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Abstract

Non-uniqueness, low computational efficiency and large memory requirements are main issues
for geophysical data inversion. In this paper, we propose an efficient algorithm for 3D correlation-
analysis joint inversion of gravity and magnetic data with high accuracy and low computation
effort. Firstly, since the number of the observed field data is smaller than the number of inverted
parameters, the calculations of the correlation-analysis for joint inversion of gravity and magnetic
data in model space (MS) are transformed into the equivalent calculations in data space (DS), which
can reduce the dimensions of the calculation domain, improve the computation efficiency and
reduce the non-uniqueness. Then, an improved conjugate gradient (ICG) method is employed for
the optimization algorithm, which can facilitate the use of stable functions with sparse factors and
improve the accuracy of the inversion. The inversion performed by the combined DS-ICG method
for synthetic data tests shows the calculation effort can be effectively reduced, and the issues with
non-uniqueness are improved. Finally, the test by real field data can delineate the distribution of
underground geological bodies, which illustrates the strong stability and good applicability of our
extended method.

Keywords: Joint inversion of gravity and magnetic data; Model-space (MS); Data-space (DS);

Correlation-analysis constraint; Improved conjugate gradient (ICG)

1. Introduction

Different geophysical models can reproduce given observations with the same degree of accuracy, and any chosen
model can be significantly different than the true generating source. To reduce this ambiguity, prior information is
commonly introduced in the inversion [e.g., Farquharson et al., 2008; Leliévre, 2009; Caratori Tontini et al., 2006;
Li and Oldenburg, 2000b] and/or multiple independent geophysical data are used for a joint inversion [e.g., Afnimar
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and Nakagawa, 2002; Bosch, 1999; Bosch and Mc Gaughey, 2001; Gallardo and Meju, 2003, 2004; Leliévre et al.,
2012; Moorkamp et al., 2011]. Currently, there are different types of proposed joint inversion methods. The first type
assumes that multiple geophysical data correspond to the same physical property model. [e.g., Guo, et al., 2009;
Geng et al., 2014; Qin et al., 2016; Zhdanov and Lin, 2017; Hou et al., 2019; Fu et al., 2016; Vozoff and Jupp, 1975].
The second type involves joint inversion methods based on statistical or empirical petrophysical relationships
[e.g., Gardner et al., 1974; Lines et al., 1988; Sun and Li, 2015, 2016]. Other joint inversion methods are based on
different physical property models with similar spatial distribution structures, such as cross-gradient joint inversion
[e.g., Haber and Oldenburg, 1997; Gallardo and Meju, 2003; Fregoso and Gallardo, 2009; Vatankhah et al., 2022],
correlation-analysis joint inversion [e.g., Oldenburg and Li, 1999; Lelievre et al., 2012; Yin et al., 2018; Gao et al.,
2019], and the joint inversion based on Gramian constraint [e.g., Zhdanov et al., 2012; Lin and Zhdanov, 2018]. In
this case, the non-uniqueness can be effectively reduced by properly combining the correlation-analysis constraint
with the joint inversion [e.g., Yin et al., 2018; Gao et al., 2019].

Generally, the joint inversion is always performed in the MS. As the volume cells continue to increase, the
computation cost also increases substantially. The DS method [Siripunvarapor et al., 2005a] can convert the
calculations in MS to the calculations in DS. Since the number of field data is less than the number of the grid
cells, the cross-gradient inversion in the DS requires less computation cost and improves the inversion accuracy
[e.g., Pak, Li and Kim, 2017; Zhang et al., 2020; Zhang et al., 2022]. In this paper, the correlation-analysis joint
inversion of gravity and magnetic data is extended to the DS for reducing the computation cost and improving
the inversion accuracy.

Many optimization algorithms have been adopted in geophysical inversion, such as the Gauss-Newton (GN)
method [e.g., Gallardo and Meju, 2004; Gallardo et al., 2012], the quasi-Newton method [e.g., Moorkamp et al., 2011]
and the conjugate gradient (CG) method. [e.g., Moorkamp et al., 2011; Zhdanov et al., 2012]. The CG method only
needs to calculate the products of Jacobian matrix for arbitrary vectors, instead of performing the full multiplication
of the Jacobian matrix. Therefore, the CG method is instrumental for large-scale calculation and widely used for 3D
inversion of field data. However, the CG method needs to continuously calculate many small iterative steps during
the inversion process, which requires long execution times. The ICG method by combining the inner and outer loop
iteration has been successfully used for the joint inversion of gravity and gravity gradient data [e.g., Zhang et al.,
2021], reducing the number of iterations and increasing the convergence speed.

In this paper, we extend the correlation-analysis joint inversion of gravity and magnetic data to the DS com-
putation, which can reduce the dimensions of the calculation domain and improve the computation efficiency.
Then, the ICG method is introduced to reduce the number of iterations and increase the convergence speed.
Finally, the accuracy and advantages of the DS-ICG joint inversion method are verified by synthetic data and
real field data tests.

