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ABSTRACT
Seismic sotirce complexity, which may be due to fault geometry changes or dis
crete subevents, is difficult to quajitify with conventional moment tensor inversion
techniques. The time-dependent moment tensor (TDMT) inversion procedure is an
attempt to extract a time varying source from teleseismic P-waves. The correctness
and the limits of the procedure are tested by synthetic examples. To remove the
constant moment tensor assumption of the conventional time-independent moment
tensor (TIMT) approach, a higher degree of freedom of the linear inversion system is
required. The inversion is performed over a range of depths, and the solution is de
composed into subevents with varying depths and source geometry by the temporal
consistency of the individual moment tensor elements and the condition of causality.
Analysis of the s3Tithetic examples indicates that the inverted moment tensor is sen
sitive to the crustal structure, particularly the crustal thickness. The inverted focal
mechanism and the shape of the moment tensor elements are stable with respect to
the uncertainties of the epicenter locations.
Source processes of three recent complex earthquaJces were investigated by the
TDMT analysis. The results show that the October 18, 1992 Colombia earthquake
is a double event with similar focal mechanisms. The first subevent is a smaller
initial phase about 8 sec long. The second subevent initiated right after the initial
phase. A total of five subevents are recognized for the July 30, 1995 Northern Chile
earthquake. Four subevents ruptured in the first 34 sec with similar dip-slip focal

11

mechanisms while the fifth subevent has a strike-slip focsd mechanism. The Solomon
Islands earthquake on August 16, 1995 is dominated by two shcJlowly dipping, dipslip subevents with about the same moment release.
Both TIMT and TDMT techniques and the GIS (Geographic Information Sys
tems) are combined to study the tectonics of the Northwestern Colombia region.
The focal solutions of the strongest events in this area are recovered and the geolog
ical environment is mapped by GIS. The 1992 sequence likely ruptured the Murindo
fault system. The prevailing focal mechanism in this area suggests that a northwestsoutheast compressional stress regime has dominated in the past 20 yeaxs.
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CHAPTER I

INTRODUCTION

EaxthquaJce source information is crucial to recovering the source process and
is importajit to understanding many contemporary issues of geophysics. At active
plate margins, earthquake focal solutions reveal the interaction and the sense of
relative motion of plates [e.g. Molnar and Sykes, 1969; Pennington, 1981; Ademek
and Frohlich, 1988]. In seismically active areas away from the plate boundaries,
properties of the regional stress field and the fault geometry at depth can be inferred
from focal mechanisms. The existence of a tensional component of the moment
tensor is, probably, the only observational constraint available on the proposed phase
transition model of deep earthquakes [Bridgman, 1945; Benioff, 1963].
Different techniques have been developed and applied to extract seismic source
parameters by inverting normal-mode data [Gilbert and Dziewonski, 1975], sur
face waves [McCowan, 1976; Mendiguren, 1977; Aki and Patton, 1978] and body
waves. The body-wave inversion techniques based on the point source moment
tensor representation of seismic sources roughly fall into two classes, namely the
time-independent moment tensor (TIMT) inversion [e.g. Stump and Johnson, 1977;
Langston, 1981] and time-dependent moment tensor (TDMT) inversion [e.g. Sipkin,
1982; Kikuchi and Kanamori, 1986]. It is assumed in TIMT inversion that the energy
release of seismic sources can be modeled as a series of point sources or subevents
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which represent the rupture along the fault plane at the saxne direction. In terms
of the seismic moment tensor representation, this condition suggests that ciU mo
ment tensor elements have the scime time history so that the source time function
could be separated from the moment tensor and that the source geometry is constant
throughout the rupture process.
Motivated by the observation that many large eajthquakes have source complex
ity and significant variations in focal mechanisms [e.g. Barker and Longston, 1982;
Dziewonski and Woodhouse, 1983; Nabelek, 1985], the TDMT inversion method is
developed to resolve the temporal changes of source geometry and other parame
ters. Several approaches have been deployed to remove the constant moment ten
sor assumption. Sipkin [1982] developed two methods for the recovery of a timedependent moment tensor source from waveform data: the multichannel signalenhcincement and the multichannel vector-deconvolution. These two techniques both
rely on the moment tensor representation of seismic sources. The multichannel signalenhancement algorithm utilizes the matrix formulization of the time sequence convo
lution by Claerbout [1976] while the multichannel vector-deconvolution method uses
the deconvolution technique developed by Oldenberg [1982]. Kikuchi and Kanamori
[1986] generalized their previous method [Kikuchi and Kanamori, 1982] by allowing
subevents to have different foceil mechanisms, although fixed at the same depth.
Another approach to the TDMT problem is developed and reviewed in this study.
Based on previous work by Kim [1989], the condition of constant moment tensor is

