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Abstract The Bouguer gravity is the combination of field

sources in different depths. Based on the multi-scale ana-

lysis of the Bouguer gravity, we can get the gravity

anomaly caused by the Moho undulation. This study pre-

sents the various orders of approximation of gravity

anomaly in North China Craton (NCC), the possible source

depths with radial logarithmic power spectrum, and the

relationship between the deep structure and gravity

anomaly. Furthermore, we discuss the isostatic compen-

sation about the Moho depth from gravity and deep seismic

sounding profiles (DSS). The results show that: (1) the

fourth approximation could have resulted from the Moho

undulation, (2) in contrast to the isostatic Moho, the

inverted gravity Moho and the DSS Moho show that most

of NCC has been isostatically compensated, and (3) the

isostatic compensation rate has some close relation to the

seismicity.

Keywords Multi-scale analysis � North China

Craton � Gravity Moho � Compensation rate �
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1 Introduction

The North China Carton (NCC) is characterized by a thick,

diamond-bearing lithospheric keel, and behaved as a stable

lithospheric block throughout the Proterozoic and Palaeozoic

(Albee and Cullins 1975; Kusky et al. 2003; Rogers and

Santosh 2004). It is located on the eastern margin of Asia, and

is composed of east block, west block, and middle belt, whose

elevation corresponds to plain, plateau, and orogen, respec-

tively (Fig. 1). Resultantly, they collided to form a unified

whole at early Proterozoic (Zhao et al. 2001, 2003, 2005).

During the Mesozoic, the eastern part of the NCC experienced

the effects of tectonic activity, as evidenced by voluminous

magmatism and widespread deformation (Liu et al. 1992; Fan

et al. 2000, 2007; Deng et al. 2012; Wu et al. 2003, 2005;

Zhang et al. 2003, 2012; Zhao et al. 2003; Huang and Zhao

2004; Zhai et al. 2007; Xu et al. 2008; Kusky 2011; Meng et al.

2011; Zheng et al. 2001, 2006). At present, the NCC is

affected by the removal of a layer of lithospheric material

80–100-km thick (Menzies et al. 2007; Fan et al. 2000; Chen

et al. 2008; Zhu and Zheng 2009), and the lithosphere of the

eastern part of the NCC can now be classified as transitional

(Zhang et al. 2003; Menzies et al. 2007; Wang et al. 2009a, b).

It is supposed that the Archean NCC experienced tec-

tonothermal reactivation during the Mesozoic, resulting in

widespread calc-alkaline magmatism (Menzies and Xu

1998; Xu et al. 2004). At the end of this event, numerous

basins have surged up, and the faults widely developed

(mainly in NNE direction; Fang et al. 2002), which resulted

that the seismicity is strong in NCC; such as the Tangshan

earthquake (Ms 7.8) occurred at 1976, at least

240,000 people died and 85 % of the buildings fell col-

lapsed (La et al. 2006; Zhong and Shi 2012), as well as

Xingtai earthquake (Ms 6.8) occurred at 1966 (Teng et al.

1975; Zhu et al. 1995), the Haicheng earthquake (Ms 7.3)
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occurred at 1975 (Jin and Aki 1986), and the Pinggu

earthquake (Ms 8.0) occurred at 1679 (Liu et al. 2007).

Most studies on NCC are from geochemistry, tectonics,

and seismology. However, both the seismic P- and S-wave

velocities do not provide sufficient information about the

density structure of the lithosphere (Mooney and Kaban

2010). The cratonic roots, which show positive S-wave

velocities, offer a clear example of the ambiguity of the

seismic models for determining lithospheric density. In this

paper, to improve the analysis of the multi-scale decom-

position of Bouguer gravity, we get the gravity anomaly

caused by the Moho undulation; then, a gravity Moho map

is displayed in contrast to the isostatic Moho. The com-

pensate rate of the gravity Moho and the Moho from deep

seismic sounding (DSS) profiles, as well as the relationship

with the seismicity are also discussed.

2 Methods

The variation of the gravity field is the comprehensive

reflection of inhomogeneous density at different depths.