2. Methodology
2.1 Objective functions for joint inversion

The two physical parameters related to gravity and magnetic data are density m; and magnetization m,. Objective
functions of the correlation-analysis joint inversion of gravity and magnetic data are represented as

b1 = b + A i + Wy blor , M
2
= lldy=Gymy |I3 + X [|w (my —mi)||) + w [IRIZISI2 — (R - $)?]

b, = ¢§1 + 7\2¢12n + |»12¢'gor s (2)
2
= |ld;—G,m,||5 + Azllwz(mz—mgef)llz + 12[|RI?|S]? — (R - S)?]

where
- ¢ represents the objective function of gravity data;
- ¢} represents the data misfitting of gravity data;
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- ¢}, represents the stable function of gravity data;

- &L, represents the correlation-analysis constraint of gravity data;

- d, represents the observed gravity data;

- m{* represents the reference density model;

— G4 represents the forward response of the density model;

- wy represents the weighting matrix of the density model;

- ) represents the regularization parameter of gravity data;

-, represents the weighting parameter of the correlation-analysis constraint of gravity data;
— ¢, represents the objective function of magnetic data;

- ¢ represents the data misfitting of magnetic data;

- &% represents the stable function of magnetic data;

- %, represents the correlation-analysis constraint of magnetic data;
- d, represents the observed magnetic data;

ref

represents the reference magnetization model;

- G, represents the forward response of the magnetization model;

- w; represents the weighting matrix of the magnetization model;

- Ay represents the regularization parameter of magnetic data;

-y, represents the weighting parameter of the correlation-analysis constraint of magnetic data;

- R=(m}—m})and § = (m} — m3).

We also introduce m_f = % iN_lmfi, I% = %Zilmgi, respectively, and N is the number of the volume pixels.
Because of the strong constraint ability of the correlation-analysis constraints [e.g., Gao et al. 2019], y, and p, are
set to small positive values, respectively. The correlation-analysis constraint calculates the square of the physical
property model parameters minus the mean of the square of the physical property model parameters to describe
the spatial distribution of the physical property model. Furthermore, structural coupling is achieved by calculating
the sinusoidal correlation of the spatial distributions of different physical property models. Stronger correlation
between the spatial distribution of density model and the spatial distribution of magnetization model induces
smaller values of the correlation-analysis constraints.

The regularization method of elastic nets [Zhang and Li., 2019] can avoid excessive sharp boundaries of the
recovered models obtained by L1-norm regularization technology and improve excessive smooth boundaries of
the recovered models obtained by L2-norm regularization technology. For these reasons we adopt the elastic-nets
regularization method in this paper. For the convenience of computation, we modify the smooth constraint in the
stable function of the elastic-nets as follows

¢m1= a- Tl)q)mlm + qu)mlu(ml) ) 3)

2
= (1 —t)llmll} + wllmy I3 = [wp,m, )

where

1/2

0bm vz 2 (-1/2)
Wi, = (amll/m1> = [(1 —1)(mf +¢?) + rll] , 4)

and T4 represents a non-negative weight factor (t; is in the range of 0-1). Prm,,, and Pm, , are the L1-norm regular-
ization term and the L2-norm regularization term, respectively, and w,, is the weighting matrix of density model.
wy is the result of multiplying w,, by depth weighting matrix [Li and Oldenburg., 1996, 2000b], ¢ is sparsity factor
and I is identity matrix. For the magnetization model m,, the stable function and other weighting matrices agree
with the corresponding parts of the density model m;.
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2.2 The MS-ICG joint inversion method

The most common optimization algorithms adopted in geophysical inversion are least square method, Newton
method, GN method and CG method. When performing inversion by the GN method, the stable function with-
out a sparse factor is always adopted, while the regularization factor is always obtained by the L-curve method
[e.g., Tikhonov and Arsenin, 1977]. In this paper, the stable function, i.e., the minimum difference between the
recovered model and the reference model, is used for the joint inversion, and the corresponding solution process of
the correlation-analysis joint inversion based on the GN method is shown in Algorithm 1 (Appendix A). Currently,
more regularization techniques include a sparsity factor, which requires a re-weighting process during the inver-
sion process. Furthermore, the adaptive regularization parameter method is generally adopted [Portniaguine et al.,
1999]. The ICG method [Zhang et al., 2021] facilitates field data inversion using stable function with sparse fac-
tors. Additionally, the ICG method has the same advantages of the CG method, with small memory cost and fast
convergence. Therefore, in this paper, the ICG method and the stable function with a sparse factor are adopted for
the correlation-analysis joint inversion. Furthermore, the adaptive regularized parameter method is also adopted.
Firstly, a suitable 2 is selected and the calculations for subsequent regularization parameters are represented as

Mer1 = MG, ©))

where q is the scale factor, and the range of q is set to 0 ~ 1.0.

The ICG method [Zhang et al., 2021] is improved on the basis of the GN method and the CG method, and its core
depends on the inner loop and the outer loop. The outer loop is used to initialize and prepare the matrices required
for the subsequent calculations, etc., and the inner loop is used to calculate the model update. Firstly, the expression
of the model update of the k-th iteration based on the GN method is given by

Amy =mf —mf' = —Hi;g}, (6)

where Am, is the model update of the density model, and the other matrices are represented as

N
Hyp = GTGy + Ay Wi wy i + 21

-1
< diag Syl Ruk = (Rux- S1)Sua, )

N-1
N

g5 = _GE(d1 - G1m]f_1) + 7\1,k(ml1(_1 - m{ef) + 2y diag [|51,k|2R1,k - (Rl,k : S1,k)51,k] mit ®

In Eq. (8), mk~! is used as the reference model for the k-th iteration. Therefore, g¥ in Eq. (8) can be transformed
into the following form.

