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Abstract The Central Asian Orogenic Belt (CAOB) is a
giant suture zone produced by the reduction of the Paleo-
Asian Ocean between the Siberian, North China, and
Tarim cratons. The CAOB formed in three main stages,
including continental accretion, late collision, and intra-
continental orogeny. Strong crust-mantle interaction also
occurred during these stages. The eastern China-Mongolia
frontier area is an important part of the CAOB. Since the
Caledonian period, this region has frequently experienced
polycyclic tectonic reformation and intense magmatic
activities. All of these geological activities lay the
foundation for abundant metal resources. In the past,
several large metal ore deposits have been founded there.
However, the deep structure of different tectonic units and
the fault distribution in the eastern China-Mongolia border
frontier area are still not clear owing to the complex
geological environment. Existing works in that region are
insufficient for an in-depth understanding of the metallo-
genic deposits. The work discussed in this paper was
carried out in the eastern China-Mongolia frontier area
with measured gravity data along a profile and gravity data
extracted from the WGM2012 earth’s gravity model for
detailed fault distribution. In this study, empirical mode
decomposition (EMD) and tilt angle analysis (TDR) were
utilized for processing the gridded gravity data. The
measured gravity data were inverted with a 2D inversion
algorithm for density distribution along the survey line.
The inversion result was used to verify the existence of
known faults and describe their deeper extensions. Mean-
while, new faults were also identified along the survey line
and then marked on the gridded data to get their horizontal
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distribution. These results provide significant information
for the in-depth understanding of the tectonic units in the
study area.
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1 Introduction

Central Asia is a gigantic complex composed of various
terranes including Precambrian continental blocks, ancient
island arcs, ophiolites, and passive continental margins.
These terranes were amalgamated from the late Precam-
brian/early Paleozoic to the late Mesozoic (Jahn et al.,
2004). During this period, various geological activities
formed the world’s largest Phanerozoic orogenic belt — the
Central Asian Orogenic Belt (CAOB). The CAOB is a
classic example of an accretionary orogeny, which was
produced by the reduction of the Paleo-Asian Ocean
between the Siberian, North China, and the Tarim cratons.
Its formation represents a complex evolution of orogenic
belts. During its evolution the CAOB experienced three
main stages, including continental accretion, late collision,
and intracontinental orogeny. Strong crust-mantle interac-
tion also occurred. The CAOB records the accretion
history of the arcs and microcontinents over a time span of
about 400 Ma. The eastern China-Mongolia frontier area is
an important part of the CAOB, consisting of complex
tectonic magmatic belts and fault zones. Since the
Caledonian period, this region has experienced polycyclic
tectonic reformation and frequent, intense magmatic
activities. Throughout the whole evolutionary process,
convergence of the Paleo-Asian Ocean along with the deep
mantle plume activity played a leading role (Mossakovsky
et al., 1993; Jahn et al., 2004; Metcalfe, 2006; Didenko



Jun WANG et al. Interpretation of gravity data for fault distribution 809

et al., 2010; Xiao et al., 2010; Yarmolyuk et al., 2014). All
of these geological activities laid the foundation for
abundant metal resources.

Over the past years, many large non-ferrous metal ore
deposits have been found near the eastern China-Mongolia
frontier area based on geological and geophysical surveys.
Research indicates this area, along with the adjacent
regions, may become a hot spots for prospecting in this
century (Perello et al., 2001; Nie et al., 2004). However,
the deep structural characteristics of the different tectonic
units and fault distribution in this area are still not clear
owing to the complex geological environment. Existing
works on this region are insufficient for an in-depth
understanding of the metallogenic and prospecting possi-
bilities.

The work discussed in this paper has been carried out
near the Mongolia—Hinggan metallogenic belt in the
eastern China-Mongolia frontier area with gravity data
acquired from different sources. As we all know, gravity
data have played an important role in various geologic and
geophysical investigations. Rational interpretation of
gravity data often highlights individual geological bodies
in the context of complex regional tectonic settings
(Nabighian et al., 2005; Uieda and Barbosa, 2012; Guo
et al., 2014; Wang et al., 2014, 2015a;Yan et al., 2014; Liu
et al., 2015). Moreover, gravity data have been used to

identify fault distribution in existing researches.

