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Abstract In this paper, we introduce the method of
Wavelet Multi-scale Decomposition (WMD) combined
with Power Spectrum Analysis (PSA) for the separation of
regional gravity and magnetic anomalies. The Songliao
Basin is situated between the Siberian Plate and the North
China Plate, and its main structural trend of gravity and
magnetic anomaly fields is NNE. The study area shows a
significant feature of deep collage-type construction.
According to the feature of gravity field, the region was
divided into five sub-regions. The gravity and magnetic
fields of the Songliao Basin were separated using WMD
with a 4th order separation. The apparent depth of
anomalies in each order was determined by Logarithmic
PSA. Then, the shallow high-frequency anomalies were
removed and the 2nd—4th order wavelet detail anomalies
were used to study the basin’s major faults. Twenty-six
faults within the basement were recognized. The 4th order
wavelet approximate anomalies were used for the inver-
sion of the Moho discontinuity and the Curie isothermal
surface.

Keywords gravity and magnetic anomalies, Songliao
Basin, deep structure and geodynamics, Wavelet Multi-
scale Decomposition, Power Spectrum Analysis

1 Introduction

Gravity and magnetic methods are commonly used in basin
structural interpretation because of their better horizontal
resolution, compared to seismic profile exploration (Liu et
al., 1996). However, observed gravity and magnetic
anomalies are the superposition of anomalies induced by
geologic bodies at different depths (Xu et al., 2009). The
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separation of regional residual anomalies is one of the
important tasks in gravity and magnetic interpretation. A
lot of anomaly separation methods have been developed
based on different characteristics of regional and residual
fields, such as polynomial surface fitting (Beltrdo et al.,
1991), the minimum curvature method (Mickus et al.,
1991), the 3D magnetic inversion algorithm (Li and
Oldenburg et al., 1998), and finite element analysis
(Mallick and Sharma, 1999). Recently, wavelet transfor-
mation has been widely used in the processing and
interpretation of gravity and magnetic anomalies because
of its good ability to do multi-scale analysis. Traditional
spectrum analysis is usually used to assist wavelet analysis
with finding the depth of gravity and magnetic anomalies
(Albora et al., 2001). In this study, we used wavelet
transformation combined with spectrum analysis to
separate gravity and magnetic anomalies in the Songliao
Basin and to examine the basin’s deep structures and
geodynamics.

The longitude and latitude of the investigated area
ranges from 118°E to 132°E and from 40°N to 52°N (Fig.
1), including the Songliao Basin and its adjacent area. The
Songliao Basin is one of the typical basins among the NE
China Basin Groups including the Songliao Basin, the
Hailar Basin, and the Sanjiang Basin. These basins are
located in the north of the circum-pacific tectonic belt,
situated between the Siberian Plate and the North China
Plate (Fig. 1). There are lots of fold belts around the
Songliao Basin, such as the Daxing’anling Mountains
hercynian fold belt in the west, the Xiaoxing’anling
Mountains fold belt in the north, the Qinglong-Hulan
Caledonian fold belt in the south, and the Zhangguangcai
Mountains hercynian fold belt in the east (Ren et al., 2002).
The basement of the Songliao Basin mainly consists of
metamorphic sandstone, griotte, slate, and large-scale
hercynian and Caledonian intrusive granite (Wu et al.,
2001). Many authors have studied the deep structures and
geodynamics of the Songliao Basin using geophysical
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Fig. 1 The location of study area (Revised from Sun et al., 2012)

methods (e. g., Duncan and Richards, 1991; Zhang et al.,
1995; Bi, 1997; Aietal., 2003; Li and Yuan, 2003; Zhao et
al., 1994; Huang and Zhao, 2006; Li, 2006; Li et al., 2008;
Shen and Zhou, 2009; Zhang et al., 2010; Zhu et al., 2010).
These researchers have reached basic agreements about the
geological background of the Songliao Basin. Most results
show that the basin is closely related to the magma
upwelling and lithospheric thinning caused by deep
subduction of the Pacific Plate. Zhao (2004) has studied
the effect caused by the pacific subduction zone by means
of the seismic tomography of NE China. However, the
study of the basement is insufficient to understand the
fracture distribution. Furthermore, accurate maps of crustal
interfaces, Moho discontinuity, and Curie isothermal
surfaces are still not drawn, which also restricts the further
understanding of the Songliao Basin’s geodynamics.

