

  minerals-10-00168




minerals-10-00168







Minerals 2020, 10(2), 168; doi:10.3390/min10020168




Article



Deep Mineral Exploration of the Jinchuan Cu–Ni Sulfide Deposit Based on Aeromagnetic, Gravity, and CSAMT Methods



Jianmin Zhang 1,2, Zhaofa Zeng 1,2,*, Xueyu Zhao 1,2[image: Orcid], Jing Li 1,2,*, Yue Zhou 1,2 and Mingxu Gong 1,2





1



College of Geo-Exploration Science and Technology, Jilin University, Changchun 130026, China






2



Key Laboratory of Applied Geophysics, Ministry of Natural Resources of PRC, Changchun 130026, China









*



Correspondence: zengzf@jlu.edu.cn (Z.Z.); inter.lijing@gmail.com (J.L.)







Received: 31 December 2019 / Accepted: 11 February 2020 / Published: 13 February 2020



Abstract

:

The exploration of deep mineral resources is an important prerequisite for meeting the continuous demand of resources. The geophysical method is one of the most effective means of exploring the deep mineral resources with a large depth and a high resolution. Based on the study of the geological background, petrophysical properties, and aeromagnetic anomaly characteristics of the Jinchuan Cu–Ni sulfide deposit, which is famous throughout the world, this paper uses the widely used gravity, aeromagnetic, and CSAMT (controlled source audio-frequency magnetotellurics) methods with a complementary resolution to reveal the favorable prospecting position. In order to obtain better inversion results, the SL0 norm tight support focusing regularization inversion method is introduced to process the section gravity and aeromagnetic data of the mining area. By combining the results with CSAMT, it is found that the medium-low resistivity, high density, and the high magnetic anomaly areas near the structural belt can nicely correspond with the known ore-bearing rock masses in the mining area. At the same time, according to the geophysical exploration model and geological and physical property data, four favorable ore-forming prospect areas are delineated in the deep part of the known mining area.
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1. Introduction


Mineral resources are the material basis of human science and technology progress and social and economic development [1]. In recent years, with the continuous and stable growth of China’s economy, the contradiction between the supply and demand of mineral resources has become increasingly prominent, among which all kinds of metal mineral resources are in short supply. The effective way to alleviate the shortage of resource supply is to carry out deep prospecting and strengthen the resource reserve. The Jinchuan Cu–Ni sulfide deposit is one of the three largest Ni–Cu–(PGE) deposits in the world. It is of great significance to carry out deep prospecting in this area to ensure the supply of copper and nickel resources. Moreover, the available geological data show that the deep parts of the known mining area and the surrounding area have a good prospecting potential, mainly based on the following: according to the metallogenic model, structural characteristics, and the spatial location of ore-bearing magma emplacement, there may be more ore bodies in the deep part of the mining area; the lower end of the main rock mass in the first, second, and third mining areas is not completely revealed; the new ore body is indeed found in the deep of the II mining area [2]. An independent ore body has been found in the surrounding rock at the bottom of No.24 ore body, with an increase of more than 600,000 tons of nickel metal. It is believed that there may be a relatively rich copper–nickel sulfide ore bodies in the surrounding rocks in the footwall direction of the western rock bodies of Jinchuan, and there may be a large number of sulfide residues in the deep magma chamber corresponding to the eastern rock body [3]. For the surrounding area of the mining area, the previous data show that the rock mass of the mining area shows the characteristics of echelon arrangement in space, and there are new ore-bearing rock masses near the main ore body, such as No. 58 ore body of the third mining area [4].



The deep prospecting methods mainly include geological, geophysical, geochemical, and drilling methods. The geological prospecting method relies on the observation and analysis of surface outcrop or drilling core to infer the underground geological conditions, which has limitations for deep prospecting, especially for the concealed characteristics. Geochemical exploration is an important technical support condition for deep prospecting, and drilling engineering is the realization condition. However, the depth and scope that these two methods can reach is also limited. Geophysical exploration is the basic means to obtain the information of concealed parts beyond other prospecting methods, which has a large detection depth, a high resolution, and various means [5,6,7,8]. It can carry out multi-scale detection in the target area and provide rich information for deep ore prospecting [9,10]. Kheyrollahi et al. [11] discovered and predicted the distribution pattern of porphyry copper deposits in the tertiary magmatic belt by the upward extension and boundary enhancement of magnetic anomalies. Xiao and Wang [12] used Bouguer gravity and aeromagnetic data to further understand the geological and mineral resources near the porphyry copper molybdenum polymetallic mineralization in the Tianshan area of China. Hu et al. [13] explored potential iron and polymetallic lead–zinc–copper deposits in the Longmen area by the CSAMT method and found high-grade lead–zinc–silver–titanium ore through drilling based on inversion results. Guo et al. [14] applied the CSAMT method to the exploration of the Jianshui lead–zinc mine and drew the underground resistivity distribution map through data processing and inversion. According to the CSAMT results, the location of the ore body is inferred, and the results are verified by drilling. The lead–zinc ore body is 373.70–407.35 m in the well. Shah et al. [15] comprehensively used aeromagnetic induced polarization, magnetotelluric and borehole geological alteration, magnetic susceptibility, and density data to explore the copper–gold molybdenum Pebble porphyry deposit, and achieved good prospecting results. In order to accurately detect the underground structure of complex deposits and solve the problems of uniqueness and inconsistency in the single parameter inversion model, Zhang and Li [16] proposed a two-dimensional gravity gradient and a magnetotelluric joint inversion method based on data space and normalized cross gradient constraints. Melo et al. [17] proposed a geological characterization method that can identify copper deposits based on geophysical inversion. This method can use geophysical data and sparse geological information to evaluate the target quickly, especially for the first stage of deep target or concealed target exploration. The success of this method is verified by the inversion of magnetic data and the direct current resistivity data of Cristalino iron oxide copper gold deposit in northern Brazil. Lee et al. [18] obtained the resistivity model consistent with the regional geology through the 3D joint inversion of magnetotelluric and Z-axis tipper electromagnetic data, which not only shows the mineralization belt interpreted for the Morrison porphyry Cu–Au–Mo deposit but is also conducive to the exploration of the disseminated sulfide of other porphyry deposits.



