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Abstract

:

Since polymetallic ores show higher anomalies in gravity exploration methods, we usually obtain the position and range of ore bodies by density inversion of gravity data. The three-dimensional (3D) gravity focusing density inversion is a common interpretation method in mineral exploration, which can directly and quantitatively obtain the density distribution of subsurface targets. However, in actual cases, it is computation inefficient. We proposed the preconditioned Jacobian-free Newton-Krylov (JFNK) method to accomplish the focusing inversion. The JFNK method is an efficient algorithm in solving large sparse systems of nonlinear equations, and we further accelerate the inversion process by the preconditioned technique. In the actual area, the gravity anomalies are distributed on the naturally undulating surface. Nowadays, the gravity inversion under undulating terrain was mainly achieved by discretizing the ground into unstructured meshes, but it is complicated and time-consuming. To improve the practicality, we presented an equivalent-dimensional method that incorporates unstructured meshes with structured meshes in gravity inversion, and the horizontal size is determined by the gradient of observed gravity and terrain data. The small size meshes are adopted at the position where the terrain or gravity gradient is large. We used synthetic data with undulating-terrain to test our new method. The results indicated that the recovered model obtained by this method was similar to the inversion method of unstructured meshes, and the new method computes faster. We also applied the method to field data in Huayangchuan, Shaanxi Province. The survey area has complicated terrain conditions and contains multiple polymetallic ores. Based on the high-density characteristics of polymetallic ore bodies in the area, we calculate the field data into 3D density models of the subsurface by the preconditioned JFNK method and infer six polymetallic ores.
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1. Introduction


The gravity exploration method is used to detect polymetallic ores because of its higher density feature, and they can use the density inversion method of gravity anomaly to obtain the approximate horizontal position of the ores. The most commonly gravity inversion method is three-dimensional gravity inversion, which can directly obtain the subsurface density distribution to interpret the three-dimensional area of ores [1,2,3]. The high-density borders of general gravity inversion are not sharp enough to match the ores. Last and Kubic presented compact gravity inversion, which is the precursor of gravity focusing inversion [4,5,6]. The focusing inversion uses the minimum support functional to increase the high-density value with the iteration of solution, so the volume of high-density results of inversion is minimal. In this way, the focusing inversion has a higher resolution and better convergence speed than the standard smooth inversion. However, the gravity method is suitable for the interpretation of mass data over a large area. Therefore, many geophysics make an effort to improve the computational efficiency of gravity inversion [7,8].



The JFNK method is designed for solving the large implicit nonlinear equations, and it is the combinations of Newton’s method and Krylov subspace methods. This method uses the differential of vector instead of the jacobian matrix, so it does not need to form and store the elements of the true jacobian matrix. The jacobian matrix consists of the first-order partial derivatives of objective equation, which represents the optimal linear approximation of the equation to a given solution, so memory is intensive in solving large sparse nonlinear equations. Therefore, the JFNK method has a much faster convergence and smaller computation cost. This method has been successfully applied in fluid computing and other fields [9,10]. The Krylov subspace method is a kind of common iterative algorithm, and the conjugate gradient (CG) is a representative method of the Krylov subspace method which is commonly used in gravity inversion. Vandecar and Snieder used the preconditioned conjugate gradient method for solving the inversion problem of large data [11].



The study on the gravity inversion method considering the undulating terrain can be divided into two categories. The first type is to reduce the curved surface into a horizontal plane to offset the effects of undulating terrain, e.g., the equivalent source method, finite element method, boundary element method, Taylor series method and iterative method [12,13,14,15,16]. Yao also used the data of field and vertical gradient to reduce the curved surface into a horizontal plane to obtain more accurate and stable results [17]. To improve the direct solution method, Liang used the gradient data and boundary element method to obtain the potential field of the horizontal plane directly from the curved surface data [18,19]. Unfortunately, this method assumes that there is no field source between the undulating terrain and the converted horizontal plane. The data obtained by this way are only an approximation of the actual data, which reduces the precision of inversion results. The second type is to mesh the subsurface that corresponds to the undulating terrain. Currently, the common method is unstructured mesh technology. This method can fit the surface by dividing the subsurface into multiple triangles or tetrahedrons in two-dimensional (2D) or 3D inversions. Zhong used tetrahedrons to fit the terrain to realize terrain correction [20]. Geophysicists obtained the mesh with undulating terrain by using the triangulation technology to be applied on the inversion of the electrical prospecting with the complicated terrain [21,22]. Zhang applied triangulation technology on forward modeling and inversion of gravity and magnetic profiles [23]. In the gravity and magnetic inversion field, the triangulation was mainly used to fit geological models to obtain more accurate forward results [24]. The unstructured mesh method is complex and computationally intensive, which is not suitable for the inversion of gravity with a large amount of data. However, the common structured mesh method cannot fit the undulating terrain. Therefore, it is necessary to combine the structured and unstructured mesh methods in the gravity and magnetic inversion field.



