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SUMMARY 
In this paper, 3-D velocity images beneath the Chinese continent and adjacent 
regions are reconstructed using P-wave traveltime residuals of regional and distant 
earthquakes, supplied by Chinese seismic networks and ISC. 

In the tomographic inversion, an orthogonal projection operator is used to 
separate the velocity from the hypocentral parameters, the fast Givens transforma- 
tion without square-root calculations is then used in sequential orthogonal 
triangularizations, and the modified singular value decomposition is also utilized. 
Thus the difficulties of large memory demand and high computing cost in solving the 
system of equations with coupled velocity and hypocentre parameters are avoided. 
At the same time the stability of the algorithm is ensured. Resolution images are 
also obtained in the inversion process, based on the resolution theory of Backus & 
Gilbert modified for discrete models. In model parametrization, the interpolation 
function of grid node velocities is used as the space function of velocity. To meet the 
practical needs, the velocity function is allowed to be discontinuous. The consequent 
complications of the forward problem have been dealt with in the paper. 

The main results are summarized as follows. 

(1) The velocity images given in this paper indicate lateral heterogeneity of the 
crust and upper mantle beneath the Chinese continent and adjacent regions, which 
persist down to a depth of at least 1100 km. The correlation between the velocity 
image and the known surface geological features can be traced down to a depth of 
110 km. Below 220 km this correlation is hardly obvious. 

(2) The images at 45-o km (immediately above the Moho) and 45+' km (below the 
Moho) show clearly that the crust of the Chinese continent can be approximately 
divided into two parts by the 102.5"E longitude. The crust to the east is thinner than 
that to the west. 

(3) The images at 400 and 600 km also display differences between the eastern 
and western part. This means that tectonic differences between eastern and western 
China may exist in the whole upper mantle. 

Key words: orthogonal projection operator, resolution image, tomographic inverse, 
velocity image. 

platforms and young fold belts. The Sino-Korean paraplat- 
form (also called North China block) covers the region 
north of the Qinling Mountains, including the entire north 
China, the southern part of northeast China, the Bohai Bay, 
the northern part of the Yellow Sea, and the northern part 
of Korea. The Yangtze paraplatform covers nearly the 
whole Yangtze River drainage extending from the eastern 
Yunnan to the Jiangsu province and the southern part of 
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1 INTRODUCTION 

The Chinese continent is located in the SE part of the 
Eurasia Plate, and is surrounded in the east and south by 
the Pacific Plate, the Philippine Plate, and the Indian Plate 
(including the Burma Plate). Fig. 1 is a sketch tectonic map 
of China (Huang et al. 1980). It is easy to see the complexity 
of the tectonics of this area, which consists of old land 
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Velocity images beneath China 381 

the Yellow Sea. The Tarim platform is located between the 
Tianshan Mountains to the north and the Kunlun Mountains 
to the south. All the other regions, such as Tibet, are mainly 
made up of fold systems. During the long geological time 
the Chinese continent underwent a series of complex 
tectonic movements. Since the early Cainozoic, two major 
tectonic events have profoundly influenced the whole area: 
on the southwest side the collision between the Indian and 
Eurasian plates started in the Eocene; on the east side the 
Philippine Sea Plate collided with the Eurasian Plate in the 
east of Taiwan at the end of Pliocene to Pleistocene, and the 
subduction near northeastern Taiwan began in the 
Pleistocene. Under the actions of collision and subduction 
the Chinese continent also subjects the resistance force from 
the Siberian block in the north. All these, plus the 
interactions among the different tectonic blocks within 
China, formed distinct new tectonic features which are 
orderly and related with each other (Ma 1987). There are 
conspicuous vertical and horizontal movements, intensive 
internal deformations, and crisscrossing active faults; some 
of them were formed in recent geological times, some are 
reactivated large-scale old faults. All these painted a 
complicated but orderly tectonic map of China. The 
seismicity within the continent is closely related to such a 
complex but orderly intraplate fracture pattern (Fig. 2). 

At present there are controversies about the division and 
the interpretation of the tectonic elements in China. For 
example, the division of the sub-plates in the Chinese 
continent by Ma (1987) differs from Fig. 1 (Huang et af. 
1980; Ma 1987). As another example, Ma Xing-hua et al. 
(cf. Li Chun-yu et al. 1986) think that the four major blocks 
of China may have come from three old lands: the 
Sino-Korean and Yangtze blocks were from the Pacific 
Palaeocontinent . Since the Precambrian they evolved along 
different tectonic paths until the Jurassic when they were 
finally welded together. They were welded to the Siberian 
block in the early Mesozoic. The Tarim block came from 
Laurasia in the north. Together with the Junggar block, they 

were consolidated together to the north Asian continent at 
the end of Palaeozoic. The Tibetan block was part of 
Gondwana, and was pieced together with Eurasia at a later 
time. The large-scale collision took place in the Cainozoic. 
In contrast, Li Chun-yu et ul. (1986) considered the 
Sino-Korea and Tarim blocks as a unified plate. 

China contains regions of the highest seismicity whtin the 
Asian continent. It is well known that rigid-plate tectonics 
can not explain crustal earthquakes in most continental 
areas. On the other hand these earthquakes are those 
having the largest impact on the society. Therefore, to study 
the tectonics and the genesis of earthquake as well as its 
prediction is of tremendous interest. 

The authors believe that, before the tectonic controversies 
are settled and the problems in earthquake genesis and 
prediction are solved, it is very necessary to clarify the 
internal structure of the Chinese continent, because it can 
provide information of the past processes and of the seismic 
source regions. In this paper, the P-wave arrival times 
available from Chinese stations as well as from ISC are used 
to reconstruct the 3-D velocity images beneath the Chinese 
continent and adjacent regions. 

