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Abstract: Gravity migration is a fast imaging technique based on the migration concept to obtain 11 
subsurface density distribution. For higher resolution of migration imaging results, we propose a 12 
3D regularized focusing migration method that implements migration imaging of entire gravity 13 
surveys with focusing stabilizer based on regularization theory. When solving the model 14 
parameters, the iterative direction is chosen as the conjugate migration direction, and the iterative 15 
step size is selected on the basis of Wolfe-Powell conditions. The model tests demonstrate the 16 
proposed method can improve the resolution and precision of imaging results, especially for block 17 
structures. At the same time, the method has high computational efficiency, which allows a rapid 18 
imaging for large scale gravity data. It also has high stability in noise conditions. The developed 19 
novel method is applied to interpret the gravity survey data collected in a skarn-type iron deposit 20 
in Yucheng, Shandong province. Migration results show that the buried depth of iron ore in this 21 
area is 750-1500 m, which is consistent with the actual drilling data. We also put forward suggestions 22 
for further mineral exploration in the survey area. This method can be used to complete rapid global 23 
imaging of large mining areas and provide important technical support for exploration of deep 24 
concealed deposits. 25 

Keywords: 3D focusing migration; regularization; conjugate migration direction; fast imaging; 26 
skarn-type iron deposits 27 

 28 

1. Introduction 29 
Gravity exploration that can effectively obtain the comprehensive response of subsurface 30 

density distribution is an important method in geophysical exploration and is widely used in 31 
estimating target mineralized zones. Subsurface density distribution can be obtained by the inversion 32 
of gravity data, but from the perspective of classical theory, all geophysical inversions including 33 
gravity inversion are ill-posed for their solutions are either non-unique or unstable. Nevertheless, 34 
geophysicists can solve this problem to some extent by adopting different types of regularization 35 
algorithms. Tikhonov [1] established regularization theory (also see [2,3,4]). The regularized 36 
inversion problem can be solved by an optimization problem of finding a solution that minimizes the 37 
objective functional which can be expressed as 38 

(࢓)ܲ = ௗܲ(࢓) + ߣ ௠ܲ(࢓), (1) 

where ௗܲ(݉) is the misfit functional, ௠ܲ(݉) is the stabilizing functional that can make the inversion 39 
inversion result contain a priori information of the model parameters, and ߣ is the regularization 40 
parameter that balances the effects of ௗܲ(݉) and ௠ܲ(݉).  41 
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On the basis of this equation, varieties of 3D regularized inversion methods for gravity data were 42 
developed with different regularization terms, such as regularized smooth inversion based on the L2 43 
norm (e.g., [5,6]), sparse inversion based on the L1 norm (e.g., [7]), elastic-net inversion (e.g., [8]), total 44 
variation inversion (e.g., [9,10]) and focusing inversion (e.g., [11,12]). Several classical techniques 45 
were also developed to automatically estimate an appropriate regularization parameter [13-15]. They 46 
have different effects and scopes of application [16,17]. 47 

Considering the calculation amount and time, inversion methods may face the inability of 48 
efficiency in actual data processing, and cannot complete the overall 3D density imaging of large 49 
regions. Such inefficiency of inversion has become a bottleneck in the study of regional structure and 50 
deep geological problems. Therefore, it is an urgent problem to improve computing efficiency. 51 
Zhdanov introduced the concept of potential field migration and demonstrated its application for 52 
rapid 2D and 3D imaging of entire gravity or gradiometry surveys [18-21]. For gravity and its 53 
gradient field, migration imaging is based on the direct integral transformation of gravity and its 54 
gradient data (that can also be mathematically described as the action of the adjoint operator on the 55 
observed data). The potential field migration method is fast and stable, and can be used for real-time 56 
imaging. However, its imaging results are divergent. Later, this method was extended to iterative 57 
migration [22], in which case adjoint operators were iteratively used. That is to say, the forward 58 
model is introduced to estimate the accuracy of the migration results by computing the residual of 59 
observed data and prospected data during each iteration. When the residual is less than a given value, 60 
this migration imaging model is adopted as the final result. In this way, imaging accuracy is 61 
improved. Multi-component joint iterative migration, which was subsequently developed, further 62 
improved vertical resolution [23].  63 