In this paper, we presented the preconditioned JFNK gravity focusing density inversion method to obtain the density feature of the ores with accuracy and efficiency. To solve the inversion meshing under the undulating terrain, we also presented an adaptive equivalent-dimension method, which processed the subsurface by combining triangulation unstructured and rectangular structure mesh. Considering that the density variation and the terrain fitting are related to the anomaly and the change rate of the terrain, the horizontal size of each grid unit depends on the gradient of anomaly or terrain. We used the models with the undulating terrain and compared common unstructured meshing methods to gauge the performance of the algorithm and test its accuracy and efficiency. Then, we applied this approach to interpret gravity data collected in the Huayangchuan polymetallic mining area in Shaanxi Province.




2. Methodology of Preconditioned JFNK Gravity Focusing Inversion


The gravity inversion involved discretizing the subsurface into a finite number of rectangular units, and the discrete map is shown in Figure 1. There are n observation points and m rectangular units, the forward expression of the gravity anomaly could be expressed as:


   g  n × 1   =  G  n × m    ρ  m × 1   ,  



(1)




where    g  n × 1     is the gravity anomaly,    G  n × m     is the contribution to the nth datum of a unit density in the mth cell called kernel function matrix, and    ρ  m × 1     is the density matrix of rectangular units.



The kernel function matrix is [25]:


  G  (  n , m  )  = − γ   ∑  i = 1  2     ∑  j = 1  2     ∑  k = 1  2    μ  i j k    [   x i  ln  (   y j  +  r  i j k    )  +  y j  ln  (   x i  +  r  i j k    )  −  z k  arctan  (     x i   y j     z k   r  i j k      )   ]        ,  



(2)






    x i  = x −  ξ i   ;   y j  = y −  η j   ;   z k  = z −  ζ k   ;   r  i j k   =    x i 2  +  y j 2  +  z k 2     ;   μ  i j k   =   ( − 1 )  i    ( − 1 )  j    ( − 1 )  k  .   











In the expression,  γ  is the gravitational constant, (x, y, z) are the coordinates of the observation points, and   (  ξ 1  ,  η 1  ,  ζ 1  )   and   (  ξ 2  ,  η 2  ,  ζ 2  )   are the coordinates of the minimum and maximum corner points of the cells.



Performing gravity inversion requires solving Equation (1) for    ρ  m × 1    . Since the number of underground cells was greater than the data, the Equation (1) was underdetermined.



We solved this underdetermined equation in the following manner [26]:


  ϕ =  ϕ g  + u  ϕ ρ  =   (  g  o b s   − G  W z  − 1    W z  ρ )  T  (  g  o b s   − G  W z  − 1   W ρ ) + u  ρ T   W e T   W z T   W z   W e  ρ → min  



(3)






   W e  =   (  ρ 2  +  e 2  )   −  1 / 2    ,  



(4)




where    ϕ g    is the square norm of the difference between the observed anomaly(   g  o b s    ) and the calculated anomaly(  G ρ  ), and it represents the fitting functional of the data. In the expression,    ϕ ρ    is the stabilizing functional that constrained the inversion results to the real conditions.  u  is a regularization parameter. The value of the regularization parameter is usually 10n, and the n is determined by a “trial and error” method. Wz is the depth-weighting function which was used to counteract the inherent decay of the kernel function [27].    W z  ρ   is the weighted solution variable, we replaced it with    ρ w   . The Equation (4) is the minimum support function [4]. In general, the e is 0.1, which is a focusing parameter to determine the sharpness of the inversion results.



The derivative formula of Equation (3) is:


    ∂ ϕ   ∂ ρ   = [  W e  − 2     ( G  W z  − 1   )  T  ( G  W z  − 1   ) + u I ] ×  ρ w  −  W e  − 2     ( G  W z  − 1   )  T   g  o b s   ,  



(5)







We can substitute the solution of Equation (3) with the minimization of Equation (5). Finally, we used the JFNK method to obtain the    ρ w    of Equation (5), and the results  ρ  can be obtained by removing the depth-weighting function.



