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ABSTRACT 

Seismic waveforms are a complex combination of the seismic source process, 

propagation effects and distortions due to mechanical recording. The inversion of long

period, teleseismic body waves has proven quite effective in determining source 

parameters of moderate to large-sized earthquakes. The focal mechanisms from moderate

sized events also have been recovered using regional waveforms. In this thesis, the 

waveform inversion method is applied to moderate to large-sized earthquakes at teleseismic 

distance and ex~ended to small earthquakes at regional and local distance. 

The moment tensor formalism provides a framework for the seismic source inversion 

problem. It can be solved when broad band or occasionally band-limited waveform data 

from a single station or sparse network are available. The signature of the seismic source 

orientation on the waveform is robust if the P, SV and SH displacement waveforms from a 

single station are used and the gross crustal structure along the travel path is known. The 

focal mechanisms of the two small earthquakes, which occurred in the Rio Grande Rift, 

New Mexico, were determined and are consistent with those from the P-wave first motion 

data. This moment tensor inversion method was also used to analyze the small aftershocks 

of the 1991 Costa Rica earthquake (Ms=7.6). It was found that the focal mechanisms of 

the aftershocks can be recovered from three-component waveform data recorded by a 

sparse mid-period network. The focal mechanism signature on the waveforms is not very 

sensitive to the details of the crustal structure, which are poorly known in this study. 

However, the source depths are not well constrained due to the trade-off with the assumed 

crustal model since the details of the crustal structure strongly affect the body waveforms at 

regional distances. The focal mechanisms of small aftershocks were used in studying 

regional tectonics setting. 
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The teleseismic wavefonn inversion method is used to investigate moderate- to large

sized earthquakes in the Pamir-Karakorum region. Most shallow earthquakes are within 

the upper crust with focal depths less than 20 km. Nearly horizontal compressional P axes 

of shallow events trend in an approximately north-south direction, consistent with 

convergence of the two continental plates. Both the hypo central distribution and focal 

mechanisms of intennediate-depth events clearly delineate a southward-dipping Wadati

Benioff zone, representing the subduction of the continental lithosphere of the Eurasian 

plate in the Pamir-Karakorum region. 
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CHAPTER 1 

INTRODUCTION 

Development of Waveform Inversion Techniques 

One of the major tasks in seismological studies is to determine the seismic source 

parameters. For earthquakes, this includes fault orientation, seismic moment, and the 

moment rate function. It requires analyzing seismic waveforms, which unfortunately 

include both the effects of the earth structure and the earthquake source. Among the many 

approaches in general use, waveform modeling and waveform inversion have proven to be 

the most powerful techniques, and have provided valuable information on the geometry of 

faulting and the rupture process. Traditionally, P-wave first motions and occasionally S

wave polarization data have been used to determine the focal mechanisms of earthquakes, 

and have played an important role in our understanding of earthquakes. However, a large 

set of P-wave first motions with a good azimuthal coverage of the seismic stations is 

required to constrain two conjugate nodal planes. Anomalous free surface reflections 

caused by local heterogeneity and limited station coverage have often resulted in a non

unique or poorly constrained fault plane solution. Unlike the P-wave first motions 

method, the waveform inversion technique uses not only the polarities of the P- and SH

wave first motions, but also the amplitudes and shapes of the seismic waves to constrain 

the focal mechanism of the earthquake. As a result of this technique the uncertainty 

associated with the source parameters is greatly reduced. 
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Gilbert (1970, 1973) first used a seismic moment tensor to represent the earthquake 

source and suggested a linear inversion method to recover the source mechanism of the 

event. Since then, several approaches have been developed to use the full long-period 

spectra from observed body waves or long-period surface waves to determine the moment 

tensor of the earthquake (Dziewonski et aI., 1981; Kanamori and Given, 1981, 1982). 

Recognizing the effects of the layered earth structure, especially the free surface, Langston 

and HeImberger (1975) developed a procedure to generate a series of synthetic 

seismograms for P, SV and SH waves, which could be used to model the waveforms from 

a point source dislocation in a homogeneous elastic medium. By comparing the synthetic 

seismograms with the observed data, we can invert for the earthquake source by assuming 

a given time history and knowing the crustal structures in the source and receiver regions. 

The most important source information obtained from these studies is a better resolved 

fault plane solution with a well-constrained focal depth. In general, the waveform 

inversion method uses long-period P and SH body waveforms for moderate to large-sized 

earthquakes recorded at teleseismic distances ( .d = 300 - 900 ). At this distance range, the 

turning points of the rays of the body waves are in the lower mantle, therefore, the effects 

of wave propagation are negligible, and the body waveforms can be modeled with only a 

few phases. 

Unfortunately, earthquakes with ML ~ 5.5 are usually not well recorded at 

teleseismic distances. The bodywave data are contaminated by noise and there is limited 

coverage of seismic stations. This prevents the use of the teleseismic waveform inversion 

technique because not enough teleseismic waveform data are available. The P-wave first 

motion analysis is sometimes unable to provide good constraints on the focal mechanism 

of a regional event unless a large number of P first arrivals are available in many directions 

from the focus of the earthquake. Wallace et al. (1981, 1982) developed an iterative 
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inversion technique to determine the source parameters of moderate sized earthquakes from 

regional long-period waveforms recorded at more than three seismic stations. This 

regional waveform inversion technique is especially suitable to study intracontinental areas, 

where the seismicity is generally at a low level and the coverage of seismic stations is 

sparse. In many areas these moderate or small earthquakes are the only clue to the 

seismotectonics of the region, the determination of their source parameters becomes an 

important issue that is addressed in this study. 

Regional Waveform Inversion 

In Chapter 2 we present a single station inversion method developed on the basis of 

using three-component waveform data and the moment tensor representation. By 

introducing a seismic moment tensor to describe the seismic point source, the displacement 

field in an elastic half space can be expressed as a linear sum of moment tensor elements 

multiplied by the corresponding Green's functions (Langston, 1981). A generalized 

inverse problem then can be solved by a simple linear inversion. It was shown in our 

study that a set of high quality, three-component broad band waveform data from a single 

seismic station at regional distance is, in most cases, sufficient to provide necessary 

constraints on the essential source parameters, such as the type of faulting. At regional 

distances, the seismic waveforms are complicated by the waveguide properties of the crust 

and are composed of the interferences of many rays. The Pni waveform depends on the 

crustal thickness, Pn velocity, crustal P velocity and the Poisson's ratio (Wallace, 1986). 

Variations in source depth, crustal thickness or crustal P velocity may generate similar 

waveforms, therefore, there is a trade-off between modeling assumptions and source 

parameters. Fortunately, the long-period waveforms are less sensitive to the effects of the 
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structural details so that the essential source information can be recovered with an 

approximate crustal model. As an example, two small earthquakes, which occurred in the 

Rio Grande Rift, New Mexico, are investigated using this single station moment tensor 

inversion method. The fault plane s()lutions obtained from this study are in good 

agreement with those determined from local P-wave first motion data. This technique is 

useful because: 1) the source parameters of the small earthquakes can be recovered from 

very sparse data sets; 2) it will provide an opportunity to monitor the aftershock sequence 

and/or the seismicity of a seismically less active region. 

A pplications of Waveform Inversion Methods 

Aftershocks of the 1991 Costa Rica Earthquake 

In Chapter 3 the aftershock activity of the 1991 Costa Rica earthquake is studied 

using the regional waveform inversion technique outlined above. A temporary network of 

three PASSCAL type portable instruments with a mid-period frequency response provided 

three-component regional waveform data for our analysis. The sparse data sets from more 

than one single station reduced the uncertainty of the moment tensor elements obtained 

from the inversion, and therefore provided a better constraint on source parameters. 

Although the crustal structure in southern Costa Rica is poorly known and apparently 

strong lateral heterogeneity exists, the double couple fault plane solutions for small 

aftershocks are well constrained despite the existence of the small mislocation errors. 

Several aftershocks, which are very close to the epicenter of the main shock, show similar 

thrust-faulting focal mechanisms with P-axes trending in a northeast-southwest direction 

and indicate a similar regional stress field. Moving away from the epicenter of the main 

shock, the focal mechanisms show a range of faulting types, such as strike-slip faulting, 
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reverse faulting, and even normal faulting. The compressional P-axes of the focal 

mechanisms mostly trend in the north-south to northeast-southwest direction, which is 

consistent with the regional stress field inferred from the source mechanism of the main 

shock. Several aftershocks show left-lateral strike-slip focal mechanisms and indicate a 

possible diffuse boundary in central Costa Rica. At regional distances, it is difficult to 

independently invert the source depth with little uncertainty. The focal depth mainly 

depends on the crustal structural model adopted in the inversion, thus, it is not well 

resolved and only reasonably constrained in relation to the regional structure. 

Active Tectonics in the Pamir-Karakorum Region 

In Chapter 4 the active tectonics in the Pamir-Karakorum region are explored in 

light of the intermediate depth seismicity and focal mechanisms determined from 

teleseismic waveform inversion for moderate to large earthquakes. The Pamir-Karakorum 

is located in the Western Himalayan Syntaxis and characterized by its intensive shallow 

and intermediate-depth seismicity and a highly elevated topography caused by rapid uplift. 

Continental collision between the two continental plates, the Eurasian plate and the Indian 

plate, is the major control factor to its regional tectonics and has resulted in tremendous 

deformation in terms of crustal shortening and crustal thickening. The Main Central Thrust 

(MCT) and the Main Boundary Thrust (MBT), which form a convex arc with its apex 

towards the north, are obviously related to the underthrusting of the Indian plate. Another 

thrust, the Main Mantle Thrust (MMT), marks the boundary between the Kohistan Island 

arc and the Indian plate. The shallow earthquakes along the northern margin of the Pamir 

are dominantly thrust faulting indicating continental convergence. In contrast, the 

intermediate depth seismicity clearly defines a southward dipping Wadati-Benioff zone, 

and suggests the subduction of continental lithosphere beneath the Pamir. In the 
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Karakorum region, the oblique northward movement of the Indian plate seems to be 

resisted by the Eurasian plate. The collision of the two continental plates at the Karakorum 

has greatly depressed the Moho at depth and is accommodated by right-lateral strike-slip 

motion at the near surface. 



CHAPTER 2 

THE DETERMINATION OF SOURCE PARAMETERS FOR 

SMALL EARTHQUAKES FROM A SINGLE SEISMIC STATION 

In trod uetion 

1 9 

Determination of the source parameters of shallow, moderate-sized earthquakes 

(ML < 5.5) is an important seismological problem for several reasons. Earthquakes of this 

type have widespread geographic occurrence, and in some cases, these earthquakes 

provide the only clue to the active tectonics of a region. A considerable amount of effort 

has been expended to determine the source parameters of this size earthquake, although 

such determinations are beset with difficulties. Most of these events are too small to be 

well recorded teleseismically, so regional waveforms must be used to determine the source 

parameters. Wallace and Heimberger (1982) and Patton (1988) have developed inversion 

procedures for regional body and surface waves respectively. These methodologies allow 

the routine determination of source parameters for events as small as magnitude 5 when 

recorded by 3 or more stations. The installation of high quality, very broadband seismic 

stations suggests that these methods may lower the magnitude threshold to less than 4.5. 

Unfortunately, as the magnitude of events is reduced the number of recording 

stations is correspondingly reduced. Several authors have suggested that fairly complete 

source information can be extracted from a single seismic station given certain conditions. 

Langston (1979; 1982) used P and SH waveforms to discriminate between fault types. 
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Ekstrom et al. (1986) applied the centroid moment tensor (CMT) method to retrieve focal 

mechanisms of large events, and Jimenez et al. (1989) developed a technique utilizing 

regional distance surface waves. Since new techniques of locating earthquake epicenters 

have been developed, it is possible to determine the epicentral parameters of an earthquake 

by using seismic data recorded from a single, three-component station (Ruud et ai., 1988). 

In this paper we present a simple linear moment tensor inversion procedure to retrieve the 

seismic source parameters at a single station which is situated at local to regional distances 

from a hypocenter. In this distance range the structure of the crust has a strong effect on 

body waves and therefore there are trade-offs between modeling assumptions and source 

parameters. Fortunately, the effect of the source orientation on the waveforms is fairly 

decoupled from the effects of the structural details, and essential information, such as the 

type of faulting, can be retrieved with very simple assumptions about the crustal model. 

The inversion procedure is tested on two small earthquakes which were recorded 

on an IRISIUSGS GSN station located 65 Ian from the epicenter. The events were also 

well recorded on a local short-period network, which provides a basis for comparison of 

the fault plane parameters. The ability to recover accurate source parameters from a single 

station will be proved useful on at least two counts: (1) it will lower the magnitude 

threshold for which accurate source parameters can be determined from sparse broad band 

networks, and (2) it will greatly improve the information that can be recovered from 

portable instrumentation, such as a PASSCAL field recorder (with broad band sensors) 

which might be used for monitoring aftershocks or low level seismicity. 
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The Inversion Procedure 

Linear moment tensor inversion techniques using body wave synthetic 

seismograms have been developed by numerous investigators (Stump and Johnson, 1977; 

Langston, 1981; Wallace et al., 1981; Wallace and Helmberger, 1982). Here we minimize 

the difference between observed and predicted ground displacements in three-components. 

Observed seismograms are windowed from the onset of P (or S) to arrivals of multiply 

reflected S (or surface wave). The synthetics are calculated using generalized ray theory. 

Following Langston (1981) the cylindrical displacements from a purely deviatoric point 

source in a layered stack can be represented as 

3 

v(t,r,z) = set) * L Hvi(t,r,z) A~ 
i=l 

3 

q(t,r,z) = set) * L Hqi(t,r,z) A~ 
i=l 

2 

w(t,r,z) = set) * L Hwi(t,r,z) A'i+3 
i=l 

(1) 

where v, q, and w represent the displacements for vertical, radial and tangential 

components respectively, set) is the normalized far-field source time function and (*) 

represents convolution. The Hdi terms (where d=v, q, or w) represent the Green's 

functions for the three fundamental faults: vertical strike-slip, vertical dip-slip, and 450 

dip-slip (Langston and Heimberger, 1975). The coefficients of the horizontal radiation 
, 

pattern A i can be written as 



A'1 = 0.5(Myy-Mxx)cos(2AZ)-Mxysin(2AZ) 

A'2 = Mxzcos(AZ) + Myzsin(AZ) 

A~ = 0.5(Mxx+Myy) 

A~ = 0.5(Mxx-Myy)sin(2AZ) - MxyCos(2AZ) 

A~ = Myzcos(AZ) - Mxzsin(AZ) 

22 

where AZ is the azimuth between the source and receiver measured in a clockwise manner. 

Most small events have simple time functions, which can be treated as "known" in 

equation (1). The other terms in (1) can be rearranged so that the moment tensor elements 

are factored; we can rewrite the displacements in terms of a linear combination of the 

moment tensor elements: 

dv = 0.5 • [GV45D - GVST· cos(2AZ)] • Mxx 

+ 0.5 • [GV45D + GVST· cos(2AZ)] • Myy 

- GVST • sin(2AZ) • Mxy 

+ GVDP • cos(AZ) • Mxz 

+ GVDP· sin(AZ). Myz 

de = 0.5 • [GR45D - GRST • cos(2AZ)] • Mxx 

+ 0.5· [GR45D + GRST· cos(2AZ)] • Myy 

- GRST • sin(2AZ) • Mxy 

+ GRDP • cos(AZ) • Mxz 

+ GRDP • sin(AZ) • Myz 

(2) 



dt = 0.5 • GTST • sin(2AZ) • Mxx 

- 0.5 • GTST • sin(2AZ) • Myy 

- GTST • cos(2AZ) • Mxy 

- GTDP • sin(AZ) • Mxz 

+ GTDP • cos(AZ) • Myz 

23 

where GV (ST, DP, 45D) are the vertical Green's functions for the three fundamental fault 

orientations. GR and GT are Green's functions for the radial and tangential displacements 

respectively. The character of the Green's functions is related to the crustal structure and 

the source configuration, therefore it changes with source depth. Assuming a multi

layered crustal structure with a source located in the first layer, the three fundamental 

Green's functions were generated at a range of focal depth for an epicentral distance of 60 

km. Figure 2.1 a), b) and c) show the three fundamental Green's functions for the 

tangential, radial and vertical component, respectively. 

Equation (2) can be written as a series of simple expressions: 

(3) 

where dkCx,t) represents the displacement vector and Mij is the seismic moment tensor. 

Equation (3) has been used extensively to model regional distance seismograms 

(Heimberger and Engen, 1980; Wallace and Heimberger, 1982; Wallace, 1986; Hoit and 

Wallace, 1987). 

The matrix fonn of equation (3) is 

d = Gm (4) 
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Figure 2.1 a) Two fundamental Green's functions for the tangential component~ 

assuming a trapezoid source (0.2, 0.4, 0.2 sec) and a receiver at Ll = 60 km from the 

source. Note the character of the Green's function changes with the depth. 
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where d is a n-vector representing displacements sampled in the time domain; G is a n x 

5 matrix and composed of the Green's functions, which are calculated from the generalized 

ray theory (although any technique is applicable) and convolved with the source time 

function and instrument response. Assuming a purely deviatoric moment tensor, m is a 

vector containing five model parameters (the moment tensor elements: Mxx, Myy, Mxy, 

Mxz, and Myz). The moment vector m can be determined by a generalized inverse method 

which minimizes the difference between the observed and synthetic waveforms. For 

uncorrelated data with a number of samples larger than 5, the system of equation (4) is 

overdetermined. This suggests that the moment tensor elements can be determined from a 

single, three-component seismic recording if the Green's functions are accurate enough. 

The inversions are performed at a suite of focal depths, and the solutions obtained 

at various depths are objectively compared to constrain the "best" hypocentral depth. The 

inversion uses singular value decomposition (SVD), which allows us to evaluate the 

resolvability, stability and the trade-offs between moment tensor elements (Menke, 1989). 

Typically the largest non-zero singular values are less than 10, and the smallest are 

between 0.03 to 2. The condition number, 'A, is the ratio of the largest to smallest non

zero singular value. We consider the inversion to be stable if 'A is less than 100. 

However, it must be noted that smaller condition numbers do not necessarily mean a better 

fit between the synthetics and observed waveforms. Thus, we do not use the condition 

number 'A for assessing the fits at various focal depths. The best fit focal depth and the 

fault plane solution are chosen in accordance with (1) the RMS error and (2) the moment 

variance. 

The summed root-mean-squared (RMS) error measures the goodness of the fit, and 

can be written as: 
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N 
ERMS = [ lIN L ( Oi - Ci)2] 112 (5) 

i=l 

and the summed squared misfit (SSM) obtained in the inversion can be represented in a 

similar way as 

N 
ESSM = L ( Oi - Ci)2 

i=l 

(6) 

where Oi and Ci are observed and predicted ground displacements, respectively; and N is 

the total number of samples within the inversion window for each component Figure 2.2 

is a map of the RMS error versus depth obtained in our numerical experiments, which used 

synthetic seismograms as "observed" data and moment tensor inversion method to resolve 

typical sources of strike-slip, normal and reverse fault. It shows that the RMS error 

changes with depth and the minimum of the RMS error corresponds to the assumed "best" 

source depth of 10 km, thus providing a means for determining the focal depth and source 

parameters if three components were equally weighted. The SSM curve is similar to the 

RMS error curve, as expected (see Figure 2.3). 

The moment variance measures the match in the amplitude and polarity between 

observed data and synthetics assuming that the seismic moment inferred from each 

component is constant The moment variance is defined by 

(7) 

where (j2 is the summed specified error, Mi is the ratio of the maximum amplitudes 

between the observed data and the synthetics, and Mo is the predicted scalar seismic 

moment, determined by the average ratio of the maximum amplitudes between the 
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Figure 2.2 A map showing the RMS error versus depth calculated from the "observed 

seismograms" and the synthetics predicted from the moment tensor inversion results for 

strike-slip, normal and reverse fault. The minima of the RMS errors occur at 10 kIn, 

the assumed source depth. 
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Figure 2.3 A similar map showing the SSM error versus depth obtained from the 

moment tensor inversion for strike-slip, normal and reverse fault. The minima of the 

SSM errors also occur at a depth of 10 lan, the assumed focal depth. 
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observed data to the synthetics for each component. The first motion polarity matches 

between the observed seismograms and the synthetics are also used to satisfy this criterion. 

The moment variance is similar to the objective function adopted by Langston (1981). 

Table 2.1 shows that the moment variance and the objective function both change with 

depth from numerical experiments for strike-slip, normal and reverse faults. Apparently, 

the minimum of the moment variance occurs at the assumed source depth, which then 

provides another means for determining the best-fit source parameters. 

