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

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

1. Introduction

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

P(m) = Py(m) + AP, (m), M

where P;(m) isthe misfit functional, P,,(m) is the stabilizing functional that can make the inversion
inversion result contain a priori information of the model parameters, and A is the regularization
parameter that balances the effects of P;(m) and P, (m).
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On the basis of this equation, yarietieg of 3D regularized inversion methods for gravity data were
developed with different regularization terms, such as regularized smooth inversion based on the L2
norm (e.g., [5,6]), sparse inversion based on the L1 norm (e.g., [7]), elastic-net inversion (e.g., [8]), total
variation inversion (e.g., [9,10]) and focusing inversion (e.g., [11,12]). Several classical techniques
were also developed to automatically estimate an appropriate regularization parameter [13-15]. They
have different effect ai1d scopes of application [16,17].

Considering the galculation ameunt-and—time, jnversion methods may face—the—inabiity—of
effietertey; in actual data processing, and cannot complete the overall 3D density imaging of large
regions. Such inefficiency of inversion has become a bottleneck in the study of regional structureg and

deep geological problems. Therefore, it is an urgent problem to improve computing efficiency.
Zhdanov introduced the concept of potential field migration and demonstrated its application for
rapid 2D and 3D imaging ef-entire gravity ex gradiometry surveys [18-21]. For gravity and its
gradient field, migration imaging is based on the direct integral transformation of gravity and its
gradient data (that can also be mathematically described as the action of the adjoint operator on the
observed data). The potential field migration method is fast and stable, and can be used for real-time
imaging. However, #sjimaging results arg diverger .ater, this method was extended to iterative
migration [22], in which case adjoint operators were iteratively used. That-is—te—say—the forward
model is introduced to estimate the accuracy of the migration results by computing the residual of
observed data and prespeeted,data during each iteration. When the residual is less than a given value,
this migration imaging model is adopted as the final result. In this way, jmaging accuracy is
improved. Multi-component joint iterative migration, which was subsequently developed, further
improved yertical resolution [23].

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

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

In the following sections, we briefly introduce the principle of regularized focusing migration
method, and #sg synthetic models to verify the rationality and performance of our method. Then it
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is applied to the interpretation of gravity data collected frem Yucheng, Shandong province whieh has
been proved to have greay potential mining targets for skarn-type iron ore deposits but-with no
surface expressions. We discuss the geological background of this area, interpret the geephysieal
data, and provide a road map for further mineral exploration.

2. Methodology

2.1. Forward Modeling of Gravity Anomalies

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

d=Am, 2)

where d is a vector of the observed data of order n; m is a vector of the model parameters of order
m; A, called the sensitivity matrix, is a matrix of size n by m formed by the corresponding gravity
field kernels. If the subsurface modelling region is divided into n, X n, X n, geometric cuboids, then
N =Ny XNy, M="N, XNy XNy

y

(a) (b)
y ﬁl’(x, Y, 2)
o} > X

0|4X D(x,y,2)

> s M, 2)
Y

Figure 1. Interpretation—medels, (a) A layer of rectilinear cuboids; (b) a single cuboid. Observation

position is described by coordinate, tripte-(x, y, z). Coordinates of cuboid corners can be completely
described by two triples (&1,11,{1) and (&;,12, ().

Z Mz(szs hzaCz)

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

d =ypy {(e = 0)mR - (= y)]+ @ —»I[R - (e = 0] - ( -
-1 M} €2 |24z ©)
((-2)R g1 M |y
where y is the gravitational constant; n.._is the density of the geometric cuboid; (x, y, z) are the
coordinates of surface observation point I’ 'nd &, €,, 11, 12, {4, {, are coordinates to determine the
the subdivision cuboid space. R = \/ (e—x)2+(Mm—y)?+({(—2)>

Z) tan

2.2. Principles of of Gravity Field Migration

Given that gravity field dataset d°?® is observed on the observation surface S, the gtestien, is
hew-to determine the subsurface density distribution m. Zhdanov proposed a migration imaging
method that-ean—perform—fast-imaging on the basis of Newton method. Its imaging principle is
described briefly below [29].