removed by formulizing the inversion in the frequency domain. The fundamenteil idea
of this algorithm is to match the Fourier spectra of all the moment tensor elements
to fit the waveforms and then further constrain the focal solution by a number
of conditions. The TDMT procedure developed in this study is tested by three
typical test examples. The stability of this procedure is also examined by erroneous
Green's functions. As applications, the source parameters of three recent complex
earthquakes are inverted using TDMT and their source processes are recovered.
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CHAPTER II

THEORY OF TIME-DEPENDENT MOMENT TENSOR ANALYSIS

2.1

TDMT formulization

Following the concept of moment tensor by Gilbert [1971], the kth component
of the P-wave seismogram at teleseismic distances is the convolution of a series of
filters as

Ukix, t) =

t] 0,0) • M.y(0, t) * I{t)

(1)

Here Gfnj is the Green's function or the propagation effect of the Eaxth including
the effects of attenuation and geometric spreading, Mij is the time-dependent mo
ment tensor and I{t) is the instrument responses in the time domain. Other terms
such as the site effect at stations could be included when interest or importance
arises.
Three fundamental Green's functions {Hid, z=l,2 and 3) corresponding to vertical
strike-slip (i=l), vertical dip-slip (i=2) and 45° dipping dip-slip (i=3) sources, are
used to derive the Green's function Gkij [Langston, 1981]. For the vertical ajid radial
component (fc=l and 2, respectively)
Gki,i = —0.5 Hkicos{2Az) + Hk3
Gk2,2 = 0.5Hkicos{2Az) -F Hkz
Gkia = Hkisin{2Az)
Gki,3 = Hk2Cos{Az)
Gk2,3 = Hk2sin{Az)

(2)
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Here Az is the receiver cizimuth angle. For the tangential component (fc=3)
Gki,i
Gk2,2
Gki,2
Gki^

=
=
=
=

0.55^fci
O.SfTfci
-Hkicos{2Az)
-Hk2sin{Az)

Gk2,3

=

Hk2COs(Az)

(3)

This study uses the generalized ray method [Helmberger, 1974] to compute the
fundamental Green's functions Hki- Major phases, such as direct P, depth phases
pP and aP, as well as converted waves and multiple reverberations within the crust
are included in calculation.
The moment tensor Af,j(0,f), the major concern of this study, is a second or
der tensor with six independent elements. It is assumed that the source is purely
deviatoric such that
Mil + ^22 + ^33 — 0

(4)

With this constraint, five independent moment tensor elements need to be inverted
Since the purpose is to resolve the temporal variation of source parameters, there
is no need to separate the source time function from M,j(0,t) as in TIMT method.
Instead, the Fourier transform of (1) is performed with respect to the variable t to
obtain the spectrum
Uk{x, f) = 9ki,j{x, /)m ,-j(0, /)

(5)

Where gki,j{x,f) is the generalized Green's function including the instrument
response i{f) (in the frequency domain). Now the index k is dropped since only the
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vertical component is used in the following discussion. Also, we use the index i =
1,2,3, • • •, Af for stations to substitute the vaxiable x and the index j = 1,2,3, • • •, iV
for frequency to substitute the variable /. If we denote

as the real and the

imaginary part of u at the ith station, the discrete format of (4) at the jth frequency

9 im ~9l,ll 9^,22

"{

9i,n 9 l , l l

n'
9 ^,22 9I,22

ff2.ll 92,22
S2M -n'
ui

9 i,22 9l,l2

97,11 92,11 92,22

»1,23

n' ffl.l3 i'1,13
n'
SI,12 9i,12
»1,23

92,22 92,12

a'
92,22

n"-a'
fll,13
9l,l2 9i,13

92,12 92,13

92,12 92,17

92,13

-n'
92,13 92,23
a'
92,13

3

uf

i

1

point can be derived by simple mathematical manipulations as
~9I,73

m{i

91,23
~92,23

m22

92,23 92,23

:

mfj

uf

~9i,ll 9^,22

9i ,22 9i ,12

9i,\\ 9{[22 9i ,22 9i ',12

~9i,12 9^,13
9i,12

9i^l3

flf,13 9i, 23 ~9i,23

"*12

9i, 13 9i ^23 9i ,23

'"f3

;