2 Method and results

2.1 Theory of wavelet analysis

According to Wavelet Analysis Theory (Lee and Yama-

moto, 1994), if f(f) € L*(R), we define its wavelet
transformation as:

_ Foo t—b
Wi(ab) = <Lws >=lal [ W”(T) a0
in which the Wavelet Function is

Vap(t) = |a|‘/2w<%) (a € R a#0; b €R). (2)

2

A
i .
For C, = f dw<oo, w(w) is the flourier
R (] ’

transformation of y(z), and we get the reverse wavelet
transformation:

fiy=c¢,’ f H: f iz(CWwa)(a,b)y/a,b(t)%db. 3)

Make a = a/, b= ka{)bo, ay > 1, and by > 0, then the
wavelet transformation changes into the discrete version:

_1 r+oo B —— e —
WGk =y [ fwlag e kbo)dx, )
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L .
where . = ay 2y (ay’x—kby)(j,k € Z); make a, =2,
by =1, we get

Wu(r) = 277 (271 k), 6

and Wy (k) =275 [ (0 (2 Tx—k)dx. 6)
It can be proved that f Jj::)l//jk(x)t//m,,(x)dx = Ok =
(l)il:S:"k:" consists of a set of standard independent bases

belonging to L?(R). Accordingly, we get the wavelet
transformation function:

) =" We(ik)y(x). (7)
pkez

Analogously, if the 2D gravity anomaly field is
AG(x,y) =f(x,y), we use the Mallat (1989) method,
according to Yang et al. (2001)’s deduction, the gravity’s
4th decomposition expression can be written as

AG:D1G+D2G+D3G+D4G+A4G, (8)

where D;G—-D,G belong to W;—W, and represent
wavelet anomaly details from the Ist to 4th orders, and
A4G is the 4th order wavelet anomaly approximation.

2.2 Gravity and magnetic characteristics

The Bouguer gravity anomaly of the investigated area

ranges from —119 mGal to 31 mGal (Fig. 2), and most of
the gravity anomalies and gradient belts align in NE-NNE
direction. This indicates that the existing EW-trending
Paleo-Asian Ocean structure has been overlain with and
altered by the late NE-trending Marginal Pacific structure
(Sun et al., 2012), and it has been demonstrated that the
transformation of the Paleo-Asian tectonic system into the
circum-Pacific system took place during the Triassic period
(Xu et al., 2009; Xiao et al., 2003). The Songliao Basin is a
relatively high-valued gravity anomaly area, surrounded
by a low amplitude anomaly. The anomaly’s shape and
orientation change frequently, but the change of gradient is
very small. In the west there is a continuous significant
gravity gradient belt, named Daxing’anling Mountains. It
is about 100 km wide and ranges from —90 mGal to 30
m@Gal. The Hailar Basin, in the north of study area, also has
a relatively high-valued gravity anomaly belt. In the east of
the Songliao Basin, the character of the gravity anomaly
turns NS-trending.

The study area shows a significant feature of deep collage-
type construction consisting of several micro-plates. Based
on the feature of gravity field, we divided the region into five
sub-regions (Fig. 2). They are the Hailar-Erlian sub-region
(I), the Daxing’anling Mountains gravity gradient belt sub-
region (II), the Songliao Basin sub-region (III), the
Xiaoxing’anling Mountains sub-region (IV), and the Zhang-
guangcai Mountains sub-region (V). These sub-regions
agree well with the research conducted by Cheng (20006).
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Fig. 2 Bouguer gravity anomaly of the Songliao Basin
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In Fig. 3, the maximum magnetic anomaly is 1,324 nT
and the minimum value is —609nT. The trend of the
magnetic anomaly is in the NE-NNE direction, consistent
with the Bouguer anomaly map. The Songliao basin is a
relatively low-negative magnetic anomaly area surrounded
by a low-positive anomaly. The anomaly’s shape is placid
and its orientation changes smoothly because of the thick
sedimentation. In the northwest, the magnetic anomaly is
messy and turbulent because of the exposed magnetic
granites.

