northwest China, longitude [101°0′E, 101°30′E] and latitude [39°20′N, 39°40′N]. The aeromagnetic data are surveyed at a scale of 1:50,000 and processed by reduction to the magnetic pole via standardized polar transform with a declination value of −1.81° and an inclination value of 59.48°, which is shown in Figure 4 of the aeromagnetic map of the study area. Four geological sections are made along the geotectonic directions in Figure 5 of the geological mapping of the study area to interpret the magnetic anomalies and are investigated at the field to delineate their geological and mineralization characteristics.
[image: Figure 4]FIGURE 4 | Aeromagnetic map after reduction to pole of the study area.
[image: Figure 5]FIGURE 5 | Geological mapping of the study area.
The anomalies in the study area are mainly distributed along the Nuergai–Kewula–Wutongou reverse fault along Section 1, northeast-oriented and inclined to north about 60°, which are closely related to the outcropped geological bodies along this fault (including the Proterozoic stratum that consists of biotite–quartz schist and amphibolite face gneisses, Silurian and Permian quartz diorite, and Cambrian gabbro and serpentinized peridotite). The magnetic intensity along this fault is between 50 nT and 500 nT, along which two regions with anomalies in the east and west of it could reach more than 820 nT.
Another aeromagnetic anomaly region is along the fault of Section 2, and the anomalies are closely related to the outcropped Carboniferous stratum that is mainly composed of basic volcanic rocks in a mid-oceanic-ridge volcanic environment, the Permian stratum that is composed of a set of clasolites with a few acids’ volcanic intercalations, Carboniferous–Permian quartz diorite, and Cambrian gabbro and serpentinized peridotite. The magnetic intensity along this fault is between 100 nT and 300 nT. Forty-five samples are collected along Section 1 and Section 2 from the peridotites to measure their magnetism, and the magnetic susceptibility of these peridotite rocks could reach 4500 SI. Meanwhile, the regions in the southwest and north of the study area are covered by the Cretaceous stratum, which is a set of sandstones and conglomerates, and the Quaternary stratum, which is a set of migratory dunes and flood alluvial layers, are characteristic of low magnetism. The magnetic intensity in these regions is between −50 nT and −200 nT. Therefore, it is apparent that there is a magnetic interface in the deep region of the underground, and the high anomalies are mainly from the deep peridotite crystalline basement. It could also be inferred that the deep peridotite crystalline basement provided resources for the deposits listed in Table 1 in the study area, and these regional faults created a good environment for their formation. Most of the deposits along Section 1 are tectonic–hydrothermal-related, while the deposits along Section 2 are mainly tectonic-controlled. A tectonic–volcanogenic gold deposit in Asilen, a post-magmatic hydrothermal alteration-related gold deposit in Tebai, and a magmatic-liquated nickel deposit in Ekenrihan are located along Section 2. The structured fracture zones with mylonites could be commonly seen along Section 1 and Section 2, especially around the gold deposits. Both Section 3 and Section 4 partially pass through Section 1 and Section 2 to show regional geotectonic characteristics and verify the inversed deep magnetic anomalies. Some drilling holes are set on these deposits for the discovery of mineralization and the verification of deep magnetic anomalies.
TABLE 1 | Mineral deposits in the study area.
[image: Table 1]3.2 Aeromagnetic denoising by MSVD
In this study, it is found that the value of aeromagnetic noise is often very low, which is usually concealed and hard to detect visually. However, it can be extracted by MSVD due to its sensitivity to weak noise. As is shown in Figure 6A of aeromagnetic noise detection by MSVD, the eigenvalues are automatically fitted into six straight lines by the weighted least square method in log–log coordination according to the turning points that can make the fitting errors of all lines reach minimum synchronously. Every straight line means some kind of noise or signal, of which the noise is reconstructed by the first and second lines, where the turning points are −7.23 and −0.84, as shown in Figure 6A. The detected noise by MSVD is visualized in Figures 6B,C. It is mainly fringe and random noise distributed in the south of the study area. The percent measured by the variance of such useless noise is just about 0.03%, but it induces the mode mixing problem, which has to be taken into consideration, especially when the percent of the fringe and random noise is high. In addition, it will also affect the accuracy of 3D inversion. Therefore, it is removed by subtracting it from the aeromagnetic data.
[image: Figure 6]FIGURE 6 | Aeromagnetic noise detection by MSVD. (A) Log–log transform of the singular values of the aeromagnetic data. (B) Noise component of the first line. (C) Noise component of the second line.