"»13
mfa

9M,n ~9M,\I9M,22 ~9M,229M,12 ~9M,I29M,13 ~9M,139M,23 ~9M,23

I
R.
I
R
I
_ 9M,II 9M,11 9M,22 9M,22 9M,12 9 M,12 9 M,13 9 M,13 9M,23 9 M,23

1

1

J

i

"»23

for j = 1 , 2 , 3 , • • • , iV.

Here, {gfigj) is the real and imaginary part of the Green's function in the
frequency domain for the ith station. The index j suggests that there are N such
equation systems for a single problem. This system of equations has exactly the
same format of a well-known linear inversion problem in the matrix notation

Gjmj = dj
(7)

for j = 1,2,3, • • •, iV.
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If M stations are used, Gj is a 2M x 10 matrix, rrij is a 10 dimensional vector
and dj is a 2N dimensional vector defined as

9i,ii

9i,ii

5l,ll 5I,22
5l,ll ffl,22

92,11 92,22
52,11 -n^

92,11

92,11

92,22

51,22 5I,12
5I,22 5I,12

5I,12 5I,13 -a^
5I,13 5I,23 "~5I,23
9I,12

9I,13

5I,13 5I,23 5I,23

52,22 52,12 ~92,12 92,13 "52,13 92,23 ""52,23
92,22

92,12

92,12

92,13

52,13 92,23 52,23

G,=

(8)
9i,ii
9i,n

-n^
9i,22 5t,12 ~91,12 5t^l3
~9i,ll 9^22

9i,ii

91^22

9i,22

5t,12

9i,12

5,^13

„R

5t,l3 5t,23 ~9i,23
5.,13 5i,23

9i,23

R
I
R
I
R
I
R
I
R
I
9M,n~9M,n9M,22~9M,229M,l2~9M,129M,13~9M,l39M,23~9\f,23
R
I
R
I
R
I
R
I
R
I
9M,n 9m,11 9m,22 9m,22 9m,12 9m,12 9m,13 9m,13 9m,73 9m,23

iT
mj =

m{\ m(i m^2 "^22 ^12 ^12 "^i3 ^13 ^23 ^23

(9)

and
uf u{ U2

Wj

„R
"m

..I
^m

(10)

At each frequency point, there are 10 parameters to be solved and in most cases it
is an over-determined linear problem. We solve this problem following the generalized
inverse theory outlined by Wiggins [1972] and Menke [1989]. One characteristics of
this inverse problem for our TDMT formulization is that the inversion is performed at
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each single frequency point. The resulting data resolution matrix and the information
matrix have no obvious physical interpretation. Mathematically, they only tell us
the properties of the inverse problem at a particular frequency point.
2.2

TDMT inversion procedure

To solve the TDMT inversion for ajiy earthquake event, we first generate a
series of Green's functions corresponding to several focai depths. Then the N linear
equation systems are solved to obtain the moment tensor for a specific focal depth
in the frequency domain and hence in the time domain by inverse Fourier transform.
For a reasonable range of focaJ depth, we have a nimiber of moment tensors with
each corresponding to each depth. If the earthquaJce has a simple point source, only
one of the moment tensors is obtained by the Green's function generated at a depth
closest to the focal depth. Once this moment tensor is recognized, it is a matter of
calculation to derive the focai mechanism. Then the fundamental problem of TDMT
analysis is to determine which moment tensor is the correct one or the best one.
The next step is to analyze the moment tensor solution and further constrain
the solution by physical or meaningful conditions. First of all, each moment tensor
element is allowed to have independent time history, but ideally the way in which each
moment tensor element changes with time should be consistent among ail elements.
This requirement is denoted as the condition of temporal consistency. Secondly, the
onset of seismic moment release of each subevent has to be at the same time. At
the onset of moment release, the initial moment release must be zero. Both late ajid
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early initiation axe considered as a violation of causality. For a late subevent, the
original waveform may give us a reasonable estimation of its initiation time. This
condition is called the condition of causality.
Other conditions may be applied when the TDMT analysis is performed. For
example, if there is a subevent in a certain time period, the CLVD (Compensated
Linear Vector Dipole) [Randall and Knopoff, 1970] should not be very large except
when source complexity, non-double-couple source, other effects, or a combination of
these factors axe involved. Also, the shape of all the time-dependent moment tensor
elements should be stable when various filters are applied.
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CHAPTER III