To test the inversion procedure we conducted several numerical experiments. In 

particular, we explored the trade-offs between inaccurate source models and source 

orientation, determined source depth using "best fit" criteria, and assessed the resolvability 

of various moment tensor elements. The "data" used in the experiments were synthetic 

seismograms computed for a range of 60 km; the source time function was a trapezoid 

(rise time, fault duration, and stopping time equal to 0.2, 0.4, 0.2 seconds, respectively) 

appropriate for small earthquakes. The crustal model used in the computation of the "data" 

has three crustal layers over a half-space mantle with a total crustal thickness of 32 km, 

which is illustrated by Figure 2.4a). For synthetics we used several models. In all models 

the density and P velocity increases with depth and usually range about 2600 - 2800 kglm3 

and 5.5 - 6.4 km/s, respectively, except for a model with a thin sedimentary layer. The 

mantle half-space has a density of 3300 kg/m3 and P velocity of 7.9 - 8.2 kmls. The 

seismic source resides within the upper crust and has a fixed depth of 10 km. Usually 

several hundreds rays were evaluated and summed, including the direct and reflected rays 

as well as converted phases. Since the seismic events are at local distances, the effects of 

attenuation are negligible, and no attenuation is used in our analysis. 
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Table 2.1 Moment Variance and Objective Function at 

Different Focal Depths for Three Typical Faults 

Depth Moment Variance Objective Function 

(kIn) Strike-Slip Nanna! Thrust Strike-Sli~ Nanna! Thrust 

6 1.1400 0.3544 0.4936 20.3002 0.9810 0.7114 

8 0.9208 0.1966 0.9073 9.9816 0.7945 1.2618 

10 0.4698 0.0227 0.0242 3.8092 0.3285 0.2770 

12 1.0647 0.7353 0.4630 7.6729 0.4739 0.9738 

14 0.7333 0.5676 0.3979* 3.6079 1.0634 2.0110* 

* indicates the reversed polarity for some of predicted synthetics. 
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MULTI-LAYERED CRUSTAL MODELS 

Ground Surface 
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(a) (b) 

Figure 2.4 A schematic diagram showing the multi-layered crustal models used in our 

numerical experiments and earthquake analysis. 
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Generally speaking, this moment tensor inversion method is able to retrieve the 

focal depth and the source orientation of different kinds of model earthquakes. Table 2.2 

a), b) and c) shows results from the moment tensor inversion for strike-slip and dip-slip 

(normal and thrust) faults, respectively. In all three cases, the focal mechanisms were well 

recovered around the best-fit depth with a small uncertainty. As the dip angle of a dip-slip 

fault changes, the best double couple solutions from the moment tensor inversion are also 

in good agreement with the original source orientations (see Table 2.3). 

The most important rays in resolving the source orientation are direct rays and early 

arriving reflected rays and converted phases. The rays that arrive later provide less 

constraint on the source (Wallace, 1986). Since some converted phases and higher-order 

multiples have little effect on the shape of the waveforms in the inversion, they are less 

important in resolving the source mechanism. Generally speaking, up going waves are 

more important than downgoing waves. 

It is instructive to test the model dependence of the method in its ability to recover 

the source. We conducted several experiments by varying the crustal models used in 

generating the Green's functions. Except for the one-layer crustal model, all multi-layered 

models have the same uppermost source layer, and we introduce small perturbations in 

crustal structure in the lower crust beneath the source (see Table 2.4). Both a dip-slip and 

a strike-slip source were tested. In nearly all cases the principal stress axes determined 

from the inversion are in good agreement with the starting source mechanism. At the local 

distance range (60 Ian) structural perturbations in the upper crust most strongly affect the 

source recovery; in contrast, the lower crustal structure ha!J minor influence on the seismic 

source if the source resides in the upper crust. Better knowledge of the upper crust (above 

the source, including the source layer) enhances the ability to retrieve the seismic source 

(Heimberger and Johnson, 1977) and the effects of the lower crust have little influence on 



Table 2.2a). Results of Moment Tensor Inversion for 

a Strike-Slip Fault at Different Focal Depths 

Depth (km) 6 8 10 12 14 Model 

Mxx -0.1069 1.0000 0.7753 1.0000 0.8180 0.6403 

Myy -0.5599 -0.0021 -0.8682 -0.4691 -0.2332 -0.6403 

Mxv 0.1953 -0.5512 -0.5015 -0.4871 -0.4730 -0.7631 

Mxz 0.1258 0.1330 0.1599 0.1319 0.1732 0.0819 

Mvz -0.4108 -0.0066 -0.0215 0.0476 0.4920 0.0298 

STRIKE (0) 18.6 62.5 28.8 32.2 36.1 20.0 

DIP (0) 61.7 42.0 81.7 64.5 57.9 85.0 

SLIP (0) -91.6 84.7 -6.7 21.6 40.1 0.0 

P AZ(O) 285 336 344 343 159 335 

axis PL(O) 73 3 11 4 1 4 

T AZ(O) 110 205 254 251 249 245 

axis PL(O) 17 85 1 32 50 4 

SSM Error 6.689 4.806 7.30E-3 1.973 4.746 

RMS Error 0.3279 0.2688 0.0033 0.1998 0.3150 

CLVD(%) 4.484 21.516 6.493 53.209 2.801 

Condition 4.077 6.154 7.502 6.687 4.268 

Number 

35 



Table 2.2b). Results of Moment Tensor Inversion for 

a Normal Fault at Different Focal Depths 

Depth (Ian) 6 8 10 12 14 Model 

Mxx -1.0562 0.1862 0.1436 0.3554 -0.2597 0.0153 

Myy -0.8344 -0.3688 -0.5514 -0.4718 -0.3961 -0.3561 

Mxv 0.7038 -0.0697 -0.0880 -0.1063 -0.0003 0.0437 

Mxz -0.1043 -0.0352 0.4216 -0.2410 0.2827 0.3344 

Myz -0.3315 -0.8834 -1.3149 -1.2257 -0.2960 -0.8745 

STRIKE (0) 41.0 358.2 16.6 347.9 29.0 20 

DIP (0) 47.8 81.3 81.4 83.3 63.7 80 

SLIP (0) -101.3 -86.9 -79.6 -93.1 -81.4 -85 

P AZ(O) 244 272 299 254 317 296 

axis PL(O) 81 54 52 52 70 55 

T AZ(O) 139 85 98 81 113 106 

axis PL(O) 2 36 36 38 18 35 

SSM Error 7.870 4.865 0.185 6.577 11.40 

RMS Error 0.3255 0.3201 0.0253 0.3051 0.4107 

CLVD(%) 15.512 20.567 2.784 28.326 46.288 

Condition 4.478 9.973 7.163 8.006 3.996 

Number 

36 
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Table 2.2c). Results of Moment Tensor Inversion for 

a Thrust Fault at Different Focal Depths 

Depth (kIn) 6 8 10 12 14 Model 

Mxx 1.0003 -0.7742 0.2391 -0.8310 0.2736 0.0950 

Myy 0.2315 -0.3301 0.2759 -0.0927 0.1757 0.2457 

Mxy -1.1699 -0.0369 -0.4384 0.02841 -0.2233 -0.1753 

Mxz -0.1491 -0.0296 -0.5541 0.0941 -0.4523 -0.3059 

Myz -0.2531 0.8932 1.2164 0.9519 0.1346 0.8848 

STRIKE (0) 74.5 139.3 25.6 120.6 66.6 20 

DIP (0) 48.5 61.6 78.6 57.9 68.5 80 

SLIP (0) 119.7 -65.3 79.8 -53.5 101.5 85 

P AZ(O) 324 92 124 85 148 114 

axis PL(O) 1 64 33 59 23 35 

T AZ(O) 55 212 283 186 356 284 

axis PL(O) 68 13 55 6 65 55 

SSM Error 8.177 3.978 0.970 5.981 10.59 

RMS Error 0.3383 0.2128 0.0481 0.2462 0.3806 

CLVD(%) 31.216 64.127 6.809 56.510 4.648 

Condition 6.241 7.132 4.576 5.920 3.877 
Number 

37 
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Table 2.3 Inversion Results For a Dip-Slip Fault 

with Different Dip Angles 

Starting Model Double Couple CLVD SSM 

ST Dip Rake ST Dip Rake (%) Error 

20 90 -85 205 84 75 3.758 0.843 

20 80 -85 17 81 -80 2.784 0.185 

20 70 -85 7 68 -89 9.464 0.043 

20 60 -85 11 57 -93 26.43 2.7E-6 

20 50 -85 13 49 -89 24.36 0.129 

20 40 -85 15 41 -87 14.70 0.347 

20 30 -85 14 32 -92 2.678 0.663 

20 20 -85 7 23 -110 4.322 1.427 

20 10 -85 28 14 -92 1.895 1.568 
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RMS 

Error 

0.040 

0.025 

0.107 

0.SE-4 

0.006 

0.014 

0.027 

0.088 

0.046 
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Table 2.4 

Different Crustal Models Used in Numerical Experiments 

Model #of Vp Vs P Th 

Layer (krn/s) (km/s) (kg/m3) (km) 

Original 1 5.8 3.35 2600 16 
3-layer 2 6.0 3.5 2700 02 
Crustal 3 6.2 3.6 2800 14 
Model 4 8.0 4.6 3300 01 

I-layer 1 6.0 3.5 2700 32 
Model 2 8.0 4.6 3300 01 

2-layer 1 5.8 3.35 2600 16 
Crustal 2 6.2 3.6 2800 16 
Model 3 8.0 4.6 3300 01 

3-layer 1 5.8 3.35 2600 16 
Crustal 2 6.2 3.6 2800 02 
Model 3 6.4 3.7 2900 14 

(A) 4 8.0 4.6 3300 01 

3-layer 1 5.6 3.2 2500 16 
Crustal 2 6.2 (6.0) 3.6 (3.5) 2800 (2700) 02 
Model 3 6.4 3.7 2900 14 

(B) 4 8.0 4.6 3300 01 

1 5.8 3.35 2600 16 
4-layer 2 6.0 3.5 2700 02 
Crustal 3 6.2 3.6 2800 08 
Model 4 6.4 3.7 2900 06 

5 8.0 4.6 3300 01 
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our ability to resolve the source. This is because the relative timing of various arrivals are 

more sensitive to the velocity perturbation in the upper layer than that in the lower layer. 

Stretched or squeezed wavefonns have to be compensated in some way to reduce the phase 

shift. Fortunately, the consequences of a "wrong" crustal model are usually compensated 

by changing focal depth if the velocity perturbation is small. Thus the assumption of one 

layer over a half space works surprisingly well if the layer velocity is equal to the average 

crustal velocity. As a result of this, there is a trade-off between structure and focal depth 

and a reasonably recovered source might be accompanied by a "wrong" source depth. 

Figure 2.5 a) and b) show the "true" sources of dip-slip and strike-slip faulting compared 

to fault plane solutions found in inversion by using various "wrong" crustal models. In 

general the source orientation can be well recovered. 

Another limitation to the inversion is the level of the random noise. The fault plane 

parameters are unreliable if the signal-to-noise ratio is too small, especially if the character 

of the first pulses in vertical and radial components is lost. Even though the model 

parameters were still well resolved mathematically, fault plane parameters converted from 

the moment tensor elements showed a large departure from the actual source parameters 

and indicated that recovery of the source failed. A comparison between the observed and 

synthetic wavefonns also showed a relatively large RMS error and some inconsistencies 

between the waveforms. In general, the moment tensor elements, as well as the fault 

plane parameters could be recovered from the inversion if the noise level is equal to or less 

than 10% of the maximum amplitude within the inversion windows and there are distinct 

first motions. Numerical experiments show that the fault plane parameters were not as 

good as those obtained with the noise-free data, but they were fairly consistent with the 

starting model. Obviously, the less the noise in the data. the better the recovery of the 

source. The early part of record, especially the first motion. plays a very important role in 
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Focal Mechanisms 
From Different Crustal Models 

1-layer Model 2-layer Model 

3-layer Model 4-layer Model 

Figure 2.5a) A comparison between the original focal mechanism of dip-slip faulting 
and the fault plane solutions obtained from a single seismic station with t:. = 60°, given 
the various crustal models. All fault plane solutions are lower hemispheric projections. 
The solid circle and open circle represent the compressional axis and the tensional axis, 
respectively. 



3-layer Model 
Depth = 10 km 
ST =40 DIP=85 
RAKE=O 

Inverted Source 

42 

Focal Mechanisms 
From Different Crustal Models 

1-layer Model 2-layer Model 

3-layer Model 4-layer Model 

Figure 2.5b) A similar comparison between the original focal mechanism of strike-slip 
faulting and the fault plane solutions obtained from a single seismic station. All 
illustrations are as the same as those in Figure 2.5a). 
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this process. On the basis of practical experience (discussed below), it should be possible 

to recover the source parameters of events as small as magnitude 2.5 at 60 Ian if recording 

conditions are favorable. 

Earthquake Analysis 

The moment tensor inversion procedure outlined in the preceding section was 

applied to two small earthquakes which occurred near Bernardo, New Mexico on 29 

November 1989 (event #1) and 29 January 1990 (event #2). The earthquakes are part ofa 

strong earthquake swarm which began with the November event and has continued 

through at least January 1991. There were 15 events with ML > 2.5 and hundreds of 

smaller events in the swarm. The epicenters for the events are in the Rio Grande Rift; they 

are the largest earthquakes in the Rift since 1906-1907 (Sanford, personal communication, 

1990). Figure 2.6 is a simplified map showing the epicentral region and the focal 

mechanisms obtained in this study. The seismograms used in this analysis were recorded 

at ANMO (Albuquerque, New Mexico) approximately 65 Ian north of the epicenters. The 

epicentral parameters obtained from a local network are presented in Table 2.5 (Sanford, 

personal communication, 1990). 

Several crustal structural models have been used in generating the Green's 

functions [or the inversion. One of the crustal models used is shown in Figure 2.4b). We 

were most concerned with developing a procedure for the routine recovery of the source 

mechanism, rather than developing an ideal structural model. The "best" crustal model 

was a three-layer crustal model with a total thickness of 32 km which was only a rough 

approximation to the real structure. From geophysical studies, a magma body with a 
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Figure 2.6 A simplified map showing the epicentral region and two focal mechanisms. 
ANMO, near Albuquerque, New Mexico is at an azimuth of 300 from the epicenters. A 
small map at the right bottom corner shows the location of the map area. 



Event 

Table 2.5 The Epicentral Parameters for Two New Mexico 

Events Derived From Local Network 

Date Origin Time Epicenter Depth ML 11 at ANMO 

Lat (0) Lon (0) (Ian) (km) 

1 29 Nov.,1989 06h54m37.9s 34.46 -106.82 9 4.5 63.5 

2 29 Jan.,1990 13h16m09.6s 34.50 -106.83 9 4.2 60.2 

45 



46 

thickness of about 150 m is located at a depth of 19 km in the central Rio Grande Rift and 

extends over an area of at least 1700 km2 near Socorro, New Mexico (Brown et aI., 1980; 

Sanford et al., 1977). Seismic study from Rayleigh wave data also indicates the evidence 

for a magma-filled dikelike structure about 200 m thick and 28 km long in the middle of the 

Albuquerque-Belen basin of the Rio Grande rift (Schlue et at., 1988). The three-layer 

crustal model was designed to model the upper crust of the area (neglecting details such as 

the magma bodies) and apparently crucial source information has been extracted. 

Based on the assumed crustal model, a set of Green's functions were generated for 

different focal depths from 4 to 14 Ian and the generalized inversion was performed. The 

time function is a trapezoid ('t = 0.5o'tl + O't2 + 0.5Ml) (Heimberger and Malone, 1975) 

with a total source duration 't being determined from the corner frequency: fo = 1/(1t't). 

The total source duration was 0.5 - 0.7 seconds, which is consistent with the magnitude of 

the events. The smallest non-zero singular value in this case was order 1, and the 

estimated condition numbers A were about 2.5 to 4.5 which imply stable solutions were 

obtained. The moment tensors corresponding to different focal depths were compared. 

Based on the two post-inversion criteria (the RMS error and the moment variance), the best 

fit fault plane solution could be chosen from a set of diverse double couple parameters. 

Table 2.6 shows the RMS error, the moment variance and the objective function obtained 

from our moment tensor inversion at different depth for two New Mexico small 

earthquakes. 

For event #1 both the RMS error and moment variance were minimized at a depth 

of 8 km. Since the transmission paths for P and SH waves are nominally the same, the 

amplitudes depend only on the source orientation and seismic moment; and are independent 

of details of the source rupture. Slunga (1981) has shown that at a distance of less than 

100 km the earthquake source can be determined based on only observation of the polarities 



Table 2.6 RMS Error, Moment Variance and Objective Function 

at Different Focal Depths for Two New Mexico Events 

Depth RMS Error Moment Variance Objective Function 

(km) #1 #2 #1 #2 #1 #2 

4 0.431 0.355 0.017* 0.028* 1.115* 2.938* 

6 0.479 0.382 0.138 0.009 3.554 1.215 

8 0.431 0.394 0.005 0.002 0.559 0.545 

10 0.474 0.449 0.021 0.510 3.258 6.711 

12 0.487 0.411 0.065 0.011 7.840 0.841 

14 0.448 0.418 0.113 0.007 24.319 0.710 

* indicates the reversed polarity for some of predicted synthetics. 
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and amplitudes. Therefore, the solutions at depths of 4 or 14 km were rejected because of 

the large moment variance or opposite polarities of the predicted first motions against the 

observed seismograms for the radial and vertical components. 

The waveforms for the 29 January, 1990 event are similar to the first event. The 

first motion polarities in vertical and radial components were the same, but their amplitudes 

were smaller by a factor of 10. The same procedure was applied to the second event, and a 

similar conclusion is obtained based on the analysis of RMS errors and the moment 

variance. The moment variance reached a minimum at 8 km, although the depth was not 

well resolved. We prefer to choose a best fit solution at a depth of 8 km, because of its 

consistency with the fault plane solution of the frrst event 

Using the moment tensor solutions obtained in the inversion, a comparison 

between the synthetics and the observed waveforms for the two events is shown in Figure 

2.7. The RMS errors are of 0.43 and 0.39 for the first and the second event, respectively. 

The match was good considering the simplified crustal model. Table 2.7 and Table 2.8 

show the moment tensor elements, the corresponding major double couple parameters, the 

percentage CLVD (Compensated Linear Vector Dipole) of the moment tensor, and the 

condition number of the inversion for the two events, respectively. 

Figure 2.8 summarizes the fault plane solutions obtained for various crustal 

models. Note the orientation of the principal stress axes (and type of faulting) is fairly 

consistent for all models. The solutions are similar to the P-wave first motion solution 

(Sanford. personal communication, 1990). All the moment tensor results require a normal 

faulting focal mechanism with two north-south striking nodal planes. The depth 

determined is strongly model dependent. The preferred depth ranges from 8 to 12 km 

comparable with the results obtained by Sanford (personal communication, 1990). It is 

clear that a multi-layered crust gives the best results and a detailed crustal structure is 
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Table 2.7 

Estimates of Moment Tensor Elements and Double-Couple 

Fault Parameters for the 29 November, 1989 Event 

DEPTII (km) 4 6 8 10 12 14 

Mx.x 0.4682 0.0899 -0.2919 0.2874 0.5833 0.3345 

Myy 0.9029 0.2351 -0.4833 0.1773 0.1531 -0.4801 

Mxy -0.6996 -0.2884 0.0296 -0.4897 -0.1614 -0.2167 

Mxz 0.0716 0.0398 0.0489 0.3516 -0.1246 -0.3747 

Myz 0.0700 0.1989 0.1680 0.2843 0.4692 -0.1483 

STRIKE (0) 32 14 10 17 33 305 

DIP (0) 45 60 38 53 61 79 

SLIP (0) 84 59 -84 39 63 -138 

CLVD (%) 2.8 12.5 44.7 11.8 14.1 2.3 

Condition 
4.38 4.27 4.08 3.29 3.37 4.38 

Number 

50 



Table 2.8 

Estimates of Moment Tensor Elements and Double Couple 

Fault Parameters for the 29 January, 1990 Event 

DEPTH (km) 4 6 8 10 12 14 

Mxx 0.6951 0.1383 -0.0621 0.1253 0.2726 -0.1503 

Myy 0.6078 -0.1079 -0.6532 -0.1709 0.2467 -0.3360 

Mxy -0.7282 -0.3435 0.0526 -0.1362 -0.1999 0.1910 

Mxz 0.1254 0.1862 -0.0492 -0.2333 -0.4261 -0.1941 

Myz -0.0786 0.2160 0.3722 0.2712 0.1219 -0.3891 

STRIKE (0) 45 15 4 304 64 1 

DIP (0) 42 65 31 30 66 65 

SLIP (0) 88 19 -92 -174 102 -114 

CLVD (%) 5.7 29.7 7.4 23.9 15.0 30.5 

Condition 
4.08 3.10 4.10 2.64 3.02 3.54 

Number 

51 
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Figure 2.8 Possible fault plane solutions for the Nov. 29, 1989 event. The numbers at 

the top right comer of each solution are corresponding focal depths. 
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superior for generating the Green's functions, but surprisingly, even a single-layered crust 

can provide valuable source information. This is extremely important if this inversion 

process is to be automated. 