N-1
gk = —61(dy — Gml™) + 20, ——diag [|S1,“Rup = (Ry- 1,1 i ©)

-1 -1 —~ .
o diag [[S1l Ruse = (Rue- Sl,k)Sl,k]} and d% = d; — G;mk"1.Cyyisa

N x N-dimensional invertible diagonal matrix. d; is a M-dimensional vector and M is the number of field data. Gener-
ally, the number N is much larger than the number M. Therefore, Eq. (6) can be transformed into the following form,

N
InEq.(7),let €y = {Al_kw'{kwl_k + 21

- - N-1
am, = (676, + €1} {67k - 2w, ——diag [, Ruse = (R 1,981, mi 1 (10)
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~ N-1
where 6] G; + C7yis aN x N-dimensional matrix and {G}d’f -2 N diag [|51,k|2RLk —(Ryy- S1,k)sl,k] mlf—l} isa

N-dimensional vector. In addition, the model update equation of the magnetization model is similar to the model
update equation of the density model in Eq. (10). The detailed process of the MS-ICG joint inversion in this paper
is shown in Algorithm 2 (Appendix B).

2.3 The DS-ICG joint inversion method

The DS method [Siripunvaraporn and Egbert 2000; Siripunvaraporn et al. 2005a] can convert the computations
in the MS to the computations in the DS through matrices transformations. Since the number N of the volume
pixels is much larger than the number M of field data, the calculations in the MS require solving a N x N-dimen-
sional equation, while the calculations in the DS only need to solve a M x M-dimensional equation. Therefore,
the DS method adopted for inversion can effectively reduce the computation cost [Pilkington 2009; Zhang et al.,
2020; Zhang et al. 2022]. In this paper, the DS method is applied to the correlation-analysis inversion of gravity
and magnetic data and the model update (Eq. (10)) in the MS is transformed into the model update in the DS as
the following formula.

. ~ N—-1
tm; = (676; + €)™ {615 — 20, ——diag |1, Ruse = (Ruse- S1,)51,] mi] an

= C1(616, €y +1) 7 (677) 1k
N-1 _
~2py 5~ Cox(6T61 oy + 1) {diag [|S1uf Rupe = (Rux- 1,1, mi ]
= €1 [6TT(GTGCyy +1)] X
N-1 _
2y —— Coac(6161 Cop + 1) {diag |14l Rus = (Rusc - $1,)S14] mi~?}

= CxGl(G:C1i6T +1) Y
N-1 .
~2py |1 = CuGT (G116 + 1) 6] o

. 2 .
{dlag [|51,k| Ry — (R Sl,k)sl,k] mf 1}
After several simplifications of Eq. (11), the following equation can be obtained.

N-1
B + 24y —— C {diag [[S1ul “Rux = (Rus- S1,)Suu| mb} : (12)

—1(~ N-1
= CoGT(6:C1u6T + 1) (@ + 20— 6 Cuciag |11 Ruse = (Rus- S1,)S1] mi1)
=C1,kGIU1_,1£b]f

— N-1 ) 2 _ .
where Ul,k = Glcl'kGI + I, b]f = dlf + 2u1TG1C1’kdlag [lSLkl Rl,k - (Rl,k . Sl‘k)SLk] mlf 1, Ul,k is a Mx M-

dimensional matrix and b¥ is a M-dimensional vector. From Eq. (10) and Eq. (12), it can be found that GG, +Ciisa
N x N-dimensional symmetric matrix, and G, Cy ;6T + I is aM x M-dimensional symmetric matrix. In Eq. (12),U bk
can be solved by the inner loop of the ICG method and then convert the result from Uz ib% to the density model update

N
with several matrices transformations. Obviously, 2, N Cix {diag [lsl,klle,k —(Ryx- Sl,k)sl,k] m‘f‘l} and €y GT

of Eq. (12) are simple matrices transformations, which will not consume too much computation cost. Therefore, it
is necessary to change the calculation in the MS to the calculation in the DS, which makes fast computation speed
and low memory cost. Additionally, the model update of the magnetization model has a similar form to that of the
density model in Eq. (12).

The DS-ICG joint inversion method is used to recover physical property models of field data. In the inner loop
of the ICG method, this section only needs to compute U;yp, p; is an arbitrary M-dimensional vector and the
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remaining parts of the inner loop are the point calculations of the M-dimensional vectors, which demonstrates
that the calculations of the inner loop in the DS are greatly reduced than that in the MS. Additionally, the DS-ICG
method avoid computing 6§ G, in the GN method, and only need to calculate G;t; and G{q; . The computations of
the above two matrices operations can be obtained by the forward problem. t; and g are arbitrary N-dimensional
and M-dimensional vectors, respectively. Therefore, the combination of the DS method and the ICG method for the
correlation-analysis joint inversion can reduce the dimensions of calculation equation and then effectively reduce
the computation cost.

The solution process of the DS-ICG joint inversion is similar to the solution process of the MS-ICG joint inversion
in Algorithm 2 (Appendix B). Additionally, the calculation of Hy i gX is changed to compute U7 b, and then H ) and
g7 are replaced by Uy and bf where Hy and g are called in Algorithm 2. Then, m¥ = m§~1 + x{ in the MS-ICG

. N-1
joint method is changed to mf = m™! + {Cl,kG'lrxll -2 TCLkdiag [|51,k|2R1,k — (Ryx- Sl,k)sl,k] m‘f‘l} in the

DS-ICG joint method. Additionally, the model update of the magnetization model in the DS-ICG joint inversion is
consistent with the model update of the density model in the DS-ICG joint inversion.