2.3 'WMD and PSA of gravity and magnetic anomalies

We used Wavelet Multi-scale Decomposition with 4th
order separation to separate the gravity and magnetic
anomalies in the study area based on the geological
background and the estimation of the interfaces’ depths.
The decomposition results are shown in Figs. 4(a—j), and
the corresponding spectrum results are in Fig. 5. From the
spectrum results, we can estimate the average depths of the
wavelet decomposition results at each order. We can see
that the depths of DG (Fig. 4(a)) and DM (Fig. 4(f)) are
3.0 km and 2.6 km, respectively. They indicate that the 1st
order of wavelet details of the gravity and magnetic
anomalies can reflect signals from superficial bodies with
high density and magnetism. D,G-D4G (Fig. 4(b—d)) and
D,M-D4M (Fig. 4(g-1)) show the 2nd to 4th orders of
wavelet details of the gravity and magnetic anomalies,

120°E

124°E
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their estimated depth is 9.6 km, 14.4 km, 25.7 km, 8.5 km,
13.2 km, and 21.5 km, respectively. They can reflect the
character of the basement and middle crust. A4G (Fig. 4(e))
and A4M (Fig. 4(j)) show the 4th order wavelet anomaly
approximation of the gravity and magnetic anomalies. The
estimated depths of the 4th order wavelet approximation of
the gravity and magnetic anomalies are 38.9 km and 26.7

km. They can reveal the ups and downs of deep interfaces
such as the Moho discontinuity and the Curie isothermal
surface.

3 Discussion
3.1 Basement faults

According to the results of WMD and PSA, we used the
details of the 2nd and 3rd orders of the anomalies to study
the basement structure of the Songliao Basin. In order to
distinguish the basement faults, we calculated the
horizontal derivations of the 2nd and 3rd orders of wavelet
details of the gravity anomaly (D,G-D;G) in NW-SE
(DD,-DD3), EW (HD,-HDj3), and SN (VD,-VD;)
directions (Fig. 6). According to the linear characteristics,
we deduced 26 basement faults (Table 1).

Most of these faults are striking in the NE-NNE
direction, consistent with the featured direction of the
gravity anomaly and related to the effects of Pacific
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Fig. 3 Magnetic anomaly of the Songliao Basin
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Fig. 4 WMD of gravity and magnetic anomalies in the Songliao Basin. (a—d) indicate the 1st to 4th orders of wavelet details of the
gravity anomaly (D;G-D4G). () shows the 4th order wavelet approximation of the gravity anomaly (A4G). (f-i) shows the 1st to 4th
orders of wavelet details of the magnetic anomaly (D;M-D4M). (j) shows the 4th order wavelet approximation of magnetic anomaly

(AsM).

subduction. From DD3, HD;, and VD;, we can pick out They may have cut through the shallow crust and reached
some of the deep faults, such as the F2, F4, F7, and F8. the depth of 14.4 km at least. This situation is also suitable
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Fig. 5 PSA of gravity and magnetic anomalies in the Songliao Basin

for F10, F12 in HDs, F17, F18, F19, and F25 in VDs.
However, additional geochemical evidence is needed to
prove whether they are deep faults or not. Compared with
Fig. 2, we can find that F2 exactly matches with the micro-
plate boundary between the Hailar-Erlian sub-region (I)
and the Daxing’anling Mountains gravity gradient belt
sub-region (II). F7 is also located at the joint of the
Songliao Basin sub-region (III) and the Zhangguangcai
Mountains sub-region (V). This proves that the recognition
of deep faults plays an important part in the determination
of plate boundaries.

3.2 Moho discontinuity and Curie isothermal surface

The Moho discontinuity is the crust-mantle boundary, it is
important to know its depth for the understanding of the
geodynamics and deep tectonics of a given area. Accord-
ing to the seismic data of NE China, the assumed density
difference between bottom crust and upper mantle is 0.43
g/cm* The average depth of Moho is 40 km (Yang et al.,
1996). We used the 4th order wavelet approximation of the
gravity anomaly to inverse the depth of the Moho
discontinuity (Fig. 7).

The result shows that the depth of the Moho disconti-
nuity in the study area is about 35 km on the average and
ranges from 29.75 km to 40.75 km. From NW to SE, the
Moho interface becomes deeper and deeper, which
indicates that the regional structural trend is nearly NE.
In the details, the Songliao Basin sub-region (III) is right in
the uplifting center. Around this elliptic area, there are low
and even mantle slopes. Combined with the characters of
the 5 sub-regions (Fig. 2), we can easily find that the
Daxing’anling Mountains mantle slope is consistent with
the Daxing’anling Mountains gravity gradient belt sub-

region (II). The Zhangguangcai Mountains mantle depres-
sion has the same slope as the Zhangguangcai Mountains
subregion (V). Furthermore, we find that the major deep
faults (e.g., F19, F3, F7) listed in Table 1 are all by the edge
of the gradient belt of the Moho surface. This is due to the
fact that the crust thickness always changes with the major
faults (Sun et al., 2012).