After a best fit moment tensor mechanism was selected, the scalar seismic moment 

of the earthquake could be determined based on the ratio of the maximum amplitudes 

between the observed waveforms to the synthetic seismograms within the time window 

used in the inversion. We found that the scalar seismic moment Mo for the first event was 

about 2.0xIQ15 N-m, and for the second event about 1.7x1015 N-m. The CLVO 

calculated ranges from 2-45 % for the 29 November, 1989 event, and from 5-30 % for the 

29 January, 1990 event. However, it was impossible to attach any importance to the size 

of the CL VO since the CL VO size was very strongly dependent on the different crustal 

structural models used in inversion. 

Discussion 

To determine the moment tensor from a single seismic station is possible as long as 

more than one component of motion is used and sufficient number of data points are used. 

Stump and Johnson (1977) showed this for body wave data; others have shown it for 

various types of teleseismic data: normal mode data (Gilbert and Dziewonski, 1975), and 

surface wave data (Kanamori et ai., 1981). Which components of the moment tensor are 

best resolved depends on the type of seismic data used in the inversion and the distance 

range concerned. It is clear that if only one component of displacement is used in the 

inversion only 2 or 3 model parameters are resolvable; neglecting the tangential component 
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always results in less than 5 non-zero singular values. Figure 2.9 shows the eigenvectors 

in model space, V p from three components, which can be decomposed into two parts from 

the tangential component and vertical plus radial component. Two components of motion, 

one being the tangential, the other being the radial or vertical, will provide 5 non-zero 

singular values, although the results are not as good as those obtained when all three 

components of motion are used (see Table 2.9). 

At a short distance range (about 60 km or more), interferences between various 

reflected phases made the shape of waveforms more complicated as the source depth 

changed. This could be seen clearly from the change in shape of the Green's functions. 

As a result of this the focal depth is model-dependent and only can be constrained within a 

certain range as we have discussed. Obviously, better knowledge about the crustal 

structure, especially upper crustal structure, will be helpful in determining an accurate focal 

depth. 

Adding independent data from another seismic station will greatly improve the 

quality of the inversion. In an experiment using two independent seismic stations with 

epicentral distances of 60 and 90 km and azimuths of 600 and 1500 , respectively, all model 

parameters were well resolved. Larger non-zero singular values resulted in a sharp 

decrease of the condition number A compared with that in the case of a single seismic 

station. The diagonal terms of the posterior model covariance matrix are also reduced. In 

other words, a much better solution with better stability and smaller variance was achieved 

in our inversion by adding more stations. 

Nevertheless, a single station can be used for the recovery of the seismic source 

parameters as long as it has high dynamic range and is very broadband. Since many 

eanhquakes are only recorded on a limited number of seismic stations, or a single station, 

this inversion procedure can greatly extend the usefulness of such sparse recordings. 
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Eigenvectors in Model Space V p 

Non-
Zero Eigenvectors In Vp Space Condition 

Singular Number 
Values 

0.54669 -0.03357 
5.93406 -0.54669 0.03357 
2.32509 0.63127 -0.03876 

0.05308 0.86440 
-0.03064 -0.49906 

0.18887 0.12281 0.72158 
2.52857 0.59276 0.25152 0.39598 
0.68190 0.69956 0.22294 -0.56396 
0.26518 -0.17576 0.46689 -0.03346 

-0.30443 0.80868 -0.05795 
0.35544 0.10980 -0.65806 

3.81329 0.68664 0.19661 -0.24759 
2.74719 0.57366 0.15037 0.71095 
0.59127 -0.13520 0.48132 0.00729 

-0.23416 0.83367 0.01262 
0.30458 0.13121 -0.67930 

4.54841 0.65879 0.22937 -0.29121 
2.83597 0.61352 0.17003 0.67218 
0.79754 -0.15557 0.47467 0.02193 

-0.26946 0.82216 0.03798 
5.96603 -0.54915 -0.04823 0.08704 -0.26870 0.82934 
2.45522 0.51185 -0.74525 0.30497 0.13357 0.26790 
2.32292 -0.65767 -0.54355 0.18713 0.03432 -0.48562 22.887 
0.68010 -0.04439 0.29679 0.46518 0.83210 -0.03400 
0.26067 0.04401 0.24240 0.80499 -0.53653 -0.05863 
6.00271 0.57277 0.19532 0.08335 -0.27354 0.79126 
3.71009 -0.44706 0.85287 0.24953 0.05141 0.08858 
2.74293 0.68421 0.38734 0.12280 -0.02973 -0.60486 10.432 
2.32482 0.04111 -0.16678 0.46791 0.86688 -0.00791 
0.57540 -0.04726 -0.23795 0.83472 -0.49420 -0.01207 
6.07857 0.57687 0.07578 0.09867 -0.02794 0.80682 
4.36072 -0.35480 0.87781 0.28639 0.05016 0.13794 
2.83029 0.73130 0.34274 0.13667 -0.03026 -0.57283 7.812 
2.32484 0.01994 -0.18830 0.46117 0.86657 -0.02296 
0.77815 -0.07834 -0.26603 0.82273 -0.49482 -0.03675 
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CHAPTER 3 

SOURCE PARAMETERS FOR SMALL AFTERSHOCKS OF 

THE 1991 COSTA RICA EARTHQUAKE: AN 

APPLICATION OF REGIONAL WA VEFORM INVERSION 

Introduction 

57 

The use of seismic wavefonn inversion to recover earthquake source information 

is essential for understanding the rupture process and investigating the seismic wave 

propagation problem. Teleseismic waveform inversion is widely used and has proven to 

be a powerful technique. Langston and Heimberger (1975) developed a procedure to 

generate a series of synthetic seismograms for P, SV, and SH waves with primary 

phases, which then can be used successfully to model seismic waveforms from a point 

source dislocation in a homogeneous elastic medium. Many investigators have 

extensively applied this teleseismic waveform inversion method to obtain source 

parameters for moderate to large-sized earthquakes, which are crucial for inferring the 

stress state and contemporary tectonics in a region. For earthquakes with ML ~ 5.5, 

however, the body wave signature has poor signal-to-noise ratio at teleseismic distances. 

Both the low signal-to-noise ratio, and resulting limited seismogram coverage of 

teleseismic networks often prevents the use of teleseismic waveform inversion 

techniques. Because moderate or small earthquakes are extremely important constraints 

on the regional tectonic setting and seismic hazard evaluation, the determination of their 

source parameters is an important issue as well. This requires developing new techniques 
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and solving different problems that arise in constraining the source parameters at local or 

regional distances. 

At local and regional distances, seismic waveforms are dominated by the Pni 

waveform, which is a complex wavetrain arising from multiple reflection within the 

crustal waveguide. The complexity of the regional seismic waveform often makes it 

difficult to understand the faulting process associated with the earthquake source. Early 

work showed that the regional seismograms could be modeled by assuming a point shear 

dislocation in a layered half space based on generalized ray theory (Heimberger and 

Maione, 1975; Heimberger and Johnson, 1977; Heimberger and Engen, 1980). Since 

the Pni waveform is composed of both the source information and the effects of the 

propagation paths, our task is to isolate source information from waveform data recorded 

at regional or local distances. Wallace and Heimberger (1982) developed an iterative 

inversion technique to determine the source parameters of moderate earthquakes from 

regional long-period waveforms recorded at more than three seismic stations. A similar 

approach was also used to constrain the structure of the crust (Wailace, 1986a) and lower 

lithosphere (Heimberger et al.. 1992). The source information can be very effectively 

extracted from waveform data when very broad band, three component seismic 

waveforms are used in the source study. Fan and Wallace (1991) found that the signature 

of the source orientation on the waveform is robust, and in many cases, high quality 

three-component waveform data from a single seismic station are sufficient to provide the 

necessary constraints on the fault geometry for small earthquakes (M > 4). This type of 

analysis has proven to be effective in a source study of three moderate sized California 

earthquakes (Dreger and Heimberger, 1991; 1992). The wide dynamic range of a very 

broad band system and detailed information about the crustal structure are two favorable 

factors for retrieving source parameters in the above studies. 
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Many aftershocks, following a large earthquake in a few hours to several months, 

have magnitude less than 5.0. In the literature there are many examples of aftershock 

activity studies. Studies of the 1989 Lome Prieta aftershocks have been proven to be 

very successful in imaging the dipping fault plane of the main shock (Schwartz and 

Nelson, 1991) and in determining the focal mechanisms of aftershocks (Beck and Patton, 

1991). Aftershock focal mechanisms can be used to interpret the relationship between 

seismicity at depth and surface geology (Berberian, 1982) and to estimate the local 

heterogeneity of the structure (Hough, et at., 1991). Since many large earthquake 

sequences occur in remote regions where local or regional broadband three-component 

stations are sparse or completely lacking, only the largest aftershocks (M ~ 5.5) can be 

investigated with teleseismic waveform inversion method. With improved portable 

instrumentation it is now possible to deploy portable three-component mid-period or 

broad band stations in a remote aftershock region shortly after the major event. The 

waveforms recorded by such a sparse portable network can be used to recover important 

source information. In this study we present the results of such a deployment and show 

that aftershock source information can be recovered from a sparse network of portable 

three-component stations. 

Costa Rica is a seismically active region with a subduction zone off the southwest 

coast where the Cocos plate is subducting beneath Central America along the Middle 

American trench (Burbach et at., 1984). Associated with this subduction zone is an 

active volcanic arc (Cordillera de Talamanca). In addition to the earthquakes associated 

directly with the subduction zone and down-going Cocos plate, numerous small 

earthquakes occur in the overriding plate. Recently a large earthquake occurred on April 

22, 1991 (Ms = 7.6) near the east coast of Costa Rica that is not associated with the 

Middle American trench but rather appears to represent back-arc thrusting of the 
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Caribbean plate beneath Central America along the westward extension of the North 

Panama Deformed Belt (NPDB) (Goes et aI., 1992). This earthquake did extensive 

damage in the port city of Limon and other coastal towns. The epicentral area of the 

earthquake is a tectonically complicated region, where the deformation is controlled by the 

interaction of the Cocos, Nazca and Caribbean plates (Mann et aI., 1990). After the main 

shock, a temporary network of three PASSCAL type portable instruments was deployed 

to record three component waveform data for the aftershocks. These stations along with 

several stations with short-period sensors were used to determine accurate aftershock 

locations (Protti and Schwartz, 1992). The Costa Rica aftershocks with epicentral 

distances in a range of tens to a hundred kilometers provide an excellent opportunity to 

study focal mechanisms of small events, to explore the trade-offs between the source and 

receiver parameters, and to test the effectiveness of the regional waveform inversion 

method. 

In this study we are facing several challenges. First is the usage of band-limited 

aftershock waveforms, which were recorded by the mid-period instrumentation. The 

mid-period instrument response presented an opportunity to test whether or not source 

information can be effectively extracted by using the regional waveform inversion 

method. Second, the lack of detailed velocity structure information forced us to test how 

well the source information can be separated from the effects of the source/receiver 

structure. Our experiments showed that the resolvability of the focal mechanism of small 

earthquakes is not strongly coupled with the effects of the propagation paths, and the 

regional waveform inversion technique has proven to be effective for a sparse seismic 

network. We find that the body waves are strongly affected by the source orientation and 

less affected by the propagation path for frequencies less than 2 - 3 Hz. As noted by 

many authors, the variations in focal depth and crustal thickness often result in similar 
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waveform shape (Wallace, 1986b). Therefore, exploring the trade-offs between the 

seismic waveforms, hypocentral depth and the crustal structure is an important step 

towards fully understanding the source process. We find that it is difficult to determine 

the true focal depth of small events at regional or local distances without knowing the 

detailed crustal structure. Unlike the source orientation, which has proven to be less 

dependent on the details of the crustal structure, the source depth information is strongly 

coupled with the crustal model assumed, thus, the focal depths of the aftershocks are not 

well constrained. 

Data and Procedure 

The linear moment tensor inversion technique developed for a single seismic 

station as discussed by Fan and Wallace (1991) was extended to a sparse network in this 

study. In the single station example, three components of waveform data and the moment 

tensor representation are used. The displacement field in an elastic half space can be 

expressed as a linear sum of the moment tensor elements multiplied by the corresponding 

Green's functions if the fault geometry is not time dependent (Langston, 1981). Based 

on generalized ray theory, Green's functions are generated for a given crustal model, and 

convolved with the instrument response and a source time function. The source time 

function or moment rate function is assumed to be trapezoid shaped, with a duration 

determined from the corner frequency of the amplitUde spectra, as suggested by 

Heimberger and Maione (1975). The waveforms are cast as a generalized inverse 

problem, which can be solved by a simple linear inversion based on the L-2 norm. This 
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process is repeated at a suite of depths, and a best-fit solution is chosen based on the 

minimization of the summed root-mean-squared (RMS) error, which measures the 

goodness of the fit, and can be written as: 

N 
ERMS = [ lIN I, ( Oi - Ci)2] 112 

i=l 

where Oi and Ci are observed and predicted ground displacements. respectively; and N is 

the total number of samples within the inversion window for each component. One major 

advantage of using linear moment tensor inversion is that the solution is independent of 

the starting model. The formulation and the details of the procedure can be found in Fan 

and Wallace (1991). We will discuss several relevant problems next 

Mid-Period Wavefonn Data 

Three PASSCAL type mid-period instruments were deployed to monitor the 

aftershock activity in southern Costa Rica during a period of May 08 to 23, 1991 

(Schwartz et al.. 1991). Figure 3.1 shows the epicenters of the aftershocks with md ~ 

3.0 relocated by Protti and Schwartz (1992), and the locations of the three portable 

seismic stations (the coordinates of three digital seismic station are listed in Table 3.1). 

These stations were instrumented with three-component, 5 sec sensors and 16-bit 

digitizers (PASSCAL Boxes). An excellent signal-to-noise ratio was achieved in the 

frequency band of 0.125 - 18 Hz (Figure 3.2). All velocity records were integrated to 

displacement. Both the observed seismic waveforms, and the synthetics used in our 

inversion were low-pass filtered with a cut-off frequency of 2 or 3 Hz. Figure 3.3 shows 

an example of typical displacement waveforms recorded at the three digital seismic 
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Figure 3.2 A map showing the amplitude spectra for the signal (solid line) and noise 

(dashed line) recorded at portable digital station CDMR. The signal-to-noise ratio is 

good at a frequency band below 1 - 3 Hz, the corner frequency of the low-pass filter 

L1sed in this study. 
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May 15, 1991, Costa Rica Event (M=3.9) 
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Figure 3.3 A typical example of displacement waveforms for the May 15, 1991 event 

of md=3.9 (#34) recorded at three digital seismic station. 
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Table 3.1 Location of Three Portable 

Seismic Stations 

Name Lat (0) Lon (0) Components 

CDMR 9.614 -83.808 V, NS, EW 

PANR 9.739 -82.965 V, NS, EW 

ZENR 10.036 -83.306 V, NS, EW 
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stations for the May 15, 1991, event (md = 3.9, #34). At one of three digital seismic 

stations PANR the SH-wave arrivals were usually complex and delayed by a few seconds 

compared with those recorded at a nearby short-period seismic station. This complexity 

of SH-waves may be due to a very localized heterogeneity in the crustal structure 

(Schwartz et al., 1991). Therefore, the tangential component of displacement at PANR 

was usually excluded from our inversion process to avoid a possible bias. For most 

aftershocks, three component displacement data from both stations CDMR and ZENR 

were used in the inversion. When possible, the vertical waveform from PANR was also 

included. The source information is mainly extracted from the seismic signals with a 

period of a few seconds. The stable solution and a good fit of waveforms showed that 

the source orientation was effectively extracted at frequencies less than 1 - 3 Hz (Fan and 

Wallace, 1991). 

Single Stati()n Versus Sparse Netw()rk 

In synthetic experiments, the use of the two seismic stations has improved the 

quality of the inversion. The condition number, which is an indicator of the stability of 

the inversion and calculated as a ratio of the largest singular value versus the smallest 

singular value, decreased when two seismic station were jointly used in the inversion 

rather than only one station. In addition, the size of diagonal terms of the posterior model 

covariant matrix, which measures the uncertainty of resulting moment tensor elements, 

also becomes smaller (Fall alld Wallace, 1991). Table 3.2 compares the uncertainties 

associated with the five moment tensor elements from results obtained by using the single 

station inversion and two station inversion, respectively. For the single .ltation inversion, 

a mapping between the model space and the data space (see Figure 3.4 a) shows that the 

vertical and radial components both determine three non-zero singular values, and the 



Table 3.2. A Comparison Between Single Station and 

Two Station Inversion for a Strike-Slip Event 

Single Station Two Station 

M a M a 

Mxx 0.775 0.16 0.993 0.04 

Myy -0.868 0.05 -0.900 0.03 

Mxy -0.502 0.10 -0.643 0.03 

Mxz 0.160 0.06 0.102 0.04 

M,,1. -0.021 0.05 0.050 004 

L1 (km) 60 60, 90 

AZ (0) 60 60, 150 

ST 28.8 27.9 

DIP 81.7 84.2 

SLIP -6.7 0.5 

Condition 7.502 2.166 

Number 
" '" The source IS at a depth of 10 km, havmg a strike-slIp focal 
mechanism (ST = 200 , DIP = 850 , SLIP = 00 ). 
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tangential component constrains the other two non-zero singular values, as pointed out by 

Gilbert and Dziewonskii (1975). Therefore, the tangential component usually is weighted 

less than the vertical or radial component in our inversion. For the single station method 

the seismic station has to be located in a favorable position relative to the earthquake 

source, which allows us to accurately predict the waveforms at that seismic station. If the 

seismic station happens to be very close to one of the nodal planes, it is difficult to 

constrain all five moment tensor elements uniquely. In contrast to the single station case, 

no clear special mapping pattern between the model and data space WdS recognized when 

lIsing more than one station (see Figure 3.4b), thus the three components were usually 

equally weighted, although they contribute to the final model parameters unequally. 

Preliminary experiment shows that the two station inversion tends to provide a more 

consistent solution (Fall and Wallace, 1991) (also see Table 3-2). 

CrW"tal Model 

The 1991 Costa Rica earthquake is a back-arc event associated with the North 

Panama Deformed Belt (NPDB) (Goes et al., 1992). The NPDB is an accretionary 

complex resulting from plate convergence, either normal, or somewhat oblique (Case et 

af., 1990). Very little geophysical data is available, thus, the detailed crustal structure in 

the region is not well known. Based on seismic reflection, seismic refraction, and the 

gravity data, Case et af. (1990) estimated the crustal thickness in the accretionary belt 

varies from about 15 to 30 km wi th an error of 5 km. The crustal thickness contour map 

and the depth to the Moho contour map presented by Case et al. t 1990) show the depth 

of the Moho increases from western Panama (25 km) to the central Costa Rica (40 km). 

Based on these two contour maps, we estimated the crustal thickness to be between 28 -

35 km in the epicentral area of the 1991 Costa Rica earthquake. 
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The closest detailed crustal model to our study area is 200-250 kIn away from the 

1991 Costa Rica earthquake region. In northwestern Costa Rica near the Nicoya 

Peninsula, a crustal profile (which is named the MM model in this text) was constructed 

at the active convergent plate margin between the volcanic arc and the Central America 

Trench by Matumoto et al. (1977). In this model the crustal thickness is 43 km with a Pn 

velocity of 7.9 km/sec. The crust is divided into three layers: an upper layer 8 km thick, 

having a Vp = 5.1 km/sec; a middle layer 14 km thick, having a Vp = 6.2 km/sec; and a 

lower layer about 21 km thick, having a Vp = 6.6 km/sec. A thin layer representing local 

sedimentary basin fill with V p = 2.6 km/sec in the original model was discarded here. 

The crustal structure is obviously influenced by the subduction of the Cocos plate 

underneath the Caribbean plate and is consistent with the gravity data observed in the 

region. In central Costa Rica, near San Jose, the crustal thickness reaches 40 km, and a 

large negative Bouguer gravity anomaly is related to the volcanic chain. Case et al. 

(1990) suggest this is an included "continental" block within the accretionary zone. This 

included "continental" block is only 50 km from the northwestern margin of the 

aftershock area. Very limited information about crustal structure in Costa Rica also 

comes from a published geological map of Costa Rica (Dondoli et al., 1968) and borehole 

profile data (Case et al., 1990). Most of the area of interest is covered by sedimentary or 

volcanic deposits of Tertiary to Quaternary age with a thickness of a few kilometers. 

Unfoftunately, there is no detailed crustal model for our study area. Therefore, 

we have modified the MM model to obtain our preferred model (PF model), which has 

two flat crustal layers with a total crustal thickness of 35 km. In the PF model, the upper 

crust is 25 km thick with a Vp = 5.9 km/sec and a density p = 2600 kg/m3, and the lower 

crust is 10 km thick with a V p = 6.6 km/sec and density p = 2900 kg/m3. The upper 

crust corresponds to the top two layers in the MM model. and the lower crust 
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corresponds to the third lower crustal layer. The Po velocity is 7.9 km/sec, a value 

adopted by Case et al. (1990) for Costa Rica. 

The Resolvability of the Source Geometry 

The lack of information about the crustal structure is not unusual for many active 

tectonic regions, particularly in remote areas. A major question is: what crustal model 

should be used to generate the Green's functions in order to remove the effects of the 

propagation paths effectively? We have tested the resolvability of the source orientation 

in terms of its trade-offs with crustal models and earthquake location by conducting 

several experiments. 