3. Results and validation

Synthetic data and field data are used to verify the validity and applicability of the extended method in this
paper. All computations are performed on an Intel(R)-Xeon(R)-CPU-E5-2600-V4 2.10-GHz machine with 123 Gbyte
of RAM. The maximum memory cost during the joint inversion is shown in Table 1.

Inversion Meshing | 20x20x10 | 25x25x15 | 40x40x30 | 100 x 100 x 100

method

MS-ICG 0.520 GB 0.797 GB 9.119 GB >123 GB
DS-ICG 0.461 GB 0.471 GB 0.537 GB 2.183 GB

Inversion ——_  Meshing | 20x20x10 | 40x40x20 | 50x50x50 | 100 x 100 x 100
method

Model 2
MS-ICG 0.520 GB 4.323 GB 58.875 GB >123 GB
DS-ICG 0.461 GB 0.510 GB 0.670 GB 2.183 GB

Inversion ———_ Meshing | 24x24Xx10 | 40x40%x40 | 50x50x 50 | 100 x 100 x 100
. method
Field

DS-ICG 0.469 GB 0.610 GB 0.977 GB 2.869 GB

Table 1. Maximum memory cost during the calculations of different joint inversion methods.

3.1 Model 1

Figures 1a and 1b present a 3-D view of the model 1. The data on the surface are generated on a grid with
21 x 21 =441 points and grid spacing 100 m. The gravity and magnetic data computed from model 1 are illustrated
in Figures 1c and 1d, respectively. To perform the inversion, the subsurface volume is discretized into 20 x 20 x 10

[e)}
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prisms of sizes 100 m in each dimension. For all inversions, the bound constraints 0 = m; <m,; < m} = 1.0, g/cc,

and 0 = m; <m, < mj = 1.0, A/m, are imposed.
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Figure 1. (a) Spatial location of the synthetic model 1 for density model. (b) Spatial location of the synthetic model 1 for
magnetization model. (c) The contour map of forward gravity anomaly of synthetic model 1. (d) The contour

map of forward magnetic anomaly of synthetic model 1.

Firstly, the separate inversions of gravity and magnetic data are performed based on the GN method and the sta-
bilization function of the minimum difference between the recovered model and the reference model, respectively.
The L-curve method is used to acquire the suitable regularization parameters.

Fig. 2a presents the L curve of gravity data, and the obtained regularization parameter is 2.8 x 108. Set the initial
density model to 0.01 g/cc and the reference density model to 0.0 g/cc. Then, the separate inversion of gravity data
is performed. Figures 2b and 2c present the slices of the reconstructed density model at x= 1000 m and z =400 m,
respectively. Figure 2d is the L curve of the magnetic data, and the obtained regularization parameter is 6.3 x 1010,

@ (b) glce (c) glce
10000 2000
0 0.06 0.06
= 1500
e =g 004 F 0.04
=" 5000 £ a0 1000
o) <
a 0.02 0.02
0 1000 500
0 0.5 1 1.5 2 0 1000 2000 @, 0 o
3! %107 Y(m) 0 1000 2000
m
@ ot (e) Alm ® Y(m) Alm
2 2000
= 0 0.2 1500 0.2
WP g EE’ =
£ 500 01 £1000 o
o
0 s 1000 . 500 )
15 2 25 0 1000 2000 .
o2 x107 Yim) 0 1000 2000
" Y(m)

Figure 2. (a) The L curve method is used to calculate the regularization parameter of the gravity data; (d) The L curve
method is used to calculate the regularization parameter of the magnetic data; (b) and (c) are the slices of recov-
ered density model at x= 1000 m and z =400 m, respectively. (c) and (f) are the slices of recovered magnetization
model at x= 1000 m and z =400 m, respectively. The black boxes are the locations of the real models.
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Set the initial magnetization model to 0.01 A/m and the reference magnetization model to 0.0 A/m. Then, the
separate inversion of magnetic data is performed. Figures 2e and 2f show the slices of reconstructed magnetization
model at x=1000 m and z =400 m, respectively. The recovered density model and recovered magnetization model
obtained by the separate inversions are adopted to the initial density model and initial magnetization model for
the joint inversion by the GN method, respectively. Additionally, the obtained regularization parameters are also
brought into the joint inversion.

Secondly, the joint inversion is performed by the GN method, and the CG method is used to calculate the model
update vector. The weighting parameters of the correlation-analysis constraints of the gravity and magnetic data
are set to 1.0 x 105 and 1.0 x 104, respectively.
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Figure 3. The joint inversion of synthetic data 1 based on the GN method. (a) and (b) are the slices of recovered density
model at x=1000 m and z=400 m, respectively. (d) and (e) are the slices of recovered magnetization model at
x=1000 m and z =400 m, respectively. Convergence curves of the correlation-analysis joint inversion of gravity
data (c) and magnetic data (f). The black boxes are the locations of the real models.