2 STUDY AREA AND DATA 

The study area is between 18'" and 54"N latitude and 
between 73"E and 135"E longitude, which covers the 
Chinese continent and some adjacent regions. The data are 
from 887 seismic stations within this area, among them 772 
stations belong to Chinese seismic networks (Fig. 3). A total 
of 1569 earthquakes in that area (Fig. 4) and 55 teleseismic 
events (epicentral distance between 30" and 90') during 
1981-1987 are selected for the study. The magnitude of 
earthquakes within the Chinese territory is usually greater 
than 4.5. Some earthquakes with M 4.0 are also used to 
compensate for the uneven coverage of the stations, but the 
number of readings for each event is generally not less than 
15. A total of 50485 P arrival times is used. Among them 

Figure 2. Distribution of active faults and strong-earthquake epicentres in China. (The South Sea Islands are not shown in the map.) 
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Figure 3. Distribution of seismic station networks in China. (The South Sea Islands are not shown in the map.) 

43672 are from seismograms recorded at Chinese stations. 
Only the first P arrivals are used. The remainder is from 
1%. The errors in the arrival time are generally smaller 
than 0.3 s. 

3 TOMOGRAPHIC INVERSION METHOD 

3.1 Parametrization of the earth model 

Because of the complexity of the real Earth, simplifications 
have to be made in geophysical studies. In the 
reconstruction of the velocity images we assume, as usual, 
that the Earth is an isotropic, perfectly elastic layered 
medium. The high-frequency asymptotic solution for seismic 

waves from a point source is also assumed. The traveltime 
from source i to receiver j can be expressed as 

where u is the wave speed and Lij is the ray path which is 
governed by the differential equation of the ray (cerveny, 
Molotkov & PSenSik 1977). In this paper we adopt the 
approach proposed by the authors to describe the velocity 
function of the medium by specifying the velocities on the 
nodes of an uneven 3-D grid in space (Liu, Li & Hu 1982; 
Zhu & Liu 1982; Liu 1984; Liu et al. 1987; Liu Futian et al. 
1989). Surfaces of discontinuity in the medium parameter 
are allowed. Thus the parametrization of the earth model 

Figure 4. Distribution of the earthquake epicentres used for this study. (The South Sea Islands are not shown in the map.) 
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includes the description of both the velocity function and the 
geometry of the discontinuity surfaces. 

Considering the geometry of the problem we use a 
spherical coordinate system (r ,  8, q) in this study. The 
volume under study is sub-divided into hexahedra by 
surfaces with constant coordinate 

r. I = c .  I ,  i = l , 2  , . . . ,  I 

e j = c i ,  j = 1 ,  2 , .  . . , J  (2) 

q k = C k ,  k =  1, 2, .  . . , K 
where c,, cj, ck are given constants. The intersections of the 
constant-coordinate surfaces are the nodes of the hexahedra 
where the velocities are specified and denoted as vijk, where 
the subscript i, j ,  or k is the sequential number of a 
constant-coordinate (r, 8, q) surface. For the sake of 
convenience we rename it as v,, where (Y = (i - 1)JK + 
( j  - l)K + k. The velocity at any point within a hexahedron 
is given by interpolation with the equation 

( 3 )  

where F,(r, 8, q) are known basis functions, and (YE H 
means that the velocities at the nodes of .hexahedron H 
should be used for the interpolation. In this study we use 
linear functions for Fa(r, 8, q). 

For simplicity we assume that the discontinuities are 
spherical surfaces 

Ri(@, q)ri, (4) 

where ri is a given constant. The two sides of the surface rTo 
and 1,:' are taken as grid surfaces. A velocity discontinuity 
is realized by assigning different velocity values to the upper 
and lower node. 

3.2 Formulation of the problem 

From equation (1) we know that the traveltime is given by 
an integration along the ray path. On the other hand, the 
path itself depends upon the velocities in the medium. 
Therefore the tomographic problem will be highly 
non-linear if equation (1) is used for velocity inversion. We 
can linearize the problem in the following way (Firbas 
1981): 

6T.- 11 = Tob" I t  - TT' = ILij 6(:) dF + VqiTj6q' + E , ~  

where Tzbs is the observed traveltime, TY' is the traveltime 
calculated by ray tracing in a reference velocity structure vo 
(PSenEik 1972; Cervenf et al. 1977; Julian & Gubbins 1977) 
and corrected for station altitudes, E~~ is an error term 
including the clock and reading errors and qf ( 1 =  1, 2, 3, 4) 
is the depth, latitude, longitude, and origin time of the ith 
earthquake respectively. 

The first term in equation (5) is the change in the 
traveltime caused by a velocity perturbation 6v relative to 
vfl. According to Fermat's principle, the effect of the change 
in the ray path caused by this perturbation on the 
traveltime is of second order. Therefore the ray path L, can 
be determined by a ray-tracing equation according to the 

reference velocity v,,. Consequently we can write 
NL 

jLij 6(;) ds = I = 1  c 6t1, at, = p S I - I  6(;) ds 

where 1 denotes the Ith segment of the path L,. It starts 
from s I - ,  and ends at sI, where the corresponding velocities 
are V ( S ~ - ~ )  and v(s,). NL is determined by ray tracing. As 
long as the path does not cross any discontinuity surface, the 
sign of the integrand 6(l/v) remains the same within the 
integral limits, then by mean-value theorem 

Taking equation (3) for v we have 

(6) 
where H and H' are the hexahedra containing the two ends, 
and 

Defining a relative slowness perturbation x,, 

6v, 6u, x =--=- 
a 9 

ua u, 
(7) 

where u, = l /v ,  IS the wave slowness, hnally the tmt term 
in (5) becomes 

(8) 
The second term in (5) represents the effect of the 

changes in source parameters on the traveltime 

(9) 

where 0, is the origin time. From Liu's (1989) paper, we get 

where p r , p e  and pV are ray-par_ameter components 
determined by two-point ray tracing (Cerveng et al. 1977). 
Considering the different physical dimensions of the 
parameters, we use a dimensionless perturbation in a similar 
way as for the velocity parameters and rewrite the second 
term as 
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where 

P:, = P,,( Sr' ) ?  