In this study, field gravity data were measured along the
Mongolia—Hinggan metallogenic belt. Gridded gravity
data in the near area of this belt were extracted from the
WGM2012 earth’s gravity model (Balmino et al., 2012).
Both of the gravity datasets were separated with the EMD
technique to get residual and regional gravity anomalies,
which were then utilized for identification of lineaments in
the upper and deeper crust, respectively. The gridded
gravity data were analyzed with the TDR method for linear
feature enhancement. The measured gravity data were
inverted with a 2D physical parameter inversion algorithm
for density distribution along the survey line. The
inversion result was used to verify the existing faults and
to describe their deeper extensions. Moreover, the density
distribution was also used for identification of new faults
along with linear features of the gridded gravity data. The
results of this study provide significant information for a
deeper understanding of the tectonic units in the eastern
China-Mongolia frontier area, which helps the under-
standing of the metallogenic and prospecting possibilities.

2 Research area and data sources

The research area is located in the eastern China-Mongolia
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Fig. 1 Map showing location of the research area.



810 Front. Earth Sci. 2018, 12(4): 808-817

frontier area, shown in Fig. 1 with the black rectangle. The
research area is within the intersection of the Hinggan—
Mongolian orogenic belt and the northern margin of the
North China craton. Outcrops of Archaeozoic—Cenozoic
strata are widespread. The majority of mineral resources in
this area are distributed around the Mongolia-Hinggan
Orogenic belt, along which gravity measurements were
conducted, shown in Fig. 1 with the solid green line. The
survey line is perpendicular to the main structural trend and
cuts across some significant faults. Brief descriptions of the
existing faults are given in Table 1.

Field gravity measurements were taken from 2010 to
2012. The survey line was about 400 km long with 4800
gravity data points and about 650 check points. The mean
square error of the gravity measurement is £0.036Xx
107 m/s. Figure 2(a) shows the corrected Bouguer gravity
data along the survey line. Amplitude of the gravity data
ranges from —120x10° m/s* to —160x 10> m/s* in most
areas along the line except three low regions where the
lowest gravity value is about —190x107° m/s?.

Gridded Bouguer gravity data were extracted from
the WGM2012 earth’s gravity model. Referencing Bal-
mino et al. (2012), the WGM2012 gravity model is derived
from the available earth global gravity models EGM2008
and DTU10. Moreover, it includes 1'x1' resolution terrain
corrections derived from the ETOPO1 model that consider
the contribution of most surface masses (Amante and
Eakins, 2009). The gravity data have been computed by
means of a spherical harmonic approach using theoretical
developments carried out to achieve accurate computations
at global scale. Figure 3(a) shows the Bouguer gravity data
in the research area. It can be see that the values of the
gravity data are relatively large in the northern part and the
southeastern corner. The minimal values are located in the
middle of the area.

Table 1 Descriptions of the existing major faults

3 Gravity data processing

The flow chart of the research is displayed in Fig. 4. The
utilized techniques include gravity anomaly separation
based on EMD, TDR analysis for linear feature enhance-
ment, and 2D physical inversion for density distribution. In
the following sections, a brief description of each is given.

3.1 Gravity anomaly separation based on EMD

The EMD method was first proposed by Huang et al.
(1998) to analyze nonlinear and non-stationary signals.
The input signal is decomposed into individual compo-
nents with different frequencies, called intrinsic mode
functions (IMFs) (Ali-Rahim, 2016). The original signal
can be reconstructed by summing all of the IMFs with no
loss of information. The EMD method does not depend on
the primary basis function as is required for the Fourier and
wavelet analysis methods. It is an adaptive technique and
has been widely used in signal processing (Li and Ji,
2009), texture analysis (Nunes et al., 2005), and random
noise attenuation (Chen and Ma, 2014).

Huang et al. (1998) defined that any IMF should satisfy
two specifications: 1) the difference between the number of
extreme points (maxima and minima points) and the
number of zero crossing points must be less than one; 2)
the mean of the envelope defined by the local maxima
point and local minima point should be zero for any part of
the signal. We applied this method for the separation of
gravity data.

The detailed steps are:

1) Input the gravity data as x(n), identify all the local
extrema points, including the local maxima points and
minima points.