PROCEDURE TEST BY SYNTHETIC EXAMPLES

The TDMT procedure described in this study has been tested by a large suite
of synthetic examples to ensure its correctness. Our test cases in this study include
both simple and complex seismic sources. The stability of this procedure is also
tested by considering errors in Green's functions. In this section, three examples
are presented to show the capability, as well as the limits, of this procedure. The
way to apply the condition of temporal consistency ajid the condition of causality,
as outlined in the previous section, will also be illustrated.

3.1

Source Model A, a simple source

The first example is a single source with a focal depth of 11 km. This simple
example is included for a number of reasons. First, any complete test set should
include the simplest cases. Second, the simplicity of this case allows us to illustrate
the concept of TDMT inversion without complicated discussions. And last, our
interest is to analyze the source process of complex earthquakes and to show the
effect of various source complexities. With the help of a simple example, it is easier
to recognize the characteristics associated with source processes.
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TABLE 1: Source pAr»meter« for Model A
Initial time

Seumic Moroeot

Source Time PanctioB

Sabevent
(.ec)

I

Focal depth

CLVD

(km)

(*)

11.0

0.0

Focal Mechanism
(«c)

(10^* dyne.cm)

1.99

0.0

Strike

235.0°

Rue Time

2.0

Darfttion

4.0

Dip

rs.o"

F&Uoff Time

2.0

SUp

90.0°

The source pajameters of this single event are listed in Table 1. It is a shallow
event with a dip-slip focal mechanism. Its source-time function is a trapezoid about
8.0 sec long. The source is placed in a 30-km-thick crust over a mantle halfspace.
f = 1.0 sec is used to model the effect of attenuation. Other structure parameters are
listed in Table 2. The instrument responses of broadband displacement are convolved
with Green's function. A total of 62 seismic rays, including P, pP and

axe used

when generating the synthetic data. The P-wave vertical component is generated
by the generalized ray method at 8 North American stations, one European station
and one Pacific station. The earthquake source is located in South America.
TABLE 2: Parameter* of Earth Structure
Thicknesc

P>wave Velocity

S>wave Velocity

Density

(km)

(km/«)

(km/s)

(g/cm^)

Layer

P>wave t*
Poisson's Ratio
(.ec)

Crust

30.0

6.2

3.5

2.7

0.25

I.O

Mantle

halfcpace

8.2

4.4

3.3

0.25

1.0

The inversions are performed at 8 depths starting 5.0 km downward with a step
of 3.0 km. The resulting moment tensor elements for depths 8, 11 and 14 km in the
time domain is shown in Figure 1. Apparently we can easily tell that 11 km is the
right foccil depth because it gives initial time at t=0 for all moment tensor elements
and it makes all five elements line up well and change in a very similar manner for
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Depth= 8 km