Some researchers also used geophysical methods to carry out prospecting work in the Jinchuan copper–nickel mining area and its surrounding areas and obtained some knowledge or achievements. Through the joint interpretation of gravity and magnetic data, it is considered that the M-15 anomaly is caused by ultrabasic rocks with a buried depth of more than 1200 m, which has a positive effect on the indication of deep Cu–Ni deposits [19]. According to the comprehensive prospecting model of geology, geophysics, and geochemistry, Wen and Luo [20] carried out prospecting and prediction work in the deep and edges of the Jinchuan copper-nickel mining area and found five potential target areas. In 2006, Fu and Li [21] established a comprehensive geological geophysical prospecting model based on the characteristics of the geophysical geochemical field of rock masses and ore deposits in different mining areas. On the basis of a systematic analysis of metallogenic geological conditions and comprehensive geophysical, geochemical, and remote sensing information, Gao [2] believed that the joint area of the first and second mining areas, the joint area of the I and II mining areas, the joint area of No.1 and No.2 ore bodies in the II mining area, and the overlap areas of geophysical and geochemical anomalies in the III mining area are important locations for ore body tracing.



On the basis of systematically summarizing the geological background of mineralization, this paper uses the aeromagnetic and gravity methods with low exploration cost and high efficiency, and the CSAMT method with a large exploration depth and a high vertical resolution to indicate the favorable metallogenic locations in the deep of the Jinchuan Cu–Ni deposit and its surrounding area. In order to overcome the weakness of deep signal in deep gravity and magnetic exploration, the processing method of potential field data is studied. Additionally, the focus inversion method based on the SL0 norm with a good convergence effect is used to process the aeromagnetic or gravity data of the profile, and, based on these results and the CSAMT inversion results, geological and physical properties data and geophysical profile data are interpreted. The results show that the range of the abnormal bodies corresponds well with the ore-bearing bodies of the known mining areas, and four favorable metallogenic targets are delineated according to the results.




2. Geological Background of the Survey Area


The Jinchuan Cu–Ni sulfide deposit is a part of the Longshoushan metallogenic belt, which is located in Longshoushan terrane in the southwest of the Alxa block of the North China Craton (NCC) [22,23]. The NCC is one of the three major Precambrian blocks in China, which formed from an amalgamation of micro blocks [24,25,26]. The Alxa block is located in the westernmost part of the NCC and is in fault contact with the Tarim craton to the west, bounded by the North Qilian orogenic belt in the south and the Central Asia orogenic belt in the north (Figure 1a) [27,28]. The Longshoushan terrane is a long narrow northwest trending uplift. It is 195 km long and 30–35 km wide, which is controlled by deep faults on both sides of the north and the south (F1 and F2). Its north side is adjacent to the Chaoshui basin, and its south side is separated from the Qilian orogenic belt (Figure 1b). In the Longshoushan terrance, the main outcropping strata are the Paleoproterozoic Longshoushan group, the late Mesoproterozoic Dunzigou group [29], and the Neoproterozoic–Cambrian Hanmushan group [30,31]. The Longshoushan group is the oldest metamorphic basement in the Longshoushan terrane [32]. Strong metamorphism and deformation in multiple periods [33] make the strata fragmented and it is difficult to judge the original stratigraphic sequence [34]. It mainly consists of schlieren and homogenic migmatites, marble, biotite-plagioclase gneiss, granulites, quartz schist, amphibolite, and pyroclastic rock [27,35]. The Dunzigou group is the earliest sedimentary overlying strata in the Longshoushan terrane, which is in angular unconformity contact with the lower Longshoushan group. In the geological history, the Longshoushan terrane has experienced multiple structural changes. The present NW trending faults and folds are mainly Caledonian and later structures. Faults in the Longshoushan terrane are mainly NW- and NE-trending structures, cutting the metamorphic formation [23]. Magmatic rocks are widely developed in the region, and magmatism occurred from Paleoproterozoic to Neoproterozoic, mainly in the Paleoproterozoic and the Paleozoic [36,37,38,39]. With regard to the formation age of Jinchuan intrusion, different researchers have adopted different methods to obtain a large number of isotopic age data, which can be roughly divided into two ranges: 1400–1600 Ma and 800–1000 Ma, representing Mesoproterozoic and Neoproterozoic, respectively [40,41].



The ore bearing ultrabasic rock bodies unconformity intrudes into the Baijiazuizi formation of pre-Great Wall system, which is in direct contact with gneiss, marble and banded migmatite, in the form of wall. It is about 6500 m long, 20–527 m wide on the surface (Figure 2a) and has a southwestern downward extension of more than 1000 m from the ground surface (Figure 2b) [28]. The overall strike is N50° W, inclined to the SW, with a dip angle of 50°–80°. The rock mass area is about 1.34 km2. The ultramafic intrusion is divided into four sections by F8, F16-1, and F23 and is numbered as III, I, II, and IV from west to east (Figure 2a), which are corresponding to the four mining areas, respectively. The three main ore bodies with proved reserves of great economic value are respectively hosted in No.1 and No.2 ore bodies of Segment II and No.24 ore body of Segment I, and No.58 ore body is hosted in an independent rock body in the southwest side of Segment III (Figure 2b).



