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ABSTRACT 

I determined the source parameters of 53 moderate-sized earthquakes in the 

region of the Eastern Himalayan Syntaxis through the joint inversion of regional and 

teleseismic distance long-period body waves. The average rates of deformation are 

determined by summing the moment tensors from both recent and historic earthquakes. 

Strike-slip movement on the Sagaing fault terminates in the north (just south of the 

syntaxis), where thrusting (northeast convergence) and crustal thickening are 

predominant. Slip vectors for thrust mechanisms in the Eastern Himalaya in general 

are not orthogonal to the Himalayan mountain front but show an oblique component of 

slip. A combination of thrust and strike-slip faulting [Molnar and Deng, 1984] for the 

great 1950 Assam earthquake is consistent with the rates of underthrusting in the 

entire Himalaya and the rate of spreading in Tibet (assuming that a 1950-type 

earthquake recurs every 400 years). An estimated 4-21 mm/yr of right-lateral motion 

between southeast Asia and the Burma subplate is absorbed within the zone of 

distributed shear between the Sagaing and Red River faults. A component of westward 

motion (3-7 mm/yr) of the western boundary of the distributed shear zone may cause 

some of the late Cenozoic compression and folding in the northern Indoburman Ranges. 

Distributed shear and clockwise rotation of blocks is also occurring in Yunnan north of 

the Red River Fault. 

The inversion of 130 regional distance waveforms for average crustal thickness 

and upper mantle Pn velocity indicates an increase in Pn velocity, coincident with 

increase in crustal thickness, of about 0.20 km/s beneath the Tibetan Plateau. 

Impulsive Pn arrivals from paths that cross the Tibetan Plateau can be modeled with a 

xiii 



xiv 

positive upper mantle velocity gradient, indicating an upper mantle lid approximately 

lOO-km-thick beneath southern Tibet. This "shield-like" structure supports a model in 

which Indian continental lithosphere has underthrust Tibet. The crustal shortening 

within Tibet of 8 mm/yr is thus viewed as an upper crustal phenomenon in which the 

faults do not penetrate the deep crust or upper Mantle. The forces generated by the 

thick crust in Tibet may partly cause the strike-slip faulting and east-west convergence 

in Sichuan and the movement of upper crustal blocks in Yunnan. 



CHAPTER 1 

INTRODUCTION 

Statement of Problem 

The continental collision between India and Eurasia has produced a spectacular 

example of mountain building and plateau uplift. Truly, this is the most remarkable 

region of continental deformation in the world. Continental collisions of this nature 

and magnitude have most certainly occurred in the geologic past. Thus, a detailed 

study of the process of active crustal deforma!ion within the India-Eurasia collision 

zone will not only elucidate more details about its geologic evolution and ongoing 

development, but it will also provide further insights into past collisions and, in 

general, the building of continents. 

This study examines the crustal deformation in the region of the Eastern 

Himalayan Syntaxis. This is a region that is bordered by Tibet, southwest China, 

Burma, and Assam. Here, two collisional arcs come together to form a "kink" or sharp 

bend in the trend of the collisional mountain front. These two collisional belts are the 

Himalayan Main Boundary Thrust (MBT) and the Burma Arc. At present the Indian 

Plate is underthrusting the Himalaya along a shallow north-dipping fault (MBT). At 

the Burma Are, Indian oceanic lithosphere has subducted beneath the Indoburman 

ranges, and seismicity occurs within this subducted lithosphere to depths as great as 

200 km. 

Whereas earthquake focal mechanisms indicate that India is underthrusting the 

Himalayas at a shallow angle of 5°-15° [Baranowski et al., 1984; Ni and Barazangi, 

1 
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1984], what happens to this Indian lithosphere north of the Himalayas is a topic of 

considerable debate. Does the lithosphere descend into the mantle, or does it continue 

to underthrust Asia at a shallow angle, thus being ultimately responsible for the uplift 

of the Tibetan Plateau? This problem will be treated in a later chapter in which the 

crustal thickness and upper mantle structure of Tibet and the surrounding regions are 

investigated. 

As India moves northward in its collision with Asia, not only. is there 

underthrusting beneath the Himalaya, but crustal thickening and crustal shortening 

within Asia. This process has been likened to a rigid die (India) which is indenting a 

plastic medium (Asia) [Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1976]. 

Very large strike-slip faults (mostly left-lateral) extend from Tibet into China and 

Mongolia, and in response to crustal shortening, blocks in Tibet are thought to be 

extruding or escaping east and southeast, producing movement on these strike-slip 

faults [Tapponnier et al., 1982, 1986]. 

The crustal-deformation portion of ~his study focuses on the relationship between 

crustal movements in eastern Tibet, to the north of the eastern Syntaxis, and crustal 

movements in southwest China and eastern Burma, which are to the east and southeast 

of the Syntaxis. Can the escape of crustal material from eastern Tibet be linked with 

observed crustal movements in southwest China and eastern Burma as proposed by 

Tapponnier et al. [1986]? Where is crustal thickening occurring in response to the 

collision? Crustal thinning? These queries as well as others provide the motivation to 

obtain a more accurate picture of the style of active crustal deformation in the region 

of the eastern Himalayan Syntaxis. 
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Method of Study and Chapter Preview 

In this study we obtain source parameters of 53 moderate-sized earthquakes that 

occurred within the actively deforming zone of the Eastern Syntaxis and surrounding 

regions. The source parameters are found by the joint inversion of both regional and 

teleseismic distance body waves. This technique and its general utility are developed 

in Chapter 2. Chapter 3 contains the results of the source parameter studies of the 53 

moderate-sized earthquakes. The region is divided into three sectors, and we discuss 

the style of deformation and depth of crustal faulting within each. These three 

regions are: 1) eastern Tibet, the eastern Syntaxis and the northern Sagaing fault, 2) 

deformation south of the Red River Fault in Yunnan, and 3) deformation north of the 

Red River fault in Yunnan and Sichuan China. Then information on historic 

earthquakes is combined with the source parameters of 57 modern (1964-1988) 

earthquakes to obtain the average rates of deformation (from the summation of the 

moment tensors) within the different regions. Also in Chapter 3, a model for 

distributed shear and block rotation for the Yunnan region is discussed. Finally, we 

discuss various models of crustal thickening and crustal shortening in light of the 

results of the crustal deformation. 

In Chapter 4 three recent large earthquakes that occurred near tha margin of the 

India-Eurasia collision zone in 1988 are investigated. We determine the source 

parameters of these three earthquakes and discuss them in the framework of the active 

tectonics. One of the earthquakes in particular (20 August 1988) is very interesting. 

It occurred near the Main Boundary Thrust in the Himalayas, but instead accompanying 

shallow underthrusting in the crust, the event occurred within the mantle and is a 

combination of strike-slip and thrust faulting. The 1988 event raises interesting 

questions because it occurred very near the great 1934 Bihar-Nepal earthquake, which 

was considered a shallow-depth, shallow-angle detachment earthquake (underthrusting). 
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We have mentioned that it is uncertain whether the underthrusting Indian 

lithosphere descends into the mantle or continues to underthrust at a shallow angle 

beneath Tibet. The manner in which this underthrust movement of the Indian plate is 

accommodated beneath the Himalaya and Asia is important to our understanding of the 

evolution and present-day style of deformation of the collision zone. We investigated 

this problem by determining the crustal thickness and upper mantle velocity variations 

throughout the region of the collision zone (Tibet, southwest China, Burma, northern 

India, as well as Pakistan and eastern Iran). A total of 130 regional distance 

waveforms from earthquakes whose travel paths crossed various sectors of the collision 

zone were inverted for both crustal thickness and upper mantle Pn velocity. Some 

regional distance energy that traversed the southern Tibetan Plateau and Hindu Kush 

was characterized by waveforms with unusually impulsive Pn arrivals. A further 

investigation revealed that these impulsive Pn signatures could be explained by a 

positive velocity gradient within the upper mantle. The high Pn velocities and positive 

velocity gradients can be interpreted as evidence for a "shield-like" lithosphere beneath 

southern Tibet. Chapter 5 describes these findings and the methods we used. In 

Chapter 5 it is suggested that the "shield-like" structure beneath southern Tibet is 

consistent with shallow underthrusting of Indian lithosphere beneath Tibet. 

Finally, in Chapter 6 the findings in Chapters 3, 4 and 5 on the active tectonics 

as well as the crust and upper mantle structure of the region affected by collision are 

discussed in light of various models of crustal thickening, crustal shortening, and 

distributed continental deformation. 



CHAPTER 2 

JOINT INVERSION o.F REGIONAL AND TELESEISMIC WAVEFORMS 

Introduction 

The source parameters of moderate to large-sized earthquakes are widely used to 

infer the present-day tectonic environment. In most regions large earthquakes are 

infrequent, and moderate-sized events must be used to investigate the style of 

deformation and state of stress. Unfortunately, useful recordings of moderate-sized 

events at teleseismic distances are often sparse, making it difficult to constrain the 

source mechanism through the inversion of teleseismic long-period body waves alone. 

Wallace et al. [1981] introduced a method for the determination of source parameters 

by the inversion of regional distance long-period body waves. This method has proved 

valuable, and as little as three stations (azimuthally distributed) are required in order 

to constrain a solution. The reason for this is the nature of Pnl wave trains: the 

combination of. P and SV rays provides a greater coverage of the outer portion of the 

focal sphere than teleseismic P and SH waves, which have much steeper take-off 

angles. In addition, as much as 90 s of record can be fit in regional waveform 

inversions, whereas most useful information from shallow-source mechanisms occurs in 

the first 30 s of the teleseismic waveform. On the other hand, regional waveforms are 

relatively insensitive to source depth, and teleseismic information can be used to 

constrain this parameter. Ideally, a method which inverts both these types of data 

simultaneously will provide the best constraints on source parameters. A joint 

inversion of teleseismic P and SH, and regional vertical and radial component long-

5 
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period waveforms, has the distinct advantage of examining energy with take-off angles 

that range from 180 -520
, considerably better coverage than teleseismic waveform or 

regional waveform inversion alone. This chapter presents a technique for the 

simultaneous inversion of teleseismic and regional long-period waveforms for source 

parameters. The utility and benefits of the inversion method will be demonstrated on 

synthetically derived data for three cases. 

The Forward Model 

The teleseismic and regional P and S wave synthetics can be expressed in 

cylindrical coordinates as 

s 
Wp(r,z,O,t) = Mo/411'Po(S(t)* L Gi(t)Ai) 

Wx(r,z,O,t) 

i=l 

2 

= Mo/411'Po(S(t)* L Gj(t)Aj+s) 
j=l 

where Wp and Ws are the P wave and SH wave displacements, respectively, Mo is the 

seismic moment, Po is the source region density, and Set) is the far-field time history. 

The Ai's are the source coefficients determined by source orientation: 

A1(0,A,6) = sin 20 cos A sin 6 + (l/2)cos 20 sin A sin 26 

A 2(0,A,6) = cos 0 cos A cos 6 - sin 0 sin A cos 26 

A s(0,A,6) = (1/2)sin A sin 20 

where 0 is the receiver azimuth from the end of the fault plane, A is the rake angle, 

and 6 is the dip angle. 

The Gi terms represent the Green's functions for the three fundamental faults: 

G1 = vertical strike-slip, G2 = vertical dip-slip, and Gs = 45 dip-slip. The Green's 



7 

functions for the regional distance are for either the vertical or radial component and 

were generated using generalized ray theory. 

The Method of Inversion 

We employed the inversion method described by Wallace et at. (1981), which uses 

the error function 

e = 1 - (1) 

where f is the observed record and g is the synthetic waveform. There is an error 

associated with each waveform observation and the sum of the squares of these errors 

can be minimized with respect to the three fault parameters strike, dip, and rake ( 8, 

6 and A) through an iterative nonlinear inversion. The generalized inverse for this 

inversion can be expressed in the form of singular value decomposition (SVD) as 

V pA -~Up, where V p is a p x p matrix of model eigenvectors vi (p = number of nonzero 

single values) and Up is a N x p matrix of data eigenvectors ui (N = number of 

observations). The term A -~ is a p x p matrix composed of diagonal elements of the 

form IjAi' where Ai are the eigenvalues or single values. The model parameter vector 
p 

change can thus be expressed as the weighted sum of the model eigenvectors as L aivi, 
i=l 

where 

(2) 

One benefit of SVD is that the influence a single station or set of stations are having 

on the model parameter estimates can be easily determined. To increase stability in 

the nonlinear inversion, a damping factor can be included so that the generalized 
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inverse is in the form V p diag[~i/(~~ + ,8)]U~, where ,8 is the damping factor. This 

takes care of the problem of small single values, which can cause unusually large 

changes in the model parameter estimates during the iteration process. The maximum 

likelihood inverse or weighted least-squares can also be used when it can be 

determined that noisy observations are imposing a strong influence on the model 

parameter estimates. 

Results 

Three test cases were studied to illustrate the strengths of joint inversion of 

regional and teleseismic data. The first case is a pure strike-slip mechanism shown in 

Figure 1. There were eight teleseismic observations (four P wave and four SH) and 

four regional stations with vertical and radial components from each. The synthetic 

data were derived using a source depth of 10 km. Both the synthetic data and the 

Green's functions for the teleseismic distances were generated using the three rays, P, 

pP and sP. The starting solution was a pure normal fault (0 = 130°, 6 = 45°, and ~ = 

-90°). Figure 1 shows the solution at 3, 6 and 10 iterations. The exact solution was 

obtained after 12 iterations. Also shown in Figure I is a plot of the error function 

values from each inversion versus the Green's function source depth. A minimum error 

of zero was obtained using the 10-km Green's functions, thus constraining the source 

depth exactly. 

Table 1 contains the results for the same problem except that an inappropriate 

time function was used. Table 1 lists the solutions from each inversion using Green's 

functions generated for depths between 5-16 km. These results indicate that the 

inversion for model parameter estimates is robust for Green's function depths of 6-12 

km, with strike, dip and rake only deviating from the true solution by 1°_3°. The 

error functions were minimized at 7 km (true depth = 10 km). Therefore, the time 
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TABLE 1. Inversion Results Using Suite of Green's Functions 
and an Inappropriate Time Functiona 

Depth (km) Errorb Strike Dip Rake 

5 .2344 211.6 88.5 2.5 
6 .2037 34.6 89.6 -2.0 
7 .1271 30.7 88.4 -0.7 
9 .2159 32.5 88.9 -3.2 

10 .2093 32.6 86.7 -0.6 
11 .3374 30.7 85.6 -3.0 
12 .2410 30.8 86.4 2.3 
14 .4914 30.7 75.8 10.9 
16 .4745 41.8 71.0 3.6 

aobserved synthetic data had a trapezoid time function with rise time, rupture 
time, and fall time = 1, 2, 1. 

b Average size of the error for all observations. Error is defined in equation 1 
in text. 

10 
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function does not strongly influence the model parameter estimates strike, dip and rake 

in the simultaneous inversion; however, it does influence the depth estimate. In this 

example, the long time function produced an underestimation of the source depth. 

The next case addresses the problem of inadequate Green's functions. This case 

has the- same station distribution as the previous example. The teleseismic synthetic 

data were generated using 13 rays, which consisted of many combinations of crustal 

bounces. The effects of a complicated receiver structure, which had 50 rays with many 

combinations of crustal reverberations and P-SV conversions in a five-layer crust, were 

also included. The effects of P-SV conversions on the vertical component are small 

due to the steep ray path for teleseismic P-wave energy. 

The results of the inversion using teleseismic data alone for this oblique-slip case 

are shown in Figure 2a. Again, the teleseismic Green's functions were generated using 

only 3 rays and, therefore, are inadequate to completely model the observations. The 

true depth was 10 km, but the error functions were minimized using Green's functions 

generated for a 6-km depth. Table 2 summarizes the source parameters obtained from 

the inversion using the suite of Green's functions. The error forms a broad minimum 

between 6 and 9 km. Therefore, the source depth from this inversion is poorly 

constrained. The solution from the teleseismic data alone (0 = 60°, S = 50°, A = 66°) 

is significantly different from the true solution, yet the waveform fits look very 

reasonable. 

Figure 2b shows the inversion results when the regional waveforms are included. 

The regional distance synthetic data for this example were generated using a crustal 

thickness of 30 km. The Green's functions were generated using a crustal thickness of 

40 km and are, therefore, also inadequate. The inclusion of the regional waveforms in 

the inversion, however, had a significant effect on constraining the predicted solution 

to the true solution, even though the regional distance Green's functions are 
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TABLE 2. Inversion Results, Teleseismic Data Alone, 
Using a Suite of Inadequate Green's Functions 

Depth (km) Error Strike Dip Rake 

5 .4582 80.7 45.3 80.4 
6 .2120 59.6 50.2 66.0 
7 .2199 59.7 50.0 64.3 
8 .2419 62.7 49.2 68.1 
9 .2950 61.6 49.7 66.5 

10 .3339 60.7 49.6 64.3 
11 .5273 31.4 88.8 7.5 
12 .6486 40.0 71.7 10.4 
14 .5200 292.0 54.3 133.0 
16 .6211 283.1 50.3 131.9 

13 
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inadequate. Table 3 shows the results of including the regional waveforms in the 

inversion. For all depths, although the size of the error might change, the model 

parameter estimates are within 1°_S° of the true solution. The addition of regional 

waveforms to the data set, therefore, has a significant stabilizing effect on the 

inversion. This result demonstrates the robustness of the regional distance Green's 

functions and is consistent with the findings of Wallace [1986] that regional distance 

waveforms are relatively insensitive to the fine details of crustal structure and crustal 

thickness, thus making them ideal for source parameter, studies. 

The teleseismic distance station distribution (seven P waves and four SH) and the 

pure normal mechanism of the third case are shown in Figure 3a. This example suffers 

from poor teleseismic azimuthal coverage, a typical problem encountered for moderate

sized events. With the teleseismic data alone, the inversion suffered from 

nonuniqueness and instability from small eigenvalues. Using a damping factor of 0.1 

and a starting solution close to the true solution (8 = 40°, S = 70°, >. = -90°), the 

inversion arrived at a nonunique solution (8 = -48°, S = 25°, >. = -52°). Using a much 

larger constant damping factor of 3.0, the solution did not deviate far from the true 

solution; however, after 75 iterations, the parameter estimates (8 = 65°, S = 61°, >. = 

-81°) had still failed to converge to the correct solution. The reason for this behavior 

can be seen in Figure 3a. This figure shows the solution space for this problem. The 

average length of the error function is contoured over the variation of strike and rake 

while dip is held constant at 70°. An elongated trough forms a region of low misfit. 

The true solution lies close to the center of this trough, which explains the slow 

convergence and indicates nonuniqueness (anywhere in this region the solution is 

satisfactory). 

With the addition of data from the four regional stations, the elongated trough in 

solution space has disappeared (Figure 3b), and the region of low misfit covers a much 



TABLE 3. Inversion Results for Both Teleseismic and Regional Data 
Using Inadequate Green's Functions 

Depth (km) Error Strike Dip Rake 

5 .5120 46.2 60.1 42.5 
6 .3826 42.9 60.1 42.0 
7 .3633 43.0 60.9 41.2 
9 .3630 41.9 62.9 39.7 

10 .3720 41.7 62.4 39.0 
11 .3894 40.8 64.3 38.7 
12 .3983 42.0 64.3 38.1 
14 .4546 38.7 63.6 38.0 
16 .5111 38.6 63.3 39.0 

15 
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smaller area. The added stability from the regional data is also observable in the 

inversion. With a damping factor of 0.1, a solution of 0 = 82°, S = 68°, ,\ = -89° was 

obtained in 10 iterations (exact solution: 0 = 80°, S = 70°, ,\ = -90°). 

In summary, these test cases have shown that the addition of regional waveforms 

to the set of observations provides a valuable constraint for the inversion of model 

parameter estimates and stabilizes the inversion process. 

Advantages of SVD 

A final example here demonstrates the insight that SVD provides. This example is 

identical to that shown in Figure 3b, except that noise was added to the radial 

component of the regional waveform at station 12. With only one noisy observation, 

the final model parameter estimates were 0 = 92°, S = 68°, and ,\ = -105°. Thus, dip 

was unaffected by the noisy observation, but strike and rake deviate by as much as 

15° from the correct values. An examination of the eigenvectors and eigenvalues 

reveal why this observation is having such a profound influence on the strike and rake. 

After eight iterations, only the noisy observation is showing a significant misfit. Due 

to the misfit of the noisy observation, the error function vector has a large projection 

onto the Us data eigenvector, which is associated with the smallest single value. The 

weighting factor as is therefore large (see equation 2). The large factor as is 

weighting the third model eigenvector vs, which has components in the strike and rake 

directions, but not in the dip direction. The parameters strike and rake are therefore 

changing significantly with each iteration, even though the other 17 waveforms are 

being fit. Thus, the eigenvectors show that one noisy observation is imposing a 

dominant control on the parameters strike and rake, but is not influencing dip. 

In this case, the use of the maximum likelihood inverse or weighted least-squares 

is necessary. Table 4 shows the inversion results using different weighting factors for 
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the noisy observation. Note that for smaller weighting factors, the values of strike, 

dip, and rake approach the results of the noiseless case (0 = 82°, S = 68°, ). = 89°) 

described in the previous section. 

Discussion 

This inversion method is not limited to data from teleseismic and regional 

distances alone. As long as the appropriate Green's functions can be generated, body 

waves for all distances can be inverted for source parameters. For example, if the 

upper mantle structure is known, then waveforms recorded at upper mantle distances 

can be added to a data set to provide better coverage and constraints. We have shown 

that the addition of regional distance waveforms to the data set containing teleseismic 

information, alone, provides valuable constraints on the source parameter estimates. 

The robustness of the regional distance Green's functions makes the regional 

information valuable for constraining source parameter estimates, particularly when the 

Green's functions for the teleseismic portion of the data set are inadequate. The use 

of singular value decomposition for the inversion is also particularly useful since it 

allows direct insight into which observations are providing the greatest influence on 

the model parameter estimates. 

This method should also prove useful for the inversion of historical data where 

instrument gain and absolute amplitude are poorly determined and teleseismic station 

coverage is sparse. 
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TABLE 4. Inversion Results Using Maximum Likelihood Inverse 

Wt. Factor Strike Dip Rake 

.70 92.8 69.5 -103.5 

.40 91.3 69.3 -102.0 

.10 88.6 69.7 -98.0 

.05 86.2 69.0 -95.0 

.01 82.0 68.0 -89.2 



CHAPTER 3 

THE ACTIVE TECTONICS IN THE EASTERN HIMALAYAN SYNTAXIS 

AND SURROUNDING REGIONS 

Introduction 

The collision between the Indian and Asian continents is the most spectacular 

example of mountain building and crustal thickening in the world. The present-day 

crustal deformation in Tibet, southwest China, Burma and other surrounding regions is 

indicative of the continuing development of this collision zone. The style of the 

crustal deformation provides insight into the ongoing process of crustal shortening and 

thickening, and thus can lead to a better understanding of the evolution of collision 

zones. 

In this study we investigate the active crustal deformation in the region of the 

eastern Himalayan Syntaxis by determining the source parameters of moderate- to 

large-sized earthquakes that occurred between 1964 and 1988. Figure 4 shows the area 

of study, which includes eastern Tibet, southwest China, and Burma. The active 

tectonics in the region of the eastern syntaxis are important because this area marks 

the transition in deformational style from collision and thrusting at the Main Boundary 

Thrust to strike-slip in eastern Tibet, southwest China and Burma. The style and 

depth of faulting provide information about 1) where crustal thickening and shortening 

are occurring, 2) the depth and extent of brittle crustal deformation throughout the 

region affected by the collision, and 3) the change in stress and strain patterns 

throughout the collision zone. 

20 
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Fig. 4a. Location of region of study, which includes the eastern Himalayan Syntaxis, east Tibet, southwest China, east Burma, 
and Assam. 
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Fig. 4b. Tectonic map (enlargement of area in Figure 4a) of region of study. The faults in China and Tibet are features which 
have experienced Quaternary movement and were obtained from Ma [1986]. Location of Sagaing fault, Jiali-Po Qu fault system, 
and normal faults in eastern Burma are from Armijo et al. [1986]. Location of normal faults in Yunnan north of the Red River 
fault are from Wu and Wang [1988] and Guangxun et al. [1986]. Dots show locations of epicenters of earthquakes for which source 
parameters were obtained or discussed in this study. Three smaller boxes within map show the three regions discussed in the text 
(Figures 5, 6, and 7). 

N 
N 



23 

Method of Investigation 

Inversion Methods 

We obtained source parameters of 53 moderate-sized earthquakes through the joint 

inversion of teleseismic and regional distance long-period body waves [Holt and 

Wallace, 1987] (Chapter 2). In this procedure, both teleseismic P and SH waves, and 

regional radial- and vertical-component seismograms are inverted simultaneously. 

The joint inversion method has enabled us to expand the number of events that 

could be. examined. Moderate-sized earthquakes are often poorly recorded at regional 

distances. Thus, the inclusion of regional distance information helps solve the problem 

of sparse waveform data sets. Secondly, the combination of both regional and 

teleseismic distance energy provides a more complete coverage of the focal sphere. 

Thus, the joint inversion method generally provides better constraints for source 

parameters as well as stability in the inversion [Holt and Wallace, 1987] (Chapter 2). 

The results from the inversion of data from the moderate-sized events, in 

combination with the results for large events, should provide a more complete picture 

of the process of active deformation in this region of the India-Eurasia collision zone. 

In the second part of this study, we determine the rates of deformation in various 

parts of the region using both the modern and historic earthquake record. The style 

of faulting inferred from the modern events was used to estimate the source 

parameters (fault orientation) of the historic earthquakes. In the last portion of this 

chapter, we discuss distributed shear models for the regions of eastern Burma and 

Yunnan in context with the overall tectonic setting. 

Determining Source Parameters 

The strike, dip, and rake of the best double-couple source are determined using 

the joint-inversion method of Holt and Wallace [1987] (Chapter 2). The depth at which 
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faulting was initiated is determined by performing the inversion with teleseismic 

distance Green's' functions generated with a suite of different source depths. 

Generally, the inversion is run ten times with ten separate sets of Green's functions 

that have source depths that vary by 1- or 2-km increments. The source depth of the 

Green's function which minimizes the misfit between the observed and predicted 

observations is usually designated as the depth at which the faulting initiated. The 

regional distance seismic waveforms are energy is relatively insensitive to changes in 

source depths, and thus the teleseismic information provides the constraints on faulting 

depth. All figures of solutions obtained from a data set that included teleseismic 

observations contain a plot of error vs. source depth. These plots are helpful in 

pointing out the probable range or constraints on the source depth. 

The inversion automatically runs 5 or 10 different times with the different sets of 

Green's functions. Thus, given a time function, a source depth is immediately 

determined. We then change the time function and rerun the inversion, comparing the 

results. In this way, the sensitivity or trade-off between source time function and 

source depth can be checked. The inversion is usually run with three to five different 

time functions which vary in duration. The optimal time function is selected on the 

basis of the quality of the overall waveform shape and fit. 

The time function was separately obtained as an inversion parameter under the 

constraint that it remain a trapezoid. We found, however, that it was more 

computationally efficient, and just as accurate, to obtain the optimal time function in 

the manner of forward modeling described above. Most of the moderate-sized 

earthquakes are small enough so that the possible range of their time function duration 

is usually limited to 1.5-6.0 seconds. Furthermore, source complexity is rare for most 

of the moderate-sized earthquakes, and thus the assumption of a simple trapezoid is 

reasonable. 
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We used a half-space model to generate the teleseismic Green's functions with a 

crustal velocity of 6.2 km/s and 3.5 km/s for the P and S waves respectively, and we 

used the three rays P, pP, and sP. The regional-distance Green's functions were 

generated using the streamlined method of Wallace [1986], and we built the Green's 

functions for each source to receiver path using the appropriate average crustal 

thicknesses determined in another study [Holt and Wallace, 1989] (Chapter 5). The 

layer over a half-space crustal model has been shown to be sufficient to model long

period regional distance energy for most continental paths [Wallace et a/., 1981]. 

The source moment is determined by comparing the amplitude of the observed and 

synthetic waveforms over one or two time windows included in the waveform 

correlation. That is, 

(data amplitude) 
Mo = Mo(synth) --------

(synthetic amplitude) 

where Mo(synth) is the moment used in the generation of the Green's functions. The 

moment value obtained for each station is printed next to each waveform in all of the 

solution plots. The amplitude stability can be measured with the ratio of the moment 

at each station to the mean. 

Results 

Table 5 lists the results of the source param~ter inversion for 59 moderate- and 

large-sized earthquakes. In this section, the area of study will be divided up into 

three sectors and each will be discussed separately. These areas are: 1) the northeast 

Himalayan Main Boundary Thrust, the eastern Himalayan Syntaxis and northern Saigang 

fault, and eastern Tibet, 2) Eastern Burma and Yunnan south of the Red River Fault, 

and 3) Yunnan and Sichuan north of the Red River Fault. 



