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ABSTRACT 

There are many examples of earthquakes whose surface expressions are much more 

complicated than the seismologically derived faulting models. Seismologists also have 

found seismic source complexity and improved seismicity data have shown that rupture 

may occur on irregular or multiple shear surfaces. To simultaneously map both 

geometrical and temporal variation of the seismic sources for a complex rupture history 

from observed seismograms, it is possible to use a time dependent moment tensor 

(TDMT) inversion. The TDMT inversion algorithm has been tested with three synthetic 

data examples with varying degrees of complexity. The first example demonstrates that 

a multiple source with no focal depth change can be recovered, and the source 

parameters of each of the subevents can be accurately determined. In the second case 

we allowed the depth to vary for subevents (9-km and 13-km source depth, 

respectively). The two subevents can be identified on the basis of simultaneous shape

change of the moment tensor elements along with non-causality and the size of the 

CL YD component. The third example introduced source complexity by having two 

subevents which overlapped in time. The overlapped period could be seen in the 

moment tensor elements as unusually abrupt changes in the time function shape. The 

TDMT inversion was also performed on long-period body waves for three earthquakes: 

the 1982 Yemen earthquake, the 1971 San Fernando earthquake, and the 1952 Kern 

County earthquake. The Yemen earthquake was mapped as two simple, normal-slip 

subevents (with onset timing of the second subevent 5 seconds after the first) without 

a significant component of left- or right-lateral displacement or source depth change. 

The San Fernando earthquake is interpreted as two shear dislocation sources with 

XI 
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changing source depths, possibly indicating upward rupture propagation (from 13-km to 

7-km). The interpretation of the TDMT inversion for the Kern County earthquake was 

also a double point source which propagates upward from 20-km to 5-km. The 

resultant moment tensor functions from inversion of the synthetic waveforms, a 

combination of isotropic and tectonic release, demonstrated that the tectonic release 

associated with underground nuclear explosion can be separated and identified if the 

source depth between the explosions and tectonic release are different. 



CHAPTER I 

INTRODUCTION 

Historically, there have been significant differences in the model of the rupture 

history of an earthquake as viewed by geologists and seismologists. There are many 

examples of earthquakes which show an apparent poor correlation of epicenter and 

focal mechanism with recognized Holocene surface faulting features. Further, the 

surface expressions of faulting are usually much more complicated than the 

seismologically derived source models. Recently, seismologists have begun to introduce 

source complexities and improved seismicity data have shown that rupture may occur on 

irregular or multiple surfaces. The results from the waveform inversion of shallow 

earthquakes using moment tensor source representation, with the constraint that the 

source be purely deviatoric (but not necessarily a pure double-couple) occasionally show 

substantial non-double-couple components (Sipkin, 1987). There are a variety of possible 

physical explanations for a complex seismic source, and these interpretations are very 

important for deciphering the active tectonics of any complex region. The detailed 

mapping of a seismic source requires a more sophisticated algorithm for determining 

earthquake source parameters than the standard moment tensor inversion. We have 

developed a time dependent moment tensor source representation to investigate the 

nature of complex seismic source mechanisms. 

The problem of mapping out the seismic source parameters from the observed 

seismic waveform has evolved through several stages: from the traditional forward 

fitting of a synthetic waveforms to the observed seismograms by trial and error. to the 
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direct inversion of the observed seismogram. Inversion using the moment tensor source 

representation has become rather routine, and has been applied to normal mode data 

(Gilbert and Dziewonski,1971; Buland and Gilbert,1976), surface waves 

(Mendiguren,1977), and body waves (Stump and Johnson, 1977; Langston, 1981; 

Sipkin,1982). The advantage in using the moment tensor representation in the 

determination of the source parameters is that it can be posed as a linear inverse 

problem. Moreover, one of the characteristics of the moment tensor source 

representation is that it does not require a priori information of the seismic source 

model such as a double-couple or explosion source. Two main assumptions of the first

order moment tensor source representation are that of a point source, and that Green's 

functions can be constructed which will adequately model the effects of propagation. 

When inverting the observed waveforms for the source parameters of an 

earthquake, it is usually assumed that the entire energy release can be modeled as a 

simple point source which involves rupture motion along one geometrically simple fault 

plane. While many earthquakes can be modeled using this conventional approach, the 

constant moment tensor assumption throughout the whole seismic energy release breaks 

down for complex sources where the fault orientation and the slip direction may 

change with time. In this thesis, the conventional algorithm for moment tensor 

inversion is referred to as the time independent moment tensor formulation (TlMT). 

To simultaneously map both geometrical and temporal variations of the seismic 

sources for a complex rupture history from observed body waves, it is preferable to 

use a time dependent moment tensor inversion (TDMT). This removes the constraint of 

a constant moment tensor assumption throughout the episode of seismic energy release. 

The time dependent moment tensor inversion resolves six moment tensor elements 

independently as a function of a time by using linear formulations in the frequency 

domain. Although this algorithm allows more degrees of freedom in the inversion 
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process, in general we have determined that the moment ten~or elements are resolved 

sufficiently well to map source complexity (source multiplicity, source time function of 

each source, and focal depth) by using additional physical constraints such as the 

degree of temporal consistency among six different moment tensor elements, causality 

of source time function, and the magnitude of CLVD (compensated-linear-vector-dipole) 

component. 

Sipkin (1982) presented a similar algorithm, although the inverse problem is solved 

in the time domain. Sipkin uses a multichannel signal enhancement (MSE) algorithm. 

which determines source characteristics by solving directly the convolution equation in 

the time domain without 10'iing time-dependency of moment tensor elements by the use 

of Claerbout's matrix formulation (1976) of the convolution equation. 

The purpose of this dissertation is to develop and test a time-dependent moment 

tensor inversion technique. We consider three real examples; an earthquake doublet in 

Yemen (Dec. 13, 1983), the San Fernando (Feb. 9, 1972), and Kern County (July 21, 

1952) earthquakes. Before applying the TDMT to data of the real earthquakes. the 

results of the conventional time independent moment tensor inversion are also 

compared to those of the time dependent moment tensor inversion technique for the 

synthetic waveform examples. 



CHAPTER II 

THEORY OF THE TIME DEPENDENT MOMENT TENSOR 

SOURCE REPRESENTATION 

Introduction 

It has long been known that the fault plane associated with most large 

earthquakes is not a simple planar surface. It is hard to imagine two large volumes of 

earth material moving past each other on a simple flat fault plane. However, most 

internal seismic source representations of earthquakes have been described in terms of 

simple discontinuities in displacement or strain across a rupture fault surface. The 

most common description of the seismic source which appears as surface displacement 

or strain is a moment tensor source representation. The moment tensor source 

representation describes the elastodynamic responses to a point seismic source in terms 

of a linear combination of Green's functions and it has been used widely for waveform 

inversion (Gilbert, 1970; Geller, 1976; Stump and Johnson, 1977; Langston, 1981; Barker 

and Langston, 1982). For example, a pure dislocation seismic source without volume 

change can be described as the linear sum of five body force couples, with the 

constraint that the trace of moment tensor equals zero. Volumetric sources, such as 

underground nuclear explosion, can be described as the linear sum of six body force 

couples. One of the most important characteristics of the moment tensor 

representation of the seismic source is that it does not require that a source model be 

specified, which can result in arguments about direct physical interpretation of the 

non-double-couple component of the moment tensor. A moment tensor is a symmetric 

4 
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second order tensor which depends on both seismic source strength (seismic moment) 

and fault orientation by combination of the six moment tensor elements. It 

characterizes and contains all the information about the seismic source during the 

earthquake that can be learned from the observed seismic waveforms. 

The two main assumptions of the conventional moment tensor source 

representation are that it can be approximated as a point source and that adequate 

Green's functions are available to describe the response of the earth structure. The 

point source assumption can be shown to be valid if the distance from source to 

receiver is large compared to the actual source volume and if the seismic waves of 

interest have wavelengths which are much longer than the linear dimensions of the 

associated fault. Both of these conditions are met when working with long period 

WWSSN body waves recorded at teleseismic distances. 

Time Independent and Dependent Moment Tensor Approach 

Assuming the seismic source can be represented by equivalent coupled body forces 

alone and constraining the moment tensor representation to be a second order tensor, 

the elastodynamic response of the earth to the seismic source becomes 

Uk(x' ,t') - Gki,j(x' ,t';O,O) • Mij(O,t') (I) 

where Uk is the displacement in the k-th direction, Gki,j is the elastodynamic Green's 

function, Mij is a set of time dependent moment tensors, and • denotes convolution 

(Stump and Johnson, 1977). k denotes vertical (k-I), radial (kz:2), and tangential (k==3) 

motion. denotes the direction of and j denotes the responding surface to the 

physical moment of given force system, respectively. The primed variables are defined 

in the receiver's coordinate system and the unprimed variables are defined in the 

seismic source's coordinate system. 
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In order to invert observed waveforms for seismic source parameters in terms of 

the seismic moment tensor, two avenues of approach are available. The first is the 

conventional time domain (time independent) approach, and the second is the frequency 

domain (time dependent) approach. The algorithm presented in this study is that of 

time dependent moment tensor, but for the completeness, the conventional time 

independent approach is covered first. 

The time independent approach is useful when it is reasonable to assume that all 

the componeats of Mij(O,t) have the same time history, S(t), which is known a priori. 

If this is the case, equation (I) becomes 

Uk(x' ,t') = [ Gki,j(x' ,t';O,O)-S(t) ] Mij (2) 

where Mij is now a set of constants (time independent moment tensor elements) and 

the only unknown in the equation. S(t) is the source time function, which has both 

information on duration of the seismic source and the history of seismic source 

excitation, (for example, rapid or slow rise time). Therefore, equation (2) becomes a 

linear formulation for application to the seismic waveform inversion. However, when 

the source time function is the principal object of the waveform inversion such that 

the fault orientation and the slip may change with time, the formulation becomes 

non-linear; waveform inversion must be parameterized in terms of both source time 

function, S(t), and constant moment tensor, Mij. Moreover, for complex seismic 

sources, Mij components are no longer constants throughout the seismic energy release 

since the fault orientation changes with timt', making it much more complicated to do 

waveform inversion. 

When the source time function S(t) can not be reasonably assumed, or when it is 

desirable to map out simultaneously both geometrical and temporal variations of the 

seismic source (complex rupture histories on multiple fault surfaces) from the observed 
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waveforms, Stump and Johnson (1977) suggested time dependent moment tensor 

inversion, which is a point-by-point linear inversion of Mij in the frequency domain. 

The inversion in the frequency domain is equivalent to the deconvolution process where 

the Green's functions are deconvolved from the observed waveforms in order to resolve 

moment tensor elements. They applied this algorithm mainly to the near field data for 

underground nuclear explosions. Taking the Fourier transforms of equation (2) reduces 

it to an equivalent form in the frequency domain, 

Uk(x' ,f) • Gki,j(x' ,f;O,O) Mij(O,f) (3) 

where Gki,j is the Green's function in the frequency domain, and Mij is a set of time 

dependent moment tensor elements in the frequency domain. For this formulation, time 

dependent moment tensors Mij have all the information about the seismic source during 

the earthquake that can be learned from the observed seismic waveforms. This is 

because the time dependent moment tensor algorithm resolves six moment tensor 

elements independently as a function of time by using the formulation in the 

frequency domain. 

Unfortunately, at every point of the inversion in the frequency domain, this 

algorithm aHows 5 (for the assumption of purely deviatoric source) or 6 (volume change 

source or isotropic source) free parameters in contrast to the conventional time 

independent moment tensor algorithm. The inversion for the moment tensor in the 

frequency domain can also allow considerable trade-off of time function and the effects 

of unknown earth structure in the Green's functions, as suggested by Langston (1981). 

Even though there is considerable trade-off in determining Mij components using the 

time dependent moment tensor algorithm, inversions for various earth structure models 

and different source depths using corresponding Green's functions can mitigate the 

problem. Moreover, we have determined that time dependent moment tensor elements, 
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Mij(t), are resolved sufficiently well enough to map source complexity (source 

multiplicity, source time function of each source, and focal depth) in the presence of 

additional constraints such as the degree of temporal consistency among six different 

moment tensor elements, causality of source time function, and the size of CL YD 

component. Finally, though most actual data does not naturally and exactly constrain 

the appropriate physical source parameters which could then be clearly interpreted, 

using these possible physical constraints, we can resolve the most likely or most 

reasonable source parameters with given assumptions. 

Inversion 

The inversion procedure for the moment tensor elements can be described in 

matrix notation as follows: 

U - G M. (4) 

In the time domain inversion as shown in Table I, U is a N-dimensional vector 

composed of N-sampled values from any displacement component at a given station. 

The matrix G is composed of Green's functions for corresponding displacement 

components at stations corresponding to the U vector. The vector M is composed of 

the moment tensor elements. In principal, if U is sampled at every 0.25 second, 

typical for long period teleseismic body wave inversion, only 1.25 or 1.5 seconds of the 

observed seismograms are needed to resolve moment tensor elements, M. It is possible 

that only one component (vertical, radial or tangential) of the one given station with 

more than five or six sampled points is sufficient to determine the moment tensor 

elements M. Because of poor resolution of the waveform inversion process, more than 

one component of seismograms is usually inverted as well as more than 20 to 30 



9 

seconds of the seismogram. Therefore, waveform inversion of the linear matrix system 

of the moment tensor source representation is usually overdetermined. 

Table 1. Simultaneous Equation of U - G M for Time Domain Inversion 

Gkl,1 Gk1.2 Gkl,3 Gk2,2 Gk2,3 

AT TIME-Tl U I GI GI GI GI GI MIl 
AT TIME-T2 U2 G2 G2 G2 G2 G2 MI2 
AT TIME-T3 U3 G3 G3 G3 G3 G3 M13 

M22 
M23 

At TIME-Tn Un Gn Gn Gn Gn Gn 

In the frequency domain, equation (4) is formed separately at each frequency 

point (Table 2). The vector U can be formulated as any combination of frequency 

responses of different kinds of the displacement components at the same station or the 

same kinds of the displacement components at different stations. At each frequency 

point, each two columns of G matrix are composed of the frequency responses and 

corresponding displacement components at the station (to U vector), and each two rows 

of G matrix are composed of the frequency responses to each moment tensor element. 

This matrix equation is equivalent to simultaneous linear equations with complex 

variables. Then the generalized linear inverse technique is used to solve this matrix 

form with appropriate Green's functions. 