2) Interpolate between these extrema points to produce

Number Name

Description

F1 Sauron—Ulanhot fault

v/Scale: Deep fault;

v Strike ( northeast): Sauron aobao of Urad Middle Banner—Chagan hada of Damao Banner—Sonid Right Banner—

Silas MuLun River—Jarud Banner—Ulanhot;

v Dip: East-west in the west and middle part, gradually changes to the north-east

F2 Gaojia kiln—White City fault

v/Scale: Deep fault;

v/ Strike (west to east): The north mountain—the Cut well-Langshan-Bayan Obo-Huade-Ongniud Banner—Kailu—

F3 Wuyuan—Chifeng fault

the White City;
v Dip: East-west

v/Scale: Deep fault;

v/ Strike (west to east): Wuyuan—Taipusi Banner—Weichang—Chifeng;

F4 Linhe-Harqin Banner fault

v/ Dip: East-west
v/Scale: Deep fault;

v/ Strike (northeast then turning east-west): Linhe—Urad Front Banner—Wuchuan—Chahar Right Middle Banner—

Jining;
v/ Dip: East-west

Note: Terminology used in above table to describe faults is incorrect. Strike is the direction of the line formed by the intersection of the fault with the earth’s surface. Dip
is always perpendicular to strike and refers to the angle the fault surface makes with the earth’s surface. No information is given in the table as to the direction of the fault
movements.
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Fig. 2 (a) Bouguer gravity along the settled profile; (b)—(e) various intrinsic mode functions of the empirical mode decomposition of the
measured gravity anomaly. The ‘Res’ can be expressed as Res = Original data — (IMF1 4 IMF2 +...4 IMF7).

upper and lower envelope limits, i.e., Max(n) and Min(n).

3) Calculate the average signal, Mean(n) = mean
(Max(n), Min(n)).

4) Calculate d(n) = x(n) —Mean(n), and check if d(n)
meets the above specifications for IMF. If the condition is
satisfied, d(n) is the first IMF. If the condition is not
satisfied, screening of the above procedures is repeated
until the result satisfies the definition of IMF.

5) Use x(n) — IMF) as the new input data, and repeat the
above process to obtain various IMFs.

The final IMF which had very few extreme points was
treated as the regional gravity data and the sum of the
others was considered as the residual gravity data. Figure 2
shows some IMFs of the measured gravity data. Figure 2
(b) is the first IMF which has very low amplitude and high
frequency and was treated as noise. The sum of IMF2—
IMFS5 was the separated residual gravity data, while others
were the regional data. The residual data would be used for
inversion to get the density distribution in the upper crust
along the survey line.

For the gridded gravity data, a similar procedure was

performed by BEMD method (bidimensional empirical
mode decomposition). Figures 3(b) and 3(c) are the
separated residual and regional gravity data, respectively.
Results suggest that the regional Bouguer gravity data
decrease rapidly from northeast to southwest, causing
isostatic adjustment and showing a decrease in crustal
density. The residual Bouguer gravity data in the northern
part of the area is relatively large. The residual and regional
data would be utilized for linear features detection in the
shallow and deeper crust.

3.2 Linear features enhancement with TDR

The TDR was introduced by Miller and Singh (1994) and
Verduzco et al. (2004) as

0g/0z
\/(6g/ax)? + (0g/ov)

where g denotes the inputted gravity data, 0g/0z is the

TDR = tan '

. (D
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Fig. 3 (a) Bouguer gravity data extracted from the WGM2012 earth’s gravity model; (b) The separated residual gravity data based

EMD; (c) The separated regional gravity data based EMD.

vertical derivative, and \/ (8g/ox)* 4 (8g/dy)* is the
horizontal derivative (Ghosh, 2016).

The value of Eq. (1) varies between + /2 and —7t/2
radians. TDR is 0 radians at the measuring point (x = x0)
above the edges of the contact. This property identifies the
horizontal location of the geological sources. The TDR
analysis for fault location has been carried out by many
researchers (Blakely and Simpson, 1986; Miller and Singh,
1994; Fedi and Florio, 2001; Williams et al., 2005; Phillips
et al., 2007; Orug, 2011; Ghosh, 2016).

The TDR analysis was performed in this study for linear

features enhancement. Figures 5(a) and 5(b) are the TDR
results of the residual and regional gravity data, respec-
tively. They show that the trends of most of the major faults
(F1-F4) are in good agreement with the linear features
contained in the regional gravity data. This verifies that
F1-F4 are the major deep faults corresponding to the units’
boundaries. For the smaller faults, SF1, SF2, and SF8 are
obvious in the TDR of regional gravity data. SF3—SF7 can
be found in the features of the TDR of residual gravity
data. The TDR result will be utilized for fault interpretation
in the following section.
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Fig. 5 (a) TDR analysis of the residual gravity data; (b) TDR analysis of the regional gravity data. In these two figures, the black lines denote

existing faults.
3.3 2D density inversion

In this study, the measured gravity data was inverted with
the algorithm proposed by Li and Oldenburg (1998). The
subsurface is considered as a gridded system with constant
physical properties (density) in each cell. The goal of the
inversion is to calculate the property of each cell. The
inversion problem can be expressed as