Sa1' = So,/(ls), 6rl' = Srf/(Srz), (12) 
so: = se,/(se,), wff = S V A ~ V , ) .  

P Ll, = Po,(  66, ) 9 Pq, = P , \  W Y t  ; , 

(Srt), (SO,) and ( S V , , )  are the expected values of the 
corresponding quantities. We denote 

J+ = ( f i r ; ,  SO:, 6rpl', 60:). (13) 

From (8) and (11) the matrix expression for the ith 
earthquake IS 

A x  + B y '  = St'. 

Ax + By = St, 

/ A 2 \  

(14) 

For a total of me earthquakes we have 

(15) 

where 

A =  (A:), 

\ 

St=  ( ?), 
S P  

x = ( x l ,  x*, . . . , X,)T, y = (ylT, gT, . . . , y"CT)=.  

where A is a m x n matrix whose elements are given by (8). 
Supposing that there are n, stations in operation in the study 
area, then m = me x n,, n = I X J X K. B is an n, x 4 matrix 
whose elements are given by (11). 

3.3 Algorithm for tomographic inverse 

A system of equations in the form of (15) is obtained from 
all the earthquakes in the study area. The velocity and 
hypocentre parameters are obviously coupled with each 
other. In the reconstruction of the velocity images they need 
to be separated. A method proposed by the authors (Liu et 
al. 1982; Liu 1984) is used in this study. Introducing an 
orthogonal projection operator PB( =BE+) which maps R" 
in to the image space R(B) of B, equation (15) is 
decomposed into the following equati9p.s 

( I  - P B ) k  = ( I  - PB)St, 

By = PB(6t - k), 

(17) 

(18) 

and x and y can be solved separately. 

the following (cf. Aki et al. 1977) 
For teleseismic events we adapt Aki's method and obtain 

k=i. (17') 

In inverting for velocity structures, equations (17) and (17') 
are combined into an unified system of equations (Liu et al. 
1982; Liu 1984). 

To solve (17) and (18) we write them in the general form 
of an algebraic equation system as 

Cz = b, (19) 

where C is an m X n matrix and b is a known rn-dimensional 
vector. The generalized inverse solution of (19) is usually 
obtained by means of the singular value decomposition 
(Golub & Reinsch 1971) 

where C' is the generalized inverse matrix of C. But the 
common difficulty in seismic tomography is the very large 
RAM requirement and very high computing cost. 
Therefore, in designing the algorithm, while the stability of 
the solution is undoubtedly required, the more practical 
problem is how to reduce the RAM demand and the 
computational load. For this purpose we have taken the 
following measures in this study. 

Sequential orthogonal triangularization 

To facilitate the discussion we rewrite (19) as follows 

where C, is an m, X n sub-matrix, b, is an m,-dimensional 
sub-vector. Obviously C mi = m. From algebraic equations 
like (21), a series of upper triangular matrices { (R i ,  di)} 
(i = 1, 2, . . . , q), can be obtained by a sequential 
orthogonal triangularization. Suppose that (R,-', djPl) has 
been obtained after the (i - 1)th step. In the ith step we 
introduce an enlarged matrix 

Using an elementary orthogonal transform Q, (Stewart 1973; 
Golub & van Loan 1983) so that 

l o ,  ] = O  

as a result after the qth step we get 

R d }n 
(a, dq,'(o e)}l. (24) 

It can be shown that we can find an elementary 
orthogonal transform matrix Q which satisfies 

Q(C b)=(O R d e ) ) l  }n 

0 0 }m-(n+1)  

The following problem 
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has the same solution set and the same minimum norm of 
residuals as the original problem (21), moreover R and C 
have the same singular values. 

From the process of orthogonal triangularization we can 
see that if 

p = max [m, + min ( f i j P l ,  n + l)], (27) 
I s j S q  

then the m X n equation system can be handled with an 
array of p(n + 1) dimension. In the present study, assuming 
that the record number of the jth earthquake is mj, we take 

For practical problems m >> p .  This means that sequential 
triangularization enables us to handle very large matrices 
with relatively small RAM capacity, usually at the cost of 
increasing the computational work. For example, the 
amount of computations needed to triangularize an m x n 
matrix by a conventional Householder transformation is 

mn2 - n3/3 
2 .  

v(2a+2/3), v =  

where a stands for an addition or subtraction, and /3 for a 
multiplication or division. In the case of sequential 
triangularization, assuming that every mi = k, i.e. kq = m, 
the total computations amount to 

v(2a + 2/3)(k + l)/k. (30) 

The smaller k, is the more computations are increased. In 
particular, when k = 1, they are doubled. This contradicts 
obviously the requirement of reducing both the RAM 
demand and the computing cost. In this study the modified 
Givens transform is used for the sequential triangulariza- 
tion. Compared to the original G-transform, it requires no 
square-root calculations, as well as two multiplications less 
(Duff 1976). As a result, the total number computations is 
independent of k and remains v(2a + 28). 

Modified singular value decomposition 

When separating the parameters, a singular value 
decomposition of matrix B is needed for calculating the 
orthogonal projection operator. From (16) we have 

B =  

B' 

B2 

So PB can be obtained through a summation of PBi. In this 
study, instead of the commonly used Golub-Reinsch 
singular value decomposition (GR-SVD) (Golub & Reinsch 
1971), a modified decomposition method (M-SVD) (Chan 
1982) is used to get PB. First, B' is transformed into an 
upper triangular matrix RE, by the modified G- 
transformation which does not require square-root calcula- 
tions. Singular value decomposition is then applied to the 

4 x 4 matrix RBi. In this way half of the computing work is 
saved in the decomposition of B'. 

As far as equation (17) of the velocity parameters is 
concerned, the sequential orthogonal triangularization 
reduces the RAM occupancy. In this case the M-SVD is in 
fact also applied to A because only the upper triangular 
matrix R needs to be decomposed. According to Chan 
(1982), the ratio of computations of GR-SVD and M-SVD is 
approximately 

M-SVD/GR-SVD = (r  + 11/3)/(2r + 2). (31) 
where r = m / n .  The larger r is, the more computations are 
saved. 