The main strata in the mining area are the Baijiazuizi formation and the Quaternary system of the Longshoushan group of the pre-Great Wall system. The Quaternary sediments are mainly distributed in the east and west ends of the Jinchuan intrusion and the north of F1. Baijiazuizi formation is the direct surrounding rock of the Jinchuan deposit, which is distributed in a NW–SE direction, consistent with the regional structural direction. Baijiazuizi formation underwent multiple magmatic intrusions and multiple metamorphisms, forming a series of rocks mainly composed of migmatite, gneiss, and marble (Figure 2a) [42].Among them, gneiss with stable chemical properties and poor water permeability is a good barrier layer, which enables the ore-forming materials to fully crystallize and differentiate in ultrabasic magma. Marble is active in chemical properties. It is favorable for the formation of contact metasomatic mineralization [43]. Therefore, Baijiazuizi formation is an important prospecting indicator.



The mining area has experienced structural activities many times. The structures of different periods and different directions superposed each other, making the mining area fold and fracture developed. The axial near the EW fold group includes the anticline where the deposit is located and a large syncline in the south of the mining area. The axial near the NE fold group is nearly vertical to the NW direction main structural lines of the mining area, among which the NE direction fold group across the ultramafic rock mass is the most significant, which plays an important role in the shape change and mineralization re-enrichment of the ore body, and the rich ore body is obviously thickened at the turning part of the fold. The NW trending faults are the most developed, followed by the NE and nearly EW trending faults. As one of the most important ore-controlling factors, faults not only control the emplacement of an ore bearing rock but also control the re-enrichment of mineralization and the spatial position of ore body. The NW ore-controlling faults are related to the spatial distribution of ore bodies. The NE or near EW ore controlling faults mainly cut the rock and ore bodies. The intersecting parts of faults in different directions can form irregular columnar ore bodies.



The ore-forming materials in the mining area mainly come from ultramafic magma. Ultrabasic rock is the ore-forming parent rock and the surrounding rock of the main ore body. The relationship between ultrabasic rock and mineralization is mainly reflected in the spatial change of rock mass and the relationship between lithofacies and mineralization. Only the spatial relationship between the two is introduced here. The shape of ore-bearing rock mass is irregular, and the development of the ore body is closely related to the floor. Generally, the concave part of the floor is favorable for the accumulation of ore-forming materials, and the ore body is thick. The occurrence of ore-bearing rock mass controls the occurrence of the stratoid ore body, the ore body is the same as the rock mass, and the strike is NW. The thickness of the ore-bearing rock mass is related to the thickness of the rich ore body. At the bottom of the thick rock mass, the rich ore body is also thick, which can be seen in the first and second mining areas.




3. Aeromagnetic, Gravity, and CSAMT Surveys


Based on the characteristics of density, magnetism, and resistivity (Table 1), the rocks and ores in the mining area can be roughly divided into three categories. The first category is copper–nickel ore, showing the characteristics of high density, high magnetism, and low resistivity; the second category is ultrabasic rock, showing the characteristics of high density, strong magnetism, and medium resistivity; the third category is the rock surrounding the ultrabasic rock, with the characteristics of low density, weak magnetism, and high resistivity. The differences of these physical properties provide a precondition for geophysical exploration work such as gravity, magnetic, and electrical methods in the study area [21].



Convenient and efficient aeromagnetic exploration has been carried out in the main mining area. The aeromagnetic work uses the power glider as the carrier, and the measuring instrument is the helium optical-pumping magnetometer with a sensitivity of 0.001 nT. The average flight height is 93 m, the measurement scale is 1:10,000, the distance between survey lines is 100 m, and the distance between points is 2.7–3 m. The maximum dynamic noise level of the survey line in the survey area is 0.052 nT, most of which is less than 0.04 nT, and the average value is 0.027 nT, meeting the measurement requirements. Reduction to the pole can eliminate the asymmetry of the magnetic anomaly position caused by the declination and inclination of the magnetization field. After reducing magnetic anomaly to the pole, the anomaly information is more abundant, including the anomalies of different properties, scales, and depths. It is the basic data for anomaly interpretation. The induced magnetization of ultrabasic rocks and ores with high magnetic susceptibility in the Jinchuan Cu–Ni mining area is obviously greater than the residual magnetization [19], so reduction to the pole can be carried out, and the result is shown in Figure 3. The negative aeromagnetic anomaly of the mining area is located in the northeast, the isoline is relatively disordered, and the minimum negative anomaly is less than-140 nT. The positive aeromagnetic anomaly is mainly located in the southwest and central part, showing a significant northwest distribution. The known mining areas III, I, II, and IV (magenta curve range in Figure 3) are all in the high positive aeromagnetic anomaly area. The high positive anomaly in the III mining area is nearly circular, with a diameter of about 750 m, an area of about 0.4 km2, and a maximum anomaly intensity of more than 350 nT. The high positive anomaly in the I mining area extends northwestward in a belt, with a length of about 1400 m, a width of about 600 m, and an area of about 0.75 km2. The maximum anomaly value is located in the southeast end of the mining area, and the maximum anomaly value is more than 600 nT. The two ends of the high normal abnormal morphology in the II mining area have obvious distortion, but generally it is a strip extending northwestward, with a length of about 3000 m, a width of about 900 m in the west section, a width of about 650 m in the east section, an area of about 2.23 km2, and the maximum abnormal value is more than 1500 nT. In addition, the cascade zones on both sides of the I and II mining areas are relatively steep, showing the characteristics of steepness in the northeast and slowness in the southwest, suggesting that the abnormal body is steeply inclined to the southwest. The corresponding high positive anomaly of the IV mining area has a irregular ellipse shape, with long axis in east-west direction, about 1000 m long, 850 m wide, and an area of about 0.75 km2. Combined with the geological map and the characteristics of physical parameters of rocks and ores, the high positive aeromagnetic anomaly in the mining area is mainly caused by the ore bearing ultrabasic rocks, so the high positive aeromagnetic anomaly is an important indicator of ultrabasic rocks.