Depth= 11km

Depth= 14 km

15 sec

FIGURE 1: The inverted moment tensor elements in the time domain for the
source Model A. The source depths used are 8,11 and 14 km for the Irft,
center and the right respectively. The horizontal axis is the time in
sec starting from the origin time.
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8 sec before they vanish. The 8-km depth is ruled out for a number of reasons. All
of the moment tensor elements except M22 line up well and their initial time (when
M=0) is a little ahead of time. In other words, the resulting moment tensor elements
violate the condition of causality as explained in the previous section. Secondly, in
the first few seconds, M22 has a different vaxiation compared with other elements.
The same is true for the element Mn in the last few seconds. This indicates that 8
km focal depth causes tempered inconsistency. Also, the focal mechanism for each 1
sec time window obviously cheinged with time, which is another evidence of temporal
inconsistency among moment tensor elements.
In the same way we can rule out other focal depths and conclude that 11 km
is the right focal depth and this event has a single source with 8 sec duration. The
focal mechanism, scalar moment and other parameters are easy to obtain once we
determine the focai depth and the source duration. Figure 2 shows the derived
source-time fimction and focal mechanism of source Model A. The upper portion
is the moment tensor rate (M22) plotted verses time and depth. Table 3 lists our
inverted source parameters. Compared with the source model given in Table 1, all
source parameters are well determined. Using the inverted moment tensor elements
at depth 11 km (Figure 1, center), we generated the synthetics and plotted the
comparison to seismic records in Figure 3. We can see that both shape and amplitude
of the waveforms are satisfactorily matched.
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FIGURE 2: The source representation of the inverted source Model A.
The upper is the moment rate of one of the moment tensor dements
plotted versus time (in sec) and focal depth (in km) to show the
shape of the source time function. The lower is the inverted best
double couple of the source Modd A.
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FIGURE 3: The comparison of the seismic records of the source Model A
(the solid upper traces) with the synthetics (the dashed lower traces)
from the inverted source by TDMT.
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TABL£ 3: Inverted Soarce P&r&meters for Model A
InitUl time

Seumtc Moment

Source Dar»tton

(»ec)

(lO" dyne.cm)

(«c)

I

0.0

1.99

8.0

Poc»I depth

CLVD

(km)

(*)

11.0

0.2

Focal Mecb»num

Sabevent

3.2

Strike

235.0°

Dip

T4.8°

Slip

89.g°

Source Model B, a double source at the same depth

The purpose of this example is to illustrate how the TDMT inversion procedure
resolves source complexity. Model B used in this section has two subevents with
different focal mechanisms. This kind of complex earthquake always causes problems
when we try to recover the source parameters by the TIMT technique. By TDMT
inversion, however, we shall see that the change in focal mechanism of this complex
event is resolved and all other source parameters are well constrained.
TABLE 4; Soarce P&r&meterf for Model 8
Initial time

Seismic Moment

Source Time Function

Snbevent

CLVD

12.0

1.99

2.99

(.«)
Ri«e Time
Duration

2.0

Strike

225.0°

(km)

(*)

4.0

Dip

75.0°

FallofT Time

2.0

SUp

90.0°

11.0

0.0

Ri«e Time

3.0

Strike

10.0°

Duration

4.0

Dip

70.0°

Falloff Time

3.0

sup

11.0

0.0

O

11

0.0

(10^* dyne.cm)

b
o

(iec)

I

Focal depth
Focal Mechanism

As hsted in Table 4, the first subevent is dip-slip and the second is dominantly
strike-slip. Their source-time functions are both trapezoid with 8.0 seconds total
duration. The same earth structure is used as for Model A (Table 2).
Inversions are performed at 8 depths starting from 5 km as before. Figure 4
shows the inverted moment tensor elements in the time domain for depth 8, 11 and
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Depths 8 km

FIGURE 4: The inverted moment tensor elements in the time domain for the
source Model B. The source depths used are 8,11 and 14 km for the left,
center and the right respectively. The horizontal axis is the time in
sec starting from the origin time.
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14 km. It is obvious from Figure 4 that there are two subevents and it is likely that
the source geometry changes with time. The moment tensor elements M22 and M-zz
even change their signs, which is ctn indication of time dependent source processes.
At 8 and 14 km depths, the rupture initiation (or the point at which moment=0
at the beginning) is not at time zero. In the late part, not all five moment tensor
elements line up well at these two depths. On the other hcuid, the condition of
temporal consistency and causality are very well satisfied at 11 km. Therefore we
should decide that 11 km is the right focal depth for both subevents.
TABLE 5: Inverted Source P«r4meters for Model B
Initial time

Seumic Moment

Source Durfttion

(sec)

(10^* dyne.cm)

(«c)

I

0.0

1.99

8.0

11

POCAI depth

CLVD

(km)

(*)

22.0

0.3

11.0

0.2

POCAI MecbAni«m

Sttbevent

13.0

3.0

10.0

Strike

225.0°

Dip

74.