Green's Functions 

Dislocation source theory (HeImberger, 1974; Langston and HeImberger. 1975) 

states that an arbitrarily oriented shear dislocation can be described as a combination 

of three fundamental dislocation sources, which we represent with our three Green's 

functions. These three Green's functions represent: (I) a vertical strike-slip 



Table 2. Simultaneous Equation or v .. G M at each Frequency Point, rn 

stal 

sta2 

sta3 

UIR 
Ull 

U2R 
U21 

U3R 
U31 

UnR 
stan Unl 

GIR -Gil GIR -Gil GIR -Gil GIR -Gil GIR -Gil 
Gil GIR Gil GIR Gil GIR Gil GIR Gil GIR 

G2R -G21 G2R -G21 G2R -G21 G2R -G21 G2R -G21 
G21 G2R G21 G2R G21 G2R G21 G2R G21 G2R 

GnR -Gnl GnR -Gnl GnR -Gnl GnR -Gnl GnR -Gnl 
Gnl GnR Gnl GnR Gnl GnR Gnl GnR Gnl GnR 

MIIR 
Mill 
MI2R 
MI21 
M23R 
M231 
M22R 
M221 
M23R 
M231 
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(2) a vertical dip slip dislocation and (3) a dip slip dislocation on 45 degree dipping 

fault (observed at a 45 degree azimuth). It is possible to represent any fault and its 

corresponding waveforms as a weighted sum of the three Green's functions. The 

different weightings depends on strike, dip, and rake of the seismic dislocation source, 

and are transcendental functions (therefore of non-linear form). In contrast to this, 

the moment tensor source representation, which inherently has six fundamental 

unknowns, requires six Green's functions. These six Green's functions can be formed 

from the recombination of three fundamental Green's functions using a weighting of 

the receiver azimuth angle as shown in equations (5) and (6) (Barker, 1984). The 

Green's functions of vertical (k-I), and radial displacement (k:o:2) in the moment tensor 

formalism can be written: 

Gkl,I--0.5Hkl cos(2Az} + 0.5 Hk3 

Gk2,2- 0. 5Hk I cos(2Az} + 0.5 Hk3 

Gk I ,2- Hk I sin(2Az} (5) 



Gk I ,3- Hk2 cos(Az) 

Gk2,3- Hk2 sin(Az) 

II 

where Gki,j is a set of new Green's function for the moment tensor source 

representation and H ki is i - th component of three fundamental Green's functions (i= I , 

vertical strike slip; i-2, vertical dip slip; i-3, 4S degree dip slip), and Az is the 

receiver azimuth angle. The Green's functions for a tangential displacement (k = 3) 

for the moment tensor formalism are given by 

G31,1- O.S H31 sin(2Az) 

G32,2--0.S H 31 sin(2Az) 

G31,2- -H31 cos(2Az) 

G31,3- - H 32 sin(Az) 

G32,3- H32 cos(Az). 

(6 ) 

Green's functions for the moment tensor inversion in this study were calculated 

by the generalized ray theory technique, that is, summing responses for different rays 

from vertical strike slip, vertical dip slip, and 4S degree dip slip embedded at a 

particular depth for the assumed velocity structure of the source region. Sufficient 

numbers of rays which give significant responses such as the interferences between p. 

sP, and pP phases are included for the calculation of each Green's function but crustal 

reverberations under the receiver are neglected to avoid complexities in the source 

parameters. It is assumed that the velocity structure of the source region is a 

horizontally homogeneous and an isotropic planar medium. This assumption is. at least. 

reasonable in the long period, teleseismic data study. Green's functions are also 

convolved with an attenuation (t·) operator, geometric spreading. and the instrument 

response (WWSSN long-period). 
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Generalized Inverse Technique and Analysis of Elaenvalue System 

The solution of the matrix equation (4) in the frequency domain is 

overdetermined. The number of the observations (the total number of seismograms 

used for inversion) is usually much larger than the number of model parameters (the 

elements of the moment tensor) as in the case for most geophysical inverse problems. 

A linear least squares formulation for this problem, sometimes called the normal 

equations, can be written in matrix notation as follows: 

(7) 

where G T G is a symmetric, positive definite matrix. The properties of the matrix G T G 

are very useful in the solution of equation (7). Even so, the matrix G T G can contain 

inaccuracies and present numerical difficulties. Such numerical problems in the 

inversion can be quite severe when the dimensions of G T G becomes large. Equation (7) 

above does not suggest any measure of quality for the system identification or solved 

model parameters. Instead of simply solving the square matrix system in equation (7) 

numerically, the generalized inverse technique (Wiggins, 1972) using single value 

decomposition (SYD) of the non-square matrix G is applied to solve the linear 

deconvolution problem in the least squares sense. The advantage of this is that it 

includes the quality estimates of the solved model parameters, and provides a measure 

of the tradeoff of resolution and stability. The eigenvalue problem of the square 

matrix can be modified to the single value decomposition problem for the non square 

general matrix. Following the single value decomposition the matrix G which maps the 

model parameters into the predicted data vectors can be written as 

G '" Up "p Yp (8) 
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where Up are the p N-dimensional eigenvectors of GG T, V p are the p M - dimensional 

eigenvectors of G T G, and Ap is the p by p diagonal matrix with p single values 

(positive square roots of non-zero eigenvalues shared by GG T or G T G) along the 

diagonal. Then the generalized inverse operator is defined as: 

(9) 

Using single value decomposition for the non-square matrix G inherent in the 

generalized inverse technique, the eigenvalues and eigenvectors of the square matrix 

G T G can give, before any actual inversion, information on both the stability and 

resolution of each inversion. Since the matrix G is actually composed of combined 

Green's functions of the receivers in the same order as the observed data, an adequacy 

of the station distribution in azimuth angle and epicentral distances for the selection 

of the receiving stations in the waveform inversion can also be tested using the 

eigenvalues and eigenvectors of the square matrix G T G at each inversion point. 

Experience indicates that some single values may become small, that is nearly 

singular, but rarely do they vanish completely. When a given matrix is nearly singular, 

the solution vector tends to grow without bound since a small single value can affect 

the solution adversely. In such an unstable eigenvalue system, any noise in observed 

data, even if small, can give rise to large changes in model parameter estimates. In 

order to reduce the difficulties when the matrix G T G is nearly singular, we choose an 

alternate least squares problem which is known as the damped least squares method or 

ridge regression. This method is a hybrid because it combines the steepest descent 

method and simple unconstrained least squares method. For this damped least squares 

method, the model parameter vector can be described as 

(10) 
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where b is a damping factor and I is an identity matrix (Lines and Treitel, 1984). The 

principal difference between the unconstrained least squares method and the damped 

least squares method is that the damped least squares method produces a stable 

condition to avoid singularities or near singularities in the matrix G T G. The damping 

factor b has the effect of adding a constant value to each diagonal term of G T G. 

Hence, none of the eigenvalues of G T G vanish. Also, terms that contain 1/,,\ for the 

small eigenvalues are damped. 

In order to find a single optimal damping factor at each inversion point in the 

frequency domain, we investigated the trends of the trade-off between fitting the 

observed data and minimizing the deviation from the undamped solution. This produced 

a series of N independent damping factors, where N is the number of frequency points. 

At each frequency point, model parameter estimates were found for 41 different values 

of the damping factor, b, in equation (10), which ranged from zero to 10E-02. The 

number of b values to search for optimal damping value at each frequency domain 

inversion point was determined considering the size of minimum and maximum size of 

the single values and the shape of resultant tradeoff curves. In this manner, a 

trade-off curve was obtained at each frequency domain inversion point. A typical 

trade-off curve is shown Figure I, where the x-axis represents the ratio of the damped 

model parameter estimate to the undamped model parameter estimate and the y-axis 

represents the ratio of the amount of misfit of the observed data in the frequency 

domain to the amplitude of the original observed data. From each trade-off curve at 

each frequency domain inversion point, the optimal damping value is based on finding 

the maximum curvature along the trade-off curve. 

Using these optimal damping factors at the corresponding frequency domain 

inversion points, a set of damping factors was obtained. The procedure does, however, 

introduce a large number of degrees of freedom into this manner (the same number as 
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Filure 1. Trade-off curves to find optimal ciampini fKton at each invenion point at 
frequency domain (from the fint to 10th invenion point). Each trade-off curve is 
composed of 41 values of damping facton for trial. X-axis represents the ratio of the 
magnitude of damped mooel parameter estimation vector to that of the undamped model 
parameter estimation vector and Y-axis represents the ratio of the malnidtude of the 
misfit of the observed data vector to the mapitude of the observed data vector. 
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inversion points). It is possible to reduce the degrees of freedom introduced by 

replacing the set of independent damping factors by a lower order polynomial fit to 

the damping values. An orthogonal polynomial curve fit, in the least squares sense, 

was applied to the damping factor values and resulted in a 10th order polynomial. The 

resulting damping factors from this polynomial functions were, then, used for a damped 

least squares inversion. 

Causality aad Temporal Coaslsteacy 

The time-dependent moment tensor technique will map all the effects of noise or 

inadequencies in the Green's functions into the resultant moment tensor elements. For 

this reason the quality of the moment tensor solution must be assessed on the basis of 

a series of subjective constraints. These constraints are causality and temporal 

consistency between different moment tensor elements. Procedurally, this amounts to 

comparing the shape of the moment release. To do this we pick an optimal time 

window and then estimate an adequate depth of each seismic source. The first 

condition is satisfied by finding a time window in which all six moment tensor elements 

vary with time in a reasonably consistent manner. Although each element is allowed to 

have an independent time history in the inversion process, it would be unphysical if 

three of the six components change rapidly with respect to time while the remaining 

three components change slowly with time. By fulfilling the requirement that the 

moment tensor elements show temporal consistency among six time dependent moment 

tensor elements, we fit the a priori assumption of a force-couple source. The second 

condition is the causality of source time function or the form of the moment tensor at 

onset. The first part of seismic energy release has to start at time zero, since the 

first motion of all waveforms for the waveform inversion are lined up and then 

deconvolved with corresponding Green's functions. This is especially important when 
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the seismic sources are composed of multiple subevents with different focal depths. A 

third condition of a quality solution is that the shape of all the time dependent 

solutions are robust with respect to filtering with the various combinations of 

frequency components as proved with the synthetic examples. The reason for the 

shape stability requirement is that the seismic energy release by actual physical 

displacement will be much more robust in contrast with the apparent seismic energy 

release with respect to the changes of frequency range. This also requires that there 

be a physical compatibility between subevents. Time windows which give nearly the 

same strike and dip angles but a rake which differs by 180 degrees compared to the 

focal mechanisms of the neighboring time windows are avoided. Occasionally, even 

though some time windows show a temporal consistency, this kind of overshoot or edge 

effect inherently caused by use of sinusoidal functions to !lynthesize time dependent 

moment tensor functions in the Fourier Transform maps into an unphysical seismic 

energy release process. This overshoot phenomena in the time dependent moment 

tensor inversion could be compared to the negative component of the source time 

function from inversions with the constant moment tensor assumption. Since each 

seismic event has finite amount of seismic energy release. time windows for a specific 

event can be constrained within a reasonable time boundary limits. The final condition 

of the quality of a solution is satisfied if the focal mechanism resolved for given time 

windows agrees to a priori geologic information such as surface rupture patterns and 

tectonic environment. 



CHAPTER III 

SYNTHETIC EXAMPLES 

Introduction 

The time-dependent moment tensor inversion algorithm described in the last 

section has been tested with a set of experiments, using synthetic data generated for 

known shear dislocation seismic sources. These experiments are designed to test the 

feasibility and characteristics of the time-dependent moment tensor inversion algorithm. 

especially when analyzing time-dependent, complex seismic sources which contain source 

multiplicity, changing slip parameters, and interferences between subsources. One of 

these goals, specifically, is to investigate how well the source pal ameters such as 

source time function, scalar moments, focal depth and focal mechanisms can be 

resolved for different kinds of source complexity. At the same time. the trade-off 

between source depth and focal mechanism is investigated. The effect of using of 

Green's functions of inappropriate source depths on the causality and temporal 

consistency of source time function is also investigated. Finally, we investigated 

whether source complexity and inadequate Green's function will actually cause the 

inversion results to have significant non-double-couple components. as suggested by 

Barker and Langston (1982) and Sipkin (1986). 

When the source depth is a critical source parameter 10 the study of earthquakes. 

it can be a difficult parameter to determine. since depth determination is an 

intrinsically non-linear process and may be biased by the trade-off with the source 

time function and focal mechanism in the moment tensor inversion. However. Sipkin 

18 
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(1986) suggested in his MSE algorithm that the source depth can be found by 

maximizing variance reduction. In contrast to this constraint on determining source 

depth to fit the best of the observed waveforms. we suggest new physical constraints 

such as degree of temporal consistency and causality among six different moment 

tensor elements. The CL YO component which has been used as a measure of the 

inadequacy of the resolved source parameters is also considered in our study. Our 

synthetic experiments demonstrated that these new constraints can minimize trade-offs 

between source depth. focal mechanism. and source time function and can also improve 

significantly the confidence levels of the source parameters from moment tensor 

inversion. For moment tensor inversion these new constraints play a much more 

important role in the investigation of complex seismic sources. After the best source 

depth is determined. the focal mechanism is resolved solely from these moment tensor 

elements. 

The evolving nature of the seismic source can be thought of a series of 

subevents. each with its own depth and fault geometry. It is difficult to isolate these 

subevents from one another. We do this through our constraint of temporal 

consistency. We pick an adequate time window where there is strong temporal 

consistency of all the moment tensor elements and calculate the area under each 

moment release function. Then these combinations of moment tensor elements are 

converted to the corresponding geometric fault orientation. using a focal mechanism 

with best-fit double-couple source. 

The results for the time-dependent moment tensor inversion are compared to the 

results given by a conventional time-independent moment tensor inversIOn which 

assumes the constant moment tensor elements throughout the whole energy release 

For this study. the experiments with synthetic data for source complexity Jre 

conducted for three kinds of diff~rent .:omplex seismic sourc~ types. Thre~ .:omplex 
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sources considered here are; (I) a double event with change in orientation of the fault 

plane as a function of a time; (2) a double event with a difference in source depth 

between the two subevents; (3) a double event with temporal overlap and a change in 

orientation between the first and the second subevents. For all three synthetic 

examples, the relative seismic moments of the first subevent is twice that of the 

second subevent. 

The interpretation of the resulting five time-dependent moment tensor elements 

is constrained by requiring a non-volumetric. or a purely deviatoric source. 

M33--(M II +M22). The eigenvalues of the resultant moment tensor can be decomposed 

in many ways. One possibility is that the moment tensor is decomposed into two 

double-couples: a major and minor double- couple. This could represent simultaneous 

displacements on two orthogonal fault planes having two orientations. 80th the major 

and minor double-couple source have the same source time history and the principal 

axes (P, T, and 8 axes) have different directions between two simultaneous events at 

the same place. This type of seismic source is fairly unphysical. The minor 

double-couple mechanism in the two double-couple decomposition could be interpreted 

as noise due to laterally varying structure (Wallace. 1985). A decomposition of the 

moment tensor into a best-fit major double couple component and minor compensated

linear-vector-dipole (eL VD) component which shares the same principal stress system 

seems to be the most reasonable assumption for these synthetic data examples. When 

the moment tensor is decomposed into major double-couple (DC) components and minor 

compensated-linear-vector-dipole (CL VD) components. the CL VD component simply 

indicates a measure of an inadequacy of the waveform fit to observed seismograms or a 

measure of complexity of the moment tensor. Time-dependent moment tensors 

inherently have a larger CL VD than time independent moment tensor inversion. The 

main reason for higher CLVD component for the TDMT In\erSlOn algorithm is due to 
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introduction of the more freedom in the inversion process of the waveform in the 

frequency domain. We will explore the constraint minimizing the CL YO including the 

other constraints in the following three examples. 

First Example 

The first example is a double event with change in slip orientation and scalar 

moment, and no change in source depth between the two subevents. The purpose of 

this example is to simply show the effectiveness of the time dependent moment tensor 

inversion, and its utility in resolving the time dependent source parameters of a double 

events with changes of shear fault geometry as a function of a time. The observed 

data for this synthetic example were generated using focal mechanisms. source time 

functions, and focal depths in Table 3. 

Table 3. Source Paramelers for Observed Seismolram for E"ample _I 

Subevent Subevent 2 

Source depth 9 km 9 km 
Focal mechanism(degree) 

Strike 0 345 
Dip 75 75 
Rake 90 90 

Trapezoidal source-time 
function(second) 

Rise time 
Duration 

.., 2 -
Falloff I I 

Delay time(second) 0 6 
Relative seismic moment 1.0 0.5 

The synthetic seismograms were made with a P wave which contains P. PP. and 

sP. A attenuation factor t· z 1.0 second was used to approx.imate realistic effects. and 

an instrument (WWSSN long period. 15-100) was used as a band pass filter. The time 
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independent moment tensor inversion with Green's function (9 km), which is the depth 

for both subevents, gives a little different single focal mechanism from two synthetic 

focal mechanisms as shown in Table 4. The assumption of a single source time 

function (6 seconds) for time independent or constant moment tensor inversion will be 

discussed later in the discussion section. 