3.4 Assessing the reliability of the solution 

It is well known that a quantitative description of the 
uncertainty of the solution to an inversion problem should 
be included because of the non-uniqueness of the solution 
inherent in the theory. On the other hand, in reality the 
observational errors give rise inevitably to errors of the 
solution. This requires a quantitative description of the 
inaccuracy of the solution also to be included. Therefore, 
assessing the reliability of the solution should cover these 
two aspects. 

Error analysis of the solution 

The errors of the solution are simply described by the 
variances of the solution. From the generalized linear 
inversion theory (Franklin 1970; Jackson 1972; Wiggins 
1972), the diagonal element of the covariance matrix of the 
solution is the variance of the corresponding component of 
the solution. 

Resolution analysis of the solution 

To describe the uncertainties of the solution, the resolution 
theory developed by Backus & Gilbert for continuous earth 
models (Backus & Gilbert 1%7; Backus 8~ Gilbert 1968) are 
commonly used at present. The basic idea is that with an 
averaging kernel A(r, ra) which satisfies 

we take 

(33) 

as the approximate value of solution z(r,) at r,, where Q is 
the region under study and D is the dimension number of 
the problem. Obviously (z(r,)) is an averaged value of 
.?(re) of the real Earth over a small region near r,. As a 
measure of the length scale of this small region, the spread 
of A(r, r,) is 

s(r,, A )  = cD A2(r, r,) Ir - r,ID+'dDr In (34) 

where cD is a scale factor and )r - r,ID*l ensures that the 
spread has the proper physical dimension. Because s(r,, A )  
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is essentially a measure of the departure of the averaging 
kernel A(r, r,) from b ( r - r m ) ,  it can serve as the 
quantitative description of the resolving length. 

In the present study models with discrete parameters are 
used, therefore the above analysis of Backus & Gilbert 
needs to be modified (Menke 1984). From the generalized 
linear inversion theory, similar to (33), we have 

2 = R(%, 
R(') = V'VT, 

where R(') is the resolution matrix, V, is a sub-matrix 
composed of the first I columns of matrix V, which is the 
orthogonal matrix composed of right eigenvectors of C. If 
I = n, R'"' = I ,  then %(.) = z, every parameter of the model is 
uniquely determined, and perfect resolution is achieved in 
the solution. In reality, in most cases, I < n,  R") # , I ,  and 

(35) 

This shows that, like Backus & Gilbert's averaging kernel, 
the resolution matrix functions as a more or less blurred 
window through which the real Earth is viewed. When z is 
arranged in the natural sequence, each row of the resolution 
matrix depicts the resolvability of the corresponding 
element. In 3-D problems the interpretation is more 
complicated. In this case we recommend the following 
convenient visual method (Liu Futian et al. 1989). First, R(') 
is normalized by rows or columns, i.e., 

(37) 

where 1lRE)Il is the norm of the crth column vector in R('). 
After that we fix the coordinate of r according to the natural 
order, and let B' ( j ,  k) = ( i  - l)JK + ( j  - l)K + k where i is 
fixed, j =  1, 2 , .  . . , J and k = 1, 2 , .  . . , K, so that B 
corresponds to the sequential number of nodes in a 
constant-coordinate surface defined by (4). Then fixing the 8 
coordinate according to its natural order, we choose 

/?f(k) = ( i  - 1)JK + (I - l)K + k, 

where i and j are fixed and k = 1, 2, . . . , K, and plot the 
curve. When all the Bxk)  curves are plotted in the 

same figure, the resolution of 2:) is easily seen. 
In the same way we can derive a quantity similar to 

Backus & Gilbert's peak width. For the convenience of 
discussion we rewrite (3) as 

where f ,(r)  is a basis function. We may assume without loss 
of generality that the basis functions are orthogonal (Nolet 
1981): 

Similarly, 

(39) 

Inserting into (33) and comparing with (36), we have 

ao(c,) = RzA. (41) 
Inserting (40) into (34) gives 

w ( a ,  B )  = f i ( r )  )r - r,lD+' d D r  1, 
is the distance between a and B. 

From (41)-(43) we can take 
n 

Jm = c R,pR,f3W(Q; B )  
p=1 

(43) 

as a quantity similar to &,A). In other words, J,  
measures the resolving length of the solution at node a. 

4 INITIAL MODELS 

The initial models are decided according to the following 
principles. First, in order to ensure that enough rays cross 
every grid cell, the grid spacing is made uneven because of 
the uneven distribution of stations and epicentres (Fig. 3 or 
4). Second, the average velocities at various depths are 
decided by simulating the rays for about 10 earthquakes 
with M > 5.0 in central China. The initial model is required 
to yield an average traveltime residual usually not exceeding 
2.5 s. For the velocities above 110 km we used other studies 
of the crust and upper mantle in China. For velocities below 
110 km we used Herrin's model (Herrin et al. 1968). Third, 
besides the requirement of enough rays in each layer, the 
grid size in the vertical direction is restricted mainly by the 
computer ability. The depth of the Moho takes a value in 
between the available values for eastern and western China. 
In the model for the Chinese continent and adjacent 
regions, the variables in equation (2) take values Z = 9, 
J = 11 and K = 18. There is a total of 1782 nodes, i.e. 1782 
unknowns. The reference velocities at each of the depths 
are listed in Table 1. The velocity is assumed to vary linearly 
from one depth to the next depth. 