In the framework of Newton method, a solution to the problem of parameter functional
minimization can be found in one step sizc- Vhen both the initial model and the prior model of
abnorma] density distribution are equal to zero, the solution can be expressed as:
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m = — (W, W)Ly, @)

where A is the regularization parameter; W,, is a model weighting matrix; ly is the direction of
steepest descent that is introduced as a result of applying adjoint gravity operator, A*, to the observed
observed gravity data, d°bs:

ly = —A"d°Ps, ®)
where adjoint gravity operator, A%, is specified as

A" = Y.ff |rliir|3 (z' — z)ds. ©)

Let % = k,, and substitute Equation (5) into Equation (4), migration density can be rewritten as
m =k, (W,,W,) t4"d°" = k,w?A"d°. 7)

Weighting operator, w,, is constructed based on the square root of the integrated sensitivity of the
data to the density, S,:

wg = /S, 8)
Unknown coefficient, k,, can be determined by linear line search:

2
Azt

 |lagag”aghs|*

)

a

Migration gives us a method to analytically solve for model parameters, so rather than needing
torunan iterative algorithm, we ean-insteadjust solve for the optimal value for m altatenege, It is

obvious that migration cannot obtain relatively accurate imaging results, although it has great
advantages in terms of efficiency. Fo—this—end, the regularized focusing migration method is

introduced in this paper. The-speeifie-prineiple-is-asfoltows:

2.3. Regularized Focusing Migration

We can consider k, in Formmuta (7) as theY‘step size and w24}, as the migration direction,]i'r[
whictrcasg migration is similar to the first iteration of a general inversion problem.

In regularization theory, the solution of linear inverse Problem (2) is substituted byyminimization
of Tikhonov objective functional:

P(m) = [Wq(Am — d)|1? + AW (m — mgy,)||* = min, (10)

where mg,, is a prior model; and Wy, W,,, are weighting matrices of the data and model
parameters, respectively.

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

P,(m®, d°®) =l A°m® —d® >+ 1| m® |I?, (11)
where
A® =W AW, 'w, 1, (12)
d® =W,d, (13)
m® =Ww,W,m. (14)

There are different choices of weighting matrices W,, W4, W,,,. Here we choose the following
forms:

W, = diag

1
2,

Tamy? (15)


Sticky Note
not defined in text

Cross-Out

Cross-Out

Cross-Out

Inserted Text
running

Cross-Out

Cross-Out

Inserted Text
in a single step instead.

Cross-Out

Inserted Text
Therefore, 

Cross-Out

Cross-Out

Inserted Text
Equation

Cross-Out

Inserted Text
a

Cross-Out

Inserted Text
. In this

Cross-Out

Inserted Text
, the 

Cross-Out

Inserted Text
p

Inserted Text
a

Sticky Note
what is e?


150

151
152
153
154

155
156
157

158

159
160
161

162
163
164
165
166
167
168

169
170
171

172
173

174

175
176

Minerals 2020, 10, x FOR PEER REVIEW 50f 18

W, = diag( AAT):, (16)

1
W,, = diag(AT A)z. (17)
For the n th iteration (n=1, 2, 3...), the objective functional can be written as:
Py, (my™, d®r) =|| A°vmy™ — dn 124 2, | my™ |12 (18)

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

Lp = A" (A my™ — d®) + A, (my"), (19)

and the conjugate migration direction is defined as the linear combination of the migration direction
on this step and the conjugate migration direction e the previous step. Hence the conjugate

migration direction for current model parameter my" is:

L =L + By, (20)
where
" = A% (A m," — d®) + A,(my"), (21)
M2
bn = etz (22)

Specifically, the conjugate migration direction is defined as the migration direction when n = 0,
FO W,
namely I° = I;)°.
The successive line search in the conjugate migration direction can be written as:

myt = mp" — k" (23)

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

The actual model parameters can be converted as

My = Wy ' W, Timp, (24)

where W,  is the focusing weighting matrix updated according to the m,, obtained onthe (n — 1)st
iteration.

Reweight m,,; to get my"it:

n+1 *

Wn+1

mn+1 = meen+1mn+1‘ (25)

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

L |
lm_ 7412

Pn = (26)

n 2’/
g™

and then update the regularization factor as follows:

1 _{ An pn<1
T A/ PR >1

If the misfit functional is not shrinking fast enough, namely || ry"™ 2=l rp™3* 1°< 0.01 || 7" 1%, the

value of 4,,; calculated by Equation (27) should be reduced to q times of the original value anejwe

27)
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selected q=0.6 acecording-to-experienee, It is not difficult to find that for the solution obtained in each
iteration, if the value of regularization parameter is continuously reduced, il e value of the
corresponding objective functional also keeps decreasing, which guarantees the ovjective functional
can converge faster on the premise of obtaining a stable solution.
When the misfit reaches a given range:
Misfit = W 100% < &, (28)

the iteration process terminates and output my, otherwise proceed to the next iteration.