In the first experiment, the May IS, 1991 Costa Rica aftershock (md = 3.9, #34) 

was used to investigate the effects of different crustal structures. We chose this event for 

several reasons. First, the epicenter is very well located within our network and almost 

unchanged after the relocation by Protti and Schwartz (1992). Second, the waveform 

data recorded at the three digital stations had a high signal-to-noise ratio (Figure 3.2). We 

tested a two-layer crustal model (PF model), as well as three other parameterized crustal 

models (labeled M 1, M2, M3, respectively) as shown in Figure 3.5. For each model, a 

suite of Green's functions were generated. The source depth was allowed to vary within 

the top crustal layer (in the two-layer model case) or the second upper layer (in the three

layer model case). Following a procedure described earlier, the preferred double-couple 

fault plane solution and focal depth were determined based on minimized root-mean

squared (RMS) error. The focal depth determined from different models ranges between 
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8 and 10 km. The focal mechanisms are presented in Figure 3.5, and show shallow 

plunging P-axes trending north-south for all models, and a dominantly strike-slip motion 

for the multi-layer models. In contrast, the layer over a half-space (Ml model) resulted in 

a thrust faulting solution. In general, the strikes of the nodal planes were better resolved 

than the dip angle and slip vector. The focal mechanism of the May 15, 1991 event (#34) 

obtained from P-wave first motion data from the local short-period network was not 

uniquely constrained. However, the two possible first motion solutions are similar. The 

P-wave first motion solutions show predominantly strike-slip motion, and are consistent 

with those determined from our multi-layer models (Figure 3.5). Figure 3.6 a) and b) 

shows the RMS error versus focal depth for the different two-layer models (M2 and PF 

models) and the resultant double-couple fault plane solutions obtained at each depth. 

Note the change in focal mechanism with depth. For the PF model the changes in focal 

mechanism with depth are much less than those for the M2 model. In Figure 3.7 the 

observed waveforms are well matched by synthetics predicted from results of the regional 

moment tensor inversion based on the PF model. The experiment showed that the multi

layer crustal model is a good approximation to localized crustal structure. By using a 

multi-layered crustal model the source information can be isolated from the effects of the 

propagation paths as previously demonstrated by the synthetic experiments (Fan and 

Wallace, 1991). 

In the second experiment, we use an aftershock on May 22, 1991 (mel = 3.8, 

#47), to test the effects of crustal structure as well as the effects of event mislocation. 

This event is very close to the epicenter of the main shock and has a thrust fault 

orientation based on the P-wave first motion data (Schwartz, personal communication, 

1991). Since the thrust events are usually more sensitive to the crustal thickness and 

source depth (Bent and Helmherger, 1991), it is instructive to test event #47. The 
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Figure 3.7 A comparison between the observed seismograms and synthetics at a depth 
of 10 km for the May 15, 1991 Costa Rica aftershock of md = 3.9 (event #34). The 
synthetics are predicted from the moment tensor obtained in our regional waveform 
inversion based on the preferred two-layer crustal model (PF model). The arrows 
indicate the inversion window used for each component. The number on the right side 
of each seismic trace is the maximum amplitude ratio of the synthetics versus observed 
data within the inversion window. 
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epicentral parameters of the two digital seismic stations before and. after the relocation and 

the assumed crustal model as well as the resultant fault plane solutions are shown in Table 

3.3. The data recorded at the station PANR was not used due to the poor quality of the 

EW component. The characteristics of the Green's functions are mainly dependent upon 

the crustal structure assumed. A trapezoid source time function with a duration of 0.3 sec 

was used in the experiments. 

We tested three multi-layer crustal models, which have different total crustal 

thicknesses, layer velocities, and Pn velocities as shown in Figure 3.8. M2 model is a 

two-layer crustal model, PF model is our preferred two-layer crustal model, and MM 

model is a three-layer crustal model. The regional waveform inversions using all three 

crustal models (Figure 3.8) yield remarkably similar thrusting focal mechanisms with the 

P axes trending northeasterly. These thrust fault plane solutions are all similar to the P

wave first motion solution and that of the main shock. Since the location of the event #47 

is very close to the epicenter of the main shock, the similarity between the two focal 

mechanisms is not surprising. Figure 3.9 (a, b, c) show RMS error versus depth for 

each of three assumed crustal models and the resultant focal mechanisms determined for 

each depth. For crustal model M2, the best -fit depth is 6 km and the focal mechanism 

changes slightly with depth. For crustal model PF depths 6, 8, 10 and 14 km all give 

low RMS errors. The resulting focal mechanisms are remarkably similar and although 

the depth resolution is not very good the source orientation is robust. 

We also performed the inversion using the MM model, a model used in initial 

aftershock relocation by Proui and Schwartz (1992). We allowed the source depth to 

vary from near the surface to the Moho. Figure 3.9c) shows the RMS error versus the 

focal depth, in which three different symbols are used to represent the layer the source 
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occurs in. The RMS error increased considerably when the source moved across the 

boundaries at 4 and 21 km. The polarities of the predicted first motions for both vertical 

and radial components at station ZENR were always reversed if the source was located in 

the third crustal layer (21-43 km), no matter what the focal depth. Most of these deeper 

focal mechanisms are rejected by the moment variance function, which requires the first 

motions to agree between the observed seismograms and predicted synthetics. The fault 

plane solution corresponding to a local minimum of RMS error at a depth of 20 km is the 

preferred focal mechanism, which is almost identical to the P-wave first motion solution 

(Schwartz, personal communication, 1991). The resultant focal mechanisms at depths 

between 2 and 42 km are also shown in Figure 3.9c). In general, a northeasterly trending 

P axis is well preserved, and consistent with the regional stress pattem inferred from the 

main shock. The waveform fit between the observed and predicted waveforms at a depth 

of 20 km using MM model has degraded considerably, especially for the first pulses of 

the P waves, which carry more source information than the late seismic pulses. The 

degrading of the waveform fit indicates that the MM model may not be the best model to 

describe the crustal structure for the 1991 Costa Rica earthquake region. In summary, 

this test suggests that for this aftershock either the source is not deeper than 21 km or the 

MM crustal model is not a good approximation to the actual source and/or receiver 

slrucrures. 

Next we test the effects of a mislocation on the resolvability of the source. Small 

perturbation in epicentral parameters may result in inadequate Green's functions because 

of unmodeled path effects. We used two sets of relocation parameters of event #47 

provided by the travel-time inversion: the first set of parameters is an intermediate-step 

relocation result, and the second set of parameters is the final result (Prnui and Schwartz, 

1(92). The differences in epicentral distance and azimuthal angle are a few kilometers 
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and 5 degrees, respectively. In Table 3.3 the case #3 and #4 show these epicenrral 

parameters as well as the resultant double-couple fault plane solutions determined. The 

preferred crustal model (PF model) and same source time function were used as before. 

We tested depths from near the surface down to the Moho. The resolved source 

orientations from two sets of epicentral parameters were surprisingly similar with very 

small differences (see Table 3.3). In this test the source depth is not well constrained; 

and it may be wonh noting that the second focal depth of 8 km did not correspond to least 

RMS error, which occurred at 34 km depth. Figure 3.10 shows the waveform match 

between the observed seismogram and the synthetics for event #47 at a focal depth of 8 

km using the two-layer PF model. 

The same test was also conducted for six other aftershocks using different 

epicentral parameters from the relocation, assuming the same two-layer PF crustal model 

and source time functions. Figure 3.11 shows that double-couple fault plane solutions 

obtained before and after the relocation for six events. The foc ... 1 mechanisms determined 

using two locations for most events are very similar. The event mislocation and the 

source parameters obtained for 6 small aftershocks are also listed in Table 3.4. We found 

that strike and rake of the nodal planes were less influenced by the errors in epicentral 

distances and azimuthal angles than the dip angle. Changes of more than 10 km in 

epicentral distance or 100 in azimuthal angle, in general, resulted in a change of dip angle 

by more than 10°. Event 19 shows the most drastic difference with the dip angle of one 

nodal plane changing by approximate 40°. In addition, the focal deptn dso changes with 

the location. Since the waveform inversion provides a solution in a L-2 norm sense, 

small perturbations in the Green's functions due to the event mislocation can be 

compensated by changes in focal depth with no impact to the minimization of the misfit 

between the synthetic and observed wavefomls. 
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Figure 3.10 A comparison between the observed seismograms and synthetics at a 
depth of 8 km for the May 22, 1991 Costa Rica aftershock (#47). The synthetics are 
predicted from the moment tensor obtained in our regional waveform inversion based 
on the two-layer crustal model (PF model). All illustrations are as the same as those 
shown in Figure 7. 
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FOCAL MECHANISMS OF SELECTED EVENTS 

BEFORE AFTER BEFORE AFTER 
RELOCATION RELOCATION 

Event #14 Event #23 

Event #19 Event #29 

Figure 3.11 The focal mechanisms for six small aftershocks obtained by using 
different epicentral location parameters. The fault plane solutions correspond to the 
best-fit focal depth based on the two-layer PF model. 



Table 3.4 Mis location and Source Parameters of the Costa Rica Aftershocks 

# Date 8(M (km) 8(AZ) (0) Before Relocation After Relocation 

CDMR ZENT CDMR ZENT ST DIP SLIP Depth ST DIP SLIP Depth 

12 05/11 6.28 4.61 4.93 13.53 43 65 -13 14 252 73 -14 16 

14 05/11 12.49 3.64 5.38 9.27 168 85 138 20 149 49 117 12 

19 05/12 10.09 6.61 4.22 16.18 72 50 97 10 67 89 85 04 

20 05/12 7.47 1.02 3.63 10.32 13 34 -121 06 186 54 -117 06 

23 05/13 5.90 8.00 6.02 7.94 114 55 170 08 125 72 163 14 

29 05/14 7.57 2.42 1.64 7.89 120 56 110 08 110 51 88 14 

47 OS/22 2.06 6.18 5.75 5.20 137 43 107 14 141 36 110 08 
---

(Xl 

to 
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We found that small errors in determining the epicentral parameters did not 

prohibit us from constraining the source orientation. These observations are also 

supported by the synthetic experiment, which showed that the long-period waveforms are 

not sensitive to the lateral and vertical heterogeneity in localized crust structure (Dreger 

and Helmherger, 1992). 

The important point is that the source orientation can be decoupled from the 

effects of the ray travel paths, and thus, the source orientation can be isolated if adequate 

Green's functions are used to remove the path effects. Our tests suggest that a few 

kilometer mislocation does not make the Green's functions inadequate. The longer

period seismic waveforms « I - 3 Hz) at regional or local distances, especially the early 

part of the waveforms, is mainly determined by the source process. This is supported by 

the fact that seismic rays from similar sources traveling through different propagation 

paths have very similar body waveforms at seismic stations (Dreger and Helmherger, 

1992). We find that a multi-layer crustal model, such as a two-layer crustal model or 

three-layer crustal model, works better than a layer over half space model. The focal 

depth is more difficult to constrain due to the trade-otTs between the crustal structure and 

focal depth; thus, accurate depths are dependent on the knowledge of the crustal structure. 
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Focal Mechanisms of Aftershocks 

Historically, the aftershock activity from large events in Costa Rica tends to be of 

small to moderate size (McCann and Pennington, 1990). For the 1991 Valle de la 

Estrella. Costa Rica earthquake sequence, Harvard's Centroid Moment Tensor (CMT) 

"olutions are available for only a few moderate-sized aftershocks (Table 3.5). Most of 

them occurred early in the sequence. We have applied our regional waveform inversion 

method to the smaller aftershocks (M < 4.6). Using aftershock waveform data recorded 

at a sparse digital network, fifteen small events with magnitude of 3.2 to 4.4 were 

investigated. In general, three component mid-period data from at least two digital 

stations were inverted, sometimes a third vertical component (and radial component) was 

used. The two-layer crustal model described above (PF model) was adopted for all 

stations and events. A trapezoid-shaped source time history was assumed for small 

aftershocks with its duration calculated from the corner frequency of the amplitude 

spectra. The assumed source time function and three component waveform data used in 

this study are shown in Table 3.6. The inversion was performed for the upper crust from 

4 to 24 km. This automatically set a bound for the source depth to be constrained to less 

than 25 km. Since the main shock was at about 10 to 15 km depth (G.')es et al., 1992), 

this assumption is reasonable for most aftershocks, but might lead to misrepresented focal 

uepths for a few events. Most epicentral distances are less than a hundred kilometers, 

and the aperture between the two portable stations ranges from approximately 30-40 

degrees to more than 100 degrees. Since the early part of the waveform provides the 

most constraint on rhe fault orientation (Wallace, 1986b), more weight is put on the first 



Table 3.5 Source Parameters of Major Costa Rica Events 

# Date Origin Lat Lon Depth Ms Fault Plane Solution 

Time (0) (0) (km) ST DIP SLIP 

1983 07/3 17:14 9.652 83.688 12 6.2 167 72 -144 

01 04/22 21:56 9.685 83.073 10-15 7.6 102 17 63 

02 04/23 18:56 9.538 83.467 10 4.9 246 7 -17 

03 04/24 19:13 9.741 83.517 13 6.1 145 78 -174 

04 04/27 05:42 10.256 83.243 10 4.8 133 40 99 

05 05/04 03:42 9.542 82.418 10 6.2 138 21 105 

06 OS/27 18:40 9.482 82.694 10 5.0 151 9 108 

reference 

Hrv. Solution 

Goes et al. (1992) 

Hrv. Solution 

Hrv. Solution 

Hrv. Solution 

Hrv. Solution 

Hrv. Solution 

<0 
I\) 



Table 3.6 Inversion Parameters for Costa Rica Aftershocks 

# Date M Source Time Waveforms Used 

(m/d) (sec) CDMR PANR 
12 05/11 3.5 0.05 0.15 0.05 T,R, V V 
13 05/11 3.2 0.025 0.10 0.025 T,R, V ---

14 05/11 4.3 0.10 0.20 0.10 T,R, V V 
18 05/12 3.3 0.025 0.10 0.025 T,R, V ---

19 OS/12 3.8 0.05 O.lS 0.05 T,R, V ---

20 OS/12 4.0 O.OS 0.20 O.OS T,R, V ---

23 OS/13 3.4 0.025 0.10 0.025 T,R, V ---

29 OS/14 3.9 0.05 0.10 0.05 T,R, V ---

32 05/14 4.2 0.10 0.30 0.10 T,R, V R, V 
33 OS/15 3.6 0.02S 0.10 0.02S T,R, V R, V 
34 05/1S 3.9 O.OS 0.20 O.OS T,R, V V 
36 OS/17 4.0 O.OS 0.20 0.05 T,R, V V 
37 OS/17 3.6 O.OS 0.15 O.OS T,R, V V 
43 OS/19 4.4 0.05 0.2S 0.05 T,R, V ---

47 OS/22 3.8 0.05 0.20 0.05 T,R, V ---

ZENR 
T,R, V 
T,R, V 
T,R, V 
T,R, V 
T,R, V 
T,R, V 
T,R, V 
T,R, V 
T,R, V 

T 
T,R, V 
T,R, V 

T, V 
T,R, V 
T,R, V 

<0 
UJ 
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few seconds of the waveforms. For the vertical and radial components, an inversion 

window with a length of 3 - 5 sec was used in accordance with the epicentral distances so 

that the later part of the P waveform was excluded from the inversion. This later part of 

the waveform usually results from higher frequency multiple reflections, which may be 

caused by the thin sedimentary layer near the surface and contains little source 

information as suggested by Heimberger and Malone (1975). At the same time, a short 

window of 2 - 3 sec was adopted for the tangential component to cut off the surface 

waves. The condition number, a measure of the stability of the generalized inversion, 

was usually abollt 2 to 5, which implied stable solutions were obtained in the inversion. 

All focal mechanisms, focal depths, percentages of the Compensated Linear 

Vector Dipole eCL VO) in moment tensor solution, and RMS errors are shown in Table 

3.7. For most of aftershocks studied (13 out of 15), CLYO's are less than 30 %. Three 

events have very small CL YO of less than 5%, and only two events have relative large 

CL YO of greater than 30%. Figure 3.12 shows how the percentage CL YD varies with 

the dip angle from a synthetic experiment, that was performed using exact Green's 

functions. This synthetic experiment suggests that the CL YD's are in a range of 10 - 20 

% for a source with moderate dip angle. This may be due to the uncertainty associated 

with the moment tensor elements resulted from the inversion proce~js rather than be 

caused by the complexity of the seismic source. Another possible cause of the non-zero 

CL VO is the approximation of the crustal model to the actual structure, as suggested in 

previous numerical experiments (Fall alld Wallace, 1991). The curve of the RMS error 

versus depth commonly shows a distinct minimum, and defines a best-fit focal depth for 

the assumed crustal model. 

Fault plane solutions for the fifteen aftershocks show diverse faulting types, 

including thrusting, strike-slip faulting and normal faulting. Most aftershocks studied are 



Table 3.7 Source Parameters of the Costa Rica Aftershocks 

# Date Origin Lat Lon Depth ITld Fault Plane Solution 

Time (0) (0) (km) ST DIP SLIP 

12 05/11 03:39 9.746 83.190 18 3.5 251 73 -14 

13 05/11 14:55 9.814 83.357 21 3.2 90 42 -152 

14 05/11 17:25 9.297 82.715 21 4.3 149 49 117 

18 05/12 12:39 9.726 83.380 9 3.3 122 32 148 

19 05/12 15:48 10.036 82.979 38 3.8 67 89 85 

20 05/12 22:47 9.726 82.926 21 4.0 186 54 -117 

23 05/13 02:20 9.784 83.316 9 3.4 125 72 163 

29 05/14 11 :15 9.634 83.025 8 3.9 110 51 88 

32 05/14 19:53 9.866 83.525 21 4.2 353 70 177 

33 05/15 02:18 9.778 83.375 20 3.6 352 69 174 

34 05/15 09:03 9.774 83.291 29 3.9 342 61 -151 

36 05/17 01:22 9.838 83.397 18 4.0 214 62 42 

37 05/17 01:38 9.529 82.909 6 3.6 6 61 -120 

43 05/19 00:03 9.279 82.744 17 4.4 127 52 83 

47 OS/22 10:17 9.532 83.106 9 3.8 141 36 110 
---- -- _ .. _- --- -- -

CLVD 

(%) 
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CLVD Versus DIP Angle 
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Figure 3-12. The percentage CL YO versus the dip angle of the fault plane from a 
numerical experiment for a dip-slip source. 
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thrust or strike-slip events with shallow-plunging compressional P-axes trending along a 

north-south or northeast-southwest direction. This stress patte!'n is consistent with that 

inferred from the focal mechanism of the main shock, and the plate motion. The fault 

plane solutions from the regional waveform inversion and the P-wave first motion 

method were found to be in good agreement. 

Figure 3.l3a) show focal mechanisms for eight small aftershocks obtained from 

our inversion and the P-wave first motion. The P-wave first motions for these events 

provide some constraints on the two conjugate nodal planes; and clearly show a 

consistency with focal mechanisms obtained from the regional waveform inversion for all 

events studied, except for event #29. For event #29, a thrusting focal mechanism 

resulting from our inversion appears to violate several P-wave first motions, however, 

the thrust mechanism is similar to the fault plane solution of event #47 and the mainshock 

(both events are located near the epicenter of the main shock). 

For many events in this region the P-wave first motions can not constrain both 

nodal planes (Figure 3.13b). For event #14, we obtained a thrusting focal mechanism 

that is similar to the focal mechanism of nearby event #43, and also satisfies most of the 

P-wave first motions. P-wave first motion solutions and inversion results both indicate 

northeast-southwest compression. Unfortunately, there is no P-wave first motion 

solution available for the comparison. For event #20 and event #36, the first motion 

method provided three possible choices for each event with unconstrained nodal planes. 

From the regional waveform inversion we obtained unique solution for each event that 

tends to support one of the three first motion solutions. Figure 3.13b) shows inversion 

results and possible P-wave first motion solutions for three aftershocks. 

The epicenters and focal mechanisms for fifteen small aftershocks obtained in this 

study are shown in Figure 3.14. The preliminary epicenters and fault plane solutions for 
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Figure 3.13 a) A comparison of the focal mechanisms for several small aftershocks. 
The fault plane solutions from our regional waveform inversion are shown on the left; 
on the right are the P-wave first motion fault plane solutions (Schwartz, personal 
communication, 1992). 
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five larger aftershocks as well as for the mainshock are also shown. 

Unfortunately, the focal depth, one of the important source parameters, is not well 

constrained at local or regional distances because of its trade-offs with the assumed 

crustal structure. We have used one reference model for all events so that the relative 

focal depths can be compared. Since there are large difference ia the focal geology at the 

different stations, there are probably variations in crustal structure between the source and 

receiver as well (Fan et al., 1991). The stations PANR and ZENR are located in the 

jungle near the Caribbean coast in a large sedimentary basin, while CDMR is located in 

the mountains of the volcanic arc. The limited knowledge on the details of localized 

crustal structure has restricted our resolving power for the source depth. 