Table 1. Initial velocity values 
of the Chinese continent and 
adjacent regions. 
depthckrn) velocity(km/s) 

0 5. 80 

4 5 - 0  6. 70 

45+0 8. 00 

110 8. 15 

220 8. 4 7  
400 9. 15 

600 10.10 

800 10.35 

1100 11.605 
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I 
4 . 7 0 0  0 .  u -1:. {o(; 

Figure 5. Velocity image at a depth of 45-a km. It shows the perturbations relative to 6.7 km s-'. The maximum perturbation corresponds to a 
velocity of 7.86 km s-' for the top of the upper mantle. The maximum negative perturbation corresponds to 6.38 km s-'. We can therefore 
generally consider the variation of perturbation at this depth as the undulation of the Moho. 

colour represents low-velocity zones, while the black colour 
5 RESULTS indicates high-velocity zones. Because there are few rays 

passing through the four corners of the study area, we do 
In the above grid division, the maximum and minimum grid not derive any conclusions for these corner areas. In 
spacings are 5" X 5" and 2" x 2" respectively (Fig. 3 or 4) in addition to obtaining the 3-D velocity images, we also 
the horizontal direction, and 300 and 45 km in the vertical relocated 1969 earthquakes in the study area by means of 
direction (see Table 1). Figs 5-12 show the resulting equation (18). The result is published in a separate paper 
images of relative perturbation at different depths. The light (Li & Liu 1990). 

I 

I I:/ ; I  

9.0% 0 . 0  ' 3 . 0 %  

Qure 6. The velocity image at a depth of 45'" km. 
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L Depth 1 1 0  kin 

Figure 7. The velocity image at a depth of 110 km. 

5.1 The velocity images of the crust et al. 1989) is used in this paper. The Moho discontinuity is 
assumed to be at a depth of 45 km. The reference velocity is 

Many studies have shown that the crustal thickness of 6.7kms-' at 45Y0km (immediately above the Moho) and 
different blocks of the Chinese continent vanes con- 8.0kms-' at 45+'km (below the Moho). Obviously, at 
siderably, with a general trend of westward thickening. In places where the crust is thinner than 45 km, large positive 
the eastern coastal area it is approximately 30 km thick, anomalies should appear in the velocity image for 45-o km, 
whereas it is about 70 km thick under the Himalayan. The whereas large negative anomalies should appear in the 
tomographic method proposed by the authors (Liu Futian 45+'km image in areas where the crust is thicker than 

Figure 8. The velocity image at a depth of 220 km 
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I L Depth 400 km 

Figure 9. The velocity image at a depth of 400 km. 

45 km. Therefore, we can expect the images of velocity 
perturbation above and below the Moho discontinuity to 
reflect the variation of the crustal thickness. 

Figure 5 is the velocity image at a depth of 45-' km. The 
region to the east of 102.5"E shows positive perturbation, 
and the west shows negative perturbation. The maximum 
negative perturbation is -4.7 per cent and the maximum 
positive perturbation is 17.3 per cent. The corresponding 

velocities are 6.38 and 7.86 km s-l respectively. The former 
is a crustal velocity, the latter is a velocity for the top of the 
upper mantle. This shows visually that the crust to the east 
of 102.5"E is thinner than 45 km, and the crust to the west is 
generally thicker than 45 km. 

Figure 6 shows the velocity image at a depth of 45+'km. 
Compared to Fig, 5 for the image of 45-'km, it reveals 
more details of the crustal thickness variation in the Chinese 

I Depth 600 km 

I 

n. I1 15.r iu6 2.IIC 

Figvre 10. The velocity image at a depth of 600 km. 
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Figure 11. The velocity image at a depth of 800 km. 

continent owing to more crossing rays below 45 km. 
Relative to a reference velocity of 8.0 km s-', in addition to 
the regions of positive perturbation in Fig. 5, positive 
perturbations also appear in the following regions: 
northeastern China, the Hexi passage and an area north of 
it, and the Tarim and Junggar basins. The values of positive 
perturbation are usually between 1 and 3 per cent, which 
correspond to 8.08 and 8.24kms-'. The negative 

perturbations range from -5 to -9 per cent, corresponding 
to velocities of 7.60 to 7.28kms-'. It is worth mentioning 
that an E-W trending low-velocity zone exists under the 
Tianshan mountain range in between the Tarim and Junggar 
high-velocity blocks. Combining Figs 5 and 6 we find that, 
similar to the Tibetan plateau, the Tianshan mountain range 
exhibits significantly low velocities at both 45-o and 
45+'km depths. It is considered that the crust of this area is 

I 
- 2 . 0 %  n. n . ? . D o n  

Figure 12. The velocity image at a depth of 1100 km. 
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thicker than that of both the Tarim basin in the south and 
the Junggar basin in the north. Other evidences support this 
conclusion (Feng 1985; Ma 1987). A N-S trending 
low-velocity zone along 102.5"E between 26"N and 34"N is 
located under North-South Seismic Zone (Liu Jianhua et al. 
1989). Another low-velocity zone exists in eastern China 
between 28"N and 36"N; part of it is under the north China 
fault-depression and part is under the Jianhan fault- 
depression and the lower Yangtze platform fold belt. 
These two low-velocity zones appear in the 45+' km image 
only. In the 45-' km image these areas show rather large 
positive perturbations. We consider that these low-velocity 
zones are anomalies within the upper mantle of these 
regions. More detailed investigation of the above regions 
has yielded the same conclusion (Liu ef al. 1987; Liu Jianhua 
ef 01. 1989). 

From the above results, the following conclusion with 
respect to the crust of the Chinese continent can be derived: 
the crust of the Chinese continent is approximately divided 
into two parts by the 102.5"E longitude. To its east, the 
crust is thinner than 45 km. In the west a boundary runs 
from Ruoergai-Songpan (about 34"N and 102.5"E) north- 
westward then westward along 38"N to the southern margin 
of the Tarim basin. South of this boundary, except in the 
SW Yunnan Province, the entire Tibetan plateau has a crust 
thicker than 45 km. North of the boundary the crust is about 
45 km thick, except beneath the Tianshan mountain range 
where the crust is thicker. 