3. Synthetic Examples

We examined the feasibility and effectiveness of 3D regularized focusing migration with several
typical synthetic models. First, we designed a single cube with a residual-density pof 1 g/cm?, Jocated
at a depth of 150 m at-the-eenter. The three-dimensional diagram of the subsurface model and its
surface gravity anomalies are shown in Figures 2(a) and (b). The subsurface inversion domain was
divided into 50 x 50 x 25 regular grids,

(b) g.(mgal)

100 200 300 400 500 600 700 800 800
x(m)

100

_ 200

300

400

100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900

x(m) x(m)
Figure 2. (a) Three-dimensional diagram of the single cube model; (b) gravity anomalieg on the
groun 1z mnerated from the model; (c) vertical cross-sectiol -of y=250m obtained from 3D regularized
focusing migration; (d) horizontal cross-section of z=150m obtained from 3D regularized focusing
migration.

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

hepveeconstderedamodeformed-by—dilceecomplecs ; Figure 3(b) shows the
gravity anomaly generated, by thg model shewn-inFigure3(a).
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p(g/em’) (b) g.(mgal)

1

z(m)

100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
x(m) x(m)
/em®
plg o.)7
0.6
0.5
E 0.4
N 0.3
0.2
0.1
0
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
x(m) x(m}

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

Figures 3(c)-(f) show the cross-sections of density restits obtained by conventional iterative
migration and regularized focusing migration. Regularized focusing migration method eeute-diviee
the trendlof the ﬂlkes, ef—wh&eh—the—res&l-t—was—mefelconvergent—ﬁnd eloser-to-actial-conditions,-ane

: S remai aeett tortg, Whereas the conventional
iterative migration method barely distinguished three abmermal bodies and underestimated the
slopingdikes, showing divergent density distribution that was far beyond the actual extent. In
partientay, 3D regularized focusing migration had, a better spatial resolution and preserved sharper
and finer boundaries.

Next, we investigated how regularized focusing migration performs for noise conditions. Figure
4(a) shows the three-dimensional diagram of independeny cubes with residual-density of 1 g/cm?,
located at depths of 70 m and 100 m. Figure 4(b) shows the surface gravity anomalies gererated-b¥
the-eomplex-medelsets, We added 5% random Gaussian noise to the observed gravity data, shown
in Figure 4(c), to simulate the data collected in actual surveys. The imaging results of noiseless and
noise-corrupted data are shown in Figures 4(d)-(g). The imaging results for both noiseless and noise-
corrupted data were in good agreement with the true model even when geological bodies were close 1
The extremum of density distribution corresponded well to the center of each geological body, and
horizontal positions and buried depths could be clearly delineated; althotghthe-densityresult-was
somewhat differe it rom the actual conditions, especially for the geeloegiea] bodies in—a—deeper
pesitien. It wasg apparent that the direct imaging of noise-containing data still produced stable and
smooth results, and density distribution was not obviously serrated. ANe also exhibited; the volume
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image with a density cut-off greater than 0.3 g/cm? of noiseless and noise-containing data, as shown

in Figure 4 (h) and (i), respectively. #-eettebe-seen—that-theg result of direct migration of noise-
containing data hardly—echanged-eompared—with that of noiseless data. Hs-demenstrated, that the

regularized focusing migration method had, good noise resistance since the introduction of a

regularization term prevents local overfitting. #-had, good generalization performance and eowld
obtain global optimal results.

plg/om®)

(c) g.(mgal)

100

200

y(m)
y(m)

300

400

100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
x(m) x{m)
(e) D(QJ'C”[:)

yim)

100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
x(m} x(m)
(@) p(gfcm1‘)
100 0.4
_ 200 — = 0.3
E E O] =
& > 300 e — 0.2
400 0.1
0
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
x(m) x{m)
E E
N N

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

Finally, we gnalyzed the efficiency of the proposed method. The model shown in Figure 2(a) was
adopted, Figure 5 shows the misfit curves with the number of iteration efyegularized inversion,
conventional iterative migration method and our proposed method. The migration method eeuld
obtain, a result that-showed, a lower misfit in the first iteration, se-as-te-get-therelatively convergeny
result faster and redreg calculation time. Numerical results presented that our method could decrease
the iterative number by 359 a1 d greatly reduce computation time.