The JFNK method was introduced as follows. The   f ( x ) = 0   can be processed as:


  f ( x ) ≈ f (  x k  ) +  f ′  (  x k  ) ( x −  x k  ) = 0 ,  



(6)






   f ′  (  x k  ) ( x −  x k  ) = − f (  x k  ) , k = 0 , 1 , … ,  



(7)







The Krylov subspace method was created to solve the Equation (7), and we used the CG method which is a common solution technique with the Krylov subspace [26]. The matrix-vector product required by CG method was approximated by forward finite difference schemes:


   f ′  ( x ) v ≈   f ( x + ε v ) − f ( x )  ε  , ε ≠ 0 ,  



(8)




where v is a vector of the Krylov subspace. The process of the preconditioned CG method used to solve Equation (7) is:


     A =  f ′  ( x ) ;   m = ( x −  x k  ) ;    b = − f ( x ) ,      k = 0 ;    m 0  = initial   solution   estimate ;    r 0  =  A T  ( b − A  m 0  ) ,     while    r k  ≠ 0          z k  = S r         k = k + 1         if   k = 1          p 1  =  z 0  ,         else          β k  =  r  k − 1  T   z  k − 1   /  r  k − 2  T   z  k − 2            p k  =  z  k − 1   +  β k   p  k − 1           end          q k  = A  p k           α k  =  r  k − 1  T   z  k − 1   /  q k T   q k           m k  =  m  k − 1   +  α k   p k           r k  =  r  k − 1   −  α k   A T   q k      end         



(9)




where k is the number of iterations, and as the number of iteration increased, the residual r was minimized by moving a distance  α  in search direction p. The S is a preconditioner of the search direction, and we could obtain the new search direction. The optimum preconditioning is (ATA)-1. It produced the least-squares solution to Equation (7) in a single iteration. Since we were unable to obtain the optimum preconditioning directly, we substituted the optimum preconditioning with a depth-weighting function [10]. All the other parameters were intermediate variables with no significance.



Under the condition of the natural surface, the structured mesh method was not applicable, and the unstructured mesh method w triangulation (shown in Figure 2a). The structured method is computationally intensive. We proposed the adaptive equivalent-dimensional mesh method which combines the unstructured and structure mesh to achieve gravity inversion with the undulating terrain. Only the surface layer (the yellow area in Figure 2b) was discretized by the triangular unstructured mesh method, and the other subsurface was discretized into structure rectangular mesh. The three blue cells in Figure 2b have the same height, and it is shown that the structure rectangular mesh was the n dimension in each horizontal position. Therefore, many judgment processes were avoided in the calculation, and the calculation efficiency was improved; the memory was not increased in the case of fitting the surface as far as possible. This method could efficiently and accurately obtain the 3D density models, so it was more applicable to the gravity inversion with a large amount of data.



As the adaptive equivalent-dimensional mesh method, we derived the equations to determine intervals (dx, dy) of the mesh according to the terrain and anomaly:


  d  x i  =  X  2  n x    +   2 −     ∑  j = 1    n y     T H  D g  ( i , j )     max [   ∑  j = 1    n y     T H  D g  ( : , j )   ]   −     ∑  j = 1    n y     T H  D h  ( i , j )     max [   ∑  j = 1    n y     T H  D h  ( : , j )   ]       ∑  i = 1    n x     [ 2 −     ∑  j = 1    n y     T H  D g  ( i , j )     max [   ∑  j = 1    n y     T H  D g  ( : , j )   ]   −     ∑  j = 1    n y     T H  D h  ( i , j )     max [   ∑  j = 1    n y     T H  D h  ( : , j )   ]     ]   ×  X 2  ,  



(10)






  d  y j  =  Y  2  n y    +   2 −     ∑  i = 1    n x     T H  D g  ( i , j )     max [   ∑  i = 1    n x     T H  D g  ( i , : )   ]   −     ∑  i = 1    n x     T H  D h  ( i , j )     max [   ∑  i = 1    n x     T H  D h  ( i , : )   ]       ∑ j   n y     [ 2 −     ∑  i = 1    n x     T H  D g  ( i , j )     max [   ∑  i = 1    n x     T H  D g  ( i , : )   ]   −     ∑  i = 1    n x     T H  D h  ( i , j )     max [   ∑  i = 1    n x     T H  D h  ( i , : )   ]   ]     ×  Y 2  ,  



(11)






  T H  D f  =     (   ∂ f ( x , y )   ∂ x   )  2  +   (   ∂ f ( x , y )   ∂ y   )  2    .  



(12)







In the expression,  X  and  Y  represent the total length of the measuring area along x and y directions. THDg and THDh represent the total horizontal derivative (THD) of gravity anomaly g and elevation of measure points h, respectively. Its equation is shown in Equation (12). In this way, the dx and dy of the cells would be 0.5~1.5 times the average length. Therefore, the intervals of mesh were close in the area where the gravity anomaly or terrain varied greatly.




3. Gravity Model Tests


We tested our method in the inversion consisting of typical models of 150 × 150 × 100 m with undulating terrain, and the results are shown in Figure 3. The buried depth of the center of models was 100 m from the surface, and the central coordinates of two models were (225, 250) m and (725, 250) m. As we can see in Figure 3b, the extreme value position of the gravity effect was asymmetric because of the asymmetry of the undulating terrain. Therefore, the x-coordinates of the two extreme value positions of the gravity anomaly were 200 and 800 m, respectively. There was deviation from the x-coordinates of 225 and 725 m of the two actual models. When the terrain fitting accuracy was consistent, the terrain grid size was positively correlated with the fineness of the subsurface mesh. Figure 3c shows the run time of programs in different terrain grid sizes with twenty-five obverse points. It is shown in Figure 3c that the run time of programs with equivalent-dimensional mesh was obvious shorter than with triangulation mesh.