Figures 3a and 3b present the slices of the recovered density model at x=1000 m and z=400 m, respectively.
Figures 3d and 3e present the slices of the recovered magnetization model at x= 1000 m and z=400 m, respectively.
Figures 3c and 3f are convergence curves of the joint inversion of gravity and magnetic data, respectively, and the
calculation time is 18 minutes. From Figure 3, the recovered models roughly describe the distribution of the real
sources.

Then, the joint inversion based on the same stable function in the previous joint inversion is performed by the
MS-ICG method. The weighting parameters of the correlation-analysis constraints are set to 1.0 x 10*and 1.0 x 103,
respectively. The number of iterations of the outer loop and the inner loop are set to 10 and 15, respectively. The
initial density model and the initial magnetization model are set to 0.01 g/cc and 0.01 A/m, respectively. Then, the
MS-ICG joint inversion is performed.

Figures 4a and 4b present the slices of reconstructed density model at x=1000 m and at z=400 m, respective-
ly. Figures 4d and 4e show the slices of recovered magnetization model at x= 1000 m at z=400 m, respectively.
Figures 4c and 4f are convergence curves of the joint inversion of gravity and magnetic data, respectively, and the
computation time is 12 minutes. Comparing the recovered results in Figures 3 and 4, it can be found that there is
no significant difference between the two recovered results, and the computation time of the latter inversion is
relatively short.
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Figure 4. The joint inversion of synthetic data 1 based on the MS-ICG method and the L2-norm regularization method.
(a) and (b) are the slices of recovered density model at x= 1000 m and z =400 m, respectively. (d) and (e) are the
slices of recovered magnetization model at x=1000 m and z=400 m, respectively. Convergence curves of
the correlation-analysis joint inversion of gravity data (c) and magnetic data (f) in the MS. The black boxes

are the locations of the real models.
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Figure 5. The MS-ICG joint inversion of synthetic data 1. (a) and (b) are the slices of recovered density model at x = 1000 m
and z =400 m, respectively. (d) and (e) are the slices of t recovered magnetization model at x =1000 m and
z =400 m, respectively. Convergence curves of the MS-ICG joint inversion of gravity data (c) and magnetic
data (f). The black boxes are the locations of the real models.
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Then, the MS-ICG joint inversion based on the elastic-nets regularized method is performed. The parameters are
settot; =0.6, 1, = 0.6 and € = 0.001, and the other parameters are consistent with those parameters in the previous
joint inversion performed by the GN method.

Figures 5a and 5b show the slices of the recovered density model at x=1000 m and at z=400 m, respectively.
Figures 5d and 5e present the slices of the recovered magnetization model at x=1000 m and at z=400 m, respec-
tively. Figures 5c and 5f are convergence curves of the joint inversion of gravity and magnetic data, respectively,
and the calculation time is 11 minutes and 3 seconds. From Figures 3, 4 and 5, it can be found that when the stable
function with sparse factor and the ICG method are adopted, the reconstructed models are closer to the real models
and show clear boundaries.

Then, the DS-ICG separate inversions of gravity and magnetic data based on the elastic-nets regularized method
is performed. The parameters used are consistent with those parameters of the MS-ICG joint inversion.
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Figure 6. The separate inversions of synthetic data 1 based on the DS-ICG method. (a) and (b) are the slices of recovered
density model at x = 1000 m and z =400 m, respectively. (d) and (e) are the slices of recovered magnetization
model at x = 1000 m and z =400 m, respectively. Convergence curves of the separate inversions of gravity data (c)
and magnetic data (f) in the DS. The black boxes are the locations of the real models.

Figures 6a and 6b present the slices of the recovered density model at x=1000 m and at z =400 m, respectively.
Figures 6d and 6e present the slices of the recovered magnetization model at x= 1000 m and at z=400 m, respectively.
Figures 6¢ and 6f are convergence curves of the separate inversions of gravity and magnetic data, respectively. Obvi-
ously, the DS-ICG method adopted to the separate inversions, and the recovered results are significantly improved.

Next, the DS-ICG joint inversion based on the elastic-nets regularized method is performed. The weighting
parameters of the correlation-analysis constraints are set to 5.0 and 1.0, respectively, and the other parameters are
consistent with those parameters of the MS-ICG joint inversion

Figures 7a and 7b present the slices of the reconstructed density models, respectively. Figures 7d and 7e pres-
ent the slices of the recovered magnetization model, respectively. Figures 7c and 7f are convergence curves of the
DS-ICG joint inversion of gravity and magnetic data, respectively, and the joint inversion time is 3 minutes and
15 seconds. Comparing the recovered results shown in Figures 3, 4, 5, 6 and 7, it can be found that the reconstruct-
ed models obtained by the DS-ICG joint inversion method present the best performance that the numerical value
and the spatial distribution of the recovered models are closer to the real models, suggesting the correctness and
advantages of the extended method in this paper.
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Figure 7. The DS-ICG joint inversion of synthetic data 1. (a) and (b) are the slices of recovered density model at x = 1000 m
and z =400 m, respectively. (d) and (e) are the slices of recovered magnetization model at x = 1000 m and

z =400 m, respectively. Convergence curves of the DS-ICG joint inversion of gravity data (c) and magnetic data (f).