Regularized focusing migration
70 — B e Conventional iterative migration

60 % Regularized inversion method

Misfit (%)

40 —
30 —

20 —

Iteration times

Figure 5. Misfit with-iteratien-number of three different methods: regularized focusing migration,
conventional iterative migration and regularized inversion.

Figure 6 shows the computation time of regularized focusing migrati )11 nethod wriththe model
scale. The iteration process stopped when the misfit reached a 5% data eiror level. ft-was-indicated
thatfor models less than 6 x 6 x 6 cells, the computation time for both line search criterion is constant
because the model scale is relatively small and most of the time is spent on the domination-b¥y
initialization work. For models exeeeeing 6 x 6 x 6 cells, there is a linear dependency of computation
time on the model scale. For computations based on Wolfe-Powell conditions, fime consumption is
higher than that of the exact line search with models under 16 x 16 x 16 cells, but the-situationis
reversed—withy models exceeding 16x16x16 cells. This is because the exact line search for each step
involves in the calculation of A%A%", which means that time (on plexity grows roughly as
(ny. ny)z(nx. ny. nz)2, while for the Wolfe-Powell conditions, which mainly calculate A3m multiple
times each time the step size is determined, time complexity is approximately n,%n,*n,. The solution
of the underdetermined system of equations does not depend on the exact search process. When the
model scale is too large, the cost of using the exact line search is relatively high. According to Wolfe-
Powell conditions, global convergence is expected to be fast. Although the number of steps increases,

_convergence speed is accelerated.
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Figure 6. Computation time of regularized focusing migration method for models with-differenteels,
Blue solid line represents using the Wolfe-Powell line search conditions, and red solid line represents
wsing exact line search criterion shown in Equation (9).

It should be noted that our novel method only took 224 s fes processing with-g model seale of 50
x 50 x 25 cells. Compared with other inversion algorithn s_'t is indeed an encouraging speed. This
efficiency is due to adopting the conjugate migration direction and the step size based on the Wolfe-
Powell conditions when updating the model parameters during each iteration. Besides, the
continuous decrease of the regularization parameter and the introduced focusing weight can also
accelerate convergence to-gtieldy obtain a solution that minimizes the objective functional, Therefore,
when studying regional structurg and deep geological problems, regularized focusing migration
imaging can be used for global analysis without the need for data fhinning. This is especially
applicable to the investigation of large-scale mining areas, as in the subsequent case study of the
Yucheng mining area, Shandong, China.

4. Field example

In 2011, Shandong Province Mineral Resources Potential Evaluation Project raised, that the
Yucheng area had considerable metallogenic conditions of skarn-type ore deposits. In the following
years, a variety of geological surveys showed that the area had good prospecting futire, and jron ore
bodies were expesed, during drilling. Some traditional interpretation of geophysical surveys in this
area was based on analysis of contour maps of gravity or magnetic anomaly, [31,32,33], which
provided the major geophysical feattres of the area and could be used to determine the approximate
extent of the deposits. However, they alone could not determine the exact location,and depth, of the
mineral deposits.

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

4.1. Geological Background of Survey Area

The survey area is en Qihe county - Yucheng county border in the south of Dezhou cityy
Shandong province, and belongs to the plain of northwestern Shandong. It is located on the Luxi
uplifted area of the North China plate tectonically (Figure 7) [34]. The area is covered by the strata of
Cambrian, Ordovician, Carboniferous, Permian, Neogene and Quaternary from the base to the top
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[31]. The surface is completely covered by thick Quaternary and Neogene strats, without any bedrock
outcrops [35]. All kinds of deep geological information are inferred from geophysical data. Affected
by regional tectonic movements, fault structures widely developed, including NE-striking faults,

NNW-striking faults and SN-striking faults, and fold structures locally developed (Figure 8).
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Figure 7. Tectonic background map of Yucheng area. The survey area is outlined as the black
rectangle. 1-The secondary structural unit; 2-the tertiary structural unit; 3- the quaternary structural
unit; 4-five-level structural unit; 5-(latent) sag zone; 6-(latent) high zone; 7-toponym; 8- survey area.