The 3D gravity inversion in Figure 3d was performed based on equivalent-dimensional mesh. Figure 3d shows the slice of the inversion result at y = 250 m, and the red curve is consistent with the undulating terrain and represents the top of the subsurface, and the black rectangles represent real positions of typical models. It can be seen in Figure 3d that the high-density units in the inversion result were similar to the actual range of models. Therefore, this method could obtain the information of models directly by the inversion with equivalent-dimensional mesh. Figure 3e shows the 3D gravity inversion with triangulation mesh, and the result of the inversion with equivalent-dimensional mesh was similar to the inversion with triangulation mesh, comparing Figure 3d,e. Therefore, the new meshing method proposed by us can obtain gravity inversion results consistent with the traditional method in the regions with undulating terrain efficiently.



Figure 4a shows the gravity anomaly of Figure 3a with noise, and the anomaly showed some distortion after the addition of 30 signal noise ratio noise. Figure 4b is the slice of the inversion result, and Figure 4c is the 3D view of slices. In Figure 4d, blue lines represent the edge of the models, and the yellow and blue blocks represent densities greater than 0.28 and 0.16 g/cm3 in the inversion results, respectively. The inversion results shown in Figure 4b–d are close to the result in Figure 3c. Therefore, the method was stabilized and could obtain an accurate range of models after adding noise.



We processed a gravity anomaly with complex terrain to verify the method of equivalent-dimensional mesh. There were two peaks and one valley—shown in Figure 5b. In the 100 m depth from the surface, there were three prisms of 100 × 100 × 100 m; the central coordinates of which were (250, 250), (250, 750), and (750, 500) m, respectively. Figure 5a is the gravity anomaly of models, and the gravity containing 30 SNR noise is shown in Figure 5c. Because of the complex terrain’s effect, the coordinates of the extreme value points shown in Figure 5a were (250, 200), (250, 800), and (750, 550) m, and the coordinates were not consistent with the models’ coordinates. We achieved the density inversion based on the mesh with the equivalent dimension and obtained the slice diagram of the inversion results shown in Figure 5e–h by cutting along the white dashed lines numbered 1 and 2 shown in Figure 5a–c. Figure 5d shows the high-density blocks of a density greater than 0.3 g/cm3, and the blue lines represent the edge of the models.



Although the extreme values’ coordinates of the gravity anomaly deviated from the model positions at lines 1 and 2, the central position of the inversion results obtained by the gravity inversion based on equivalent-dimensional mesh were still consistent with the model position. The results shown in Figure 5d–h indicate that this method is applicable and stabilized in complex terrain.




4. Actual Data Processing


In order to validate the applicability of the adaptive equivalent-dimensional mesh method in the field data, we processed the gravity data of polymetallic mining areas in Shaanxi province of China. The area is located in Huayangchuan in Shaanxi province. Its tectonic location belongs to Xiaoqinling intracontinental orogenic belt in the southern margin of north China landmass. The main outcrops are the Neoarchean erathem Taihua group (deep metamorphic crystalline complex), the Mesoproterozoic erathem Xionger group (volcanic–sedimentary), Gaoshanhe formation (clasolite), and the Luonan group (carbonatite); some areas have the Sinian series and the Cambrian system clasolite. Paleogene, Neogene, and Quaternary are deposited in Cenozoic basins, and the Ordovician, Silurian, and Paleozoic to Mesozoic stratums are missing [28,29]. The geological condition of the survey area is shown in Figure 6a.



Figure 6b shows the Bouguer gravity anomaly of the survey area. The center area obviously had a high-value gravity anomaly in Figure 6b, so there was a high-density body in the subsurface. There were polymetallic mines in the vicinity of this area, and the geophysical characteristics of the metal minerals were high values of density. Therefore, we inferred that the high-value gravity in this area was a polymetallic deposit. Metallic minerals were produced by magma intruding into the shallow strata of the subsurface through the faults, so the location of faults had great value for us to infer the range of minerals.



The total horizontal derivative, of which the maximum value indicates the location of the faults, is commonly used to detect faults in gravity interpretation [30]. Therefore, by comprehensively analyzing the geological map and the gravity data of this region, we finally divided the faults of this region into the total horizontal derivative and local gravity field map shown in Figure 7a.



The Bouguer gravity anomaly is the comprehensive response of the density at all depths. The 3D density inversion depth range was an altitude of −1500 m from the surface, so we needed to perform separation of the potential field by using the matched filter method. The expression of the matched filter is [31,32]:


  L n E ( ω ) = 2 L n B − 2 H ω ,  



(13)




where   L n E ( ω )   is the average logarithmic power of the potential field, H is the depth of the layer corresponding to the anomaly,  ω  is the wave number, and B is a constant related to the deep or shallow source anomaly.