In order to understand the scope of deep ore-bearing rock masses in the mining area, we use the boundary enhancement method presented by Zhang et al. [44] to detect the boundaries of aeromagnetic anomaly in the mining area. It can be seen from the results that the scope of the boundaries of the underground rock masses is determined (Figure 4), especially the edge positions of the deep rock masses of the four mining areas completely covered by the Quaternary are delineated, which provides the exploration scope for the prospecting of the deep Cu–Ni deposit. In order to better understand the characteristics of the deep rock anomalies, we first introduce the dual-tree complex wavelet into the multi-scale anomaly separation of aeromagnetic anomalies. The dual-tree complex wavelet not only has the advantages of wavelet transformation but also the characteristics of approximate translation invariance, more directional selectivity, and limited data redundancy. The results show that with the increase of decomposition scale, the detail information in the shallow part decreases gradually (Figure 5). The range of the high normal anomaly in the second mining area in the southwest side is gradually expanding, indicating that with the increase of burial depth, the range of ore bearing ultrabasic rock masses is gradually expanding, which shows that the deep mining area has a good prospecting potential.



On this basis, we use the gravity and CSAMT data to acquire the locations of the deep potential ore-bearing rock masses in the II and IV mining areas, and the locations of the survey lines are shown in Figure 6. The profiles of gravity and CSAMT data are designed according to the characteristics of magnetic anomalies and the structure of the mining area. The direction of profile Lmg1~3 is 38.38° and that of Lmg4 is 0°. The parameters of CSAMT measurement of the four profiles are determined according to the proposed exploration depth. The minimum receiving and transmitting distance is 12 km, and the maximum is about 16 km. The power supply electrodes are arranged parallel to the survey line, the electrodes distance is 2 km, and the azimuth error is less than 3°. The sampling frequency is 1–9600 Hz, and there are 41 sampling frequency points. The station distance is 50 m. The quality inspection of the CSAMT measurement adopts the method of data observation on the inspection point again. The data quality evaluation is to calculate the mean square relative error of the resistivity of the inspection point. The mean square relative error of the resistivity of the single point in this work is 1.3–4.9%, which meets the specification and design requirements of less than or equal to 5%. The scale of gravity profile (Lmg-1 and 4) work is 1:5000, and the distance between profile points is 20 m. The instrument used is a CG-5 high-precision gravimeter with a reading resolution of 1 μgal. Before field operation, in addition to various checks and adjustments, static and dynamic tests are carried out to ensure the good performance of the gravimeter in use. The total mean square error of the Bouguer gravity anomaly is ±0.079 × 105 m/s2, which meets the design requirements and has reliable quality.




4. Inversion Methods


In this part, the section gravity, corresponding aeromagnetic data and CSAMT data are inverted to understand the distribution of different geological bodies in the depth of the second and fourth mining areas, so as to predict the favorable prospecting prospect combining with geological data. In this paper, the constraint inversion method based on the SL0 norm tight support is used to process the section gravity and aeromagnetic data.



The following is the principle of tightly supported focused inversion based on the SL0 norm.



If m is model space and d is data space, the relationship between the two is F, and the forward process is expressed as:


  d = F m  



(1)







The inversion is expressed as:


  m =  F  − 1   d  



(2)







Potential field data inversion is an underdetermined problem. In order to reduce multiple solutions, the Tikhonov regularization method is commonly used. The inversion process can be written as:


   P α   ( m )  = φ  ( m )  + α s  ( m )   



(3)







Among them,   φ  ( m )    is the two norm of the difference between the observed data and the theoretical forward data,  α  is the regularization parameter,   s  ( m )    is the stabilizer, which represents the model objective function based on the prior information constraint. In this paper, the minimum compactly supported functional is used as the stabilizer, which can make the inversion result have a better focusing effect [45].



The integral equation is used to express the minimum support functional stabilizers as follows:


   s  M S    (  m  )  =  {     m  −   m   a p r        [     (   m  −   m   a p r    )   2  +  e 2   ]     1 2      ,      m  −   m   a p r        [     (   m  −   m   a p r    )   2  +  e 2   ]     1 2       }  = min  



(4)







Among them, {a, b} represents the internal product of a and b, which is the focusing factor, and  e  is the focus factor, which is related to the focus effect of the inversion output.     m   a p r     is a model based on prior information.



To simplify the above formula, variable weight functional    ω e  (  m  )   is introduced, which is expressed as follows:


   ω e   (  m  )  =  1     [     (   m  −   m   a p r    )   2  +  e 2   ]     1 2       



(5)







Equation (4) can be changed to:


   s  M S    (  m  )  =  {   ω e   (  m  )   (   m  −   m   a p r    )  ,    ω e   (  m  )   (   m  −   m   a p r    )   }  =    ‖   m  −   m   a p r    ‖     ω e   2   



(6)







Then, the objective function can be written as:


     P α   (   m  ,  d   )  =   ‖    W  d   A   (  m  )  −   W  d   d   ‖  2  + α   ‖    W  m   m  −   W  m    m   a p r    ‖    ω e   2      =   (    W  d   A   (  m  )  −   W  d   d   )  T   (    W  d   A   (  m  )  −   W  d   d   )  + α   (    W  e    W  m   m  −   W  e    W  m    m   a p r    )  T   (    W  e    W  m   m  −   W  e    W  m    m   a p r    )     



(7)




where      ‖    W  d   A   (  m  )  −   W  d   d   ‖   2    is the fitting difference,      ‖    W  m   m  −   W  m    m   a p r    ‖     ω e   2    is the stabilizer,     W  e    is the change matrix, which depends on   m  ,     W  d    and     W  m    are the weighting matrix of the traditional data space and the model space, respectively. In this paper,     W  d    and     W  m    are, respectively, as follows:


    W  m  =  d i a g     (    A  T   A   )     1 / 2     



(8)






    W  d  =  d i a g     (   A    A  T   )     1 / 2     



(9)







The objective function given by Equation (7) is similar to the traditional objective function form. The difference is that a variable weight matrix needs to be introduced into the model parameters of Equation (7). This paper uses the conjugate gradient method to solve the problem of parameter functional minimization given by Equation (7). In Equation (5),    ω e   (  m  )    can be regarded as a regularization parameter  α , and since it also has a focusing effect, it can be called a regularization-focusing factor. As this parameter becomes smaller, the corresponding stabilizer can minimize the non-zero deviation of the model parameters from the prior information.