The CL VO component from the conventional moment tensor inversion is as large as 

35% of the major double couple. This is very high for double-couple dominated 

synthetic data inversion. This large value of the CL VO for the noise free synthetic 

data comes from the source complexity, forcing the complex source (two subevents with 

change in fault orientation) into an assumption of a single double couple. One more 

possible reason seems to be the assumption of constant moment tensor throughout the 

whole energy release which is inherent in time-independent moment tensor inversion. 

Therefore, both assumptions of a fixed single source time function and constant 

moment tensor source for the complex seismic source of fault orientation change are 

mapped into a different focal mechanism from two given ones and significantly high 

CLVO component (35 %). 

Of course, the resolution of the source parameters and CL VO component could be 

improved if the restriction for the length of a single source time function is allowed 

to be a non-linear process. Even in this case, it is inherently difficult to resolve the 

source complexity of fault orientation. which changes with time. since time

independent moment tensor inversion uses the assumption of constant moment tensor. 

allowing only one possibility of fault geometry throughout the seismic energy release. 



Table 4. TIMT Results for Example -.. 

Subevent Strike Dip Rake CLYD% 

0-6 sec 12 73 112 35 

For the TDMT or time dependent moment tensor inversion, each moment tensor 

element is transformed to the time domain independently from the equivalent moment 

tensor solution in the frequency domain. Figure 2 shows time dependent moment 

tensor elements. Considering the constraints of temporal consistency and causality, the 

inversion resolves the source multiplicity into two subevents very well. Even the 

relative magnitude of the scalar moment which is proportional to the area under the 

source time function, and the shape of each source time function (two trapezoids) 

which is equivalent to the simultaneous change for all the time-dependent moment 

tensor elements appear to be resolved very well. 

Mapping the resultant moment tensor elements to the corresponding focal 

mechanism shows that focal mechanisms of the two subevents are also resolved very 

well as shown in Table 5. Moreover, the difference in shear fault orientation between 

the two subevents could be easily identified through the figure itself by apparently 

different combination of relative amplitudes of time dependent moment tensor elements 

between two subevents. 

Compared to the CL YD component (35 %) of T1MT inversion, the TDMT inversion 

yields a much smaller non-double-couple component: less than I %. This indicates 

that the source parameters for the complex source are well resol\ed, and fit the 

synthetic data. The waveform matches, as shown in Figure 3, are also ver~ good 

throughout the entire waveform at all stations. 
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Filure 2. <a> Resultant time dependent moment tensor elements from the waveform 
inversion of the first synthetic example with Green's function of 9 km focal depth. (b) 
Resultant focal mechanisms with the assumption of two subevents. Both time dependent 
moment tensor elements and focal mechanisms are resolved very well with CL YO 
component much less than 1%. 
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WAVEFORM MATCH 

.. -
Filure 3. Teleseismic waveform comparisons of the orilinal complex source data set 
with synthetic seismolrams obtained from time dependent moment tensor inversion of 
the first example. The waveform matches are very well throughout the entire 
waveform at all the stations. 



Table 5. TDMT Results for Example .1 

Subevent 

0-4 sec 
6-10 sec 

Strike 

o 
344 

Dip 

74 
74 

Rake CLVD% 

90 0.08 
89 0.05 
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This synthetic example shows that we can resolve source multiplicity and changing 

seismic source parameters for subevents (such as two focal mechanisms), the shape of 

each source ~ime function, and even relative magnitudes of scalar moment in a linear 

process. Adequate Green's functions are essential to the interpretation. We can test 

the source depth by doing multiple inversions with Green's functions of different 

source depth. Using the same data, inversions with inadequate Green's functions (7 km 

which is shallower than and 13 km which is deeper than the 9 km "true" depth) as 

shown in Figure 4 indicates that there seems to have been seismic energy release 

before time zero for both cases. The fact that the result from inversion with Green's 

functions (13 km) shows more non-causality can be used as a measure of the 

inadequacy of Green's functions, and correct the source depth (9 km). A series of 

inversions with different depths can be used to find the best source depth. 

Second Example 

The second example has two subevents at different depths. In other words. it is 

a test for resolving a complex earthquake source which has a change in focal depth as 

a function of time. The result is compared to that with the assumption of TIMT 

throughout the entire rupture process. The synthetic data example corresponds to a 

typical example of many earthquakes sequences in the Intermountain region of the 

western U. S. which propagates upward or downward with evolving complex rupture 

history on multiple disloc:ltion surfaces. as some of the Impro\ed seismh': mapDlng 
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Filure 4. Resultant time dependent moment tensor elements of the first synthetic 
example with Green's functions of (a)7 km and (b)13 km which are not true focal 
depths. Two moment tensor functions show well-developed non- causality for the first 
part of eneray release. 
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techniques have shown currently (Wallace 1985; Doser and Smith 1983; Lide and Ryall 

1986). Observed seismograms for this example are generated using the source 

parameters in Table 6. 

Table 6. Source Parameters for Synthetic Seismoaram for Example _2 

Subevent I Subevent 2 

Source depth 9 km 13 km 
Focal mechanism(degree) 

Strike 0 0 
Dip 75 75 
Rake 90 90 

Trapezoidal source-time 
function(second) 

Rise time I I 
Duration 2 2 
Falloff I I 

Delay time(second) 0 6 
Relative seismic moment 1.0 0.5 

Using the TIMT inversion with a smooth single source time function (6 seconds) 

and Green's function of 9 km, a single focal mechanism slightly different from the two 

assumed focal mechanisms is resolved, as shown in Table 7. A single focal mechanism 

is resolved fairly well even though CL YO component is 37%, when the length of a 

single source time function is limited to the 6 seconds. The assumption of the single 

source time function for time-independent moment tensor inversion will be discussed in 

a later section. 

In contrast to the good resolution of the focal mechanism. the CL YO component 

is 37%. which is very high considering this is a noise-free synthetic waveform 

inversion. The high CL YO from the moment tensor inversion for real earthquakes 

could represent many possibilities: for example. source complexity. ruptures on 

non-planar fault plane. inadequate Green's function for the in\ersion. or different 
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physics of seismic source (tensile fracture) as summarized by Sipkin (1986). Obviously, 

for this case where there is no a priori information about source complexity, the high 

CL VD is a measure of the inadequacy of the assumption of a constant time function. 

Though a single focal mechanism for two subevents is resolved well, the high CL VD 

component indicates inadequate inversion of multiple subevents. 

Table 7. TIMT Results for Example *2 

Subevent Strike Dip Rake CLVD% 

0-6 sec 70 91 35 

The results using the TDMT inversion with Green's function of 9 km source depth, 

which is the first subevent's source depth are shown in Figure 5. All the five time 

dependent moment tensor elements show that there are apparently two time windows of 

energy release. Comparing these two time windows of energy release, the first 

subevent has apparently more temporal consistency than the second subevent. This is 

connected with the incorrect source depth for the second subevent. Both focal 

mechanisms, with the assumption of two subevents, are resolved very well. Moreover, 

the causality constraint is met for the first subevent. 

Table 8. TDMT Results for Example _2 with Focal Depth of 9 km 

Subevent 

o-~ sec 
6-10 sec 

Strike 

360 ., 

Dip 

73 
75 

Rake CLVD% 

91 II 
86 28 

The CL VD components are II % and ~8% for the two sources (see Table 8) 

respectively The high CL VD component (28 "/0) for the second sube\ent, though less 
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Filure S. (a) Resultant time dependent moment tensor elements from the waveform 
inversion of the second synthetic example with Green's function of 9 km focal depth 
which is focal depth of the first subevent. (b) Focal mechanisms of two subeve'1ts with 
the assumption of two temporal consistencies and correspondinl CL YO components. 



31 

than that (37%) determined by the TIMT inversion, is caused by using Green's functions 

of inadequate focal depth. The CLYD component (11%) for the first subevent is also 

somewhat high. 

Therefore, the inverse operator in the time dependent moment tensor formulation 

has characteristics that relative areas under the curves among five elements are 

preserved well, though inadequate Green's functions (or the second subevent introduce 

"noise". The inadequacy of Green's functions for the second subevent is mapped to the 

less developed temporal consistency, shape complexity of source time function, and 

relatively higher CL YO component (28%). 

Using Green's functions of 13 km source depth, which is the second subevent's 

source depth, the resultant five time dependent moment tensor elements show that the 

second subevent is resolved apparently better, with more temporal consistencies, than 

the first subevent compared to the previous case (see Figure 6). For the second 

period of energy release, the largest amplitude of moment tensor element (M23) can 

give an idea about the source time function. Note the non-causality for the first 

window of energy release. This apparent non-casualty problem seems to be caused by 

inverting waveforms using the Green's functions for incorrect source depth. Other 

examples of inversion with shallower Green's function (7 km) for the same data are 

shown Figure 7, and also demonstrate that the non-causality problem is mainly due to 

inverting using Green's functions with inappropriate source depth. 

Table 9. TDMT Ruults for Example .2 with Focal Depth of 13 km 

Subevent 

0-4 sec 
6-10 sec 

Strike 

3 

Dip 

70 
73 

Rake CLVD% 

89 4 
86 4 
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Figure 6. <a> Resultant time dependent moment tensor elements from the waveform 
inversion of the second synthetic example with Green's function of 13 km focal depth 
which is focal depth of the second subevent. (b> Focal mechanisms of two subevents 
with the assumption of two temporal consistencies and corresponding CL YO components. 
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Figure 7. Resultant time dependent moment tensor elements from the waveform 
inversion of the second synthetic example with Green's function of 7 km focal depth 
which is not compatible with depths of both subevents. Moment tensor functions show 
well-developed noa-causality for the first part of seismic energy release. 
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The TOMT solution, using Green's functions for a 13 km focal depth, gives two 

focal mechanisms that are resolved well and with CLYO/DC of about 4% (see Table 7). 

Although the CL YO component (4%) from the first subevent inversion is less than for a 

source depth of 9 km, the non-causality and less well developed temporal consistency 

of all the time dependent moment tensor clearly indicates insufficient resolution of the 

first part of energy release. 

The determination of source multiplicity has been usually considered as a 

non-linear process and also requires a priori information about multiplicity by 

conventional time independent moment tensor inversion. As shown in this synthetic 

example, however, determination of source multiplicity is a simple linear process when 

using a time-dependent moment tensor inversion. This synthetic data example also 

shows that source parameters of two subevents with change in source depth as a 

function of a time can be resolved using time dependent moment tensor inversion. 

Additionally, the constraints of temporal consistency and causality between five time 

dependent moment tensor curves, and the size of the CL YO component can be used to 

investigate source complexity as a function of depth. 

Third Example 

The third synthetic example is a double event with overlapping (from 5 to 7 

seconds) source time functions and fault geometry which differs between the two 

subevents. This example is designed to investigate how much the temporal consistenq, 

or interference in the time from the two sources, will affect the inversion process. It 

is also designed to investigate how well source parameters of each subevent (source 

time function, seismic moment, and fOCJI mechanism) can be resolved from the 

resultant time dependent moment tensors. Synthetic seismograms for this eXJmple Jre 
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generated using the focal mechanism, source time functions, and focal depths in Table 

10. 

Table 10. Source Parameters for Obsened Seismolram for [xample _3 

Subevent I Subevent 2 

Source depth 9 km 9 km 
Focal mechanism(degree) 

Strike 0 345 
~ip 75 75 
Rake 90 90 

Trapezoidal source-time 
function(second) 

Rise time 2 2 
Duration 3 3 
Falloff 0 2 

Delay time(second) 0 5 
Relative seismic moment 1.0 0.5 

The results by a TIMT inversion with the assumption of smooth single source 

time function using Green's function of 9 km source depth are shown in Table II. 

A much different single focal mechanism than either subevent is obtained and the value 

of CL YO/DC is 50%. The high value of CL YO could mislead the interpretation of the 

seismic source, implying a source such as magma injection, which is physically very 

different from two evolving double-couple dominated shear dislocations. 

Table II. TIMT Results for Example _3 

Subevent Strike Dip Rake CLVD% 

0-6 sec 79 139 50 

The TDMT in the Figure 8 shows evidence that this event may be composed of 

two subevents with boundary at 5- 7 second since there are unusually abrupt changes 
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Figure 8. (a) Resultant time dependent moment tensor elements from the waveform 
inversion of the third synthetic example with Green's function of 9km focal depth. (b) 
Focal mechanisms of two subevents with the assumption of two temporal consistencies 
and corresponding CL YO components. 
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in the shape at the same time point for all five moment tensor elements. Though the 

time interval between 5 to 7 seconds is designed to be overlapped, with the assumption 

of two subevents (0-6 seconds and 6-12 seconds, respectively), focal mechanisms of the 

two subevents are resolved very well. Compared to the 50% of CL YO component in the 

TIMT, the CLYO component for each subevent in the TOMT inversion is less than 1% 

as shown in Table 12. 

Table 12. TDMT Results for Example 1ilt3 

Subevent 

0-6 sec 
6-12 sec 

Strike 

360 
345 

~ip 

74 
73 

Rake CLYO% 

90 0.1 
90 0.4 

Even assuming a single event with 12 seconds duration, an averaged focal 

mechanism in strike angle is resolved; strike 3550 , dip 74°, rake 90°. The CL YO/DC is 

about 1%. Compared to the source parameters with the assumptions of a single source 

and constant moment tensor, time dependent moment tensor inversion resolves at least 

an averaged focal mechanism. The much smaller CL YO component (than 50%) also 

indicates that physical characteristics of two subevents are typical double-couple 

dominated source which means pure shear dislocation on the fault plane. 

Unfortunately, total seismic moment from 0 to 12 seconds is not well conserved. 

The total seismic moment is not fully mapped into the time dependent moment tensor 

domain, due to the interference between time functions for each event. Though it is 

somewhat difficult to resolve total seismic moment of overlapped source complexity, 

unusually robust, abrupt change of shape at the same time point for all the time 

dependent moment tensor could indicate that there is interference between two 

subsources. 
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As shown at this example, using temporal consistency without any a priori 

information about source multiplicity, it is possible to determine the source parameters 

and source multiplicity even with source interference. Note that the CL YO component 

from the time independent algorithm (>50%) is much higher than that (about 1%) from 

the time dependent algorithm. This is extremely important since high CL YO 

components (as much as 50%) may otherwise indicate intrinsically different physics of 

the seismic source. 

Discussion 

Based on these three synthetic examples, the algorithm of TOMT inversion is 

proposed to be a good way to analyze complex sources. The algorithm presented here 

gives very satisfying results in synthetic data tests for various source complexity. The 

first step in resolving source complexity is to identify the source multiplicity. The 

most important condition for significant seismic energy releases is temporal 

consistency, or apparent simultaneous shape changes, for all the time dependent 

moment tensor elements. Secondly, the causality and the size of CLYO component 

constrain the parameters of the multiple sources. The first synthetic example shows 

that a multiple source with no focal depth change could be mapped clearly into the 

two sources in the domain of time dependent elements and then separated into two 

subevents easily. The TOMT inversion of the second example (with Green's functions 

of 9 km and 13 km source depth, respectively) shows two subevents can be identifit!d 

on the basis of simultaneous shape-change of the moment tensor elements. The non

causality criteria required a source depth of 9 km. as does the high CL YO component. 