5.2 Velocity images of the upper mantle 

Figure 7 shows the velocity image at a depth of 110 km: the 
velocity anomalies occur in separate blocks. The perturba- 
tions are between +3 and -3 per cent. Relative to the 
reference velocity of 8.15 km s-', the maximum velocity is 
8.39 kms-' and the minimum is 7.91 kms-'. This depth is 
about the depth of the bottom of the lithosphere; we think 
that the different tectonic blocks and the suture zones 
should be reflected in the velocity image. Comparing the 
image to the tectonic map of China, we see that nearly the 
entire Yangtze drainage from eastern Yunnan to Jiangsu 
Province is a high-velocity zone, which corresponds to the 
Yangtze paraplatform. To its southeast there is a 
low-velocity zone beneath the South China fold system. The 
high-velocity zone in the northwest corresponds to the 
Tarim platform, but it is extended northward and 
southeastward. In Fig. 7 the region beneath the 
Sino-Korean paraplatform appears mostly as a low-velocity 
zone, except beneath the Alxa uplift and the Inner- 
Mongolia axis of the Earth. This Sino-Korean paraplatform 
differs from both the Tarim platform and the Yangtze 
paraplatform. This may imply that the tectonic relations 
between them need to be reconsidered. In the east a 
conspicuous low-velocity zone is located along the Okinawa 
trough, Ryukyu, Taiwan, down to the subduction zone west 
of the Philippines. Another distinct low-velocity zone is 
located north of the Bay of Bengal. Note that a 
dumbbell-shaped E-W trending high-velocity zone exists 
along the Himalaya at the southern margin of the Tibetan 
block; the velocity reaches a maximum near the Mount 
Qomolangma. This feature is also distinct in the 1" x 1" free 
air gravity map of China (Yin et al. 1980). 

Figure 8 shows the velocity image at a depth of 220 km. 
This depth is within the asthenosphere. Compared to images 
of other depths the velocities here are generally low. The 
negative anomalies are mostly about -4 per cent, with a 
minimum value of -8.7 per cent. Relative to the reference 
velocity of 8.47 km s-', they correspond to 8.13 and 
7.70kms-'. In other words, the minimum velocity at this 
depth is even smaller than the minimum velocity at 110 km. 
Globally the low-velocity zone in the asthenosphere is at a 
depth of 220 km. Comparing Figs 7 and 8 we find that for 
many regions in the Chinese continent, the low-velocity 
zone manifests at this depth. The perturbation values in the 
high-velocity regions are between 1 and 2 per cent, which 
correspond to 8.55 and 8.64 km s-'. Down to this depth the 
velocity under the Himalaya remains high. 

Another velocity discontinuity of the upper mantle exists 
at a depth of 400 km. Fig. 9 is the velocity image of this 
depth. Relative to a reference velocity of 9.15 km s-' the 
perturbations range from -2 to +2 per cent, which 
correspond to velocities of 8.97-9.33 km s- ' .  Compared 
wiht the image of 220 km, low-velocity anomalies do not 
appear in large-scale regions, but are divided into zones and 
strips, forming an alternatively positive and negative 
perturbation pattern. It is seen from the figure that 
velocities near the longitude of 102.5"E are close to the 
reference velocity. At this depth the Chinese continent is 
divided into two parts with this boundary; to its east the 
low-velocity zones trend N-NE or N-S, whereas in the west 
they trend N-NW or E-W. The 5" x 5" free air gravity map 
of China also shows the similar feature (Wei et af. 1981). 

Figure 10 shows the velocity image at a depth of 600 km. 
This depth is within the transition zone from the upper to 
the lower mantle, where the velocity and density increase 
rapidly. It can be seen that at this depth to the east of 99"E 
velocities are high, and to the west they are low except 
under the area north of Tianshan and under the west 
Himalaya where the velocity is high. Relative to a reference 
velocity of 10.10 km s-', the positive perturbations are 
between +2 and +5 per cent, corresponding to 10.30 and 
10.61 km s-'. The negative perturbations generally do not 
exceed -2 per cent. The velocity in the low-velocity zones is 
approximately 9.99 km s-'. 

From Figs 7 to 10, the following feature in the velocity 
images of the upper mantle beneath the Chinese continent 
can be pointed out in addition to the above discussions. (i) 
The correlation between the velocity image of the upper 
mantle and the known surface geological feature can be 
traced down to depth of 110km. Below 220km this 
correlation is hardly obvious. (ii) Figs 9 and 10 show that 
102.5"E is not only the approximate boundary for crustal 
thickness division, it also divides the Chinese continent into 
a west and an east part of different tectonic feature down to 
400 and 600 km. 

5.3 Velocity images of the lower mantle 

Because of the limitation of the available data, the bottom 
of the study area is placed at a depth of 1100 km, so we can 
only produce images for the uppermost part of the lower 
mantle. 

Figures 11 and 12 show the velocity image of 800 and 
1100 km respectively. These depths are already within the 
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lower mantle, where the lateral heterogeneity is still 
obvious, but the anomalies are all very small. It is seen that 
at this depth, the obvious difference between eastern and 
western China does not exist. Except in a very small part 
perturbations are all positive, generally within a range of +2 
to +4 per cent. Relative to a reference velocity of 
10.85 km s-', the velocities at a depth of 800 km beneath 
the Chinese continent are in a range of 11.07 to 
11.28 km s-'. This means that the velocity at this depth is 
closer to Dziewonski & Anderson's Preliminary Reference 
Earth Model (Dziewonski & Anderson 1981) than to the 
traveltime model of Herrin et al. (1968). From Fig. 12 we 
can see that negative perturbations prevail at l l00km 
under the mainland China relative to the reference velocity 
of 11.605 km s-'. The perturbations are mostly between -2 
and -1 per cent, which correspond to 11.37 and 
11.49 km s-'. In the high-velocity regions inside the 
continent, the perturbation is generally about +1 per cent, 
corresponding to 11.72kms-'. The area south of the 
Himalayas and the sea area on the east generally show 
positive perturbation ranging from +2 to +3 per cent, which 
correspond to 11.84 and 11.95 kms-'. 