In this way, we removed the regional field anomaly corresponding to the density below −1500 m and extracted the shallow response of the gravity anomaly, namely the local field. The result is shown in Figure 7b, indicating that the local anomalies in this area were separated by faults; this is consistent with the geological characteristics of the ores distributed around the faults, which shows the accuracy of the matched filter method. The terrain in this region was complex with an average altitude of 1480 m and a maximum height difference of 509 m, as shown in Figure 8a. Considering the regional terrain relief, our adaptive equivalent-dimensional mesh method was suitable for this real case.



The depth of −1500 m extending to surface of this region was meshed by the proposed method in this paper, and 3D gravity inversion was performed to obtain the density in the subsurface, as shown in Figure 8c,d. Figure 8b is the local field of gravity, in which the white dotted lines represent the horizontal position of the slices, and Figure 8d shows the slices of the 3D density model obtained from the gravity inversion results shown in Figure 8c. The density model in each section show the high-density units, which represent the position of the explained minerals.



Through the recognition of high-density units in the 3D density inversion model, the range of metallic ore bodies in this region was interpreted in Figure 9 by a red range. The ore bodies distributed near the faults that conform to the principle of the metal minerals were generated in the magma which intruded along the faults. There were six ore bodies explained in this area, and the number shown in Figure 9 around the red range is the height above sea level of these ore bodies.




5. Conclusions


We proposed the preconditioned JFNK method to perform the intensive inversion computation; therefore, the 3D focusing inversion algorithm became more efficient. In addition, we combined unstructured and structured meshes to achieve gravity inversion with undulating terrain. Therefore, the computational complexity is less than that of the unstructured mesh method in the forward operation of the kernel function. In order to maintain the efficiency, we improved the terrain fitting and fineness of meshes by the adaptive equivalent-dimensional method. The fineness of meshes is positively correlated with the gradient of gravity and terrain. Synthetic tests showed that our method was suitable for gravity inversion under undulating terrain, and the algorithm was fast with accurate inversion results. Finally, we applied it to the field data processing in Huayangchuan, Shaanxi Province, and the distribution range and depth of the ore bodies were inferred from recovered density models, which further verified the stability and practicability of the new method.







Author Contributions


Conceptualization, Q.M. and G.M.; data curation, T.W.; formal analysis, G.M.; funding acquisition, G.M.; investigation, Q.M.; methodology, G.M.; project administration, S.X.; resources, S.X.; software, Q.M.; supervision, S.X.; validation, T.W.; visualization, Q.M.; writing—original draft, Q.M.; writing—review and editing, G.M. and T.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the national key research and development plan issue (Grant No.2017YFC0602203), the Excellent Young Talents Fund project of Jilin Province (20190103011JH), National Science and Technology Major Project task (No. 2016ZX05027-002-003), the Ministry of Education, and the China Postdoctoral Science Foundation (2019M651209).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mosher, C.R.W.; Farquharson, C.G. Minimum-structure borehole gravity inversion for mineral exploration: A synthetic modeling study. Geophysics 2013, 78, 25–39. [Google Scholar] [CrossRef]

	



Martinez, C.; Li, Y.; Krahenbuhl, R. 3D inversion of airborne gravity gradiometry data in mineral exploration: A case study in the Quadrilátero Ferrífero, Brazil. Geophysics 2013, 78, 1–11. [Google Scholar] [CrossRef]

	



Zhdanov, M.S.; Gribenko, A.V. 3D joint inversion of geophysical data with Gramian constraints: A case study from the Carrapateena IOCG deposit, South Australia. Lead. Edge 2012, 31, 1382–1388. [Google Scholar] [CrossRef]

	



Zhdanov, M.S.; Ellis, R.; Mukherjee, S. Three-dimensional regularized focusing inversion of gravity gradient tensor component data. Geophysics 2004, 69, 925–937. [Google Scholar] [CrossRef]

	



Last, B.J.; Kubik, K. Compact gravity inversion. Geophysics 1983, 48, 713–721. [Google Scholar] [CrossRef]

	



Zhdanov, M.S. Geophysical Inverse Theory and Regularization Problems; Elsevier: Amsterdam, The Netherlands; New York, NY, USA; Tokyo, Japan, 2002; p. 628. [Google Scholar]

	



Chen, Z.; Meng, X.; Guo, L. GICUDA: A parallel program for 3D correlation imaging of large scale gravity and gravity gradiometry data on graphics processing units with CUDA. Comp. Geosci. 2012, 46, 119–128. [Google Scholar] [CrossRef]

	