The potential field migration method instantaneously provides an estimation to density 64 
distribution in a single step, while iterative migration improves spatial resolution. However, the 65 
introduction of an iterative process reduces its efficiency. In order to maintain the high efficiency of 66 
migration and improve the resolution and stability, we propose a method called 3D regularized 67 
focusing migration. We introduce an objective functional similar to that of regularized inversion. We 68 
select the focusing stabilizer based on the form adopted by Portniaguine and Zhdanov [24], which 69 
helps to generate a sharp and focused image of the model. We follow the regularization parameter 70 
selection criterion on the basis of Portniaguine et al. [25], that is, the regularization parameter is given 71 
an initial value, and then successively decreases in iterative calculation, thus accelerating 72 
convergence and robustness. When solving the optimization problem of minimizing the objective 73 
functional, the search direction of our algorithm is the conjugate migration direction instead of the 74 
conjugate gradient direction for conventional regularized inversion. Good results can be obtained at 75 
the first migration, that is, the predicted anomaly of model parameters obtained in the first migration 76 
has a relatively consistent shape with the observed anomaly. Using the conjugate migration direction 77 
results in faster convergence than using the conjugate gradient direction in inversion. So we can 78 
obtain relatively convergent results with fewer iterations. Unfortunately, line searches are still 79 
performed multiple times in minimizing the objective functional. In order to improve line search 80 
efficiency under the premise of ensuring algorithm convergence, the iterative step size is selected 81 
based on the inexact line search step size criterion proposed by Wolfe and Powell [26,27]. When the 82 
model scale is relatively large, adopting the Wolfe-Powell conditions allows a misfit to consume less 83 
time to reach the given value. 84 

The proposed method is efficient and stable, and can provide real-time high-resolution 85 
subsurface density distribution imaging. It is well suited for evaluating mining targets, because our 86 
efficient algorithm allows fast imaging without being constrained by millions of datasets over large 87 
mining areas. Our regularization parameter selection criterion is applicable for the very case when 88 
the observed data are contaminated with Gaussian noise of uniform but unknown standard deviation 89 
just as the real data collected. The focusing stabilizer can distinguish the boundary of each geological 90 
body as ore bodies are mostly concentrated in relatively high density. 91 

In the following sections, we briefly introduce the principle of regularized focusing migration 92 
method, and use synthetic models to verify the rationality and performance of our method. Then it 93 
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is applied to the interpretation of gravity data collected from Yucheng, Shandong province which has 94 
been proved to have great potential mining targets for skarn-type iron ore deposits but with no 95 
surface expressions. We discuss the geological background of this area, interpret the geophysical 96 
data, and provide a road map for further mineral exploration. 97 

2. Methodology 98 

2.1. Forward Modeling of Gravity Anomalies 99 
The purpose of gravity forward modeling is to calculate the effect of subsurface density 100 

distribution on the observation surface. The modelling domain is discretized into rectilinear cuboids 101 
of constant density (Figure 1). Discrete forward modelling for gravity anomalies produced by 102 
arbitrary density distribution can be expressed in general matrix notation as: 103 

ࢊ =  (2) ,࢓࡭

where ࢊ is a vector of the observed data of order n; ࢓ is a vector of the model parameters of order 104 
 called the sensitivity matrix, is a matrix of size ݊ by ݉ formed by the corresponding gravity 105 ,࡭ ;݉
field kernels. If the subsurface modelling region is divided into ݊௫ × ݊௬ × ݊௭ geometric cuboids, then 106 
݊ = ݊௫ × ݊௬, ݉ = ݊௫ × ݊௬ × ݊௭. 107 

. 108 

Figure 1. Interpretation models. (a) A layer of rectilinear cuboids; (b) a single cuboid. Observation 109 
position is described by coordinate triple (ݔ, ,ݕ  Coordinates of cuboid corners can be completely 110 .(ݖ
described by two triples (ߝଵ, ଵߟ , ,ଶߝ) ଵ) andߞ ,ଶߟ  ଶ). 111ߞ

The gravity anomalies generated by any geometric cuboid M at observation point D can be 112 
expressed as [28]. 113 

ࢊ = ெߩߛ ቄ(ߝ − ܴ]݊ܫ(ݔ − ߟ) − [(ݕ + ߟ) − ܴ]݊ܫ(ݕ − ߝ) − [(ݔ − ߞ) −

(ݖ tanିଵ (ఌି௫)(ఎି௬)
(఍ି௭)ோ

ቅ ฬ
ଶߝ
ଵߝ

ቚ
ଶߟ
ଵߟ

ฬߞଶ
ଵߞ

, 
(3) 

where ߛ is the gravitational constant; ߩெ  is the density of the geometric cuboid; (x, y, z) are the 114 
coordinates of surface observation point P; and ߝଵ, ߝଶ, ߟଵ, ߟଶ, ߞଵ, ߞଶ are coordinates to determine the 115 
the subdivision cuboid space. ܴ = ඥ(ߝ − ଶ(ݔ + ߟ) − ଶ(ݕ + ߞ) −  ଶ.  116(ݖ

2.2. Principles of of Gravity Field Migration 117 
Given that gravity field dataset ࢙࢈࢕ࢊ is observed on the observation surface S, the question is 118 

how to determine the subsurface density distribution ࢓. Zhdanov proposed a migration imaging 119 
method that can perform fast imaging on the basis of Newton method. Its imaging principle is 120 
described briefly below [29]. 121 