5.4 ReliabTty analysis of the solutions 

According to inverse theory, the reliability of a solution is 
measured by the covariance matrix and the resolution of the 
solution. The square root of any diagonal element of the 
covariance matrix is the standard deviation of the 
corresponding component of the solution. In this study the 
standard deviation is generally less than 0.01. Except in the 
boundary area and at a few inside points, the diagonal 
elements of the resolution matrix are usually greater than 

b 

+ 
Figure W. Resolution image at node 445 (near Kangding, N-S 
Seismic Zone, at a depth of 100km). (a), (c); the vertical 
resolution, (b); the horizontal resolution. 

0.6. Obviously this result is obtained by Backus-Gilbert's 
compromise in order to ensure the stability of the solution. 
In other words, a solution with a very small standard 
deviation is probably one with very poor resolution. 

Figure 13 is a resolution image plotted with the method 
described in Section 3, which describes visually the 
resolution of the solution at node 445 (at the depth of 
110 km, near Kangding, Sichuan Province). Fig. 13(b) shows 
the influence of the nodes in the same horizontal grid on 
node 445. It depicts the horizontal resolution. Figs 13(a) and 
(c) show the influence of the nodes in grid surfaces 
immeditately above and below node 445. They depict the 
vertical resolution. It can be seen that the solution at that 
point is mainly a local average in the horizontal direction. 
The nodes above (45+'km) and below (220km) it are 
almost irrelevant. The resolving length can be calculated by 
means of equation (44). It is obviously realistic to describe 
the solution at every node in such a way. Generally the 
reliability of the solution can be described in terms of the 
number of rays passing the mesh. Table 2 gives the ray 
number crossing the grids at several typical depths. In order 
to have a sufficient number of crossing rays, we have tried to 
achieve an optimum azimuthal coverage in selecting events. 
it can be seen from Table 2 that, except in the marginal 
areas, the reliability of the solution is generally ensured in 
most areas of the Chinese continent. 

6 DISCUSSION 

(1) Aki & Lee (1976; Aki et al. 1977) proposed for the 
first time the method of inverting the arrival times recorded 
by a seismic array to find the 3-D velocity structure of the 
Earth. Since then the method has been widely used. The 
recently developed seismic tomography is attracting more 
and more attention. Its development and success may bring 
new impetus to geoscience. In this study we used a 
tomographic method proposed by the authors in image- 
forming inversions, which avoids the difficulties of large 
RAM requirement and high computing cost in solving the 
equation system with coupled velocity and hypocentre 
parameters, and at the same time ensures the stability of the 
solution. The resolution images were also obtained in the 
inversion process, based on the discrete version of the 
resolution theory of Backus & Gilbert (1968). In model 
parametrization the interpolation function of grid node 
velocities is used as the space function of velocity. To meet 
the practical needs the velocity function is allowed to be 
discontinuous. The consequent complications of the forward 
problem have been dealt with in the paper. The results of 
image reconstruction proved the effectiveness of the method 
given in this paper. 

(2) The velocity images shown above display clearly the 
lateral velocity heterogeneity in the crust and upper mantle 
beneath the Chinese continent and adjacent regions. Down 
to a depth of 11OOkm this heterogeneity still exists. The 
correlation between the velocity image of the upper mantle 
and the known surface geological features can be traced 
down to depth of 110 km. Below 220 km this correlation is 
hardly obvious. 

(3) The velocity images at depths of 45-' and 45+Okm 
show clearly that the crust of the Chinese continent is 
approximately divided into two parts by the 102.5"E 
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Table 2. The number of rays passing each node at several typical depths.* 

The depth 45-Okrn 
9 16 27 50 
33 48 48 110 
27 52 105 241 
6 30 138 403 
7 42 134 385 
17 52 113 275 
16 44 80 186 
19 35 56 I18 
10 14 24 69 
5 7 9 4 1  
2 2 2 8  

66 
153 
349 
609 
588 
452 
323 
24 1 
161 
103 
39 

58 
168 
382 
652 
654 
522 
375 
308 
206 
133 
47 

64 
194 
362 
587 
675 
528 
320 
274 
220 
167 
52 

76 76 78 84 
216 222 222 233 
366 381 354 341 
536 546 456 395 
669 817 813 746 
649 917 1067 977 
455 744 961 892 
355 599 759 707 
413 761 852 680 
372 719 782 665 
136 251 293 307 

95 
234 
282 
348 
603 
71 1 
651 
555 
500 
500 
26 I 

80 
200 
221 
315 
489 
516 
420 
329 
323 
381 
217 

83 
I85 
207 
375 
605 
606 
456 
350 
367 
451 
297 

87 106 105 
162 189 162 
216 242 210 
428 551 481 
695 823 636 
676 691 484 
535 438 283 
475 414 253 
505 445 284 
625 605 366 
383 378 230 

63 
85 
99 
210 
300 
23 I 
130 
73 
28 
56 
50 

The depth 110 krn 
0 5 12 40 
6 44 121 265 

4 1  239 488 981 
672 1145 1448 1743 
672 1259 1555 1832 
26 466 916 1291 
7 133 393 714 
4 39 155 310 
0 8 70 115 
0 2 27 54 
0 0 1 8  

51 
255 
957 
1594 
1952 
1707 
1232 
717 
325 
I07 
14 

.24 23 
155 82 
661 360 
I439 1212 
I882 1859 
1915 1853 
1537 1588 
1089 1446 
624 I205 
239 679 
21 70 

25 
70 
333 
I092 
1963 
2161 
2016 
1958 
2153 
1418 
162 

73 
112 
394 
1193 
229 I 
2494 
2273 
2168 
2296 
1641 
229 

83 
I50 
512 
1274 
2166 
2326 
2230 
2008 
1937 
1521 
332 

76 79 107 164 
215 262 290 413 
621 665 682 892 
1344 1331 1199 1298 
1888 1525 1219 1162 
1941 1469 1135 1071 
1881 1484 1295 1351 
1776 1524 1106 1633 
1873 1881 1994 2182 
1532 1599 1731 2042 
384 432 542 637 