The black boxes are the locations of the real models.
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Figure 8. The MS-ICG joint inversion of synthetic data 1. (a) and (b) are the slices of t recovered density model at
x = 1000 m and z = 400 m, respectively. (d) and (e) are the slices of recovered magnetization model at x = 1000 m
and z =400 m, respectively. Convergence curves of the MS-ICG joint inversion of gravity data (c) and magnetic
data (f). The black boxes are the locations of the real models.
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Figure 9. The DS-ICG joint inversion of synthetic data 1. (a) and (b) are the slices of t recovered density model at
x = 1000 m and z =400 m, respectively. (d) and (e) are the slices of recovered magnetization model at x = 1000 m
and z =400 m, respectively. Convergence curves of the DS-ICG joint inversion of gravity data (c) and magnetic
data (f). The black boxes are the locations of the real models.
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Figure 10. The DS-ICG joint inversion of synthetic data 1. (a) and (b) are the slices of recovered density model at x = 1000 m
and z =400 m, respectively. (d) and (e) are the slices of recovered magnetization model at x =1000 m and
z =400 m, respectively. Convergence curves of the DS-ICG joint inversion of gravity data (c) and magnetic
data (f). The black boxes are the locations of the real models.
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Furthermore, the subsurface volume is discretized into 25 x 25 x 15 prisms to verify the efficiency of the extended
method in this paper. Firstly, the MS-ICG joint inversion based on the elastic-nets regularized method is performed,
and the weighting parameters of the correlation-analysis constraints are set to 1.0 x 103and 1.0 x 10%, respectively.
The remaining parameters are consistent with those parameters of the previous MS-ICG joint inversion.

Figures 8a, 8b, 8d and 8e present the slices of the reconstructed models, respectively. Figures 8c and 8f are con-
vergence curves of the DS-ICG joint inversion of gravity and magnetic data, respectively, and the joint inversion
time is 55 minutes. Then, the weighting parameters of the correlation-analysis constraints are changed to 0.5 and
0.1, respectively, the remaining parameters are consistent with those parameters of the MS-ICG joint inversion and
then the DS-ICG joint inversion based on the elastic-nets regularized method is performed.

Figures 9a, 9b, 9d and 9e present the slices of the reconstructed models, respectively. Figures 9c and 9f are con-
vergence curves of the DS-ICG joint inversion of gravity and magnetic data, respectively, and the inversion time is 8
minutes. Additionally, the meshing is refined to 40 x 40 x 30 prisms to verify the efficiency of the extended method.
The parameters of the correlation-analysis constraints are changed to 0.01 and 0.01, respectively. The remaining
parameters are consistent with those parameters of the previous DS-ICG joint inversion.

Figures 10a, 10b, 10d and 10e present the slices of the reconstructed models, respectively, and the calculation
time is 50 minutes. Comparing the computation time of the joint inversions mentioned above, it can be shown that
the calculation efficiency of the DS-ICG joint inversion is higher than the calculation efficiency of the MS-ICG joint
inversion. From the recovered models shown in Figures 8, 9 and 10, it can be seen that the DS-ICG joint inversion
improves the inversion accuracy, which illustrates the correctness and advantages of the extended method in this
paper. Additionally, the part of model 1 in Table 1 shows that the DS-ICG joint inversion method requires less
memory cost, which again proves the high efficiency of the extended method in this paper.

3.2 Model 2

A more complicated model is used to verify the applicability of the extended method in this paper.
Figures 11a and 11b present a 3-D view of the synthetic model 2. The data on the surface are generated on a grid with
21 x 21 =441 points and grid spacing 100 m. The gravity and magnetic data computed from model 2 are presented
in Figs. 11c and 11d, respectively. To perform the inversion, the subsurface volume is discretized into 20 x 20 x 10
prisms of sizes 100 m in each dimension. For all inversions, the bound constraints 0 = my < m; < m{ = 1.0, g/cc,
and 0 = m; <m, <m} = 1.0, A/m, are imposed.

Firstly, the numbers of iterations of the outer loop and the inner loop are both set to 10. The initial density model
and the initial magnetization model are set to 0.01 g/cc and 0.01 A/m, respectively. Obviously, the regularization
method is closer to the L1 norm, the more obvious boundaries of the recovered models will be obtained. Therefore,
the regularization method is made close to the L1-norm regularization method in the inversions of synthetic data
2 and the related parameters are set to t; =0.01, T, =0.01, £ = 0.001, and those parameters are used for the subse-
quent inversions of synthetic data 2. Then, the separate inversions of gravity and magnetic data are performed by
the MS-ICG method, respectively.

Figures 12a and 12b present the slices of the reconstructed density model, respectively. Figures 12d and 12e
present the slices of the reconstructed magnetization model, respectively. Figures 12c and 12f are convergence
curves of the MS-ICG separate inversions of gravity and magnetic data, respectively.

The weighting parameters and the numbers of iterations are very important for the inversion. The iteration num-
bers of the outer loop and the inner loop are set to 10 and 25, the weighting parameters of the correlation-analysis
constraints for gravity data and magnetic data are both set to 7.0. The other parameters are consistent with those
parameters of the previous MS-ICG separate inversions of synthetic data 2 and then the MS-ICG joint inversion is
performed.

Figures 13a and 13b show the slices of the reconstructed density models, respectively. Figures 13d and 13e show
the slices of the recovered magnetization model, respectively. Figs. 13c and 13f are convergence curves of the MS-ICG
joint inversion of gravity and magnetic data, respectively, and the joint inversion time is 13 minutes and 23 seconds.
From Figures 12 and 13, the recovered physical models from the MS-ICG joint inversion show better performance
that the distribution and the values of the recovered models are closer to the real models.