The waveform matches between the observed seismograms and synthetics for 

other small aftershocks studied are shown in Appendix A. Usually the vertical and 

tangential components show a much better fit than that of the radial component, especially 

for several small events of md = 3.2 - 3.3 because of the relatively low signal-to-noise 

ratio. I n our study the focal depths for 15 aftershocks ranges from 4 to 16 km. 

In many remote regions the station coverage is not adequate to provide a 

constrained first motion focal mechanism. The advantage of using a moment tensor 

inversion is that with two or three three-component stations, we can determine reliable 

focal mechanisms. which in general, requires P-wave first motions recorded at more than 

10 seismic stations. Despite uncertainties in the crustal structure. simple 2 or 3 layer 

models provided adequate Green's functions for inverting for the source geometry. This 

method can be an extremely powerful technique for studying aftershock sequence 

worldwide since it is not possible to respond immediately with a large number of stations 

for most aftershock sequences. 
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Discussion 

There is a clear spatial segmentation of the focal mechanisms we have determined 

In this study. The events near and south of the main shock have thrusting focal 

mechanisms similar to the main shock (events #47,29,43, 14, 5, 6) with two exceptions 

(events #20 and 37 have normal fault focal mechanisms). At least four of these thrust 

events are in Panama nearly 100 km southeast of the main shock and probably not on the 

main shock fault plane. This suggests that other thrust faults in the Northern Panama 

Deformed Belt were reactivated by the main shock. In contrast, many of the events north 

and northwest of the main shock have strike-slip or oblique mechanisms. There is a 

distinct cluster northwest of the main shock that have a northeast-east striking nodal plane 

with left-lateral slip. One of the largest aftershocks (April 24, 1991, Ms = 6.1) occurred 

in this cluster. In addition, a large strike-slip event (Ms = 6.7) occurred on July 3, 1983, 

west-southwest of this cluster (Harvard CMT solution) (Table 3.5). This 1983 event 

caused moderate damage and several fatalities. Figure 3.15 shows all these strike-slip 

focal mechanisms in contrast with the thrust focal mechanism of the 1991 mainshock. All 

of these events may be part of a diffuse set of east-northeast trer.ding left-lateral strike-slip 

faults that segment central Costa Rica. The Valle de la Estrella main shock triggered slip 

on this left-lateral set of faults. Gliendel e! al. (1991) report that within the first 24 hours 

this region 45-80 km west of the main shock, and not directly related to the main shock 

rupture. became very active. The portable stations were not deployed for several weeks 

after the main shock so inevitably many important events in this duster were not 

recorded. However, even several weeks later many of the lamest events are still 
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associated with this cluster. These events although not occurring on the main shock 

rupture are important because they occur much closer to the population centers than the 

main shock and represent significant earthquake hazards. All of these earthquakes may 

be occurring on a diffuse set of northeast trending left-lateral strike-slip faults. Such a 

structure has been suggest by a number of authors (Burbach et af., 1984; Adamek et af., 

1988: Carr and Stoiber, 1990; Goes et af., 1992). Our aftershock study alone is not 

conclusive, but combined with several other observations, supports the existence of a 

left-lateral strike-slip transfoml boundary in central Costa Rica. 

The exact nature of the interaction of the Caribbean plate with the Central 

American, Nazca, and Cocos plates has long been a problem in global plate tectonics. 

Figure 3.16 is a simplified map showing the tectonic setting of the region. It shows that 

the Cocos, Caribbean, Nazca and South American plates intersect in the region of Costa 

Rica and Panama. The Valle de la Estrella main shock occurred on a thrust fault 

associated with the onshore extension of the North Panama Deformed Belt (NPDB) 

(Goes et af., 1992). The NPDB is an active zone of convergence that wraps around the 

isthmus of Panama and appears to extend onshore in eastern Costa Rica (Silver et af., 

1991). Prior to this earthquake the NPDB was not well-defined by geologic evidence 

onshore. What is the nature of the NPDB. Is it a major plate boundary, or a diffuse or 

developing plate boundary? This boundary along the northeast coast of Panama and 

Costa Rica has been interpreted as a thrust, strike slip, and diffuse plate boundary by 

various workers (Adamek et ai., 1988). Goes et af. (1992) have summarized the regional 

plate configurations in their discussion of the main shock and suggest that the NPDB 

ends in a diffuse transverse tectonic structure in central Costa Rica. 
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Associated with subduction along the Middle America Tench (MAT), there are 

several changes corresponding to central Costa Rica and this proposed transverse 

boundary. The 1100 km long volcanic arc associated with the MAT ends near this 

boundary in central Costa Rica (Carr and Stoiber, 1990). A well defmed Wadati-Benioff 

zone extends to a depth of 200 km north of central Costa Rica but becomes ill-defmed and 

cannot be traced below a depth of 100 km south of central Costa Rica (Burbach et ai., 

1984). The low-angle subduction of the Cocos Ridge is just south of this proposed 

boundary. McCann and Penington (1990) speculate that a tear exists in the subducting 

Cocos plate that allows the subduction of the aseismic Cocos Ridge. Carr and Stoiber 

(1990) suggest that a major fracture zone which intersects the Middle America Trench 

near 85°W, defmes an important segmentation of the down going plate and may represent 

the plate boundary between the Cocos and Nazca plates. 

The NPDB may represent the plate boundary between the Nazca and Caribbean 

plate or it may represent the northern boundary of an independent Panama block. Either 

way requires a boundary to cut west of the NPDB and connect with the MAT. Our 

aftershock study of the 1991 Costa Rica earthquake sequence adds to the growing body 

of evidence that there is an active northeast trending left-lateral fault zone transacting 

central Costa Rica. 
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Conclusion 

Using mid-period wavefonn data recorded at three digital portable stations, the 

small aftershocks of the 1991 Costa Rica earthquake were investigated by the regional 

moment tensor inversion method. The experiments conducted on several events show 

that longer-period waveform data (> 1 - 3 sec) are more sensitive to the source 

infonnation, and less sensitive to the detailed crustal structure as suggested by an early 

synthetic experiment (Fan and Wallace, 1991). The higher frequency part of the 

wavefonns is controlled by the far field tenns and more sensitive to higher-order source 

processes or details of the local receiver structure. Although a large number of rays are 

required in modeling long-period displacement, the earlier part of the seismogram has 

proven to be the most important carrier of the source infonnation, especially at the local 

distances. Therefore, a gross multi-layer crustal model is preferred to adequately describe 

the localized crustal structure when detailed structural infonnation is lacking. 

The source infonnation can be decoupled from the path effects and plays a more 

important role in determining the shape of the longer-period waveform. The small 

perturbations in parameterization of the crustal model used and small departures from the 

actual epicentral location have insignificant influence on the final focal mechanism 

extracted from waveform data by using moment tensor inversion. In tenns of the relative 

importance in detennining the seismic body wavefonns, the rupture process apparently 

plays a more important role than the interaction of the seismic wave with the crustal 

structure. In contrast, the localized heterogeneity of the crustal structure certainly 

contributes more to the higher frequency characteristics of the wavefonn. A good 
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approximation to the crustal structure should give a good estimate of its major parameters, 

including the crustal thickness and the layer velocity distribution. 

A sparse network can provide much better constraints for the recovery of the 

earthquake source in terms of the stable solution, especially when crustal structure is not 

well known. The focal depth, especially the shallow focal depth, is difficult to fully 

constrain at local distances because the strong trade-offs with the crustal structure. In 

other words, additional prior information may be needed to make the focal depths of 

small earthquakes constrain able. 

Fifteen fault plane solutions obtained from our regional waveform inversion 

method show consistency with P-wave first motion solutions. These solutions of small 

aftershocks are useful constraints on better understanding the rupture process of the main 

shock and the regional tectonics. There is a clear segmentation between the focal 

mechanisms of aftershocks. The left-lateral strike-slip focal mechanisms from several 

aftershocks in the a cluster northwest to the mainshock epicenter suggest that these events 

may represent the strike-slip motion in a diffuse set of left-lateral strike-slip faults. This 

left-lateral motion is the supporting evidence of a possible incipient transform boundary. 
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CHAPTER 4 

ACTIVE TECTONICS OF THE PAMIR-KARAKORUM REGION 

Introduction 

The collision of India with the Eurasian continent has resulted in a remarkable 

catalogue of tectonic expressions: the Tibetan Plateau, the Himalayan Mountains, the 

eastern and western Himalayan Syntaxes and a family of intra-plate strike-slip faults in 

China. The northern boundary of the collision zone is marked by the Pamir mountains 

(see Figure 4.1). The Pamir and Karakorum mountains are characterized by rapid 

Quaternary uplift (Pakhomov and Nikonov, 1983; Ceveny et al., 1988), a thick crustal 

root (Beloussov et al., 1980; Brandon and Romanowicz, 1985), a high Po velocity of 

about 8.2-8.4 kmlsec (Ni and Barazangi, 1983; Holt and Wallace, 1990), and intensive 

seismicity. The shallow seismicity includes both thrusting and strike-slip earthquakes 

representing collision-induced shortening. The seismicity extends to intermediate depths 

(> 200 kin) along fairly well defined trends. The seismotectonics and geodynamics of 

the Pamir region have been reported by numerous investigators, especially in the Soviet 

literature (Molnar and Tapponnier, 1975; Lukk and Vinnik, 1975; Gealey, 1977; Pevnev 

et aI., 1978; Vinnik et ai., 1977; Powell, 1979; Mishra, 1982; Leonov and Nikonov, 

1988; to just name a few). In this paper we revisit the seismicity of the region and 

attempt to develop a regional seismotectonic model. This study builds on much of the 

excellent previous work and attempts to decide between many conflicting models. 
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The Tectonic Setting of the Pamir Region 

The Pamir region is bounded by the Tien Shan in the north, the Hindu Kush in 

the south, the Tarim Basin to the east and the Tadjik Depression to the west (Figure 4.1). 

The Pamir region is thought to be a part of a microplate, known as the Afganistan-Pamir

Karakorum (APK) microplate, which was originally a part of Gondwana (Geaiey, 1977; 

Nur and Ben-Avraham, 1982). Although the APK microplate was much farther south in 

the Permian time, it apparently traveled across the Neo-Tethys, and was accreted to the 

southern margin of the Eurasian plate during the late Cretaceous (Powell, 1979; Westphal 

et aI., 1986; Bazhenov and Burtman, 1986). As the Indian continent approached Eurasia 

numerous island arcs accreted to the southern boundary of APK; finally during the Early 

Oligocene northern margin of India collided with APK and Eurasia (Sharma, 1987). The 

collision resulted in the uplift of the Pamir mountains. This uplift continues today, as 

geodetic data indicate a N-S oriented shortening at a rate of approximately 1.5 crn/yr 

(Pevnev et ai., 1978; Kakkuri and Konttinen, 1986). 

The expression of the western Himalayan Syntaxis is very complex. There are 

numerous thrust faults and fold belts. Figure 4.2 shows the inferred major faults. In 

general, north to the Pamir the contemporary tectonic displacements becomes less 

intensive from the south to the north (Leonov and Nikonov, 1988). Along the foothills 

of the Tien Shan, thrust faults and associated folds trend northeast about N600E. On the 

northwestern margin of the Pamir there are two major thrust fault zone striking east-west: 

(1) the Gissar-Kokshal fault zone on the north marks the southern margins of the 

Eurasian plate, and (2) the Vakhsh overthrust fault zone on the south separates the 

northern Pamir from Alay mountains and has been considered as a secondary structure 

(Gubin, 1960) (Figure 4.2). Farther south lies the Darvaz-Karakul fault zone which has 



LEGEND 
IIIIIIIIIIIl Fa u I t Zo n e Talaso-

INDIAN PLATE 

111 

Tarim Basin 

Tibetan Plateau 

Figure 4.1 A simplified tectonic map for the Central Asia. Topographic contour lines 

of 2 Ian and 5 Ian are shown in this map (modified from Figure 2, Ni, 1989). 



112 

44 

N 0 0 
@ 0 o 0 

0 0 © 
42 "0 c' c£, 0 

~ 
0 ~ ~ ~ o 0 -...::: 0 

o ~ )-0' '1( I i I€-\'l 

40 8~jJQo- \ 4 pl\ 

OA'~~ ~\ 
~ 0 RS 0 ~o 

0 cP 0 ?i>-\>II\ ~£\ 0 ~ 0' 

38 0 00 ~ ~'f~ 0 

o §~ 1(l...A. 
0 +~ ~ 0 '\ t;. ~ 0 36 

"" 0,0 

~ <O<!D 
'+.-<' 

0 
0 

34 66 78 E 

Figure 4.2 Simplified tectonic and epicenrral distribution map for the Pamirs and 
surrounding regions (1962-1986). Large and small open circles represent epicenters of 
shallow earthquakes (::;70 km) with mb~5.0 and 5.0>mb~4.0. respectively. Large 
and small triangles represent epicenters of the intermediate-depth events (70 
km<depth::;300 km) with mb~5.0 and 5.0>mb~4.0, respectively. AA', BB', CC' 
and DD' represent four cross-sections whose lengths and widths are shown on the 
same map scale. PT, Pamir Thrust; TS-KLF; Talas-Fergana-Kunlun Fault: KR, 
Karakorum mountains; MBT, Main Boundary Thrust; P-KF, Pamir-Karakorum Fault. 
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a convex shape and consists of a series of faults from Afghanistan Badakhshan to the 

Trans-Alay range (Figure 4.2). The strike of the southern segment of the Darvaz

Karakul fault zone north-south to northeast-southwest, but in the Trans-Alay area the 

fault zone trends east-west. This deep fault zone separates the elevated Pamir block from 

the Tadjik depression. The two boundary zones, the Gissar-Kokshal fault zone and the 

Darvaz-Karakul fault zone, form a highly active belt of seismicity on the northern margin 

of the Pamir, which extends and bends to the southeast in front of western Kun Lun 

(Hamburger, et at., 1992; Bai, 1986). A number of strong earthquakes in the Pamir have 

occurred in this fault zone, for example, the Markansu earthquake of 1974, the Zaalay 

earthquake of 1978, and the Wuqia earthquake of 1985 (Kristy and Simpson, 1980; 

Shirokova, 1981; Kuchay and Yunga, 1984; Bai, 1986; Feng et at., 1988). 

The eastern flank of the Pamir mountains is bounded by the Talaso-Fergana right

lateral strike-slip fault. This fault extends for at least 800 km, and has been active since 

the late Paleozoic time. The Talaso-Fergana fault cuts the Tien Shan (northeast of the 

Pamir) and separates the Tien Shan into two different provinces. The western Tien Shan 

is approximately in local isostatic equilibrium, but the eastern Tien Shan is not. The 

Bouguer gravity anomalies in the eastern Tien Shan require a thickened lithospheric root 

to compensate the mass deficit and can be modeled with underthrusting of two elastic 

plates from both directions (Burov et at., 1990). Recent right-lateral displacements along 

the Talaso-Fergana fault have been observed and horizontal displacements are the 

dominant style of deformation. The Pamir-Karakorum fault zone is another right-lateral 

fault zone along the eastern flank of the Pamir and Karakorum ranges, where it meets the 

west end of the Kun Lun. This fault appears distinct on Landsat imagery. Lateral 

displacements along the fault are accommodated by pull-apart basins. These two strike-
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slip fault zones have been considered a major system of right-lateral strike-slip faults 

which absorb large differential N-S shortening across the Eurasian intraplate (Ni, 1978). 

Seismicity 

The intensive deformational environment of the Pamir region is reflected by a 

high level of seismicity. There have been a number of historic events larger than 

magnitude 7, which have occurred in the Pamir and its vicinity, including the 8 June 

1887 Vernyi earthquake (M = 7.3), the 11 July 1889 Chilile earthquake (M = 8.3), the 21 

October 1907 Karatag earthquake (M=7.4), the 03 January 1911 Kebin earthquake (M = 

8.2), the 02 November 1946 Chatkal earthquake (M = 7.5), and the 10 July 1949 Khait 

earthquake (M = 7.4) (Kristy and Simpson, 1980). The large events after installation of 

the WWSSN (WorldWide Standardised Seismographic Network) are the 11 August 1974 

Markansu earthquake (M = 7.4) and the 23 August 1985 Wuqia earthquake (M = 7.4). 

Figure 4.2 shows these epicenters, along with the epicenters from the ISC catalog for 

earthquakes with mb;::: 5.0 in the Pamir and its surrounding areas from 1964 to 1986. 

The shallow seismicity is concentrated in bands, which correlates with major structures in 

the Pamir. In the northern Pamirs, the earthquakes are dominantly shallow. Soviet 

seismologists have established and operated a regional network to monitor the seismic 

activities in Garm region, which is near the Peter the First range, to the northwest of the 

Pamir. The several decades of seismic monitoring indicate that seismicity is concentrated 

along relatively narrow belts, 10 - 13 km wide, with axial lines along major faults (Lukk 

and Shevchenko, 1990). The largest seismic hazards are located along the Pamir frontal 

fault zones, the Gissar-Kokshal fault zone and the Darvaz-Karakul fault zone, where the 

greatest strain is being accommodated. Seismic events are mostly clustered in the upper 

crust at depths less than 12 km and form a seismic zone dipping southward at 45 - 550 
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(Lukk and Shevchenko, 1990). This seismic zone can be traced down to depths of 30-40 

km below an aseismic gap, which envelops the upper seismic zone. By studying 

seismicity in the Gissar-Kokshal fault zone, Leith and Simpson (1986) also found that 

the shallow microearthquakes occurred mainly within the sedimentary rocks of the frontal 

portions of the thrusts; the large earthquakes occurred on basement faults adjacent to the 

fold and thrust belt. The most active seismic zone trending east-west is along the 

southern margin of the Tien Shan. Within the high mountainous areas the seismicity is 

low (for example, in the highest part of the Pamir and the Talaso-Fergana ranges). 

Spatially, the seismicity tends to cluster in space where the structures intersect, especially 

in the Hindu Kush region and along either flank of the Pamir. Earthquake pair analysis 

also suggested that the spatial clustering of earthquakes in this region follows a 

nonrandom pattern (Eneva and Hamburger, 1989). Temporally, there are long intervals 

of seismic quiescence before the strong and moderate earthquakes, and the duration of 

this period of seismic quiescence is proportional to the magnitude of the main event 

(Nikonov and Veselov, 1980a). 

Ni (1978) used first-motion fault plane solutions and Landsat imagery to 

determine that the dominant compressive stress direction is nearly horizontal and trending 

approximately N-S, perpendicular to the strike of the mountain belts. This is expected, 

given convergence of India and Eurasia. What is less constrained, however, is how this 

shortening is accommodated within the crust. Nelson et al. (1987) studied 11 

earthquakes in the Tien Shan, and showed that some events occurred in the lower crust, 

indicating that the entire basement is being shortened in the N-S direction. Abers et al. 

(1988) argued for basement thrusting beneath the southeastern Tadjik Depression 

(Afghanistan) from teleseismic waveform modeling of two large events in that area. 
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Continental convergence has resulted in a substantial crustal thickening in the 

Pamir region. Brandon and Romanowicz (1986) used the dispersion of Rayleigh waves 

to infer a crustal thickness of 60 to 70 km. This crustal thickness is consistent with large 

negative Bouguer gravity anomalies (Mishra, 1982; Malinconico, 1986; Molnar, 1988; 

Burov et aI., 1990). Deep seismic sounding supports this conclusion, and suggests that 

the top of the asthenosphere (as signified by a low velocity zone) is at about 120 km 

depth, and its base is at 200-300 km depth (Beloussov et aI., 1980). The intermediate

depth earthquakes beneath the Pamir and Karakorum (also Hindu Kush) are unique. 

Through the upper mantle there are zones of earthquakes which extend to at least 390 km 

depth (Katok, 1988). The seismicity in Hindu Kush has been interpreted as evidence of 

subducted oceanic lithosphere by many authors (lsacks and Molnar, 1971; Nowroozi, 

1971; Billington et aI., 1977). Billington et al. (1977) suggested that this "Wadati

Benioff zone" represents active subduction, but the orientation of the subduction was 

undetermined. From two microearthquake investigations conducted in 1976 and 1977, 

Roecker et al. (1980) and Chatelain et al. (1980) explored the geometry of the deep 

seismic zone beneath the Hindu Kush. They found that a narrow seismic zone dips 

steeply into the mantle beneath the Hindu Kush and there are aseismic gaps between the 

seismic zones at depths of 100 - 200 km near 70.7°E. It was inferred that the Hindu 

Kush seismic zone could be the consequence of underthrusting of two separate basins in 

opposite directions. 