Gm =d, 2)

where d is the observed data, G is the kernel matrix, and m
is the model parameter to be determined. For the inversion

of gravity data, the number of model parameters is much
greater than the number of data points. So, the problem
expressed in Eq. (2) is an underdetermined problem which
is ill-posed. A model objective function as Eq. (3) is
utilized to limit the solution space,

b = o [ il (2)m ) Py

0w, (2)m—myg))

d
+ a, f vwx o v
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where m,,, is the reference model, w,(z) is the depth
weighting function, w,, w,, and w, are the weighted
functions, and a, a,, and a, are the coefficients. The first
part of Eq. (3) is the smallest model and the latter two parts
are the smoothest model, which make the model smooth in
both the horizontal and the vertical directions. The final
objection function can be expressed as

min : ¢ = ¢; + agp,,, “4)

where ¢, is the data misfit function as displayed in Eq. (2),
and a is the regularization parameter. Eq. (4) can be solved
by an optimization algorithm such as the gradient descent
method (Wang et al., 2015b).

The results of the density inversion are shown in Fig. 6.
Variations in density typically indicate variations in rock
type. Faults are interpreted at the boundaries between
positive and negative densities.

4 Gravity data interpretation

As shown by the flow chart in Fig. 4, further interpretation
of the gravity data was based on previous data processing.
Meanwhile, the MT inversion result conducted by our
group has also been adopted for integrated analysis. The
goal of interpretation focuses on two aspects. First, this
study wants to verify the existence of faults and describe
their deeper extensions. Second, this study looks to
identify new faults in the research area. In the following
section, the discussion will focus on these aspects. Blue
arrows were used to mark the major faults, pink arrows for
smaller faults, and green arrows and black arrows for
newly identified faults.

4.1 Analysis of existing faults

The results of the gravity inversion along the survey line
were utilized to verify the existence of several faults. All of
the major faults, F1-F4, have obvious characteristics in
both of the two inversion results, confirming their
existence. Some of the smaller faults (SF2 and SF5) have
characteristics in only one of the inversions, indicating
further investigation is needed to prove their existence.
Table 2 shows the reliability assessment of these existing
faults based on the analysis of the inversion results.

The F1 fault, named the Sauron—Ulanhot fault, is a deep
fracture which extends to more than 40 km depth. It is
steeply inclined at shallow depths then gradually flattens.
The gravity data from this study indicate the F1 fault is cut
by several other faults between 20 km and 35 km depth,
but this has yet to be confirmed. Where the fault crosses the

gravity survey line, the dip of F1 is to the southeast, which
indicates the fault F1 may be a result of the Siberian plate’s
subduction to the southeast. The geological interpretation
of the Sauron-Ulanhot fault is that it is an ancient
subduction zone caused by the Paleo-Asian Ocean’s
subduction to the south under the North China craton in
the Caledonian period.

The F2 fault named the Gaojia kiln—White City fault is
also a deep fracture. It has an obvious signature in both the
gravity and MT inversion results. It extends to depths of
more than 40 km and is cut off by another fault at about 20
km. It is also cut off by SF8 at shallower depths. This has
been confirmed by previous geological surveys. Compared
with F1, it has a similar strike direction and better
continuity in the subsurface.

The F3 fault is called the Wuyuan—Chifeng fault. Its
intersection with the gravity survey line is just above the
extension of the Gaojia kiln—White City fault (F2). Like
the F1 fault, the F3 fault is steep near the surface but
gradually flattens with depth. At a depth of about 40 km, it
converges with the F4 fault to form a deep fault with longer
extension.

The F4 fault is the Linhe-Harqin Banner fault. It is
nearly vertical from the surface to 20 km depth, then
flattens between 20 km and 30 km. At the depth about
40 km, it intersects the F3 fault.

In summary, the F1-F4 faults all extend to a deep depth.
All are clearly delineated on the two inversion results.
They have similar dips to the southeast which may have
been caused by the continental rift and collision that took
place between the Siberia plate and the North China
Craton.

For the smaller faults marked as SF, not all of them have
obvious signatures in the two inversion results. SF6 and
SF7 were assessed to be likely faults. They extend to the
depth of about 20 km. At deeper depths, no physical
difference can be found in any of the inversion results. SF5
shows a possible presence on the gravity inversion result
but not on the MT inversion result. Therefore, it was
marked with a relatively low probability. However,
nothing was found for SF2 in either of the two inversion
results. So, SF2’s existence should be considered carefully.