Therefore, one of the most common problems encountered

in gravity data studies is how to separate them. There are

four major methods to tackle this problem as smoothing,

high level derivative, analytic continuation, and frequency

filter (Zeng 2005), which mean the filters in time domain or

space domain to the gravity anomaly. But either in time

domain or in space domain, they cannot express the

detailed properties. The wavelet analysis, a kind of time–

frequency analysis, widely used in signal processing, has

recently been introduced in the realm of potential fields

both as a filtering and a source-analysis tool. Because of

overcoming the defect in frequency domain or in time

domain only, wavelet method also has a wide application

in potential field separation (Cheng and Zhang 2006; Hou

and Yang 1997, 2011; Hou et al. 1998; Gao et al. 2000;

Jiang et al. 2010; Yang et al. 2001).

2.1 Derivation of wavelet transform

Let g(x) as a square integral function in L2 space, filling the

condition as follows (Li and Liu 1994):

gðxÞ 2 L2 and GðwÞjw¼0 ¼ 0;

Zþ1

�1

jGðwÞj2

jwj dw\1;

8>>><
>>>:

ð1Þ

(G(w) is the Fourier transform of g(x)}).

So g(x) is known as a basic wavelet or mother wavelet.

We can get the wavelet basic function by extending and

translating the g(x), as ga;b ¼ 1ffiffiffiffi
jaj

p gðx�b
a
Þ; a; b 2 R; a 6¼ 0;

a is the scale function and b is location function.

The wavelet transform is

Wf ða; bÞ ¼ 1ffiffiffiffiffiffi
jaj

p
Zþ1

�1

f ðxÞg x � b

a

� �
dx: ð2Þ

The corresponding inverse transform is

f ðxÞ ¼ 1

c

Zþ1

�1

db

Zþ1

�1

Wf ða; bÞg x � b

a

� �
da

a2
; ð3Þ

where

c ¼
Zþ1

�1

jGðwÞj2

jwj dw: ð4Þ

For (2), we regard a ¼ am
0 ; b ¼ nb0am

0 ; a0 [ 1; b0 [ 1;

then the discrete form of wavelet transform is as follows:

Wf ðm; nÞ ¼ a
�m

2

0

Zþ1

�1

f ðxÞg a�m
0 x � nb0

� �
dx; ð5Þ

and

gmnðxÞ ¼ a
�m

2

0 g a�m
0 x � nb0

� �
; m; n 2 Z: ð6Þ

Assume a0 = 2, b0 = 1 for special research.

Fig. 1 The simplified tectonic map of NCC. The brown line is the

boundary of the NCC, which is further subdivided into three parts:

western block (WCNN), central orogenic belt (CNCC), and eastern

block (ENCC) by two black lines (Zhao et al. 2001, 2003). Inset map

shows geographic position of the NCC in China mainland (Zhang

et al. 2011b). The fault belts are outlined in white and the boundaries

of political provinces are shown by continuous black lines, QDOB

Qinling-Dabie orogenic belt, YSOB the Yanshan orogenic belt
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Then

gmnðxÞ ¼ 2�m
2 g 2�mx � nð Þ;

Wf ðm; nÞ ¼ 2�m
2

Zþ1

�1

f ðxÞg 2�mx � nð Þdx:

8>>><
>>>:

ð7Þ

Assuming the scale function / satisfies the condition:

Zþ1

�1

/ðxÞdx¼ 1;

/mnðxÞ¼ 2�m
2/ 2�mx�nð Þ?gm

0
n
0 ; when n 6¼ n0; m 6¼m0:

8>>><
>>>:

ð8Þ

and f(x) can be deduced as

f ðxÞ ¼
X1

n¼�1
Wf ð0; nÞ/0nðx � nÞ

þ
X1
m¼0

X1
n¼�1

Wf ðm; nÞgmnðxÞ: ð9Þ

The first part is the approximation of f(x), and the second

part stands for the detail; refer to the Mallat algorithm

(1989).

The most popular wavelets in the data process are Haar,

Daibechies, coif, bior, and sym2. Not all the wavelets are

fit for the potential data processing. Compared with the

property of orthogonal, symmetry, regularity, and vanish-

ing moment, Li et al. (2001) found that the boir3.5 has

remarkable advantages over Haar, bd, and binl wavelet.