Event Date 

1 6/24/55 
2 215/66 
3 4/28/71 
4 2/13/66 
5 11/28/84 
6 12/21179 
7 2/6/70 
8 4/23/84 
9 212!80 

10 9/19/81 
11 4/18/85 
12 3/15/79 
13 8/14/81 
14 8/16/81 
15 1115/75 
16 9/28/66 
17 8/30/67 
18 8/30/67 
19 217/73 
20 2/19/70 
21 9/26/66 
22 6/3/75 
23 6/3/75 
24 1116/76 
25 8/1185 
26 3/29/79 
27 6/9/81 
28 10/21164 
29 12/13/76 
30 9/1164 
31 3/14/67 
32 5/29/76 
33 7/3/76 
34 5131176 
35 5131176 
36 5/30/71 
37 6/9/76 
38 7/21176 
39 5131171 
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TABLE 5. List of Source Parameter Results for 59 

Lat Long 
Origin Time (DN) (oE) 

07:18:22.3 21.77 103.31 
15:12:33.0 26.20 103.10 
15:34:53.9 22.93 101.03 
10:44:41.3 26.10 103.20 
10:30:57.9 26.70 97.08 
6:31:52.0 27.10 97.04 

22:10:42.4 23.10 100.78 
22:29:57.3 22.06 99.18 
12:31:19.3 27.83 101.24 
6:52:09.4 23.01 101.35 
5:52:52.8 25.93 102.87 

12:52;25.8 23.18 101.10 
6:11:10.7 25.15 97.96 

18:56:43.1 25.52 96.63 
11:37:44.0 29.41 101.78 
14:02:31.4 27.53 100.08 
04:22:05.1 31.61 100.26 
11:08:50.0 31.57 100.31 
16:06:25.8 31.50 100.33 
7:10:01.5 27.40 9.3.96 
5:10:56.2 27.49 92.61 
3:23:34.6 .26.59 96.95 
0:38:54.3 26.59 96.91 

18:04:05.5 27.60 101.00 
12:13:46.2 29.18 95.18 
07:07:22.0 32.44 97.26 
22:08:18.6 34.51 91.42 
23:09:19.0 28.04 93.75 
06:36:55.9 27.33 101.01 
13:22:37.3 27.12 92.26 
6:58:04.6 28.40 94.30 

19:38:20.6 24.54 98.93 
16:34:41.2 24.19 98.67 
18:36:35.4 24.29 98.68 
5:08.:28.5 24.34 98.64 

15:44:15.7 25.30 96.44 
00:20:39.5 24.89 98.75 
15:10:45.6 24.78 98.65 
05:13:59.7 25.19 96.51 

Fault Orientation 
Strike Rake Dip 

47.6 
171.7 
243.0 
147.0 
255.0 
119.0 
240.0 
84.0 

212.0 
62.0 

109.0 
30.0 

175.0 
188.0 
171.0 
-29.0 
245.0 
279.0 
228.0 
-38.0 
228.0 
125.0 
135.0 
208.0 
105.0 
272.0 
171.0 
233.0 
209.0 
267.0 
244.0 
49.9 

252.0 
245.0 
64.0 
25.0 

182.0 
64.0 

192.0 

45.7 58.7 
-9.4 63.9 
3.5 79.0 

-71.0 61.0 
5.0 53.0 

92.0 46.0 
-48.0 65.0 
14.0 69.0 
20.0 70.0 
2.1 75.0 

176.0 80.0 
3.0 88.0 

197.0 75.0 
179.0 85.0 
-70.0 45.0 
-86.0 38.0 
-88.0 43.0 
,:,54.0 55.6 
-88.0 52.0 
152.0 15.0 
58.0 25.0 
91.0 55.0 
85.0 59.0 
27.0 83.0 
55.0 11 •• 0 

-10.0 83.0 
187.0 70.0 
51.0 16.0 
4.0 74.0 

90.0 13.0 
68.0 6.5 

-31.0 77.0 
-14.0 86.0 

9.0 64.0 
2.0 87.0 

178.0 90.0 
208.0 81.0 
-7.0 88.0 

176.0 93.0 

(ContinJed) 

Mo 
Time Function Depth (1025 

RT TOP FT (Ian) dyne-em) Ref 

1.0 2.0 1.0 
0.6 2.6 0.6 
0.4 2.0 0.4 
0.6 2.0 0.6 
0.6 3.2 0.6 
0.4 2.2 0.4 
0.4 1.8 0.4 
1.0 1.0 1.0 
1.0 1.0 1.0 
0.6 2.4 0.4 
0.6 2.0 0.6 
0.6 2.6 0.6 
0.4 1.4 t'I.4 
0.4 1.4 0 .. 4 
0.6 1.6 0.6 
0.6 2.2 0.6 
0.6 2.2 0.6 
0.6 2.2 0.6 
0.4 1.8 0.4 
0.2 2,0 0.2 
0.2 1.0 0.2 
0.4 1.0 0.4 
0.6 1.6 0.6 
0.4 1.6 0.4 
0.4 1.0 0.4 
0.2 1.6 0.2 
0.2 2.4 0.2 
0.6 3.6 0.6 
0.2 1.4 0.2 
0.2 2.0 0.2 
0.2 1.0 0.2 
0.2 1.0 0.2 
0.2 1.4 0.2 
0.2 1.4 0.2 
0.4 2.0 0.4 
0.4 1.2 0.4 
0.6 1.6 0.6 
0.4 2.6 0.4 
0.2 1.0 0.2 

10 
4 
6 
4 
4 

10 
14 

* 
* 
4 

* 
4 

* 
* 

10 
14 
10 
6 
8 
6 

12 
10 
8 
6 

36 
10 
4 

18 
2 

4 
15 
2 

6 
4 
4 
6 
2 
6 

* 

2.40 
1.48 
1.46 
0.92 
0.49 
0.14 
0.34 

0.96 
0.26 
2.24 
0.23 
0.144 
1.1 
3.0 
9.1 
0.45 
1.05 
0.33 
0.180 
0.106 
0.115 
2.19 
0.310 
0.361 
0.489 
4.13 
0.60 
0.44 
0.474 
0.151 
0.307 
0.235 
1.88 
2.32 
0.841 
1.92 
0.487 
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TABLE 5 - Contirued 

Mo 
Lat Long Fault Orientation Time FU'lction Depth (1025 

Event Date Origin Time (ct.) (oE) Strike Rake Dip RT TOP FT (Jan) dyne-em) Ref 

40 9/14/71 03:11:06.3 22.97 100.71 189.0 -175.0 83.0 0.4 1.4 0.4 * 1.34 
41 5/30/76 04:18:43.8 24.42 98.81. 235.0 -2.0 72.0 0.2 1.0 0.2 * 0.10 
42 4/8/72 09:33:40.3 29.52 101.84 186.0 -81.0 46.0 0.2 1.0 0.2 * 0.186 
43 7/3/82 08:13:32.7 26.57 100.04 200.0 -95.0 49.0 0.2 1.0 0.2 * 0.09 
44 10/22/82 16:39:32.4 29.94 95.00 299.0 -91.0 85.0 0.2 1.0 0.2 * 0.54 
45 5/22/71 20:03:31.9 32.36 92.11 250.0 -8.0 84.0 0.4 2.0 0.4 7 0.85 
46 8/15/67 09:21:03.3 31.05 93.56 224.0 -48.0 73.0 0.2 1.0 0.2 12 0.150 
47 5/5/75 05:18:46.3 33.13 92.84 256.0 -5.0 81.0 0.2 1.6 0.2 6 1.4 
48 6/22/72 16:41:02.1 31.38 91.41 245.0 -1.0 60.0 0.2 1.6 0.2 7 0.355 
49 4/3/71 04:50:44.0 32.16 94.99 181.0 -180.0 80.0 0.4 1.6 0.4 8 0.965 
50 6/15/82 23:24:28.8 31.85 99.92 274.0 -2.0 70.0 0.4 1.6 0.4 9 0.233 
51 11/6/88 13:03:19.3 22.79 99.61 154.0 -144.0 88.0 2.0 4.0 2.0 10 50 
52 5/29/76 12:23:18.4 24.51 98.95 233.0 7.0 89.0 2.0 3.0 2.0 10 50 
53 1/4/70 17:00:39.4 24.12 102.49 116.0 86.0 180.0 ._----------- 10 87 3 
54 5/30/75 17:45:00.0 26.55 96.92 156.0 93.0 63.0 -------_ .... _-- 12 1.6 4 
55 8/12/76 23:26:47.1 26.70 97.04 338.0 55.0 90.0 ------------- 14 2.0 4 
56 8/20/86 21:24:03.0 34.57 91.63 253.0 -18.0 69.0 .. _----------- 4.9 5 
57 2/6/73 10:37:07.2 31.33 100.49 125.0 87.0 0.0 ------------- 15 190 3 
58 1/23/81 21 :13:52.0 30.89 101.15 -39.0 90.0 0.0 -------- .. ---- 10 13 3 
59 8/6/86 19:55:15.6 29.34 100.96 40.0 -162.0 41.0 ------------- 0.12 5 

1Ho lt et al. [1989) 
2Harvard 
3Zhou et ale [1983] 
4Guzman-Speziale et ale [1989] 
5Harvard 
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The Main Boundary Thrust: Northeast Himalayas 

Events 20, 21, 28, 30, and 31 occurred in the region of the northeast Himalayas in 

the vicinity of the Main Boundary Thrust (Figure 5). Events 20 and 30 are the 

farthest south of the earthquakes shown and have the shallowest source depths (6 and 

4 km respectively). Earthquakes farther north (events 21, 31, and 28) have greater 

source depths (12, 15, and 18 km respectively). The shallow north-dipping plane is the 

likely fault plane for the thrust mechanisms. The increasing source depth for 

mechanisms to the north, and the shallow north-dipping nodal planes are consistent 

with the hypothesis that most Himalayan earthquakes occur on the Main Boundary 

Thrust or subsidiary thrusts [Ni and Barazangi, 1984; Baranowski et al., 1984]. Slip on 

the shallow-dipping MBT corresponds to movement between the top of the Indian plate 

and the· Himalaya. 

The north-dipping nodal planes vary from 10°-20° in dip and, with the exception 

of event 20, are roughly parallel to the strike of the main boundary thrust. Maximum 

compressive stress directions are N-NW directed, but most of the mechanisms are not 

pure thrust. The strike of the shallow-dipping nodal planes is the least constrained 

parameter, and the rake is generally not as well constrained as the fault dip (see 

uncertainties listed in Table 5). Except for the shallow-depth pure thrust (event 30), 

the other four thrust mechanisms have some component of oblique slip. Baranowski et 

al. [1984] concluded that slip vectors from shallow-dipping thrust mechanisms in the 

Himalayas were everywhere locally perpendicular to the mountain front. They 

concluded that the radial-directed slip at the Himalaya implies that the rate of 

extension in Tibet is probably about half the rate of underthrusting at the Himalayas. 

Our results, from the events in the northeast Himalayas, differ from the results of 

Baranowski et al. [1984] in that we obtain slip vectors which in general have an 

oblique component and are not perpendicular to the mountain front. Furthermore, 
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Fig. 5. Seismotectonic map of eastern Tibet, the eastern Himalayas and eastern 
Syntaxis, and the northern Sagaing fault. The source depth, if known, is plotted next 
to each epicenter, and the moment magnitude Mw is shown next to each focal 
mechanism. The size of the focal mechanism indicates the relative importance in terms 
of moment release. The size increments were from Mw = 5-6 (smallest), Mw "" 6-7, Mw 
= 7-7.5, and Mw > 7.5 (largest). 



30 

uncertainties in fault strike and rake for some of the events in the Himalayas (event 

31) are so large that even if the solution yielded a slip vector perpendicular to the 

are, no confidence could be placed in the result. If this fault movement is indeed 

occurring on the main boundary thrust, then the oblique left-lateral sense of motion 

for events 21, 28, and 31 is consistent with the. northward motion of India as it 

underthrusts a boundary that is striking at an oblique angle to the direction of motion. 

The waveform solutions for these events can be seen in the Appendix, where the event 

number corresponds to the figure number. 

The Eastern Syntaxis Region 

Earthquakes large enough to obtain source parameters have been rare in the 

eastern Himalayan Syntaxis (Assam Syntaxis). The great 1950 Assam earthquake 

occurred within this region. Ben Menahem et al. [1974] obtained for the 1950 Assam 

earthquake, from amplitude observations, a right-lateral, nearly pure strike-slip 

mechanism on a plane striking 330°-337°, and dipping 55°-60° ENE (see Figure 5, 

solution B). Chen and Molnar [1977], however, determined that first-motion data can 

just as easily be described by a shallow north-dipping thrust much like other thrusts 

along the Himalayas (Figure 5, solution A). The aftershock distribution may well 

suggest a complicated event involving more than one plane-both strike-slip and shallow 

underthrusting [Chen and Molnar, 1977]. Due to the lack of modern seismicity in the 

Eastern Syntaxis area, this event is clearly important in defining the active tectonism 

in this region of the Assam Syntaxis. A surface waveform inversion of the historic 

seismograms from the 1950 Assam earthquake along with the analysis of afwrshock 

mechanisms may eventually elucidate some of the details of the active style of 

deformation in the Assam Syntaxis proper. 
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Armijo et al. [1989] have suggested that the right-lateral strike-slip fault 

movement in eastern Tibet on the Po Qu fault [Ni and York, 1978] might be traced 

around the syntaxis into the right-lateral movement on the Sagaing and Red River 

faults (see Figure 4). Ni and York [1978] suggested that the great 1950 Assam 

earthquake may have occurred on the Po Qu fault. The possible link between this 

fault and the Sagaing Fault will be discussed below. 

The one well-constrained solution in the eastern syntaxis region is event 25 

(Figure 5). This thrust event has a tightly constrained source depth around 36-38 km 

(see Figure 25A, Appendix) and lies within the aftershock zone of the great 1950 

Assam earthquake. The crustal thickness in this region is not well determined, but 

most estimates range from 50-65 kilometers [Zong-li, 1987; Holt and Wallace, 1989]. 

Thus, this event probably occurred within the crust. Low velocities at mid-crustal 

depths in Tibet [Chun and Yoshi, 1977] and high heat flow in southern Tibet from a 

presumed mid-crustal source [Francheteau et al., 1984] suggest that rocks at mid

crustal depths in this region are probably warm and ductile. The faulting for event 25 

thus probably occurred on the shallow dipping plane. If shal!ow underthrusting is 

occurring beneath Tibet [Argand, 1920; Powell and Conaghan, 1973,1975; Barazangi and 

Ni, 1982], then the detachment at this location (29.2N, 95.2E) should lie close to mid

crustal depths (25-35 km). We suggest that event 25 occurred within the 

underthrusting Indian crust on a shallow dipping antithetic fault (thrust on south

dipping plane) which lies below the inferred Main Boundary thrust. 

In summary, many questions still remain unanswered about the eastern syntaxis 

area. The deformation there may be quite complicated, involving shallow 

underthrusting along the detachment, faulting within the Indian plate, and strike-slip 

faulting (Po Qu fault?) at shallower levels within the Tibetan crust. 
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The Northern Sagaing Fault 

The Sagaing fault is a prominent right-lateral strike-slip feature in Burma (Figure 

4). This fault may have as much as 460 km of movement on it [Curray et al., 1979]. 

Events 14, 36, and 39 all appear to have occurred on the northern portion of the 

Sagaing fault (Figure 5). These mechanisms correspond to right-lateral strike-slip 

movement on the N-NE trending nodal plane-consistent with the right-lateral movement 

on the northern Sagaing fault. Event 36 has a source depth of 6 km and indicates 

shallow faulting within the crust (see waveform solution, Figure 36A, Appendix). A 

source depth was not obtained for the other solutions, but shallow faulting is suspected 

as well. 

About 100-150 km north of the strike-slip earthquakes lies a cluster of events 

that are located at the northern terminus of the Saigang fault (beneath the northern 

tip of the Indoburman ranges). Events 6, 22, 23, 54 and 55 are thrust events with 

focal depths around 8-14 km. The solutions for these earthquakes indicate thrusting to 

the northeast on moderately dipping fault planes (35°-55°). This deformation indicates 

shortening in a NE-SW direction within the shallow crust (upper IS km) and crustal 

thickening. Only event 5 (Figure 5) has a mechanism that is consistent with the 

right-lateral strike-slip movement of the Sagaing fault. The focal depth for this event 

is 6 km, slightly shallower than the thrust faulting. The compression axes for these 

events are all oriented in a consistent NE-SW direction. This region is complicated in 

that both thrust and strike-slip faulting is occurring. The thrust faulting, however, 

appears to be predominant in this northern section of the Saigang fault. Thus, perhaps 

the right-lateral strike-slip movement on the Saigang Fault, which is presumably active 

to the south [Molnar and Deng, 1984], is terminated in the north, just south of the 

syntaxis, where there has been a predominance of thrust faulting in a northeast

southwest direction. 
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Continued right-lateral strike-slip movement to the north on a fault segment that 

connects with the right-lateral Po Qu fault branch of the Jiali fault zone in southeast 

Tibet (Figure 4) remains uncertain. The strike-slip mechanism for the great Assam 

earthquake [Ben Menahem et al., 1974] would support this hypothesis. Right-lateral 

mo~ement between the northern Sagaing fault and the Po Qu fault could be continuous 

if there is a right-step near the northern terminus of the Sagaing fault as suggested 

by Armijo et al. [1989]. They suggest that a right step in this region may be 

responsible for the Putao basin, which could be a pull-apart structure. As mentioned 

in the previous section, significant modern seismicity along this possible connecting 

link has been absent to this date. In summary, the available data from modern 

seismicity suggests that transcurrent motion along the southern portion of the Saigang 

fault is important, but at the northern terminus of this fault, in the region of the 

syntaxis, crustal shortening and thickening are important. 

Strike-Slip Faulting in Southeast Tibet 

Events 26, 45, 46, 47, 48, and 49 occurred in southeast Tibet (Figure 5). These 

solutions show predominantly strike-slip faulting with compression axes that are 

oriented primarily NE-SW. This faulting corresponds to left-lateral movement on E-W 

to NE-SW striking planes or right-lateral movement on N-S to NW-SE striking fault 

planes. Molnar and Chen [1983] obtained solutions for events 45, 47, and 48, and our 

shallow source depths of 6-8 km are in agreement with theirs (see Figures 26A, 45A-

49A, Appendix). The conjugate orientation of the faults in this region (Figure 5; see 

also Armijo et al. [1989]) suggests that strike-slip faulting is probably occurring on 

both left-lateral and right-lateral strike-slip faults. The largest earthquake of this 

century in the Tibetan Plateau, a large strike-slip event (18 November 1951, M = 8.1) 

(Figure 5, surface break near event 48). appears to have occurred on a right-lateral. 
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northwest trending fault [Armijo et a/., 1989]. Other events such as 26, 49, 27, 45, 

and 56, if they involve right-lateral slip, correspond to movement on nearly N-S 

trending faults. The trend of the faults in the vicinity of these earthquakes (Figure 5; 

also see Armijo et a/., 1989] makes it seem more likely that they correspond to left

lateral motion on E-NE trending faults. In summary, the deformation in eastern Tibet 

corresponds to both right-lateral and left-lateral strike-slip faulting at relatively 

shallow depths in the crust. 

Southwest China and Eastern Burma 

The active deformation in this region is summarized in Figure 6. The deformation 

is predominantly strike-slip, and source depths are generally shallow. The Longling 

sequence of 1976 (events 32, 33, 34, 35, 37, 38, and 41) clusters around 25°N and 98°E 

near the Nan Ting Fault. The two main shocks for this sequence were large (Ms = 7.3, 

7.4) and were within two hours of one another. The solution for the second large 

shock could not be obtained because of interference with surface waves from the first 

event. The earthquake epicenters cluster along a northeast trending left-lateral fault 

that may have ruptured to produce the earthquake sequence [Kan et a/., 1979]. The 

faulting in this sequence involves shallow source depths (less than 10 km), and the 

orientation of the fault planes indeed suggests left-lateral movement on the northeast 

trending fault. There is probably some problem with the accuracy of the aftershock 

locations; however, most of the solutions are fairly well constrained. Only the 9 June 

1976 event (37) has an orientation that might suggest movement on the N-S trending 

fault (right-lateral). 

The region of Longling has been the site of K-rich basaltic volcanism [Zhu et a/., 

1983], and NE-SW trending normal fault scarps are observed to the southeast of 

Longling [Armijo et a/., 1989] along the same trend as the NE-striking left-lateral 
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faults. They suggest that these normal faults may represent a pull-apart structure 

where the right-lateral strike-slip movement along the Sagaing fault takes a large right 

step. 

The moment for the first large event is underestimated, largely due to the fact 

that modeling of the first 30-40 seconds of the body waves does not account for the 

full source process. This is evident from the waveform fit, in which only the first 20-

30 seconds are matched by using a simple 5-second-long time function. 

The Lang-Cang Gengma earthquake sequence of November 1988 also involved two 

large main shocks (Ms = 7.6, 7.3) and a series of aftershocks that were protracted over 

a one- or two-month period. This sequence occurred just south of Longling at 23°N, 

99°E. The second large shock (Ms = 7.3) occurred only 13 minutes after the first 

shock, and therefore a solution was obtained for the first event only. The source 

depth for the 1988 Langcang earthquake (event 51) is around 10 km (Fig. 44A, 

Appendix). The aftershock distribution [Wang et ai., 1989] indicates that the well

constrained NW trending nodal plane repre~~nts the fault plane. The moment for the 

main shock, like the earthquake at Longling, was underestimated. This earthquake and 

other large strike-slip earthquakes, such as the 1970 Tanghai earthquake, 1973 Luhuo 

earthquake [Zhao et ai., 1983], and the 1976 Longling earthquake (main shock) [Zhao et 

ai., 1984] involve prolonged rupture, and thus the full source process cannot be 

determined using a single point source or a simple time function. 

The cluster of earthquakes on the Shan Plateau to the northeast of the 1988 

event (events 3, 7, 10, 12, and 40) have solutions which primarily indicate shallow 

strike-slip movement on northeast on northwest trending fault planes. P axes are N-S 

to NE trending, consistent with the stress orientation at Longling and the surrounding 

regions. One solution (event 7) indicates oblique normal slip with a source depth at a 

somewhat greater than average depth (14 km). The large Tanghai earthquake (4 
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January 1970, Mw = 7.26) that occurred on the Qujiang fault (upper right corner of 

Figure 6) will be discussed in the next section. 

Crustal Movements North of the Red River Fault in Yunnan and Sichuan 

Crustal movements north of the Red River fault represent a combination of both 

strike-slip and normal faulting (Figure 7). The Red River fault is a prominent right

lateral strike-slip fault which has been inactive for at least 300 years and is thought 

to represent a seismic gap [Allen et al., 1984]. The other prominent feature to the 

north and east is a left-lateral strike-slip system of faults that include the Xianshuihe 

fault zone [Allen et al., 1989]. The Xianshuihe fault zone has produced several major 

earthquakes in the historic record, including four earthquakes of magnitude 7 or 

greater in this century. The complete length of the left-lateral fault system is at least 

1400 km and is divided into several segments. From northeast to southeast these 

segments are the following: the Ganzi-Yahshu fault, Xianshuihe fault, Anninghe fault, 

Zemuhe fault, and the Xiaojiang fault [Allen et al., 1989] (see map, Figure 7). All of 

these segments have experienced large earthquakes in historic times. 

To the south and west of the Xianshuihe fault, roughly N-S trending graben 

features and both left-lateral and right-lateral strike-slip faults are present in Yunnan 

[Guangxun et al., 1986; Wu and Wang, 1988] .. The right-lateral faults trend NW, and 

the left-lateral faults trend NE. The active deformation in this region will be 

examined in the next section. 

Active Deformation in Yunnan (The Panxi Rift) 

The region between 24°N-30oN and 101°-104°E has been called the Panxi Rift 

[Zheng et al., 1987] or Yunnan Grabens. The rifting was initiated in the early 

Permian, and from late Permian to middle Triassic, basalt flows extruded along 

tensional features [Zeng et al., 1987]. Rift basins were formed from late Triassic to 
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Fig. 7. Seismotectonic map for region to the north of the Red River fault and the 
Xainshuihe fault zone (see Figure 4b for reference). Format is same as in Figure 5. 
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Cretaceous, and since the collision- of India and Eurasia, the Pan xi rift has gradually 

closed and become an aborted rift [Zheng et al., 1987]. Strike-slip movement now 

occurs in this region along old rift features. 

Events 9, 16, 24, 29, and 43 occurred in this region of strike-slip and normal 

fault movement (see Figure 7). The three strike-slip solutions (9, 24, and 29) 

correspond to left-lateral movement on the northeast trending Lijiang Fault (see map, 

Figure 7). These earthquakes occurred at shallow levels in the crust (see waveform 

solution, Figures 24A and 29A, Appendix). The two normal fault events (16 and 43) 

occurred in active pull-apart basins that lie within the N-NE trending Jianchuan fault 

zone. Event 16 was a magnitude 6.3 event and had a source depth of 14 km (see 

solution Figure 16A, Appendix). Wu and Wang examined event 43, a 5.5 magnitude 

event, which, according to their interpretation of aftershock data, occurred on a listric 

fault which bounds the Jianchuan Basin. Our solution, obtained from the inversion of 

long-period regional distance waveforms, is similar to the composite mechanism 

obtained by Wu and Wang [1988]. They suggest that the Yunnan region is divided into 

several blocks. North-south compression in these blocks produces the right-lateral and 

left-lateral strike-slip movement, along with the roughly E-W extension. 

In summary, the recent-active faulting in Yunnan has involved left-lateral strike-

slip motion on a NE trending fault or faults (Lijiang Fault) as well as normal faulting 

in nearby adjacent basins. The present-day left-lateral strike-slip faulting as well as 

normal faulting is the result of N-S directed stresses, block movement and resulting 

pull-apart features [Wu and Wang, 1988; Guangxull, 1986]. 

Earthquakes Along the Xianshuihe Fault and Connecting Left-Lateral Faults 

As mentioned in the previous section, the left-lateral strike-slip fault system in 

the Yunnan and Sichuan provinces includes major active strike-slip features such as the 
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Xianshuihe, Anningh.e, and Xiaojiang faults. Events 2, 4, 11, 15, 17, 18, 19, 42, 57, 58, 

and 53 all occurred on or near this fault system (Figure 7). Event 53, which was the 

4 January 1970 Tong Hai earthquake of Yunnan (Ms = 7.7), is different from most of 

the other events to the north in that it occurred on a right-lateral strike-slip fault 

(Qujiang Fault) rather than a left-lateral fault [Molnar and Deng, 1984]. Zhao et al. 

[1983] calculated 1.1 meters of displacement for a 90-km-Iong fault segment from the 

moment for this earthquake. This is a very active region, as indicated by the number 

and size of recent and historic earthquakes [Allen et al., 1989] (see Figure 8). Just 

north of the right-lateral Quijiang fault are a series of N-S trending features (Kun 

Ming grabens, Tapponnier and Molnar [1977]). The great historic earthquake of 6 

September 1833 (M = 8.0) occurred near the intersection of the Kun Ming Grabens and 

the left-lateral Xiaogiang faults (or Kang Ting fault, Tapponnier and Molnar [1977]). 

Thus, the recent and historical seismic records indicate that the region near the 

junction of the Qujiang fault, Kun Ming Grabens, and Xiaojiang faults appears highly 

active and indicates a N-NW directed compressive stress regime and E-W extension. 

Events 2, 4, and 9 all occurred on or near the junction of the Zemuhe fault and 

the Xiaojiang faults (Figure 7). Events 2 and 9 are indicative of left-lateral strike-slip 

movement on N-S trending fault planes, and event 4, which occurred as an aftershock 

of event 2 (5 February 1966, 13 February 1966) involves normal faulting at a relatively 

shallow depth (4 km) (Figures 2A and 4A, Appendix). A large M = 7.5 earthquake 

occurred in this region in 1733 (see Figure 8), and the historical seismicity record 

[Guangxun et al., 1986] indicates that this region is an area of concentrated activity. 

Another zone of concentrated seismicity lies near the junction' of the Zemuhe and 

Anninghe faults (Figures 7 and 8). Very little modern seismicity has occurred in this 

region, and no fault plane solutions have been obtained for this section of the fault. 
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Fig. 8. Recent and historic earthquakes in Sichuan and Yunnan from Allen et al. 
[1989] . . 
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Still further north, three recent moderate-sized earthquakes (events 15, 42, and 

54) occurred to the west of the Moxi fault segment of the Xianshuihe fault zone [Allen 

et ai., 1989]. This is a mountainous region with topography as high as 7.5 km. The 

fault in this region appears less continuous than sections to the northeast, where 

spectacular exemplary exposures of strike-slip scarps occur [Allen et al., 1989]. Two of 

the solutions (Events 15 and 42) are normal fault mechanisms on roughly N-S trending 

fault planes. The source depth for event 15 is 10 km, but event 43 was too small to 

obtain a reliable source depth. The E-W direction of extension is consistent in a 

regional sense with the N-S directed compression observed in Yunnan to the south. 