In the framework of Newton method, a solution to the problem of parameter functional 122 
minimization can be found in one step size. When both the initial model and the prior model of 123 
abnormal density distribution are equal to zero, the solution can be expressed as: 124 
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࢓ = − ଵ
ఒ

࢓ࢃ)
∗  ૙, (4)࢒ଵି(࢓ࢃ

where ߣ is the regularization parameter; ࢓ࢃ is a model weighting matrix; ࢒૙ is the direction of 125 
steepest descent that is introduced as a result of applying adjoint gravity operator, ࡭∗, to the observed 126 
observed gravity data, 127  :࢙࢈࢕ࢊ 

૙࢒ = (5) ,࢙࢈࢕ࢊ∗࡭−

where adjoint gravity operator, ࡭∗, is specified as 128 

∗࡭ = ߛ  ∬ ࢊ
|࢘ᇲି࢘|య ᇱࢠ) −  .ݏ݀(ࢠ

 
(6)

Let ଵ
ఒ

= ݇ఈ, and substitute Equation (5) into Equation (4), migration density can be rewritten as 129 

࢓ = ݇ఈ(࢓ࢃ
∗ ࢙࢈࢕ࢊ∗࡭ଵି(࢓ࢃ = ݇ఈ࣓ࢻ

૛ (7) .࢙࢈࢕ࢊ∗࡭

Weighting operator, ࣓ࢻ, is constructed based on the square root of the integrated sensitivity of the 130 
data to the density, 131 :ࢻࡿ 

ࢻ࣓ = ඥ(8) .ࢻࡿ

Unknown coefficient, ݇ఈ, can be determined by linear line search: 132 

݇ఈ = ฮࢻ࡭
ࢻࢊ∗࣓

ฮ࢙࢈࢕
మ

ฮࢻ࡭
ࢻ࡭࣓

ࢻࢊ∗࣓
ฮ࢙࢈࢕

మ. (9)

Migration gives us a method to analytically solve for model parameters, so rather than needing 133 
to run an iterative algorithm, we can instead just solve for the optimal value for ࢓ all at one go. It is 134 
obvious that migration cannot obtain relatively accurate imaging results, although it has great 135 
advantages in terms of efficiency. To this end the regularized focusing migration method is 136 
introduced in this paper. The specific principle is as follows. 137 

2.3. Regularized Focusing Migration 138 
We can consider ݇ఈ in Formula (7) as the step size and ࣓ࢻ

૛ ࢻ࡭
∗  as the migration direction, in 139 

which case migration is similar to the first iteration of a general inversion problem.  140 
In regularization theory, the solution of linear inverse Problem (2) is substituted by minimization 141 

of Tikhonov objective functional: 142 

ܲ(݉) = ࢓࡭)ࢊࢃ‖ − ଶ‖(ࢊ + ࢓൫࢓ࢃฮߣ − ൯ฮଶ࢘࢖ࢇ࢓ → ݉݅݊, (10)

where ࢘࢖ࢇ࢓  is a prior model; and ࢊࢃ ࢓ࢃ , , are weighting matrices of the data and model 143 
parameters, respectively.  144 

We introduce a focusing weighting matrix ࢋࢃ, and the reweighted objective functional can be 145 
rewritten as: 146 

ఈܲ(࣓ࢊ，࣓࢓) =∥ ࣓࢓࣓࡭ − ࣓ࢊ ∥ଶ+ ߣ ∥ ࣓࢓ ∥ଶ, (11)

where 147 
࣓࡭ = ࢓ࢃ࡭ࢊࢃ

ି૚ࢋࢃ
ି૚, (12)

࣓ࢊ = (13) ,ࢊࢊࢃ

࣓࢓ = (14) .࢓࢓ࢃࢋࢃ

There are different choices of weighting matrices ࢓ࢃ ,ࢊࢃ ,ࢋࢃ. Here we choose the following 148 
forms: 149 

ࢋࢃ = ݀݅ܽ݃ ଵ
ඥ(࢓)మାࢋమ, (15)
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ࢊࢃ = (ࢀ࡭࡭ )݃ܽ݅݀
భ
మ, (16)

࢓ࢃ = (࡭ ࢀ࡭)݃ܽ݅݀
భ
మ. (17)

For the ݊ th iteration (݊=1, 2, 3...), the objective functional can be written as: 150 

ఈܲ೙(࢔࢓
(࢔࣓ࢊ，࢔࣓ =∥ ࢔࢓࢔࣓࡭

࢔࣓ − ࢔࣓ࢊ ∥ଶ+ ௡ߣ ∥ ࢔࢓
࢔࣓ ∥ଶ. (18)

When solving the model parameters, different from the conjugate gradient method used in the 151 
general inversion problem, we provide the conjugate migration direction method, that is, the search 152 
direction of each iteration is along the conjugate migration direction. Then for regularized migration, 153 
according to Formula (5) , we define the migration direction as 154 