Much of what is inferred about tectonics of the Pamir region has come from the 

distribution of earthquake hypocenters. This information can be consolidated, and in 

many cases, improved by modeling the waveforms of the large to moderate sized 

earthquakes. In this paper we attempt to resolve unambiguously the mechanism and focal 

depth for the main shock of the 11 August, 1974 Markansu event. Teleseismic body 
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waveforms are modeled over a wide range of depth to investigate the focal depth. The 

Markansu event and its aftershocks are singled out because its main shock is the largest 

instrumentally recorded event in the Pamirs, and fault plane solutions of the aftershocks 

are important in understanding of continental convergent deformation. We also present 

other new fault plane solutions with accurate focal depths obtained from the inversion of 

teleseismic long-period body waves. Harvard Centroid Moment-Tensor (CMT) solution 

and previously published fault plane solutions obtained from waveform modeling or 

inversion (Baranowski et ai., 1984; Nelson et aI., 1987; Sipkin et aI., 1987) are also 

adopted in our analysis for the Pamir-Karakorum region and its vicinity. The hypocentral 

parameters of shallow and intermediate-depth earthquakes, determined by the 

International Seismological Center (ISC), are used to elucidate the deformation of the 

thickened crust and the shape of the down-going continental lithosphere. The detailed 

seismic source parameters, combined with other evidence from analysis of geological, 

paleomagnetic and geodetic observations, provide a clear picture of the active tectonics in 

this continental convergent region. 

Inversion Procedure 

We determined the earthquake source parameters (strike, dip, rake, and depth) for 

18 events using the inversion method developed by Holt and Wallace (1987). In this 

procedure, both teleseismic and regional body waves are inverted simultaneously for the 

source parameters. An advantage of this procedure is the use of singular value 

decomposition (SYD) in the inversion which allows direct insight into which 
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observations influence, or control, the determination of a given source parameter. 

Although the assumption of a point source was obviously not valid for some of the 

largest earthquakes studied, we choose it to parameterize our inversion such that the 

source time function is known, in general, this is a valid assumption since the source time 

function can be recovered wi th forward modeling of the waveforms. 

The Green's functions are calculated for the earth structures determined by other 

geophysical investigations in the region. The crustal and mantle velocities are based on 

the results of deep seismic sounding (Beloussov et ai., 1980), seismic velocity inversion 

(Roecker, 1982), Rayleigh wave dispersion (Brandon and Romanowicz, 1985), and 

gravity modeling (Mishra, 1982), which show that the thickness of the crust is about 65-

70 km underneath the Central and Southern Pamir as well as under the Karakorum. For 

most shallow earthquakes a simple half-space model with a crustal layer over a half-space 

mantle is used. For two intermediate-depth earthquakes, we used a 70 km thick crust 

layer overlying the upper mantle (Table 4.1), which is comparable to a 60 km thick 

crustal layer assumed in the Harvard's moment tensor inversion (Ekstrom, 1987). All 

source velocity models and source-time functions used in generating Green's functions 

are shown in Table 4.1. Although there may be some heterogeneity in the attenuation for 

different teleseismic travel paths, we assume that attenuation could be modeled with a 

constant t* ( t*= 1.0 for P-waves and 4.0 for S-waves) (Futterman, 1962). A uniform 

receiver velocity model which simplifies the actual structure was used in all inversion 

runs. 

For most earthquakes, we assume a trapezoid-shaped source time function with a 

duration proportional to the logarithm of the scalar seismic moment of the event. There 

obviously is a trade-off between the source time function assumptions and other source 

parameters, in particular the focal depth. Recognizing this trade-off is equivalent to 
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Table 4.1 Source Velocity S tructure Used to Generate Synthetic Waveforms 

No. Dale Thickness Seismic Velocity Densily Source Time Minimum 
of Layer Vp Vs Function Error 

(km) (km/s) (kg/m3) (s) 

1 11 May. 1967 half-space 6.0 3.5 2700 0.2 1.2 0.2 0.288 
2 14 Sep. 1969 half-space 6.0 3.5 2700 0.4 1.2 0.4 0.291 
3 12 Jan. 1972 70 6.4 3.7 2900 

half-space 8.1 4.7 3300 0.6 1.8 0.6 0.330 
5 12 l'-iov. 1972 70 6.4 3.7 2900 

half-space 8.1 4.7 3300 0.8 2.4 0.8 0.164 
6 11 Aug. 1974(A) half-space 6.0 3.5 2700 1.6 4.8 1.6 0.231 
7 11 Aug. 1974(8) half-space 6.0 3.5 2700 0.8 1.6 0.8 0.189 
8 11 Aug. 1974(C) half-space 6.0 3.5 2700 0.6 1.8 0.6 
9 27 Aug. 1974 half-space 6.0 3.5 2700 0.4 1.2 0.4 0.314 
11 18 Dec. 1977 half-space 6.0 3.5 2700 0.2 1.2 0.2 0.221 
13 08 OCl. 1978 half-space 6.0 3.5 2700 1.2 3.0 1.2 0.265 
15 02 Nov. 1978(A) half-space 6.0 3.5 2700 0.2 1.2 0.2 0.267 
16 02 Nov. 1978(8) half-space 6.0 3.5 2700 0.2 1.2 0.2 0.332 
17 08 Nov. 1978 half-space 6.0 3.5 2700 0.2 0.8 0.2 0.288 
26 13 Feb. 1983 half-space 6.0 3.5 2700 1.2 3.6 1.2 0.234 
27 05 Apr. 1983 half-space 6.0 3.5 2700 0.8 2.4 0.8 0.271 
28 16 Dec. 1983 half-space 6.0 3.5 2700 0.8 2.4 0.8 0.203 
32 23 Aug. 1985 4 4.0 2.3 2500 

half-space 6.0 3.5 2700 3.0 11.0 2.4 0.271 
34 11 Sep. 1985 4 4.0 2.3 2500 

half-space 6.0 3.5 2700 0.6 2.0 0.6 0.263 
Subevem same as above 2.6 0.0 2.6 
Subevem 2 1.6 0.0 1.6 

* The serial number of the eanhquake is the same as that in Table 4.2. 
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introducing uncertainty to the focal depth. On the basis of previous experience (Holt and 

Wallace, 1987), this uncertainty is on the order of±3 km for moderate-sized earthquakes 

(M < 6.5). The quality of waveform fit is quantified by the average error. This error is 

the average for each observation, which is determined by cross-correlating the observed 

and synthetic waveforms at each seismic station. Exact fits would result in zero error; if 

all the seismograms were totally out of phase (reversed polarity), the average error would 

be 2. In general, a "good fit" results in an error of 0.15 - 0.35. 

The centroid source depth is determined by performing an iterative inversion with 

teleseismic distance Green's functions generated at a suite of focal depths. We assume a 

staring time function, and choose the centroid depth which minimizes the misfit between 

the observed and synthetic seismograms, in our case this is the average error. The 

average errors obtained from inversion at a suite of depths are plotted as a function of the 

depth, and the minimum error is assumed to correspond to the best-fit focal depth. We 

then modify the source-time function, repeat the inversion, and compare the results to 

determine the trade-off between source-time function and source depth. The inversion 

process is usually repeated for at least a few different source-time functions that vary in 

duration; the optimal source-time function is chosen on the basis of the quality of the 

overall fit of waveforms. In general, the error is a smooth function of the depth, and 

most minima are well developed and imaged. An inadequate source time function will 

most strongly affect focal depth, but has little influence on the other source parameters. 

especially the fault orientation (Holt and Wallace, 1987; Molnar and Lyon-Caen. 1989). 

Figures showing the matches between the observed and synthetic waveforms and the 

focal mechanisms of all 18 events are given in Appendix B. 

We used all teleseismic P and SH waveforms recorded at WWSSN and GDSN 

(Global Digital Seismograph Network) stations for the events studied. These teleseismic 
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waveforms were digitized by hand at a sample rate of 0.2 sec/sample, and then 

interpolated by a cubic polynomial function. The normalized seismograms and synthetics 

were used in error calculations. The errors for fault plane parameters are probably 

dominated by the inadequate approximation of the velocity model and the corresponding 

Green's functions. We estimate that the orientation of the best-fit double couple is 

determined to within ±10° for strike, ±5° for dip, and ± 10° for rake in angular 

coordinates for all but three fault plane solutions (events #3, #8 and #16; see Table 4.1), 

which are not very well constrained; thus the errors associated with one or two fault plane 

parameters for these three events are larger. 

A scalar seismic moment is calculated at each seismic station based on the 

amplitude ratio between the observed waveforms and synthetics for P-waves and SH

waves. An average of all moments for a given event is used as the scalar seismic moment 

for the event. The convergence of the iterative inversion usually insures a relatively small 

deviation of the seismic moment, although it can change with the duration of source time 

function. The results of this study and our scalar seismic moment all agree well with 

those reported in the Harvard's CMT catalogue. 

Several authors have investigated some earthquakes listed in Table 4.2 (Ni, 1978; 

Jackson et aI., 1979; Tapponnier and Molnar, 1979; Huan et al.,1979; Shirokova, 1974, 

1979, 1981; Dziewonski et aI., 1983, 1986, 1987a, 1987b, 1987c, 1988a, 1988b, 

1988c; Baranowski et aI., 1984; Singh V.P. and H. N. Singh, 1985; Verma, 1985; 

Ekstrom, 1987; Sipkin, 1987; Wang et aI., 1987; Fan and Ni, 1989). Some of the earlier 

results are based on P-wave first motion data only, thus fault plane solutions obtained by 

different authors show a great diversity in nodal plane stress orientations. The source 

depths of the earthquakes have usually not been well constrained. For this reason, we 

chose to invert waveforms so we would have a standard catalogue of source parameters. 
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Table 4.2 Fault Plane Solutions of Pamir-Karakorum Earthquakes 

No. Data Time 

(dImly) 

Lat Lon mb 

(0) (0) 

Mo 

xlO I8 

(Nm) 

11/05/67 14:50 39.33 73.74 5.5 0.61 

Depth 

ISC Cen. 

(km) 

2 8±2 

Nodal Plane 

ST Dip Slip 
(0) (0) (0) 

P T 

A.l PL A.l PL 
(0) (0) (0) (0) 

Ref. 

227 82 ·2 IS2 7 92 4 (I) 

2 14/09/69 16:15 39.70 74.80 5.5 0.62 38 3±2 79 47 76 179 \0 275 80 (I) 

3 12/01n2 IS:37 37.67 75.07 5.3 0.42 96 91±4 233 87 ·9 IS8 8 279 4 (I) 

4 03/09n2 16:4S 35.98 73.42 6.2 

5 12/l1n2 17:56 3S.33 73.17 5.9 

(, 1l/0Sn4 01:13 39.34 73.76 6.2 

7 11/0Sn4 20:05 39.44 73.67 5.7 

S li/OSn4 21:21 39.46 73.76 5.S 

9 27/08n4 12:56 39.52 73.82 5.7 

10 29/07n7 09:14 3S.22 75.19 5.3 

45 12 

3.57 III 

37.57 7 

0.60 41 

0.90 26 

0.31 19 

0.07 114 

II IS/l2n7 16:47 39.86 77.30 5.3 0.60 21 

0.85 

107±5 

2-3 

7±3 

7±3 

4±2 

132±4 

7±3 

\0(7) 

341 55 105 

119 

53 

91 

86 

116 

158 

59 ·115 

51 53 

38 91 

82 ·72 

70 ·144 

5 21 

60 9 295 75 (2) 

342 66 

348 0 

o 7 

16 50 

338 39 

133 43 

227 11 

258 62 

175 83 

161 35 

241 9 

322 47 

(I) 

(I) 

(I) 

(I) 

(1) 

(3) 

74 51 79 172 6 296 80 (I) 

67 69 73 170 22 311 62 (4) 

12 14/04n8 06:11 41.10 75.37 5.1 0.04 38 33 * 270 33 90 180 12 o 78 (5) 

13 OS/lOnS 14:20 39.40 74.76 5.8 1.04 50 13±3 252 49 62 2 94 69 (I) 

1.04 15(16) 243 39 29 1')4 19 80 50 (4) 

14 OI/llnS 19:4S 39.34 72.56 5.9 

15 02/llnS 06:24 39.35 72.66 5.3 

16 02/11 n8 II: 15 39.38 72.62 5.4 

17 08/l1n8 00:57 39.32 72.57 5.4 

9.58 715* 

0.25 5±2 

0.24 15(6) 

0.16 37 4±2 

0.12 15 * 

0.28 36 4±2 

103 58 163 329 II 

204 57 61 314 7 

199 31 23 157 28 

208 53 76 308 7 

197 60 46 316 5 

272 75 131 333 19 

67 33 

60 65 

30 48 

71 77 

52 52 

222 45 

(4) 

(I) 

(4 ) 

(I) 

(4 ) 

(I) 

0.09 \0(9) 282 43 128 166 8 272 64 (4) 

IS 17/04n9 17:01 38.57 73.46 5.1 0.08 95 97±5 235 74 15 188 98 21 (6) 

19 13/02/80 22:09 36.47 76.S6 6.0 1.27 74 90±4 122 78 112 192 32 56 58 (7) 

I. 24 80 * 126 72 98 210 27 49 62 (8) 

20 03/03/81 05:52 39.29 72.72 5.2 0.14 56 15 93 44 ·177 306 33 57 29 (9) 

21 12/09/S1 07:15 35.68 73.60 6.1 1.95 30 10(5) 107 36 79 25 9 240 79 (4) 

22 22/02/82 17:59 35.55 73.80 5.4 0.09 34 15 * 123 43 76 43 2 299 80 (10) 
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Table 4.2--Conitinued 

No. Data Time Lat Lon mb Mo 

(dimly) xlO 18 

(Nm) 

Depth 

ISC Cen. 

(km) 

Nodal Plane 

ST 
(0) 

Dip Slip 
(0) (0) 

P T 

AZ PL AZ PL 
(0) (0) (0) (0) 

Ref. 

23 07/03/82 12:24 38.08 72.72 5.6 0.33 116 146 351 64 -23 313 34 221 4 (II) 

24 06/05/82 15:42 40.15 71.54 5.5 0.48 44 15(11) 112 38 126 357 12 113 65 (4) 

0.20 20 70 36 95 337 9 139 80 (12) 

25 29/09/82 04:24 37.31 72.96 5.3 0.20 55 10(10) 180 46 -69 169 75 75 (4) 

26 13/02/83 01 :40 39.99 75.25 5.6 3.33 o 8±3 320 86 -170 184 4 274 (I) 

2.71 15 * 323 84 -149 191 25 92 17 (4) 

2.62 21 324 89 -173 189 6 25 4 (13) 

27 05/04/83 06:50 39.96 75.30 5.6 0.85 5 10±3 320 88 -176 185 4 95 (I) 

0.64 10(9) 319 81 -136 190 37 82 22 (4) 

28 16/12/83 13:15 39.34 72.96 5.7 0.97 35 

0.82 

8±3 

10(7) 

29 15/02/84 21:57 40.93 71.14 5.1 (J.07 22 15 * 
30 27/04/85 01:31 38.62 73.21 5.5 0.26 104 117 

56 45 109 313 2 49 77 (I) 

62 51 101 145 6 20 80 (4) 

278 48 127 163 3 258 63 (4) 

103 65 172 328 12 63 23 (14) 

31 23/08/85 08:32 39.39 75.38 5.0 0.04 49 15 * 308 85 175 173 0 263 7 (4) 

32 23/08/85 12:41 39.49 75.27 6.2 24.58 7 18±4 67 59 58 179 9 285 61 (I) 

32.90 15(12) 63 80 62 175 30 304 48 (4) 

57.00 60 80 50 177 22 288 42 (IS) 

33 29/08/85 23:39 39.47 75.49 5.2 0.08 7 15 * 85 27 63 16 20 228 66 (4) 

34 11/09/85 20:45 39.36 75.44 5.8 1.19 26 6±2 271 54 73 12 8 132 74 (I) 

I. 82 10(7) 299 50 110 15 3 275 74 (4) 

( ) represents the focal depth from the very broad band inversion (4). 
* represenl~ the fixed depth in an ad hoc manner (4). 
(I): This study. 
(2): Baranowski. et al.. (1984). 
(3): Dziewonski. A. M. ct al. (l987a). 
(4): Ekstrom. G. A. Ph.D. TIlCsis (1987). 
(5): Dzicwonski. A. M. ct al. (I 987b). 
(6): Dziewonski. A. M. et al. (I 987c). 
(7): Fan.G" and 1. Ni(l989). 
(8): Dziewonski. A. M. et al. (l988a). 

(9): Dziewonski. A. M. et aI. (1988b). 
(10): Dziewonski. A. M. et aI. (1988c). 
(11): Dziewonski. A. M. et aI. (1983). 
(12): Nelson. M. R. et aI. (1987). 
(13): Sipkin. S. A. (1987). 
(14): Dziewonski. A. M. et aI. (1986). 
(15): Wang,L..etal. (1987). 
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Recent centroid moment tensor (CMT) solutions have proved to be very 

consistent with actual focal mechanisms, especially after Ekstrom's improvements 

(Ekstrom, 1987). The combination of short-period and broad band waveforms 

constrained the focal depths better (Molnar and Lyon-Caen, 1989). Due to the later 

establishment of the GDSN network, CMT solutions are only available for earthquakes 

after 1977. Among earthquakes studied here, 11 have published CMT solutions. We 

compared our fault plane solutions with the latest Harvard's solutions as a double check 

for quality control. In general, all fault plane solutions compared represent the same 

faulting types and show a good agreement between the two methods. We calculate the 

differences between three angular elements of one nodal plane from our solution and 

those from the Harvard solution that most closely agreed with our solution. Taking all 

differences between three angular elements into account, 45.5 % of them lie within the 

uncertainties that we assigned, and 66.7 % of them lie within twice those uncertainties. 

Usually the strike of one of the nodal planes shows a much smaller difference (less than 

10°), but the difference of rake could be as big as 30-40 degrees. Since the waveform 

inversion procedure uses waves of higher frequencies, we expect that our source depths 

are better resolved than the CMT focal depths. The focal depths for the events in Central 

Asia provided by CMT solutions were not very accurate (Ekstrom, 1987), and some of 

CMT focal depths listed in Table 4.2 were reasonably fixed values, usually 10 or 15 km. 

We also noticed that focal depths obtained from the very broad band inversion method, 

which are "the most important additional information" (Ekstrom, 1987), in general, are in 

better agreement with depths determined from our teleseismic inversion. The values of 

the scalar seismic moment derived from two methods are relatively close, despite 

relatively large deviations associated with this quantity. 
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Source Parameters and Their Tectonic Implications 

Table 4.2 lists the source parameters for 34 moderate- and large-sized 

earthquakes. In the next section we discuss the active tectonics in the region as inferred 

from these fault plane solutions (Figure 4.3). The Pamir region exhibits a rather 

systematic deformation pattern, which is consistent with the region being shortened by 

continued convergence between India and Eurasia. We will begin an examination of the 

northern central Pamir where thrust faulting predominates and then discuss the 

deformation associated with the Darvaz-Karakul fault zone and the Tadjik Depression, as 

well as the deformation of the easternmost Pamir where the E-W trending thrusts meet the 

Talaso-Fergana and Karakorum strike-slip fault zones. In the interior of the Pamir, there 

is only one normal faulting event large enough for accurate determination of the source 

parameters; thus several focal mechanisms from Harvard CMT solutions have been used 

in our analysis. 

Thrust Faulting in the Pamirs 

Most earthquakes occurring in the northern margin of the Pamir are thrusting 

events (#2, #6, #7, #13, #15, #16, #24, #28, #32, #33, #34; see Table 4.2 and Figure 

4.3). The fault planes of these earthquakes are approximately parallel to the Pamir thrust 

belts. The N-S or NW -SE orientation of their P-axes is approximately normal to the traces 

of the major thrust faults in the Pamir region, and in the direction of convergence between 

the Indian and Eurasian plates (DeMets et al., 1990). This indicates the Pamir is mainly 
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Focal Mechanisms of Pamir Earthquakes 

~e~~iJ~~@88~ 
15-2-84 11-5-67 11-8-74 11-8-74 11-8-74 8-10-7814-9-6914-4-78 13-2-83 5-4-83 23-6-6518) 'ti ", ,lei 18' IAI 15 

4 6_5_82~"""~~' \ \ 1 ~ 
@ "', "" ~\ 15 

27'8-74 '''--.----. "''-,,- "D e 
5~ "- ~ 23-6-65IA) 

:;i.'" PAMIRS ~ ~ 

'~~ ~~\ Jt.!:' 
1-11-78 O-!...; () \\ -:;: ~ 

15f.b 29-9-82 0 
~ / ~4 12-1-72 
3-3-81 4 "'" 90 

~ "7 ~~6 ,07 ~7 10 15 12 ~ 

'-"-," ,~ ~,Q ~, ~ ~ ~ "'" 
66 70 74 78 E 

Figure 4.3 Epicentral map of the selected events. The focal mechanisms from this 
study and other waveform inversion results are shown on the lower-hemisphere 
projection with dark compressional area. Small solid and open circles represent the P 
axes and T axes, respectively. The numbers on the tops of the projection represent the 
source depths determined in this study or by other waveform inversion methods, 
numbers below the projection are the date of the events. 
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being deformed by continental collision and reflects the complexities of the regional 

structures. The shallow focal depths of these thrust events suggest that the seismic 

deformation is mainly in the upper crust. Several of the major events also have a large 

strike-slip component (inferred from the best-fit double couple solutions), which indicate 

shearing in accommodation of N-S shortening. 