Compressive stress directions have changed, however, in this section of China, where P 

axes are more typically oriented NW-SE. The oblique normal-slip solution just to the 

west (event 59) indicates a stress direction which is considerably rotated from the 

other two normal fault solutions. The relationship of the normal faulting to the 

Xianshuihe fault zone to the east is unclear. The normal faulting may be indicative of 

the significant vertical stresses induced by the high local topography in this region, or 

they may be pull-apart features resulting from movement on unmapped strike-slip 

faults. 

The pure left-lateral solutions for '~vents 58 (I January 1981 Daofu earthquake) 

and 57 (6 February 1973 Luhuo earthquake) are representative of the large earthquakes 

that have occurred on the Xianshuihe fault. The source depths for these earthquakes 

were around 10-15 km and fault displacement was 3.8 and 1.0 meters [Zhao et al., 1983] 

for the Luhuo and Doafu earthquakes respectively. Given the historical record, large 

events such as these may occur with regularity, and depending on the section of the 

fault, recurrence intervals are approximately 80-150 years [Allen et al., 1989]. Long 

term slip rates on the Xianshuehe fault average around 15 ± 5 mm/yr on the northeast 

segment, and 5 mm/yr on the southern segment [Allen et al., 1989]. 



43 

Normal fault events 17, 18, and 19 occurred in the pull-apart zone between the 

Xianshuihe fault and the Ganzi-Yashu fault. Our source depths (8-10 km) and solutions 

are in close agreement with the results of Zhao et al. [1983]. Both events 17 and 18 

occurred on 30 August 1967 and are considered foreshocks to the large Luhuo strike

slip event of 6 February 1973 [Zhao et al., 1983]. Event 19 occurred as an aftershock 

(7 February 1973) to the Luhuo strike-slip event. The solutions for events 17, 18, and 

19 can be seen in Figures 17A, 18A, and 19A (Appendix). 

Event 50, a moderate-sized strike-slip event, could represent conjugate right

lateral shear between the two fault segments of the Xianshuihe and Ganzi-Yashu faults. 

Stress Patterns 

The horizontal projection of the P axes from all of the thrust and strike-slip 

solutions are plotted in Figure 9 along with the smoothed topography (digitized from 

England and Houseman [1986]). The two arrows indicate the direction of compression. 

Figure 10 shows the compressive stress directions with the generalized, significant 

faults in the region. The N-NW oriented P axes (thrust) in the eastern Himalayas are 

consistent with the direction of convergence and underthrusting. Note the change in 

stress direction from N-NW to NE around to the southeast region of the eastern 

syntaxis. On the northern portion of the Sagaing fault, the stress d;rection for both 

the thrust faulting and strike-slip faulting are essentially the same (two clusters of 

stress axes). To the east of the Sagaing fault, strike-slip deformation is predominant 

and stress directions rotate back (counterclockwise) to a N-S direction. In this region 

there is a disperse distribution of strike-slip faulting (Figure 5). North of the Red 

River fault, the P axes rotate further counterclockwise to a NW direction, and finally 

in eastern Tibet and Sichuan, the P axes are nearly east-west. Note that in general 

(except for Tibet), the direction of the maximum compressive stress for the strike-slip 
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and thrust mechanisms are parallel to the topographic gradient (Figure 9)-as pointed 

out by England and Houseman [1986]. Figure 11 shows the surface projection of the 

tension axes from the strike-slip and normal faults. 

Crustal Thickening and Crustal Shortening 

The collision of India with Asia has resulted in crustal thickening and the uplift 

of the Tibetan plateau. The mechanism by which the crust was thickened and uplifted 

has been a topic of some debate. Further, the process of shortening has also been the 

subject of controversy. Since the tectonics of the region around the eastern syntaxis 

is directly influenced by these processes, a review of the theories for crustal 

thickening and crustal shortening is given below. 

Since the initial collision of India and Asia in the late Eocene, some 1800-2500 

km of convergence has occurred [McKenzie and Sclater, 1971; Molnar and Tapponnier, 

1975]. Two basic models have been proposed for the accommodation of the collision of 

India and Asia. The first involves shallow underthrusting of the Indian continental 

lithosphere beneath Asia, which produced a double-thick crust and a plateau of uniform 

elevation [Argand, 1920; Powell and Conaghan, 1973, 1975]. In the second model, 

convergence occurs through crustal shortening and uniform crustal thickening (pure 

shear) [Dewey and Burke, 1975]. The second is more compatible with paleomagnetic 

observations on the Tibetan Plateau that suggest that Tibet has been transported an 

estimated 2000 km to the north since the collision with India [Molnar and Chen, 1978; 

Achache et al., 1984]. The first model is more compatible with some of the seismic 

observations which suggest that a stable "shield-like" structure lies beneath Tibet [Ni 

and Barazangi, 1983; Holt et al., 1989]. The high upper mantle velocities beneath Tibet 

are inferred to represent Indian Shield material which has underthrust Tibet. 
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With uniform crustal thickening, the mechanism of deformation is inferred to be 

thrust faulting. England and Houseman [1986] modeled the India-Eurasia collision using 

numerical calculations of a deforming thin viscous sheet. They considered the effect 

of vertically integrated stresses and determined that shortening is accommodated by 

crustal thickening (thrust faulting). Once sufficient buoyancy forces are set up 

through thickening, thrust faulting plays a less significant role, and strike-slip faulting 

is more important. Their models of a lat~rally homogeneous crust, however, do not 

predict the degree of strike-slip faulting observed in eastern Tibet, southwest China, 

and eastern Burma. Some of the important contributions from England and Houseman 

[1986] are the role' of vertical stresses in the deformation and the importance of 

crustal thickening in the accommodation of crustal shortening. 

Another possible mechanism for crustal shortening is extrusion tectonics 

[Tapponnier et al., 1986]. Here, shortening is accommodated by large lateral 

movements of crustal material along strike-slip faults such as the Red River, 

Xianshuihe fault, Kun Lun,and Altan Tagh faults. This process has been modeled with 

plasticine indentation experiments [Tapponnier el al., 1982; Peltzier et al., 1988]. These 

experiments predict large displacements along strike-slip faults [see Peltzier et al., 

1988] as the indented plate "moves out of the way" ·of the indenting plate. Plasticine 

modeling cannot, however, take into account the important role of vertical stresses in 

the deformation, and there is not yet confirmed evidence of the amount of cumulative 

slip on some of the major strike-slip faults that is called for in the plasticine 

indentation experiments. Unlike the numerical calculations of deformation of a 

homogeneous medium, the plasticine modeling predicts localized shear zones-much like 

the crustal faults observed in Tibet and China. 

The crustal deformation resulting from the underthrusting model has not been 

discussed in as much detail in the literature as the uniform thickening and extrusion 
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tectonic models. The crustal shortening and strike-slip faulting in Tibet is compatible 

with the underthrusting model as long as some component of India's northward 

movement is accommodated by shortening within Asia. Molnar and Deng [1984] and 

Molnar [1984] predict a rate of underthrusting of no more than 2.5 cm/yr--only half of 

India's rate of 5 cm/yr [Minster and Jordan, 1978]. Indeed there is evidence from slip 

rates that as much as 2-2.5 cm/yr of India's northward movement may be 

accommodated by shortening within Asia [Molnar and Deng, 1984]. Thus, it is possible 

that both continental underthrusting and crustal shortening are playing a role in taking 

up the northward relative motion of India. The large strike-slip faults in Tibet and 

China are thought to extend all the way through the lithosphere in the crustal 

extrusion model. Therefore, the underthrusting model is in general inconsistent with 

crustal extrusion unless the strike-slip faults in Tibet extend only into the middle 

crust. Thus, crustal blocks extruding out of Tibet would be essentially "floating" on a 

mid-crustal layer which in terms of mechanical behavior is more ductile than the 

elastic upper crust. This layer would presumably be the upper portion of the Indian 

crust, or the lower portion of the Asian crust. Thus, with the underthrus~ng model, 

the component of shortening within Tibet is envisioned to occur primarily within the 

Asian crust above the underthrusting Indian plate. The primary difference between the 

underthrusting model and the uniform thickening model is that with the underthrusting 

model, we would expect most of the crustal thickening to occur through crustal 

doubling rather than the diffuse style of thickening (thrusting). The strong buoyancy 

forces which are set up by thickening [England and Houseman, 1986], however, still 

hold for the underthrusting model, and we would expect to see much less strain within 

Tibet than in the surrounding regions (less than half the rate of surroundings [England 

and Houseman, 1986]). 
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Rates of Deformation from the Summation of Moment Tensors 

Recently, Jackson and McKenzie [1988] investigated the active deformation in the 

Mediterranean and Middle East through an examination of the moment tensors of 

earthquakes over the last 70 years. We use the method outlined in their paper to 

investigate the deformation within the regions of this study. Molnar and Deng [1984] 

examined the active deformation in central and eastern Asia using the asymmetric 

moment tensor. The regions of deformation examined in this study overlap with some 

of the regions investigated by Molnar and Deng [1984]. Molnar and Deng [1984] used 

the largest earthquakes in this century to determine the average rates of deformation. 

Due to uncertainty in faulting style, they omitted some of the moderate- to large-sized 

earthquakes from this century in regions such as Yunnan, and because a significant 

amount of moment release was associated with these earthquakes, they were unable to 

determine realistic rates within Yunnan. Since 26 earthquakes were lnvestigated in 

Yunnan alone, we now have a better knowledge of the faulting style. Thus, we 

included most of the historic earthquakes with magnitudes greater than 6.0 that 

occurred in regions where the confidence on the style of faulting is fairly high. This 

involved assumptions on faulting style for each historic earthquake, and our results are 

influenced by these assumptions. 

In the following sections we discuss the findings of the average rate of 

deformation in six regions within this area and, where possible, compare them with the 

findings of Molnar and Deng [1984]. The five sections are shown in Figure 12, which 

includes the locations, along with magnitude information of the historic and modern 

earthquakes. Table 6 lists the historic earthquakes along with the magnitude and 

assumed fault orientation. 

As pointed out by Molnar mId Deng [1984], errors in the calculation of slip rates 

are due in large part to inaccurate estimates of magnitude. We obtained the magnitude 
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TABLE 6. List of Historic Earthquakes and Their Parameters 

Date Lat Long strike dip rake Mo (dyne·cm) 

8/30/04 31.25 100.8 125 87 0 5.5e26 
12112108 26.5 97.0 125 45 90 3.0e27 
5/23/12 21.0 97.3 185 45 ·90 7.5e27 
12121/13 24.12 102.5 116 87 180 5.5e26 
3/24/23 31.3 100.8 335 90 0 2.5e27 
711/23 21.95 99.8 60 90 0 9.7e25 
6/22123 22.75 98.75 85 90 0 1.5e27 
3116/25 25.6 100.4 215 55 -55 5.5e25 
1/27/31 25.6 96.8 190 90 180 3.0e27 
617/33 27.5 99.9 145 75 180 4.0e25 
5114/38 22.8 99.9 45 90 0 1.7e26 
5/16/41 23.6 99.0 55 90 0 5.4e26 
12/26/41 22.7 99.9 55 90 0 5.5e26 
211/42 23.0 100.3 35 90 0 2.3e26 
5/25/48 29.5 100.5 315 85 5 1.5e27 
2/2/50 21.7 100.2 60 90 0 5.5e26 
8115/50 28.38 96.76 (1) 265 12 90 6.0e28 .. .. .. (2) 337 62 178 2.0e28 
11/18/51 30.98 91.49 315 90 180 5.0e27 
6/19/52 21.95 98.8 60 85 0 9.7e25 
8/17/52 30.9 91.5 110 80 180 5.5e26 
9/30/52 28.5 102.3 175 75 10 5.6e25 
4/14/55 30.98 101.48 335 90 0 3.0e27 
9/23/55 26.3 101.8 30 85 0 2.3e26 
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and location information for most of the historic earthquakes from Ma [1986]. Since 

magnitudes for historic events are rarely underestimated, the magnitudes for the 

historic earthquakes used in this study were assumed to be "the maximum. We assumed 

an equivalence between the historic magnitudes and surface wave magnitudes and 

obtained estimated Mo values using the relation of Dziewonski and Woodhouse [1983], 

(equation 59 in Jackson and McKenzie [1988]). The moment values that were thus 

obtained from the historic magnitudes reported by Ma [1986] were assumed to be 

maxima. The moment range (intermediate and minimum) for the historical events was 

determined by subtracting 0.15 and 0.30 magnitude units respectively from the historical 

events. Therefore, for each region we obtained a maximum, intermediate, and minimum 

rate. 

The Average Rate 0/ De/ormation in Yunnan 

Table 7 lists the results for the Yunnan region between latitudes 20.00N-27.soN 

and longitudes 97.2°E-I03.2°E (660 x 630 km). There was a significant amount of 

moment release in this region in the 1940s and 50s. Much of this seismicity occurred 

in regions where focal mechanisms have been determined. The source orientation of 

these earthquakes was determined based on the average determined stress direction (P

axis) and fault style for the region. If the earthquake occurred on or near a mapped 

fault [Ma, 1986], then the nodal plane was given the orientation of the strike of the 

fault. Although normal fault morphology is prevalent throughout most of Yunnan and 

east Burma [LeDain et ai., 1984; Wu and Wang, 1988; Armijo et ai., 1989], most of the 

large earthquakes have been primarily strike-slip (i.e., 1970 Tonghai, 1976 Longling, and 

1988 Lang Cang-Gengma earthquakes). The orientations for the historic events in 

these regions were assumed to have vertical dips, and rakes of 0° or 180°. Thus, if 

any of these large historic events had a significant component of dip slip, the rate of 



TABLE 7. Average Rates of Deformation in Yunnan (Region 1) 

Min Lat = 200 N 
Min Long = 97.2°E 

Max Lat = 27.50 N 
Max long = 103.2°E 

E-W Oist (km) = 626 

Moment Rates (x1025 dyne-cm/yr) 

N-S Dist (km) = 834 

Mll M22 Mss M2S MIS 

min. 8.8 -5.4 -3.3 -0.393 0.007 
interm. 12.7 -6.6 -6.1 -0.378 0.071 
max. 16.6 -7.7 -8.8 -0.364 0.135 

Total number of events used = 39 
Xl = E-W X2 = N-S Xs = Up (positive) 

Mo rate per year (interm.) = 1.45 x 1026 dyne-cm 
Contribution of largest earthquake to total Mo = 39.4% 
Average Crustal Thickness = 38 km 
Time interval in years = 90 

Velocities (mm/yr) 
min. interm. max. 

Vxx 11.7 16.9 22.1 

~y -9.6 -11.6 -13.8 
zz -0.1 -0.19 -0.28 

Vc -0.27 -0.50 -0.71 
Ve -0.05 -0.09 -0.13 

Strain Rates (x10- 16S- I ) 
min. interm. max. 

Exx S.9 8.S 11.1 
Eyy -3.6 -4.4 -S.2 
EzZ -2.2 -4.4 -S.9 

Ml2 

1.49 
2.33 
3.18 

MIl' M22 , etc. are the moment rates in dyne-cm/yr. cxx,E , etc. are 
the strain rates. Vxx ' V , etc. are the rates of deformatfJ'n in mm/yr. 
V~ and Veare the crustal t~ickenin9 rates and uplift rates respectively. 
The moment rates, strain rates and velocities are given with minimum, 
intermediate, and maximum estimates. 
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crustal thinning or thickening may be underestimated. We did, however, assume, as did 

Molnar and Deng [1984], that the 23 May 1912 earthquake in eastern Burma was a 

normal fault event. 

The coordinate system is set up such that the X direction by convention is E-W 

and the Y direction is N-S. A negative sign in the X or Y direction indicates 

convergence, and a positive sign implies extension. The Z direction is positive 

upwards, which indicates crustal thickening, whereas a negative sign means crustal 

thinning. From the summation of the moment tensors [see Jackson and McKenzie, 

1988], using a time window of 90 years, we obtain a rate of N-S convergence in 

Yunnan of 11 mm/yr and E-W extension of 16 mm/yr (see Table 7). The vertical 

deformation rate comes primarily from the 1912 event and corresponds to a rate of 

crustal thinning of 0.5 mm/yr. Strain rates in the N-S and E-W directions are -4.4 x 

1O-16S-1 and 8.5 x 1O-16S-1 respectively, and the average moment release is 1.4 x 1026 

dyne-cm/yr. This corresponds to one M = 6.7 event every year or one M = 7.4 event 

every ten years. 

Average De/ormation in Sichuan and the Xianshuihe Fault Zone 

The region to the north of Yunnan includes the Xianshuihe fault system, which 

has been very active in this century. Large historic earthquakes occurred on this fault 

system in 1904, 1923, and 1955, and large modern events include the 1973 Luhuo and 

1981 Daofu earthquakes. Using a latitude-longitude window of 27.5°N-32°N, 97°E-

106°E and a time window of 90 years, we obtain average rates of deformation in this 

region of Vyy = 6.9 mm/yr and V'XX = -12mm/yr, that is, a component of E-W 

convergence that is very nearly twice as much as the rate of extension in the N-S 

direction (Table 8a). These results are in close agreement with those of Molnar and 

Deng [1984] for the same region. The Xianshuihe fault zone has been active enough 



TABLE Sa. Average Rates of Deformation in Sichuan (Region 2) 

Min Lat = 27.50 N Max Lot = 32°N 
Min Long = 97.0oE Max long = 106.0oE 

E-W Oist (km) = 887 N-S Dist (km) = 500 

Moment Rates (x1026 dyne-cmtyr) 

M11 M22 MSS M23 M13 

min. -3.S 4.0 -0.15 -0.01 0.084 
interm. -5.3 5.5 -0.14 -0.07 0.087 
max. -6.8 7.0 -0.13 -0.12 0.091 

Total number of events used = 16 
Xl = E-W X2 = N-S X3 = Up (positive) 

Mo rate per year (interm.) = 6.01 x 1026 dyne-cm 
Contribution of largest earthquake to total Mo = 35.1~ 
Average Crustal Thickness = 50 km 
Time interval in years = 90 

Velocities (mm/yr) 
min. 

Vxx -8.6 
V 5.0 
V!; -0.005 
Vc -0.022 
Ve -0.040 

Strain Rates (x10·16s·1) 
min. 

'xx -3.0 
'yy 3.2 
'n -0.11 

Format is the same as Table 7. 

interm. 
-11.9 

6.9 
-0.005 
-0.020 
-0.004 

interm. 
-4.2 
4.3 

-0.11 

max. 
-15.2 

8.7 
-0.005 
-0.020 
-0.0035 

max. 
-5.4 
5.5 

-0.1 

M12 

1.13 
1.49 
1.84 
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that an analysis of the rate of deformation within the fault zone can be obtained. If 

we rotate the coordinate system so that the X-axis is roughly parallel to the 

Xianshuihe fault zone (S35°E), and choose the X-dimension to be 400 km and the Y

dimension (width of fault zone) to be 20 km, then the term V xy' the relative rate 

along the fault, can be evaluated. Using a 90-year time window, we obtain a rapid slip 

rate of 32 ± 8 mm/yr along the fault zone (Table 8b). This is the upper bound of the 

rate determined by Molnar and Deng [1984]. The historic record indicates two active 

periods of seismicity since 1700 (1700-1816, and 1893-present) [Allen et al., 1989]. If 

we assume that the quiescent period (1816-1893) is part of the earthquake cycle for 

this fault, and that the recurrence interval is thus 170 years, we obtain slip rates of 

16.9 ± 4 mm/yr, which is in agreement with the long-term Quaternary slip rate on the 

Xianshuihe fault zone determined by Allen et al. [1989]. 

Average De/ormation on the Northern Sagaing Fault 

The determination of the average deformation in this region involves considerable 

speculation. Two large historic earthquakes occurred in this region (12 December 1908, 

26.5°N 97°E M = 7.5; and 27 February 1931, 25.6° N, 96.8°E, M ; 7.6)""'-[Molnar and 

Deng, 1984]. The fault plane solutions for both earthquakes are unknown. Both 

events, however, occurred in regions where abundant solutions of moderate-sized events 

exist. The results from the modern 'seismicity suggests that south of 26°N, strike-slip 

faulting is occurring, and north of 26°N, thrust faulting is predominant (see Figure 5). 

Thus, we assumed that the 27 January 1931 event occurred on the Sagaing fault and 

corresponded to strike-slip faulting, and the 12 December 1908 earthquake was a thrust 

with the average orientation of the other thrusts in the region. These two 

earthquakes constitute more than 90% of the moment release on the northern Sagaing 

fault in this century. Using a latitude-longitude window of 25°N-28°N, 95°E-98°E (330 



TABLE 8c: Rates of Deformation on the Xianshuihe Fault (Region 3) 

Hin Lat = 29.90 N Hax Lat = 32°N 
Hin Long = 97.00 E Hax long = 103.0oE 

E-\.l Dist (km) = 400 (rotated) N-S Dist (km) = 20 

Homent Rates (x1025 dyne-cm/yr) 

Mll H22 H33 H2S HIS 

min. 1.19 -1.08 -0.18 0.12 -0.002 
interm. 2.07 -1.978 -0.118 0.13 -0.002 
max. 2.98 -2.86 -0.118 0.14 -0.002 

Total number of events used = 8 
Xl = s350E X2 = N550E Xs = Up (positive) 

Mo rate per year (interm.) = 9.1 x 1025 dyne-cm 
Contribution of largest earthquake to total Mo = 36.61~ 
Average Crustal Thickness = 58 km 

Time interval in years = 90 

Velocities (mm/yr) 
min. 
23.3 

Time interval in years = 170 

Velocities (mm/yr) 
min. 
12.3 

interm. 
32.0 

interm. 
16.9 

max. 
40.7 

max. 
21.5 

Hl2 

-4.28 
-5.76 
-7.32 

VXY is the rate along the Xianshuihe Fault. Coordinate system has been 
rotated so that the X-axis is parallel to the fault trace, and the Y
axis is perpendicular to the fault trace. 
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x 300 km), we obtain average deformation rates of about -5 mm/yr and -2 mm/yr for 

the E-Wand N-S directions respectively (Table 9). 

If our assumptions on the average fault orientation of these two earthquakes are 

correct, then there is crustal shortening in both the N-S and E-W directions with a 

resultant vector rate of 5.6 mm/yr in a northeast direction. The rate of vertical 

movement is 0.38 mm/yr, which corresponds to the rate of thickening throughout the 

15-km-thick seismogenic layer. If we assume that this rate of vertical movement is 

continuous throughout the crust, then the rate of crustal thickening is 1.28 mm/yr, 

given an average crustal thickness in the region of 50 km. Assuming isostatic 

equilibrium, the surface uplift rate for this rate of thickening is 0.23 mm/yr (for a 

density of the crust = 2.7 kg/m3 and density of the mantle of 3.3kg/m3; see McKenzie 

and Jackson [1988]). Secondly, if this process of crustal thickening produced the 

elevation of the region, then for isostatic compensation, the total increase in crustal 

thickness (for an average elevation of 2.5 km) is 14 km. For an initial crustal 

thickness of 35 km, a thickening of 14 km corresponds to a strain of 0.40. From 

equation 65 in Jackson and McKenzie [1988], the amount of time for this thickening to 

occur (using fzz = 8.1 x 1O-16S-1) is 13 million years. 

The above calculations neglect erosion, which certainly has removed a significant 

amount of elevation as uplift occurred. This estimate for the amount of time to 

produce the crustal thickening is therefore a minimum. In summary, our calculations 

suggest that crustal shortening is occurring in the region of the northern Sagaing fault 

in both the N-S and E-W directions. The resultant vector of shortening is N65°E with 

a magnitude of about 6 mm/yr. 



TABLE 9: Average Rates of Deformation on the Northern 
Sagaing Fault (Region 4) 

Min Lat = 250 N 
Min Long = 95.DoE 

Max Lat = 28.00 N 
Max long = 98.00 E 

E-W Dist (km) = 302 

Moment Rates (x1025 dyne-cm/yr) 

N-S Dist (km) = 333 

Mll 

min. -0.90 
interm. -1.59 
max. -2.29 

M22 

-0.40 
-0.74 
-1.08 

MSS 

1.4 
2.3 
3.37 

Total number of events used = 12 

M2S 

0.001 
0.001 
0.001 

Xl = E-W X2 = N-S Xs = Up (positive) 

MIS 

-0.006 
-0.006 
-0.006 

Mo rate per year (interm.) = 4.68 x 1025 dyne-cm 
Contribution of largest earthquake to total Mo = 49.1% 
Average Crustal Th~ckness = 50 km 
Time interval in years = 90 

Velocities (mm/yr) 
min. interm. max. 

Vxx -3.0 -5.3 -7.62 
V -1.5 -2.7 -3.9 
~ 0.21 0.38 0.55 
Vc 0.720 1.28 1.850 
Ve 0.131 0.23 0.337 

Strain Rates (x10-16s- l ) 
min. interm. max. 

'xx -3.1 -5.58 -8.00 
'yy -1.4 -2.59 -3.7 

'zz 4.5 8.17 11.7 

Format is the same as Table 7. 

Ml2 

1.83 
3.28 
4.74 
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De/ormation in the Northeast Himalaya (The Great 1950 Assam Earthquake) 

Virtually all of the moment release in the northeastern Himalayas (Assam 

Syntaxis) is dominated by one earthquake, the 1950 Assam event. Molnar and Deng 

[1984] suggest that the 1950 event involved more than one fault plane, and may have 

been a mixture of low-angle underthrusting and right-lateral strike slip. We used their 

moment values and fault orientations [Chen and Molnar, 1977] to determine the 

distributed deformation in the region between 27°N-300N, 91 0E-97°E. If we assume a 

recurrence interval of a 1950 type earthquake of 230 years [Seeber and Armbruster, 

1981], then from the combination of underthrusting (Mo = 6 x 1028 dyne-em) and 

strike-slip movement (Mo = 2 x 1028 dyne-em), the rate of shallow underthrusting 

(V yy) is around 30 mm/yr (Table lOa). The rate of east-weSL extension (V xx) is 

around 10 mm/yr. The contribution to the E-W extension comes from the strike-slip 

component of the 1950 earthquake, and the N-S convergence comes primarily from the 

underthrusting component (majority of the moment release). If the faulting was purely 

underthrusting, then using a moment of 9 x 1028 dyne-em [M o/nar and Deng, 1984], the 

rate of underthrusting (Vyy) is 40 mm/yr (using a recurrence interval of 230 years), 

and the east-west deformation is negligible (Table lOb). The rate of underthrusting is 

17 mm/yr if we assume a recurrence interval of 400 years. On the other hand, if the 

faulting involved purely strike-slip motion [Ben Menahem et al., 1974] then rates of N

S convergence and E-W extension are 21 mm/yr and 36 mm/yr respectively (230-year 

recurrence interval and Mo = 4 X 1028 dyne-em, Table 10c; Molnar and Deng [1984]). 

A 400-year recurrence interval yields a N-S rate of convergence of 12 mm/yr and a 

rate of E-W extension of 21 mm/yr. This is an unusual proportion of E-W extension 

relative to N-S convergence for this region, and we therefore favor the interpretation 

in which the majority of the moment release was through shallow-angle underthrusting. 



TABLE 10a: Rates of deformation in the Northeast Himalayas 
or Eastern Syntaxis (Region 5) 

Min Lat = 2t>N 
Min Long = 91.00 E 

E-W Dist (km) = 584 

Moment Rates (x1026 dyne-cm/yr) 

Max Lat = 29.90 N 
Max long = 96.90 E 

N-S Dist (km) = 322 

asslll1. 

M11 

5.22 

M22 

-16.1 

M33 

10.87 

M23 

27.4 

Ml3 

3.82 

Total number of events used = 8 
Xl = E-W X2 = N-S X3 = Up (positive) 

Mo rate per year (interm.) = 3.4 x 1026 dyne-cm 
Contribution of largest earthquake to total Mo = 74.9% 
Average Crustal Thickness = 55 km 
Time interval in years = 230 

M12 

4.49 

Results are from a combination of thrust and strike-slip 

Thrust Mo = 6 x 1028 dyne-cm; strike-slip Mo = 3 x 1028 dyne-cm 

Velocities (mm/yr) 
asslll1. 

Vxx 13.3 
Vyy -30.3 
V~~ 0.71 
Vc 2.50 
Ve 0.47 

Strain Rates (x10-16S- I ) 
asslll1. 