From the third synthetic example. the source complexity caused by the interference 

between two subevents is mapped into the time dependent elements as a form of 

unusually abrupt changes for all the elements during the interval of overlap bet\\.t't!n 
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the two subevents. Therefore each source is mapped into time-dependent moment 

tensor elements with characteristic temporal consistency, causality, and CL YO 

component. 

The resolution of the depth of source initiation and propagation, which is an 

intrinsically non-linear process, can be accomplished with time-dependent moment 

tensors since Green's functions for incorrect source depths show non-causality, 

increased shape complication for all the elements, and a considerably higher CL YO 

component. As shown from all the results with Green's functions with inappropriate 

source depth, when the first part of the energy release is inverted by inadequate 

source depth, the time-dependent moment tensor shows apparently well-developed 

non-causality. The second example shows that when the second part of energy release 

is inverted with Green's functions of incorrect source depth, time-dependent moment 

tensor shows not only unusually complicated shapes but also considerably higher CL YO 

component. 

The three synthetic examples demonstrate that the focal mechanism is the most 

robust source parameter even using inadequate Green's functions with this algorithm. 

This is consistent with Sipkin's observation. This shows that the inverse operator of 

TOMT conserves the relative areas between all the moment tensor elements even for 

slightly inadequate Green's functions. This property is an advantage when inverting 

for seismic source with no a priori information. 

Some of the proposed physical explanations for non-double-couple component of 

earthquakes include source multiplicity, rupture on non-planar fault planes, and 

intrinsic source mechanisms. Three synthetic experiments with a single smooth source 

time function demonstrate that substantially high non-double-couple component is 

always caused by forcing multiple sources into a single source representation. 

Synthetic experiments also suggest that moment tensor inversion with inadequJte 
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Green's function for source depth. and sources which overlap can cause 3 high CL YD 

component. 

As shown from the three synthetic examples, the TDMT inversion technique has a 

clear advantage over the TIMT inversion techniques in order to map out seismic source 

complexity. Since TDMT inversion does not need any a priori information on the 

source time history, that is, source multiplicity and finiteness of each source. it is a 

simple and straightforward linear deconvolution process in order to resolve these 

source parameters. For the TIMT inversion, simultaneous inversion of source time 

function (length, shape and multiplicity) and constant moment tensor elements in the 

time domain suffers from a non-linear inversion process. For the simple shear 

dislocation source, there may be not much difference in ability to resolve source 

parameters between TDMT and TlMT inversion process, though the TIMT inversion is 

still non-linear. For complex seismic sources, however. the assumption of constant 

moment tensor can not be justified. That is, the physics of the evolving source 

complexity. (for example, change of fault plane geometry and focal depth with time) 

could be mapped into both constant moment tensors and source time function 

(finiteness and shape) simultaneously. This inadequate mapping of source complexity 

into the moment tensor and source time function. suggests that the solutions from 

TIMT inversions could be biased. 

As pointed out earlier at the previous section. the :lSSumption of a fixed single 

source time function (6 seconds for all the synthetic data example inversion) for TIMT 

inversions is restrictive. since changing the length of source time function. for 

example. extending it to 8-10 seconds in a constant moment tensor inversion. could 

improve the fit to the waveforms. However. since information on length of source 

time function itself is an intrinsically unknown parameter. opening the assumption of 

the length of source time function by non-linear process does not improve the results 
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much. For the multiple source, using the constant moment tensor assumption, it 

becomes even harder to resolve finiteness and other source parameters of each 

subevent by non-linear process since the number of unknowns is increased as a product 

of the subevents. 

Sipkin (1986) tried to place further constraints such as a 'similarity restriction', 

on the moment tensor elements in the MSE inversion algorithm, which uses the same 

moment tensor formulation of the source as that of this study. except in the time 

domain. More constraints such as minimizing complexity and length of the source time 

history as a priori information necessary to fit the data are applied to the inversion 

process for source time function. Langston (1981) also suggested that a source 

inversion method has to give the smoothest answer as a priori information possible in 

the face of probable unknowns in earth structure. Such smoothness can be applied as 

a form of constraining the duration of possible source time functions, smoothing the 

shape of source time history. and minimizing the number of variables. Instead of 

having "smoothness" as a priori information, we suggest that solutions could be allowed 

to map into the time dependent moment tensor domain. Then the resultant time 

dependent moment tensor elements can be interpreted using various physical constraints 

such as temporal consistency and non-causality between all the moment tensor elements 

as shown in this study. Time dependent moment tensor inversion without an a priori 

constraint seems to be the best option since this process will preserve characteristics 

of the inherent source process itself. Moreover, in order to resolve source 

multiplicity, which is one of the most important goals in this study, the constraints for 

the smoothness themselves are unknowns in the deconvolution process. 

Unmodeled parameters such as sufficient numbers of rays, source and receIver 

structure, and attenuation have effects on the inversion results of time dependent 

moment tensor elements. Namel~. unmodeled phenomena are mapped onto the moment 
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tensor elements. However, if we repeat the time dependent inversions by changing the 

source structure and Green's function for different depths and choose adequate time 

windows using physical constraints as introduced earlier, then it is possible, within 

reasonable limits, to separate out the more significant subevents for evolving source 

complexity. This can then be used to resolve scalar moments, focal mechanisms, and 

source time functions for each subevent. Therefore, if the degree of adequacy of 

Green's function for the source structure which is one of the most important 

assumptions in the moment tensor inversion is also a problem in any other moment 

tensor inversion algorithm, and the time dependent moment tensor inversion algorithm 

can give a better solution for a complex source. 



CHAPTER 4 

COMPLEX EARTHQUAKES 

The 1982 Yemen Earthquake 

Inlroduction 

The destructive December 13, 1982 Yemen earthquake is of considerable interest 

because it is historically the first earthquake in the southwestern Arabian Peninsula 

which was accompanied by well-developed surface ruptures, and extensional ground 

cracks. It was also followed by extensive aftershock seismicity. The southwest 

boundary of the Arabian Peninsula, which is relatively seismically inactive, has been 

characterized by Ambraseys and Meiville (1983) as couple of moderate magnitude of 

earthquakes on the basis of historical seismicity. It has been suggested that the main 

event shows multiple rupture histories (Sipkin 1986; Choy and Kind 1987), with 

displacements dominated by normal-slip. The earthquake is apparently related to the 

development of the tensional tectonics along the western margin of the Arabian 

Peninsula. Sipkin (1986) suggested a fault model of two double-couple point sources, 

approximately equal in size and separated by 12 seconds, on the basis of analysis of 

long-period data from the Global Digital Seismograph Network. Choy and Kind (1987) 

model the event as two faults model separated by 3.0 seconds in time with the second 

event dominant. (three times larger in seismic moment). using the broadband data by 

combining short- and long-period data from Global Digital Seismograph Network. 

Langer et el. (1987) suggested the model of conjugate normal-slip faulting between the 

first and the second subevent in an extensional tectonic setting to explain geometrical 

43 
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distribution of the 12-days aftershocks. All the interpretations suggested that th is 

event is a complex earthquake whose rupture process consisted of at least two 

subevents, even though there still remains disagreement over which of these fault 

models best explains the entire rupture history of the earthquake. 

The purpose of this study is to investigate the first-order mapping of geometric 

and temporal source complexity of the Yemen earthquake (Figure 9) using the moment 

tenser source representation and then, to resolve the disagreement between fault 

models. We studied the source complexity of the Yemen earthquake by performing a 

time dependent moment tensor inversion in the frequency domain using the observed 

WWSSN teleseismic waveforms. Since the conventional constant-moment-tensor 

assumption breaks down for complex seismic sources that have complex rupture 

histories on multiple surfaces, it is preferable to use time-dependent moment tensor 

inversion instead of TIMT. 

For the time-dependent moment tensor inversion, seventeen long-period 

teleseismic P-waves records (see Figure 10) recorded on WWSSN instruments are 

inverted. The data are chosen for azimuthal and distance coverage within the 

teleseismic range. The length of time window for the inversion of the observed 

seismograms was 25 seconds after the first P wave arrival. The Green's functions used 

in this inversion were generated using the method of Langston and Heimberger (1975) 

and included direct P, pP and sP along with attenuation effects (to = 1.0 second for P 

waves) and geometric spreading. A simple layered source model consisting of a 30 km 

(V p - 6.2 km/sec) crust overlying a semi-infinite half space mantle (V p • 8.2 km/sec) 

was used in generating the Green's functions. The main reason to assume a simple 

structure and small numbers of contributing rays, is to decrease the unknown effects 

of structure. In order to overcome the problems of determining the focal depth, a 

separate sets of Green's functions "ere generated for depths between 3 km and 15 krn 
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Figure 9. Tectonic map of the major Cenozoic volcanic fields, the epicenter associated 
with the December 13, 1982 Yemen earthquake (from Plafker et al.. 1987). 
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Figure 10. Seventeen teleseismic station distribution and corresponding long-period 
teleseismic P waveforms (upper waveforms are observed and lower ones are synthetic 
waveforms). This figure 31s0 shows waveform matches between observed and synthetic 
results from the time dependent moment tensor inversion. 
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at two km intervals. A separate inversion was then done for each set of Green's 

functions for the different source depth in order to differentiate subevents in time 

sequence and their corresponding depths. 

Data Analysis and Results 

The generalized inverse technique used in the frequency domain inversion revealed 

a near-singular condition of the coefficient matrix for most of the inversion points in 

the frequency domain. To overcome near-singularity effects in the inversion process, a 

damped least squares method was used instead of a simple least squares algorithm. To 

find a single optimal damping factor at each inversion point in the frequency domain, 

we investigated the trends of the trade-off between fitting observed data, minimizing 

the change of magnitude of model parameters without significantly affecting the fit to 

the observed data. 

At each inversion point in the frequency domain, estimates of the model 

parameters were found for 41 different values of the damping factor, which ranges 

from zero (no damping in the inversion) to 0.01 depending on the size of the 

eigenvalues of the coefficient matrix of all the inversion points. In this manner, a 

trade-off curve was obtained at each inversion point in the frequency domain. A set 

of typical trade-off curves for the first ten inversion points is shown in Figure I. 

where the X-axis represents the ratio of the magnitude of damped model parameter 

vector to that of undamped model parameter vector, and Y-axis represents the ratio of 

the amount of misfit of the observed data to the magnitude of the observed data 

vector. From each trade-off curve at each point in the frequency domain. the optimal 

damping factor, which was one of the 41 values. is determined based on finding the 

maximum geometrical curvature along the trade-off curve. This process produced a 
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series of N independent damping factors, where N is the number of the inversion 

points in the frequency domain. 

Using these optimal damping factors for the corresponding frequency domain 

inversion points introduces a large increase in the degrees of freedom (equal to the 

number of inversion points). It is possible to reduce the degrees of freedom by 

replacing the set of independent damping factors with a lower-order polynomial fit to 

the curves of damping values. An orthogonal polynomial curve fit, in the least square 

sense, as shown in Figure II was applied to the damping values and resulted in a 

10th-order polynomial. The resulting damping factors from this polynomial functions 

were, then, used for a damped least squares inversion. Compared to the results from 

the simple least squares inversion, the inversion using damped least squares sense gave 

a much more stable solution and improved significantly the resolution of the seismic 

source parameters. 

To invert source parameters from the observed waveforms using time-dependent 

moment tensor source representation, we minimized the RMS fit to the observed 

waveforms, or inverted in the least square sense, and then isolated the best-fit 

double-couple mechanism for the earthquake from the whole moment tensor elements. 

To interpret the resultant time dependent moment tensor elements, we employ the 

constraint that the source be purely deviatoric during the inversion process 

(M33--M II-M22), and then decomposed the result into a pure main double-couple 

mechanism plus minor non-double-couple components. Since no previous study has 

suggested that the origin of the Yemen earthquake had significantly different source 

physics from a dislocation slip mechanism, decomposition of the resultant moment 

tensor matrix into major double-couple and minor CL YD seems reasonable. 

The moment tensors and corresponding time functions are much more complicated 

than those of the synthetic example discussed in the previous chapter. The moment 
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Figure II. An orthogonal polynomial curve fit (10th order), in the least square sense, 
to the set of the optimal damping values from the trade-off curves of the first to the 
IOOth inversion point. The degree of freedom of the inversion introduced by 
independent damping values at each inversion point can be reduced for the waveform 
invenion. 
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tensors are shown in Figure 12. The optimal time windows for differentiating 

subevents of significant energy release and estimating an adequate source depth for the 

subevents was determined by satisfying five criteria. The first was to pick an 

adequate time window such that all five moment tensor elements vary with time in a 

reasonably consistent manner (temporal consistency). The second criteria is that the 

shape of all five time functions be robust with respect to filtering, and various 

combinations of damping. The reason for this requirement of stability is that the 

energy releas'e associated with displacements will be much more robust than noise-like 

energy. The change of frequency content for various time domains is strongly 

influenced by the noise level. A priori information about the frequency characteristics 

of noise and signal would be useful in satisfying this condition. The third criteria is a 

physical compatibility between subevents. We avoid the time windows which give 

mechanisms which have nearly the same strike and dip angle as adjacent windows but 

have a rake which differs by 180 degree, "ringing". Even though some such time 

windows have good temporal consistency, this kind of phenomena, "ringing", is 

unphysical. The overshoot, or edge effect between adjacent time windows seems to be 

inherent since the Fourier Transform represents a time dependent function as weighted 

sums of sine or cosine periodic functions. This is especially bad when the noise level 

is large. The negative component of the source time functions is also caused by 

inadequate Green's functions, specifically the wrong source depth, and has no physical 

meaning. The fourth criteria is that energy release occurs over a finite length in 

time. Since the total energy of a given event is always limited. the time windows for 

a specific event must be constrained within reasonable time limit. The final criteria to 

be satisfied is the focal mechanisms resolved for the time windows should agree with 

the a priori geologic constraints. surface rupture patterns and tectonics. 
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Filure 12. Resultant time dependent moment tensor elements or moment tensor 
functions from the waveform invenion of the 1982, Yemen earthquake with Green's 
functions of S-km, 7-km, 9-km, and II-km focal depths. The lines of temporal 
consistency for the fint portion apparently show backward moving of temporal 
consistency u focal depth of the Green's functions iDcreues. 
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Figure 12. Resultant time dependent moment tensor elements or moment tensor 
functions from the waveform inversion of the 1982, Yemen earthquake with Green's 
functions of S-km, 7-km, 9-km, and II-km focal depths. The lines of temporal 
consistency for the first portion apparently show backward moving of temporal 
consistency as focal depth of the Green's functions increases. 
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It is interesting to note that the resultant time dependent moment tensor 

functions in Figure 12 show an apparent similarity or temporal consistency for the 

whole ranges of focal depths (5 km to II km). That is, these moment tensor functions 

appears to be composed of a broad energy release from 0 to 5 seconds followed by a 

second pulse with a total duration of about 10 seconds for the entire ranges of focal 

depths tried in the inversion. However, the "zero I.:rossing" or end of the first source 

changes for the four depths: 5, 7, 9, and II km. Considering the causality of the 

moment tensor functions. the solution associated with the Green's function of 5 km 

focal depth has the seismic energy release starting 3-4 seconds after onset of signal 

arrival. The moment tensor solutions for the depths of 9, II km focal depths show 

that the seismic energy releases started 3-4 seconds before the onset of the P wave 

arrival, as shown offset arrows. Therefore, the degree of temporal consistency and 

causality of the resultant five moment tensor functions is greatest when inverting with 

Green's functions of 7 km focal depth, and the first seismic energy release was 

determined to have this focal depth. 