SUp

S9.a°

Strike

10.1°

Dip

70.6°

Slip

0.4°

The derived source-time function (M22) and the focal mechanisms for both
subevents are shown in Figure 5. All other inverted parameters are in Table 5. We
can see that the change of rupture orientations is well resolved by TDMT, although
this change is significant and is almost impossible to be recognized by solely inspect
ing the waveforms. Apart from the source geometry, other available parameters,
such as the source duration eind the scalar moment of each subevent, are satisfacto
rily recovered (compare Table 4 and 5). Using the inverted moment tensor elements
at 11-km depth (Figure 4, center), the synthetics are generated and a comparison is
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FIGURE 5: The source representation of the inverted source Model B.
The upper is the moment rate of one of the moment tensor elements
plotted versus time (in sec) and focal depth (in km) to show the
shape of the source time function. The lower is the inverted best
double couple of the source Model B.
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15 sec

Dis= 82.^

Azm= 30.8

FIGURE 6: The comparison of the seismic records of the source Model B
(the solid upper traces) with the synthetics (the dashed lower traces)
from the inverted sources by TDMT.
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shown in Figure 6.

3.3

Source Model C, a double source with vaxied focal depths

All moment tensor inversion techniques need to deconvolve the Green's function,
or the response of the eajth to an impulsive source, to recover the moment tensor.
Focal depth is crucial in moment tensor inversion because it has a more signiflcajit
effect on the Green's function than other source parameters and structural param
eters. The tradeoff between the source-time fimction and the focal depth of large
shallow eiirthquakes makes it hard to constrain the focal depth, and hence weakens
the reliability of other source parameters. The situation is even worse when there
are two or more subevents rupturing at different depths. In this case, inversion has
to be performed at separate depths to recognize the difference. Unfortimately, some
moment tensor inversion techniques suffer either because of the time-independent
assumption or because of the way they are parameterized.
TABLE 6; Source P*r»meter« for Model C
Initial time

Sei<mic Moment

Source Time Function

(«c)

(lO'* dyne.cm)

(lec)

0.0

1.99

Subevent

I

12.0

2.99

Ri«e Time

3.0

Strike

225.0°

Duration

4.0

Dip

7S.0°

PftUofr Time

3.0

SUp

90.0°

Ri«e Time

3.0

Strike

10.0°

Duration

4.0

Dip

70.0°

Pftlloff Time

3.0

SUp

e
o
6

II

PocU depth

CLVD

(km)

(*)

11.0

0.0

17.0

0.0

Poc&l Mecfa^ism

It is the purpose of this study to resolve the temporal change of focal mechanism
of complex earthquakes. We showed in Model B that when subevents have the same

depth, the vaxiation of focal mechajiism is well resolved. Here, Model C is also a
double source with a smaller dip-slip event followed by a larger, dominantly strikeslip event. But in this model, the second subevent is deeper (17 km). It is our hope
to reasonably recognize 11 km as the focal depth for the first subevent and 17 km
for the second.
Again, inversions are performed for a range of depths and the same earth struc
ture is used as before. We can see from Figure 7 that the resulting moment tensor
elements are more complicated. It seems that there are at least two phases of moment
relecise. For the focaJ depth of the first subevent, we can rule out all other depths
except 11 km by applying the condition of temporal consistency and causality. These
two conditions are best satisfied and the resulting moment tensor elements are ac
ceptable at 11 km. But it is noticeable that these conditions are not as well satisfied
as in Model B. This deviation happens because 11 km is the right focal depth for the
first subevent but not for the second. To match the waveforms, all misfits caused by
the wrong focal depth for the second subevent axe mapped into the moment tensor
elements so that their shapes are distorted enough to effect the first several seconds.
Obviously, Mn, M22 and Mxj are effected at the origin time, but M13 and M23 are
quite robust in this case.
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FIGURE 7: The inverted moment tensor elements in the time domain for the
source Model C The source depths used are 8,11 and 14 km for the upper left,
center and right and 14,17,21 km for the lower left, center and right
respectively. The horizontal axis is the time in sec.
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FIGURE 8; The source representation of the inverted source Model C
The upper is the moment rate of one of the moment tensor elements
plotted versus time (in sec) and focal depth (In km) to show the
shape of the source time function. The lower is the inverted best
double couple of the source Model C.
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FIGURE 9: The comparison of the seismic records of the source Model C
(the solid upper traces) with the synthetics (the dashed lower traces)
from the inverted sources by TDMT.
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TABLB 7: Inverted Source P»r»metert for Model C
Initial time