Thus, in this paper we use the boir3.5 wavelet.

2.2 The theory of radial logarithm spectrum power

One of important issues in researching the gravity data is

the estimation of the average depth of anomaly construc-

tions, which was originally proposed in the 1970s with the

power spectrum (Naidu 1970). Cianciara and Marcak

(1976) gave the connection between the radial logarithm

and source depth. Later, the theory about this made great

progress. Likewise, the statistical relationship between the

radial logarithm spectrum and source depth was obtained

(Lou and Wang 2005; Yang et al. 2001; Qiu et al. 2007).

Now we reorganize and list the theory process.

First, the anomaly structure fills the two-dimensional

(2D) Laplace equation. g(xj, z) is the gravity anomaly of

grid point xj (j = 1, 2,…,n) in elevation z. The solution of

2D Laplace equation is as follows:

g xj; z
� �

¼
Xn�1

j¼0

Akei2pkxj e2pkz; ð10Þ

the wave number k = 1/k, Ak is the amplitude of spectral

coefficients, so the inverse Fourier transform is:

Ak ¼
Xn�1

j¼0

g xj; z
� �

e�i2pkxj e�2pkz: ð11Þ

When z = 0, then

Akð Þ0¼
Xn�1

j¼0

g xj; 0
� �

e�i2pkxj : ð12Þ

Taking the (12) into (11), and

Ak ¼ Akð Þ0e�2pkz: ð13Þ

and the logarithm Pk

Pk ¼ A2
k ¼ Pkð Þ0e�4pkz: ð14Þ

Taking logarithmic we can get

ln Pkð Þ ¼ ln A2
k

� �
¼ ln Pkð Þ0

� �
� 4pkz: ð15Þ

So h ¼ DP
4pDk

; if consider w = 2 9 p and then

h ¼ DP

2Dw
: ð16Þ

Let P as the power spectrum, and u and v is the length

and width, respectively, s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
; and u = scosh,

v = ssinh, then radial spectrum is

RðsÞ ¼ 1

2p

Z2p

0

Pðs cos h þ s sin hÞdh; ð17Þ

which stands for the average of the power spectrum along

arbitrary direction.

From the discussion above, as long as we know the

relationship of power spectrum and wave number, the

source depth can be known.

Fig. 2 Bouguer gravity anomaly in NCC
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3 Data processing

3.1 The original Bouguer gravity anomaly

The starting data of Bouguer gravity with reference to the

study region were taken from the Earth Gravitational

Model 2008 proposed by Pavlis et al. (2008, 2012), which

provides information on a 2.50 9 2.50 sized grid displayed

both inland and on the ocean, including synthetic gravity

generated by GRACE and terrestrial gravity anomaly. The

standard deviation of the field data is less than 5 mGal in

the study region (Pavlis et al. 2008).

The Bouguer gravity sums all density changes due to the

non-homogeneous structure of the crust caused by different

geological formations, shallow deposits of materials, and

the undulation or dipping of the layers (Wang et al. 2003;

Zeng 2005). In NCC, small positive gravity anomalies

(\40 mGal) are confined to regions near the coastal areas

(Fig. 2). On a larger scale, negative gravity anomalies

(around -240 to -80 mGal) are distributed widely in the

central and western NCC. In the west of Qinling-Dabie

orogenic belt (QDOB), the Bouguer gravity increases

progressively westward to more negative values reaching

up to -260 mGal. In the Yanshan orogenic belt (YSOB),

the Bouguer gravity has the larger negative value compared

with the surrounding area. Thus, it can be summarized that

the region with lower gravity data is characterized with the

higher elevation. Another important feature is that the

threads of the gravity isograms are always in NE–SW

direction. While, other direct information related to the

Fig. 3 The relationship between the radial logarithm power of the details and the wave number. a The second detail, b the fourth detail, c the

sixth detail, and d the eighth detail
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faults and boundaries separating the tectonic units cannot

be observed clearly in the study area.