There is a significant change in shape in the moment tensor functions around 

4-5 seconds, which is indicated by an abrupt change in slope. This is most easily seen 

on the Mil, M22 and M 13 in Figure 12. These observations are consistent for all the 

focal depths and robust after filtering over a variety of ranges of frequency. 

We derive a corresponding focal mechanism from the resultant moment tensor 

functions with Green's function for 7-km focal depth by calculating the area under 

each moment tensor element for an assigned time window. These values are used for 

M II through M23 and used to construct a moment tensor matrix which is then 

decomposed, and used to find the best-fit double-couple. The focal mechanism 

associated with the best fit double-couple for the first time window (strike-315. dip=43. 

and rake--89) is shown in Figure 13a. One of the nodal planes defines a normal fault 
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Filure 13. Two focal mechanisms and correspondinl moment tensor functions 
determined for two subevents from the waveform inversion of the 1982, Yemen 
earthquake. The focal depths are resolved as 7-km for both subevents. 
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which is consistent with the linear surface rupture of extension cracks observed from 

this earthquake (NW direction). The moment for this event is 1.88 x 1025 dyne-cm 

which accounts for nearly 42 % of the seismic moment which Sipkin (1986) found for 

the Yemen event. The CL VO component is about 28%, which is high. 

The next window of significant energy release was determined by taking different 

combinations of time windows with different starting time and lengths. Inverting with 

Green's function for the 5-km focal depth, there is relatively little temporal 

consistency for the second portion of the seismic energy release as shown by the 

offset arrows. Resultant moment tensor functions with Green's functions for 9 km and 

II km focal depths show relatively little temporal consistency for the start of the 

second seismic energy release episode. For the time dependent moment tensor elements 

with Green's functions of 7 km focal depth, the time window 5-9 seconds shows a good 

temporal consistency for the second seismic energy release. Performing the same kind 

of focal mechanism calculation for this time window yields the focal mechanism labeled 

subevent two in Figure 13b. The fault plane of the second subevent is nearly identical 

to the first subevent (strike-317, dip-45, and rake--88). The moment for this subevent 

is 1.48 x 1025 dyne-cm which accounts for 33 % of the seismic moment which Sipkin 

(1986) found and the CLVO component is about 22%. 

Trying to resolve any other significant seismic energy release in the moment 

tensor functions further back at greater times in the records yields a double-couple 

mechanism with relatively small moment, and a large non-double-couple component. 

This fact, along with the observation that there are no more well-developed windows 

of temporal consistency for the moment tensor functions for any of the inversion focal 

depths, suggests that all the significant subevents associated with the Yemen 

earthquake are resolved. 
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As a test of the overall consistency of the rupture process the P, B, and Taxes 

as well as the fault planes were traced sequentially in time. This is done by 

determining the moment tensor for short time windows, from first onset of the event 

up to 9 seconds (see Figure 14). Each focal mechanism and the corresponding principal 

axis for each one-second time window were matched very well to the corresponding 

focal mechanisms of two main subevents. No abrupt change in focal mechanism within 

each subevent duration implies that, at least, within time windows of two main 

subevents there is not extreme source complexity. If there is a significant change in 

focal mechanism or overlapped sources within the time winciow, it would be expected 

that there would be fluctuations of focal mechanism between each short time window, 

or at least an increasing CL YO component. If the source process for the time window 

of 0 to 9 seconds is forced to a single event, the focal mechanism was similar to that 

of the two subevents but it has a significantly higher CLYO (58 %) component. The 

high value of the CL YO component associated with a single point source assumption 

as compared to those of two subevents obviously indicates that resultant moment 

tensor functions maps this event into a double event. 

The waveform fits obtained using the time dependent moment tensor solutions are 

shown in Figure 10. The waveform fit is vt'ry good not only for the first or two 

swings, but for the entire waveform of body waves with a few exceptions. 

As shown in the rake angles of two subevents (-89 and -88 degrees for the first 

and second subevent respectively), our fault model of a double source is nearly pure 

normal-slip for both subevents. Choy and Kind (1987) have significant amount of both 

right-(230 degrees of rake angle) and left-lateral (300 degrees of rake angle) strike-slip 

components for two subevents. The crack zones at the surface around the epicenter 

which are dominated by tensional features show no significant component of left-or 

right-lateral displacement (Plafker et aI., 1987), and are much more consistent with the 
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Filure 14. The evolvinl focal mechanisms and corresponding P, T, and B axes with 
shorter time windows from 0 to 9 seconds of the seismic enerlY release. All the P, T, 
and B axes from the waveform invenion show typical normal-slip motion and well 
stabilized for liven time interval 
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fault model of pure normal-slip. The change for left to right lateral slip is very 

difficult to explain in Choy and Kind's solution. This sort of "overshoot" in the 

faulting process is unphysical, unless pre-existing, weak fault planes which are 

geometrically favorable for both forward and backward directions of slip, but not 

necessary aligned with the planes of maximum shear stress caused by the regional 

stress caused the event. Our model of two normal slip subevents is the simplest 

interpretation. 

Our fault model apparently does not match the onset of the second subevent (5 

seconds) for Sipkin's (1986) model which has the second subevent at 12 seconds from 

the beginning of the seismic energy release. There are two possible explanations for 

this: (I) Sipkin used GDSN which is much longer period, or, (2) our analysis missed an 

event. Note that resultant moment tensor functions in Figure 12b show some seismic 

energy release after 12 seconds which could be a shear dislocation. However. 

performing the focal mechanism calculation for this time window yields a best-fit 

double-couple with the plane whose strike. dip angles are not much different from the 

two subevents. but a slip-direction which is about 180 degrees different from the first 

part of the record (thrust-slip motion vs. normal-slip motion). Since shear dislocation 

should not overshoot. the apparent energy release for this time window is probably due 

to numerical overshoot at the boundary of the inversion. It also gives a significantly 

higher non-double-couple component (>50 %) for this time window as compared to the 

first part of the record. These observations from the TDMT analysis suggests that all 

of the significant seismic energy releases occurred within 9 seconds. 



Table 13. Total Seismic Moments for Various 
Source Models 

Sipkin (1986) 
Choy and Kind (1987) 
This study 

Total Seismic Moment 

4.5 X 1026 dyne-cm 
3.0 x 1026 dyne-cm 
3.4 x 1026 dyne-cm 
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The total seismic moment of the Yemen event from the TDMT analysis is smaller 

than the estimate by Sipkin (1986) as shown Table 13. Since Sipkin (1986) also used a 

time dependent moment tensor inversion algorithm in the time domain with long-period 

teleseismic data, the difference of the total seismic moment between ours and Sipkin's 

is puzzling. Even though Sipkin (1986) suggested the fault model where the second 

subevent starts after 12 seconds, we suggest that the difference of the total seismic 

moment may be due to the unresolved subevents or overlapping between two subevents. 

Experience with synthetic data shows that it is difficult to resolve overlapping 

subevents in time and that total seismic moments using only the constraints of 

temporal consistency and causality is underpredicted. Since the synthetic examples also 

showed that a high non-double-couple component can be caused by overlap between 

subevents, the high non-double-couple components (28 %, 22 % for the first and second 

subevent, respectively) for both subevents of our modeling, as compared to those by 

Sipkin (1986) (15 % and 8 % for the first and second subevent respectively) could be 

evidence for a overlapping between sources. Therefore, it is possible that the seismic 

energy release of two subevents which were within the first 9 seconds had a time 

overlap between them. 

Another problem which may introduce error into the time dependent solutions is 

that of inadequate Green's functions. This problem is common to all moment tensor 
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inversion techniques. To incorporate all of the source structure information into the 

Green's function model requires precise knowledge of the source velocity structure as 

well as the inclusion of a great many generalized rays. Because the velocity structure 

for the long-period response in southwestern Arabian peninsula is not known precisely. 

we have used the simple source structure and attenuation model outlined earlier to 

avoid mapping structural artifacts into the time function. 

The 1971 San Fernando Earthquake 

Introduction 

The nature of the fault geometry of the San Fernando earthquake of February 9. 

1971. California has been controversial. and yet it is a very important problem in terms 

of deciphering the active tectonics of the west-central Transverse Ranges region. 

There are models to match either the local or teleseismic observations. or both of them 

simultaneously. and all these are different. Because of the abundance of geophysical 

data. and the importance of this earthquake. much effort has been expended to model 

the various aspects of the San Fernando earthquake. Each data set. such as near-field. 

static displacement and dynamic strong ground motion and far-field body waves. 

provides constraints to the faulting mechanism. Langston (1978) suggested a 

variable-dip. single-fault model to best fit the teleseismic body wave data while Heaton 

(1982) claimed a model consisting of two steep. constant-dip. subparallel thrust faults 

to best fit the combined data sets of strong ground motion. teleseismic P and SH 

waveforms. and static offsets of the ground. Barker and Langston (1982) also 

performed moment tensor inversion of teleseismic long-period body-waves for this event 

with a constant-moment-tensor assumption throughout the entire rupture process. 

Nonetheless. there still remains considerable controversy over the faulting history of 

this earthquake. 
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The San Fernando earthquake of February 9, 1971, is consistent with other events 

in the Transverse Ranges, and is an oblique thrust. This is distant from the adjacent 

strike-slip systems such as the San Andreas and the Garlock faults. From a geologic 

hazard point of view, the proximity of the surface expression of the San Fernando 

fault to the highly populated Los Angeles area makes it an extremely important. The 

tectonic setting of epicenter, and aftershock region is quite complex: the area is 

characterized by the predominate northwest trending grain of much of southern 

California disrupted by the east-west trending Transverse Ranges (Hadley and 

Kanamori, 1978). This region is also considered to be a part of the southern boundary 

of the southern California uplift, which is mapped as several north-dipping thrust 

faults. In contrast to the San Fernando fault, which is considered to be the surface 

rupture of the 1972 seismic event, the San Gabriel fault system, which has not 

experienced significant movement since the Pliocene (Crowell, 1954), also passes 

through the aftershock region to the northwest (see Figure 15). 

The purpose of this study is to investigate the first-order mapping of geometric 

and temporal source complexity of the San Fernando earthquake and then, possibly to 

relate this result to the tectonics of the San Fernando region. As with the previous 

studies we model the source complexity of the San Fernando earthquake with the time 

dependent moment tensor inversion of the observed teleseismic body wave. 

The data set we use contains seventeen long-period teleseismic P waves records 

on WWSS and Canadian Network taken from Langston (1978). The Green's functions 

used in this inversion are generated using the method of Langston and Heimberger 

(1975) and include only three important rays; direct P, pP and sP. Attenuation effects 

(t· -1.0 second for P waves) and geometric spreading are added. A single 

layer-over-half space source structure model, which is the same as the model A in 

Table I of the Langston (1978) was used in generating the Green's functions. In order 
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Filure I S. Map of the major faults (the San Andreas. Garlock and San Gabriel). the 
epicenter and exposed bedrock associated with the 1971 San Fernando earthquake 
(modified from Hanks. 1975) 
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to determine the focal depth, the waveform inversion was performed for different 

Green's functions generated at depths between 3 km and 15 km (two km intervals). 

Results 

We performed the TOMT inversion for the San Fernando earthquake using the 

teleseismic body waves, and the results are shown in Figure 16. To invert for source 

parameters from the observed waveforms, we minimized the RMS misfit of the observed 

waveforms, or inverted in the least square sense, and then isolated the best-fit 

double-couple mechanism for the earthquake from the whole moment tensor elements. 

Again the source is assumed to be purely deviatoric. Since no study has suggested 

that the origin of the San Fernando earthquake has significantly different source 

physics from a double-couple mechanism, decomposition of resultant moment tensor 

matrix into major double-couple and minor CL YO component is reasonable. 

The resultant time dependent moment tensor functions (Figure 17) show a similar 

degree of temporal consistency over the entire ranges of the focal depths (3 km to 15 

km) with a slight shift in the offset of the time function. That is, these time 

dependent functions appears to represent energy release from 0 to 5 seconds followed 

by a second energy pulse with a total duration of 10-13 seconds over the entire ranges 

of focal depths. The resultant time dependent moment tensor elements has significant 

shape change around 4-5 seconds after the onset, which is seen most easily on the MIl 

and M22 components. This is consistent for all the focal depths and robust for 

filtering of various ranges of frequency domain moment tensor elements, which suggest 

two sources. 

In addition to investigating the physical constraints such as temporal consistency 

and causality among time dependent moment tensor elements, the constraint of 

minimum size of non-double-couple component for resolution of the double-couple 
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seismic energy release was tested from 3 km to 15 km using three different time 

windows as shown in Table 14. 

Table 14. CLVD Components for Different Focal Depth 

Focal Depth 

15 km 
13 km 
II km 
9 km 
7 km 
5 km 
3 km 

CL VD component (%) 

0-5 

39 
16 
38 
36 
32 
33 
29 

5-12 (second) 

34 
21 
34 
24 
14 
34 
35 

The first part and second part of the time dependent moment tensor functions 

obtained using a Green's function for a focal depths of 13 km and 7 km respectively. 

shows the smallest value of the CLVD component (16 %. 14% for the first and second 

subevent, respectively). 

Barker and Langston (1982) suggested that any double-couple parameters for this 

event with assumption of a constant moment tensor representation for the entire 

faulting process are not reliable since the non-double-couple component is expected to 

be high for such an apparent complex event. However. using time-dependent moment 

tensor inversion. each non-double-couple component for the double point source 

assumption shows fairly low values such as 14-17 % as shown in Table 14. A single 

point source assumption for 0-10 seconds yields much higher values (>50 %). Much 

lower values for the CL VD in the TDMT as opposed to the TIMT inversion could be 

explained partially by simply allowing an evolving complex seismic source. 
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Determining the depth of each subevent, which is an inherently a non-linear 

process in the moment tensor source representation, was done by the causality 

constraint discussed earlier. The depth of 13 km fits the observations best for the 

first subevent. The temporal consistency of the first portion of the five moment 

tensor functions is also good when using the Green's function of 13 km source depth 

for the inversion. However, resultant time dependent moment tensor elements using 

the Green's functions of 13 km focal depth shows a much less-developed temporal 

consistency between all the five moment tensor functions at the end of main energy 

release, around 10 seconds as shown by several offset arrows in Figure 17. The 

physical constraints, combined with the minimum size of the none-double-couple 

component thus allow us to differentiate the significant seismic energy release from 

the resultant moment tensor functions. Therefore this first subevent was determined 

to have focal depth of 13 km. 

To derive a focal mechanism from the resultant moment tensor functions. we 

calculated the area under each moment tensor element and assigned the values to MIl 

through M23. The focal mechanism associated with the best-fit double couple for this 

time window (0-5 seconds) is shown in Figure 18a and labeled subevent one. For the 

first time window of temporal consistency. taking the nodal plane whose strike. dip. 

and rake are 286°, 29°, and 84° respectively. yields a thrust fault that agrees with the 

general trends of the surface faulting of the San Fernando earthquake. The relatively 

small CLVD component of 16 % suggests that the slip occurred mainly along a simple 

fault plane during the first time window. 