࢓࢒ = ࢔࣓࡭ ∗൫࢔࢓࢔࣓࡭
࢔࣓ − ൯࣓ࢊ + ࢔࢓௡൫ߣ

൯, (19)࢔࣓

and the conjugate migration direction is defined as the linear combination of the migration direction 155 
on this step and the conjugate migration direction on the previous step. Hence the conjugate 156 
migration direction for current model parameter ࢔࢓

࢔࣓  is: 157 
࢔෨ࡵ

࢔࣓ = ࢔ࡵ
࢔࣓ + ࢔෨ࡵ௡ߚ

ష૚, (20)࢔࣓

where 158 
࢔ࡵ

࢔࣓ = ࢔࣓࡭ ∗൫࢔࢓࢔࣓࡭
࢔࣓ − ൯࣓ࢊ + ࢔࢓௡൫ߣ

൯, (21)࢔࣓

௡ߚ = ࢔ࡵ∥
మ∥࢔࣓

ష૚࢔ࡵ∥
ష૚∥మ. (22)࢔࣓

Specifically, the conjugate migration direction is defined as the migration direction when n = 0, 159 
namely ࡵ෨૙

࣓૙ = ૙ࡵ
࣓૙. 160 

The successive line search in the conjugate migration direction can be written as: 161 
ା૚࢔࢓

࢔࣓ = ࢔࢓
࢔࣓ − ݇௡ࡵ෨࢔ࢻ

(23) .࢔࣓

Here, ݇௡ is the iteration step size. We take the Wolfe-Powell inexact line search conditions instead of 162 
of the exact line search criterion shown in Formula (9) of the conventional iterative migration to 163 
obtain the step size [30], that is, for each iteration the method first finds an interval of the step size, 164 
and then finds the parameters that satisfy the conditions where the step size brings about a sufficient 165 
reduction for the value of the objective functional using a stepwise dichotomy method. One can find 166 
the formal proof of convergence of this type of optimization technique in [27]. 167 

The actual model parameters can be converted as 168 
ା૚࢔࢓ = ࢓ࢃ

ି૚࢔ࢋࢃ
ି૚࢔࢓ା૚

࢔࣓ , (24)

where ࢔ࢋࢃ is the focusing weighting matrix updated according to the ࢔࢓ obtained on the (݊ − 1)st 169 
iteration. 170 

Reweight ࢔࢓ା૚ to get ࢔࢓ା૚
 శ૚: 171࢔࣓

ା૚࢔࢓
శ૚࢔࣓ = ା૚. (25)࢔࢓శ૚࢔ࢋࢃ࢓ࢃ

To ensure that the misfit functional converges to the global minimum, the following procedures 172 
are adopted to reduce the regularization factor. First, let 173 

௡݌ =
శ૚࢔࢓∥

శ૚∥మ࢔࣓

࢔࢓∥
మ∥࢔࣓ , (26)

and then update the regularization factor as follows: 174 

௡ାଵߣ = ൜
௡݌          ௡ߣ        < 1    

௡ߣ ⁄௡݌ ௡݌         > 1 . (27)

If the misfit functional is not shrinking fast enough, namely ∥ ࢔࢘
࢔࣓ ∥ଶ−∥ ା૚࢔࢘

శ૚࢔࣓ ∥ଶ< 0.01 ∥ ࢔࢘
࢔࣓ ∥ଶ, the 175 

value of ߣ௡ାଵ calculated by Equation (27) should be reduced to q times of the original value and we 176 
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selected q=0.6 according to experience. It is not difficult to find that for the solution obtained in each 177 
iteration, if the value of regularization parameter is continuously reduced, the value of the 178 
corresponding objective functional also keeps decreasing, which guarantees the objective functional 179 
can converge faster on the premise of obtaining a stable solution. 180 

When the misfit reaches a given range: 181 

ݐ݂݅ݏ݅ܯ = ‖ࢊିࡺ࢓࡭‖
‖ࢊ‖

. 100% ≤ ଴, (28)ߝ

the iteration process terminates and output ࡺ࢓, otherwise proceed to the next iteration. 182 

3. Synthetic Examples 183 
We examined the feasibility and effectiveness of 3D regularized focusing migration with several 184 

typical synthetic models. First, we designed a single cube with a residual density of 1 g/cm3, located 185 
at a depth of 150 m at the center. The three-dimensional diagram of the subsurface model and its 186 
surface gravity anomalies are shown in Figures 2(a) and (b). The subsurface inversion domain was 187 
divided into 50 × 50 × 25 regular grids.  188 

 189 
Figure 2. (a) Three-dimensional diagram of the single cube model; (b) gravity anomalies on the 190 
ground generated from the model; (c) vertical cross-section of y=250m obtained from 3D regularized 191 
focusing migration; (d) horizontal cross-section of z=150m obtained from 3D regularized focusing 192 
migration. 193 