The smooth L0 algorithm (SL0 algorithm) comes from the sparse signal recovery theory and is used to solve the problem of how to accurately solve   m   in the inverse problem. It uses a suitable smooth continuous function to approximate the discontinuous L0 norm and minimizes it by using a minimization algorithm on the smooth function, thereby obtaining the minimum L0 norm and obtaining a sparse solution. In this paper, a Gaussian function with an expected value of 0 is selected to approximate the smooth function of the L0 norm. The continuous function be expressed as:


   f σ  ( m ) =    σ 2    (  m 2  +  σ 2  )    



(10)







Among them,  σ  represents the approximate degree of continuous and discontinuous L0 norm.



Then there are:


    lim   σ → 0    f σ  ( m ) =  {    1 , m = 0     0 , m ≠ 0      



(11)







Or approximately:


   f σ   ( m )  ≈  {      1 ,  | m |  ≪ σ       0 ,  | m |  ≫ σ        



(12)







Define a new function:


   E σ  ( m ) =   ∑  i = 1  M    f σ  (  m i  )    



(13)







Then:


    lim   σ → 0    E σ  ( m ) = M −    ‖ m ‖   0   



(14)







The above formula shows that      ‖ m ‖   0  ≈ M −  F σ    is true when  σ  is small, and, when   σ → 0  , this approximate relationship tends to be equal. Therefore, in order to find the solution with the smallest L0 norm, we can take a small value of  σ , and make    F σ  ( m )   the maximum. For small values of  σ ,    F σ    is highly uneven and contains many local maxima, so it is difficult to maximize it. For a large value of  σ ,    F σ    is smooth and contains fewer local maxima, so it is easier to maximize it. In order to have the largest    F σ    for any value of  σ , this paper uses a decreasing sequence of  σ  to maximize    F σ   . For each  σ  with a large front value, the initial value of the maximization algorithm of    F σ    is the maximum value of the corresponding    F σ   . When  σ  gradually decreases, the initial value of    F σ    corresponding to each  σ  starts from the maximum value close to the actual    F σ   . Therefore, the SL0 algorithm does not fall into the local maximum problem and can find the actual maximum value of    F σ    for a small value of  σ , and give the solution of the smallest L0 norm. Compared with a tightly-supported focused inversion, SL0 norm-constrained tightly-supported focused inversion continuously adjusts     W  e    based on a priori information in the form of a weighting function, making the inversion results more accessible to actual physical parameter models.



Therefore, the objective function of the inversion method based on SL0 norm tight support focus can be expressed as follows:


     P  S L 0  α  (  m  ,  d  ) =   ‖    W  d   A  (  m  ) −   W  d   d   ‖  2  + α   ‖    W  m   m  −   W  m    m   a p r   S L 0    ‖    ω e   2      =   (   W  d   A  (  m  ) −   W  d   d  )  T  (   W  d   A  (  m  ) −   W  d   d  ) + α   (   W  m   m  −   W  m    m   a p r   S L 0   )  T  (   W  m   m  −   W  m    m   a p r   S L 0   )    



(15)







For the CSAMT data, this paper uses the widely used conventional SCS2D software for inversion. This program is an active audio magnetotelluric data processing program developed on the basis of magnetotelluric data processing. Its development level is relatively mature. The suitability selection of SCS2D software inversion parameters is an important part of data processing. The correct selection of inversion parameters will directly affect the accuracy of subsequent data interpretation. The initial background model selected in this paper is a moving average model.




5. Inversion Results and Interpretation


In this section, the section aeromagnetic and gravity data of the II and IV mining areas are inversed based on the SL0 tight support focus inversion method. At the same time, combined with the CSAMT inversion results and geological and rocks’ physical properties, the corresponding structures of the survey lines are inferred and interpreted, and the favorable positions of deep mineralization are delineated.



5.1. Survey Results of the II Mining Area


The II mining area is located in the southeast of the F16-1 fault and the northwest of the No.56 exploration line, with the largest copper–nickel ore body developed in the Jinchuan Cu–Ni deposit. The ore bearing strata are mainly pre-Sinian Baijiazuizi formations. Faults are developed, mainly including three groups of faults in the NW, NE, and nearly EW directions. The ultrabasic rock body is the ore-bearing parent rock. Under the control of the project, the rock body is in the shape of a rock wall, trending to the northwest, inclining to the southwest, with a length of more than 3000 m. the horizontal thickness is shown as thin at both ends and thick in the middle, up to 1550 m. West of line 26 of the mining area, the occurrence of the ore body is relatively steep, plate like and lens like, and is in the form of a completely intrusive contact or mixed gradual intrusive contact with the early lithofacies. The ore body to the east of line 26 is in lenticular or stratoid shape. For the deep prospecting of the mining area, the previous study shows that the deep part of No.2 ore body in the II mining area has the possibility of a branch compound and a pinch-out reappearance of ore body. The main reason for this is that the extension of No.2 ore body below the 1000 m level is not revealed, and the geological sections of line 28–30 show that the ore body below the 1100 m level has not been pinched out [2]. Based on the multiple geophysical data, this paper investigates the deep of No.1 ore body so as to find out whether there is the possibility of new ore body in the deep.