179 
549 
I137 
1640 
1415 
1215 
1462 
1698 
1938 
1601 
391 

157 
580 
1332 
1624 
1158 
883 
1141 
1094 
858 
525 
56 

68 13 
598 287 
1188 667 
1156 562 
728 201 
508 203 
653 85 
513 20 
129 8 
28 3 
8 1  

The depth 400 krn 
0 
3 

162 
1647 
1647 
207 
23 
9 
0 
0 
0 

5 
245 
1166 
2643 
2558 
834 
239 
32 
2 
2 
0 

115 
749 

2332 
2802 
2082 
1 I81 
609 
256 
96 
32 
0 

28 I 
906 
3008 
2898 
1621 
1410 
926 
693 
239 
64 
12 

229 I8 4 99 
555 142 16 72 

2026 646 122 90 
2170 1524 1987 2246 
2067 2263 3178 4837 
1930 2194 3268 5573 
1862 2274 3675 5397 
1479 2048 4203 5779 
477 1489 4314 6434 
98 775 3039 4536 
12 94 533 922 

I08 
r-08 
272 
2472 
5216 
5406 
4549 
4420 
4871 
3631 
981 

I03 
109 
564 

2282 
3674 
2843 
2095 
2016 
2554 
2597 
1180 

42 
84 

763 
2833 
4283 
3079 
2437 
2212 
2700 
2574 
I226 

20 
122 
781 

3071 
5114 
4031 
2787 
2130 
2654 
2301 
689 

82 277 
199 527 
812 1477 

2784 3234 

4453 4237 
3224 3611 
1850 2093 
3466 5379 
3549 5777 
654 1674 

4826 4464 

554 481 
892 1117 

2328 2443 
3444 2511 
3362 1535 
2751 739 
2581 884 
1687 919 
5047 2294 
5688 2192 
1707 195 

298 
804 
1521 
1231 
727 
89 4 
1057 
657 
379 
88 
0 

75 
21 1 
257 
1 4 1  
395 
801 
693 
152 
3 
0 
0 

The depth 11 00 km 
0 6  
0 197 

34 789 
1637 2467 
1725 2604 
156 1030 
14 344 
9 27 
0 0  
0 0  
0 0  

97 
690 

2182 
2068 
1286 
1093 
516 
270 
96 
30 
0 

298 
920 
2738 
2470 
1226 
1186 
555 
490 
217 
48 
14 

206 2 2 
500 67 9 
1640 253 25 
1744 940 2130 
1334 1508 2821 
1489 1208 2100 
1187 1288 3059 
995 1414 4193 
347 1474 6025 
44 1067 4719 
14 142 761 

I08 
108 
34 

2547 
5642 
6536 
6117 
681 I 
8853 
6642 
983 

106 
I06 
188 

1956 
5276 
5976 
4520 
4479 
5234 
3957 
779 

2 0  
I I  34 

484 570 
2343 2892 
3328 4182 
1990 2762 
1319 1902 
1101 1963 
1203 1969 
2020 2384 
1294 1411 

0 
31 
553 

3657 
6022 
4595 
2458 
2109 
2717 
2509 
638 

25 
44 
501 

3258 
6180 
5684 
3358 
1892 
3945 
3722 
209 

21 4 
319 
1211 
4046 
5650 
5787 
4922 
2565 
4767 
5392 
1676 

478 
748 
2191 
4272 
4192 
3776 
3359 
1684 
4401 
5697 
1860 

484 
I094 
2615 
2930 
1545 
1041 
1040 
429 

2423 
2558 
229 

300 133 
827 255 
1645 16 
1204 49 
524 33 
710 640 
634 427 
407 135 
168 15 
74 0 
0 0  . If a r ay  c r u s s e s  a hexahedron, t hen  t h e  r a y  p a s s e s  a l l  nudes of t h a t  hexahedron 

longitude. To its east the crust is thinner than 45 km. In the 
west a boundary runs from Ruoergai-Songpan (about 34"N 
and 102.5"E) northwestward, then westward along 38"N to 
the southern margin of the Tarim basin. South of this 
boundary, except in the SW Yunnan Province, the entire 
Tibetan plateau has a crust thicker than 45 km. North of the 
boundary the crust is about 45 km thick, except beneath the 
Tianshan mountain range where the crust is thicker. 

(4) The velocity image at 110 km demonstrates velocity 
anomalies in a block pattern. Comparing to the tectonic 
map of China, we find that the Yangtze paraplatform and 
Tarim platform correspond to high-velocity zones, low- 
velocity anomalies exist under the South China foldbelt and 
most of the Sino-Korean Paraplatform, and the Himalayan. 
Nyenchenthanglha fold system along the south margin of 
Xizang (Tibet) shows high-velocity anomalies. It is 

important to note that these blocks of anomalous velocity 
are obtained by inverting seismic data using an initial model 
with the same reference velocity at that depth, i.e. without a 
priori assumptions with respect to the geology of the study 
area. This fact not only proves the objectivity and reliability 
of the results, but also convinces us that the tomographic 
result does reflect the tectonic evolution in the past. 
(5) The velocity image at a depth of 220 km shows that 

low-velocity zones of the asthenosphere exist under many 
areas in Chinese continent. Similar to the velocity images of 
45-o and 45+Okm, the images of 400 and 600km also 
indicate that a strip about 200 km wide near 102.5"E divides 
the Chinese continent into two tectonically different parts. 
The image at 400 km shows that the velocity near 102.5"E is 
close to the reference value of 9.15 km s-'; to the east of 
this boundary the trends of the low-velocity zones are 
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N-NE or N-S, whereas in the west the low-velocity zones 
trend N-NW or E-W. This implies that the similar trends of 
the geophysical fields (such as gravity and regional 
geomagnetic field) observed on the surface may have very 
deep tectonic background. The image at  a depth of 600 km 
shows high velocities to  the east and low velocities to  the 
west of this boundary. This may mean that the tectonic 
differences between the eastern and western part of the 
Chinese continent exist in the whole upper mantle. 
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