4.2 Additional potential faults

The method that the present study used to identify new
faults is as follows. First, inversion results of gravity data
and MT data were analyzed comprehensively to mark out
the position where the fault has the highest possibility to
exist along the gravity survey line. Then, these points were
projected to the TDR result of the gridded gravity data in
the near surface region. Finally, an integrated analysis was
performed with a combination of these marks and the
linear features in the TDR result to give the locations of
potential faults.

In Fig. 6, the inversion results of gravity data and MT
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Fig. 6 Integrated analysis of the inversion results of gravity data and MT data.

Table 2 Reliability assessment of these existing faults

815

Description

Number Reliability
Fl1 High
F2 High
F3 High
F4 High
SF1 /

SF2 Lower
SF3 /

SF4 /

SF5 Relatively low
SF6 High
SF7 High
SF8 High

Obvious characteristics in both of the inversion results
Obvious characteristics in both of the inversion results
Obvious characteristics in both of the inversion results
Obvious characteristics in both of the inversion results
Not applicable along the observation line
No obvious characteristics in the two-inversion result
Not applicable along the observation line
Not applicable along the observation line
Obvious characteristics in the gravity inversion result
Obvious characteristics in both of the inversion results
Obvious characteristics in both of the inversion results

Obvious characteristics in both of the inversion results

data were analyzed separately. Intervals between various
physical parameters, which were considered as the contact
between different rock blocks, were marked with black
dashed lines. These two interpretation results were then
studied together. Black arrows were used to mark the
places which have characteristics only in one of the

inversion results. These places have relatively low like-
lihoods of being faults. Green arrows were used to mark
the places which have characteristics in both of the
inversion results. These places have a relatively high
possibility to be faults. The above results were projected to
the TDR result of the gridded gravity data in the near
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region. Potential faults would be identified by both green
arrows and the linear features in the TDR result. Based on
the above integrated analysis, eight new faults were
identified in the near region of the gravity survey line
which were named as DF1-DFS in Fig. 7.

DF1 is parallel with the major fault F1 west of the
gravity survey line and then cuts F1 to the east of the line.
DF2 mirrors DF1 and cuts F1 in the same position as DF1.
This phenomenon can also be seen in the two inversion
results. The depth at which DF1 and DF2 intersect with F1
is about 20 km. DF3 and DF4 are nearly parallel with each
other and their fault traces are almost due north. Along the
gravity survey line, DF3 intersects F1 at a depth of about
35 km. On the horizontal plane, DF3 and DF4 cut F2 west
of the survey line. DFS5 is nearly vertical to the surface and
only extends to the depth about 10 km in the subsurface. It
cuts F2 east of the survey line. The trace of DF5 is nearly
parallel with the major fault F1. DF6 is another fault which
cuts major faults F2 and F3. Its intersection with the
gravity survey line cuts F3 at the depth about 25 km. DF7
is located between faults F3 and F4. On the horizontal
plane, it has an ‘S’ shape. Its intersection with the gravity
survey line cuts F3 at the depth about 30 km which is
parallel with DF6. DF8 is similar to SF1 and SF2. The
inversion results show that its intersection with the survey
line cuts the crust to a depth of about 20 km. An integrated
use of the inversion results and the enhanced linear features

@

-
43°00N | A

of the gridded gravity data has potentially identified eight
other faults in the near region of the Mongolia—Hinggan
metallogenic belt. These results provide significant
reference for further geological study.

5 Conclusions and discussion

Fault distribution near the Mongolia—Hinggan metallo-
genic belt in the eastern China-Mongolia frontier area has
been studied with gravity data. The utilized gravity
datasets include actual measured gravity data along a
profile and gridded gravity data extracted from the
WGM2012 earth’s gravity model.

Based on data processing and interpretation of the
gravity data, the existing faults in this area have been
studied in greater detail. This study assessed their basic
trace and described their deeper extensions. Meanwhile,
eight new faults were also potentially identified. These
results provide additional information for the in-depth
understanding of the tectonic units in the eastern China-
Mongolia frontier area, which also helps further under-
standing of the metallogenic regularities and potential
prospecting directions. However, only limited geophysical
research has been conducted in this area. To further
understand the geological features of this area, more
investigation is needed.
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Fig. 7 Analysis of the TDR result for new potential faults in the study area.
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