The complexity of the local structures is evidenced by Landsat imagery and 

verified by field work (Nikonov, 1988). It is clearly shown that second order faults 

strike northwest or northeast and join the major thrust belts obliquely. Two moderate 

events (events #1 and #9) show mainly strike-slip faulting with P-axes in a N-S 

direction, representing deformation on preexisting faults caused by the N-S regional 

compression 

The 1974 Markansll earthqllake. The 1974 Markansu earthquake (mb = 6.2, #6) is the 

largest event recorded instrumentally in this region. The focal mechanism of the main 

shock of the Markansu sequence based on body wave first motion data has been 

extensively discussed. One possible fault plane solution determined by Ni (1978) using 

P-wave first motion data from the WWSSN network suggested a dip-slip mechanism 

with a large strike-slip component. Other authors (Jackson et at., 1979; Yan et at., 1980; 

Shirokova, 1981) preferred an essentially pure strike-slip fault plane solution with a 

poorly constrained focal depth. Shirokova (1981) used P-wave first motion data from 

more than 150 seismic stations, and a three-layer crustal model to constrain the first 

motion focal mechanism. An important feature she noticed is that the seismic stations 

with epicentral distances greater than 39 - 400 mainly recorded compressive waves as the 

first arrival. She explained this by introducing a complex multi-event source. However, 

we note that the compressive first motions at teleseismic stations with epicenter distances 

greater than 39 - 400 observed by Shirokova (1981) also favor a thrusting fault plane 
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solution as Langston and Dermengian (1981) have pointed out. Jackson et al. (1979) 

found that it was impossible to fit two orthogonal nodal planes between the 

compressional and dilatational quadrants and preferred a vertical strike-slip solution with 

a hypothesis of multiple rupture. They also suggested a relatively deeper source depth of 

23 km. Since the focal depth is not well constrained without local stations or using 

waveform modeling technique, the key point is the polarity of P-wave first motion 

recorded at given seismic stations, especially at those stations near the nodal planes. 

Our waveform inversion results provided an oblique thrusting solution with a 

large strike-slip component and a very shallow focal depth of 2-3 km (Figure B5). The 

inversion used P waveforms from 16 WWSSN stations and S waveforms from 8 

WWSSN stations. For P waves, essentially full azimuthal coverage has been achieved, 

for S waves we are unable to do so due to the lack of S-wave data from stations in 

eastern Asia, but three quadrants of azimuth are covered. Our results show that one 

nodal plane is striking in a northeast-southwest direction and dipping southeasterly. The 

conjugate nodal plane shows a nearly east-west strike and a northeasterly dip. The 

minimum error occurred at a depth of 2-3 km based on a half-space source structural 

model. Except for three eastern stations (MAT, ANP and HKC), all P waveforms are 

relatively simple and well matched by synthetics. The first pulses of P-waves at MAT 

and ANP are well matched, the waveforms at HKC are fairly matched, but not exactly. 

Because of a large time correction we didn't use the data from the station LEM but used 

SNG instead. The latter also provided a good fit. The SH waveforms at GDH and LEM 

are fairly matched, and on all other stations the fits between the observed waveforms and 

synthetics are very good. The total misfit is measured by a small error of 0.223. 

The three seismic stations in east Asia have more complicated waveforms than 

any other stations. The hypothesis of multiple sources is mainly based on these 
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observations. These complicated waveforms might be related to the structural 

heterogeneity along propagation paths of seismic waves and the shallow focal depth of 

the main shock. The station HKC has a ray path through western China, most of it 

beneath the Tibetan Plateau. In contrast, all European stations have relatively simple 

waveforms. A very shallow focal depth for the main shock would help to explain the 

complex waveforms and better understand the discrepancies between observations near 

nodal planes, for example, P waves recorded at NUR, KEV, and KBS. First, the very 

shallow focal depth makes the time interval between the direct arrival and reflected depth 

phases very small. Secondly, the effects of the refraction from a free surface and 

scattering would playa more important role in generating observed waveforms. 

Our inversion procedure assumes a source-time function that is consistent with 

the sizes of the seismic moment and the magnitude of the earthquake. Based on a seismic 

sounding profile obtained by Beloussov et al. (1980) the P-wave velocity used in this 

inversion was 6.0 km/s, not 6.5 km/s, a value adopted by Jackson et al. (1979). Using 

the fault plane solution provided by Jackson et al. (1979) forward waveform modelling 

could not provide a best-fit between synthetics and observed seismograms no matter what 

focal depth, 23 km (suggested by Jackson et al., 1979) or 7 km (published by ISC). The 

results are inconsistent with a pure strike-slip fault plane solution (also see Langston et 

aI., 1981). 

As a test of the inversion solution, we did forward modelling of the short-period 

waveforms, which was also used to constrain the focal depth of the main shock of the 

Markansu earthquake. Using the source model obtained from the teleseismic waveform 

inversion a set of synthetic short period P waves was generated for several WWSSN 

seismic stations. It was shown that the best fit depth was very shallow, though not 

constrained very well. Following Baker et al. (1981) and Wallace et al. (1981) we 
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generated synthetics for seismic station HKC and found a best fit could be achieved at a 

focal depth of 2 km (see Figure 4.4). Using three rays (P, pP and sP) to generate 

synthetics at 2 km, we found a match of the first pulse and a later pulse with the largest 

amplitude delayed by about 9-10 sec. A conservative estimate of the focal depth is within 

2 to 6 km, but definitely not deeper than that. We performed the same procedure to test 

the pure strike-slip fault plane solution. Short-period synthetic P waves were generated 

using a pure strike-slip source model. An inconsistency between observed short-period 

P waveforms and synthetics was very clear, and thus argue against a pure strike-slip 

focal mechanism regardless what source depth was assumed. The scalar seismic moment 

estimated from waveform inversion is 3.76 x 1019 Nm which is similar to Jackson's 

estimate which ranged from 1.3 to 6.2 x 1019 Nm calculated from the surface wave 

spectral density (Jackson et ai., 1979). 

The three largest aftershocks of the Markansu earthquake have been investigated 

in a similar fashion. Event #7, the first large aftershock, has a pure thrusting mechanism, 

which is consistent with all previous results. Both nodal planes of this aftershock strike 

easterly and a nearly horizontal P axis is oriented north-south. Its focal depth is well 

constrained to 7±3 km (see Figure B6). The second large aftershock (event #8) needs 

some discussion. Although the P-wave first motion data strongly suggested a steeply 

dipping nodal plane striking easterly, the waveform inversion routine always returned a 

normal fault plane solution, in which one nodal plane trending in a northwest-southeast 

direction coincided with that reported by Ni (1978). Apparently, this solution violated 

some P-wave first motion data, especially the polarities of P-wave first motions at 

seismic stations from the southern azimuth. Therefore forward modelling results have 

been adopted. It showed a very well constrained nodal plane trending in an easterly 

direction as suggested by the P-wave first motion method (also see Jackson et ai., 1979), 
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Figure 4.4 A comparison between observed short-period P waves and synthetics 
generated at different focal depths for teleseismic station HKC. The best fit focal 
depth is at a depth of 2 km. 
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and left another nodal plane poorly constrained. Figure B7 shows the match between the 

observed seismograms and the synthetics at given teleseismic stations assuming a mainly 

thrusting fault plane solution. The source is constrained to a depth of 7±3 lan by 

waveform inversion. The scalar seismic moment of the event #7 is 0.9 x 1018 Nm. 

Figure B8 shows that the waveform inversion provided a strike-slip focal mechanism 

with some normal component for the third large aftershock, the 27 August 1974 event 

(event #9). This fault plane solution is also in good agreement with previous results. The 

strike of one nodal plane is rotated by about 260 from the east-west direction. Its focal 

depth is constrained within depths of 4 ± 2 lan, and its scalar seismic moment is 0.31 x 

1018 Nm. The P axes of event #7 and #8 are both in a nearly north-south direction, but 

plunging moderately. 

The Markansu earthquake sequence took place near the intersection of the 

southern Tien Shan and the Darvaz-Karakul fault zone. Soviet seismologists inferred that 

the main shock was located near Pamir Thrust (also named as the Darvaz-Karakul fault 

zone in this part of the Pamir) (Nikonov, 1980a; Shirokova, 1981; Kuchay, 1986). 

Figure 4.5 shows that the seismic activity was concentrated on the Pamir Thrust fault 

during the first 19 hour of aftershock activity. After the two strong aftershocks (events 

#7 and #8) a ten day period seismicity distributed into two groups: one near the Pamir 

Thrust fault zone and the other close to the Gissar-Kokshal fault zone (middle panel of 

Figure 4.5). After event #8 the aftershock activity formed a belt striking in a northeast

southwest direction which coincides with the strike of one nodal plane of the double 

couple solution (event #9). A second-order local structure striking NNE seen on Landsat 

imagery (Ni, 1978) may represent the surficial manifestation of aftershocks. This 

process might be an adjustment of the stress regime in the foci region. 
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At a location close to the epicenter of the Markansu earthquake of 1974, the 11 

May 1967 event (#1) shows strike-slip faulting on two conjugate nodal planes striking in 

the same directions as those for 27 August 1974 event (see Figure B 1). Its source is 

determined to be at a depth of 6±3 km. On Landsat imagery (see Ni, 1978; Jackson et 

aI., 1979), it was inferred to represent strike-slip motion on a secondary structure 

trending northeasterly. The P axis is nearly horizontal and in a north-south direction 

consistent with other fault plane solutions in the area, showing that this strike-slip motion 

is driven by the regional N-S compression. 

The 1978 malay earthquake. Another strong earthquake sequence, the Zaalay 

earthquake of November 1978, occurred in the western part of the Trans-Alay range. It 

was apparently predicted by Soviet scientists from the seismic gap theory (Simpson, 

1979). The epicenter of the main shock (event #14) was well located in northern foothills 

of the Zaalay range where a period of seismic quietness had lasted for about a century. 

Nikonov (1980b) noticed that the predominant propagation direction of the vibrations 

was along a northeast-southwest direction. The isoseismal contours (Figure 4.6) are 

ellipse-shaped with their major axis in a northeast-southwest direction. The aftershock 

region coincides with an area where the anomalous behavior of animals existed prior to 

the earthquake (Nikonov, 1980b). This suggests a possible relationship between the 

changes of physical fields and the stress state in the source region preceding the 

earthquake. 

The main shock of the Zaalay earthquake could not be adequately modeled by 

simply assuming a point source. Complex waveforms recorded at teleseismic stations 

indicate a possible multiple source. Our waveform inversion did not provide us a good 

result with a small error. The analysis of the complex source is beyond the scope of this 

paper and thus will be presented separately. The Harvard CMT solution shows thrust 
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Figure 4.6 The epicenrral distribution and isoseismal contour map for the November 1, 
1978 Zaalay earthquake sequence. The focal mechanisms of major events are also 
shown. The isoseismal lines are adopted from Nikonov (198Gb). The fault plane 
solution of the main shock is adopted from the CMT solution. 
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faulting with a large strike-slip component on northeasterly trending nodal planes with a 

fixed focal depth of 15 km. Such a fault plane solution is supported by the elliptical 

shape of isoseismal contour lines and the pattern of the epicentral distribution. 

In Figure B 11 and B 12 the two largest aftershocks, 02 November 1978 (A) (#15) 

and 02 November 1978 (B) events (#16), show a similar thrusting mechanism with a 

very small strike-slip component. Two conjugate nodal planes both trend northeast. The 

focal depths are 4±2 km and 5±2 km, respectively. The third aftershock (event #17) 

shows similar thrusting with more strike-slip component, and one nodal plane trending 

in a northeast-southwest direction, another in an east-west direction (Figure B 13). The 

source is also shallow and located at a depth of 4±2 km. The 16 December 1983 

earthquake (event #28) is located to the east of the epicentral region of the Zaalay 

earthquake. It shows a similar thrust focal mechanism with two nodal planes striking 

northeast-southwest (Figure B 16). The focal depth is constrained to 8±3 km, compatible 

with the CMT depth of 10 km. 

A remarkable feature is that the nearly hOlizontal P axes of all fault plane solutions 

of earthquakes in this group trend in a northwest direction instead of a near north-south 

direction. Apparently. compressional axes are normal to the curved trace of the Darvaz

Karakul fault zone. 

The 19R5 Wuaia EarThquake The third group of earthquakes. the 23 August 1985 Wuqia 

earthquake (#32) (mh = 6.2) and 11 September 1985 event (#34) (mh = 5.8) occurred 

south of Wuqia near Kashgar. The macro-epicenter is located in the northeast of Tomlon 

Peak, a structurally complex region near the Pamir frontal thrust. south of the Tien Shan 

and northwest of Kun Lun (Feng ef al .. 1986). A macroseismic field survey thereafter 

carried out hy F eng eT al. (1986) has provided some important information about the 

regional tectonics and the near surface deformation. The highest intensity of the 
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earthquake was IX in modified Mercalli scale, 64 people died and more than 200 were 

injured. The isoseismallines and the epicentral distribution for the Wuqia earthquake 

sequence are shown in Figure 4.7. The isoseismal contours are of remarkable 

asymmetry in shape, with their major axes in a NW direction. Widely distributed ground 

fissures, landslides and emissions of sand and water from underground were observed. 

It was observed that maximum vertical and horizontal displacements were 6 m and 9.5 m, 

respectively. Conjugate ground fractures were grouped into two configurations: one of 

them is striking about N50oE, the other NW 3000-3200. The fractures are typically 

zigzag-shaped open fractures trending NW 3000-3200 with right-lateral shearing, which 

is the evidence of the partitioning of the strike-slip motion. The main shock and its 

aftershocks severely damaged near by structures, buildings, roads, and a dam, where one 

300 meter long segment failed. 

Our teleseismic inversion indicated an oblique thrusting with a large strike-slip 

component (Figure BI7). The focal depth is well constrained at about 18±5 km 

assuming a layer over a half space crustal structure model with a low velocity layer (V p = 

4.5 km/s) of 4 krn overlying a half-space (V p = 6.0 krnls) (see Table 4.1 for details). 

This crustal model is supported by a field study (Feng et at., 1988), which showed 

Neogene sandstone and Quaternary conglomerate in the epicentral area. Harvard CMT 

solution (Ekstrom, 1987) and a solution from the spectral amplitude method of 2-nd or 3-

rd order Rayleigh surface waves (Wang et ai., 1987) showed similar fault plane geometry 

with one nodal plane dipping at a higher angle (see Table 4.2 for comparison). The CMT 

focal depth is constrained to 15 krn depth, compared with our depth of 18 km. In 

addition to the crustal model mentioned above, we also used a half space structure with 

V p = 6.0 krn/s in the overlying layer, which resulted in a similar fault plane solution. 

The obtained focal depths have a small difference, 21 km for the half-space model, and 
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16 - 18 km for the model with a low velocity layer. In conclusion, the source is most 

likely between 15 - 21 km. 

Based on the macroseismic observations, the northwest striking nodal plane 

aligns with major structural grain and possibly is the fault plane for the main shock. A 

large amount of right-lateral slippage appears to have occurred on that fault plane. The 

field investigation estimated that the surficial length of the rapture zone of the Wuqia 

earthquake is about 15 km (Feng et ai., 1988). Assuming the radius of the fault D to be 

15 km, a maximum vertical displacement Urn of 6 m and a scalar seismic moment of 2.6 

x 1019 Nm with Jl = 3.3 x 1010 N/m2, we have calculated the stress drop for the Wuqia 

earthquake. Using the formula, /).(j = 0.5UmJl/D (KnopoJf, 1958), a stress drop of 6.6 

MPa (or 66 bars) was obtained. Using another /).(j = (7116)MoIa3 (Eshelby, 1957), 

where a is the radius of the fault, the stress drop would be 3.4 MPa (34 bars). Two 

estimates show that the stress drop is of the order of tens bars. 

The 11 September 1985 event (#34) is the largest aftershock in the Wuqia 

earthquake sequence. According to the ISC bulletin, its epicenter is located to the 

southeast of the mainshock. In this location it was observed that a 5 km long rupture was 

formed on the second terrace of the Kizilsu river as a consequence of the earthquake 

(Feng et al.,1986). This rupture showed some right-lateral strike-slip motion in a plane 

trending north-northwesterly and dipping 300 southwesterly. The maximum horizontal 

and vertical displacements were l.6 m and 0.85 m, respectively. However, the 

teleseismic waveform inversion indicated that a moderately dipping nodal plane was 

thrusting southerly. The focal depth is constrained to a depth of 6±2 km, much 

shallower than that of the main shock. The main compressional axis, trending in a north

south direction, plunges at a low angle (see Figure B 18). Since a single point source can 

match only the first pulse of observed seismograms, a double-event source has been 
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adopted for generating synthetics. The wavefonn modelling used two sources with same 

fault geometry obtained from inversion routine, and the first seismic moment is two times 

larger than that of the second one with their sum equal to 1.2 x 1018 Nm as predicted by 

the inversion method. Two triangle source time functions had a delay time of 8.0 sec 

between them. The source was allowed to increase its depth by 3 km. Apparently, it 

provided a much better fit to the observed wavefonns (Figure B 18). 

On Landsat imagery the region is characterized by a trace of fault zones striking 

east-west. Molnar and Tapponnier (1975) have suggested a northerly dipping thrust for 

the eastern part of the Pamir-Karakorum fault zone. Feng et at. (1986) also noted that the 

focus of the Wuqia earthquake is in a complicated trans-compressional region. At least 

two major fault zones, the Pamir thrust (Darvaz-Karakul fault zone) and the thrust fault 

zone in the foothill of the Tien Shan, intersect here. This structural complexity may help 

to explain the transition of focal mechanisms from the predominate strike-slip type main 

shock to thrust type aftershocks, and indicate the adjustment in stress regime at such a 

tectonic active area. 

Other upper crustal earthquakes (events #2 and #13) that occurred in this area also 

show similar thrusting on nodal planes striking nearly east-west. These events probably 

represent the tectonic activity on the Pamir frontal fault zone. Figure B2 and B 10 show 

thrusting on moderately dipping nodal planes for these two events. P axes of both 

double-couple solutions trend in a north-south direction and are approximately horizontal. 

The 14 September 1969 event (#2) has a very shallow focal depth of 3±2 km and a small 

seismic moment of 0.62 x 1018 Nm. In contrast, the source of the 08 October 1978 

event (#13) is well constrained at 13±4 km and its seismic moment is 1.04 x 1018 Nm. 
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Thrusting in the Tien Shan Mountains 

The 18 December 1977 Xekar earthquake (#11) (mb=5.3) occurred northeast of 

the Pamir mountains, at the margin of the Tien Shan and the Tarim basin. On Landsat 

imagery, the Kashgar-Kuche fold-thrust belt trends northeasterly along the foothills of 

Tien Shan (Ni, 1978; Tapponnier and Molnar, 1979). This fold belt is accompanied by 

large thrust faults which are also visible on Landsat imagery. The epicenter of the 

earthquake is located on an active fault known as the Atushi-Keping fault (Feng, 1986). 

Figure B9 shows its fault plane solution obtained from our inversion routine and the 

matches between the teleseismic P and SH waveforms and the synthetics. Field work 

showed that the Atushi-Keping thrust fault strikes in a northeast direction with its fault 

plane dipping 40-800 northwesterly along the foothills of Tien Shan (Feng, 1986). 

Thrusting to the south-southeast on a moderate dipping nodal plane is also consistent 

with sub-horizontal compression normal to the strike of the fault (Feng, 1986; Bai, 

1987). Its centroid focal depth and seismic moment were determined at 7±3 kIn and 0.6 

x 1018 Nm, respectively. The isoseismal contour lines obtained from field survey are in 

a shape of an ellipse with its major axis parallel to the strike of the preferred nodal plane 

(Catalogue of Chinese Earthquakes(1970-1979), 1984). 

Deformation in the Northeastern Pamir 

In addition to the thrust faulting mentioned above, strike-slip faulting also plays 

an important role in this region. The giant right-lateral Talaso-Fergana fault, which is 

comparable with the San Andreas fault in California, is one of the most distinct structural 

features in this area. Previous field work (Wallace, 1976) and active tectonic analysis 

from Landsat imagery (Tapponnier and Molnar, 1979) reveal that the Talaso-Fergana 

strike-slip fault extends from Kazakhstan of USSR to the southeast into Xinjiang of 
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China for about 800 km and is dominated by the right-lateral displacements. From the 

travel-time residual analysis it is inferred to be the boundary between the eastern and 

western Tien Shan (Vinnik and Saipbekova, 1984). Near Kashgar the fault splays into 

several branches. 

Two earthquakes, the 13 February 1983 event (event #26) (mb = 5.6) and 05 

April 1983 event (event #27) (mb = 5.5) are both related to the tectonic activity along this 

fault. ISC epicenter data show both events are located on or very close to this fault. Two 

focal mechanisms obtained from waveform inversion are characterized by pure right

lateral strike-slip faulting on nearly vertical nodal planes with nearly horizontal P axes 

trending in a north-south direction (see Figure B 14 and B 15). One of the conjugate nodal 

planes is striking northwest-southeasterly along the strike of the Talaso-Fergana fault 

zone. The fault plane solutions are also supported by the results from moment tensor 

inversion based on the Multi-channal Signal Enhancement (MSE) algorithm (Sipkin, 

1987), which estimated a deeper focal depth of 21 km for the event #26 (see Table 4.2). 