The Curie isothermal surface is the depth at which
temperature is about 580°C and the magnetic minerals lose
their magnetism. For the Songliao Basin, the average depth
of the Curie isothermal surface is 25 km and the assumed
magnetization intensity difference at the interface is 2 A/m
(Hu et al., 2006). We used the 4th order wavelet
approximation of the magnetic anomaly to inverse the
depth of the Curie isothermal surface (Fig. 8).

The result shows that the depth of Curie isothermal
surface in the study area is about 25.5 km on the
average and ranges from 16.5 km to 34.5 km. The Curie
isothermal surface is generally uplifted in the center
area, and depressed in the surrounding area. The
volcanoes in the study area are located along the edge of
the uplift of the Curie isothermal surface. The Songliao
Basin is located almost in the most uplifted area, but in the
interior of the basin the Curie isothermal surface has ups
and downs, which indicates the heterogeneity of crustal
structures and heat flow in the Songliao Basin. These
features reveal the fact that the Songliao Basin is a complex
extensional basin, but its geothermal gradient is affected by
many factors.

4 Conclusions

For this study, we used the method of Wavelet Multi-scale
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Table 1 Estimated basement faults

No. Fault name Strike Remarks

F1 Deerbugan NE Obviously observed in the 2nd and 3rd orders of wavelet gravity
.10 N ol bl n e WS i
F3 Jiagedaqi-Hulin W anomaly details horizontal derivation for the SN direction.

F4 Erlian-Heihe NE-NEE

F5 Suihua-Mulan NwW

F6 Fuyu-Dehui NW

F7, 25 Yilan-Yitong NE

F8 Dunhua-Mishan NE

F9, 24 Shanhaiguan-Fuxin NE

F10 Xiao Yangqi-Baishilazi EW Obviously observed in the 2nd and 3rd orders of wavelet gravity
Fl1 Lane Moore River EW anomaly details horizontal derivation for the EW direction.

F12 Huanan-Baoqing EW

F13 Samai-Hulitu EW

F14 Wenduermiao-Xilamulun EW

F15 Jining-Lingyuan EW

Fl16 Huailai-Xinglong EW

F17 Hula lake-Jilalin NE Obviously observed in the 2nd and 3rd orders of wavelet gravity
N s b dion S i 1,
F2, 19 Daxing’anling Mountains NNE

F20 Nenjiang-Baicheng NE

F21, 22 Bei’an-Dagqing NNE

F23 Nancha SN

F9, 24 Shanhaiguan-Fuxin NE

F7, 25 Yilan-Yitong NE

F26 Mudangjiang SN

Decomposition to separate regional gravity and magnetic
anomalies in the Songliao Basin and its adjacent area.
Combined with previous geological and geophysical
research results, we studied the deep structures of the
Songliao Basin including basement faults, the depth of the
Moho discontinuity, and the depth of the Curie isothermal
surface, and then we discussed the basin’s geodynamic and
tectonic evolution.

The gravity and magnetic anomalies in the study area
showed a significant feature of deep collage-type con-
struction. The anomalies almost align in the NE-NNE
direction, and the anomalies in the EW, and SN directions
are mostly blurred and small-scale, which indicates that the
NE-trending Pacific subduction is the latest tectonic event
affecting the Songliao Basin’s structure. According to the
derivations of the 2nd and 3rd orders’ wavelet gravity
anomaly details in the NW-SE, EW, and SN directions, we
have a systematic understanding of the study area’s micro-
plate boundaries and have estimated 26 potential basement
faults. A4G and A4;M are the 4th order wavelet

approximations of the gravity and magnetic anomalies.
With the inversion results of A4G and A4;M, we generated
the map of the Moho discontinuity and the Curie
isothermal surface, We zoned the study area into the
Songliao mantle uplifting center, the Daxing’anling
Mountains mantle slope, the Zhangguangcai Mountains
mantle depression, and the Songliao high geothermal
gradient. They are all consistent with the features of gravity
and magnetic anomalies.

On the basis of basement faults, volcanoes, and the map
of the Moho discontinuity and the Curie isothermal
surface, we agree with the conclusions of Zhao et al
(1994), and Wang and Liu (1997), and argue that the
Songliao Basin is a complex extensional basin, whose
geodynamics are mainly affected by the Pacific subduction
and some other factors like the heterogeneity of crustal
structures. Because of the subduction of the Pacific plate,
hot asthenosphere materials well up in the form of plumes,
stimulating the occurrence of extensional rifts and faults
that develop in the Songliao Basin.
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