The three survey lines of Lmg-1–3 arranged in No.1 ore body of the II mining area coincide with the No.8, 12, and 14 exploration lines, respectively, which are close to each other and are arranged in parallel along the southeast direction. It is of great significance for indicating the deep resistivity, density, and magnetic variations in the profiles. Gravity and CSAMT explorations have been carried out along the Lmg-1 line, respectively. Figure 7 shows the inversion results of gravity and corresponding aeromagnetic data by using the SL0 method. The density and magnetism of the media under the line are obviously different. There are two obvious high-density abnormal areas in the profile, which extend to the deep of the southwest part. The high-magnetism abnormal areas correspond to the high-density abnormal areas and show similar changing characteristics towards the deep. The inversion result of CSAMT shows that the high resistivity areas are distributed on both sides of the profile, the medium-low resistivity areas are mainly located in the middle, tend to the southwest, the dip angle changes from steep to slow, and the extension is large, which is consistent with the high density and high magnetic areas in Figure 7 (Figure 8). CSAMT exploration was also carried out along the Lmg-2 and Lmg-3 lines. The resistivity inversion results and the corresponding aeromagnetic anomaly inversion results show similar resistivity and magnetism distribution characteristics to Lmg-1 (Figure 9).



Combined with the geological map, the petrophysical properties of the study area and the results of the known exploration profiles, it is obvious that the high resistivity, low density, and low magnetism areas on both sides of the profiles are caused by the Baijiazuizi formation, the shallow medium-low resistivity, high density, and high magnetism areas are caused by the ore-bearing ultrabasic rock masses, and the transition zone on both sides of the middle abnormal area are the fault zones where ultrabasic rocks intrude into Baijiazuizi formation, as shown by the red dotted line in Figure 10. At the same time, we can see that the single geophysical method has limitations. For example, the resolution of CSAMT in the deep of the profile is insufficient, and it cannot clearly indicate the location of the deep abnormal target body. Therefore, we have roughly determined the target locations based on the high-density, high-magnetism, medium-low-resistivity geophysical exploration model, and the metallogenic law that is easy to form ore at a low-lying structure place, and we have inferred that the favorable metallogenic location of the line Lmg-1 is about 400–900 m and the burial depth is about 1100–1500 m, the favorable metallogenic area of the line Lmg-2 is about 800–1300 m and the burial depth is about 1200–1700 m, and the favorable metallogenic area of the line Lmg-3 is about 500–1000 m and the burial depth is about 1000–1500 m. The approximate location of the target body is shown by the black dotted line in Figure 10, and three drilling verification locations are designed.




5.2. Survey Results of the IV Mining Area


The known ultramafic rock mass in the fourth mining area is 1160 m long and completely covered by the Quaternary. The thickness of the cover layer is 60–140 m. The Baijiazuizi formation and ore-bearing ultrabasic rock mass are developed below the cover layer. The ore body is dominated by low grade ore, and No.1 ore body is the main ore body. It is produced in the concave section of the bottom of the rock body and is lenticular. The upper and lower parts are small and the middle is large. The strike of the Lmg-4 exploration line in the mining area is just south, passing through No.1 ore body, close to the No.10 exploration line. Gravity and CSAMT surveys were carried out along this line, their lengths are slightly different.



Figure 11 is the inversion results of gravity and aeromagnetic anomalies based on the SL0 algorithm. The corresponding positions in the middle and lower parts of the profile have obvious large high-density and high-magnetic anomaly areas, and they all have the characteristics of extending to the upper left. The inversion result of CSAMT shows that the resistivity on the right side of the profile is relatively high, the resistivity in the middle is relatively low, and that their contact zone changes from steep to slow towards the deep (Figure 12). Compared with the inversion results in Figure 11, it was found that the high-density and high-magnetic area is consistent with the middle medium-low resistivity area. The inversion results are interpreted in combination with a geological map, the results of a nearby geological exploration line, and the physical parameters of the rocks. It can be seen that the shallow low-density, low-magnetic and low-resistivity areas of the profile are mainly caused by the Quaternary, while the high-resistivity area on the right side is the reflection of Baijiazuizi formation, the high-density, high-magnetic, and low-resistivity area in the upper part of the contact zone corresponds to the known ore-bearing ultrabasic rocks in the four mining areas. At the same time, it is inferred that the transition zone is a fault zone (red dotted line on the right side of Figure 12), which is the channel for ultrabasic magma to intrude into Baijiazuizi formation. Based on the geophysical prospecting model and metallogenic law, we speculate that the deep high density, high magnetism, and medium-low resistivity area in a large range near the channel is the favorable target area for prospecting, and the location is roughly within the survey line 2600–3200 m and its buried depth is 1200–1700 m. At the same time, the drilling hole location is designed, as shown in Figure 12.





6. Discussion and Conclusions


The geophysical method is an important supporting technology for the exploration of deep metal mineral resources. In this paper, the deep exploration of the Jinchuan Cu–Ni sulfide deposit is carried out based on the gravity, aeromagnetic, and CSAMT methods with a complementary resolution. Among them, to overcome the ill-posed problem of inversion and reduce the multiplicity of solutions, the focus inversion method based on the SL0 norm is introduced to the inversion of gravity and aeromagnetic data, and the widely used SCS2D inversion software is used for the inversion of CSAMT data, both of which have achieved good inversion results. The medium-low resistivity, high density, and high magnetic areas shown in the inversion results can correspond to the known ore-bearing rocks in the shallow part well. In addition, four favorable target areas are delineated in the deep part of the mining area.



However, these methods are indirect and have some limitations. Because the ultrabasic rock is the parent rock and the surrounding rock of the ore body, the density and magnetism of the two are similar, and the ore body is often located in the middle or lower part of the ultrabasic rock body, so the geophysical signal produced by the ore body is easy to be covered by the ultrabasic rock body, meaning that it is difficult to distinguish the ultrabasic rock body and the ore body. Therefore, more geological data are needed to increase the reliability of target area prediction. In addition, the geophysical data in this paper are limited. It is expected to carry out seismic exploration in the study area and to obtain the velocity structure in the deep part of the mining area, so as to further supplement the supporting evidence of favorable prospective areas. At the same time, it is expected to carry out drilling work at the predicted favorable prospective areas, so as to further verify the results of geophysical deep exploration in this paper.