Exx 7.2 
Eyy -22.2 
Ezz 14.9 

Time interval in years = 400 

Velocities (mm/yr) 

Strain Rates 
Exx 
Eyy 
Ezz 

asslll1. 
7.69 

17.40 
0.40 
1.48 
0.27 

(x10-16S-1) 
4.14 

12.75 
8.56 

Moment Slll1 is dominated by 1950 Assam event. These rates are derived 
from a 1950 source that is a combination thrust and strike-slip [Molnar 
and Deng, 1984] using a 230-year and 400-year recurrence interval. 
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TABLE 10b: Average deformation for Eastern Himalayas (Region 5) 
Assumming a Pure Thrust for the 1950 Event 

Min Lat = 2t'N 
Min Long = 91.00 E 

E·~ Dist (km) = 584 

Moment Rates (x1026 dyne-cm/yr) 

Max Lat = 29.90 N 
Max long = 96.90 E 

N-S Dist (km) = 322 

Mll 

assum. -0.121 

M22 

-15.8 

M33 

15.97 

M23 

35.6 

Total number of events used = 8 
Xl = E-~ X2 = N-S X3 = Up (positive) 

Mo rate per year (interm.) = 3.9 x 1026 dyne-cm 
Contribution of largest earthquake to total Mo = 99.9% 
Average Crustal Thickness = 55 km 
Time interval in years = 230 

Results are from the thrust mechanism of 1955 Assam earthquake. 

Thrust Mo = 9 x 1028 dyne-cm 

Velocities (mm/yr) 
assum. 

Vxx -0.416 
V -30.0 
V;; 1.40 
Vc 5.10 
Ve 0.938 

Strain Rates (x10- l6S- l ) 
asslJll. 
-0.22 

-29.5 
29.7 

Time interval in years = 400 

Velocities (mm/yr) 

Strain Rates 
Exx 
Eyy 
'n 

assum. 
7.69 

17.40 
0.40 
1.48 
0.27 

(X10- l6S- l ) 
-0.129 

-16.9 
17.11 

Rates are given for 230- and 400-year recurrence intervals. 
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TABLE 10c: Deformation for Eastern Himalayas (Region 5) Assumming 
a Pure Strike-Slip Source for the 1950 Assam Earthquake 

Min Lat = 2"flN 
Min Long = 91_0oE 

E-W Dist (km) = 584 

Moment Rates (x1025 dyne-cm/yr) 

Max Lat = 29.90 N 
Max long = 96.90 E 

N-S Dist (km) = 322 

assum. 10.61 -11.12 

MSS 

0.514 

M23 

7.39 

Ml3 

3.50 

Total number of events used = 8 
Xl = E-W X2 = N-S K3 = Up (positive) 

Mo rate per year (interm.) = 1.7 x 1026 dyne-cm 
Contribution of largest earthquake to total Mo = 99.8% 
Average Crustal Thickness = 55 km 
Time interval in years = 230 

Ml2 

10.83 

Results are from the strike-slip mechanism of 1950 Assam earthquake. 

Strike-slip Mo = 4 x 1028 dyne-cm 

Velocities 
(nm/yr) 

Vxx 

~Y 
r:r: 

Vc 
Ve 

assum. 
36.0 

-21.0 
0.045 
0.016 
0.030 

Strain Rates (X10·16s· l ) 
assum. 
19.8 

-20.8 
0.96 

Time interval in years = 400 

Velocities (nm/yr) 

Strain Rates 
Exx 
Eyy 
Er:r: 

assum. 
20.n 

-12.0 
0.025 
0.092 
0.009 

(x10·16S· I ) 
11.4 

-11.9 
0.55 
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As pointed out by Molnar and Deng [1984], the rates of deformation in the 

Himalayas are characterized by high uncertainties due to uncertainties in Mo, faulting 

style, and recurrence interval for the large historic earthquakes. The purpose of this 

section on the northeast Himalayas is thus to point out the possible range and 

variation in deformation rates given different faulting styles and recurrence intervals. 

Average De/ormation Rates ill Eastern Tibet 

The majority of the moment release for this century in this region occurred in 

the 18 November 1951 earthquake and its aftershock of 17 August 1952. This faulting 

corresponds to nearly pure right-lateral strike-slip movement on a NW trending fault 

plane [Armijo et al., 1989]. The rates obtained for this region are in close agreemerit 

with those of Molnar and Deng [1984] (Table 11). The E-W extension and N-S 

convergence rates are approximately equal at around 8 mm/yr ± 3 mm/yr. The time 

window was 90 years, and the area spanned is 550 x 550 km (300 N-35°N, 91°E-97°E). 

Although normal faulting is prevalent in this region as evidenced by fault plane 

solutions [Tapponnier and Molnar, 1978; Ni and York, 1978] and field observations 

[Armijo et al., 1986], no large normal fault earthquakes within this region are known 

for this century, and thus an accurate estimate of crustal thinning rates could not be 

obtained. 

Distributed Shear Models for Western Yunnan and Eastern Burma 

Jackson and McKenzie [1988] showed how the overall deformation within a zone 

can be described by the deformation gradient tensor L, which can be split into the 

symmetric part S and the antisymmetric part A. The symmetric part can be obtained 

by the summation of the seismic moment tensors and corresponds to the strain tensor. 

The antisymmetric part A represents a rigid-body rotation and is unobservable from 

seismic information alone. A and hence L must be determined using additional 



TABLE 11: Average Rates of Deformation for Eastern Tibet (Region 6) 

Min Lat = 300 N 
Min Long = 91.0oE 

Max Lat = 35.0oN 
Max long = 97.0oE 

E-W Dist (km) = 577 

Moment Rates (x1025 dyne-cm/yr) 

N-S Dist (km) = 556 

Mll M22 Mss M2S MIS 

min. 2.31 -2.29 -0.013 -0.005 -.056 
interm. 4.15 -4.13 -0.013 -0.006 -.086 
max. 5.99 -5.97 -0.013 -0.018 -.117 

Total number of events used = 10 
Xl = E-W X2 = N-S X3 = Up (positive) 

Mo rate per year (interm.) = 6.20 x 1025 dyne-cm 
Contribution of largest earthquake to total Mo = 88.0% 
Average Crustal Thickness = 70 km 
Time interval in years = 90 

Velocities (mm/yr) 
min. interm. max. 

Vxx 4.6 8.2 11.96 
V -4.4 -7.9 -11.49 
~ -0.0007 -0.0007 -0.0007 
Vc -0.0031 -0.0031 -0.0031 
Ve -0.0006 -0.0006 -0.0006 

Strain Rates (x10-16s-1) 
min. interm. max. 

'xx 2.4 4.55 6.56 
fiyy -2.5 -4.53 -6.55 
lin -0.014 -0.014 -0.014 

Ml2 

-0.91 
-1.71 
-2.52 
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information such as rotations from paleomagnetic data or geodetic data. L can also be 

determined from the seismic moment tensors if a simple distributed fault model is used 

[McKenzie and Jackson, 1983, 1986], which requires €xx = 0 or Mll = O. In other 

words, there can be no expulsion of material parallel to the zone boundary [Jackson 

and McKenzie, 1988]. 

The model from McKenzie and Jackson [1983] i!: shown in Figure 13. A 

combination of normal and strike-slip motion on the faults within the deforming zone 

produces clockwise rotation within the zone, and plate 2, relative to plate I, has a 

component of motion parallel to the zone of Wa and relative motion normal to the 

zone boundary of -2Ta. Note that the motion on the faults within the zone (Ieft

lateral) is in the opposite sense of the motion acting on the zone boundaries (right

lateral). 

This simple model may be analogous to the internal deformation in western 

Yunnan and eastern Burma. The right-lateral Sagaing fault represents a plate boundary 

and the region between the Sagaing fault, and the Red River fault may represent a 

deforming zone where distributed shear is taking place. The Nan Ting fault, and 

nearby parallel faults, can represent the faults within the deforming zone. 

Furthermore, this region has been the site of oblique extension where normal faults 

occur on northwest-trending features between the villages of Longling and Tagaung 

[Amijo et ai., 1989]. Pliocene and Quaternary K-rich basalts [Zhu et ai., 1983] are 

present in one of the down-faulted basins in this area. 

Throughout east Burma and Yunnan there is strong evidence for both extensive 

normal faulting and basin formation as well as strike-slip movement. Recent seismicity, 

however, has been primarily strike-slip (Long ling sequence), and only a few earthquakes 

show any component of oblique left-lateral normal slip (events 7 and 32). Hence, 

earthquakes indicate primarily left-lateral strike-slip movement on these faults, but the 
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Fig. 13. Model of McKenzie and Jackson [1983] of a distributed shear zone between 
two plates. The sense of motion on the smaller blocks within the zone is in the 
opposite sense to the motion between the plates (right-lateral). A combination of 
strike-slip (left-lateral) and normal slip on the fauits between the small blocks in the 
distributed shear zone leads to block rotation and a component of motion of plate I 
relative to plate 2 of Wa parallel to the zone and -2Ta perpendicular to the zone. The 
resultant vector of motion of plate 1 relative to plate 2 is shown. The black arrow 
represents the projection of the slip vector onto the surface and is orthogonal to the 
trend of the zone (indicating oblique slip on the faults bounding the blocks). This 
figure is for the pinned block model in which the blocks are held fixed to the two 
plates and allowed to pivot or rotate. 
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geologic record and morphology support oblique extension and crustal thinning. It is 

possible that the strike-slip component of the distributed deformation occurs on faults 

separate from the normal component of movement. Thus, in this comparison with the 

model of McKenzie and Jackson [1983], we suggest that evidence for oblique left-lateral 

crustal movements (the normal component of slip) lies in the geologic record and 

further suggest that uniform oblique extension which might be found in the earthquake 

record (fault plane solutions) is a simplification that does not apply in this region. 

Rather, the earthquake record in this region is more likely characterized by a range of 

mechanisms from pure strike-slip to oblique-slip with significant dip-slip components. 

The net effect over geologic time is oblique crustal movement, and block rotation. 

Figure 14 shows a schematic map of the region of distributed shear in eastern Burma 

and Yunnan. The Sagaing and Red River faults constitute the boundaries of the zone 

of distributed shear. The actual fault traces have been generalized (straightened) to 

emphasize the comparison with the simple shear model of McKenzie and Jackson [1983]. 

A complication to the model is the presence of NW trending right-lateral strike

slip faults such as those on the Shan Plateau south of the Red River Fault (Figures 4 

and 6). This may represent internal block rotation between the Nan Ting fault system 

and Dien Bien Phu fault. From Figure 6, the number of NW trending right-lateral 

faults with Quaternary movement [Ma, 1986] are less in number and size than those NE 

trending left-lateral features (Nan Ting and adjacent faults, and Dien Bien Phu fault). 

Estimates of Distributed Shear 

Although this is primarily a qualitative comparison with the simplified model of 

McKenzie and Jackson [1983], we can make some quantitative estimates of the rates of 

deformation within the zone of distributed shear that lies between the Sagaing and Red 
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Fig. 14. Schematic map of application of the McKenzie and Jackson [1983] model to 
the east Burma and west Yunnan regions. The existing faults that have Quaternary 
displacement [Ma, 1986] have been simplified (straightened, see Figure 6). The rate of 
15 mmjyr near the north-pointing arrow indicates the slip rate for the Sagaing fault 
determined from a moment tensor summation [Molnar and Deng, 1984]. The estimates 
of slip rates parallel and perpendicular to the boundary, contributed by the distributed 
shear, are 4-21 mmjyr and 3-7 mmjyr respectively, depending on whether a floating or 
pinned block model is used and depending also on the magnitude of the vertical strain 
rate determined from the moment tensor summation. 
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River faults and estimate the contribution of movement on the boundaries on the zone 

of distributed deformation. In order to make a quantitative estimate, the expulsion or 

compression of crustal material in the N-S direction must be negligible (MIl = 0 for X 

= N-S direction, Y = E-W). This is not the case for this region, primarily due to the 

fact that most of the earthquakes in this region are not oblique extension. Although 

the morphology indicates considerable oblique extension, in the Yunnan region, since 

the focal mechanisms are primarily strike-slip, there is a considerable component of 

north-south compression parallel to the zone boundary (Sagaing Fault). Thus, the 

deformation within this region is more complicated than the simplified model of 

McKenzie and Jackson [1983]. The estimates of rates of deformation using this model 

can thus be considered approximate. However, the value of the model is its simplicity, 

and we feel that it provides insight into the overall process of distributed shear within 

this region. 

From Figure 14, the distance c' is about 50 km between the parallel sets of faults 

(in the region of the Nan Ting faults), and the width of the deforming zone a is about 

400 km (Sagaing fault to the Red River fault). From Table 7, the intermediate value 

of the vertical strain rate 2T is -4.1 x 1O-16s-1. This corresponds to a rate of crustal 

thinning of -0.5 mm/yr, or a subsidence rate from crustal thinning of O.lmm/yr. From 

Figure 14, 0, the angle between the deforming zone boundary and the strike of the 

left-lateral faults, is around 55°. Jackson and McKenzie [1983] show that tan 0 = 

- W /4T for a floating block model in which the blocks are small compared to the width 

of the zone, and tan 0 = -W /2T for a case in which the blocks extend across the 

entire zone. The parameter W is the strain rate parallel to the zone boundary 

(component of shear contributed by the distributed deformation). Using the minimum, 

intermediate, and maximum estimated rates of vertical strain, and the floating block 

model, the motion parallel to the zone boundary, contributed by the distributed shear, 
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is 7-21 mm/yr, and the motion perpendicular to the zone boundary is 3-7 mm/yr. For 

the pinned block model, these rates are 4-10 mm/yr and 3-7 mm/yr respectively. The 

rotation rate is dO/dt = -W /2 for the floating block model, and dO/dt = -W for the 

pinned block model [McKenzie and Jackson, 1983]. The present-day rotation rates are 

thus 0.5°/m.y. of clockwise motion for the floating block model and 1.0o/m.y. for the 

pinned block model. It is not clear which model is more applicable to the region. 

Some of the northwest trending normal fault features in west Yunnan (see Figure 5) 

may extend all the way to Taugang and intersect with the Sagaing fault [Amijo et al., 

1989] suggesting that the pinned model may be applicable. On the other hand, other 

NW trending faults in the area do not appear to intersect the Sagaing fault (Figure 4). 

Note the component of motion of the western zone boundary (Sagaing fault) relative to 

the east boundary (Red River fault) has a resultant vector of motion in a northwest 

direction. 

The above estimates of rates of distributed deformation are dependent on the 

accuracy of the estimation of the rate of crustal thinning. There is considerable 

uncertainty associated with this value. No large normal fault earthquakes have 

occurred in the past 25 years. We obtained a vertical strain rate by assuming, as did 

Molnar and Deng [1984], that the 23 May 1912 earthquake (M = 8.0) in eastern Burma 

was a normal fault event (due to its close proximity to a prominent normal fault 

structure [LeDain et al., 1984]). The vertical strain rates for the region of 2-6 x 

1O-16S-1 seem reasonable and are comparable to those predicted for the Tibetan Plateau 

(I x 1O-16S-1) [Molnar and Deng, 1984]. The predicted amount of slip (average) on the 

individual faults within the deforming zone is around 0.6 mm/yr for the normal 

component and around I mm/yr for the strike-slip component. Thus, with the present 

state of the fault geometry, the strike-slip component of motion on the faults bounding 

the blocks is predominant. The model predicts as the faults rotate through time and 
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the angle () increases, the component of strike-slip motion on the faults will also 

increase. 

In the final analysis, these calculations cannot be considered rigorous estimates of 

slip rates of distributed shear. We would like to qualitatively argue that a component 

of right-lateral motion on the Sagaing fault is taken up by distributed shear and block 

rotation in the region between the Sagaing and Red River faults. Our best estimates 

of distributed rates of deformation from the simplified model of McKenzie and Jackson 

[1983] suggest that as much as 5-20 mmjyr of right-lateral motion along the Sagaing 

fault is absorbed in this zone of deformation. Furthermore, the western boundary of 

the shear zone, relative to the eastern boundary (Red River Fault), has a component of 

westward motion of 4-7mm/yr. This component of westward motion may give rise to 

compression and may explain some of the late Cenozoic folding in the northern 

Indoburman Ranges and Naga Hills to the west of the Sagaing Fault [LeDain et al., 

1984]. The rate of movement along the Sagaing fault alone was determined to be 15 

mm/yr [Molnar and Deng, 1984]. Curray et al. [1979], using magnetic sea floor 

anomalies, determined that if the opening of the Andaman Sea was absorbed by 

movement on the Sagaing fault, the predicted rate would be 37 mm/yr. Thus, it is 

logical to assume that a significant portion of this motion occurs as distributed shear 

in eastern Burma and Yunnan. 

Block Rotation in Yunnan North of the Red River Fault 

The series of N-NW trending graben structures and left-lateral strike-slip faults 

in Yunnan north of the Red River fault (Figures 4 and 6) is an indication that this 

region may be undergoing clockwise rotation. The mechanism that is producing the 

shear, however, is not as obvious. We suggest two possibilities: 1) the northward 

movement of the Indian plate and the shear that it imposes on the Asian plate has an 
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influence as far east as central Yunnan, or 2) differential movement of the "crustal 

block" that lies between the Red River and Xianshuiehe fault zone is producing a 

clockwise sense of shear on the crustal material within central Yunnan. Since case 

has already been discussed and applied to the region to the south and west, we will 

confine our discussion to case 2, which is illustrated in Figure 15. Displacement rates 

on the Xianshuihe fault to the north are around IS mm/yr, whereas rates of right-

lateral shear on the Red River fault are around 7 mm/yr [Allen et al., 1984]. Thus, 

the movement of crustal material to the southeast along the western boundary of the 

Anninghe and Zemuhe Faults is perhaps occurring at a greater rate than the crustal 

movement on the east side of the Red River fault. The net result of these differential 

-
rates of movement on the margins of the block is a clockwise sense of shear on the 

crustal material within the block. The northwest trending fractures that bound the 

smaller blocks within this region (Yunnan) are responding to the clockwise shear with 

left-lateral and oblique-slip movement (graben formation). 

If we take the width of the deforming zone to be 180 km, use an angle of e = 

45°, and assume a vertical strain rate for the region of -2 x 1O-16s-1, then the rate of 

movement normal and parallel to the zone of distributed deformation is around 3 mm/yr 

(assuming a floating block model). Thus, the western boundary of the distributed shear 

zone (Red River fault) has a component of motion relative to the eastern boundary 

(Anninghe, Zemuhe, and Xiaojiang faults), that is, moving in a NE direction at a rate 

of 3 mm/yr. 

Summary of the Deformation in the Eastern Syntaxis Region 

The following points are the principal observations and theories about the style of 

deformation in various sectors of the eastern Syntaxis region. 
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Fig. 15. Block rotation in Yunnan north of the Red River fault. Left-lateral strike
slip motion and normal faulting may lead to t~e block rotation analogous to the model 
of McKenzie and Jackson [1983]. The estimated component of motion of the west side 
of the boundary (Red River fault) relative to the east side is 1-3 mm/yr in a northwest 
direction. 
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1) The Sagaing fault is a plate boundary along which a significant portion of the 

northward motion of India is being accommodated. Strong coupling between the Burma 

plate [Curray et ai., 1979] and the SE Asian plate is producing significant amounts of 

distributed shear in eastern Burma and Yunnan. Much of this zone of distributed 

deformation lies between the Sagaing and Red River faults. The distributed 

deformation is occurring along northwest trending faults such as the Nan Ting fault 

and Dien Bien Phu fault. These faults constitute the boundaries of smaller blocks 

within the deforming zone. Left-lateral oblique motion along these faults produces a 

clockwise rotation of the blocks and contributes to the overall right-lateral sense of 

motion between the north-moving Indian and Burma subplate and the region to the east 

of the Red River Fault. The block rotation also produces a component of westward 

motion of the western zone boundary (Sagaing Fault) relative to the eastern zone 

boundary (Red River Fault). The overall motion of the western zone boundary, due to 

the distributed shear within the zone, is to the northwest (relative to the region east 

of the Red River fault). This component of motion may be responsible for some of the 

late Cenozoic folding observed in the northern Indoburman ranges [LeDain et ai., 1984]. 

Oblique extensional basins around Tagaung, Longling, and Tengchong, as well as other 

evidence of normal faulting in Yunnan and Eastern Burma [LeDain et ai., 1984], suggest 

that the region is undergoing crustal thinning. We use the simplified 2-D model of 

McKenzie and Jackson [1983] to obtain rates of distributed deformation from the 

summation of moment tensors from recent and historic earthquakes. With estimated 

vertical strain rates of -2 x 1O-16s-1 to -6 X 10-16- 1 in the region of distributed 

deformation, rates parallel to the zone boundary are estimated to range from 4-21 

mm/yr, and rates perpendicular to the boundary vary from 3-7 mm/yr. The maximum 

rate contributed by the distributed deformation, when combined with the rate on the 

Sagaing fault of 15 mm/yr [Moinar and Deng, 1984], sums to a value that is in 
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agreement with the rate predicted by the opening of the Andaman sea of 37 mm/yr 

[Curray et ai., 1979]. Our estimated rate may be simply fortuitous, and a better 

estimate of fzz is required to confirm the rates. 

In summary, the simple 2-D model of McKenzie and Jackson qualitatively explains 

the distributed shear in eastern Burma and Yunnan. Clockwise rotation of the blocks 

between the Sagaing and Red River faults produces left-lateral movement and oblique 

extension on the northwest trending faults that bound the blocks. A perhaps 

significant component of right-lateral motion on the Sagaing fault is taken up by this 

distributed shear, and the block rotation may contribute to a component of E-NE 

convergence in the Northern Indoburman Ranges and Naga Hills. 

2) Movements on the northern Sagaing fault consist of strike-slip faulting south 

of 26°N and primarily thrust faulting north of 26°N latitude. Using information from 

recent moderate-sized earthquakes, two large historic events were included in a 

moment-tensor summation of this region. The historic events were given fault 

orientations analogous to neighboring moderate-sized events. From the moment tensor 

summation we determined that in the region of the northern termination of the Sagaing 

fault there is compression to the northeast and crustal thickening. The rate of E-W 

convergence is around 3-7 mm/yr, and the N-S component of convergence is 

1-4 mm/yr. The estimates for the vertical strain rate range from 4.5 x 1O-16S-1 to 

I x 1O-15S-1• Using an intermediate rate, we estimate that the crust would have 

thickened from 35 km to 50 km in a time interval of 13 m.y., neglecting erosion. 

In summary, the right-lateral movement on the Sagaing fault is terminated in the 

north, just south of the eastern syntaxis, where thrusting and crustal thickening 

predominate. 

3) The great 1950 Assam earthquake occurred in the eastern Himalayan syntaxis, 

and we included it in a moment tensor summation to obtain average deformation rates 
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in the northeast Himalayas. The 1950 event constitutes 99.9% of the moment release 

for the earthquakes in this region. Using the different solutions of Chen and Molnar 

[1977] and Ben Menahem et al. [1974], and recurrence intervals of 230 and 400 years, 

we determined the average rate of deformation in the region for the two possible fault 

orientations of the 1950 event. The strike-slip solution requires a component of E-W 

extension that is almost twice as large as the component of N -S shortening. A 

combination of thrusting and strike-slip motion, suggested by Molnar and Deng [1984], 

in which the thrust mechanism constitutes the greater percentage of moment release, 

yields a component of N-S convergence of 17 mm/yr and E-W extension of 7 mm/yr 

(for a recurrence interval of 400 years). Although there is considerable uncertainty 

associated with the rates of convergence or underthrusting in the Himalaya, these 

values (from the combination thrust and strike-slip) are in agreement with the rates of 

underthrusting for the entire Himalaya [Molnar and Deng, 1984], and a spreading rate 

of 7 mm/yr is also in agreement with rates in eastern Tibet just to the north [Molnar 

and Dellg, 1984; this study]. 

4) Convergence and extension rates in eastern Tibet are about equal at 8 mm/yr. 

Most of the faulting is strike-slip. The presence of normal faulting indicates that this 

region is undergoing crustal thinning as well. Rates of movement along the left-lateral 

Xianshuihe fault are 16.9 mm/yr ± 4 mm/yr for a 170-year recurrence interval. If this 

rate also applies in the south on the Anninghe, Zemuhe, and other adjacent left-lateral 

faults, then the crustal material between the Red River and these left-lateral fault 

systems may be experiencing a clockwise sense of shear. This shear may be producing 

the internal block deformation and clockwise rotation of smaller blocks within Yunnan, 

exhibited by left-lateral movement on NW trending faults (Lijiang fault) as well as 

oblique extension and normal faulting (see Figure 15). 
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Crustal Extrusion and Distributed Shear 

The E-W extension rate in eastern Tibet of 8 mm/yr is consistent with the left

lateral movement of 15 mm/yr on the SE trending Xianshuihe fault. That is, the E-W 

rate of flow of crustal material from eastern Tibet into southwest China is 

approximately balanced by the rate of slip on a few discrete planes of shear. In this 

simplified view, the block that is moving out between the right-lateral Red River fault 

system and the left-lateral system to the east (Xianshuihe fault and connecting left

lateral faults) is moving at a greater rate than the crustal material to the north and 

east of the Xianshuihe fault zone. The outside portion of the "block" adjacent to the 

Xianshuihe fault is also apparently moving at a greater rate than the inside section of 

the block (Red River Fault), thus leading to a dockwise sense of shear within the 

section of crust between the two faults. Smaller blocks within this section of crust 

are thus rotated clockwise, leading to left-lateral movement and normal faulting along 

the smaller block boundaries in Yunnan. 

A question whose answer lies beyond the scope of this study [see Molnar, 1988] is 

this: Are these "blocks" moving as sections of upper crust that are detached from the 

more viscous lower crust, or do the boundaries of the larger blocks extend into the 

deeper lithosphere (mantle)? Are the blocks driven by forces on their margins or by 

flow beneath them? Obviously the deformation within Tibet, Sichuan, and Yunnan is 

driven by the collision of India with Asia. Less obvious is whether the movement of 

such blocks (along the Xianshuihe fault, for example) reflects crustal extrusion 

[Tapponnier et al., 1982, 1986] with large total strike-slip displacements, or whether 

they are an artifact of crustal movement set up by the tremendous topographic stresses 

from thickening in the Tibetan Plateau [England and Houseman, 1986]. The fact that 

the compressive principal stress directions from the earthquakes are consistently 

parallel to the topographic gradient may be an important clue (Figure 9). Perhaps the 
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blocks are indeed driven by crustal movement or viscous flow set up by the 

topographic forces. The movement along smaller blocks within the larger blocks (such 

as the left-lateral NW trending faults and grabens in Yunnan north of the Red River 

fault) thus may reflect internal block deformation. Another important observation is 

the depth of the seismogenic zone, which for the most part is shallower than 15 km. 

The normal faults have source depths that in general are greater than the source 

depths for the strike-slip earthquakes. This can probably be explained by the 

increasing vertical stresses with depth, which are playing an important role in 

influencing the style of deformation. That is, with greater depths, the vertical stress 

exceeds the maximum horizontal stress, and normal faulting is favored over strike-slip 

faulting. The question of extrusion tectonics may only be answered when better 

models can be developed which account for changing strength with depth as well as 

horizontal changes to account for existing shear zones. It is fundamental and 

necessary to all of this research to obtain more accurate constraints on the total 

offset along the major fault zones [see Molnar, 1988]. 

Finally, we view the deformation between the Sagaing fault and Red River fault 

in eastern Burma and Yunnan as the result of the distributed shear imposed by the 

northward movement of India and the Burma subplate past southeast Asia. 



CHAPTER 4 

SOURCE PARAMETERS OF THREE RECENT EARTHQUAKES IN THE 

EASTERN MARGIN OF THE INDIA-EURASIA COLLISION ZONE: 

TECTONIC IMPLICATIONS 

Introduction 

Three recent earthquakes in the eastern portion of the India-Eurasia collision 

zone are the largest to have occurred in their respective areas in over a decade. The 

analysis of the source mechanisms of these earthquakes provides variable constraints o.n 

the seismotectonics of these regions, and serves as a check on models of deformation 

of the India-Eurasia collision zone. We performed an inversion of the long-period 

WWSSN and GDSN long-period and broad band teleseismic P and SH waveforms to 

obtain the source mechanisms of these three events (Table 12). We present the source 

parameter results in this paper and discuss the tectonic implications. 