3.2 The relation between logarithm power spectrum

and source depth

As the multi-scale analysis method described above, the

logarithm power spectrum and the asymptotes are shown

in Fig. 3. According to the formula (16) we can calculate

that the field source caused the second order detail in

the depth of 10–15, 30–40 km caused the fourth order,

60–70 km caused the sixth order, and 120–140 km caused

the 8th detail. As a supplementary specification, the

depths are the average control effect of the whole NCC,

and if we divided the NCC into three parts as west,

center, and east, we can get different field source depths,

respectively.

3.3 The multi-scales of Bouguer gravity

Decomposing the measured gravity, we can get different

scales of approximation and detail (Hou et al. 1998; Lou

Fig. 4 The approximations of Bouguer gravity. a The second approximation, b the fourth approximation, c the sixth approximation, and d the

eighth approximation
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and Wang 2005). Figure 4a–d correspond to the two, four,

six, and eight order approximation, respectively. Through

the analysis and comparison, the second order approxi-

mation has the biggest similarity with the measured gravity

anomaly. Though the fourth order approximation is dif-

ferent with the measured gravity, the trend of the NE–SW

direction of the isograms is retained. As the asymptotes are

shown in Fig. 3, we know that this approximation gravity is

caused by the Moho undulation, so the Moho depth could

be inverted, which will be discussed in the next part. The

sixth and eighth order approximation have the same trend,

but with some discrepancy in value, perhaps these features

are the reflection of the anomaly generated by deeper

interface.

4 Discussion

4.1 The inverted gravity Moho

The Parker–Oldenburg (Oldenburg 1974) iterative method

has been widely used in potential field. According to the

description about this method, we can inverse the gravity

Moho with the fourth gravity approximation (Yao et al.

2003, 2007), reference depth 37 km (average Moho depth

from DSSs) and density contrast 0.35 g/cm3, as shown in

Fig. 5a. The Moho relief in NCC gradually uplifts from

west to east. Bohai Bay Basin has the lowest Moho depth

with 30 km, while west of Ordos Basin has the depth of

about 45 km. Along the NE direction there is an obvious

Moho gradient belt. The feature presented from the gravity

Moho is similar with the fourth approximation of Bouguer

gravity.

4.2 Isostatic compensation in NCC

The compensation required by isostasy can be accom-

plished in several ways, and the most popular accepted one

is the Airy isostasy theory, in which the sinking of the

Moho is considered to be resulted by the excessive topo-

graphical mass loading (Watts 2001; Wang et al. 2003).

From the Airy isostatic theory, the topography has close

connection with Moho depth, and the compensation per-

centage plays great role in the geologic background (Wang

et al. 2009a, b).

By comparing the topography (t) (from Gtopo30 with

grid 0.25� 9 0.25�) and gravity Moho (m), we get the

relationship m = 31.3 ? 0.0078 9 t by the least-squares

linear regression (Braitenberg et al. 2000), shown in Fig. 5b.

It is seen that the gravity Moho depth of 31.3 km corre-

sponds to the zero-topography, which is consistent with the

results derived from DSS profile in Qinghuangdao (Zhang

et al. 2002), so according to the Airy isostatic model

qcðH þ tÞ ¼ qmt;

t ¼ qc

qm

� qc

� �
H:

If we consider qc = 2.7 g/cm3, qm = 3.3 g/cm3, then

we can get t = 4.5H.

The isostatic Moho D = T ? t (T is the standard iso-

static Moho (in km), t is root (in km), H is topography (in

km); Wang et al. 2003; Zhang et al. 2010); and 31.3 km

could be the standard isostatic Moho. Herein the isostatic

Moho can be obtained by D = 31.3 ? 4.5 9 H, as shown

in Fig. 6a.

In contrast to the error from the gravity inversion, we

also take consideration of the DSS Moho. According to the

Fig. 5 a The gravity Moho and b scatterplot of gravity Moho and topography with regression red line
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DSSs since 1970s, Zhao and Xu (2009) received the Moho

depth in east China and Zhang et al. (2011b) got the whole

China Moho depth including this area. Now we collect 25

DSS profiles and interpolate the Moho depth with kriging

method (Zhang et al. 2011c). Figure 6b shows the Moho

depth and the Bouguer gravity. The Moho depth from DSS

profiles is similar to the gravity Moho and has a better

resolution than gravity Moho depth where the profiles

cross, so we can provide a contrast between the gravity

Moho and DSS Moho.