Next, the DS-ICG inversion method is adopted to carry out separate inversions of the gravity and magnetic data,
respectively. The iteration numbers of the outer loop and the inner loop are both set to 10 and the other parameters
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Figure 11. (a) Spatial location of the synthetic model 2 for density model. (b) Spatial location of the synthetic model 2
for magnetization model. (c) The contour map of forward gravity anomaly of model 2. (d) The contour map of

forward magnetic anomaly of model 2.
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Figure 12. The MS-ICG separate inversions of synthetic data 2. (a) and (b) are the slices of recovered density model at
x = 1000 m and z = 400 m, respectively. (d) and (e) are the slices of recovered magnetization model at x = 1000 m
and z =400 m, respectively. Convergence curves of the separate inversions of gravity data (c) and magnetic
data (f) in the MS. The black boxes are the locations of the real models.
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Figure 13. The MS-ICG joint inversion of synthetic data 2. (a) and (b) are the slices of recovered density model at x = 1000 m
and z =400 m, respectively. (d) and (e) are the slices of recovered magnetization model at x=1000 m and
z =400 m, respectively. Convergence curves of the MS-ICG joint inversion of gravity data (c) and magnetic
data (f). The black boxes are the locations of the real models.

are consistent with those parameters of the previous MS-ICG separate inversions on synthetic data 2 and then the
DS-ICG separate inversions are performed.

Figures 14a and 14b present the slices of the recovered density model, respectively. Figures 14d and 14e show
the slices of the reconstructed magnetization model, respectively. Figures 14c and 14f are convergence curves of
the DS-ICG separate inversions of gravity and magnetic data, respectively.

Then, the weighting parameters of the correlation-analysis constraints are both set to 1.0. The iteration num-
bers of the outer loop and the inner loop of the joint inversion are both set to 10, the other parameter values are
consistent with those parameters in the MS-ICG joint inversion, and then the DS-ICG joint inversion is performed.

Figures 15a and 15b show the slices of the recovered density model, respectively. Figures 15d and 15e show the
slices of the reconstructed magnetization model, respectively. Figures 15c and 15f are convergence curves of the
DS-ICG joint inversion of gravity and magnetic data, respectively, and the joint inversion time is 3 minutes and
13 seconds. From Figures 12, 13, 14 and 15, the recovered models obtained by the DS-ICG joint method are more
reasonable, which is shown that the 3D spatial distribution and the values of the recovered models are closer to the
real models. Furthermore, the subsurface volume is discretized into 40 x 40 x 20 prisms to verify the efficiency of
the extended method in this paper. The parameters of the correlation-analysis constraints are changed to 0.2 and
0.2, respectively. The remaining parameter values are the same as those parameters of the previous DS-ICG joint
inversion and then the DS-ICG joint inversion is performed.

Figures 16a, 16b, 16d and 16e show the slices of the reconstructed models, respectively. Figures 16¢ and
16f are convergence curves of the DS-ICG joint inversion of gravity and magnetic data, respectively, and the
joint inversion time is 38 minutes. It can be found that the DS-ICG joint inversion can acquire the reasonable
recovered results in a short period of time, suggesting the correctness of the method extended in this paper.
Additionally, the part of Model 2 in Table 1 can be found that the DS-ICG joint inversion method requires less
memory resources than the MS-ICG joint inversion method, which can illustrate the high efficiency of the ex-
tended method in this paper.
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Figure 14. The DS-ICG separate inversions of synthetic data 2. (a) and (b) are recovered density model at x = 1000 m and
z =400 m, respectively. (d) and (e) are the slices of recovered magnetization model at x = 1000 m and z =400 m,
respectively. Convergence curves of the separate inversions of gravity data (c) and magnetic data (f) in the DS.
The black boxes are the locations of the real models.
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Figure 15. The DS-ICG joint inversion of synthetic data 2. (a) and (b) are the slices of recovered density model at x = 1000 m
and z =400 m, respectively. (d) and (e) are the slices of recovered magnetization model at x =1000 m and
z =400 m, respectively. Convergence curves of the DS-ICG joint inversion for gravity data (c) and magnetic
data (f). The black boxes in the figure 15 are the locations of the real models.
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Figure 16. The DS-ICG joint inversion of synthetic data 2. (a) and (b) are the slices of recovered density model at x = 1000 m
and z =400 m, respectively. (d) and (e) are the slices of recovered magnetization model at x =1000 m and
z =400 m, respectively. Convergence curves of the DS-ICG joint inversion of gravity data (c) and magnetic data
(f). The black boxes in the figure 16 are the locations of the real models.

3.3 Validation by the Field Data

The correlation-analysis joint inversion is applied to the interpretation of field data in the Pingbao lead-zinc-
silver polymetallic mining area in Hunan Province, China. After removing the regional gravity anomalies from the
observed gravity anomalies, the residual gravity anomalies (Figure 17a) are obtained. Simultaneously, regional
magnetic field is subtracted from the observed magnetic anomaly data (Figure 17b).