3.3 Residual anomalies extraction by improved BEMD
The parameter of SD and the termination condition of the error to measure colinearity is set as 0.3 and 0.0001, respectively. The decomposed results obtained by improved BEMD are shown in Figure 7, in which BIMF 1 in Figure 7A is a high-pass filter. The anomalies that are string–bead alike in BIMF 1 indicate the shallow–subsurface magnetism where regional faults and the tectonic–hydrothermal polymetallic deposits are often distributed along them. BIMF 2 in Figure 7B is a band-pass filter that shows the deeper or mantle-crustal anomalies, in which the deposits are distributed along two ore-prospecting directions. The first one is along the Asilen–Tebai reverse fault and is associated with the subduction movement where the anomalies are induced by Carboniferous basic volcanic rocks of a mid-oceanic ridge and Carboniferous–Permian magnetic quartz diorites. The second one is along the Nuergai–Kewula–Wutongou reverse fault, which is strictly associated with tectonic–hydrothermal and contact-metasomatic deposits that were mainly formed between late Carboniferous and early Permian. There is also a famous big magnetite iron deposit named Kexiutata of skarn type on the east of this belt outside of this study area at a distance of about 10 km, which is within the intersection between Asilen–Tebai reverse fault and Nuergai–Kewula–Wutongou reverse fault, and was formed in the early Permian. Therefore, BIMF 1 and BIMF 2 are the local target anomalies we need. BIMF 3 in Figure 7C and Residue in Figure 7D are low-pass filters that show the deep mantle crystalline basement. The sum of BIMF 3 and Residue could be taken as regional anomalies to be subtracted from the denoised aeromagnetic data. Meanwhile, the residual anomalies could be extracted for 3D inversion.
[image: Figure 7]FIGURE 7 | Components obtained by improved BEMD. (A) BIMF I, (B) BIMF 2, (C) BIMF 3, and (D) residue.
3.4 3D inversion by MagFInv3D
A wavenumber-domain iterative 3D imaging method with MagFInv3D is applied to inverse the local target magnetic anomalies for interpretation and mineral exploration. The parameter of iteration is set as five times, and the inversion depth is set as 10 km and 2 km to show the deep magnetic characteristics of different depths. The inversed 3D cube of the residual anomalies after MSVD denoising is shown in Figure 8A.
[image: Figure 8]FIGURE 8 | 3D inversion result by MSVD–BEMD–MagFInv3D. (A) Inversed 3D cube of residual anomalies after denoising. (B) Mineral deposits and magnetic anomalies along the regional tectonic faults (or geological sections).
4 VALIDATION AND COMPARISON
In order to show the relationship among regional tectonic structures, deposits, and targeted underground magnetic anomalies, four sections are sliced from the 3D inversion cube along the regional faults’ directions (geological sections). The inversed cube is of the depth of 2 km and has 401 rows, 456 columns, and 200 layers. The geological sections and the mineral deposits along these regional faults are integrated by MATLAB 2022b and shown in Figure 8B, in which the deposits are strictly controlled by these regional faults.
There is a magnetic anomaly in Figure 9 of Section 1 where the Nuergai Cu–Au deposit is located and is of tectonic–hydrothermal genesis. It is verified by a drilling hole of ZK 01 that the underground rocks are mainly Permian quartz diorite that is composed of anorthose, hornblende, and quartz, with a little biotite. Two ore bodies were found within the depth between 141 m and 142 m and 573 m and 576 m, respectively. The measured content of copper is 0.251% and 0.408%, and that of gold is 8.12 g/t and 4.46 g/t, respectively, in these two locations. In addition, both of them contained large amount of magnetic iron pyrite with copper pyrite disseminated around or in it, which corresponds to the high magnetic anomalies.
[image: Figure 9]FIGURE 9 | Section 1. (A) Section 1 from the inversed cube of 2 km depth by the proposed approach. (B) Detailed information of ZK 01 to verify the magnetic anomalies of the Au deposit in Nuergai.