The 20 August 1988 Nepal Earthquake 

The earthquake of 20 August 1988 (Ms = 6.8) occurred about 30 km south of the 

Main Boundary Thrust (MBT) (Figure 16). Previous studies indicate that most moderate 

sized earthquakes along the Himalayas occur along the interplate zone (i.e., 

detachment) between the underthrusting Indian plate and the overriding Himalayas [Ni 

and Barazangi, 1984; Baranowski et al., 1984J. Seeber et al. [1981] proposed that all 

great Himalayan earthquakes (1897, 1905, 1934, and 1950) are related to the north 

dipping detachment fault. The epicenter for the 20 August earthquake has been 

located very close to the 1934 Bihar-Nepal earthquake but had a focal depth of 50 km. 
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Date 

8/6/88 

8/20/88 

11/6/88 

TABLE 12. Source Mechanisms for Three Recent Earthquakes, 
India-Eurasia Collision Zone 

Lat. Long. Depth 
Origin Time ( ON) (aE) Strike Dip Rake (km) 

00:36:24.6 25.14 95.14 154t7 56t3 113t6 92t6 

23:09:09.5 26.75 86.6 240.5t4 40.3:1:3 27.7t4 50t3 

13:03:14.5 22.8 99.7 154t3 88.3t1 -144t4 10t6 
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Fig. 16. Seismotectonic map of the region around the 20 August 1988 Nepal earthquake. Large, medium, and small open circles 
represent very good, good, and fair quality epicenters respectively for earthquakes that occurred between 1961 and 1981. Quality 
was determined on basis of station distribution and travel time residuals. The epicenter of the 20 August 1988 earthquake 
(represented by the solid circle) was located by NElS at 26.6°N 86.6°E, very close to the relocated epicenter of the 15 January 
1934 Bihar-Nepal event (represented by the very large open circle). Intensity contours from the 1934 Bihar-Nepal event are from 
Seeber et al. [1981]. Lower-hemisphere focal mechanism of the 20 August earthquake is also shown. Darkened area represents 
compressional quadrant. Small solid circle = compressional axis; small white circle = tension axis. The Main Boundary Thrust 
(MBT) and Main Central Thrust (MCf) are from Ganser [1964]. 
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This subcrustal depth suggests that the source is far below the detachment and lies 

within the uppermost mantle of the Indian plate. 

The solution from the inversion of long-period WWSSN and GDSN teleseismic P 

and SH waves from the Nepal event is shown in Figure 17. The time function is 

simple and short in duration as demonstrated by the match with the narrow pulse 

widths on the teleseismic broad band P waves at stations KEY, GDH, HIA, and SLR 

(see Figure 17). The faulting is oblique thrust with a large strike-slip component, and 

the depth of the faulting was 50 ± 3 km. The depth was well constrained by the 

matching of the pP and sP phases on the broad band P waves (Figure 17). The crustal 

thickness in this region is no greater than 45 km [Choudhury, 1975; Holt and Wallace, 

1989] and thus the 20 August event probably occurred in the uppermost mantle. The 

seismic moment for this event was 1.5 x 1026 dyne-cm (Mw = 6.7) and the moment 

predicted for each station is indicated next to each waveform (Figure 17). The 

faulting for this event suggests that the down bending Indian lithosphere beneath the 

Himalayas, perhaps due to a resistance to und~rthrusting, is experiencing both 

compression and shear. Another possibility is that the 1988 Nepal event may have 

been caused by movement along a "tear" in the lithosphere in which slivers of the 

Indian lithospheric plate are underthrusting the Himalayas at differential rates. 

The fact that the epicenter of this event is nearly identical with the 1934 

Bihar-Nepal earthquake epicenter casts doubts on the interpretation that the 1934 event 

occurred on a sub-horizontal detachment fault. On the other hand, the shape of the 

isoseismals for the 1934 Bihar-Nepal event are representative of an intensity 

distribution expected from a thrust which ruptured a large area [Seeber et al., 1981]. 

The area of intensity X corresponds to a region of soil liquefaction [Seeber et al., 

1981]. However, the region affected by the 1988 event also experienced soil 

liquefaction (I500 square miles-August 1988 PDE catalogue). Thus, an examination of 
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Fig. 17. Solution for 20 August Nepal event from inversion of teleseismic P and SH 
waves recorded on both WWSSN and GDSN instruments. The window length for each 
waveform used in the inversion is equal to the time from the start point (arrow) to 
the end of the plotted waveform. Stations GDH, KEY, HIA, and SLR are broad band 
P-wave recordings. Bottom waveform = synthetic, top = observed, and number next to 
waveform is the Mo x 1026 predicted for each station. Simple time function along 
with time scale for waveforms are indicated. The sum of the errors vs. source depth 
is plotted at the bottom of the Figure, indicating a source depth of 50 ± 3 km. 
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the seismic records from the 1934 Bihar-Nepal earthquake, along with available records 

from other great Himalayan earthquakes (Le., 1950 Assam), may help resolve some of 

the controversies and elucidate more details about the tectonics of this region. 

The 6 August 1988 Burma Earthquake 

The 6 August 1988 (Ms = 7.3) Burma event occurred within the subducted Indian 

plate just south of the eastern Himalayan syntaxis. This event is the largest 

earthquake within the Burma arc recorded by modern instruments. Figure 18 shows the 

solution and waveform matches for the Burma event. The inversion of the waveforms 

for this event clearly indicated that a single time function was inadequate to model 

those waveforms at the southeast azimuth which have a second pulse about 15 seconds 

after the initial P wave. The final solution was obtained through forward modeling 

after the initial inversion. The moment for this event is 8. I x 1026 dyne-cm (Mw = 

7.23). The moment prediction for each station is indicated next to each waveform (see 

Figure 18). The stations to the southeast were best modeled by a double source time 

function with a greater time separation between the pulses than the double time 

function for stations at NW azimuths (see Figure 18). Thus, the time function for the 

northwest azimuths is a "compressed" version of the double source for the southeast 

azimuths. This can be interpreted as a result of directivity, with rupture that initiated 

in the southeast and propagated to the northwest. For simplicity, the fault orientation 

for the two sources was assumed the same. However, failure to duplicate the single 

pulse represented by the pP phase on the broad band recording at station KEY 

indicates that pP may be nodal (for the first source orientation) at this station. Thus, 

although overall the waveform match is satisfactory, the constant source orientation 

model for this event should be interpreted with caution and the source orientation may 

have actually changed during the rupture. 
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Fig. 18. Solution and waveform match for 6 August 1988 event. Both WWSSN and 
aOSN long-period and broadband waveforms are shown. Bottom waveform is the 
synthetic, and the Mo x 1026 predicted for each station is indicated next to each 
waveform. Time functions for northwest and southeast azimuths are indicated. Station 
Kev on P-wave focal mechanism is broadband. Tr-;, sum of the error (divided by 
number of observations) as a function of source depth indicates a minimum at 92 
kilometers. 
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Present deformation within the subducted Indian plate indicates N-S compression 

parallel, rather than perpendicular to the arc [Le Dain et al., 1984; Ni et al., 1989]. 

This stress pattern is in agreement with Clottingh and Wortel [1986] whose 

two-dimensional finite element model predicts compressional stresses that are parallel 

to Sunda, Andaman, and Burma trenches. The stress pattern within the Indian plate 

manifests as both strike-slip and thrust faulting with P axes that are oriented 

approximately N-S or approximately parallel to the arc. Figure 19 indicates the 

compressive stress direction from focal mechanism solutions of earthquakes that 

occurred in the Indian plate [Ni et al., 1989]. Also indicated in Figure 19 is the 

surface projection of the depth contours of the Indian plate obtained by fitting a trend 

surface through the Benioff zone of 184 well-located earthquakes [Ni el al., 1989]. 

The hypocenter location of this earthquake is consistent with the location of the trend 

surface. The solution for the 6 August event indicates primarily thrusting to the 

northeast with a small strike-slip component. Although the P-axis is rotated to a 

northeast azimuth, it is still nearly parallel to the trend of the contours which also 

turn to the northeast due to the curvature of the slab (see Figure 4). The rotation of 

the P axes to a northeast azimuth is also observed in focal mechanisms of upper 

crustal events in the region of the eastern Himalayan syntaxis [Holt et al., 1989]. 

The 6 November 1988 Langcang-Gengma Earthquake 

A prolonged sequence of earthquakes began on 6 November 1988 near the 

China-Burma border (near the village of Langcang). The main shock (mb = 6.1, Ms = 

7.6) was followed only 13 minutes later by a large aftershock of Ms = 7.2 which was 

located about 45 km to the northwest of the main shock. Three more aftershocks with 

surface wave magnitudes of 6.0 or greater occurred within the month of November. 

The solution from the inversion of long-period GDSN data for the first event is shown 



/ ......... 

/~ 
HIMALAYAS S?) 
.. :~A\. ~ 
... :~ ,6~B,! 

I NO I A (:;V",C;) / ~ 
~ ~~:/, 

/~ ,. I 
I I I 

g,1 I I 
1 I 

I 
I 

I I I 

Igi 
I I 
I I 

o 
o 

\ 

o 
~ -

.(!) 

Z -
<! 
(.!) 

<! 
en 

89 

x 

6 NOV 1988 

Fig. 19. Seismotectonic map of Burma and southwestern China showing simplified 
tectonic elements and maximum stress orientation of the underthrusting Indian slab as 
well as the overriding Asian plate or plates. Dashed lines to the west of the Sagaing 
fault show map projection of 60, 100, and 140 km contours of the Wadati-Benioff zone 
reported by Ni et al. [1989]. Open errors indicate the directions of maximum 
compressive stress in the upper and lower parts of the subducting Indian plate. Solid 
arrows show the directions of maximum compressive stress (inferred from P-axes) of 
shallow crustal events from Ni and Barazallgi, [1984], Ni et al. [1989], and Holt et al. 
[1989]. RRF = Red River fault. Lower-hemisphere projection of the 6 August and 6 
November events are also shown. 
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in Figure 20. Four of the observations came from two stations at regional distances: 

CHG and KMI (vertical and radial components from each). Based on aftershock 

distributions [Wang et al., 1989] the northwest trending nodal plane is the probable 

fault plane. This nodal plane is better constrained than the other nodal plane. 

The simple time function which is 6 seconds long principally represents the 

moment release around the epicentral portion of the fault and does not represent the 

full source process. We initially chose a simple time function to obtain the average 

long-period fault orientation. An indication that the rupture for this event was 

complicated can be noted by the examination of the broad band teleseismics in Figure 

20. The correlation of individual phases for different distances and azimuths indicates 

that rupture may have continued for as long as 100 seconds. Because only GDSN 

long-period body waves were used in the inversion, the source depth of 10 km for this 

event is poorly constrained (see Figure 20), but is consistent with other focal depth 

estimates of 10-12 km of this event, determined from Chinese local network data [Wang 

et al., 1989]. The moment (4.0 x 1026 dyne cm) is considerably underestimated, 

probably due to the fact that body wave modeling of the first 40 seconds is not 

measuring the full source process. An increase in time function length to 18 seconds 

degraded the fit to the first 40 seconds of the body waves but increased the moment 

by about a factor of two, still significantly less than the expected moment release for 

an event this size (Ms = 7.5). A more accurate estimate of the complete moment 

release for this strike-slip event could be obtained from body waves through a 

deconvolution and inversion [Kikuchi and Kanamori, 1982] or a deconvolution and 

tomographic inversion to obtain spatial distribution of moment release [Beck, 1989]. 

This series of events appears remarkably similar to the Longling sequence of 1976 

(which occurred about 200 km to the northwest) in terms of 1) magnitude and rupture 

complexity, 2) geologic setting, and 3) faulting style. At Longling there was 
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Fig. 20. Waveform match for 6 November 1988 Ms = 7.S earthquake. Simple time 
function only represents source process in epicentral region. Only GDSN long-period 
waveforms were inverted to obtain the source. The Mo x 1025 predicted for each 
station is plotted next to each waveform. Complexity of source is indicated by three 
broadband teleseismics in lower-right corner. Correlation of pulses indicates that 
source process continues for as long as 100 s. The moment estimate is not 
representative of the entire moment release for this event. The broad error vs. depth 
plot indicates a minimum around 10 km. 
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strike-slip faulting on a northeast or northwest trending fault or faults and landsat 

photos indicate that this is a transtensional environment (normal fault structures). At 

Longling, there were several large aftershocks following the first two main shocks (Ms 

= 7.6, Ms = 7.3, spaced within 2 1/2 hours of one another). The modeling of the first 

30 seconds of the long period WWSSN P and SH waves of the main shock at Longling 

also yielded a significant underestimation of the expected total moment release 

indicating a long complicated rupture history [Zhou et ai., 1984; Holt et ai., 1989]. 

The style of deformation in the region situated between the Sagaing and Red 

River faults is predominantly transtensional (both strike-slip and graben pull-apart 

features). The principle compressive stress in this region is N-NE directed and both 

right-lateral (NW trending) and left-lateral (NE trending) fault movement may be 

present. The strike-slip faulting and its relation to the India-Eurasia collision zone 

has been demonstrated by slip line field theory (Molnar and Tapponnier, 1975]. 

Strike-slip crustal extrusion [Tappollllier et ai., 1986; Armijo et al., 1989] from eastern 

Tibet into China may explain some of the crustal strike-slip movement to the north on 

the Xianshuehe fault and Kun Lun fault zones. It is not, however, required to explain 

the deformation in this region south of the Red River fault. Thrusting in the region 

of the eastern Himalayan syntaxis (northern Sagaing fault) and the disperse distribution 

of both right-lateral and left-lateral strike-slip faulting in southwest China and eastern 

Burma [Holt et al., 1989] indicate that crustal extrusion [Amijo et al., 1989] of 

coherent blocks in the region between the Red River and Sagaing faults is not a 

significant factor in the deformation. The style of deformation in the region between 

the Red River and Sagaing faults is probably more appropriately explained by the 

distributed shear imposed by strong coupling of the Burma platelet to the Indian and 

Asian plates [Ni et al., 1989]. In addition, the N-S compression in this region is 
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enhanced by the significant topographic stresses imposed by the crustal thickening to 

the north [England and Houseman, 1986]. 

Discussion and Tectonic Implications 

In the last year three events occurred in the eastern region of the India-Eurasia 

coIIision zone which were the largest in their respective areas in over a decade. The 

August 20 Nepal event occurred within the uppermost mantle beneath the inferred 

detachment (MBT). The mechanism was oblique thrust which involved a significant 

strike-slip component. This evidence of shear and compression within the mantle may 

be an indication that slivers of the Indian plate, rather than a continuous-coherent 

plate, are underthrusting the Himalaya. The thrust faulting during the 6 August 198'8 

Burma event was more typical of the expected style of deformation in the subducted 

Indian plate beneath the eastern syntaxis. The observed change in compressive stress 

direction from N-S to NE is consistent with the curvature of the subducted slab in this 

region, and the compressive stress is still nearly parallel to the strike of the slab. 

The 6 November 1988 earthquake in the China-Burma border region is perhaps 

representative of the style of deformation in this predominantly strike-slip 

environment. The prolonged sequence of seismicity characterized by large significant 

aftershocks, the long rupture time, and the shallow crustal faulting (10-12 km) are 

similar to other strike-slip sequences in this region such as the 1976 Longling 

earthquakes. The disperse distribution of strike-slip faulting in this region along with 

the presence of graben structures is indicative of a region that is experiencing 

distributed shear due to movement along the India-Eurasia plate boundary. This 

distributed shear is caused by the strong coupling between the Burma platelet and the 

Indian and Asian plates. 
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The strain partitioning that we infer for the region situated between the Red 

River and Sagaing faults is similar in scale to the partitioning of strike-slip 

displacement observed along other obliquely convergent boundaries such as the San 

Andreas fault of the western U.S. [Ellsworth, 1989]. 



CHAPTER 5 

CRUSTAL THICKNESS AND UPPER MANTLE VELOCITIES IN THE TIBETAN 

PLATEAU REGION FROM THE INVERSION OF REGIONAL Pnl WAVEFORMS 

Introduction and Background 

The Tibetan Plateau has attracted the attention of several generations of 

geoscientists, and many mechanisms have been proposed to describe its evolution. 

There are two basic theories that describe the mechanism of uplift of the Tibetan 

plateau. In the first, uplift occurred by shallow underthrusting of the Indian 

lithosphere beneath Eurasia producing a crust of double thickness in Tibet [Argand, 

1924; Powell and Conaghan, 1973, 1975]. The second hypothesis involves uniform 

crustal thickening and lithospheric shortening in response to compression [Dewey and 

Burke, 1973; Toksoz and Bird, 1977]. Both models account for the observation of a 

60-70 km thick crust beneath the Tibetan Plateau, but differ in the nature of the 

upper mantle. That is, for the uniform thickening model, the mantle is expected to be 

hot and weak in comparison with the underthrusting model, in which the mantle is 

expected to be more shield-like. 

Numerous seismic investigations have shown that the Tibetan Plateau is underlain 

by a 55- to 85-km-thick crust [Gupta and Narill, 1967; Bird and Toksoz, 1977; Chun and 

Yoshi, 1977; Pines et. al., 1980; Patton, 1980; Chen and Molnar, 1981], and most 

estimates agree upon an average thickness of 70 km. 

The findings on the upper mantle velocities beneath Tibet and the Indian Shield 

are summarized in Figure 21. Using earthquake travel times, Chen and Molnar [1981] 
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Figure 21: Map of study area showing regions where efficient propagation of Sn, large 
S-P residuals, etc. have been found. Summary of mantle velocities (and average crustal 
thickness) beneath India and Tibet. Pn and Sn values from Chen and Molnar [1981] 
and Barazangi and Ni [1982] (Tibet), Ni and Barazangi [1983] (India and Tibet), Kaila el 
al. [1986] (northern India). Mantle shear wave velocities are from Romanowicz [1982] 
(northern Tibet), Brandon and Romanowicz [1986] (central Tibet), lobert et al. [1985] 
(southern Tibet), and Lyon-Caen [1986] (India and Tibet). 
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found high Pn and Sn velocities of 8.1 km/s and 4.7 km/s, respectively, beneath the 

Tibetan Plateau. Positive S-P residuals in north-central Tibet suggest that the high 

velocity upper mantle must be confined to a thin layer below the Tibetan crust [Molnar 

and Chen, 1984]. Since these mean velocities within the upper mantle are not 

reflective of the expected velocity structure of a shield, they concluded that their 

seismic results are more incompatible with the model of diffuse crustal thickening 

rather than continental underthrusting. 

Barazangi and Nt [1982] and Nt and Barazangi [1983] obtained high Pn and Sn 

velocities of 8.43 and 4.73 km/s, respectively, for the Tibetan Plateau region using 

earthquake travel times. They also found that high frequency Sn waves propagate 

efficiently in the upper mantle beneath Tibet and surrounding regions (see Figure 21) 

with the exception of a region beneath the north-central part of the Plateau (the 

Chang Thang terrane). Ni and Barazangi concluded that the high Pn and Sn velocities 

and the efficient propagation of high frequency Sn waves were evidence that the 

Indian continental shield had underthrust Tibet. 

Surface wave studies in northern Tibet [Romanowicz, 1982] and southern Tibet 

[Jobert et al., 1985] also show high shear wave velocities in the upper mantle of 4.65-

4.7 km/s. The upper mantle lid thickness is not tightly constrained, but their 

estimates are that it is thin, around 30 km. Rayleigh wave phase velocities are low 

(4.4-4.5 km/s) beneath central Tibet [Brandon and Romanowtcz, 1986], and the data 

seem to require that an upper mantle lid is absent in this region (see cross section, 

Figure 1). Lyon-Caen [1986] examined travel times and modeled SH and SS waveforms 

to constrain the upper mantle velocity beneath the Indian Shield and Tibet. She found 

high shear wave velocities of 4.7 km/s beneath both India and Tibet, but the upper 

mantle lid is apparently much thicker beneath the Indian Shield and overall mean 
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mantle shear wave velocities are 4-5% lower beneath Tibet between 70-250 km depth 

relative to the mean velocity beneath the Indian Shield. 

A general picture that has emerged from seismic investigations throughout Tibet is 

1) high Pn (8.1-8.4 km/s) and Sn (4.7 km/s) velocities, 2) a thin upper mantle lid (30 

km) that is underlain by much lower shear wave velocities of 4.4-4.5 km/s, and 3) a 

thick crust of 60-80 km beneath Tibet. 

In this paper we invert long-period P nl waveforms to obtain both crustal 

thickness variations and upper mantle velocity variations beneath the Tibetan Plateau 

and surrounding regions (i.e., the Karakoram-Hindu Kush, southwest China, and Burma). 

This enables us to not only determine the structure of Tibet, but also provides the 

opportunity to examine the transition in crustal thickness and upper mantle velocity 

along the margins of the plateau uplift and collision zone. This spatial change of 

crustal thickness and upper mantle velocity, from regions which have been intensely 

affected by the continental collision (Tibet), to regions less profoundly influenced 

(southwest China, the Indian Shield), is important information that can provide 

additional constraints for the formation of the Tibetan plateau. 

Data and Method of Analysis 

The P nl wavetrain is recorded at regional distances (2°-12°) and begins with a 

refracted arrival (Pn head wave) from the crust-mantle boundary. The head wave is 

followed by the PL phase which can be described as the summation of the 

mode-converted and reflected P and SV wave energy that is trapped within the crust. 

The interference of mode converted and reflected phases within the crustal waveguide 

strongly influence the shape of the P nl waveform. Changes in crustal thickness 

produce changes in the timing of different mode converted and reflected energy, and 

thus alter the waveform shape. If the source parameters are known, then P nl 
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synthetics can be parameterized in terms of the thickness of the crustal waveguide and 

upper mantle velocity. The average thickness of the crustal waveguide can then be 

computed by optimally matching the P nl synthetic to the observed regional distance 

waveform. Upper mantle velocities can be determined if the absolute travel time, the 

crustal thickness, and distance from source are known. 

Synthetic regional distance seismograms can be constructed using generalized ray 

theory. Because many rays are required to represent the mode-converted and reflected 

energy within the crustal waveguide, computation of synthetics can be expensive. The 

streamlined technique described by Wallace [I986b] was thus used to calculate synthetic 

regional distance (P nl) waveforms. The method is efficient because the Cagniard 

contour is computed analytically. A Taylor series expansion of the vertical slowness 

term of the travel time equation about the ray parameter allows the calculation of the 

analytic Cagniard contour for each ray. The potential is evaluated at concentrated 

time spacings around the head wave and reflected arrivals and at more spread-out 

spacings between these two arrivals .. 

A model consisting of a layer over a half -space was used to construct the 

synthetics. Heimberger and Engen [1980] demonstrated that for periods greater than a 

few seconds, a single layer model is sufficient to construct accurate long-period P nl 

synthetics for most continental paths. Therefore in matching our synthetic regional 

distance waveforms to the observed P nl waves, we are looking at gross variations in 

crustal thickness, and not the fine details of crustal structure. 

Our observations consist of long-period P nl waveforms recorded at WWSSN 

stations. A total of 78 earthquakes with known source parameters in the Hindu Kush, 

Tibet, southwest China, and Burma, which were recorded at one or more WWSSN 

stations at regional distances, were used as a data base. This provided us with a total 

of 130 regional distance paths. Figure 22 shows the location of the 78 sources along 
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with the 130 paths superimposed on the smoothed topography of the collision zone. 

The smoothed topography was digitized from the map in England and Houseman [1986], 

and has a contour interval of 1 km. About twenty paths cross the Tibetan plateau 

proper. Table 13 lists the location and source parameters for the 78 earthquakes. 

Each individual Pn1 waveform was inverted for the average crustal thickness that 

the long-period energy sampled along the entire path. Wallace [1986a] showed that if 

the path has a dipping Moho, then the average crustal thickness between source and 

receiver can be obtained from the inversion of the P nl waveform. 

We chose a norm, defined as an error function, written as: 

e = 1 - (I) 

where f is the observed P nl seismogram and g is the synthetic seismogram. The limits 

of integration are equal to the time window over which the waveform was inverted. 

The time window usually varied for each record but generally ran from the beginning 

of the Pn pulse out to 70-90 seconds. If the observed and synthetic waveform shapes 

are identical, then the error function has a value of zero. If the waves are completely 

out of phase, then the error function has a maximum value of 2. The error function 

was minimized with respect to the average crustal thickness and upper mantle Pn 

velocity. The minimization of (1) involves the computation of numerical derivatives 

with respect to the crustal thickness: 

ae/aThj = e(Thj + aThj) - e(Thj) 

aThj 
(2) 



TABLE 13. List of the 78 Sources Recorded by Various WWSSN Stations to Provide 130 
Regional Distance Paths in Tibet, Hindu Kush, Southwest China, Burma, and India 

Assuned 
Depth 
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Event Date Origin Time 
Long 
(~) 

Fault Orientation 
Strike Rake Dip 

Time Function 
RT TOP FT (km) ISC POE Ref 

06/24/83 
2 02/05/66 
3 04/28/71 
4 02/13/66 
5 11/28/84 
6 12/21/79 
7 02/06/70 
8 04/23/84 
9 02/02/80 

10 09/19/81 
11 04/18/85 
12 03/15/79 
13 08/14/81 
14 08/16/81 
15 01/15/75 
16 09/28/66 
17 08/30/67 
18 08/30/67 
19 02/07/73 
20 02/19/70 
21 09/26/66 
22 06/03/75 
23 06/03/75 
24 11/06/76 
25 08/01/85 
26 03/29/79 
27 06/09/81 
28 10/21/64 
29 12/13/76 
30 09/01/64 
31 03/14/67 
32 OS/29/76 
33 07103/76 
34 05/31/76 
35 05/31/76 
36 05/30/71 
37 06/09/76 
38 07/21/76 
39 05/31/71 
40 09/14/71 
41 05/30/76 

07:18:22.3 
15:12:33.0 
15:32:01.2 
10:44:38.0 
10:29:21.0 
06:31:52.0 
22:10:42.4 
22:29:57.3 
12:29:15.3 
06:50:56.3 
05:52:52.8 
12:52:25.8 
06:09:34.4 
18:55:42.2 
11:34:41.3 
14:00:21.0 
04:22:05.1 
11:08:50.0 
16:06:25.8 
07:10:01.5 
05:10:56.2 
03:23:34.6 
00:37:42.5 
18:04:05.5 
12:13:46.2 

21.77 103.31 
26.20 103.10 
22.93 101.03 
26.10 103.20 
26.70 97.08 
27.10 97.04 
23.10 100.78 
22.06 99.18 
27.83 101.24 
23.01 101.35 
25.93 102.87 
23.18 101.10 
25.15 97.96 
25.52 96.63 
29.41 101.78 
27.53 100.08 
31.61 100.26 
31.57 100.31 
31.50 100.33 
27.40 93.96 
27.49 92.61 
26.59 96.95 
26.59 96.91 
27.60 101.00 
29.18 95.18 

07:07:22.0 32.44 
22:08:18.6 34.51 
23:09:19.0 28.04 

97.26 
91.42 
93.75 

06:36:55.9 
13:22:37.3 
06:58:04.6 
19:36:52.7 
16:33:23.8 
18:35:05.0 
05:08:30.5 
15:44:19.6 
00:20:37.9 
15:10:45.1 
05:13:58.6 
03:11 ~06.3 
04:18:40.7 

27.33 101.01 
27.12 92.26 
28.40 94.30 
24.54 98.93 
24.19 98.67 
24.29 98.68 
24.34 98.64 
25.30 96.44 
24.89 98.75 
24.78 98.65 
25.19 96.51 
22.97 100.71 
24.42 98.81 

47.6 
169.6 
243.4 
149.0 
248.6 
116.7 
241.5 
84.0 

212.0 
65.0 

292.0 
25.7 

178.7 
2.5 

165.0 
-29.0 
238.3 
279.9 
225.6 
105.7 
92.1 

125.9 
130.2 
214.0 
290.3 
271.8 
171.0 
92.7 

209.3 
79.9 
74.2 
50.0 

252.2 
244.7 
68.9 
25.5 

179.3 

45.7 58.7 
-17.0 59.3 

3.5 79.0 
-70.0 67.0 
12.8 53.8 
96.9 48.5 

-51.1 65.2 
14.0 69.0 
20.0 70.0 
4.7 82.8 

184.0 82.0 
6.8 89.8 

193.3 74.3 
178.9 85.0 
-75.0 45.3 
-86.2 43.0 
-82.2 40.4 
-54.8 55.6 
-86.7 51.8 
114.0 81.7 
102.9 72.4 
91.9 55.3 
81.7 65.5 
14.0 81.0 
86.5 87.3 
-9.7 

187.9 
100.5 

4.5 
89.8 
87.5 

-31.0 
114.8 

6.7 
0.3 

178.4 
205.2 

64.4 -7.2 

83.1 
69.8 
77.2 
76.1 
71.0 
90.0 
77.0 
85.0 
63.9 
87.6 
87.8 
82.9 
88.2 
90.0 
82.8 
68.4 

