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Abstract A three-dimensional crustal density model beneath North China is determined using P-wave travel-

times and gravity datum by sequential inversion method in this paper. To improve the uniqueness of the solution,

we used a linear relationship between velocity and density to achieve mutual conversions and constraints between

velocity difference and density difference. Algebraic reconstruction technique (ART) was used in density inver-

sion, which highly improved the calculation speed comparing with common least squares method. The inversion

results indicate that the crustal density beneath North China is extremely inhomogeneous with its distribution

coherent with regional tectonics. The lower crust of Taihang mountain tectonic zone shows an obvious low density

characteristic. We proposed that it may be an indicator of upwelling of mantle materials or partial melting of

lowermost crust.
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1 Introduction

North China Craton has been a active area for

the research on craton reconstruction all over the world

(Wu et al., 2008; Zheng and Wu, 2009). Presently,

the research on North China craton mainly focuses

on the spatio-temporal distribution and mechanism of

its destruction. Lithosphere destruction can lead to

asthenosphere upwelling, sometimes partial melting,

and further induce a series of geologic processes in

the crust, such as magmatism, metamorphism, etc. To

some extent, magmatism in crust can be used to confirm

the lithosphere destruction. Therefore, the research on

North China crust structure is necessary, which con-

tributes to the research on shallow effects of craton
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destruction and further to research on lithosphere evo-

lution and thinning, moreover, the destruction mech-

anism and spatio-temporal distribution of North Chi-

na Craton. Density distribution can effectively reflect

movement and variation of underground materials.

There are many results about crust structure of

North China (Fang, 1999; Liu et al., 2003; Jia and

Zhang, 2005; Tian, 2008). Bouguer gravity anomaly is

sensitive to mass lateral variations, but it decreases in

amplitude with the source depth increasing. Gravity in-

version is a method with high resolution, but with a

strong non-uniqueness for the solution. Seismic tomog-

raphy can get an accurate three-dimensional velocity

structure, but its resolution and accuracy strongly de-

pend on the intersections and distributions of seismic

rays, especially in a near-surface region for the nearly

vertical rays.

We combined gravity anomaly and seismic travel

time data by converting the density difference and ve-

locity difference with Birch’s law (Birch, 1961). Then,
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three-dimensional crustal density distributions of North

China were determined by using sequential inversion

method. Figure 1 shows the study area and its major

geological tectonics. Gravity and tomography meth-

ods provide complement and constrain to each other,

improving not only the resolution but also the unique-

ness of the solution. The rationality and advantage of

sequential inversion comparing with single inversion

can refer to Vernant et al. (2002) in detail.
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Figure 1 Major geological tectonics of the study area and its surrounding regions.

2 Data and method
2.1 Data

Two data sets were collected and combined to con-

duct sequential inversion in this study. One is arrival

times from local and regional earthquakes which oc-

curred in and around the North China region, and the

other is the free-air gravity anomaly and interface un-

dulation data of the research region. Totally, we use

149 054 P-wave traveltimes from 7 940 local and regional

events recorded by 585 seismic stations during the peri-

od of 1980–2005 with the picking accuracy 0.1–0.2 s for

most data in seismic tomography. In gravity inversion,

we have collected 5′×5′ free-air gravity anomaly to cal-

culate Bouguer gravity anomaly after terrain correction

and Bouguer correction. In the meantime, 30′′×30′′ to-
pography gridded data are used for terrain correction,

and 30′×30′ Moho and deposit interface undulation da-

ta are utilized to calculate their gravity contributions.

2.2 Method

The purpose of joint inversion of gravity data and

seismic traveltime is to drive a crustal density and

velocity model that account for both types of

observations. At present, there are two main joint in-

version ways: generalized joint inversion and sequential

inversion. The former merges the two types of observa-

tion data into one equation where all data are inverted

simultaneously. As the two data sets have different di-

mensions and resolutions, the relative weight is difficult

to determine. Whereas the latter carries out gravity

and seismic inversion alternatively until one model can

simultaneously satisfy both the gravity anomaly and

seismic traveltime data within acceptable misfits, thus

avoiding determining the relative weight. As a result,

sequential inversion is used in our study.