Figures 2 (c) and (d) show the cross-sections of the regularized focusing migration results at y = 194 
250m and z = 150m respectively. The density extremum of the imaging results corresponded well 195 
with the center of the abnormal body, and high density distribution precisely outlined the anomalous 196 
body, manifesting the feasibility of the method. 197 

Then we considered a model formed by dike complex and a rectangle. Figure 3(b) shows the 198 
gravity anomaly generated by the model shown in Figure 3(a). 199 
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 200 

Figure 3. (a) Three-dimensional diagram of the subsurface model; (b) gravity anomalies on the ground 201 
generated from the model; (c) vertical cross-section of y=250 m obtained from conventional iterative 202 
migration; (d) horizontal cross-section of z=150 m obtained from conventional iterative migration; (e) 203 
vertical cross-section of y=250 m obtained from 3D regularized focusing migration; (f) horizontal 204 
cross-section of z=150 m obtained from 3D regularized focusing migration. 205 

Figures 3(c)-(f) show the cross-sections of density results obtained by conventional iterative 206 
migration and regularized focusing migration. Regularized focusing migration method could divide 207 
the trend of the dikes, of which the result was more convergent and closer to actual conditions, and 208 
imaging for the bottom of the model remained accurate in deep locations. Whereas the conventional 209 
iterative migration method barely distinguished three abnormal bodies and underestimated the 210 
sloping dikes, showing divergent density distribution that was far beyond the actual extent. In 211 
particular, 3D regularized focusing migration had a better spatial resolution and preserved sharper 212 
and finer boundaries.  213 

Next, we investigated how regularized focusing migration performs for noise conditions. Figure 214 
4(a) shows the three-dimensional diagram of independent cubes with residual density of 1 g/cm3, 215 
located at depths of 70 m and 100 m. Figure 4(b) shows the surface gravity anomalies generated by 216 
the complex model sets. We added 5% random Gaussian noise to the observed gravity data, shown 217 
in Figure 4(c), to simulate the data collected in actual surveys. The imaging results of noiseless and 218 
noise-corrupted data are shown in Figures 4(d)-(g). The imaging results for both noiseless and noise-219 
corrupted data were in good agreement with the true model even when geological bodies were closer. 220 
The extremum of density distribution corresponded well to the center of each geological body, and 221 
horizontal positions and buried depths could be clearly delineated, although the density result was 222 
somewhat different from the actual conditions, especially for the geological bodies in a deeper 223 
position. It was apparent that the direct imaging of noise-containing data still produced stable and 224 
smooth results, and density distribution was not obviously serrated. We also exhibited the volume 225 
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image with a density cut-off greater than 0.3 g/cm3 of noiseless and noise-containing data, as shown 226 
in Figure 4 (h) and (i), respectively. It could be seen that the result of direct migration of noise-227 
containing data hardly changed compared with that of noiseless data. It’s demonstrated that the 228 
regularized focusing migration method had good noise resistance since the introduction of a 229 
regularization term prevents local overfitting. It had good generalization performance and could 230 
obtain global optimal results. 231 

 232 
Figure 4. (a) Three-dimensional diagram of the subsurface model; (b) gravity anomalies on the ground 233 
generated from the model; (c) gravity anomalies on the ground generated from the model with 5% 234 
random Gaussian noise added; (d) vertical cross-section of y=250 m for noiseless gravity data; (e) 235 
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horizontal cross-section of z=150 m for noiseless gravity data; (f) vertical cross-section of y=250 m for 236 
noise-corrupted data; (g) vertical cross-section of z=150 m for noise-corrupted data; (h) volume image 237 
with a density cut-off greater than 0.3 g/cm3 for noiseless data; (i) volume image with a density cut-238 
off greater than 0.3 g/cm3 for noise-corrupted data. 239 

Finally, we analyzed the efficiency of the proposed method. The model shown in Figure 2(a) was 240 
adopted. Figure 5 shows the misfit curves with the number of iteration of regularized inversion, 241 
conventional iterative migration method and our proposed method. The migration method could 242 
obtain a result that showed a lower misfit in the first iteration, so as to get the relatively convergent 243 
result faster and reduce calculation time. Numerical results presented that our method could decrease 244 
the iterative number by 35% and greatly reduce computation time. 245 

 246 

Figure 5. Misfit with iteration number of three different methods: regularized focusing migration, 247 
conventional iterative migration and regularized inversion. 248 