Our results show that the matches between observed P and SH waveforms and synthetics 

indicate shallow focal depths for two events, which are well constrained at 8±3 km and 

10±3 km, respectively. The old CMT solutions reported deeper focal depths of 43 and 

46 km for two events, but source depths in Ekstrom's latest results (1987) are 

reasonably fixed at depths of 15 and 10 km, respectively. 

Intennediate-depth Earthquakes and Overthmst of the Pamir 

A number of intermediate depth earthquakes have occurred beneath the Pamir, the 

Hindu Kush and the Karakorum. Several authors have studied the intermediate-depth 

seismicity beneath the Hindu Kush (Billington et ai., 1977; Chatelain et ai., 1980; Pavlis 

and Hamburger, 1991), which is not a major subject of this study. Many of the 
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intermediate-depth events clustered around the Pamir arc, but the sparse teleseismic 

stations limited our recording ability. The seismic data obtained from these events (for 

example, March 07 1982 event #23 and Apri127 1985 event #30) were of low signal-to

noise ratio and not suitable to study using the waveform inversion method. 

The waveform inversion for the 12 November 1972 event (#5) (mb = 6.0), 

which is located in the Central Pamir at the apex of the arc, indicates normal faulting with 

some strike-slip component (Figure 4.3). This fault plane solution is consistent with the 

results from the P-wave first motion data (Shirokova, 1979), with the T-axis plunging 

steeply southwestward in the direction of down-going slab. Another intermediate-depth 

earthquake which occurred on January 12, 1972 (#3) (mb = 5.5) is a strike-slip event. 

Its focal mechanism is similar to that obtained from the body wave first motion data 

(Shirokova, 1979). Figure 4.3 shows one nodal plane trending in a northwest-southeast 

direction, and the other in a northeast-southwest direction. Its epicenter is located in the 

eastern Pamir near the northern Karakorum, and its focal depth is constrained to 91±4 km 

comparable with that of the 13 February 1980 Karakorum earthquake (event #19), but 

shallower than the 12 November, 1972 event (#4). The nearly horizontal compression 

indicates that part of down-going slab is being shortened in the north-south direction by 

strike-slip faulting. The difference in the style of faulting for these intermediate depth 

events becomes more obvious and meaningful when we examine the seismic cross

section maps (Figure 4.8). 

We constructed four cross section maps to illustrate the depth distributions of 

seismicity by using ISC hypocenters (mb ~ 4.0) from 1964 to 1986. In the cross-section 

maps of Figure 4.8 (a) - (c), top figures of the cross-sections present the topography 

along the profile. Middle figures of the cross-sections show hypocenters of earthquakes 

with mb ~ 5.0 and back hemispheric projections of focal mechanisms from this study, 
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CMT solutions and other available fault plane solutions from waveform inversion or 

modeling that fall into these sections. Bottom figures of the cross-sections illustrate all 

hypocenters of earthquakes with mb ~ 4.0. Figure 4.8 (d) also shows a simplified 

geological cross-section (modified from Figure 11, Searle and Tirrul, 1991), which 

trends NNE-SSW and is about 580 Ian long. The locations of cross sections are shown 

in Figure 4.2. The cross sections A-A', B-B', and C-C' have a width of 120 km, while 

D-D' has a width of 340 Ian. All cross sections are 600 Ian long and normal to the major 

structures, the Darvaz-Karakul fault zone or the Karakorum fault. The cross sections A

A' (from 36.20N, 74.150E to 41.250N, 71.70E) and B-B'(from 36.3°N, 74.60E to 

41.60N, 73.350E) are approximately striking N200W and NlOoW, respectively. Back

hemispherical projections of the focal mechanisms for most shallow earthquakes show 

nearly horizontal compression in a north-south direction, indicating that the main cause of 

shallow deformation is the north-south convergence of Eurasian with Indian plates. The 

hypocenters of intermediate-depth earthquakes delineate a slab-like Wadati-Benioff zone 

which indicates subduction of continental lithosphere. The Wadati-Benioff zone can be 

traced from a depth more than 200 km to the surface, where it corresponds to the Pamir 

Thrust (Figure 4.8a and b). The same pattern also can be seen in cross-section C-C' 

(Figure 4.8c), which extends from 36.40N, 74.9°E to 41.780N, 75.40E trending N4°E, 

but less predominant than that viewed in cross-sections A-A' and B-B'. The slab dips 

toward the south or more likely southeast at an angle of 40 - 50 degrees. The thickness 

of the slab is estimated to about 50 km close to the crustal thickness in the Pamir region 

determined from the scatter of depth determination of ISC hypocenters. Back

hemispherical projections of focal mechanisms from several intermediate-depth 

earthquakes mainly show down-dip extension with T-axes aligned to the direction of 

Benioff zone. In contrast, down-dip compression might be responsible for the 
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Figure 4.8d HypocentraI, topographic and geological cross-sections along profIle DDt. 
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occurrence of some other intermediate-depth earthquakes. This downward subduction or 

overthrusting model is well explained by a general physical model of the bending plate, in 

which gravitational force plays an important role in adding loads to an elastic plate and the 

bending moment, which causes deformation of the sinking slab, is provided by the load 

of the overriding slab. 

This sinking slab is part of the present Asian plate and can be traced to the surface 

in relation to the surficial fault zone. An aseismic gap might exist at depths of 70-80 km. 

It is very likely that this aseismic gap simply represents a low strength zone where ductile 

deformation is dominant (Chen and Molnar, 1983). Seismic waveforms with very high 

frequency spectral content recorded at seismic stations north of the Pamirs indicated that 

extremely high average values of Q exist along the paths from the intermediate-depth 

earthquakes occurring in the Pamir and Hindu Kush (Khalturin et aI., 1977). The high Q 

values may represent cold, denser lithosphere descending into the asthenosphere, a 

deduction consistent with our results. Underthrusting of the Asian plate beneath the 

Pamir has been suggested by some other authors based mainly on geological evidence 

(for example, Molnar and Tapponnier, 1975). 

Cross section D-D' extends from the western end of the Himalayas (in the north 

side of the Main Central Thrust (Chaudhry and GhazanJar, 1990) across the Karakorum 

and the Kun Lun mountains to the Tarim Basin (from 35.70oN, 73.00oE to 38.250 N, 

78.950 E) in a direction of N60oE. It shows a more diffuse pattern of hypocentral 

distribution than that in the cross-sections A-A' and B-B'. Most of the events in cross

section DD' have a magnitude mb < 5.0. A two-direction subduction of continental 

lithosphere seems to be occurring beneath the Karakorum as suggested by interpretation 

of the Bouguer gravity anomalies (Molnar, 1988) and negative S-wave residuals 

(Molnar, 1990). Modeling Bouguer gravity anomalies across the Kun Lun mountain has 
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shown that the Tarim plate might underthrust for 80 to 100 km without a upper limit 

beneath the Kun Lun (Lyon-Caen and Molnar, 1984, Molnar, 1988). Event #10 appears 

to be located in a sinking plate and shows a down-dip compression which suggests the 

Asian plate has possibly underthrust southwesterly beneath the Karakorum as far as 150 

km (Fan and Ni, 1989). In contrast, event #3 might represent an earthquake occurring in 

the nearly horizontally underthrusting Indian plate that is resisted by the Asian plate. For 

the 13 February 1980 earthquake (event #19), Fan and Ni (1989) suggested that the event 

occurred either in the Asian plate or the Indian plate. Here, based on a new focal 

mechanism from the 12 January 1972 event (#3), we have reevaluated the sequence and 

concluded that the 13 February 1980 Karakorum earthquake is most likely located in the 

subducting Asian plate, with down-dip compression is interpreted as a result of the 

interaction of continental slabs. Event #3 shows both the horizontal compression and 

horizontal extension which might be caused by the confrontation of the two plates. 

Figure 4.9 is a cartoon showing this situation conceptually. The CMT solutions have 

provided two more back-hemispherical projections of the fault plane solutions for two 

shallow earthquakes (#21 and #22) beneath the Higher Himalayas. The moderately

dipping reverse faulting shows a sub-horizontal compression in the northeast direction 

and indicates thrusting of the upper Karakorum onto the Higher Himalayas. The 3 

September 1972, Hamran earthquake (mb = 6.2) (event #4) occurred in the far western 

end of the Himalaya and was numbered as event #10 in Billington's cross-sections. 

From teleseismic waveform modeling this event showed a thrust focal mechanism with a 

possible fault plane striking NW and dipping moderately to the NE (Baranowski et aI., 

1984). On the cross-section DD' its back-hemispheric projection also shows a stress 

pattern with approximately horizontal P-axis trending in a nearly NE direction. The focal 

depth of the main shock has been constrained to 12±3 km instead of 45 km (ISC depth). 
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From our experience many aftershocks (mb ~ 5.0) for the 3 September 1972 event (#4) 

probably have shallower focal depths than those listed in the ISC bulletin if waveform 

inversion method was used in determining the focal depths. This earthquake sequence 

represents shallow seismicity in the upper crust, and is compatible with that inferred from 

two other CMT fault plane solutions. Nevertheless, horizontal compression in the 

northeast direction demonstrates the complexities of continental collision in the 

Karakorum region and represents the deformation style in this area 

The southern part of our cross section A-A' coincides with cross section C-C' of 

Billington's (Billington et al., 1977). However, Billington's cross section trends 

approximately N450W and is much wider (375 kIn) and shorter than our cross-section. 

Our study suggests that two processes might have occurred: the Indian plate is 

underthrusting beneath the Hindu Kush northwestwards, and the Pamir is overthrusting 

upon the Asian plate towards the northwest Both the crustal thickening and bending of 

the elastic plate have resulted in the present relief of the Pamir and Karakorum. Figure 

4.10 schematically shows our interpretation with the Indian plate underthrusting towards 

the north, and the Asian plate underthrusting towards the south. 

Discussion 

Most of the deformation in Central Asia is the result of the continuing collision 

between the Indian and Eurasian plates. The deformation is distributed heterogeneously 

over a large continental region. Much of the Pamir seems to experience crustal 
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shortening in a north-south direction (Molnar and Tapponnier, 1975), and is dominated 

by thrusting. Although the presence of the intennediate-depth seismicity certainly makes 

it inappropriate to assume that all strain energy is released by shallow earthquakes, the 

average rate of defonnation or seismic strain rate can serve as a qualitative measure to 

confinn the relationship of the convergence as suggested by Molnar and Deng (1984) and 

Ekstrom and England (1989). The rate of defonnation in tenn of crustal shortening 

across the Tien Shan and the major part of the Pamir was estimated to be 11 mmlyr for 

the last 80 years using available earthquake source infonnation (Molnar and Deng, 1984) 

and 3.0 mm/yr for the 10 years between 1977 and 1987 from CMT solutions (Ekstrom 

and England, 1989). The small shortening rate for a lO-year period was underestimated 

as noted by Ekstrom and England (1989), and very likely resulted from a long recurrence 

interval for large earthquakes in Central Asia, which was estimated as more than 150 to 

250 years from paleo-seismogeological data (Nikonov, 1989). 

These rates of defonnation represent roughly north-south shortening over the 

Pamir and are consistent with convergence between the two continental plates, which is 

required by mass conservation in mountain belts of crustal shortening and crustal 

thickening. This convergence is also detected by geodetic measurements, which show 

that the Pamir is moving northwestward to the Alay range at a rate of 1.5 cmlyr (Kakkuri 

and Konttinen, 1986). The considerable amount of uplift was documented by the 

Paleogene marine sediments preserved on the high mountains in the northern Pamir 

(Leonov and Nikonov, 1988). The total amount of uplift was estimated up to 10 km 

since the Paleogene in the Pamir (Belskiy, 1978). Numerous geological observations, 

including complicated nappe-fold structures distributed in the central and southern Pamir 

(Leonov and Nikonov, 1988), the strongly folded and faulted Tadjik Depression and 

imbricate overthrusts in the northwest of the Pamir (Leith and Alvarez, 1985; Lukk and 
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Shevchenko, 1986), suggested that the Pamir overthrust northward or northwestward 

upon the Afghanistan - Tadjik Depression. The displacement along the thrust sheets in 

the Trans-Alay range of the Pamir was estimated to be at least 7 - 13 km during the late 

Miocene and Pliocene time (Leonov and Nikonov, 1988). Supporting evidence is also 

from paleomagnetic studies. Based on these studies Paleogene and Cretaceous rocks in 

the Darvaz-Karakul fault zone and the Pamir structural arc showed that the stable 

magnetization was prefolding and suggested that the Pamir is moving in a northwesterly 

direction relative to Eurasia (Bazhenov and Burtman, 1986). In the Tadjik Depression a 

stable magnetization was isolated in the red bed with a positive fold test, which showed 

the magnetization was acquired before Late Eocene - Early Oligocene time and suggested 

an anticlockwise rotation of 260 (Pozzi et ai., 1990) in good agreement with 

overthrusting of the Pamirs. 

In the Karakorum crustal thickening was also indicated by very rapid uplift at a 

rate of 2 mmlyr during recent geological time (Owen, 1989), which was confirmed by the 

ages of diorite determined from the zircon fission-track dating (Ceveny et ai., 1989). A 

negative isostatic gravity anomaly implies a mass deficit underneath the Karakorum, 

which might be caused by low density granitic intrusions (Marussi, 1964) or the sinking 

of cold material beneath the Karakorum which drags the Moho down (Molnar, 1988). 

Diffuse intermediate-depth seismicity beneath the Karakorum suggests temperatures 

lower than about 600 - 800°C, and very low geothermal gradients, which are also 

evidenced by higher P and S-wave velocity in the upper mantle (Pandey et ai., 1991; 

Brandon and Romanowicz, 1986) and negative S-wave travel time residuals (Molnar, 

1990). Among many hypotheses to explain the tectonic evolution of the Tibetan Plateau, 

Molnar (1988, 1990) suggested that the large lateral variation of S-wave velocity in the 

mantIe is due to convection in the upper mantIe, and inferred upwelling beneath north-
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central Tibet and downwelling in surrounding areas, including to the west, the 

Karakorum region. Our analysis of focal mechanisms for intermediate-depth earthquakes 

that occurred beneath the Karakorum shows that the northward motion of the Indian plate 

is resisted by the subducting Asian plate in the Karakorum region. The deformation in 

the Karakorum area is characterized by right-lateral strike-slip motion near the surface, 

and accompanied by the collision of the two continental plates at depths. This collision of 

the two continental plates has considerably depressed the Moho under the Karakorum as 

revealed by isostatic gravity anomalies. 

In summary the fault plane solutions obtained in this study have demonstrated that 

approximately horizontal north-south compression is dominant in the stress regime of this 

region, which is resulted from the collision between the Indian and Eurasian plates. The 

continental convergence has resulted in extensive crustal shortening and crustal 

thickening, and is responsible for the geology and the topography of the region. The 

continental convergence in the Pamir region is not a result of underthrusting of the Indian 

plate beneath the Eurasian plate, as in the Himalayas and Burma regions. The southward 

steeply dipping Benioff zone clearly shows that the Pamir is overthrusting northward or 

northwestward upon the Tadjik Depression. This suggests subduction of the Asian 

continental lithosphere to a depth of 200-300 km and a convergent history of the Pamir 

region distinguishable from that in the Himalayas. 
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CHAPTER 5 

CONCLUSIONS 

The improvement of seismic instrumentation makes it possible to record three

component waveform data with wide dynamic range in a broad frequency band. To take 

advantage of the full waveform data, a regional waveform inversion method has been 

developed in this thesis to extract the source information of an earthquake from a single 

broad band station or a sparse network. The procedure utilizes the moment tensor 

representation to describe the seismic source. Thus, a simple linear inversion can be 

performed, and the source parameters can be obtained independent of the starting model. 

At local or near regional distances even small earthquakes (ML::; 2.5) produce useful 

transient displacement fields. This procedure can be used to investigate small 

earthquakes, or in a near-real time analysis of larger events. 

At local andlor regional distances, the seismic waveforms are very complex. The 

waveforms have a signature from both the faulting process and the propagation effects 

traveling through a homogeneous crustal structure. Multiple reflected and refracted rays 

which travel within the crustal waveguide produce a complicated interference pattern. As 

a result of this, local or regional waveforms are much more complicated than teleseismic 

waveforms, thus, the interpretation of regional seismograms is a difficult task. 

We conducted a series of experiments on both synthetic and earthquake data sets 

to show that within certain frequency bands, the waveforms are less sensitive to the 

effects of the gross crustal structure. The essential source information can be decoupled 
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from the effects of the propagation paths for a simple crustal model. The complete 

waveform data from a single seismic station can be effectively used to retrieve the source 

information of small events if an adequate crustal structure is available. Potentially, this 

is important in studying a tectonically less-active area. The resolving power of the 

moment tensor inversion method is further enhanced when a sparse local network is in 

place. A study of the small aftershocks of the 1991 Costa Rica earthquake showed that 

resolvability of the source from the waveform data is fairly robust, even if the crustal 

structure is poorly known. The successful recovery of the source parameters for small 

events emphasizes the relative importance of the seismic source process versus the 

interaction of the seismic waves with the localized crustal structure in determining the 

body waveform. 

In general, the source orientation is well resolved by using three-component 

waveform data in regional waveform inversion. In contrast, the focal depth, another 

important source parameter, is poorly constrained in the inversion process. The trade-off 

of focal depth with the crustal model is straightforward. This prevents us from accurately 

determining the true focal depth, and emphasizes the importance of detailed crustal 

structure. For a better estimation of focal depth, regional depth phases, such as PPn and 

sPn, are of great importance, and may serve as priori information for the inversion. 

However, recognizing these depth phases is not an easy task even in a well-calibrated 

structure. Another possible constraint comes from the surface wave. Since only near 

surface events generate dominant Rayleigh waves, surface wave analysis should be 

incorporated in determining accurate focal depths for shallow regional events. 

Our study showed that, in general. it is better to adopt two crustal layers, 

separated at midcrustal depths, to approximate the localized crustal structure rather than 

assume a homogeneous one layer crustal model. This simple crustal model will produce 
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seismograms which fit the data in most continental areas. Further details of the structure, 

in terms of adding discontinuities and changing the geometry, certainly will enhance our 

ability to recover the seismic source, although the overall character of the source 

parameters is very robust. The effects of grossly heterogeneous non-layered velocity 

structure, a dipping Moho and other irregular layer boundaries need to be explored in the 

future. 

Although regional waveform inversion is different than teleseismic waveform 

inversion, many of the principles are relevant. We used teleseismic waveform data to 

investigate moderate to large-sized earthquakes which occurred in the Pamir-Karakorum 

region, the western syntaxis of the Himalayas. Reliable focal mechanisms and accurate 

focal depths for shallow and intermediate-depth earthquakes provided important 

constraints on the tectonic process in the region. A most striking feature is that the 

hypocenters of intermediate-depth earthquakes delineate a slab-like Wadati-Benioff zone 

representing subduction of the continentalllthosphere. This sinking slab represents a part 

of present Asian plate and can be traced from near the surface to depths of more than 200 

km. The fault plane solutions of the intermediate-depth events showed dominantly 

down-dip extension or down-dip compression consistent with continental subduction and 

slab bending. 
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Figure A 1. The comparison of observed waveforms and synthetics predicted from the 
results of the regional waveform inversion for May 11, 1991 Costa Rica event 
(# 12). The solid lines represent the observed waveforms, the dashed lines 
synthetics. The numbers on the right sides of each component are the ratio of the 
amplitudes between the observed and synthetic waveforms. The arrows represent 
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Figure A2. The comparison of observed waveforms and synthetics predicted from the 
results of the regional waveform inversion for May 11, 1991 Costa Rica event 
(# 13). All illustrations are as the same as those in Figure AI. 
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Figure A 7. The comparison of observed waveforms and synthetics predicted from the 
results of the regional waveform inversion for May 13, 1991 Costa Rica event 
(M=3.4, #23). All illustrations are as the same as those in Figure A 1. 



v 

MAY 14, 1991 Costa Rica Event (#29) 

ZENT 

0.11 

DEPTH=14 km 

, , , , 

0.08 

, 0.25 

ST= 110 DIP= 50 

T 

RMS ERROR = 0.3985 

CDMR 

2.0 sec 
RAKE= 87 

" ,I .. ,. ,. 
I 
, 0.26 

0.08 

0.14 

168 

Figure A8. The comparison of observed waveforms and synthetics predicted from the 
results of the regional waveform inversion for May 14, 1991 Costa Rica event 
(M=3.9, #29). All illustrations are as the same as those in Figure AI. 
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Figure A 11. The comparison of observed waveforms and synthetics predicted from the 

results of the regional waveform inversion for May 17, 1991 Costa Rica event 

(M=4.0, #36). All illustrations are as the same as those in Figure A 1. 



MAY 17, 1991 Costa Rica Event (#37) 

ZENT CDMR 

" 
, , T 

0.43 

DEPTH=14 km 

ST= 6 DIP= 61 

RMS ERROR = 0.4221 

PAND 

0.07 

3.0 sec 
RAKE= -120 

172 
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