Čuma, M.; Zhdanov, M.S. Massively parallel regularized 3D inversion of potential fields on CPUs and GPUs. Comp. Geosci. 2014, 62, 80–87. [Google Scholar] [CrossRef]

	



Bin, C.; Ren, J.; Sheng, C. A Review of JFNK methods and its applications in atmospheric non-hydrostatical model. Chin. J. Atmos. Sci. 2006, 5, 95–107. [Google Scholar]

	



Pletnyov, F.; Jeje, A.A. The Gauss-Siedel (GS) and the Jacobian-free Newton-Krylov (JFNK) methods applied to steady 2D buoyancy convection in vertical cylinders. Contemp. Eng. Sci. 2019, 12, 187–228. [Google Scholar] [CrossRef]

	



Vandecar, J.C.; Snieder, R. Obtaining smooth solutions to large, linear, inverse problems. Geophysics 1994, 59, 818–829. [Google Scholar] [CrossRef]

	



Du, V. A new method of reducing from an arbitrary surface into a plane for the three dimensional magnetic and gravity field. Chin. J. Geophys. 1982, 25, 73–83. [Google Scholar]

	



Cheng, Z. The finite element method for reduce curved surface into a horizontal plane of gravity and magnetic fields. Geophys. Geochem. Explor. 1981, 3, 153–158. [Google Scholar]

	



Ma, Q.Z. The boundary element method for 3D dc resistivity modeling in layered earth. Geophysics 2002, 67, 610–617. [Google Scholar] [CrossRef]

	



Liu, J.; Wang, W.; Yu, C. Reduction of potential field data to a horizontal plane by a successive approximation procedure. Chin. J. Geophys. 2007, 50, 1551–1557. [Google Scholar]

	



Xu, S. The integral iteration method for continuation of potential fields. Chin. J. Geophys. 2006, 49, 1176–1182. [Google Scholar] [CrossRef]

	



Yao, C.; Huang, W.; Guan, Z. Fast splines conversion of curved-surface potential field and vertical gradient data into horizontal-plane data. Oil Geophys. Prospect. 1997, 32, 229–236. [Google Scholar]

	



Liang, J. Integrate use of potential field and its gradient for the continuation from a curved surface to a horizontal plane. Prog. Geophys. 2017, 32, 994–999. [Google Scholar]

	



Guan, Z. Geomagnetic and Magnetic Prospecting, 1st ed.; Geological Publishing House: Beijing, China, 2005; pp. 164–177. [Google Scholar]

	



Zhong, B.; He, C.; Jiang, Y. Polyhedral analytic method for square domain vicinity area terrain correction. Geophys. Geochem. Explor. 1989, 13, 127–135. [Google Scholar]

	



Zhang, T.; Lei, W.; Ding, S. Application of unstructured mesh generation technology in DC resistivity inversion imaging under undulating terrain. Site Investig. Sci. Technol. 2019, 2, 61–64. [Google Scholar]

	



Wu, X.; Liu, Y.; Wang, W. 3D resistivity inversion incorporating topography based on unstructured meshes. Chin. J. Geophys. 2015, 58, 2706–2717. [Google Scholar]

	



Zhang, L.; Hao, T.Y. 2-D Irregular gravity modeling and computation of gravity based on delaunay triangulation. Chin. J. Geophys. 2006, 49, 768–775. [Google Scholar] [CrossRef]

	



Zhang, Q. Research on Gravity Forward and Inversion Based on Delaunay Triangulation. Master’s Thesis, Chengdu University of Technology, Chengdu, China, 2016. [Google Scholar]

	



Holstein, H.; Schürholz, P.; Starr, A.J. Comparison of gravimetric formulas for uniform polyhedra. Geophysics 1999, 64, 1438–1446. [Google Scholar] [CrossRef]

	



Pilkington, M. 3-D magnetic imaging using conjugate gradients. Geophysics 1997, 62, 1132–1142. [Google Scholar] [CrossRef]

	



Li, Y.; Oldenburg, D.W. 3-D inversion of gravity data. Geophysics 1998, 63, 109–119. [Google Scholar] [CrossRef]

	



Hui, X.; Li, Z.; Feng, Z. Research on the occurrence state of U in the Huayangchuan U-polymetallic deposit, Shanxi Province. Acta Mieralogica Sin. 2014, 34, 573–580. [Google Scholar]

	



Guo, W.; Zhou, D.; Ren, J.; Zhou, X.; Sang, H. Characteristics of the Huayangchuan ductile shear zones in the Xiao-qinling mountains, Shaanxi, China, and its regional tectonic significance. Geol. Bull. China 2008, 27, 823–828. [Google Scholar]

	



Cordell, L.; Grauch, V.J.S. Mapping basement magnetization zones from aeromagnetic data in the San Juan Basin New Mexico. Seg Tech. Program Expand. Abstr. 1982, 1982, 246–247. [Google Scholar]