193.0 173.9 
191.1 -185.6 
241.9 12.5 

1.0 2.0 1.0 
0.4 1.0 0.4 
0.4 1.0 0.4 
0.4 1.0 0.4 
0.4 3.0 0.4 
0.4 2.2 0.4 
0.4 2.0 0.4 
1.0 1.0 1.0 
1.0 1.0 1.0 
0.4 1.0 0.4 
1.0 1.0 1.0 
0.4 3.0 0.4 
0.2 1.0 0.2 
0.2 1.0 0.2 
0.6 1.6 0.6 
0.6 2.2 0.6 
0.6 2.0 0.6 
0.6 1.4 0.6 
0.4 1.8 0.4 
0.2 2.0 0.2 
0.2 1.0 0.2 
0.4 1.0 0.4 
0.2 1.0 0.2 
0.6 2.0 0.6 
0.4 1.0 0.4 
0.2 1.6 0.2 
0.4 1.4 0.4 
0.6 2.6 0.6 
0.2 1.4 0.2 
0.2 1.2 0.2 
0.2 1.0 0.2 
0.2 1.0 0.2 
0.2 1.4 0.2 
0.2 1.4 0.2 
0.4 2.0 0.4 
0.4 1.2 0.4 
0.6 1.6 0.6 
0.4 2.6 0.4 
0.2 1.0 0.2 
0.4 1.2 0.4 
0.2 1.0 0.2 

42 04/08/72 09:33:40.3 29.52 101.84 186.0 -81.4 46.3 0.2 1.0 0.2 

(Continued) 

10 
4 
6 

4 
6 

10 
6 

10 
10 
4 

10 
4 

10 
10 
10 
10 
10 
8 
8 
8 

12 
10 
8 
6 

38 
10 
10 
14 
2 
6 

15 
2 

2 

5 
3 
6 
2 

6 
10 
10 
10 

18 
32 
11 
6 

4 
32 
30 
8 

22 
8 
5 

6 

38 
38 
29 
12 
24 
35 
35 
12 
20 
10 
43 
5 

45 
45 
10 
37 

2 
33 
20 
2 

33 
20 
25 
40 
13 
4 

22 
42 

1 
10 40 



Event Date 

43 07/03/82 
44 10/23/81 
45 05122171 
46 08/15/67 
47 05/05/75 
48 07/22172 
49 04/03171 
50 06/15/82 
51 07119/75 
52 07/29/75 
53 06120/86 
54 10/03/75 
55 10/03/75 
56 02/13/83 
57 03/24/74 
58 11/18/77 
59 07/14/73 
60 07/14/73 
61 09/03/72 
62 01/31/77 
63 07/13/77 
64 02/11/69 
65 06/27/66 
66 12/16/66 
67 03/06/66 
68 03124/75 
69 04128/75 

70 06/04/75 
71 03/23171 

72 05/10171 
73 02/20/67 
74 06/19/79 
75 09/25/79 
76 05/06/85 
77 05/08/85 

TABLE 13 - Continued 

Origin Time 
long 
(Oe) 

Fault Orientation 
Strike Rake Dip 

08:13:32.7 
03:44:44.5 
20:03:31.9 
09:21:03.3 
05:18:46.3 
16:41 :02.1 
04:49:03.1 
23:24:28.8 
06: 10:53.9 
02:40:51.2 
17:12:46.9 
05:14:23.0 
17:31:36.0 
01 :40: 10.9 
14:16:01.1 
05:20:11.3 
04:51:20.0 
13:39:29.4 
16:48:29.5 
14:26:14.8 
08:09:15.7 
22:08:51.0 
10:41:08.1 
20:52:16.3 
02:10:52.0 
05:33:47.0 

26.57 100.04 199.0 -90.0 
29.89 94.93 -122.0 -172.0 

49.9 
17.4 
84.3 
74.9 
80.6 
59.4 
80.4 
68.5 
51.0 
55.0 
78.0 
88.0 
88.0 
78.0 

32.36 92.11 
31.05 93.56 
33.13 92.84 
31.38 91.41 
32.16 94.99 
31.85 99.92 
31.95 78.59 
32.57 
31.24 
30.25 
30.41 
39.90 
27.66 
32.69 
35.18 
35.26 
35.98 
40.11 
29.69 
41.20 
29.62 
29.62 
31.51 
29.55 

11:06:43.5 35.82 
02:24:32.9 35.87 
20:47:15.5 41.42 
14:51:45.D 42.85 

15:18:38.8 33.63 
16:29:11.6 26.74 
13:05:54.5 45.09 
03:04:22.7 30.88 
17:10:41.2 30.91 

78.49 
86.84 
66.31 
66.35 
75.13 
86.00 
88.38 
86.48 
86.60 
73.42 
70.86 
67.13 
79.24 
80.83 
80.79 
80.55 
68.60 
79.92 
79.85 
79.20 
71.29 
75.33 
87.48 
76.96 
70.26 
70.31 

250.8 
196.9 
256.3 
245.7 

-7.9 
-38.3 
-5.0 
-1.8 

181.3 -180.9 
278.5 0.7 
47.0 -56.0 

210.0 
51.0 
26.0 
28.0 

228.0 
27.5 
1.0 

190.0 
37.0 

341.0 
81.0 

10'1.0 
65.0 

277.0 
290.0 

0.0 
244.0 
169.0 
180.0 
73.0 
37.0 

341.0 
245.0 
77.0 

211.0 
211.0 

-90.0 
-4.0 
2.0 
2.0 

-5.0 
90.0 

-91.0 
215.0 
304.0 
105.0 
100.0 
166.0 
83.0 
70.0 
90.0 

270.0 
58.3 

211.0 
239.0 
93.0 
57.0 

105.0 
-95.0 
119.0 
98.0 
91.0 

2.0 
71.0 
60.0 
68.0 
55.0 
40.0 
75.0 
41.0 
27.0 
24.0 
45.0 
38.0 
62.0 
62.0 
46.0 
48.0 
55.0 
46.0 
44.0 
14.0 
21.0 

Time Function 
RT TOP .fT 

0.2 1.0 0.2 
0.2 1.0 0.2 
0.4 2.0 0.4 
0.2 1.0 0.2 
0.2 1.6 0.2 
0.2 1.6 0.2 
0.4 1.6 0.4 
0.4 1.6 0.4 
1.0 1.0 1.0 
1.0 1.0 1.0 
1.0 1.0 1.0 
1.0 1.0 1.0 
1.0 1.0 1.0 
1.0 1.0 1.0 
0.5 2.6 0.5 
1.0 1.0 1.0 
0.6 1.6 0.6 
0.6 1.6 0.6 
0.5 2.0 0.5 
0.4 1.8 0.4 
1.0 1.0 1.0 
1.0 1.0 1.0 
1.5 2.0 1.5 
1.5 0.5 1.5 
1.0 1.0 1.0 
1.0 1.0 1.0 
1.0 1.0 1.0 
0.4 1.4 0.4 
0.4 1.4 0.4 
0.4 1.4 0.4 
0.2 2.6 0.2 
0.4 1.6 0.4 
1.0 1.0 1.0 
0.4 1.6 0.4 
0.4 1.6 0.4 

78 12/'6/83 13:15:57.3 39.32 72.92 209.0 50.0 52.0 0.4 1.0 0.4 

1Holt et al. [1989] 
2Ni and Barazangi [1984] 
3Harvard Solution 
4Jackson and McKenzie [1984] 
5Baranowski et al. [1984] 
~olnar and Chen [1983] 
7Nelson et al. [1987]1 
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10 
10 
7 

10 
6 

7 
8 
7 
9 

8 
15 
11 
10 
10 
16 
10 
6 
7 

12 
12 
15 
10 
15 
12 
8 

10 
7 

9 

11 
15 
10 
20 
40 
15 
3 

10 

12 
o 

29 
36 
8 

17 
27 
10 
31 
o 

11 
33 

20 

22 
29 
45 

10 
3 

33 

19 
5 

26 

14 
14 
18 
20 

33 

16 

33 

20 

33 

31 

40 
37 
33 

1 
2 
2 
3 
4 

4 

3 

5 
3 
6 
6 

5 
7 

3 
7 
5 

5 

6 

4 
6 

6 

7 
7 

5 
2 
7 
3 

3 

37 3 
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where Th j is the crustal thickness for the ith iteration, and ATh j is the perturbation 

of the model. The computation of numerical derivatives is simple and relatively time 

efficient. A change in crustal thickness or upper mantle velocity only alters the 

timing of the head wave and reflected wave arrivals for each ray, but does not change 

the shape of the single ray response. Rather than recompute the complete synthetic 

response for a new structure, it is only necessary to alter the timing of the head wave 

and reflected wave pulses of each ray [see Wallace, 1986b]. 

With an estimate of crustal thickness, the Pn velocity can be determined from the 

absolute travel time. 

(3) 

where p = rt/Pn, ro is the radius of the earth, rt is the radius to the refracting 

horizon (Moho), ra is the radius to the assumed source depth, and '1 = r/v(r). The 

origin times were obtained from the. ISC and POE catalogues. Since the ISC and POE 

depths are often different from the assumed depths (determined mostly from body wave 

modeling), the origin time, and hence the absolute travel time, can be in error. We 

corrected for this by subtracting the travel time between the two source depths from 

the origin time (assuming a ray with a take-off angle of 24S, and using equation 3). 

ISC origin times are also determined assuming a crustal thickness of 33 km, which is 

considerably thinner than the crust beneath most of our source regions. A crustal 

thickness of 70 km can lead to an origin time error of nearly 2 seconds. We thus 

applied a further correction to the origin time by estimating the crustal thickness 

beneath the source (Th j ) and subtracting the travel time difference (using equation 3) 

between a ray (take-off angle = 24.5°) traveling through the crust (6.2 km/s) and 

mantle (8.0 km/s) of thickness Th j - 33 km. Both of these corrections typically 
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increased the absolute travel time and hence decreased the estimate for Pn velocity. 

We assume that epicenter location errors are random and that errors in velocity due to 

event mislocation should average out. Most of the source events are larger than 5.5 

magnitude and typically had low station residuals. 

In the inversion procedure, a starting model crustal thickness is first chosen. 

Using this starting model and absolute travei time, we determine a Pn velocity, and 

compute a synthetic P nl response and error function. The procedure then involves the 

perturbation of the crustal thickness (~Thj = 2 km), and the computation of a new 

synthetic and error function. The calculation of the partial, followed by inversion, 

yields the change in crustal thickness (STh j ) necessary to drive the solution toward a 

minimum. The change in crustal thickness (SThj), added to the starting model 

thickness, constitutes the new crustal model. The computation of a new synthetic from 

the new structure follows, and the procedure is typically repeated automatically for 3-6 

iterations until the convergence criteria are met. It is not uncommon to encounter 

local minima, and it is therefore wise to attempt the inversion from two or three 

different starting models. 

Figure 23 shows an example for which the mechanism was a pure thrust on a 

sh~!lo'V plane. The starting crustal thickness was 30 km. The match to the observed 

Pn1 waveform (top), recorded at station Quetta at a distance of 1340 km, is poor with 

this starting model thickness. The waveforms for the following iterations are also 

shown, and demonstrate the increasingly better match with each iteration. For most of 

the waveform inversions, a constant value of 6.2 km/s was used to represent the 

average velocity of the crustal waveguide. Slightly lower average crustal velocities 

were used for paths that crossed western Burma and eastern India. The effects of 

average crustal velocities on model parameter estimates will be discussed later. 
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Fig. 23. Example inversion. Waveform match is shown for each iteration. The graph 
to the right indicates the error vs. parameter thickness for the start and four 
following iterations. Note reduction of error from 0.97-0.107 in four iterations. 
Observed waveform = top, synthetic = bottom line. Graph is not intended to show 
solution minimum, but error for each iteration in inversion. 



107 

Testing the Method 

Both the crustal thickness and the average crustal velocity influence the relative 

timing of multiple reflections and mode converted phases and thus influence the shape 

of the Pol waveform. A change in crustal thickness will affect the waveform much in 

the same manner as a change in average crustal velocity [Wallace, 1986b]. Because of 

this trade-off, the average crustal velocity is held constant in the inversion and we 

solved only for crustal thickness. McConnell and McTaggart-Cowan [1963] determined 

from available worldwide continental refraction results that the mean continental P 

wave veiocity varied from 6.0-6.2 km/s down to a depth of 20 km. We therefore feel 

that it is justified to hold the crustal mean velocity as a constant in the inversion. 

In order to examine the effects of changes in average crustal velocity on the 

inversion for crustal thickness and Pn velocity, we tested the inversion using a wide 

range of average crustal velocities. The results of the inversion are shown in Table 

14, and Figure 24 shows a graph of crustal thickness versus the average crustal 

velocity used in the inversion. The source was a strike-slip mechanism in southwest 

China, recorded at Chaing Mai Thailand at a distance of 923 kilometers. Note that for 

low average velocities, a thinner crust is obtained. Higher values of average crustal 

velocity produce an estimate of a thicker crust. The results of this experiment 

indicate that uncertainties in average crustal velocity of ±O.l km/s map into 

uncertainties in average crustal thickness of ±5% of the total thickness (±2 km; see 

Figure 24). 

Figure 25 shows a plot of average crustal velocity versus the Pn value obtained in 

the inversion. It is encouraging to note that the Pn velocity when obtained with this 

inversion procedure is insensitive to changes in average crustal velocity. Thus, Pn 

velocity and crustal thickness are independent parameters. 



TABLE 14. Inversion Parameters CTH and Pn Obtained as a Function of 
Different Average Crustal Velocities 

Average Crustal Velocity 
P S CTH (lem) Pn Vel (Iem/s) Error 

5.5 3.2 27.24 7.Q5 0.15 
5.6 3.23 27.50 7.89 0.13 
5.7 3.29 29.00 7.90 0.116 
5.8 3.34 30.43 7.91 0.10 
5.9 3.40 32.66 7.92 0.087 
6.0 3.44 34.63 7.94 0.071 
6.1 3.52 36.17 7.94 0.094 
6.2 3.57 37.73 7.94 0.070 
6.3 3.62 38.39 7.95 0.160 
6.4 3.68 40.72 7.94 0.215 
6.5 3.70 42.01 7.93 0.185 
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Fig. 24. Crustal thickness values obtained in the inversion of single Pnl waveform as a 
function of different average crustal velocities. The error for each inversion is 
indicated as a vertical bar. 
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Fig. 25. Pn velocity obtained from inversion vs. average crustal velocity. The Pn 
velocity (obtained from inversion) is relatively independent of the average crustal 
velocity. 



III 

The Effects of Source 

Another possible origin for error in crustal thickness and Pn velocity is the seismic 

source parameters. In the inversion for crustal thickness and upper mantle velocity, 

the source is assumed to be known. Most of the sources for the moderate-sized 

earthquakes were obtained from body wave modeling and body wave inversion [Chen 

and Molnar, 1983; Baranowski et al., 1984; Nelson et al., 1987; Holt et at., 1989]. The 

fault parameters from body wave modeling and inversion can often be in error by 

10-20° on strike, dip and rake. The source time function can have errors as well. 

The inversion procedure was tested for variability of the inversion parameters as a 

function of change in source. The same test example used in the previous section was 

employed in the source test. Table 15 shows the inversion parameters (crustal 

thickness and Pn velocity) obtained when the source parameters strike, dip and rake 

were all varied by increments of 5° beyond the best fit source (strike = 169.5°, rake = 

-17°, dip = 59.3°). Note from Table IS that even when strike, dip and rake were 

varied as much as 35° beyond the optimal solution, the values for crustal thickness and 

Pn velocity are relatively unchanged. Thus, uncertainties in fault orientation in the 

range of ±20° should not cause a significant problem in the estimation of crustal 

thickness and Pn velocity from the inversion of long period P nl waveforms. Figure 26 

shows the waveform fit for several inversion tests with different values of strike, dip, 

and rake. This Figure indicates that the waveform matches and inversion results are 

all comparable, even for source orientations in which the strike, dip, and rake are 35° 

beyond the optimal source. We feel, therefore, that uncertainties of ±200 in strike, 

dip, and rake for dip-slip mechanisms, similarly should pose no serious problems in the 

estimation of crustal thickness and Pn velocity from the inversion of P nl waveforms. 

In summary, regional distance Pnl waveforms have a characteristic signature which 

is dependent on the source [Engen and Heimberger, 1980; Wallace et al., 1981]. 
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TABLE 15. Inversion Parameters CTH and Pn Obtained as a Function of 
Different Source (Fault) Orientations 

Strike (t) Rake (>.) Dip (6) del ta({} ,>',6) CTH (km) Pn (km/s) Error 

174.5 -12.0 64.3 +50 37.2 7.93 0.083 
179.5 -7.0 69.3 +100 37.2 7.93 0.086 
184.5 -2.0 74.3 +150 37.2 7.93 0.087 
189.5 3.0 79.3 +200 38.7 7.96 0.079 
194.5 8.0 84.3 +250 38.4 7.95 0.079 
199.5 13.0 89.0 +300 38.5 7.96 0.078 
204.5 18.0 90.0 +350 38.3 7.95 0.079 
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However, smaller changes in source, within the bounds of uncertainty from body wave 

modeling or inversion, have a small enough influence on the P nl waveform that 

accurate estimates of crustal thickness and Pn velocity can usually be obtained. Once 

the source is known, the long-period waveform can be fit fairly well by finding the 

optimal thickness of the crustal waveguide. The accuracy of the estimation of crustal 

thickness is dependent on the reliability of the average crustal velocity as 

demonstrated in Figure 24. Fortunately, the estimation of Pn velocity as an inversion 

parameter is independent of the average crustal velocity (see Figure 25). 

Another source parameter, the time function, also has an influence on the P nl 

waveform, and thus, will have an effect on the estimation of crustal thickness and Pn 

velocity. Another inversion test was performed by varying only the trapezoidal source 

time function. Table 16 shows the inversion parameter values of crustal thickness and 

Pn velocity obtained as a function of different time functions. In general, an increase 

in time function length has the effect of spreading the Pn pulse out. An increase in 

time function length by about 50% changed the results very little (crustal thickness = 

36.7 km, Pn = 7.93 km/s) and increased the waveform misfit or error only slightly. 

Doubling the time function length increased the error to 0.12 and changed the estimate 

for crustal thickness from 38 km to 35.2 km (7% decrease in thickness). Increasing the 

time function length by a factor of 3 provided the highest misfit (e=.208) and 

decreased the estimate for crustal thickness to 32 km. Thus, significant changes in 

time function length (factor of 2 or more) produce changes in crustal thickness on the 

order of 10%. Time functions obtained from body wave modeling are rarely off by as 

much as a factor of 2. Therefore, smaller inaccuracies in time function length ( order 

50% ) should pose no problem in the estimation of crustal thickness from the inversion 

of long-period P nl waveforms. 



TABLE 16. Inversion Parameters CTH and Pn Obtained 
With Different Source Time Functions 

Time Function 
RT TOP FT CTH (kin) Pn Vel Error 

0.6 1.4 0.6 36.7 7.93 0.096 
1.0 1.8 1.0 35.2 7.90 0.119 
1.4 2.4 1.4 34.7 7.90 0.151 
2.4 1.0 2.4 33.45 7.86 0.170 
2.0 3.0 2.0 31.9 7.88 0.208 

Optimal time function is RT = 0.4, TOP = 1.0, FT = 0.4. 
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Crustal Velocities of Tibet and Surrounding Regions 

A verage crustal velocities that have been obtained for Tibet range from 6.1-6.25 

km/s [Chen and Molnar, 1975; Gupta and Narin, 1967; Him et al., 1984a; and Ma, 1988]. 

Average shear wave velocities range from 3.4-3.5 km/s [Chun and Yoshi, 1977; 

Romanowicz, 1982]. Thus, the velocities for the thick Tibetan crust are comparable to 

normal continental average velocities. The test results for crustal velocity versus 

crustal thickness presented above indicate that an uncertainty in average crustal 

velocity of ±0.1 km/s for P waves can lead to an error in crustal thickness estimates 

of ± 5% of the true crustal thickness. This leads to an uncertainty of approximately 

±4 km for results from individual paths that transect the Tibetan plateau region. 

A verage velocities within the Indian Shield are higher than the velocities for the 

Tibetan plateau. Bhattacharya [1971] obtained an average crustal P wave velocity of 

6.5 km/s for the Indian Peninsula. Average crustal velocities in the Gangetic Basin are 

lower (5.9 km/s) due to the effects of the low velocity sediments [Chun and Yoshi, 

1977]. Observations recorded at Shillong, India from earthquake sources in Burma, 

required a low average crustal velocity of 5.8 km/s in order to fit the P nl waveforms. 

This low velocity may be due to thick sedimentary basins along the path. Brune and 

Singh [1986] indicate that the region of the northern Bengal fan has normal crustal 

thicknesses of 35 km with approximately 13 km of low-velocity sediments. In addition, 

paths that cross the central lowlands of Burma encounter north-south trending 

sedimentary basins that are greater than 10 kilometers in thickness [Curray et al., 

1979]. Thus, the thick sediments in the Burma lowlands and the northern Bengal Fan 

produce the effects of a low average velocity crust for seismic energy traveling from 

Burma to Shillong. Crustal average velocities in some of the surrounding regions are 

6.0-6.2 km/s in the Panxi rift of southwest China [Zong-Ji, 1987] and 6.1 km/s in the 

Hindu Kush and Pamir regions [Roecker, 1982]. 
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Average Path Parameters 

A total of 130 individual P nl waveforms were inverted for crustal thickness and 

upper mantle Pn velocity. Table 17 lists the results for each inversion. Figures 27 

and 28 show ten sample paths along with the inversion results for different sections of 

the area of study. Differences in wave character, thickness, and Pn velocity can be 

noted according to different tectonic or geographic sectors that the travel paths 

crossed. 

The area of study was divided up into a set of regionalized blocks. The blocks 

were partitioned on the basis of topography and geology. The size of the blocks was 

limited primarily by the path coverage. Figure 29a shows the regionalized block model 

superimposed on the smoothed topography, while Figure 29b indicates the path coverage 

through the blocks. The five disperse paths in Block 1 traverse some fairly high 

topography in western Pakistan but also cover some lower elevation regions of southern 

U.S.S.R. and eastern Iran. Block 2 covers portions of the Tien Shan and Hindu Kush -

Pamir. Blocks 4, 6, and 9 encompass the western Karakoram, central Tibet, and 

eastern Tibet regions respectively. Blocks 5, 7 and 10 cover the transition zone from 

low to high topography, or the Himalayan mountain front. Portions of northern and 

eastern India ate within blocks 3 and 8, and block 11 includes the Indoburma ranges 

and northern Burma Arc. The Yunnan Grabens and Panxi Rift regions [Zollg-Ji, 1987] 

are within blocks 12 and 13, and block 14 includes southern China. 

The average crustal thickness and upper mantle velocity were determined for each 

block by performing a regionalized inversion of all the crustal thickness and Pn 

velocity results. It is assumed that the average thickness and slowness (l/Pn) of a 

given path are the sum of the fraction of the travel path in a given block multiplied 

by the thickness or slowness of that path. This can be expressed as 



TABLE 17. List of Paths, Event Number, Station, Inversion Results (CTH, Pn,) 
and the Final Error or Wavefonm Misfit 

Travel 
Oistance Time 

Path Event Station Oate (Iem) (sec) 
CTH 
(km) 

Pn 
(km/s) CVEL Error 

2 
3 

4 
5 

6 
7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

34 
35 
36 
37 
38 
39 
40 
41 

68 
54 
61 
72 
62 
64 

69 
70 
71 
52 
51 
51 
67 
69 
73 
66 
78 
56 
51 
52 
59 
63 
69 
70 
57 
65 
66 
27 
76 
77 
78 
69 
70 
71 

62 
64 

59 
61 
51 
53 
54 

MSH 
MSH 
MSH 
MSH 
MSH 
KBL 
KBL 
KBL 
KBL 
KBL 
KBL 
QUE 
QUE 
QUE 
QUE 
QUE 
QUE 
QUE 
NIL 
NIL 
NIL 
NIL 
NIL 
NIL 
NIL 
LAH 
LAH 
NOI 
NDI 
NOI 
NOI 
NOI 
NOI 
NOI 
NOI 
NOI 
NOI 
NOI 
NOI 
NDI 
NOI 

03/24/75 
10/03/75 
09/13/72 
05/10/71 
01/31/77 
02/11/69 
04/28/75 
06/04/75 
03/23/71 
07/29/75 
07/19/75 
07/19/75 
03/16/66 
04/28/75 
02/20/67 
12/16/66 
12/16/83 
02/13/83 
07/19/75 
07/29/75 
07/14/73 
07/13/77 
04/28/75 
06/04/75 
03/24/74 
06/27/66 
12/16/66 
06/09/81 
05/06/85 
05/08/85 
12/16/83 
04/28/75 
06/04/75 
03/23/71 
01/03/77 
02/11/69 
07/14/73 
09/13/72 
07/19/75 
06/20/86 
10/03/75 

1127.0 
918.2 

1244.2 
1238.2 
1072.5 
1175.6 
1000.3 
994.5 

1172.9 
903.7 
934.5 

1127.3 
1308.3 
1361.8 
879.3 

1337.1 
1150.4 
1312.8 
534.0 
503.3 

1226.9 
727.6 
656.0 
652.0 

1389.1 
658.7 
655.0 

1492.8 
715.2 
712.0 

1244.4 
831.2 
834.5 

1424.45 
1394.8 
1424.9 
1133.1 
884.3 
385.4 
953.7 

1071.6 

151. 77 
124.22 
161.22 
159.09 
140.19 
156.10 
132.01 
133.60 
155.82 
*** 

124.20 
147.16 
171.41 
174.69 
119.47 
172.09 
151.17 
172.12 
78.04 
*** 

161.25 
96.44 
92.25 
92.97 

176.90 
90.43 
90.39 

194.83 
94.96 
96.31 

167.00 
113.30 
114.30 
186.59 
179.54 
187.13 
148.20 
118.52 
58.59 

127.26 
138.80 

46.2 
50.0 
54.0 
39.0 
49.6 
61.6 
62.3 
59.9 
73.7 
43.7 
46.0 
42.9 
47.5 
51.0 
46.0 
40.5 
63.8 
75.1 
55.0 
47.3 
75.9 
45.0 
42.3 
59.0 
46.5 
41.5 
46.8 
73.0 
35.5 
37.0 
57.0 
57.5 
65.4 
73.7 
58.2 
76.4 
63.0 
43.0 
35.3 
66.7 
43.5 

(Continued) 

7.77 
7.88 
8.15 
8.05 
8.10 
8.05 
8.28 
8.05 
8.18 
*** 
8.00 
8.03 
7.97 
8.19 
7.83 
8.04 
8.16 
8.24 
7.74 
*** 

8.31 
8.14 
7.66* 
7.85 
8.15 
7.80 
7.90 
8.19 
7.95 
7.85 
7.86 
8.05 
8.11 
8.12 
8.19 
8.16 
8.27 
7.90 
7.13* 
8.21 
8.12 

6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 

0.278 
0.492 
0.364 
0.158 
0.295 
0.400 
0.128 
0.289 
0.202 
0.150 
0.070 
0.190 
0.199 
0.282 
0.415 
0.132 
0.520 
0.460 
0.690 
0.204 
0.290 
0.490 
0.301 
0.600 
0.327 
0.247 
0.236 
0.534 
0.277 
0.318 
0.568 
0.282 
0.364 
0.543 
0.317 
0.384 
0.528 
0.235 
0.686 

0.349 
0.302 

2.13 
0.00 
4.40 

-0.13 
1.00 

-0.93 
3.46 
2.93 
0.40 
*** 
2.93 
2.93 

-0.40 
3.46 
1.06 
0.93 
2.93 
0.80 
2.93 
*** 
2.13 

-0.66 
3.46 
2.93 
0.53 
2.40 
0.93 
0.66 
2.93 
3.06 
3.60 
3.46 
2.93 
0.40 
1.06 

-0.93 
2.13 
4.40 
2.93 
2.40 
0.00 
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0.40 
0.40 
0.67 
0.40 
0.40 
1.22 
1.22 
1.22 
1.22 
*** 
0.76 
0.76 
0.40 
1.22 
0.76 
0.40 
1.04 
1.22 
0.54 
*** 
1.76 
0.31 
0.99 
0.99 
0.40 
0.40 
0.40 
1.76 
1.04 
1.22 
1.22 
1.22 
1.22 
1.09 
1.00 
1.22 
1.76 
0.67 
1.00 
1.76 
0.40 
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42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 

55 
68 
56 
58 
48 
16 
21 
66 
28 
30 
8 
9 

10 
11 
12 
13 
14 
27 
16 
15 
17 
37 
38 
32 
33 
34 
35 

4 
22 
23 
24 
6 
7 

74 
57 
65 
66 
59 
60 
58 
39 

NDI 
NDI 
NDI 
NDI 
NDI 
H(J,/ 

H(J,/ 

H(J,/ 

H(J,/ 

H(J,/ 

SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
Sf!L 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 