In general, it is of great significance to study the deep exploration of the Cu–Ni deposit in Jinchuan based on multiple geophysical methods. CSAMT, gravity, and aeromagnetic data not only indicate the known ore locations of the II and IV mining areas but also indicate the favorable ore locations in the deep. At the same time, this achievement provides a good reference for further deep exploration of the mining area and its surrounding areas, as well as a good demonstration of the feasibility and effectiveness of the geophysical methods used to detect deep metal mines.
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Figure 1. (a) The location of the study area and (b) a simplified geological map of the Longshoushan terrane. Both subfigures are based on [27,28]. 
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Figure 2. Geological map (a) and a cross section (b) of the Jinchuan intrusion, both subfigures are based on [28,42]. 
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Figure 3. Aeromagnetic anomaly map of the Jinchuan Cu–Ni sulfide deposit after reduction to the pole. 
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Figure 4. Boundaries detection results of aeromagnetic anomalies in Figure 3. 
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Figure 5. Multiscale separation results (a–d) of the aeromagnetic anomaly in Figure 3 using a dual-tree complex wavelet. 
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Figure 6. Locations of controlled source audio-frequency magnetotellurics (CSAMT) or gravity exploration lines in the study area. 
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Figure 7. Inversion results of the gravity (a) and aeromagnetic (b) data of Lmg-1. 
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Figure 8. CSAMT data inversion result of the Lmg-1 profile. 
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Figure 9. Inversion results of the aeromagnetic (a) and CSAMT (b) data of Lmg-2, and the inversion results of the aeromagnetic (c) and CSAMT (d) data of Lmg-3. 
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Figure 10. Interpretation results of gravity, aeromagnetic, and CSAMT data and the prediction of deep targets; the targets were indirectly determined based on the inferred locations of the ultrabasic rocks. (a) Lmg-1; (b) Lmg-2; (c) Lmg-3. 
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Figure 11. Inversion results of the gravity (a) and aeromagnetic (b) data of Lmg-4. 
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Figure 12. CSAMT data inversion result and interpretation of Lmg-4. 
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Table 1. Petrophysical properties in the Jinchuan Cu–Ni sulfide deposit [43], Jr represents remanent magnetization.
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Rocks

	
Susceptibility (k)/4π*10−6 SI

	
Jr/10−3 A·m−1

	
Density (σ)/103kg·m−3

	
Resistivity(ρ)/Ω·m




	
Regular Value

	
Regular Value

	
Regular Value

	
Regular Value






	
Lherzolite

	
3900

	
900

	
2.72

	
320




	
Peridotite

	
2300

	
600

	
2.72

	
300




	
Migmatite

	
600

	
200

	

	
200




	
Granite

	
0

	
0

	
2.54~2.90

	
700




	
Gneissic granite

	
400

	
100

	
2.5

	
600




	
Biotite gneiss

	
0

	
0

	

	




	
Marble

	
0

	
0

	
2.6

	
500




	
Amphibolite

	
200

	
200

	

	
376–1501




	
Tiny spotted ores

	
4300

	
800

	
2.73

	
62




	
Spotted ores

	
6100

	
500

	

	
90




	
Spongy ores

	
6600

	
1900

	
2.92

	
20












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
s g (,__’-—/
o Oservations f - Observtions
- Fiting resul - Fiting st
0 00
S0 o0 15w 2w oS0 __Tow 150 w0
3 .*"o o1
S R
&
J g
& (S8






media/file4.png
Proterozoic
metamorphic rocks

D Amphibolite
E Schist and Gneiss
E Marble

D Migmatite -
E Quaternary sediments E Oxidized orebody
E Quartz syenite E Massive orebody
E Mafic-ultramafic intrusion B Faults (known)
E Disseminated orebody .°F| Faults (inferred)

Net-texture orebody

(@)

~2000 m
L1800 Segment III Segment 1 Segment T W Segment I E
~-1600
~1400
-1200
-1000
~-800

=600

Fe

1612 8 4 38 36 30 26 22 18 14 10 6 4 0 4 8 1214 20 24 26 32 36 40 44 48 52 5 60 (b)
[l 1 1 1 1 1 1 1 1 1 1 1 Ll 1 Ll 1 1 1 1 1 1 ] ]






media/file18.png
Mag/nT

Depth/m

(b)

400 )
200 '
*
of ®
o Observations
=200} —%— Fitting result
W: , 500 1000 ‘ .
v 107" SI
200
o 0.2
400 \
| 0.14
600+ [
800 ‘ —10.08
1000- 002
g‘ ]
1200 QS —
= -0.04
1400 ]
" -0.1
1600 w
|
— ' ' : ‘. ; ' ; -0.16
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
x/m . log(p)
(©Q-m)
4.2
3.
3
24
1.8
1.2
0.6

1500

(©) 1000
o Observations
500 | o —#—Fitting result
= '.."....._._.....-'nﬂﬂﬂﬂﬂ.
=
2 of
=
500
0

800+

Depth/m

1000-19#

12004

14004

1600

\
o
2
S

|

o
%

N 107! SI

-0.06

-0.12

(==

J
T T T T ¥ T 1 1
200 400 600 800 1000 1200 1400 1600 1800 2000

29
1200 : g S /
< o
3 <
160 -
T T I
500 1000 1500 2000

-0.18
log(p)

(Q'm)

4.6






media/file21.jpg
@ , L™

o Obsercions % | § [ o Observations
-+ Fitting result 200 * Fitting result e






media/file3.jpg
\

Proterozole
metamorphic rocks

17 Amoneots
| Sommagnas
171 aie
11 vonate I Nettons sy
Quatomary sodmens [ Oz ooy
[ ——. s ooty
I Motcamofiinsuson /| Fauts toown)
[ —

e Segment Seqment 1

? Fauts (rfred)