In an attempt to resolve a second subevent further back in the time record, the 

time dependent moment tensor functions obtained were tested with the condition of 

consistency for different depths. The best fit is with a focal depth of 7 km which 

shows a minimum CLVD component (16 %) in the time window of 5 to 12 seconds. The 



a) Strike=2S6 
Dlp=29 
Rake=S4 

• 

~ 11 t1r--=:~====== 

~~~~~---------

000 0.00 20.00 3000 ~ 

SEC. 

b) Strlke=2S6 
Dlp=32 
Rake=S9 

~ 11 i-""1=:::::::=:======"" 

~12 ~~-+-__ ----

o.ao 0.00 20.00 30 00 ~ 

SEC. 

69 

Filure 18. Two focal mechanisms and correspondinl moment tensor functions for two 
subevents from the waveform inversion of the 1972 San Fernando earthquake. The focal 
depths are resolved as 13-km and 7-km for the first and second subevent, respectively. 
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inversion results with either 5 km or 9 km focal depths have nearly the same degree 

of temporal consistency for the second time window. Calculation of the best-fit double 

couple for this subevent gives the focal mechanism shown in Figure 18b labeled 

subevent two. The fault plane shows a thrust fault which is similar to the first fault 

plane; strike - 286°, dip - 32°, and rake - 89°). The small CLVO component (14-16 %) 

for this time window again suggests that there is no source complexity within this time 

window. The main difference of our focal mechanism and that of Heaton (1982) (54° 

and 45°, dip ·angle of the first and second subevent, respectively) or Langston (1978) 

(53° and 29°) is significantly shallower dip angles. This will be discussed in a later 

section. 

To investigate the source complexity within the two subevents, (such as focal 

mechanism changes or source interference), the possibility of the focal mechanisms and 

the CL VO components for both 13 km and 7 km focal depth were traced using time 

windows of two seconds length. Figure 19 shows these focal mechanisms between 0 

and 12 seconds, and are nearly identical to those of the two subevents (for 13 km the 

first subevent and 7 km for the second event). The CL VO components for the 

short-period time windows (>20 %) for all the time windows for the different focal 

depths (13 km and 7 km) are larger than those of the two subevents (14-17 %). 

Note that all five components of the moment tensor for all inversion depths (3 

km to 15 km) show significant energy release even after 12 seconds. There are two 

possible explanations for this apparent energy release. Either unmodeled shear 

dislocation or numerical noise caused by inversion process of the overdetermined linear 

simultaneous equations was mapped into the moment tensor. Performing a focal 

mechanism calculation for this time window yields a best-fit double-couple with the 

plane whose strike, dip angle are similar to subevent one or two, but a rake which 

differs by about 180° (for example. thrust fault vs. normal fault). Since this 
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Figure 19. The evolving focal mechanisms and corresponding P, T, and 8 axes with 
I-second time window from 0 to 10 seconds of the seismic energy release. All the P, T, 
and 8 axes from the waveform inversion are well stabilized for this time interval. 
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contradicts the accepted theory that shear slip motion does not overshoot, the energy 

release is probably due to numerical noise. Trying to resolve any other subevents 

further in the time record, moreover, yields double couple mechanisms with very small 

seismic moments (small area) and large CL YO components (>40%). Further, the 

inversion results do not show the robustness of the source time function shape for 

different values of filtering nor show much temporal consistency. These observations 

suggest that all of the important subevents associated with this event have been 

resolved within the first 12 seconds. 

The waveform fits obtained using the time dependent moment tensor solution are 

shown in Figure 16. It is important to point out that these synthetic waveforms were 

generated by convolving one of the time-dependent moment tensor solutions with a 

Green's functions for the appropriate focal depth. The stated interpretation of each 

earthquake as two subevents does not enter into the generation of the synthetic 

waveforms. The synthetic waveforms generated using either time dependent moment 

tensor solution (i.e., the 13 km or 7 km solution) are of the same quality. Although 

the 13 km time dependent moment tensor solution does not physically describe the 

entire rupture process of the San Fernando event, it still models over the entire 

earthquake mathematically. This attests to the robustness of the time dependent 

moment tensor solutions. Note that the waveform fit is very good throughout the 

entire waveform. 

Discussion 

The inversion results, based on teleseismic WWSSN long-period body waves (P and 

SH waves) indicate that the San Fernando earthquake can be modeled as two 

double-couple sources. This interpretation of our study is consistent with the results 

by many previous workers such as Langston ( 1978) and Heaton (1982), who modeled this 
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event as a double event. Barker and Langston (1982) also suggested that the finite 

source time function obtained from the long-period-pass-filtered data, using the 

constant-moment-tensor assumption over entire faulting process, implies that at least a 

two source model is necessary for modeling WWSSN long-period body waves (see Figure 

20). However, they considered any double-couple parameters derived from the 

teleseismic waveform inversion using TIMT inversions to be unreliable due to the high 

CL YO component. 

Our study also supports that the San Fernando earthquake is composed of two 

evolving subevents. Both the large shape change at around 5 seconds, and loss of the 

temporal consistency at the end of the seismic energy release episode (Figure 17) 

suggest that it is unreasonable to consider the San Fernando earthquake as a single 

point double-couple source with a single source depth (13 km). Moreover, resultant 

moment tensor functions derived for a depth of 7 km show a greater degree of 

temporal consistency at the end of the seismic energy release. The resultant moment 

tensor functions derived for a depth of 7 km also shows a well-developed non-causality 

at the beginning of the seismic energy release, which implies that the ruptures did not 

origin there, but at 13km. The two source model also has a smaller non-double-couple 

components as compared to that of one point source (> 50 %), and supports the 

hypothesis that the San Fernando earthquake must be considered as a two source fault 

with changing source depths, possibly with upward rupture propagation. 

The observation that the time boundary between the two subevents is around 5 

seconds, although it does not go to zero displacement and it does not separate sharply 

as that from synthetic data inversion implying that the San Fernando earthquake 

ruptured with a little overlap between the first and second subevents. Our previous 

synthetic data example for the overlapping between two subevents also showed that 
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Filure 20. Source time functions for the filtered data at several different depths 
from I-km to 13-km. This filure apparently shows consistency between source time 
functions. indicatinl the broader enerlY pulse followed by a narrower pulse of 2-4 
seconds (from Filure lOb of Barker and Lanpton. 1912). 
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moment tensor functions do not cross the zero amplitude line at the boundary 

between two subevents. 

As was pointed out earlier in the last section, our solution has considerably 

shallower dip angles for both subevents (290 for the first subevent and 31 0 for the 

second subevent ) compared to the fault models suggested by Langston (1978) in Figure 

21a (530 and 290 for the first and second subevent respectively) and Heaton (1982) 

(540 and 450 for the first and second subevent respectively). The two-source, steep 

dip-angle-faults model, suggested by Heaton (1982) is shown in Figure 21 b, and matches 

the surface expression of the San Fernando fault (the second subevent) and to the 

Sierra Madre fault (the first subevent). Since there is little constraint on the dip of 

the San Fernando fault still makes it difficult to resolve geometry of the rupture 

process of the main event, approach to long-term aftershock seismicity could be an 

approach to constraining the geometry of the main event. 

We find that the tectonics of the study region is much more consistent with our 

proposed model of fault geometry than the Heaton and Langston model. Hadley and 

Kanamori (1978) showed that even the shallowest aftershock earthquakes are 

consistently 3 to 5 km below the inferred main shock fault plane of Langston (1978) 

(Figure 22a). They infer from the observation of temporal and spatial distribution of 

the aftershocks that either the fault surface could be downstepped to the west or 

these aftershock events are occurring along a deeper, subparallel fracture. We believe 

that the aftershock distribution is consistent with our model. When projecting only 

the events denoted by square signs, which are located mainly in the central areas and 

most likely represent the geometry of the San Fernando aftershock fault zone, two 

shallow-dip, subparallel fault planes, can be seen. Figure 22b shows this interpretation. 

We hope that this long-term observation of the aftershock seismic activity represents 
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Filure 21. <a) The cross-sectional view of fault leometry which consists of a sinlle 
fault whose dip shallows as depth decreases (from Filure 2 of Heaton, 1982). (b) The 
cross-sectional view of fault leOmetry which consists of two parallel thrust faults (b) 
<from Filure S of Heaton, 1982) 
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Figure 22. Cross-sectional view of the aftershock seismicity through the main event. (a> 
aftershock earthquakes for the whole aftershock region (b> aftershock earthquakes for 
the aftershock relion which is Ireater than 1110 25' in longitude (modified from 
Hadley and Kaoamori,1971). 
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the fault geometry of the San Fernando region, and thus implies two shallow-dip-angle 

fault geometry. 

In addition to this general trend of the seismic activity in the San Fernando 

region, there are two specific example of earthquakes, one of which was an aftershock 

of the San Fernando event and have the very shallow, almost flat fault plane. Hadley 

and Kanamori (1978) suggested that one of the aftershock earthquakes (10/17/1976) 

located slightly deeper, and several kilometers north of the main event could represent 

the shear rupture along a flat plane. Another deep, ML-4.5 earthquake (4/8/1976), 

located about 30 km west of San Fernando, also shows a rupture plane with 

shallow-dip-angle. These two observations demonstrate that shallow-dip-angle fault 

geometry of the main seismic event is consistent with this tectonic environment. The 

difference between previous works by Heaton (1982) and Langston (1978) and our 

resolution seems to be not only from the inversion method and but also partly from 

data set of the inversion or forward waveform matching (Langston and Heaton). 

The first seismic energy release, 5 seconds long, can be represented by a point 

source of 13 km depth, but after 5 seconds the faulting can not represented by a point 

source with the same focal depth (13 km). The second part of the energy release is 

represented by the point source at 7 km depth. Therefore our fault model, which is 

consistent with regional tectonics, indicates that the San Fernando earthquake ruptured 

along two shallow- dip fault planes which are upstepped to the south with a little 

overlap of rupture timing between the two subevents. 

Our fault model apparently does not match the conventional interpretation of the 

San Fernando fault, which is believed to be the main surface rupture of the San 

Fernando earthquake. Instead, our two subparallel shallower-dip-angle fault model has 

a more extensive fault plane to the south, and the movement on that fault plane never 

reached the surface. The possible extension of the fault plane to the southward is 
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apparently more consistent with the fault that most of the aftershock activity within 

San Fernando zone has been thrust faulting at depths shallower than, and to the south, 

of the main shock. Therefore our fault model suggests that the San Fernando fault is 

believed to be the surface mapping of the pre-existing weak fault planes which are 

geometrically favorable for slip but not necessarily aligned with the planes of maximum 

shear stress such as strike slip motion of the San Andreas fault. 

1952 Kern County Earthquake 

InlrodUClion 

The July 21, 1952, Kern County Earthquake is of considerable interest because of 

its large size (ML = 7.2) and characteristic surface rupture pattern. which shows a 

remarkable contrast between the areas where the fault crosses sediments of the San 

Joaquin Valley and where it crosses exposed Sierra Nevada bedrock (Figure 23). The 

White Wolf fault shows multiple rupture histories (Dunbar et aI., 1980. Stein and 

Thatcher, 1981) and apparently has a very complex fault plane. As improved seismic 

mapping techniques have been developed, many earthquake sequences in the 

Intermountain region of the western U.S. have been found to involve complex rupture 

histories on multiple dislocation surfaces. The White Wolf fault is apparently not a 

typical strike-slip fault like the San Andreas and Garlock faults but shows complicated 

rupture surfaces that have experienced large vertical components of displacement. 

From a geologic hazard point of view, the proximity of the White Wolf fault to the Big 

Bend of the San Andreas fault is extremely important. Castle (1978) has suggested the 

White Wolf fault is the result of rapid uplift associated with the northwest-bounding 

tectonic flexure of southern California. 

Considering the importance of the earthquake and the abundance of seismic 

waveform data, it is somewhat surprising that there is very little documentation of 
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Figure 23. Map of the major faults (the San Andreas and Garlock) and epicenter and 
surface faulting trends on the White Wolf fault associated with the 1952 Kern County 
Earthquake (from Buwaldo and St. Amand. 1955). Also shown the boundaries among 
Sierra Nevada bedrock. the San Joaquin Valley. and the Mojave desert. 
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seismic waveform modeling using recently improved seismic techniques, although Dunbar 

et al. (1980) and Stein and Thatcher (1981) have int~rpreted the complexity of this 

seismic source using geodetic data. To understand the source complexity of the Kern 

County earthquake as suggested by previous studies, we performed the moment tensor 

inversion of the observed seismic waveforms. Unfortunately, the conventional 

constant-moment-tensor assumption breaks down for complex seismic sources for which 

the fault orientation and slip change with time. To map out seismic sources that have 

complex rupture histories on multiple fault surfaces, or to map out both geometrical 

and temporal variation of the complex earthquake source simultaneously from the 

observed waveforms, it is preferable to use a time dependent moment tensor inversion 

instead of one that assumes a constant moment tensor throughout seismic energy 

release. This is because the time dependent moment tensor inversion resolves six 

moment tensor elements independently as a function of time by using a linear 

formulation in the frequency domain. Although this algorithm allows more degrees of 

freedom in the inversion process, in general we have determined that the moment 

tensor elements are resolved sufficiently to map source complexity (source multiplicity, 

source time function of each subevent, and focal depth). We do this by adding 

additional physical constraints, such as the degree of temporal consistency among six 

different moment tensor elements, causality of source time function, and the size of 

the CL YD component. The resulting time dependent moment tensor elements can be 

used to describe seismic source kinematics and even to infer seismic source dynamics. 

As predicted by the geodetic analysis of the source complexities (Dunbar et al. 

1980; Stein and Thatcher 1981), the moment tensor inversion of the teleseismic body 

waveforms of the Kern County earthquake gave a moment tensor which had a large 

non-double-couple component. Assuming a moment tensor eigenvalue system with no 

volume change, the CLVD is one of the most important characteristics of the seismic 
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source used to decipher the tectonic phenomena of a given region. A variety of 

seismic source mechanisms have been proposed to explain these non-double-couple force 

systems using the moment tensor inversion of the teleseismic waveforms: source 

multiplicity, rupture on nonplanar fault surfaces, effects of near-source structure, and 

inherent source characteristics such as tensile failure under high fluid pressure. Based 

on this information, we have investigated the high non-double-couple result obtained 

for the Kern County Earthquake. This study suggests that the high CL YO could be 

caused not only by inadequate waveform data but also by source complexity. 

The data set we use is the long-period teleseismic body waveforms (seven P-waves 

and three SH-waves). Although all the waveforms for moment tensor inversion are 

recorded on a variety of historic receiver instruments, normalizing all the waveforms 

with reasonable assumptions makes it possible to minimize the uncertainties of 

waveform inversion. The purpose of this report is to map out the time dependent 

complexity of the Kern County seismic source and then to relate this result to the 

tectonics of the White Wolf fault using the time-dependent moment tensor inversion of 

ten teleseismic waveforms. 

Analysis of Data and Results 

Before discussing the details of the time-dependent moment tensor inversion 

results, we want to introduce results of two previous studies. Figure 24 shows two 

inferred focal mechanisms of the Kern County earthquake suggested by Dunbar et at. 

(1980) from the modeling results of pre-, co-, and post-seismic strain changes. These 

two inferred focal mechanisms show a fixed angle in both strike to the NE and dip 

between the first and the second part of the seismic energy release. Next, Figure 25 

shows three inferred focal mechanisms of the Kern County earthquake in a study by 

Stein and Thatcher (1981). They used geodetic data to model observed displacement 
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Filure 2S. Three planar fault surfaces and correspondinl inferred focal mechanisms of 
the 19S2 Kern County Earthquake from Stein and Thatcher'S (1981) interpretation using 
leodetic data. Three evolvinl focal mechanisms show counterclockwise rotation in 
strike, shallower in dip angle, and more left lateral strike slip at later part of seismic 
enerlY release. 
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and strains on the free surface caused by multiple subsurface rupture planes. Their 

three focal mechanisms suggest a counterclockwise rotation of strike angle, shallowing 

of dip angle, and more left-lateral strike-slip motion associated with later seismic 

energy release along the northeastern part of the White Wolf fault. These two 

previous studies of geodetic data modeling strongly suggest that the Kern County 