Figure 6 shows the computation time of regularized focusing migration method with the model 249 
scale. The iteration process stopped when the misfit reached a 5% data error level. It was indicated 250 
that for models less than 6 × 6 × 6 cells, the computation time for both line search criterion is constant 251 
because the model scale is relatively small and most of the time is spent on the domination by 252 
initialization work. For models exceeding 6 × 6 × 6 cells, there is a linear dependency of computation 253 
time on the model scale. For computations based on Wolfe-Powell conditions, time consumption is 254 
higher than that of the exact line search with models under 16 × 16 × 16 cells, but the situation is 255 
reversed with models exceeding 16×16×16 cells. This is because the exact line search for each step 256 
involves in the calculation of ࢻ࡭

ࢻ࡭࣓
࣓∗ , which means that time complexity grows roughly as 257 

൫݊௫ . ݊௬൯ଶ൫݊௫ . ݊௬. ݊௭൯ଶ, while for the Wolfe-Powell conditions, which mainly calculate ࢻ࡭
 multiple 258 ࢓࣓

times each time the step size is determined, time complexity is approximately ݊௫
ଶ݊௬

ଶ݊௭. The solution 259 
of the underdetermined system of equations does not depend on the exact search process. When the 260 
model scale is too large, the cost of using the exact line search is relatively high. According to Wolfe-261 
Powell conditions, global convergence is expected to be fast. Although the number of steps increases, 262 
convergence speed is accelerated. 263 
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 264 
Figure 6. Computation time of regularized focusing migration method for models with different cells. 265 
Blue solid line represents using the Wolfe-Powell line search conditions, and red solid line represents 266 
using exact line search criterion shown in Equation (9). 267 

It should be noted that our novel method only took 224 s for processing with a model scale of 50 268 
× 50 × 25 cells. Compared with other inversion algorithms, it is indeed an encouraging speed. This 269 
efficiency is due to adopting the conjugate migration direction and the step size based on the Wolfe-270 
Powell conditions when updating the model parameters during each iteration. Besides, the 271 
continuous decrease of the regularization parameter and the introduced focusing weight can also 272 
accelerate convergence to quickly obtain a solution that minimizes the objective functional. Therefore, 273 
when studying regional structure and deep geological problems, regularized focusing migration 274 
imaging can be used for global analysis without the need for data thinning. This is especially 275 
applicable to the investigation of large-scale mining areas, as in the subsequent case study of the 276 
Yucheng mining area, Shandong, China. 277 

4. Field example 278 
In 2011, Shandong Province Mineral Resources Potential Evaluation Project raised that the 279 

Yucheng area had considerable metallogenic conditions of skarn-type ore deposits. In the following 280 
years, a variety of geological surveys showed that the area had good prospecting future, and iron ore 281 
bodies were exposed during drilling. Some traditional interpretation of geophysical surveys in this 282 
area was based on analysis of contour maps of gravity or magnetic anomaly [31,32,33], which 283 
provided the major geophysical features of the area and could be used to determine the approximate 284 
extent of the deposits. However, they alone could not determine the exact location and depth of the 285 
mineral deposits. 286 

In the following sections, we first summarize the metallogenic geological conditions in this area, 287 
then use our high-resolution method to invert the results of entire airborne gravity data into 3D 288 
density models, and finally analyze the density imaging results based on the relevant geological 289 
information to identify potential mining targets. Our work provides reference for the ground follow-290 
up and exploration of skarn-type iron ore under thick overburden. 291 

4.1. Geological Background of Survey Area 292 
The survey area is on Qihe county - Yucheng county border in the south of Dezhou city, 293 

Shandong province, and belongs to the plain of northwestern Shandong. It is located on the Luxi 294 
uplifted area of the North China plate tectonically (Figure 7) [34]. The area is covered by the strata of 295 
Cambrian, Ordovician, Carboniferous, Permian, Neogene and Quaternary from the base to the top 296 
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[31]. The surface is completely covered by thick Quaternary and Neogene strata, without any bedrock 297 
outcrops [35]. All kinds of deep geological information are inferred from geophysical data. Affected 298 
by regional tectonic movements, fault structures widely developed, including NE-striking faults, 299 
NNW-striking faults and SN-striking faults, and fold structures locally developed (Figure 8). 300 

 301 
Figure 7. Tectonic background map of Yucheng area. The survey area is outlined as the black 302 
rectangle. 1-The secondary structural unit; 2-the tertiary structural unit; 3- the quaternary structural 303 
unit; 4-five-level structural unit; 5-(latent) sag zone; 6-(latent) high zone; 7-toponym; 8- survey area. 304 