	



Pawlowski, R.S. Preferential continuation for potential-field anomaly enhancement. Geophysics 1995, 60, 390–398. [Google Scholar] [CrossRef]

	



Naidu, P. Spectrum of the potential field due to randomly distributed sources. Geophysics 1968, 33, 337–345. [Google Scholar] [CrossRef]








[image: Minerals 10 00741 g001 550] 





Figure 1. Discretization of underground space. 
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Figure 2. Mesh with triangulation and equivalent dimension in undulating terrain. (a)Triangulation; (b) equivalent dimension. 
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Figure 3. Gravity inversion by the preconditioned JFNK method. (a) Surface topography; (b) gravity anomalies under undulating terrain; (c) comparison of mesh computing time; (d) slice at y = 250 m of inversion result with equivalent-dimensional meshes; (e) slice at y = 250 m of inversion result with triangulation mesh. 
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Figure 4. Gravity inversion containing noise by the preconditioned JFNK method. (a) Synthetic gravity anomalies under undulating terrain containing noise; (b) slice at y = 250 m of inversion results; (c) slices show of inversion results; (d) 3D view of inversion results. 
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Figure 5. Gravity inversion under complex terrain. (a) Gravity anomalies; (b) surface topography; (c) gravity anomalies containing noise; (d) 3D view of inversion results; (e) slice at x = 250 m of inversion results; (f) slice at x = 250 m of inversion results computed with noise; (g) slice at x = 750 m of inversion results; (h) slice at x = 750 m of inversion results computed with noise. 
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[image: Minerals 10 00741 g005]







[image: Minerals 10 00741 g006 550] 





Figure 6. Geological and gravity of survey area. (a) The geological map; (b) Bouguer gravity anomaly. 
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Figure 7. Fracture interpretation results on total horizontal derivative and local gravity field; the dashed lines F1–F9 represent the faults interpreted by the total horizontal derivative. (a) Total horizontal derivative; (b) field of local gravity anomaly. 
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Figure 8. 3D inversion results of actual area. (a) Elevation of the terrain; (b) field of local gravity anomaly; (c) 3D view of inversion results greater than 0.12 g/cm3; (d) slices of inversion results. 
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Figure 9. The range of ore bodies interpreted from 3D inversion results. 






Figure 9. The range of ore bodies interpreted from 3D inversion results.



[image: Minerals 10 00741 g009]








© 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/).






nav.xhtml


  minerals-10-00741


  
    		
      minerals-10-00741
    


  




  





media/file8.jpg
mGal
@ton

Am)

© 1000

200 400 600 00 1000
)

©

)
e’
® I 0]

o

m)

)

200 300 600 500 1000
Yy,






media/file11.png
(a)

16,000

-]
Survey arca

~14,000
=
0 Changchengi
'hangchengian
S System
ﬁ Jixianian System
12,000 j
J2
Z

- Archaean Group
- Paleozoic Erathem
Ch Middle Jurassic
10,000¢
2
. ‘ - Lower Jurassic
r J - upper proterozoic
Pz )/
8000 |

1000 3000 5000 7000 9000 11,000 13.000
Easting(m)
(b) .

Gravity
(mGal)

Northing(m)

e
1000 3000 5000 7000 9000

11,000 13,000
Easting(m)






media/file6.jpg
@y st ()
e s o
2300 0 210 g
20 oz £29
ool |
200 400 600 800 1000 soo
i T Y
@ 0.5
o 035
o0
) 025
b3 o1
300
i w50 loos
- w0 i, a0t Roos
50 0 0. 20553 150 Y my I





media/file1.png
n observation points
®

/

L~

m rectangular

uni

1S

VZ

\NANAVAVAN

\NAVAVAVAN

\NANANIAVAN





media/file13.png
THD

10°mGal/m
@) ( 7.2 )
16,000 [ 5.0
4.3
3.7
3.2
= 14,000 | 2.9
= 2.6
= 2.3
= 215
= 1.8—
5 12,000 1:7:
= 1.5
1.4
1.2
10,000 1.1
0.9
0.8
0.6i
8000 - - \ i 0.3
1000 3000 5000 7000 9000 11,000 13,000 .
Easting(m) Gravity
mGal
2.3
16,000 16
1.2
1.0
0.7
= 14,000 0.6
Na 0.4 =
on 0.3
= 0.1 5
= 0.1
512,000 =
Z -0.484
-0.65
-0.88
10,000 ERl=
-1.3
1.7
2.2
8000 '3-4.