The observation network of gravity and magnetic data is a regular grid of 25 x 25, with a total of 625 equidistant
data points. The subsurface volume is discretized into 24 x 24 x 10 prisms. We assume that the value of each of the
inverted parameters is uniform within each cell. From prior petrophysical information obtained from the borehole
data in the mining area, the bound constraints —0.3 = m; <m,; < m{=5.0, g/cc, and 0.6 = m; < m, < m}=4.0,
A/m, are imposed.

Firstly, the MS-ICG joint inversion based on the elastic-nets regularized method is performed on gravity and
magnetic data, and the initial density model and the initial magnetization model are uniform half-space model with
0.1 g/cc and 0.1 A/m, respectively. The parameters values are set to t; = 0.4, T, = 0.4 and £ = 0.01. Additionally, the
iteration numbers of the outer loop and the inner loop are set to 20 and 15, respectively. The weighting parameters
of the correlation-analysis constraints are set to 0.2 and 0.1, respectively. Then, the MS-ICG joint inversion of field
data is performed.

Figures 18a, 18b and 18c present the slices of the reconstructed density model at z=250 m, z=450 m and
z =650 m, respectively. Figures 18e, 18f and 18g present the slices of the recovered magnetization model at z=250 m,
z=450 m and z= 650 m, respectively. Figures 18d and 18h are convergence curves of the joint inversion of gravity
and magnetic data, respectively, and the joint inversion time is 60 minutes and 30 seconds. Furthermore, the DS-
ICG joint inversion based on the elastic-nets regularized method is performed on gravity and magnetic data. The
iteration numbers of the outer loop and the inner loop are set to 17 and 15, respectively. The weighting parameters
of the correlation-analysis constraints for gravity and magnetic data are set to 5.0 x 10~*and 1.0 x 10~ respectively.
The remaining parameter values are the same as those parameters of the previous MS-ICG joint inversion.

Figures 19a, 19b and 19c show the slices of the reconstructed density model at z=250 m,z=450 m and z=650 m,
respectively. Figures 19e, 19f and 19g show the slices of the reconstructed magnetization model at z=250 m, z=450 m
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Figure 17. (a) Residual gravity anomaly data in Huangshaping mining area, Hunan Province. (b) Residual magnetic anomaly
data in Huangshaping mining area, Hunan Province.

and z =650 m, respectively. Figures 19d and 19h are convergence curves of the joint inversion of gravity and mag-
netic data, respectively, and the joint inversion time is 14 minutes and 14 seconds. Obviously, the calculation time
in the DS is much shorter than the calculation time in the MS.

From Figs. 18 and 19, it can be found that the recovered models can distinguish the distributions of the sub-
surface bodies. The distribution of the reconstructed density model is well corresponding to the distribution of
the gravity anomaly, showing a trend of high values in the southeastern region and low values in the northeastern
region. Simultaneously, the distribution of the recovered magnetization model also has a good correspondence to
the distribution of the magnetic anomaly, showing a trend of high values in the middle area and low values on both
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Figure 18. The result of the MS-ICG joint inversion of gravity and magnetic data. The slices of the recovered density
model at z =250 m (a), z=450 m (b) and z = 650 m (c). (d) Convergence curve of the MS-ICG joint inversion of
gravity data. The slices of the recovered magnetization model at z =250 m (e), z =450 m (f) and z = 650 m (g).

(h) Convergence curve of the MS-ICG joint inversion of magnetic data.
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Figure 19. The result of the DS-ICG joint inversion of gravity and magnetic data. The slices of the recovered density
model at z=250 m (a), z=450 m (b) and z = 650 m (c). (d) Convergence curve of the DS-ICG joint inversion of
gravity data. The slices of the recovered magnetization model at z= 250 m (e), z =450 m (f) and z = 650 m (g).
(h) Convergence curve of the DS-ICG joint inversion of magnetic data.

sides of the working area. The recovered models of the MS-ICG joint inversion are scattered and fuzzy, while the
recovered models of the DS-ICG joint inversion in the DS are focused. Furthermore, the boundaries between the
geology anomalous bodies and surrounding rocks from the DS-ICG join inversion are more obvious. Additionally,
the part of real data in Table 1 can be found that the memory resources required in the DS-ICG joint inversion is less
than the memory cost required in the MS-ICG joint inversion, which also illustrates the efficiency of the extended
method in this paper.

4. Conclusions

In this paper, the DS method and the ICG algorithm are extended to the correlation-analysis joint inversion. The
DS-ICG joint inversion method has been applied on gravity data and magnetic data, including synthetic data and
field data. The DS-ICG joint inversion method facilitates the combination of the stable function with sparse factor.
The sparse-constrained regularization method can enhance the sparsity to maintain sharp boundaries of the recon-
structed physical property models. Furthermore, the elastic-net regularization method can avoid over-sharpening
and over-smoothing at the boundaries of the reconstructed models. Simultaneously, compared with the MS-ICG
joint inversion, the DS-ICG joint inversion can reduce the dimensions of the computation equations, which can
effectively reduce the requirements of computation cost, increase the calculation efficiency and improve the inver-
sion accuracy. Additionally, the recovered models of field data show that the algorithm extended in this paper can
quickly acquire the underground distributions of density and magnetization and effectively divide the boundaries
between the geological anomalous bodies and the surrounding rock, which shows strong stability and practicality
of the DS-ICG joint inversion method. Therefore, it can be illustrated that the DS-ICG joint inversion method is an
effective technical means for the interpretation of field data.
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