10/03/75 
03/24/75 
02/13/83 
11/18/77 
06/22/72 
09/28/66 
09/26/66 
12/16/66 
10/21/64 
09/01/64 
04/23/84 
02/02/80 
09/19/81 
04/18/85 
03/15/79 
08/14/81 
08/16/81 
06/09/81 
09/28/66 
01/15/75 
08/30/67 
06/09/76 
07/21/76 
OS/29/76 
07/03/76 
05/31/76 
05/31/76 
02/13/66 
06/03/75 
06/03/75 
11/06/76 
12/21/79 
02/06/70 
06/19/79 
03/24/74 
06/27/66 
12/06/66 
07/14/73 
07/14/73 
11/18/77 
05/31/71 

TABLE 17 • Contirued 

Travel 
Distance Time CTH 

(Ian) (sec) (km) 

1070.0 
843.9 

1258.9 
1158.0 
1400.2 
1315.6 
710.1 

1096.3 
829.55 
656.45 
838.6 
964.0 

1001.6 
1102.5 
971.5 
613.3 
476.9 
992.4 
845.0 

1066.2 
1057.6 
695.9 
691.6 
720.0 
702.5 
700.8 
695.6 

1135.8 
519.4 
515.0 
940.7 
542.0 
943.0 
459.0 
630.0 

1179.4 
1183.0 
1184.9 
1187.9 
859.5 
467.5 

138.74 
112.79 
164.12 
152.13 
182.73 
168.87 
92.23 

142.36 
112.23 
87.71 

109.91 
125.60 
132.80 
136.55 
127.15 
85.58 
65.50 

132.63 
113.56 
139.82 
139.51 
92.93 
93.76 
98.96 
92.84 
93.78 
93.74 

150.26 
73.24 
76.80 

124.40 
81.80 

122.68 
64.25 
84.45 

151.19 
153.03 
156.25 
155.30 
117.76 
66.50 

40.8 
34.4 
73.7 
60.5 
70.6 
42.8 
33.9 
41.5 
38.0 
31.0 
39.9 
40.0 
39.0 
39.5 
37.8 
52.5 
48.0 
55.0 
52.0 
49.0 
58.7 
37.0 
43.6 
38.0 
33.4 
42.3 
36.3 
43.8 
47.9 
47.9 
45.8 
33.2 
35.7 
35.8 
40.2 
41.5 
44.2 
66.0 
70.9 
56.0 
44.9 

(Continued) 

Pn 
(km/s) 

8.08 
7.83 
8.32 
8.15 
8.20 
8.10 
8.16 
8.05 
7.75 
7.95 
8.10 
8.08 
7.93 
8.56* 
8.05 
8.03 
8.40* 
8.06 
8.05 
8.08 
8.17 
8.08 
8.03 
7.80 
8.06 
8.13 
7.Q7 
7.94 
7.97 
7.47* 
8.07 
7.16* 
8.08 
7.68* 
8.03 
8.12 
8.08 
8.19 
8.33 
7.91 
7.96 

CVEL Error 

6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
5.8 
5.8 
5.8 
6.2 
5.8 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
6.2 
5.8 
5.8 
5.8 
5.8 
5.8 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 
6.2 

0.220 3.06 
0.338 2.13 
0.267 0.80 
0.246 3.06 
0.370 1.33 
0.179 0.26 
0.236 1.00 
0.273 0.93 
0.131 3.06 
0.192 3.60 
0.291 ·0.26 
0.314 1.60 
0.234 0.53 
0.278 '0.40 
0.484 0.26 
0.736 3.77 
0.584 4.00 
0.436 0.66 
0.269 0.26 
0.306 2.53 
0.345 1.36 
0.291 1.46 
0.714 '0.27 
0.356 0.00 
0.168 3.60 
0.326 2.00 
0.190 2.93 
0.275 0.27 
0.106 0.00 
0.106 4.27 
0.076 '0.13 
0.066 2.93 
0.327 3.20 
0.361 0.00 
0.330 0.53 
0.254 2.40 
0.194 0.93 
0.274 2.13 
0.436 2.93 
0.430 3.06 
0.413 1.86 

119 

0.40 
0.40 
1.22 
1.76 
1.76 
0.40 
0.31 
0.40 
0.23 
0.40 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.27 
1.76 
0.40 
0.40 
0.76 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.40 
0.40 
0.40 
0.40 
0.00 
0.31 
0.31 
0.54 
0.54 
1.76 
1.76 
1.76 
0.40 
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83 40 
84 41 
85 42 
86 43 
87 44 
88 20 
89 48 
90 49 
91 50 
92 45 
93 46 
94 26 
95 29 
96 9 
97 10 
98 11 
99 13 

100 14 
101 16 
102 15 
103 18 
104 37 
105 38 
106 32 
107 33 
108 34 
109 36 
110 2 
111 4 
112 21 
113 22 
114 23 
115 6 
116 39 
117 40 
118 41 
119 43 
120 20 
121 25 
122 28 
123 29 

SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
SHL 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 
CHG 

09/14/71 
05/30/76 
04/08/72 
07103/82 
10/22/82 
02/19/70 
06/22/72 
04/03/71 
06/15/82 
OS/22/71 
08/15/67 
03/29/79 
12/13/76 
02/02/80 
09/19/81 
04/18/85 
08/14/81 
08/16/81 
09/28/66 
01/15/75 
08/30/67 
06/09/76 
07121176 
OS/29/76 
07103/76 
05/31176 
05/30/71 
02/05/66 
02/13/66 
09/26/66 
06/03/75 
06/03/75 
12/21179 
05/31171 
09/14/71 
05/30/76 
07/03/82 
02/19/70 
08/01/85 
10121164 
12/13/76 

TABLE 17 - Contiooed 

Travel 
Distance Time CTH 

(km) (sec) (km) 

941.0 
712.6 

1076.0 
823.5 
573.7 
290.0 
645.9 
791.0 

1048.9 
753.2 
629.5 
924.2 
930.7 

1027.5 
528.6 
886.3 
712.0 
783.5 
974.5 

1210.1 
1422.0 
675.8 
663.9 
636.7 
598.7 
609.7 
759.6 
923.5 
918.6 

1162.8 
888.5 
889.4 
941.4 
753.0 
496.6 
633.0 
868.4 

1082.8 
1213.6 
1154.9 
968.4 

126.27 45.5 
95.46 40.7 

141.47 49.5 
108.38 44.0 
76.33 38.8 
42.67 38.0 
91.48 55.0 

104.16 51.0 
137.47 49.0 
106.55 58.2 
89.86 60.4 

122.02 45.5 
123.40 42.1 
138.27 40.0 
n.66 29.0 

119.43 38.5 
100.52 31.3 
106.14 30.4 
132.67 35.0 
160.54 35.0 
187.70 41.0 
90.38 27.9 
90.95 30.0 
89.47 29.3 
82.78 25.5 
82.72 24.8 

100.42 31.5 
127.53 36.8 
125.78 35.0 
151.55 37.0 
120.40 38.0 
122.84 32.3 
126.34 36.6 
102.18 37.9 
67.86 32.0 
85.86 29.4 

117.19 34.1 
143.09 35.5 
155.57 37.2 
149.88 34.1 
132.64 32.0 

(Continued) 
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Pn 
(km/s) CVEL Error 

7.91 
8.04 
8.07 
8.17 
8.23 
8.08 
7.87 
8.33 
8.12 
7.n 
7.93 
8.06 
8.03 
7.76 
7.66 
7.81 
7.39* 
7.70 
7.61 
7.n 
7.82 
7.90 
7.69 
7.50* 
7.57* 
7.73 
7.98 
7.57* 
7.63 
7.94 
7.73 
7.51* 
7.n 
7.82 
7.93 
7.n 
7.74 
7.86 
7.93 
7.94 
7.58 

5.8 0.448 4.13 0.00 
5.8 0.206 -0.93 0.00 
6.2 0.259 4.27 0.00 
6.2 0.301 0.53 0.31 
6.2 0.194 -1.33 0.54 
6.2 0.6n 0.53 0.31 
6.2 0.542 1.33 1.44 
6.2 0.268 2.53 0.72 
6.2 0.218 0.40 0.76 
6.2 0.427 2.93 1.22 
6.2 0.662 3.73 1.06 
6.2 0.169 4.67 0.47 
5.8 0.046 0.00 0.40 
6.2 0.314 1.86 0.40 
6.2 0.202 0.53 0.00 
6.2 0.363 -0.40 0.40 
6.2 0.268 4.00 0.18 
6.2 0.199 4.00 0.18 
6.2 0.400 0.26 0.40 
6.2 0.371 2.53 0.67 
6.2 0.000 3.60 0.90 
6.2 0.183 1.46 0.00 
6.2 0.305 -0.26 0.00 
6.2 0.356 0.00 0.00 
6.2 0.100 3.60 0.00 
6.2 0.131 2.00 0.00 
6.2 0.071 4.22 0.00 
6.2 o.on 3.73 0.31 
6.2 0.409 0.26 0.31 
6.2 0.457 1.06 0.31 
6.2 0.441 0.00 0.40 
6.2 0.096 4.62 0.00 
6.2 0.227 2.93 0.40 
6.2 0.141 1.86 0.31 
6.2 0.300 4.13 0.00 
6.2 0.157 -0.93 0.00 
6.2 0.246 0.53 0.31 
6.2 0.400 0.53 0.31 
6.2 0.257 0.93 0.13 
6.2 0.190 3.06 0.13 
6.2 0.200 0.00 0.40 
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TABLE 17 • Continued 

Travel 
Distance Time CTH Pn 

Path Event Station Date (km) (sec) (km) (km/s) CVEL Error Td Th 

124 30 CHG 09/01164 1150.7 148.43 44.7 8.17 6.2 0.223 3.60 0.40 
125 3 HKC 04/28/71 1352.5 173.38 33.5 8.04 6.2 0.212 0.66 0.00 
126 2 HKC 02/05/66 1203.8 155.92 29.8 7.96 6.2 0.181 3.73 0.31 
127 4 HKC 02113/66 1190.8 155.19 30.7 7.92 6.2 0.265 0.26 0.31 
128 16 HKC 09/28/66 1535.4 194.17 33.0 8.10 6.2 0.396 0.26 0.31 
129 15 HKC 01115/75 1469.1 187.39 38.0 8.07 6.2 0.306 2.53 0.76 
130 38 HKC 07121/76 1603.5 207.03 32.0 7.92 6.2 0.420 2.13 0.00 
131 12 HKC 03/15/79 1345.7 173.75 39.5 8.04 6.2 0.168 0.26 0.00 

*Velocity omitted from inversion. 
Td is the correction to the origin time to accoLl'lt for differences between ISC depth and assl.llled 
depth. Th is the correction for crustal material below 33 km. Both Td and Th were subtracted from 
the origin time to obtain the travel times listed in this tabla. 
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123 

Fig. 28. Final waveform match from 10 separate inversions of regional Pnl waveforms 
that traveled the 10 different paths indicated in Figure 7. Path number is indicated 
next to waveform. Observed waveform = top, synthetic = bottom. Note that paths 2, 
5, and 6 show impulsive second peaks relative to the synthetic (evidence of positive 
upper mantle velocity gradients). 
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n 

Xj = 2:: Xi dij/D j (4) 
i=l 

where Xj is the average parameter for each path j (crustal thickness or slowness 

obtained from the inversion of P nl waveform that traveled path j), Xi is the same 

parameter for block i, dij is the distance traveled in block i by ray path j, and Dj is 

the total ray path length. Solving for Xi (the crustal thickness and slowness of each 

block) involves a linear weighted least squares inversion. The data variance covariance 

matrix was assumed to be a diagonal matrix of the variance for the parameters (crustal 

thickness and Pn velocity obtained from the inversion of the individual waveforms) 

from each path. The assumed average standard deviations for crustal thickness and Pn 

velocity were ±4 km and ±O.l km/s (or ±O.OOI5 s/km for slowness), respectively. The 

source of errors or uncertainties in crustal thickness have already been discussed, and 

uncertainties in Pn velocity are largely due to errors in origin time or event location. 

Note from Figure 29b that some blocks are sampled well with ray paths crossing 

in more than one direction, whereas other blocks such as 7 are poorly sampled. The 

values obtained for each block are dependent on the density of paths which cross the 

block. A block is better resolved if there are paths which cross it from many 

different directions. Due to the limited coverage of stations and sources, this is rarely 

the case. Each block, however, offers some independent information. The dependence 

of a parameter, determined for block A, on the parameter determined for block B, can 

be checked by an examination of the model correlation coefficient matrix. If the 

diagonal terms are much larger than the off -diagonal terms, then the blocks are 

behaving independently. If there are significant off-diagonal terms, then the blocks 

are coupled. Blocks can be coupled if the paths travel in only one direction and if the 

paths must always travel through one or more other blocks. 
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Inversion Results From Regionalized Block Model 

The inversion results for the regionalized block model are shown in Figures lOa 

and lOb. The standard deviation is a formal estimate obtained from the model variance 

covariance matrix after performing the weighted least squares inversion. The results 

for crustal thickness are shown in Figure 30a. Blocks 2 and 4 which include the Hindu 

Kush, Pamir, and Karakoram regions, have crustal thicknesses which varies from 63-67 

km. Many workers have noted a 65- to 75-km-thick crust in the Pamir-Karakorum and 

Hindu Kush regions [Roecker, 1982; Brandon and Romanowicz, 1986; and Mishra, 1981], 

and there appears to be considerable Moho topography between the Karakoram and 

Hindu Kush [Mishra, 1981; Finelli et al., 1979] where the Moho up warps to shallower 

levels of 58 km. It must be remembered that the long-period regional distance (P nl) 

energy essentially "averages" the structure along the travel path. Although crustal 

thicknesses may in places exceed 65 km beneath the Karakoram and Pamir-Hindu Kush, 

the thickness values obtained for blocks 2 and 4 (67 and 63 km) are a reasonable 

average for the region. 

The 65- to 72-km-thick crust for blocks 6 and 9 (central and eastern Tibet) 

agrees with results from numerous authors [Gupta and Narin, 1967; Bird and Toksoz, 

1977; Chun and Yoshi, 1977; Patton, 1980; Chen and Molnar, 1981]. Blocks 5, 7 and 10 

include portions of the Himalayan mountain front, up to the edge of the Tibetan 

plateau and have thicknesses that range from 43-49 km. Kono [1974] examined the 

Bouguer gravity in eastern Nepal and found that the crust under the Himalayas is much 

thinner than would be expected if the range was in isostatic compensation (see also 

Lyon-Caen and Molnar, 1984; Karner and Watts, 1983 for more information on gravity 

in the Himalaya). The model of Kono [1974] suggests that a smooth inclined north 

dipping Moho exists beneath the Himalayas. The value of crustal thicknesses for 

blocks 5, 7, and 10 are perhaps representative of the average thickness along the 
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inclined Moho beneath the high topography of the Himalayas. Wide angle reflection 

work by Him et al. [1984b], however, does not support a smooth incline of the 

lithosphere beneath the Himalayas but rather is consistent with a 45-55 km deep, 

relatively flat, Moho underneath the ranges. This Moho takes a 15 km step just to the 

north of the High Himalayas. The crustal thickness values for blocks 3 and 8 are in 

agreement with other thicknesses observed for northern India and Pakistan [Brune and 

Singh, 1986; Zong-Ji, 1987]. 

Block II corresponds to the location of the Indoburman ranges, the eastern extent 

of the collision and mountain-building zone. Thickness values in the region just 

outside of block II to the east are around 30 km. The northern Indoburma reach 

elevations as high as 3 km. However, given the low average smoothed topography in 

this region (see Figure 29a, block 11), the thick crust for this block (48 km) may 

indicate that the Indoburman ranges are overcompensated. Le Dain et al. [1984] noted 

the large negative gravity anomaly over the Indoburman ranges [Verma et ai., 1976; 

Warsi and Molnar, 1977] and suggested that the negative buoyancy of the subducting 

slab may be a mechanism that keeps the region out of isostatic balance. Other 

estimates of crustal thickness beneath the Indoburman ranges, inferred from gravity 

data, range from 35-45 km [Zhang and Zang, 1986], with a 10-km-thick root [Zong-Ji, 

1986]. The results from this study indicate a root around 13-18 km deep beneath the 

Indoburman ranges. The thickness values for blocks 12, 13, and 14 are all in 

agreement with crustal thicknesses computed from gravity and seismics [Zong-Ji, 1986; 

Kan et al., 1986]. 

Upper Mantle Pn Velocities 

In the inversion for block slowness, the number of blocks was reduced to 10 

because of solution instability that was not encountered in the crustal thickness 
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inversion. The inversion results for upper mantle Pn velocities (or block slowness) are 

shown in Figure 30b. Pn velocities in northern India are around 8.0 km/s, slightly 

lower than that expected for old continental lithosphere. The most interesting result 

shown in Figure 30b is the increase in Pn velocity coincident with the thicker crust of 

the Tibetan Plateau, Karakoram and Pamir-Hindu Kush (Blocks 5, 7, 4, and 2, 

respectively). These Pn velocities are not as high as those obtained by Menke and 

Jacob [1976], Barazangi and Ni [1982], or Ni and Barazangi [1983] and are slightly 

higher than the Pn velocities obtained by Chen and Molnar [1981]. 

Upper mantle velocities in block 9 are lower than most of the adjacent blocks. 

Block 9 includes regions such as the Yunnan Grabens and Panxi Rift zones where both 

active strike-slip and normal faulting are prevalent. Low upper mantle velocities of 

7.6-7.9 km/s have also been detected beneath the Yunnan region [Kan et al., 1986; 

Zong-Ji, 1987]. Kan et al. [1986] noted considerable differences in Pn velocity of 7.75 

and 8.1 km/s between northwest-trending and northeast-trending lines, respectively, 

and attributed it to anisotropy. 

The high Pn velocity obtained for block 8 probably reflects the presence of Indian 

lithosphere beneath the Indoburman ranges. This Indian lithosphere (block 8) is cold 

and has high velocities in ~ontrast to the Asian lithosphere to the east. We performed 

another inversion for block slowness using a new set of travel times obtained by 

putting all source depths at a common datum of 33 km, the procedure used by Chen 

and Molnar [1981]. The results for the 10 blocks are in Table 18. The relative 

velocity differences between adjacent blocks are approximately the same as the first 

set of parameters (Figure 30b), but the absolute values are shifted 0.04-0.08 km/s 

faster. The Pn velocity for block 6 (northern India) is increased to a more reasonable 

value of about 8.1 km/s. The different values for the second inversion may be an 

indication that ISC origin time and assumed depth do not trade off exactly as 
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TABLE 18. Velocities from Inversion in Which All Source Depths 
Are Assumed to be 33 Km 

Block Pn 

1 8.04 :I: .05 
2 8.19 :I: .04 
3 8.04 :I: .03 
4 8.23 :I: .07 
5 8.28 :I: .04 
6 8.08 :I: .03 
7 8.26 :I: .06 
8 8.26 :I: .05 
9 7.86 :I: .02 

10 8.07 :I: .04 

132 
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predicted. The velocities from the second inversion might be more accurate in terms 

of absolute values because most correct~ons to the origin times were much less, hence 

reducing the possibility of introducing errors into travel times. 

The Independence of the Model Parameter Estimates 

Most of the blocks are providing independent information with a few exceptions. 

Three pairs of blocks are trading off slightly: blocks 4 and 5, blocks 7 and 8, and 

blocks 9 and 10 (14 block model, Figure 31). Thus, an increase in crustal thickness in 

block 4 causes a decrease in the crustal thickness estimate for block 5 and vice versa. 

Block pairs (7,8) and (9,10) have similar trade-off characteristics. Blocks 1, 2, 3, 6, 8, 

13, and 14 are the best resolved blocks and are the least sensitive to noisy 

observations. Blocks 7, 9, and 10 are the poorest resolved and hence the parameter 

estimates for these blocks are the most sensitive to errors in the observations. 

Singular value decomposition was used in the inversion for mod~1 parameters of 

the regionalized block model. Thus, the relationship between the influence of 

observations on model parameter estimates can be directly determined. The largest 

single values are linked with eigenvectors that point in the directions of blocks 13, 8, 

3, 14, 2, and 6. These blocks are thus the most stable. 

Singular value decomposition is most useful in the determination of poorly 

resolved parameters. For example, the eigenvector associated with the smallest single 

value points in the direction of blocks 9 and 10. The large components of the 

corresponding data eigenvector will certainly point in the directions of the 

observations, or rays, which cross these blocks. Observations of particular importance 

can be spotted and checked for reliability. If a particular observation is found to have 

a strong influence on a model parameter, and in addition, has a high noise factor (high 

uncertainty), then the effect of that observation on the model parameter estimate can 
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be minimized by assigning it a larger than normal variance. As mentioned earlier, the 

primary cause for model parameter instability comes from either a low number of rays, 

or block trade-off. In the inversion for block slowness, the combining of blocks 3 and 

5, 7 and 8, and 9 and 10 significantly reduced the potential for block trade-off caused 

by noisy observations. 

Investigation of Upper Mantle Velocity Gradients 

The Pn velocities beneath Tibet and the Hindu Kush have important implications 

for the evolution of the Tibetan plateau. That is, Pn velocities in stable continental 

regions, which have high lithospheric strength, are generally higher (8.2 km/s) than 

tectonically active continental regions (low lithospheric strength) such as the Basin and 

Range of North America (7.8 km/s). 

The thickness of the lithosphere is perhaps a more important indicator of 

mechanical strength, and more especially flexural rigidity. In tectonically active 

regions, the lithosphere is generally thin relative to the thickness of stable continental 

lithosphere. A seismological indicator of lithospheric thickness is the thickness of the 

upper mantle lid zone. This upper mantle lid is defined by a gradual increase in 

velocity (or a constant velocity) down to the low velocity zone, which is thought to be 

in the asthenosphere. Tectonically active areas have a thin upper mantle lid, such as 

the 30-km-thick lid in Burdick and Heimberger's [1978] T7 model for the western 

United States. On the other hand, stable continental regions have a much thicker lid, 

such as the 100-km-thick lid model of Given and Heimberger [1980] for northwestern 

Eurasia. The beginning of the low velocity zone for stable continental regions occurs 

at around 140-170 km depth. Figure 11 sh<?ws some velocity profiles that have been 

obta\ned for different tectonic regions. The lid thickness along with Pn velocity are 

thought to increase with time since the last tectonothermal event. Thus, the 
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determination of the presence or absence of an upper mantle lid, along with its 

thickness, can provide constraints on the lithospheric strength and thickness of a 

region. If the thickening in Tibet occurred through diffuse deformation, then the 

lithospheric strength of Tibet should probably be less than the lithospheric strength in 

a comparable stable continental region, such as India. The extent and thickness of an 

upper mantle lid beneath Tibet has not been uniquely determined. 

As long as Pn velocities are above 8.0 km/s (for normal continental thickness), 

then the existence of a positive upper mantle velocity gradient indicates that an upper 

mantle lid is probably present (see Figure 11). In this study, evidence was found for a 

positive upper mantle velocity gradient beneath portions of Tibet, the Hindu Kush, and 

India. Impulsive Pn arrivals were observed at distances beyond 1000 km for many 

paths which crossed the Tibet, Hindu Kush, and eastern India regions. Hill [1971] 

showed that a positive velocity gradient can profoundly influence the head wave arrival, 

increasing its amplitude with distance with respect to the zero gradient. He also 

showed that a negative gradient gives rise to an amplitude reduction of the Pn arrival 

relative to the zero gradient model. Using long-period WWSSN seismograms from 

nuclear explosions, Given and Heimberger [1980] determined that impulsive first arrivals 

observed on seismograms for distances between 9-13° was evidence for a smooth 

positive upper mantle velocity gradient between the depths of 60-150 km in 

northwestern Eurasia (see Figure 11). Langston [1982] examined the effects of upper 

mantle velocity increase on regional distance short period seismograms. He showed 

that the observed difference between regional distance seismograms in the eastern and 

western U.S. can be explained by the presence of a positive upper mantle velocity 

gradient in the eastern U.S. In the eastern U.S. high-amplitude turning rays produce a 

large first arrival with respect to the Pg phase. These large amplitude first arrivals 

thus conceal the later Pg phase. 
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Figure 32 shows three pairs of long-period seismograms from paths that traverse 

Tibet, the Hindu Kush, and Eastern India (Top trace = observed; bottom = synthetic). 

The synthetics were obtained from a zero gradient model. Note that there is a 

relative enhancement of the observed Pn amplitude in comparison with the synthetic Pn 

arrival from the zero gradient model. For this reason we refer to these as impulsive 

first arrivals. For the observations, the Pn/PL ratio is large whereas for the synthetic 

the ratio is smaller. The later PL phase thus appears suppressed on the observed 

waveform relative to the synthetic PL amplitude. The impulsive first arrival is 

evidence for turning rays in the upper mantle (or a positive upper mantle velocity 

gradient). The most probable reason that the synthetic Pn relative amplitude and 

waveform shape fails to match the observed Pn is that a layer over a half -space model 

(constant velocity upper mantle), rather than a gradient model, was used to construct 

the synthetics. 

The effects of an upper mantle velocity increase on regional distance long-period 

P nl waveforms was investigated in order to model the observed, impulsive Pn arrivals. 

In regions of particular tectonic interest, such as the Tibetan Plateau and the Hindu 

Kush, all waveforms recorded at distances beyond 900-1000 km were modeled to 

determine if a layer over a half -space or an increasing mantle velocity (gradient) 

produced better matches to the observed P nl waveforms. Waveforms from paths that 

crossed thinner continental crust, such as east India/West Burma, and south China 

regions, were also examined for upper mantle velocity characteristics. 

In order to simulate a mantle gradient, an additional layer was placed below the 

crustal layer. The value of the velocity increase in the mantle was changed to 

represent different mantle gradients. Six velocity models were used to model 

waveforms from paths that crossed Tibet and the Hindu Kush and five models for 

observations in the east India/west Burma and south China regions. The models 
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included a 65-km-thick crust for the Tibet and Hindu Kush regions, and a 37-km-thick 

crust in the East India and south China regions. Three models with a 100-km-thick lid 

had gradients of 0.1 km/s, O.IS km/s, and 0.25 km/s per 100 km. Two models with a 

75-km and 50-km-thick lid had gradients of 0.13 km/s and 0.20 km/s per 100 km 

respectively. For reference, the 100-km-thick lid of Given and Heimberger's [1980] KS 

model for northwestern Eurasia had a positive P-wave gradient of around 0.17 km/s per 

100 kilometers. Our synthetics were calculated using the full Cagniard solution [see 

Heimberger and Malone, 1975]. 

Green's functions for vertical strike-slip, vertical dip-slip, and 45° dip-slip faults 

were produced at distances between 800 and 1500 km in increments of 100 km. Figure 

33 shows the amplitude of Pn from the six velocity models versus distance for the 

three different Green's functions. The increase in Pn amplitude (produced by the 

turning mantle rays), relative to the Pn amplitude from the zero gradient model, is 

most pronounced for the vertical dip-slip Green's functions (YDS) and least pronounced 

for the strike-slip radiation pattern (YSS), consistent with the results of Langston 

[19S2}. 

The Pn amplitude is greatest for the steeper gradients. A gradient within a thin 

upper mantle lid has a more pronounced effect on Pn amplitude at shorter distances 

than does an equivalent gradient within a thicker upper mantle lid. At greater 

distances, however, the amplitudes from the thick mantle lid model exceed those from 

the thinner lid model. 

With the step velocity model, the bottom of the "lid" is considered the depth to 

the refracting horizon, since, below this depth, no "turning rays" exist. Thus a 100-

km-thick upper mantle lid, with a gradient of 0.2 km/s per 100 km, is approximated by 

a velocity increase of 0.2 km/s at a depth of 100 km below the base of the crustal 

waveguide. 
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Fig. 33. Maximum synthetic Pn amplitude vs. distance for various gradient models. 
The zero gradient model (lhsp) is the lowest amplitude arrival (bottom curve). VSS = 
vertical strike-slip Green's function, VOS = vertical dip slip Green's function, 450 = 
450 dip-slip Green's function. The vertical dip-slip Green's function is most sensitive 
to changes in upper-mantle gradient and lid thickness, and the vertical strike-slip is 
least sensitive to these changes. 
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A step velocity increase is a gross approximation of an upper mantle gradient. 

To test the approximate gradient model, we generated Green's functions for a smooth, 

more realistic gradient (IS-layer model, 0.18 km/s per 100 km) and compared them with 

the approximate gradient model. The same fundamental rays were used in the 

generation of both sets of amplitudes. These results are shown in Figure 34. In all 

cases, except at short distances, the two layer model predicts higher Pn amplitudes 

than the smooth gradient model. The amplitudes are closest for the vertical strike-slip 

case. With generalized ray theory and multilayered structures, it is difficult to 

determine all the rays that are important. Thus, we determined synthetic amplitudes 

for a smooth gradient (0.18 km/s per 100 km; vertical strike-slip case only) using 

reflectivity with a center frequency of 0.125 Hz. The amplitudes calculated from 

reflectivity, at distances of 1200-1500 km, are comparable to the amplitudes from the 

approximate gradient model (Figure 14). These results indicate that the approximate 

gradient model is sufficiently accurate to simulate the effects of a gradient on the Pn 

waveforms. 