The a posteriori information resulting from the

previous inversion of the first data set is transformed

into a priori information to invert the second data set

(Vernant et al., 2002). Figure 2 shows the organization

of the sequential strategy. Firstly, we do the seismic in-

version by using P-wave traveltime, leading to a new

three-dimensional velocity model and new event loca-

tions. Then, the velocity model mentioned above is con-

verted to three-dimensional density model using Birch’s
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law (Birch, 1961) as follows:

v
P
≈ [3.31ρ+ f(w)] ± 0.28, (1)

where vP (km/s) and ρ (g/cm3) are velocity and den-

sity, respectively. w is the mean atomic weight of the

rock. As the slope of Birch’s law is constant indepen-

dently of the mean atomic weight used, the density con-

trast and velocity contrast do not depend on the mean

atomic weight. Therefore, in this study, we ignore f(w).

Nextly, to carry out the inversion of gravity data and

obtain a new density contrast model by taking the den-

sity contrast model above as the initial density model.

Then, the new density model above is transformed in-

to initial velocity model for the next tomography. This

procedure is repeated until the convergent criterion is

satisfied.

In seismic inversion, tomography method (Zhao

and Kanamori, 1992; Zhao and Hasegawa, 1993) is used.
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Figure 2 Flow-chart of the sequential inversion

procedure used in this study.

This method can not only compute the travel times and

raypaths accurately and rapidly, but also relocate the

earthquake hypocenters in the inversion process. It can

deal with a velocity model that contains complex ve-

locity discontinuities, like the Moho discontinuity. In

gravity inversion, the algebraic reconstruction technique

(ART) is used, which is often called row action method.

Here, the system of equations to be solved is not treated

as a whole but single equation is considered at one time.

Starting from an initial density value d0, the elements

of d are iteratively modified through

dkj = dk−1
j +

λ · aij(gi −
J∑

j=1

aijd
k−1
j )

J∑

j=1

a2ij

, (2)

where k and λ are the iteration step number and relax-

ation parameter, respectively. d is density, g is observed

gravity anomalies and aij is the residual gravity field at

the i-th point induced by the j-th cell with unit densi-

ty, and depends on the distance between the calculation

points and the gridded nodes. This method saves the

internal storage of the computer and greatly improves

the compute speed, for it avoids the matrix inversion

of large and sparse system of observation equations by

using row iterative technique.

3 Inversion and results

The gravity anomalies measured on the ground

surface are the integrated reflection of the interface

undulations and inhomogeneous density underground.

Gravity anomalies resulting from Moho and deposit in-

terface undulations are calculated using Parker’s formu-

la (Parker, 1972). Bowin (1983) gave the relationship

between depth of the resource and spherical harmonics

degree:

Z =
R

n− 1
, (3)

where Z is the depth of resource, R is the Earth’s

radius and n is the spherical harmonics degree. Long

wave satellite gravity anomalies corresponding to 2–6

spherical harmonics degrees are obtained by EGM96

model. Finally, residual gravity anomalies resulting

from crustal density inhomogeneous are formed after

2–6 order satellite gravity anomalies and gravity anoma-

lies resulting from Moho and deposit interface undula-

tions are deducted from Bouguer gravity anomalies.

We took 33◦N–43◦N, 99◦E–120◦E as our study

area. Two kinds of grids are set up in this area for

seismic inversion and gravity inversion, respectively. In
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depth, we set up six grid mesh layers at 5, 10, 20, 25,

30, 35 km depths in the two grids. In the horizontal di-

rection, for the fifth to the sixth layers the separation

between grid nodes is 0.5◦ in both grids. But for the

first to the fourth layers, the separation is 0.5 in seismic

inversion, while 0.25◦ in gravity inversion.