earthquake occurred not on a single fault plane but on multiple rupture planes along 

the White Wolf fault. 

We perf.ormed time dependent moment tensor inversion for the Kern County 

earthquake using ten long-period teleseismic body waves, as shown in Figure 26. To 

invert source parameters from the data, we minimized the RMS fit to the waveform 

data, or inverted in the least squares sense, and then isolated the best-fit 

double-couple for the earthquake from the whole moment tensor solution. The best-fit 

double-couple mechanism results from averaging the intermediate and largest (in 

absolute value) eigenvalues of the diagonalized moment tensor. This value is taken as 

the double-couple portion of the earthquake, and the remainder is the compensated

Iinear-vector-dipole (Cl VD) component. 

When interpreting time-dependent moment tensor results, we considered several 

constraints to differentiate significant seismic energy release from background noise. 

To do this, we picked the optimal time window and then estimated an adequate depth 

for each seismic source. The constraints used to map out the seismic source 

parameters from the resultant time dependent moment tensor elements are much more 

important when considering the time dependent moment tensor inversion algorithm, 

which allows more freedom in the resultant moment tensor elements. The first 

condition is satisfied by finding the time window in which all six moment tensor 

elements vary with time in a reasonably consistent manner. Although each element is 

allowed to have an independent time history in the inversion process, it would be 
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Filure 26. Teleseismic station distribution and correspondinl Ion I period teleseismic P 
and SH waveforms (upper ones are observed and lower ones are synthetic) for the 
moment tensor inversion. 7 P waveforms and 3 SH waveforms are used for the 
waveform inversion which are recorded on a variety of historic instruments. This figure 
also shows waveform matches between observed and synthetic results from the time 
dependent moment tensor invenion. 
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physically unrealistic if three of the components changed rapidly with time while the 

other three changed slowly. By fulfilling the requirement that the moment tensor 

elements show temporal consistency among six time dependent moment tensor elements. 

we are likely to have a "seismic source." The second condition is the causality of the 

source time function. which is more important, especially when the seismic sources are 

composed of multiple subevents with different focal depths. The third condition is that 

the shapes of all the time dependent solutions are robust with respect to filtering with 

the various combinations of frequency components derived from the synthetic examples. 

The reason for shape stabihty is that the seismic energy release is a genuine physical 

displacement that will be much more robust in comparison with the apparent seismic 

energy release associated with changes in frequency range. The final constraint is a 

physical compatibility between subevents. We avoid time windows which give us nearly 

the same strike and dip angles but a rake which differs by 1800 compared with rakes 

of focal mechanisms of neighboring time windows. Even though some time windows 

show a good temporal consistency, this kind of overshoot or edge effect, inherently 

caused by using sinusoidal functions to synthesize time dependent moment tensor 

functions in the Fourier Transform, seems to be physically unrealistic in the seismic 

energy release process. This overshoot phenomena in the time dependent moment 

tensor inversion could be compared with the negative component of the source time 

function from an inversion that assumes a constant moment tensor. Since each seismic 

event has a finite amount of seismic energy release, time windows for a specific event 

can be constrained within a reasonable time boundary. This condition is satisfied if 

the focal mechanism resolved for a given time window agrees with geologic 

information, such as surface rupture patterns and tectonic environment. 

In studying the resultant time dependent moment tensor from the waveform 

inversion of the Kern County earthquake. we noted that the line of temporal 
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consistency of the first portion of the moment tensor functions for three different 

Green's functions of 2S-km, 20-km, and IS-km depth apparently shows clockwise 

rotation (Figure 27). The temporal consistency of the first portion of the five moment 

tensor functions is greatest when inverting with a Green's function of 20-km source 

depth. When inverting with a Green's function of IS-km focal depth, a time dependent 

moment tensor function shows the worst case of causality of the source time function. 

These constraints thus allow us to differentiate the significant seismic energy release 

using the resultant moment tensor functions. Therefore this first source was 

determined to have focal depth for this time window of 20 km. Another interesting 

feature is that the moment tensor functions for a 20-km focal depth apparently show 

significant seismic energy release until 20 to 2S s, although there is no well-developed 

temporal consistency, as indicated by two offset arrows (Figure 27b). To derive a 

focal mechanism from the resultant moment tensor functions with a Green's function of 

20-km focal depth, we calculated the area under each moment tensor element for this 

time window, and then assigned these values to M II through M23. Using these values, 

we calculated a moment tensor matrix and determined the best-fit double-couple. This 

yields the focal mechanism in Figure 28a labeled subevent one. One of the nodal 

planes with NE of strike and SE dip from this result is consistent with the surface 

faulting of the White Wolf fault observed for this earthquake. 

Performing the same kind of focal mechanism calculation for the next time 

window (8 to IS seconds) of the resultant moment tensor functions with a Green's 

function of 20-km focal depth (although not well developed in terms of temporal 

consistency) yields a best-fit double-couple with nearly the same strike and dip as 

subevent one, but a rake which differs by 1800
• This fact. along with a much higher 

CL YO component for this time window, suggests that the seismic energy release after 

the first energy release is mapped out through incorrect Green's functions 
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functions from the waveform inversion of the 1952 Kern County Earthquake with 
Green's functions of 25 km, 20km. and 15 km focal depths. Considering the temporal 
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Figure 28. Two focal mechanisms and corresponding moment tensor functions for two 
subevents from the waveform inversion of the 19S2 Kern County Earthquake. The focal 
depths are resolved as 20 km and S km for the first and second subevent. respectively. 
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(inappropriate depth). This suggestion is consistent with inversion with a constant 

moment tensor assumption in which the time function changes from positive to negative 

if a Green's function of the wrong depth is used. We must, therefore, examine the 

time dependent moment function results using Green's functions with other focal depths 

to determine which moment tensor functions show good temporal consistency and 

satisfy the other constraints after the first time window. 

The time dependent moment tensor which shows the best temporal consistency 

around the next stage of significant seismic energy release for all the moment tensor 

elements is obtained for Green's functions for a 5-km focal depth, as shown in Figure 

28b. Note that there is neither development of temporal consistency nor causality of 

the source time function at the start of the source time function (time equals zero) for 

the moment tensor functions. This is because the inversion assumes that the first 

significant seismic energy release originates from a 5-km focal depth, which of course 

it does not. After the time window (8-15 seconds) which has the largest temporal 

consistency, the moment tensor elements are random and the amplitudes becomes much 

smaller. Trying to resolve any other subevents further back in the record yields a 

double-couple mechanism with small moments and large CL VD components. This 

observation, along with the fact that there are no more temporal consistencies for 

moment tensor functions with other Green's functions of different source depths, 

suggests that all the significant subevents associated with the Kern County event seem 

to be resolved by searching for time windows of significant seismic energy release. 

Therefore. the focal depth of the second significant seismic energy release is 5 km. 

The double-couple calculation for this time window yields the focal mechanism labeled 

subevent 2 in Figure 28b. The nodal plane with roughly a NE direction and SE dip 

seems to be the actual fault plane, considering the geological surface rupture trend of 

the NE part of the White Wolf fault. Therefore. the interpretation of the time 
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dependent moment tensor inversion mapped the Kern County earthquake as a double 

point source which propagates upward from 20 km to S km, as shown in Figure 29. 

The strike angle of the second subevent's actual fault plane is rotated 

counterclockwise. The second rupture plane also requires a change of fault plane dip 

(shallower), and a change in rake from primarily thrust to relatively more strike-slip 

motion at the NE part, or shallower depth, of the White Wolf fault. 

In order to investigate more source complexity or abrupt fault geometry change 

within these time windows of the two subevents, moment tensor functions are traced 

using the 3-s time window from 0 to ISs. Figure 30 shows that there is 

counterclockwise rotation of strike angle and P, T, and B axes. The P, T, and B axes 

change smoothly for ISs of seismic energy release. This suggests a smoothly changing 

focal mechanism; the corresponding P, T, and B axes suggest no more abrupt changes 

in fault geometry until ISs. Even though focal mechanisms or the derived P, T, and 

B axes resulting from tracing the moment tensor function with a 3-s time window do 

not exactly match those of the two-subevent assumption, this technique allows us to 

investigate greater source complexity even within the given subevent or the stability of 

the given focal mechanism solutions. 

Since maximum and minimum principal axes derived from earthquake focal 

mechanisms are some of the most commonly used indicators of tectonic processes, we 

inverted for the corresponding P, T, and B axes from the focal mechanisms of the 1952 

Kern County earthquake as shown in Figure 30. The mainly thrust motion (about 85° 

of rake angle) of the first subevent with an epicenter near the SW corner of the White 

Wolf fault requires a vertical minimum principal axis (T) and a N-S direction of the 

maximum principal axis (P), as opposed to the regional stress field around the San 

Andreas fault (N-S direction of P axis and E-W or WNW-ESE direction of T). This 

apparent rotation or exchange of two principal stresses (T and B axis while P remains 
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Figure 29. Two focal mechanisms with the epicenter location of the 1952 Kern County 
Earthquake. Two focal mechanisms show dominantly thrust motion and also show that 
strike angle is rotated counterclockwise. dip angle becomes shallower. There is more 
strike slip component at NE portion of the White Wolf fault. 
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Fiaure 30. The evolvina P, T, and B axes with 3 seconds time windows from zero to 15 
seconds of seismic energy release. There are counterclockwise rotation in strike with 
time. All the P, T, and B axes from the waveform inversion are pretty well stabilized 
for this time interval. 
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constant) is much more consistent with the regional stress field as suggested by 

Zoback and Zoback (1980). This may be explained if in the area of the White Wolf 

fault the minimum principal horizontal stress and the vertical stress were approximately 

equal. Since these local stress domains (rotated T and B axes but consistent P axis) 

differ from the regional stress system. this indicates that different tectonic 

mechanisms, such as seismic thrust motion and aseismic uplift, operate around the Big 

Bend area. 

In addition to those complex tectonic movement, the geometry of the Big Bend 

area, which is characterized by counterclockwise rotation from the NW -SE trend of the 

San Andreas fault such that the fault line is more E- W, implies the heterogeneity of 

the stress field of the region. Moreover, a probable weak, pre-existing E-W trending 

zone such as the White Wolf fault increases the possibility of E-W trending thrust 

motion rather than E-W trending strike-slip motion on the White Wolf fault, which 

makes change of slip direction and fault geometry on the multiple complex shear 

dislocation surfaces. 

Comparing the P, T, and B axes between the first and the second subevents at 

that location, there is a greater strike-slip component at shallow depth (5 km) than for 

the first subevent (focal depth of 20 km), without much change of the nearly N-S 

direction of the P axis. This requires a relatively more horizontal and E- W direction 

of the T axis at a shallow depth, which is apparently more consistent with the regional 

tectonic stress field around the San Andreas fault. Even though it is a possible 

explanation for change of the direction of the P, T, and B axes. (the role of the local 

tectonic stress field is attenuated and aligned with the regional stress field of the San 

Andreas fault). p. T. and B directions of the second subevent could be also 

explained by sliding on the weak. pre-existing fault plane or "coincidence" to the 

regional stress field. 
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Both evidences of this study of 1952, Kern County earthquake, that is, anomalous 

thrust motion (vertical minimum principal axis) near the Big Bend area at depth and 

relatively more strike-slip motion (a relatively more horizontal and E-W direction of 

the minimum principal axis) far from the Big Bend area implies the local concentration 

of thrust motion and locally complicate the stress pattern near the Big Bend area. The 

initial focal depth of 20 km, which is about twice the usual depth of seismicity around 

the San Andreas fault system, could provide strong evidence that the thrust motion is 

the result of a local stress system dominant near the Big Bend. This local limitation 

of the thrust motion, or the local stress domain, implies that the tectonic boundary 

between thrust motion and typical strike-slip motion exists there. and that this 

boundary is not far from the Big Bend. This local stress domain could significantly 

constrain the boundary of aseismic tectonic uplift of the Southern California 

Transverse Ranges and the next seismic break. 

In studying the resultant moment tensor functions. we found substantially and 

consistently high CL VD values or non -double-couple components both for five time 

windows of 2-s duration from 0 to 15 s and for those of the two-subevent assumption. 

as shown in Figure 31. Among the possible explanations for the high CL VD. as 

discussed in the previous section, inherent source characteristics such as tensile failure 

under high fluid pressure caused by magma injection. as suggested by Sipkin (1986). 

could be one possible explanation for all the time windows. However, for our study 

inadequate seismic waveform data could be the most probable explanation. since we are 

using seismic waveforms recorded on a variety of seismic instruments. Moreover, no 

one has suggested that the seismic origin of the Kern County earthquake was magma

related. which was proposed by Sipkin (1986) for a series of earthquakes at the Long 

Valley Caldera region and which is still arguable. 
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Figure 31. Histogram of percent CL YO for the 1952 Kern County Earthquake for 
different time winciows of two subevents and of 2 seconds time windows. Histogram 
shows considerably high CL YO component for time windows of two subevents and two 
seconds. 
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There are several more reasons to have a sizable CL YO component. For example, 

intrinsic seismic source complexity or two overlapped asperities, which may not be 

represented by a simple double-couple point source or sources, are basic assumptions in 

the moment tensor inversion of teleseismic body waves. At first, Ishida and Kanamori 

(1980) suggested that the White Wolf fault has enough asperities to explain the 

seismicity and spectrum of small pre- and post-earthquakes of the Kern County 

earthquake. A synthetic example of the time dependent moment tensor inversion for a 

double event with overlap and simultaneous fault geometry change between two 

subevents also showed substantially high CLYO and, unexpectedly, an averaged single 

focal mechanism for the one-point-source assumption, even though two subevents have 

purely double-couple-dominated focal mechanisms. The experience with the same 

synthetic example also demonstrated that the two-point-source assumption using the 

same resultant moment tensor functions still gives a high CL YO component for both 

the first and the second point sources. The results of the same synthetic match the 

substantially and consistently high CL YO component observed for all the time windows 

of the Kern County earthquake. Moreover, in regard to the physics of actual fault 

planes, the relationship of two point sources resolved from the moment tensor 

inversion with a point-source assumption (upward propagation from 20 km, which is 

unusually deep compared with the depths of the rest of the seismicity to a 5-km focal 

depth) may possibly be represented by a greater overlap of fault planes or by many 

small, distributed fault planes for a significant geometrical interval with constant fault 

plane geometries rather than by two independently separated fault planes with abrupt 

changes in geometries at some boundary point. Finally, possible model evidence for 

overlapped asperities for the Kern County earthquake comes from the less-developed 

temporal consistency at the beginning of the second subevent' seismic energy release 

(Figure 28) derived from moment tensor functions with a Green's function for 5-km 
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focal depth. This is in contrast with a relatively clearer temporal consistency at the 

final stage of seismic energy release with the Green's function of the same focal 

depth. Considering just the point-source assumption for the moment tensor inversion 

of the teleseismic body waveforms, which is valid for the wavelength for seismic 

waveform data and distances greater than the dimension of faulting, the moment tensor 

inversion could map this kind of source complexity, such as overlapped asperities, with 

a different fault plane geometry into two apparent double-couple point sources with 

substantially and consistently high CL YD components. The boundary between the first 

and second subevent would be somewhere between overlapped asperities. 

If we assume that the fault model with overlapped asperities and a simultaneously 

changing fault geometry more closely represents the White Wolf fault, it is possible 

that geodetic data modeling, which applies a static response to a seismic event rather 

than a dynamic response as done by Stein and Thatcher (1981) in their waveform 

modeling for the Kern County earthquake, may map overlapping asperities in 