Skarn-type iron ores in this region are generally characterized by the joint control of strata, 305 
intrusive rocks and structures. The strata of the Ordovician Majiagou group carbonate rocks are 306 
widely distributed and are important ore-controlling host rocks of skarn-type iron ores. In addition, 307 
some iron-ore bodies also occur in the strata of the Carboniferous-Permian clastic rocks. According 308 
to available borehole data, the Ordovician strata are buried deeper on the northwest reaching 3440 m 309 
or more, while the buried depths of the Ordovician strata vary greatly in the southeastern area, 310 
among which the buried depths in the east of Litun and in the northwest of Dazhang are about 1165 311 
m and 610-650 m, respectively. There is no borehole data in the northwest of Pandian, and the depth 312 
of the Ordovician strata is unknown [35]. In the survey area, magmatic activity during late 313 
Yanshanian was violent, and igneous rock mass was relatively developed at the intersections of the 314 
structures. The investigation of iron ore indicates the occurrence types of iron-ore bodies are diverse, 315 
of which the contact zone occurrence is the main type, and the ore bodies occur near the contact zone 316 
between the body mass of late Yanshanian intermediate-basic intrusive rocks that dominated by 317 
diorite and gabbro and the state of Ordovician limestone rocks. In addition, some ore bodies occur in 318 
the interjunction of fault structures and xenoliths near the rock mass [33]. 319 
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 320 

Figure 8. Geological map of the survey area. The figure is from [34]. 1-Inferred range of concealed 321 
diorite rocks; 2-inferred concealed fault; 3-Yucheng-Jiyang latent sag; 4-Lepingpu latent sag; 5-Qihe 322 
latent high; 6-toponym. 323 

4.2. Data Acquisition 324 
The airborne gravity survey collected gravity data was performed in Yucheng area, Shandong 325 

by the China Aero-Geophysical Survey and Remote Sensing Center for Land and Resources (AGRS). 326 
During the survey, a gravimeter was installed in the cabin of a CESSNA208 aircraft. The flight altitude 327 
was fixed at 450 m above sea. The 45 × 35 km2 survey area was flown at 1500 m line spacing. The 328 
flight survey lines were designed to be perpendicular to the regional geological strike to ensure an 329 
effective sampling rate. Figure 9 shows the gravity survey lines in Yucheng area and the black 330 
rectangle delineates the area where we perform regularized focusing migration. 331 
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 332 

Figure 9. Gravity survey lines in Yucheng area. The black rectangle shows the area where we 333 
performed regularized focusing migration. 334 

4.3. Migration Models of Gravity Data 335 
We performed terrain correction, normal field correction, and Bouguer correction on the 336 

collected gravity data to obtain Bouguer gravity anomalies (Figure 10(a)). The characteristics of 337 
regional gravity anomalies generally reflected the distribution of late Yanshanian intrusive rocks and 338 
the Ordovician strata uplift in the region. The iron-ore deposits to predict were mainly located above 339 
2 km underground, since iron ore below had no economic mining value. The regional field below 2 340 
km was separated from the Bouguer gravity anomaly by matched filtering [36], thus weakening the 341 
influence of deep structures on the imaging results of shallow density migration. Figure 10(b) shows 342 
the radial logarithmic power spectrum of the Bouguer gravity anomaly. Long-wavelength anomalies 343 
were removed to obtain the shallow local gravity anomalies, as shown in Figure 10(c), where three 344 
main portions of high value of local gravity anomaly could be seen: Dazhang, Pandian and Litun 345 
anomaly areas. Four wells were drilled, including three holes in Litun area and one hole in Yucheng 346 
area, among which the ZK1 well in Litun area and the ZK001 well in Dazhang area are discoveries 347 
with rich magnetite bodies (Tables 1 and 2). According to existing borehole data, the density of 348 
magnetite was significantly higher than other rocks. 349 

 350 
Figure 10. (a) Regional gravity anomaly; (b) radial logarithmic power spectrum; (c) local gravity 351 
anomaly. 352 
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Table 1. Dazhang ZK003 drilling data. 353 

Lithology Top Surface Depth (m) Thickness (m) Density (g/cm3) 
Sand/mealy sand/clay 0 571.9   

Mudstone/sandstone/ limestone 571.9 18.4 2.69 
Limestone 590.3 19.1 2.68 
Limestone 609.4 103.7 2.72 

Diorite 713.1 86.3 2.64 
Skarn 799.4 2.6 3.15 

Magnetite 802 15.3 4.41 
Skarn 817.3 2.4 3.18 

Magnetite 819.7 0.6 4.45 
Diorite 820.3 105.7 2.63 

Table 2. Litun ZK1 drilling data. 354 
Lithology Top Surface Depth (m) Thickness (m) Density (g/cm3) 