1000 3000 5000 7000 9000 11,000 13,000
Easting(m)





media/file10.jpg
Qrn ey

Pz Pl
1000 3000 5000 7000 9000 11,000 13,000
Easting(m) Gravity

(mGal)

958
964
6
73
50
o8
93
o
J100.1f
“004E
“1007)
Zioro
Zior'y
Ziol'y
Z1022)
“10234
“104.0)
“106.o
Zi09)

10003000 5000 _ 7000 9000 11,000 13,000
asting(m)





media/file7.png
800600 450~

0.25

0.15

0.05

-~

d)

i

Depth(m)

W b o=
= S
= =

o
<

800

x(]n)

—%0 150 > y(m)






media/file12.jpg
THD
(10°mGal/m)

1000 3000 5000 7000 9000 11,000 13,000
Easting(m) Gravity
(mGal)

3000 5000 7000 9000 11,000 13,000
Easting(m)





media/file9.png
| mGal
(a) 1000 r:_*

| 42
0

= 600 \\»_-__/
‘-..;:.'I |
400 [
| |
I
200 @
200 400 600 800 1000
Xx(m)
m@Gal
(€) 1000
800 §
e 600
™ 400 |
200 | 0.1
—
200 400 600 800 1000
X(m)
‘g,x’cm3
0.8
0.6
0.4
0.2
500 | | | | 0
Y200 400 600 800 1000
y(m)
gf’cm3
(g) 0 f\_/ -
=100 | ! 0.6
gzoo - _ ! 0.4
=300 0.2
A 400 0
500

200 400 600 800 1000
y(m)

2001

400

(h)
0

=100

é" 200 |
2300 |
0 400 |

500

1000

i
e

o
"

.

200 400 600 800 1000

y(m)

S

g/cm3

200 400 600 800 1000

y(m)

0.8
0.6
0.4
0.2

200





media/file14.jpg





media/file16.jpg
16,000

14,000

L7 a86m~ I i\

616m

B, o bodic

1000 3000 5000 7000 9000 11,000 13,000
Easting(m)

8000






media/file5.png
(a)

200
E150-
<100~

T 50-

m

180
160
140
120
100
80

60

0L - 40
750 =500
500 -~ G, -
x(m) 250 o 100 y(m) '
mGal ) 450
== Triangulation
350 -+~ Equivalent dimension

0.4 O

0.3 2 250

0.2 & 150

0.1 50

; & ——
3x3 5%5 10x5 [0x10  20x10
Terrain grid size
g,-’cm (e) ‘ g;’cmj
0.5 | 0.4
0
~ 0.4~ 0.3
= 10( = :
= lo 03 =9 i/ 0.2
'%_{)U 0.2 4520
400 0 400 I 0
500 500

400
x(m

600

200 400 600
X(m)

800 1000





media/file15.png
Elevation(m)
1723.6
1594.6
1524.7
1464.2
1405.9
1349.8
1214.6

1

7,330

Gravity(mGal) - 5000
f; - E 4000 con 14,000 %\@
. dasty ) 1 - LD
e Ung(m) 8002 ~ 12.000 %&Q
YO0 - 5
-0.1 - =" = 10’000127000 10,000 %o
-0.6 . 15,250
-1.3 ' * N
-3.4 ' .
I -
| * -
I} »
] g
¥
= ' I . 1500 E
5 ]_-;(;ﬂ-T;'_,_» ' ’!,,"]l -~ ) II| g
g | ) ‘. | Density(g/cm’) T ,'l z
= 1 el )IL 0.178 '---»--4,1-1 5;:1;:{ o
5 .. L7 ./ A . 0,070 /17,330
E -1 D(.][.]_"-—_,__‘__-T_--—- . ”r .-’r,-’ "!""‘“ 0.028 — -
2000 r= vn‘ --’*!1'_1 000 0.001 :,u:mr } "\1.-1\0(_10 -
6000 T 'J AL \SS\ g ggg [ /12,000 _:§
Bastin oo 10,000 | ST s Baggi . 10,000~ A S
N ) . T A N -U. S 0,000 r— /710,000 0 &
‘g (m) 12_%00"“'-7-75_, /10,000 059 “St‘:ng(]n) 12,0002 }l ,000 X
<~ 15,250

15,250





media/file3.png
L————'L The anomaly

. The terrain . with larger gradient
with larger gradient





media/file17.png
PRl o « -110m~1171m sl
16.000] Fl . k9
14.000]
£
%’
£ 12,000 .
= 6. .-
o
d
10,000|
E Faults
- The range
2000 | ofore bodles

1000 3000 5000 7000 9000 11,000 13,000
Easting(m)






media/file4.jpg
150
160
130
120
100

50
‘ 40
" so0 300 “‘”I”’

Ay 30100 Yom
08
e 0.5 [~ Triangulatio
2309 03 220
=200 02 =150
e I - B
Termin gadsize
@
o
Zi0d I
£ 200) 02
2500 e
et B

300

o000 lmm

0,

600300 000





media/file0.jpg
1

m rectangularfunijts

\ &





media/file2.jpg
Vi,

o TR anomaly
& terrain with larger gradient
with larger gradient Gl