The high magnetic anomaly under the Asilen volcanogenic gold deposit along Section 2 in Figure 10 is verified by a drilling hole of ZK 02 of the depth of 355 m that it is induced by lower–middle Carboniferous volcanic andesites, rhyolites, and tuffs with sandy slate interlayers, which are enriched with structured fracture zones with mylonites. The measured Au, Ag, and Cu is 0.02%–0.04%, 0.70%–1.00%, and 0.0016%–0.0086%, respectively, within the depth of 20 m–22 m, 30 m–31 m, 291 m–292 m, and 296 m–297 m. The high magnetic anomaly under the Tebai gold deposit, a famous medium-sized deposit that is on the intersection point between Section 2 in Figure 10 and Section 3 in Figure 11, is uncovered by drilling explorations of ZK 241, ZK 242, ZK 244, ZK 245, and ZK 246 that are exactly overlapped with the ore bodies. Structured fracture zones with mylonites could be seen on the ground surface and in the drilling holes, which created a good environment for the formation of the ore bodies, and the underground Carboniferous–Permian quartz diorites provided material resources for the ore bodies. It could be inferred by these drilling holes and field exploration that the high magnetic anomalies under Tebai and Ekenrihan are mainly induced by the Carboniferous quartz diorites and magnetic andesites. Meanwhile, the deposits around Kewula, Huhotala, and Ekenrihan are also controlled by the regional faults and are closely related to the underground magnetic anomalies induced by Permian monzonitic granite and quartz diorite in Figure 12 of Section 4.
[image: Figure 10]FIGURE 10 | Section 2. (A) Section 2 from the inversed cube of 2 km depth by the proposed approach. (B) Geological descriptions of section 2 by field investigation.
[image: Figure 11]FIGURE 11 | Section 3. (A) Section 3 from the inversed cube of 2 km depth by the proposed approach. (B) Geological descriptions of section 3 by field investigation.
[image: Figure 12]FIGURE 12 | Section 4. (A) Section 4 from the inversed cube of 2 km depth by the proposed approach. (B) Geological descriptions of section 4 by field investigation.
Therefore, the inversed underground 3D magnetic anomalies could be taken as a sign of mineralization for targeting the deposits; further exploration could be conducted on the high-anomaly regions, especially around the known and verified deposits. The inversed result by the proposed approach of MSVD–BEMD–MagFInv3D in Figure 8 is compared with the one that is without removing the noise and regional anomalies in Figure 13. It could be seen that the local anomalies are more enhanced and embodied in the former. The magnetic anomalies emerge shallower to the surface after removing the regional (background) anomalies, and more importantly, they are more exactly in accordance with the regional faults and the deposits. While the magnetic anomalies in the latter one, that is, without removing the noise and regional anomalies, are deeper underground, their shape and distribution of do not fit in properly with the regional faults and the known deposits, which are verified by field exploration of geological sections and delineated in Figures 9–12.
[image: Figure 13]FIGURE 13 | 3D inversion result without removing the noise and regional anomalies. (A) Inversed 3D cube. (B) Mineral deposits and magnetic anomalies along the regional tectonic faults (or geological sections).
As for our future work, the inversed high-magnetic anomalies, especially around the known deposits and along the regional tectonic faults, should be explored further for finding more mineral deposits. The other denoising methods, regional–residual anomaly separation methods, and 3D inversion methods should be studied further with a comparison of the proposed approach and its effectiveness.
5 CONCLUSION
First, the pre-process of MSVD is efficient in aeromagnetic denoising. It could automatically detect the noise in it and effectively subtract it in this way. Thus, it could alleviate the mode mixing problem and improve the accuracy of 3D magnetic inversion.
Second, the improved BEMD is an effective method in separating local targeted anomalies from the regional background, data-driven and self-adaptive, orthogonal, and additive. As a dyadic self-adaptive filter bank, BIMF 1 is a high-pass filter applicable to interpreting the tectonic structures and is an indirect indicator to tectonic–hydrothermal-related polymetallic deposits. BIMF 2 is a band-pass filter applicable to prospecting metallogenic areas. BIMF 3+ residue is a low-pass filter and can be taken as regional anomalies. These filters are independent of one another, and residual anomalies could be extracted from them.
Third, the wavenumber–domain iterative approach for 3D imaging of magnetic anomalies and gradients with depth constraints is an effective and efficient way of dealing with magnetic 3D inversion. With the verification of four geological sections and some drilling holes, the genesis of the mineral deposits could be clearly revealed and more regional mineralization prospects could be delineated.
Generally speaking, the approach proposed by this study is an effective way of aeromagnetic denoising, residual anomaly extraction, and 3D inversion for mineral exploration. It is especially effective in exploring polymetallic deposits of high magnetism with tectonic and hydrothermal genesis.
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