Sandstone/mudstone 0 1126.19   
Diorite 1126.19 19.03 2.57 

Skarn dolomite 1145.22 5.02 2.66 
Skarn  1150.24 7.14 2.87 

Magnetite 1157.38 9.34 4.19 
Skarn 1166.72 3.15 2.82 

Magnetite 1169.87 8.77 4.26 
Crushed zone 1178.64 5.31  

Skarn 1183.95 14.39 2.84 
Magnetite 1198.34 98.15 4.49 

Skarn 1296.49 16.35 2.87 
Diorite 1312.64 123.46 2.68 

Combining the stratigraphic, magmatic rocks distribution characteristics with the drilling data 355 
in the survey area, the high values of local gravity anomalies were mainly caused by the skarn-type 356 
magnetite deposits. The positive density contrast of the migration imaging results could be regarded 357 
as a sign of a prospecting criterion. We performed regularized focusing migration imaging of local 358 
gravity anomalies with an initial model based on drilling data, and then delineated the spatial 359 
distribution of the iron ore under the range of positive density contrast of the imaging results. The 360 
local gravity data were inverted in a region designed as 21500 m × 39600 m in the X and Y directions 361 
and 2 km in Z direction, with 88 × 98 × 50 small cells. Figure 11 shows a perspective view of the 362 
migration density model with abnormal parts with a density greater than 0.7 g/cm3, which gives a 363 
transparent view for abnormal materials. For better representation, horizontal cross-sections with 364 
different depths are shown in Figure 12. 365 

 366 

Figure 11. Perspective view of the migration density model. Red anomalous body shows density 367 
distribution with density greater than 0.7 g/cm3. 368 
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 369 

Figure 12. Horizontal cross-sections at different heights of imaging results. 370 

4.4. Geological Interpretation of the Mining Area 371 
Migration imaging results show that there is considerable potential for mineral resources 372 

underneath Litun, Pandian and Dazhang anomaly areas. Ore bodies are mainly distributed below 373 
700 m and above 1500 m underground.  374 

The ore-body distribution range is delineated based on the high density results, as shown in 375 
Figure 13, whose bottom layer is a simplified geological map of the survey area. One can see that the 376 
target mineralized zones are mainly concentrated in the vicinity of fault structures since faults can 377 
provide channels for magmatic upwelling and the rock mass is well developed at the junction of 378 
structures as a result. The iron ore buried depth of Litun (Ⅰ) is about 1050 m-1350 m, that of Pandian 379 
(Ⅱ, Ⅲ) is about 1150 m-1550 m, and that of Dazhang (Ⅳ) is about 750 m-950 m. It should be noted 380 
that the Pandian area (Ⅱ, Ⅲ) is rich in iron ore resources underground, whereas these resources are 381 
deeper and less extensive, and the drilling will be more difficult than the that in the Litun (Ⅰ) and 382 
Dazhang areas (Ⅳ). The Litun and Dacheung areas contain low-hanging fruit of the survey area and 383 
should be set as key prospecting drilling areas. When these targets are exhausted and more geological 384 
information is obtained, exploration can proceed outward, including under the Pandian area along 385 
with other nearby high density distributions that have not yet been measured. 386 
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 387 

Figure 13. Map of iron ore range corendered with corresponding geological map. 1- Scope of 388 
prospecting target area; 2-drill hole; 3-inferred range of concealed diorite rocks; 4- inferred concealed 389 
fault; 5- Yucheng-Jiyang latent sag; 6-Lepingpu latent sag; 7-Qihe latent high; 8- toponym. 390 

Also encouraging, the newly drilled well (ZK01) in this area found an iron mine with a thickness 391 
of 54.4 m below 1444.4 m, which was consistent with the interpretation by our method. Regularized 392 
focusing migration method has the ability to delineate the horizontal range of orebody, predict 393 
mineral depth and locate the target prospecting area. 394 

5. Conclusions 395 
We have developed 3D regularized focusing migration of large-scale gravity data with higher 396 

horizontal and vertical resolution compared with conventional gravity migration imaging. Validated 397 
by synthetic models, this method can resolve complicated geological structures and has high stability 398 
in noise conditions. Meanwhile the proposed algorithm based on the conjugate migration direction 399 
and the Wolfe-Powell conditions inherits the high efficiency of conventional migration and can obtain 400 
real-time imaging with high accuracy. This provides a reference for the study of deep mineral 401 
resources, as the ore bodies are mostly concentrated in relatively high density. 402 

We have shown how this method can be productively used for the interpretation of the airborne 403 
gravity data collected over the Yucheng mining area, Shandong, China. High-resolution imaging 404 
results were obtained for high-density body distribution. Results helped identify several potential 405 
mining targets that usually have no surface expression and can only be detected using modern high-406 
resolution geophysical methods. Currently, one of the predicted targets shown here is undergoing 407 
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further drilling exploration based on these airborne gravity analyses and well results so far coincide 408 
with our predictions. This method offers a reference for follow-up exploration in this area so as to 409 
provides a road map for skarn-type iron ore exploration under thick overburden. 410 

We have learned that iron-ore anomalies in this area have gravity and magnetic homology 411 
characteristics. Gravity and magnetic combination inversion will subsequently be used in this area to 412 
reduce the non-uniqueness of the results. Joint inversion of multiple geophysical data is the focus of 413 
our future research. 414 
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