The PL phase is a leaky mode [Oliver and Major, 1960]. The ray theory 

description of the PL phase is the combination of reflected and mode-converted P-SV 

energy that is trapped within the crustal waveguide. The term "leaky mode" is used 

because the waves are only partly trapped within the waveguide and thus some energy 

is lost into the underlying media [Oliver and Major, 1960]. The amount of energy lost 

into the lower medium is probably small [Oliver and Major, 1960]. Figure 14 shows the 

PL amplitude versus distance for the three radiation patterns. The PL amplitude is 

independent of the mantle gradient; however, not all of the rays that contribute to PL 

were included in the lid structure. Shaw and Orcutt [1984] showed that PL amplitudes 

actually increase slightly with increasing lid thickness for a given distance, which they 

attributed to a tunneling phenomenon. The PL phase examined in this study consists 
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Fig. 34. Maximum synthetic PL amplitude vs. distance for various gradient models. 
The PL amplitude is invariant to changes in upper mantle structure. The 450 dip-slip 
Green's function shows the greatest amplitude decrease with distance. 
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of the first few long-period peaks and troughs that occur within a window of 30-60 

seconds after the Pn arrival. From Figure 35 it can be noted that the amplitude decay 

is dependent on the radiation pattern, where the percentage of energy loss with 

distance is most pronounced for the 45° dip-slip case. 

Modeling the Observations for Upper Mantle Gradient 

Since the Pn amplitude is strongly dependent on the upper mantle gradient and lid 

thickness, the Pn portion of the observations can be modeled to constrain gross upper 

mantle structure. Absolute Pn amplitude can be modeled but uncertainties in seismic 

moment can produce ambiguities in constraining an optimal mantle velocity gradient and 

lid thickness. Since PL amplitude is affected only slightly by the mantle gradient, it 

can be used as a normalizing factor. Thus, the Pn/PL ratio can be matched to 

constrain gross upper mantle structure. Normalizing the maximum Pn amplitude by the 

maximum PL amplitude involves the assumption that the energy loss from leaking mode 

propagation is small. Significant energy loss from leaking modes can give Pn/PL ratios 

that are consistent with those from an upper mantle positive velocity gradient. That 

is, if significant energy loss of the PL phase is occurring, then the observed Pn/PL 

ratio (relative amplitude) will increase relative to the synthetic Pn/PL ratio (obtained 

from the zero gradient model), in which no leaking mode energy loss is accounted for. 

Although leaking mode energy loss may effect the relative amplitude, it will not effect 

the Pn pulse shape. The Pn pulse shape is affected by turning mantle rays in the 

upper mantle gradient zone. 

The Pn pulse shape was modeled in addition to calculating Pn/PL ratios to 

constrain gross upper mantle characteristics. For example, impulsive Pn first arrivals 

are poorly matched when a layer over a half space model is used to construct the 

synthetics (see Figure 32), whereas a mantle gradient model is usually more 
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Fig. 35. Pn amplitude vs. distance for approximate gradient model and smooth gradient 
(15 layers) model for Green's functions USS, VDS and 45D. VSS, Pn amplitudes for 
smooth gradient calculated using reflectivity is also shown. 
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appropriate. Figure 36 shows an example of an observed waveform with a travel path 

that crossed the Tibetan Plateau. The synthetic from a layer over a half-space model 

provides a poor fit to the observed impulsive first arrival. A gradient of 0.18 or 0.25 

km/s per 100 km appears to provide the best fit. 

The modeling of P nl waveforms for upper mantle structure is highly non-unique. 

It is impossible to constrain both upper mantle lid thickness and velocity gradient. A 

100 km thick lid with a gradient of 0.1 km/s per 100 km provides roughly the same 

response as a lid of 75 km thickness and gradient of 0.13 km/s per 100 km. The 

purpose of this section is thus not to construct detailed models, but rather to 

determine if the observations are consistent with the presence of a positive upper 

mantle velocity gradient. Some bounds can be placed on lid thickness, however, since 

the upper mantle gradient has realistic limits, even if well constrained values for both 

gradient and thickness cannot be unequivocally determined. Given and Heimberger 

[1980] modeled seismograms recorded at distances beyond 9° by using a northwestern 

Eurasian upper mantle gradient of 0.17 km/s per 100 kilometers. A positive upper 

mantle gradient of 0.20 to 0.25 km/s per 100 km might thus be considered an upper 

limit. 

Figures 37a, b, c and d show examples of observed regional distance seismograms 

from the four regions examined: the Hindu Kush, the Tibetan Plateau, eastern 

India/western Burma, and southern China. We modeled six observations from the Hindu 

Kush region, seven from the Tibetan plateau, four from eastern India/western Burma, 

and five from southern China. Figure 38 shows the paths that the modeled 

observations traveled. Both Pn waveform shape and Pn/PL amplitudes, as a function of 

the gradient model, were determined for each region. Tables 19-22 indicate the Pn 

relative amplitude modeling results for each region. In every region except south 

China, the preferred model was an upper mantle gradient of 0.25 km/s per 100 km with 
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Fig. 36. Waveform characteristics for event 27 recorded at NDt The long-period 
energy sampled the Tibetan plateau. Observed waveform is on top. The zero gradient 
model = Ihsp. Note the impulsive first arrival is better matched by models with upper 
mantle lids of 100 km thickness and gradients of 0.18-0.25 krit/s per 100 km. A thin 
lid (50 km) provides a poor match to the impulsive nature of the first arrival. 
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Fig. 37a. Waveforms (observed = top) for the Hindu Kush-Pamir region examined for 
upper mantle structure. Ihsp = the zero gradient model. Pn/PL = ratio between 
maximum Pn amplitude and maximum PL amplitude. The synthetics for various gradient 
models are shown below. Impulsive first arrival amplitude of the waveform that 
sampled the Hindu Kush region is better matched with the 100-km-thick lid models 
(gradient = 0.18-0.25 km/s per 100 km). 
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Fig. 37b. Waveforms (observed = top) for Tibet examined for upper mantle structure. 
Ihsp = the zero gradient model. Pn/PL = ratio between maximum Pn amplitude and 
maximum PL amplitude. The synthetics for various gradient models are shown below. 
Impulsive first arrival amplitude of the waveform that sampled the Tibet region is 
better matched with the 100-km-thick lid models (gradient = 0.18-0.25 km/s per 100 
km). 



EAST INDIA 
EVENT 30 CHG 

Distance = 1150. 7 km 

Pn/PI = 1 .42 
Observed 

Pn/PI = 0.74 
Ihsp 

Pn/PI = 0 . 948 
Grad = O. 1 kml s 
Lid = 100 km 

Pn/PI = O. 957 
Grad = 0 . 2 kml s 
Lid = 100 km 

Pn/PI = 1 .50 
Grad = 0.25 km/s 
Lid = 100 km 

I 
Sec 30 

149 

Fig. 37c. Waveforms (observed = top) for east India examined for upper mantle 
structure. lhsp = the zero gradient model. Pn/PL = ratio between maximum Pn 
amplitude and maximum PL amplitude. The synthetics for various gradient models are 
shown below. Impulsive first arrival amplitude of the waveform that sampled the east 
India region is better matched with the 100-km-thick lid models (gradient = 0.18-0.25 
km/s per 100 km). 
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Fig. 37d. Waveforms (observed = top) for south China examined for upper mantle 
structure. lhsp = the zero gradient model. Pn/PL = ratio between maximum Pn 
amplitude and maximum PL amplitude. The synthetics for various gradient models are 
shown below. South China (Event 15, HKC), unlike the Hindu Kush, Tibet and east 
India regions, is optimally matched by the zero gradient model. 
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TABLE 19. Misfit Between Observed and Predicted Pn/Pl Ratios 
for Different Gradient Models 

Tibet 
# Obs. Li d Th i ckness Grad (km/s per 100 kin) RMS Error (Pn/PL) 

7 0.0 (LHSP) 0.00 7.54 
7 50.0 0.20 6.19 
7 75.0 0.13 6.85 
7 100.0 0.10 5.53 
7 100.0 0.18 3.99 
7 100.0 0.25 3.09 

Misfit is for all 7 paths that crossed Tibet. 
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TABLE 20. Misfit Between Observed and Predicted Pn/Pl for 6 Paths 
That Crossed the Hindu Kush Region 

Hindu Kush 
# obs. Lid Thickness Grad (km/s per 100 km) RMS Error (Pn/PL) 

6 0.0 (LP.SP) 0.00 8.75 
6 50.0 0.20 7.04 
6 75.0 0.13 6.30 
6 100.0 0.10 7.15 
6 100.0 0.18 4.60 
6 100.0 0.25 3.03 

The misfit is indicated for 6 different gradient models. 
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TABLE 21. Misfit Between Observed and Predicted Pn/Pl Ratios for 
Various Upper Mantle Gradient Models 

East India 
# Obs. Lid Thickness Grad (km/s per 100 Icm) RMS Error (pn/PL) 

4 0.0 (LHSP) 0.00 4.43 
4 100.0 0.10 3.10 
4 100.0 0.20 1.78 
4 100.0 0.25 1.59 

LHSP indicates a layer over a half space mode l • The 4 paths sanpled the 
east India and west Burma regions. 
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TABLE 22. Misfit Between Observed and Predicted Pn/Pl Ratios 
for Various Models 

China 
# Obs. Lid Thickness Grad (km/s per 100 km) RMS Error (Pn/PL) 

6 

6 
6 
6 

0.0 (LHSP) 0.00 
50.0 0.20 

100.0 0.10 
100.0 0.20 

0.28 
1.89 

4.88 
23.17 

LHSP indicates a layer over a half space model. The 6 observations sampled 
the south China region. 
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a lid thickness of 100 km. The 0.18 km/s and 0.25 km/s per 100 km models did not 

provide significantly different results for the Tibetan Plateau and east India/west 

Burma regions. For south China, the zero gradient model is -clearly the preferred 

structure. Here, even a slight gradient produced a poor fit. The fact that a layer 

over a half space model is preferred for this region is evidence that at least for south 

China, energy loss through leaking modes is insignificant. 

The most obvious evidence for an upper mantle gradient exists in the observations 

from the Hindu Kush. Here, even a gradient of 0.25 km/s per 100 km appears too 

small to describe the observed Pn/PL amplitude ratios. Figure 39 shows the Pn/PL 

ratio versus distance for the observed data and four different gradient models. The 

Pn/PL amplitude ratio varies with each observation because the Pn amplitude is 

strongly dependent on the source orientation and distance. The Pn/PL amplitude ratios 

for the 0.25 km/s model, although the best match, are still less than the observed. 

One possible explanation is that the upper mantle lid is thicker than 100 km in the 

Hindu Kush region. Indeed, travel time studies by Kaila [1981 J indicate that the 

gradient is positive in this region to depths greater than 240 km. Brandon and 

Romanowicz [1986J noted very high Rayleigh wave phase velocities of 5 km/s in this 

region as well. 

The upper mantle structure in the southern half of Tibet is the best constrained 

in the Plateau region. The structure in the central and northern sections of the 

Tibetan Plateau are not as well constrained. There are two reasons for this: 1) only a 

few paths cross this region and no one path travels exclusively through the region; and 

2) those paths which do cross the region are from sources that are primarily 

strike-slip. The increase in Pn amplitude as a function of mantle gradient is the least 

pronounced for the strike-slip radiation pattern (see Figure 33). Thus, it is much 
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easier to resolve upper mantle gradients using dip-slip sources since Pn amplitudes from 

this type of radiation pattern are much more sensitive to changes in mantle gradient. 

On the basis of the travel path coverage in the northern sector of the Tibetan 

Plateau, it is not possible to further constrain the upper mantle structure in the region 

of the Chang Thang platform where Barazangi and Ni [1982] noted a region of poor Sn 

propagation. Figure 38 has a dashed line which indicates the northern limit to the 

resolvable structure in Tibet. The lack of seismic coverage prevents us from 

concluding anything about the upper mantle structure beyond this line. For the 

southern half of the Tibetan Plateau, however, Pn1 wave observations recorded at 

distances beyond 1000 km are most favorably matched with a 100 km thick zone of 

increasing mantle velocity. A 100-km-thick lid provides a good match to the observed 

impulsive Pn arrivals and Pn/PL ratios when gradients of .18 - 0.25 km/s per 100 km 

are used. A lid with only a 50 km thickness was found to be inadequate in the 

Tibetan Plateau region. Even with a gradient as high as 0.2 km/s, the waveform shape 

(impulsive first arrival) and Pn/PL amplitudes were found to be poorly matched with 

the 50-km-thick lid. With a gradient of 0.1 km/s per 100 km, a lid thickness of 100 

km provided, for the most part, unacceptable matches as well. This indicates that if 

the gradient is as low as 0.1 km/s per 100 km, then a lid with a thickness greater 

than 100 km would be required. The layer over a half-space model produced the 

largest misfit between observed and predicted Pn/PL amplitudes in the Tibetan Plateau 

region. 

The best upper mantle model for the eastern India/western Burma regions, like 

the Tibet region, is a 100-km-thick zone of increasing velocity with gradients between 

0.2 and 0.25 km/s per 100 km. Again, the layer over a half-space model yielded the 

largest misfit between observed and predicted Pn/PL. Roughly 80% I)f the travel path 

length for those observations in eastern India/western Burma was in the high velocity 
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upper mantle sector of blocks 6 and 8 (see Figure 30b). The other 20% of the length 

of the travel paths cross beneath the low velocity upper mantle region of block 13. 

Thus, the greater percentage of the length of the turning mantle rays for the east 

India/west Burma observations are traveling within the Indian lithosphere. 

Summary of the Velocity Structure in Tibet, Hindu Kush, India and South China 

In summary, information from P nl waveforms indicates that the upper mantle 

velocity beneath the southern half of the Tibetan Plateau is around 8.25 km/s. 

Directly beneath the thick crust of the Tibetan Plateau, our preferred model has a 

velocity increase to a depth of 170 km. With this thickness, the most favorable 

gradient is 0.18 km/s-0.25 km/s per 100 km. Lower gradients,. ur a lid as thin as 50 

km, yielded poorer fits to both impulsive Pn arrivals and Pn/PL ratios (see example in 

Figure 36). 

The mantle velocity beneath the thick crust of the Hindu Kush-Pamir region is 

around 8.2 km/s. Here, observations may require a steeper gradient than 0.25 km/s per 

100 km (given a lid thickness of 100 km) or, more likely, a gradient with a much 

thicker lid. As suggested by Kaila [1981], there is a mantle gradient in this region 

which increases to depths of at least 240 km. 

The region of east India/west Burma has an upper mantle velocity of 8.0-8.2 km/s 

beneath a normal crustal thickness of 35-45 km. The four observations that traverse 

the eastern India/western Burma regions are consistent with a mantle structure that is 

apparently similar to the mantle beneath Tibet. The southern China region has upper 

mantle velocities around 8.1 km/s beneath a normal crustal thickness of 35 km. Here, 

the zone of increasing velocity is either very thin (less than 50 km) or absent (zero 

gradient). The relative amplitudes of the Pn arrivals in the south China region are 

matched extremely well by the zero gradient model. The construction of synthetics 
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allows no provision for energy loss of the PL phase through leaking modes. The fact 

that the Pn/PL ratio for the south China observations are matched so well with the 

zero gradient model is evidence that energy loss of the PL phase through leaking 

modes is negligible in this region. Although it cannot be directly proven, we assume 

for this study that PL energy loss in the Hindu Kush, Tibet, and east India regions is 

also negligible. The fact that PL amplitudes increase slightly with increasing lid 

thickness [Shaw and Orcutt, 1984] adds to our confidence that PL loss is negligible. 

Thus, observed differences in relative Pn amplitude, for a given source orientation and 

distance, are primarily influenced by the gradient within the upper mantle. Therefore, 

the modeling of relative Pn amplitude is a reasonable method for examining upper 

mantle gradients. 

Discussion 

An important result from this study is the apparent 0.2 km/s increase in upper 

mantle velocity from beneath northern India to beneath the Tibetan Plateau. The 

double crustal thickness in Tibet will produce a pressure increase at the base of the 

mantle of 10-12 kbars. With no corresponding rise in temperature, this pressure 

increase will produce a maximum velocity increase of 0.18 km/s using a velocity 

function of 0.15 km/s kbar-1 [Black and Braile, 1982]. A temperature increase of 

200-300°C will produce a decrease in velocity by approximately the same amount [Black 

and Braile, 1982]. Thus, the increase in velocity can be explained by the increase in 

pressure alone. The constraint that there be little or no temperature increase from 

the base of the Indian crust to the base of the Tibetan crust suggests that the upper 

mantle beneath Tibet may be out of thermal equilibrium. That is, crustal thickening 

(depression of the Moho) or continental underthrusting has occurred at a sufficiently 

rapid rate that temperature equilibration has not yet occurred. This inference seems 
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to suggest that the upper mantle beneath Tibet is as strong or stronger than the upper 

mantle of the Indian lithosphere. 

The seismic evidence from this study is consistent with the idea that the Indian 

lithosphere has underthrust Asia but does not rule out the possibility of diffuse 

deformation. The basis for our conclusion is: I) high Pn velocities beneath the 

Tibetan Plateau relative to the velocity beneath the Indian Shield; 2) positive upper 

mantle gradients beneath the southern half of Tibet; and 3) given reasonable velocity 

gradients of 0.18-0.25 km/s per 100 km, an upper mantle lid exists with a favorable 

thickness that is around 100 km. The results from this study indicate that lower 

gradients might require a thicker lid. Figure 40 is a summary cartoon of our 

conclusions. 

The observations from travel paths that sampled Indian lithosphere were best 

modeled with an upper mantle gradient structure that was similar to the preferred 

Tibetan upper mantle structure. Given the paucity of data, however, constraints on 

differences between the two regions are poor. Nevertheless, the seismic evidence is 

consistent with the presence of an upper mantle "lid" beneath both eastern India and 

southern Tibet. With Pn velocities as high as 8.25 km/s, the positive gradient 

guarantees that a lid is present beneath Tibet. The thickness of the gradient zone is 

an indicator of the depth to the low-velocity zone (Bottom of the lid). 

These results cannot, however, rule out the models of uniform crustal thickening. 

The expected seismic velocity, temperature, and lithospheric strength behavior for the 

various models remain uncertain, and a range of models might fit the geophysical data 

base. England and Houseman [1986] argue that high Pn velocities alone do not 

necessarily demand the presence of underthrust Indian lithosphere beneath Tibet. If 

thermal equilibrium is not obtained (after or during crustal thickening) then the upper 

mantle velocities beneath Tibet could still be high. 
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The results from this study are not sufficient to constrain the velocity and 

structure of the northern sector of the Tibetan Plateau. Therefore, the existence of 

underthrust Indian lithosphere beyond central Tibet cannot be constrained. Thus, if 

underthrusting beyond central Tibet is to be proposed, then the observations of a 

region of high Sn attenuation in the Chang Thang platform [Barazangi and Ni, 1982] 

and the positive S-P residuals in central Tibet [Molnar and Chen, 1984] must be 

explained. 

The positive S-P residuals observed by Molnar and Chen [1984] are not necessarily 

inconsistent with the presence of underthrust Indian lithosphere. A 100-km-thick high 

velocity Indian lithospheric plate beneath Tibet would have a minor contribution to the 

observed S-P residuals. If the Asian mantle below 170 km is anomalously slow, which 

would be consistent with the tectonic setting before underthrusting, then positive S-P 

residuals should still be observed, even with the presence of a high velocity lithosphere 

beneath Tibet. Even if the S-P residuals in central Tibet do indeed indicate that the 

upper 100 km of the mantle is slow relative to the upper mantle to the south 

(Himalayas), the underthrusting model can still be reconciled with the results of Molnar 

and Chen [1984]. If Indian lithosphere began to underthrust Asia about 25 million 

years ago by the mechanism proposed by Bird [1978], then with a rate of northward 

movement of 2-2.5 cm/yr [Molnar, 1984], the leading edge of the Indian lithosphere 

would be situated about 500-625 km north of the main boundary fault. This would 

correspond to the sector just to the south of where large S-P residuals have been 

observed [Molnar and Chen, 1984], and where high Sn attenuation has been noted 

[Barazangi and Ni, 1984]. Given the uncertainty of the rate of underthrusting and time 

of the initiation of intracontinental subduction [Bird, 1978], underthrusting could have 

proceeded further north if heating of the Indian lithosphere diminished the effect of a 

"lid" in the central and northern plateau. With India's present rate of northward 
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movement of 5 cm/yr [Minster and Jordan, 1978], roughly half of India's northward 

movement is unaccounted for (assuming a rate of underthrusting of 2.0-2.5 cm/yr; 

Molnar, 1984]. The remaining amount of northward movement, therefore, is almost 

certainly taken up by shortening within Asia by the mechanism of crustal extrusion and 

thickening [Molnar and Quidong, 1984; Tapponnier et al., 1986]. 

If underthrusting has not proceeded any further than 625 km north of the main 

boundary, it then becomes more difficult to explain the high topography and 

presumably thick crust in northern Tibet. The structure of central and northern Tibet 

thus needs to be better resolved before this problem can be unequivocally resolved. 

Major strike-slip features in Tibet and China were perhaps developed in the early 

part of the continental collision as suggested by Tapponnier et al. [1986]. During this 

first phase of collision, northward movement of India was accommodated by shortening 

within Asia by mechanisms of both crustal thickening and strike-slip crustal extrusion 

[Tapponnier et al., 1986]. This stage of the early collision was probably analogous to 

the present-day collision between Arabia and Eurasia [Ni and Barazangi, 1986]. Here 

mountain building, crustal thickening, and strike-slip movement on large features such 

as the northern Anatolian fault are observed. After considerable convergence and 

shortening within Asia, lithospheric delamination perhaps allowed the initiation of 

underthrusting of the Indian lithosphere [Bird, 1978]. The amount of lithospheric 

underthrusting is unresolved. The seismic evidence in this study, however, :s most 

reasonably explained by the presence of Indian lithosphere below at least the southern 

half of Tibet. We feel that the present geophysical information is insufficient to 

determine if underthrusting has proceeded north of central Tibet. Perhaps due to 

strong coupling at the down-bending portion of the Indian lithosphere (along the 

seismically active portion of the Main Boundary Thrust), some component of the 

northward movement of India is still accommodated by shortening within Asia. This 
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shortening is evidenced by the active strike-slip movement in Tibet, China, and 

Mongolia, and by the thrusting observed in the Tien Shan [Molnar and Tapponnier, 

1975; Tapponnier and Molnar, 1976, 1977, 1979]. 



CHAPTER 6 

CONCLUSIONS 

In Chapter 3 models of crustal thickening and shortening for the Tibetan Plateau 

were discussed. Briefly, the two end-member models for the uplift of the Plateau are 

1) uniform crustal thickening, and 2) shallow underthrusting of the Indian continental 

lithosphere. At present, numerous large strike-slip faults may be accommodating a 

significant amount of shortening within Asia (crustal extrusion). It is clear, however, 

that the rates of movement on the strike-slip faults in Tibet and China, as well as 

rates of shortening in the Tien Shan, are not high enough to account for all of the 

northward movement of India. A significant amount of India's northward movement 

appears to be taking place as underthrusting. Yet, whether this underthrusting 

continues northward at a shallow angle (crustal doubling) or whether the crust is 

delaminated from the lithosphere, with the remaining portion of the plate descending 

into the mantle, is for the most part unresolved. This problem is very important, 

because ultimately our understanding of crustal deformation in eastern Tibet and 

southwest China hinges on a correct assessment of the mechanism of uplift and 

evolution of the Tibetan Plateau. 

In Chapter 5 we investigated this problem in some detail. The high Pn velocities 

in the southern half of Tibet as well as the evidence for a positive upper mantle 

P velocity gradient beneath Tibet supports the hypothesis of shallow underthrusting. 

In Chapter 5 we concluded that we could not constrain the velocity structure north of 

central Tibet. Hence, we could only argue for underthrusting beneath the southern 

166 
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half of Tibet. In addition, lithospheric thickening (uniform thickening or pure shear 

model) may indeed lead to a high-velocity upper mantle such as that observed beneath 

southern Tibet-this has not been ruled out. Thus, underthrusting may not be the only 

alternative to explain the Pn velocities and positive velocity gradients beneath southern 

Tibet. In order to more I nrly settle the meaning of the high Pn velocities beneath 

southern Tibet, it will first be necessary to acquire better constraints for the velocity 

structure beneath the northern portion of Tibet. Better estimates of temperature and 

expected velocity profiles for various geophysical models (uniform thickening and 

shallow underthrusting) should help resolve the uncertainty. If both models give 

possible ranges of seismic velocities that are similar, then additional geophysical data, 

such as geodetic and gravity measurements and modeling, will be required to gain more 

understanding of the evolution of the collision zone. Accurate gravity measurements 

combined with modeling may answer whether there is a descending slab beneath the 

Himalaya. Precise geodetic measurements may be able to determine the component of 

India's northward movement that is taken up by underthrusting versus that taken up by 

crustal shortening. 

Let us assume that the "shield-like" velocity structure beneath southern Tibet 

does indeed indicate that the Indian continental lithosphere has underthrust Tibet at a 

shallow angle. Then we might view the deformation that is taking place in the upper 

crust as separate from that occurring in the lower crust and mantle. That is, because 

some component of India's northward motion is accommodated by shortening within 

Asia, the crust above the Indian plate might thus be deforming and moving somewhat 

independently of the lower, underthrusting Indian plate. We might consider, then, that 

the upper crust in Tibet might be detached from the underthrusting lower crust. 

Escape tectonics may thus apply, but the crustal movement is confined to upper crustal 

blocks that are "floating" on a mid-crustal ductile zone underlain by the underthrusting 
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Indian continent. Furthermore, what is the influence of the thickened crust? 

Topographically induced forces could play an important role in driving crustal 

movements, particularly on the edges of the plateau in regions such as southwest 

China. This study can by no means resolve all of the uncertainties associated with the 

Indian-Asian collision, but we would like to emphasize the following points: 

1) The crustal deformation situated between the Sagaing and Red River faults is due 

to the distributed shear imposed by the northward movement of the Indian and 

Burma subplate past southeast Asia. 

2) The northern Sagaing fault is predominantly a zone of convergence and crustal 

thickening. 

3) High Pn velocities and evidence for a positive upper mantle velocity gradient 

beneath southern Tibet is consistent with a "shield-like" structure. These results 

are thus more consistent with the model in which Indian continental lithosphere 

has underthrust at least the southern half of Tibet. 

4) Crustal shortening is responsible for much of the strike-slip deformation in eastern 

Tibet and Sichuan, but in this region near the edge of the Tibetan Plateau, 

topographic forces may be playing a significant role as well in driving the crustal 

movements in eastern Tibet, Sichuan and Yunnan north of the Red River Fault. 
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Fig. 1A. P waves for LongIing main shock of 29 May 1976 (event 51). The simple 
time function of 4-s duration is shown. The observed waveform is the thin line on 
bottom, and the synthetic is the thick line on top. 



Fig. 2A. Solution for event 2 using joint inversion method described in Chapter 2. 
The observed is the thin waveform on top, and the synthetic is thick dashed line on 
bottom. Note that for regional waveforms the crustal thickness (Cth) used to generate 
the Green's functions is given as well as the component (Rad. or Vert.) Note also the 
different time scales for the teleseismic (P and SH) and the regional waveforms. The 
moment predicted for each station is printed next to each waveform pair. The P-wave 
focal mechanism is on top, and the SH nodal planes are on bottom. The epicentral 
distance in degrees is printed below each station. S = fault strike, D = fault dip, and 
R = rake angle. The trapezoid (time function) rise time, top time, and fall time 
respectively are also given, and the source moment (Mo) is given in dyne-cm. The 
depth in kilometers is plotted as a function of waveform error, and the minimum is 
usually designated the source depth. This event occurred near the junction of the 
left-lateral Xiaojiang and Zemuhe Faults. 
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Fig. 36A. Event 36: Strike-slip event on northern Sagaing fault (Figure 5 in text). Shallow source depth of 6 km is fairly well 
controlled. 
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Fig.37A. Event 37: Strike-slip earthquake (Longling sequence) with shallow source depth. This solution is the only mechanism 
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Fig.38A. Event 38: Strike-slip earthquake (Longling sequence) with shallow source depth (4-8 km). Source orientation 
is consistent with left-lateral movement on the northeast trending faults in the region (see Figure 6 in text). 
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