combination with varying fault geometry as one independent fault plane which has 

intermediate dip and rake angle that lies within Stein and Thatcher's (1981) three 

evolving fault planes. Moreover, the P, T, and B axes of three evolving fault planes 

on the White Wolf fault plane as suggested by Stein and Thatcher (1981) do not diff~r 

significantly from those of our two-point double-couple source solution and Dunbar et 

al. 's interpretation (1980). Therefore, instead of attributing the high CL YD 

contribution simply to inadequate data and then stating that any double-couple source 

parameters obtained from these inversions must be unreliable, it is reasonable to 

consider a substantially and consistently high CL YD as an alternative explanation. For 

the 1952 Kern County earthquake, the substantially and consistently high CL VD 

component of the moment tensor can be attributed to source complexity rather than 

merely to inadequate data. 



CHAPTER V 

EXPLOSIONS AND TECTONIC RELEASE 

Introduction 

For most underground nuclear explosions, it has been observed that there is at 

least some excitation of SH-type seismic energy. For example, both teleseismic and 

local strong motion data suggest that there is a significant amount of tectonic release 

for most of the larger Pahute Mesa tests at Nevada Test Site. Since the shear waves 

introduced by tectonic release could bias the mb or Ms measurements, it is important 

to obtain a good measure of the size of the tectonic release caused by underground 

nuclear explosions. This is especially important for decreasing the yield limit in a 

threshold test ban treaty (ITO) and or implementing a comprehensive test ban (eTD). 

It has been suggested that most of the controversy about the yields of the Soviet 

Union explosions arise not from uncertainties about the amplitudes of seismic waves 

but from questions about the sizes of systematic errors or biases introduced by 

attenuation, slap down, spall, and tectonic release, and problems with converting the 

amplitudes of seismic waves into yield. 

The separation and determination of the tectonic release associated with a nuclear 

explosion has been investigated mostly by forward waveform modeling. We propose to 

use the TDMT algorithm to map the total seismic source from the underground nuclear 

explosion waveforms into a direct moment tensor seismic source representation. The 

advantage to using the moment tensor source representation is that the determination 

of the source parameters can be posed as a linear inverse problem. Further, one of 

100 
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the most important characteristics of the moment tensor source representation is that 

it does not require a specific seismic source model such as a double-couple or isotropic 

source (explosion) be specified. 

When inverting the observed waveforms for the source parameters of a seismic 

source, it is usually assumed that the entire seismic energy release can be modeled by 

simple source physics throughout the episode of seismic energy release. While most 

seismic sources can be modeled with this formulation, this assumption of the same 

seismic source physics breaks down for tectonic release associated with a underground 

nuclear explosion. 

It is difficult to simultaneously map out both the temporal and depth variation of 

the isotropic and deviatoric components of moment tensors. We used a time-dependent 

moment tensor inversion algorithm (TDMT) with two sets of Green's functions: the 

first set of Green's function represents the isotropic seismic source, the second set of 

Green's functions represent a deviatoric seismic source. This is partly because any 

seismic source can be represented as the sum of the six moment tensor elements and 

then the TDMT inversion algorithm resolves these six moment tensor elements 

independently as a function of time by using a linear formulation in the frequency 

domain. The resultant moment tensor matrix from the inversion can be decomposed and 

then conveniently separated into the trace or isotropic term, which can be interpreted 

as a idealized, symmetric explosion source, and the deviatoric part, which can be 

interpreted as the departure from a simple symmetric explosion, although this allows 

many different possible interpretations about the mechanism of the deviatoric seismic 

source. Although this algorithm allows more degrees of freedom in the inversion 

process, in general we have determined that the moment tensor elements are ~esolved 

sufficiently well to map out source complexity (source multiplicity. source time function 

and inherent source physics of each seismic source, and focal depths) by using 
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additional physical constraints such as the degree of temporal consistency among six 

different moment tensor elements, causality of source time function, and the size of 

CL YD components. 

Wallace (1987) proposed a distributed model for tectonic release which successfully 

models the near-field SH complexity and is consistent with the teleseismic 

representation of the tectonic release. Although this comprehensive model for tectonic 

release for both near and far field appears to work, can it be used in a inversion 

process? However, it still remains to be tested how well the SH radiation patterns for 

the near-field, as they are represented as a distributed shear seismic source, can be 

recovered with a moment tensor inversion, and then be separated from the explosion 

seismic source for discrimination. This study is a test of the moment tensor inversion 

technique for the separation of the tectonic release associated with underground 

nuclear explosions and its application for the proper yield estimation of nuclear 

explosion using synthetic waveforms in the near-field. 

Theory 

Assuming the seismic source can be represented by a moment tensor and confining 

the moment tensor representation to be second order, the elastodynamic responses of 

the earth on the surface becomes linear equation (I) and also can be described as a 

simple matrix equation U - G M as shown in Chapter 2. Most common internal seismic 

sources, such as a pure dislocation seismic source without a volume change. can be 

described as the linear sum of five body force couples. Volumetric sources can be 

described as the linear sum of six body force couples. For the purpose of 

determination and then separation of non-volumetric seismic sources associated with 

underground nuclear explosions. a seismic response can be described as both 

contributions from vOlumetric seismic sources. such as underground nuclear explosions. 
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and non-volumetric or deviatoric sources, such as pure shear dislocation on the fault 

plane. 

In the frequency domain, the matrix equation can be formed separately at each 

frequency point as shown in Table 15. The observation data vector U can be 

formulated as any combination of frequency responses of different kinds of the 

displacement components (vertical, radial, and tangential) at the same receiving station 

or the same kind of the displacement component at different receiving stations. For 

the coefficient matrix G in the equation U - G M, designed to separate tectonic 

release associated with underground nuclear explosions, six fundamental Green's 

functions which represent elastodynamic impulse responses for the given structure are 

required and are composed of two different types of sources, one isotropic source term 

(EXPLOSION) and five shear dislocation terms (MIl, M22, M12. M13. and M23). At 

each frequency inversion point. each two columns of the G coefficient matrix or 

Green's functions are composed of the frequency responses and corresponding 

displacement components at the corresponding receiving station (to U vector) and each 

two rows of the G coefficient matrix are composed of the frequency responses to each 

moment tensor elements. The unknown vector M of equation U '"' G M in Chapter 2 is 

also required to be composed of the one term from the isotropic source and the five 

terms from the moment tensor for the deviatoric source. This matrix equation is 

equivalent to the simultaneous linear equations with unknowns of complex variables as 

shown in Table 15. 

Green's functions for the tectonic release are calculated using generalized rays. 

with the same equations (5) for the vertical and radial motion and (6) for tangential 

motion as in Chapter 2. which are a recombination of three fundamental dislocation 

sources. Green's functions of the vertical and radial motion for the nuclear explosion 

are calculated using the generalized ray theory. 



Table IS. Simultaneous Equation 01 U.G M at eac:h Frequenc:y Point, In 

stal 

sta2 

sta3 

VIR 
VII 

V2R 
V21 

V3R 
V31 

VnR 
stan Vnl 

GIR -Gil GIR -Gil GIR -Gil GIR -Gil GIR -Gil 
Gil GIR Gil GIR Gil GIR Gil GIR Gil GIR 

G2R -G21 G2R -G21 G2R -G21 G2R -G21 G2R -G21 
G21 G2R G21 G2R G21 G2R G21 G2R G21 G2R 

GnR -Gnl GnR -Gnl GnR -Gnl GnR -Gnl GnR -Gnl 
Gnl GnR Gn. GnR Gnl GnR Gnl GnR Gnl GnR 

Synthetic: example 

EXPR 
EXPI 
MIIR 
Mill 
MI2R 
MI21 
M23R 
M231 
M22R 
M221 
M23R 
M231 
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The first example is an underground nuclear explosion followed by tectonic release 

delayed by I second. There is no change in source depth between explosion and 

tectonic release (source depth is I-km, epicentral distance 20 km). The purpose of this 

synthetic example is to simply show the effectiveness of the time-dependent moment 

tensor inversion in being able to resolve time dependent seismic source parameters for 

two different source models. The observed data using the synthetic code (puff.f and 

aseries.f) for this synthetic example were generated using focal mechanism, source time 

function, and focal depth information in Table 16. 

The time-dependent moment tensor inversion which uses Green's functions for a I 

km focal depth for both seismic sources transforms each moment tensor element to the 

time domain independently from the equivalent moment tensor solution in the frequency 

domain. Figure 32 shows that six resultant time dependent moment tensor elements, 

considering the constraint of temporal consistency, resolved source multiplicity fairy 

well, (that is, explosion and tectonic release). Even the relative magnitude of the 



Table 16. Source Parameters for Observed Selsmoarams for Example _1 

Source depth 
Focal mechanism 

Strike 
Dip 
Rake 

Source time function 

Delay time 

isotropic source tectonic release 

I km 

K - 16 
B - 0.5 

I km 

340 
90 

180 

rise time: 0.5 sec. 
falloff: 0.5 sec. 

1.0 second 
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scalar moment or RDP (reduced displacement potential) which are proportional to the 

area of the source time functions appears to be resolved well. The shape of the 

source time function (triangular) for the tectonic release, which is equivalent to the 

simultaneous change of all the time dependent moment tensor elements, is also 

resolved. Transforming the resultant moment tensor elements to the corresponding 

focal mechanism, the tectonic release is resolved very well. However, the moment 

tensor element representing the explosion (isotropic seismic source) shows considerable 

seismic energy release during the time window of the tec;tonic release (from I second 

to 2 second), which is not real. 

The second synthetic example involves a difference in focal depth between the 

two seismic sources (I km depth of nuclear explosion and 2 km focal depth of tectonic 

release with one second time delay). The results using the time dependent moment 

tensor inversion with Green's functions of I km source depth for isotropic source and 

2 km source depth for the tectonic release are shown in Figure 33. The isotropic 

moment tensor and five deviatoric moment tensor elements show that there are two 
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Figure 32. Resultant time dependent moment tensor elements for the first synthetic 
example with Green's functions of l-km depth for both isotropic seismic source and 
deviatoric seismic source. Moment tensor element representing the explosion source 
shows considerable seismic enerlY releases for the same time window of the tectonic 
releue, which is not real. 
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Figure 33. Resultant time dependent moment tensor elements for the second synthetic 
example with Green's functions of l-km depth for isotropic seismic source and 2-km 
depth for deviatoric seismic source. Three still is an undesirable mapping of the seismic 
energy release of tectonic release onto the isotropic source moment. 
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well-developed episodes of seismic energy release. While the source time function and 

corresponding focal mechanism of the tectonic release is resolved very well, there still 

is an undesirable mapping of seismic energy release with the source time function of 

the tectonic release onto the isotropic source moment. 

The observed seismograms for the third synthetic example were generated for the 

same source parameters, as in example 2, except tectonic release is at 4 km focal 

depth. The resultant time-dependent moment tensor elements for isotropic and tectonic 

release using Green's functions of I km depth for isotropic source and 4 km depth for 

tectonic release show that there are two well developed episodes of energy release 

with well resolved source time functions (Figure 34). The source time functions and 

focal mechanism are also resolved very well. 

These three synthetic examples with different source depths for the tectonic 

release show that there exists an apparent instability problem in resolving the moment 

tensor of an isotropic source. If source depths of the isotropic source and tectonic 

release are similar, the similarities of Green's functions for each could cause this 

instability, making it difficult to resolve the isotropic source. Therefore, it is very 

important to know the nature of the source depth of tectonic release in order to 

separate out tectonic release associated with underground nuclear explosion. 
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Figure 34. Resultant time dependent moment tensor elements for the third synthetic 
example with Green's functions of l-km focal depth for isotropic seismic source and 4-
km depth for deviatoric seismic source. This figure shows that there are two well 
developed energy release episodes with well resolved source time function. 



CHAPTER VI 

CONCL US IONS 

Seismologists have begun to introduce seismic source complexities and recent 

improved seismicity data have shown that rupture may occur on irregular or multiple 

dislocation surfaces. There are many such examples of earthquakes that show an 

apparent poor correlation of epicenter and focal mechanism with recognized Holocene 

surface faulting features. Further, the results from waveform inversion of shallow 

earthquakes using moment tensor source representation occasionally show substantial 

significant non-double-Couple components (Barker and Langston 1982; Wallace 1985; 

Sipkin 1986). The detailed mapping of a such complex seismic sources requires a more 

sophisticate algorithm for determining earthquakes source parameters than the standard 

representation. For this dissertation, we have developed a time-dependent moment 

tensor source representation to investigate the nature of complex seismic source 

mechanism. 

To simultaneously map both geometrical and temporal variation of the seismic 

sources for a complex rupture history from observed seismograms, it is possible to use 

a time dependent moment tensor (TDMT) inversion. This algorithm removes the 

constraint of a constant moment tensor assumption (TIMT) throughout the episode of 

seismic energy release. The TDMT inversion algorithm resolves six moment tensor 

elements independently as a function of a time by using a linear formulation in the 

frequency domain. Although this algorithm allows more degrees of freedom in the 

waveform inversion process than the conventional moment tensor inversions, each 
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moment tensor elements are resolved sufficiently well enough to map seismic source 

complexity by using additional physical constraints such as the degree of temporal 

consistency among six different moment tensor elements, causality of source time 

function, and the size of non-double-couple component. 

The TDMT has been tested with three synthetic data examples with varying 

degrees of source complexities. Three experiments are designed to test the feasibility 

and characteristics of the time-dependent moment tensor inversion algorithm, especially 

when analyzing time-dependent, complex seismic sources which contain seismic source 

multiplicity, changing slip parameters, and interferences between subsources. The first 

synthetic example demonstrates that a multiple source with no focal depth change can 

be recovered, and the seismic source parameters of each of the subevents accurately 

determined. In the second case we allowed the focal depth change to vary for two 

subevents (9-km and 13-km source depth, respectively). The two subevents can be 

identified on the basis of simultaneous shape change of the time dependent moment 

tensor elements along with non-causality and the size of the non-double-couple 

component. The third example introduced seismic source complexity by having two 

subevents which overlapped in time. The overlapped period could be seen in the 

moment tensor elements as unusually abrupt changes in the source time function shape. 

The TDMT inversion algorithm gives very satisfying results in the synthetic data tests 

for various source complexities. 

The TDMT inversion was also performed on long-period body waves for three 

earthquakes: the 1982 Yemen earthquake, the 1971 San Fernando earthquake, and the 

1952 Kern County earthquake. The Yemen earthquake was mapped as two simple. 

normal-slip subevents (with onset timing of the second subevent 5 seconds after the 

first) without a significant component of left- or right-lateral displacement or source 

depth change. The San Fernando earthquake is interpreted as two shear dislocation 
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sources with changing source depths, possibly indicating upward rupture propagation 

(from 13 km to 7 km). The interpretation of the Kern County earthquake was also a 

double-event source which propagate significantly upward from 20 km to 5 km. 

Inversion of the synthetic waveforms which are a combination of isotropic such as 

underground nuclear explosions and tectonic release demonstrated that the tectonic 

release associated with underground nuclear explosions can be separated and identified 

if the source depth between the explosion and tectonic release are not the same. 

In the considering the future research on the problems of the resolving 

complex seismic source parameters. it is wise to keep the assumption of the adequate 

Green's functions in mind for the waveform inversion. It is highly likely that the 

simple structure models. even with limited band of frequency in data. used throughout 

three real earthquakes are insufficient to fully account for the observations. The 

results indicate the possibility of un modeled structure complexity that is not explained 

by these simple structure models. but affects the data nevertheless. There are several 

possible directions for the full mapping of the time-dependent source parameters such 

as inverting waveform data at several different frequency bands. In any case. care 

must be taken to avoid interpreting beyond the resolution of the available data and 

methodology. 
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