Skarn-type iron ores in this region are generally characterized by the joint control of strata,
intrusive rocks ard structures. The strata—ef—+the Ordovician Majiagou group earbenate-reeks are
widely distributed and are-impertant-ere-eontrotting host rocks ef skarn-type iron ores. In addition,
some iron-ore bodies also occur in the-stratg of the Carboniferous-Permian etastieroeks, According
to available borehole data, the Ordovician strata are-buried-deeper-on the northwest reaching 3440 m

or more, while the-buried-depths-ef the-Ordovielan—strata—vary, greatly in the southeastern area,

ameng-which-the buried-depthsinthe-east of Litun and in the northwest of Dazhang are-about1165
mrand-610-656-m; respectively. There is no borehole data in the northwest of Pandian, and the depth

of the Ordovician stratg is unknown [35]. In the survey area, magmatic activity during Jlate
Yanshanian was violent, and jgneous rock mass-was-relatively-developed-at-the-interseetions-of-the
straetures, The investigation of iron o1+ i1 dicates the eeeurrenee-types of iron-ore bodies are diverse;
ofwhiehthe contact zone o atr-type;-o i : 3
between the body mass of late Yanshanian intermediate-basic intrusive rocks that dominated by
diorite and gabbro and the state of Ordovician limestone reeks, In addition, some ore bodies occur in
the interjunction of fault structures and xenoliths near the o 'k mass [33].
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Figure 8. Geological map of the survey area. The figure is from [34]. 1-Inferrec 1> 1ge of concealed
diorite rocks; 2-inferred concealed fault; 3-Yucheng-Jiyang latent sag; 4-Lepingpu latent sag; 5-Qihe
latent high; 6-toponym.

4.2. Data Acquisition

The airborne gravity survey collected gravity data was performed in Yucheng area, Shandong
by the China Aero-Geophysical Survey and Remote Sensing Center for Land and Resources (AGRS).
During the survey, a gravimeter was installed in the cabin of a CESSNA208 aircraft. The flight altitude
was fixed at 450 m above seg, The 45 x 35 km? survey area was flown at 1500 m line spacing. The
flight survey lines were designed to be perpendicular to the regional geological strike to ensure an
effective sampling rate. Figure 9 shows the gravity survey lines in Yucheng area and the black
rectangle delineates the areg where we perform,regularized focusing migration.
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_.L—Gravity line .

: " @ “prilthole
332 : e ¥ s
333 Figure 9. Gravity survey lines in Yucheng area. The black rectangle shows the area—where—we
334 performed, regularized focusing migration.

335 4.3. Migration Models of Gravity Data

336 We performed ferrain correction, norn i field correction, and Bouguer correction on the
337  collected gravity data to obtain Bouguer gravity anomalies (Figure 10(a)). The characteristics of
338  regional gravity anomalies generally reflected the distribution of Jate Yanshanian intrusive rocks and
339  the Ordovician strata uplift in the region. The iron-ore deposits to-prediet-were-maintyloeated-above
340 2 km underground, since jron org below haejno economic mining value. The regional field below 2
341  km was separated from the Bouguer gravity anomaly by matched filtering [36], thus weakening the
342 influence of deep structures on the imragingresults-of shallow-density-migratior, Figure 10(b) shows
343 the radial logarithmic power spectrum of the Bouguer gravity anomaly. Long-wavelength anomalies
344 were removed to obtain the shallow local gravity anomalies;as-shewsir Figure 10(c), whese three
345  main pertiens-ef high, value-ofloeal-gravity-anomaly-eould-be-seen: Dazhang, Pandian and Litu
346  anomaly areas. Four wells were drilled, including three holes in Litun area and one hete in Yucheng
347  area, among which the ZK1 well in Litun area and the ZK001 well in Dazhang area are-discoverieg
348  with-rich magnetite bodies (Tables 1 and 2). According to existing-borehole data, the density of
349  magnetite was significantly higher than other rocks.