Figure 3 shows the one-dimensional P-wave veloc-

ity model which is used as the starting model for the

first seismic inversion. The initial 1D velocity model is

based on the previous research results (Zheng et al.,

2007; Tian, 2008).

Then, seismic tomography gets a new 3D P-wave

velocity contrast model and new earthquake locations

from the arrival time of local events when the standard

deviations between observed travel times and theoreti-

cal values satisfy the criterion. Figure 4 shows the result

of seismic tomography. Figure 4 obviously illustrates a

main low velocity anomaly characteristic beneath the

southwest part of the study area above 30 km, which is

similar to the result given by Guan (2009). The Taihang
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Figure 3 The initial 1D P-wave velocity model

used in this study.
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Figure 4 Map view of P-wave velocity perturbation from the 1D velocity model as shown in Figure

3. The depth of each layer is shown at the upper-left corner of each map. Blue and red colors denote

low and high velocities, respectively. The black lines are the tectonic lines.
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Mountain orogen is characterized by high velocity

anomaly at 10–30 km depths. However, prominently low

velocity distributes at 35 km depth of this orogen, which

is consistent with the result of Tian et al. (2009). The

resolution in Ordos block is not perfect, because of scant

earthquakes in that area. So the velocity variation is rel-

atively smooth.

The velocity contrast model above is then invert-

ed into a 3D density contrast model using Birch’s law. In

the upper four layers, interpolation is needed. At this

stage, ART is used to do gravity inversion, leading to a

new density contrast model that is transformed back to

a new velocity model for the next tomography. Then,

velocity contrasts is inverted to density contrast as an

initial density model again for the following gravity in-

version. After this gravity inversion, we complete the

first loop of the sequential inversion. Repeat the pro-

cedure until the standard deviations of the two data

stop decreasing significantly between two loops of the

sequential inversion. The final density model and the

residual variances of gravity data versus the number of

iterations are shown in Figures 5 and 6, respectively.
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Figure 5 Map view of final density distribution. The depth of each layer is shown at the upper-left corner of

each map. Blue and red colors denote low and high densities, respectively. The black lines are the tectonic lines.
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Figure 6 Residual variances of gravity data versus

the number of iteration.

We can see from Figure 5 that crustal North China

basin is characterized by high density anomaly, but with

some exception in different depths. The upper and mid-

dle crust of the Tanlu fault zone exhibits a complex dis-

tribution of high and low density anomalies, and a low

density anomaly with large amplitude exists at 35 km

depth, however. The density contrasts are subdued in

upper crust of Ordos block. At 30 km depth, high densi-

ty distributes in southern part and northern part of the

block while there is a prominently high density anomaly

at 35 km depth.

A high density anomaly is visible beneath the Tai-

hang Mountain orogen at 20–25 km depth. The density

anomaly is high in the eastern part and is low in the

western part at 30 km depth, while a strongly low den-

sity anomaly exists at 35 km depth, which may be the

indication of mantle material upwelling or crust bottom

partial melting. Qilian block has a complex distribution

of low and high density anomalies down to 25 km. Its

lower crust exhibits a high density anomaly. As veloci-

ty and density of medium are affected by many factors,

such as pressure and temperature, Birch’s law is not

consistent in some regions, which may bring errors to

inversion results to some extent. We ignore these errors

here.

4 Conclusions

In this paper, gravity anomaly and P-wave arrival

time data are used to invert for the density structure in

North China region.We obtain a 3-D velocity model and

density model of North China that can fit both types

of observed data by sequential inversion. The crustal

density beneath North China is extremely inhomoge-

neous, and it is obviously stronger in lower crust than

in upper. The significantly low density anomaly beneath

Taihang Mountain orogen at 35 km depth may be the

indication of upwelling of mantle materials or partial

melting of crust bottom. The algebraic reconstruction

technique employed in gravity inversion improved the

calculation efficiency tremendously comparing with the

common least squares method. Our results provide a ba-

sic geophysical basis for further research of North China

Craton destruction.
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