The isostatic compensation percentage is defined as the

percentage of the gravity Moho or DSS Moho–isostatic

Moho with respect to the gravity Moho. The positive value

is equivalent to the gravity Moho and is deeper than the

isostatic Moho depth, just as overcompensation, while the

negative value has the opposite means. As shown in

Fig. 6c, d, most of the NCC is isostatically compensated,

the value being -10 % to 10 %. The overcompensation

area is located in the west of NCC, and the under-com-

pensation is in the east of NCC, the largest un-compensa-

tion amplitude is about 20 %.

The un-isostatic area will cause material to vertically

move in the lithosphere and the relatively geodynamics

phenomenon come into being (Wang et al. 2009a, b).

Where the gravity Moho is deeper than the isostatic Moho,

the elevation in this region should rise, leading the

topography higher and isostatic Moho deeper in order to

keep isostatic. This process could cause the strong tectonic

Fig. 6 a The isostatic Moho, b the Moho from deep seismic sounding profiles (DSS; Zhang et al. 2011a; Teng et al. 2013), c compensation rate

of the gravity Moho, and d compensation rate of the DSS Moho
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movement, such as earthquakes. So in the next part we will

talk about the relationship between seismicity and com-

pensation rate.

4.3 The relationship between compensation rate

and seismicity

The continental crust has experienced the horizontal and

vertical directions migration and adjustment in the long

process of development, and gradually tends to a steady

state. As the isostatic Moho is close to the observed

Moho, there is little material and energy exchange,

migration and adjustment below this region; while, if

there is a large discrepancy between the isostatic Moho

and the observed Moho, it indicates that the crust is in the

non-isostatic status, and the larger discrepancy would lead

the stronger movement of the material and energy (Zhang

et al. 2010, 2013a, b). In previous studies, the non-iso-

static area is suggested to the main zone where strong

earthquakes occur frequently, and the steep compensation

rate gradient belt is the place that is worth more attention

concerning earthquake prediction (Wang et al. 2008;

Zhang et al. 2010). Now, we project the earthquakes

(ML [4) from 1980 to 2010 on the compensation rate

map, as shown in Fig. 7.

The earthquakes occurred always in the area which is

between the non-compensation and compensation status.

While, though the non-compensation is up to 20 % in the

northwest and southwest region, the earthquakes are little.

These results could be confirmed with the presentation

of the compensation rate and the earthquakes along latitude

37�N (Fig. 8). The earthquakes occurred at the position

where the edges are between the non-compensation and

compensation status (the green shaded area), while in the

Fig. 7 The relationship between the seismicity and compensation rate. a Compensation rate of the gravity Moho and b compensation rate of the

DSS Moho. The circles stand for the earthquake ML [4 (from 1980 to 2010, edited by China Earthquake Network Center)

Fig. 8 The relationship between the compensation rate and the earthquakes (ML [4) along latitude 37�N. The green shaded area stands for the

region where earthquakes occur relatively frequently
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non-compensation interior (106–111�N) or compensation

region (115–117�N), the earthquakes are relatively little.

5 Conclusions

The Bouguer gravity sums all density changes due to the

non-homogeneous structure of the crust caused by different

geological formations, shallow deposits of materials, and

the undulation or dipping of the layers. The wavelet

transform operator has recently been introduced in the

domain of potential fields both as a filtering and a source-

analysis tool. Here we study the multi-scale decomposition

on the Bouguer gravity based on wavelet analysis and

power spectrum; analyze the gravity Moho, isostatic Moho,

and compensation; discuss the relationship between com-

pensation rate and seismicity. The result shows:

(1) The fourth approximation of the gravity reflects the

Moho relief. An inverted gravity Moho map pre-

sented similar to the DSS Moho.

(2) By comparison with the isostatic Moho, most of NCC

has been isostatically compensated.

(3) Based on the study in this and previous paper, we

suggest that the isostatic compensation has close

relation to the seismicity.
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