(a) g.(mgal) (b} (c) g.(mgal)
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351 Figure 10. (a) Regional gravity anomaly; (b) radial logarithmic power spectrum; (c) local gravity

352 anomaly.
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353 Table 1. Dazhang ZK003 drilling data.
Lithology Top Surface Depth (m) Thickness (m) Density (g/cm?)
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
.~ Mognetite 802 153 441
Skarn 817.3 2.4 3.18
.~ Magnetite 819.7 0.6 445
Diorite 820.3 105.7 2.63
354 Table 2. Litun ZK1 drilling data.
Lithology Top Surface Depth (m) Thickness (m) Density (g/cm?)
- 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 9.34 419
Skarn 1166.72 3.15 2.82
~ Magnetite 1169.87 8.77 426
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
355 Combining the stratigraphic, magmatic rocks distribution characteristics with the drilling dat.

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

z{m)
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/40
45

50 55 /50
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366 85 65
367 Figure 11. Perspective view of the migration density model. Red anomalous body shows density

368 distribution with density greater than 0.7 g/cm?®.
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Figure 12. Horizontal cross-sections at different heights of imaging results.

4.4. Geological Interpretation of the Mining Area
Migration imaging results—shew—that—there—ig considerable potential for mineral resources

underneath Litun, Pandian and Dazhang anomaly areas. Ore bodies are mainly distributed below;

700 m and abeve 1500 m underground.
The ore-body distribution i

Figure13,whosepottom-layeris-a sunphfled geological map of the survey area. One can see that the

target mineralized zones are mainly concentrated in the vicinity of fault structures since faults can

provide channels for magmatic upwelling and-the-reek-mass-is-well-developed-at-thejunetion-of
strietures-as-aresult. The iron ore buried depth of Litun ( | ) is about 1050 m-1350 m, that of Pandian

(I, 1) is about 1150 m-1550 m, and that of Dazhang (IV) is about 750 m-950 m. It should be noted
that the Pandian area ( Il , lll)is rich in iron ore resources underground, whereas these resources are

deeper and less extensive, and the drilling will be more difficult than the that in the Litun ( | ) and
Dazhang areas (IV). The Litun and Dacheung areas contain low-hang iri¢ fruit of the survey area and
should be set as key prospecting drilling areas. When these targets are exhausted and more geological
information is obtained, exploration can proceed outward, including under the Pandian area along
with other nearby high density distributions that have not yet been measured.
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Figure 13. Map of iron ore range corendered with corresponding geological map. 1- Scope of
prospecting target area; 2-drill hole; 3-inferred range of concealed diorite rocks; 4- inferred concealed
fault; 5- Yucheng-Jiyang latent sag; 6-Lepingpu latent sag; 7-Qihe latent high; 8- toponym.

Alse-eneouraging-thenewly-drilled well (ZK01) in this area found anjiron mine with-a-thiekness
of 54-4-m-below14444 m, which was consistent with thejinterpretation by-etur-method. Regularized

focusing migration method has the ability to delineate the horizontal range of orebody, predict

mineral depth and leeate-the-target-prospeeting-areq,

5. Conclusions

We have developed 3D regularized focusing migration of large-scale gravity data with higher
horizontal and vertical resolution compared with conventional gravity migration imaging. Validated
by synthetic models, this method can resolve complicated geological structures and has high stability
in noise conditions. Meanwhile the proposed algorithm based on the conjugate migration direction
and the Wolfe-Powell conditions inherits the high efficiency of conventional migration and can ebtair
real-time 1mag1ng with hlgh accuracy This prov1des a reference—for—the—study—of deep mineral

: relatively high density.

We have shown how th1s method can be pfedﬂeﬁvel-yiused for the-interpretation of the airborne
gravity data collected over the Yucheng mining area, Shandong, China. High-resolution imaging
results were obtained for high-density body distribution.-Resuktsshelped identify several potential

mining targets thatusualtyhave no surface expression and, can only be detected ssing modern high-
resolution geophysical methods. Currently, one of the predicted targets shewnhere is undergoing
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further drilling exploration based on these airborne gravity analyses and well results so far coincide
with our predictions. This method offers a refererneg for follow-up exploration in this area se-as-te
provides-aroadjmap ferskarn-type iron ore explerationy under thick overburden.

We have learned that iron-ore anomalies in this area have gravity and m 2o etic homology
characteristics. Gravity and magnetic combination inversion will subsequently be used in this area to
reduce the non-uniqueness of the results. Joint inversion of multiple geophysical data is the focus of
our future research.
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