@)

o Fo Fy

= Fiot Fo
BUeiw W m T wwwesos by Dux vvouen oo b






media/file22.png
(a)

[ ]

g/mQGal
S

o Observations %ﬁ
—— Fitting result

0 500

1000

1500 2000 2500 3000 3500 4000 4500
X/m

o QObservations \

—* Fitting result WW

500

1000 1500 2000 2500 3000 3500 4000 4500

500

1000 1500 2000 2500 3000 3500 4000 4500
Xx/m





media/file19.jpg





media/file7.jpg
_ Chaoshui

7

18250 18251 18252 18253
x/km





media/file10.png
1050
\ \ | ; N\
2NN NN
\ N
! : SN | /00 R \ N Y

SRRV ‘
& Z ~0 B7)
300

AN EX
(@) (/\\\N

600






media/file14.png
Depth/m

b
10 ®) 500
o :
5 15 o E_
o Observations s o Observations e
—— Fitting result Y | —— Fitting result
0 . Ry -500 ;
0 500 1000 1500 2000 0 500 1000 1500 2000
C [ | 1 | 1 G | l 1 1 1 1 I ‘.,‘ - | II -_»_I T I,-!
g/cm3 ( III e/  \ 107! SI
200+ 200 -' @\ D)
—06————— | 7~ S y.‘ IG)O g (| B0.14
400 K 1.9 4004 > = S j
P O.‘”‘)%l‘
6004 l.ﬁg 6004 =1 I". \ 0.08
i e = || I'| |
800- 113 5800 [ 0.02
. O If.-"! I.' ‘ ‘ If""
1000 ! 10004 Y .' B l i
| ’ Q- Ill|
1200- =107 12001 /| . s
. tl 0.4 / ~ BB | S
1400+ : 1400 o S S
~— 0 1 'l." .Q' I I '_.. ‘0. 1 6
1600 416004/ Va / .
T T T T T = T T -0.2 T ll] T T T l T rll:l T : T \ T é T 'Il -0.22
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

X/m

x/m





media/file11.jpg
Segment I

2km

Ultrabasic intrusion

Gravity or CSAMT profiles






media/file6.png
y/km

4264

4263 -

4262

-
—

1600

1300

1000

700

EEEEEEENE

400

150

| I | | | |
18,250 18,251 18,252 18,253 18,254 18,255
x/km





media/file15.jpg
500

1000

x/m

1500





nav.xhtml


  minerals-10-00168


  
    		
      minerals-10-00168
    


  




  





media/file16.png
0 - F— log(p)
= E A (Q'm)

2.4

___ NENRNRER

| |
500 1000 1500 2000
X/m





media/file2.png
39°
00’

38°
20’

0 10 km
e —

G
/7‘908/, »
/

@
&

S
/
-~ VEROREL

—]

Qingshijinas. N

7

Cenozoic sediments
Cretaceous sandstone

Devonian-Jurassic sequence

Cambrian-Silurian
sedimantary sequence

Proterozoic metamorphic rocks

Paleozoic granitic intrusion

Proterozoic mafic-
ultramafic intrusion

Fault

/

_ {_ Paleo-Central-Asia Orogenic Belt O’: b N
- :. Tal’lm Ca I'ton_______ '__-_-:'_ _'::—'_—:'I:_____:—"—"_——'_ f'/"\‘?;f‘ f l:;‘%* + 0+ 4+ s + = :- * : * + g@"
- ] . n: ﬁ_ \ ''''''''''''''''' * + PR 4> I PR
< C‘e,,% . North China " W ottty N R
_---__q-__‘_—_'o'!.% Craton "/‘h L_ . * + : - . * v - + P S AT n - . &+
™ TN N\ SIS S S S S SIS S SIS ST
I' H H H 7 ' -'/ = - * F ‘4_._,,‘,‘ N AR LEEE RN SR
. Tibetan Tectonic Domain —_ ) U
) ' o ~ . ; .
63\0 S/ -
- Rt ol h
| \{‘a . a(\% 4 _._ - g
oy 7 L -
— ’c‘aﬁ\a\‘ . K [ l}—ll" 4:‘-\-. .,‘1*_“_:“;‘." . L I:'. _:I.. - .-I-
0 1000 km 1 R RS v —— f L o 4
— — M — + +
U Yong;hang
101°00’ 101°30’ 102°00° 102°30°





media/file20.png
log(p)
(Q'm)






media/file23.jpg
Depth/m

500

1000-

15004

A Designed ailing

AnZ!

S0 1000 IS0 2000 o 2500 3000

Orchodics I Ut rocks (32Z) B forstion

350 4000

500






media/file5.jpg
4264

4263

yhkm

4262

18250

18251

18252

18253
xlkm

18254

18255





media/file24.png
500 -
=
=
21000~ AnZ _

e AnZ
A 4 I
,
1500 Y _~Z
o
500 1000 1500 2000 2500 3000 3500 4000 4500

X/m

B Orebodies :| Ultrabasic rocks Baijiazuizi formation @ Quaternary *—-:il Targets

2

BRI TTTT T T





media/file1.jpg
. Tgwn [ Conozacsedments

P [ Crtceoussamsione

[T P ———
Contran Sauan
Sedmortay soquence
Protrozo meamarne acks
Pasczicgrantc nsion

Protrozne matc.
ramate nison






media/file12.png
Segment I

Seg
B 2 km |
[ ]
Ultrabasic intrusion Lmg-4

Gravity or CSAMT profiles






media/file9.jpg





media/file0.png





media/file8.png
Uw / =l
&) = ¢

'( i / \'\__d\/'
4264 Bl oS W; )
Chaoshu1 Basm YaK
SRS
E s | S
< 4263 Fy
~ 1 ,F 1\
= .'w a/f"

S

"\'@

4262 |

18,254

18,252 18,253
x/km

18,250 18,251

18,255






media/file17.jpg