SeUmic Moment

Soarce Duration

(«c)

I

a

Focal depth

CLVD

(km)

(*)

11.0

5.1

17.0

5.0

Focal Mechanijm

Sobevent

0.0

13.0

(10®* dyne.cm)

1.98

3.1

(«e)

8.0

10.0

Strike

225.2°

Dip

75J®

Slip

89.9®

Strike

H.3®

Dip

89.9®

SUp

-2.2®

It is usually difficult to tell the initial time for the second subevent as in this
case. The condition of temporal consistency is more frequently applicable when we
try to determine the focal depth for the second subevent. By examining the line-up
of ail five moment tensor elements, we can conclude that 8, 11, 20 and 23 km axe not
likely the right focal depth for the second subevent. At about 12 sec, the moment
tensor elements line up equally well at 14 and 17 km. But in the last few seconds,
the moment tensor elements at 17 km vary more consistently. Therefore, when the
shape of moment tensor elements is concerned, the condition of temporal consistency
is best satisfied at 17 km.
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CHAPTER IV

STABILITY TEST

It has been illustrated that the temporal variation in source parameters can
be recognized and appropriately recovered by the TDMT inversion and analysis
procedure. It is fairly easy to determine the focal depth when all subevents have the
same focal depth. However, when subevents rupture at different depths, the effect of
erroneous Green's function caused by incorrect focal depth for one subevent makes
it harder to identify the right focal depth for other subevents. Such a side effect can
also introduce larger uncertainties in recovered source parameters, although these
uncertainties may still be acceptable.
One of the important assumptions that has been made in the previous section is
that we have the complete knowledge of the earth structure, the event location and
the major phases arrive at stations. In other words, we assumed that the Green's
function is perfectly known. In reality, when the Green's function is constructed,
there are always various kinds of unknown factors which can cause uncertainties in
inverted source parameters. The purpose of this section is to evaluate the effects
of erroneous Green's functions by possible unknown factors, and hence to test the
stability of the TDMT procedure.
One way to show the side effect is to generate the synthetic data by one set of
Green's functions and invert for the source parameters by another set of (erroneous)
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Green's functions. In the following section, the major results of the stability test are
illustrated.
4.1

The effect of incorrect P-wave arrivals

In the previous chapter, the synthetic data is generated by 62 P-wave axrivals
and the same set of seismic rays are used to calculate the Green's function when
performing inversion. There are no generally agreed-upon rules as for what phases
should be included. Apparently, the direct P-wave arrival and the major depth phases
pP and sP are considered in teleseismic waveform studies. It is also reasonable to
include other multiple crustal reverberations in the calculation. For the stations
close to the epicenter, the multiple reverberations should be included since they may
still be strong enough to affect the waveforms. For the stations which are fax from
the epicenter, multiple reverberations could also be included no matter whether they
are weak or strong. If they are too wealc at these stations, inclusion of these phases
should not introduce significant side effects. If they are still strong, we should include
them of course. The use of 62 P-wave arrivals is not totally arbitrary. Even more
rays could have been used but they are really weak and do not have significajit effects
on waveforms according to our calculations. It can be assumed that the set of 62
P-wave arrivals is enough to simulate the teleseismic waveforms.
The synthetics generated by this set of 62 P-wave arrivals is considered to be
the complete broadband records and is used as our data. Now we utilize the same
structure ajid the same epicenter location but a subset of these 62 P-wave arrivals
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in TDMT inversions to show the effects of the erroneous Green's function by using
incorrect arrivals.
The seismic records for this section are generated by source Model D (Table 8)
with 62 rays including P, pP and ,P. This source is a double event with different
focal mechanisms but located at the same focal depth. The earth structure is the
same as the previous section (parameters are given in Table 2). The ratio of the
scalar moments of the subevents is 1/3. Inversions are performed using 26, 14 and 6
rays respectively. As shown in Figure 10, the source parameters of both subevents
are well recovered when 26 (or more) rays are used in TDMT analysis. On the
contrary, the results are obviously biased when less than 14 rays axe used.
TABLE 8: Source P»r»meter« for Model 0
Initial time

Seismic Moment

Source Time Function

Sabevent
(•«)

II

(10^* dyne.em)

CLVD

(km)

(*)

0.0

1.99

11.0

0.0

8.0

5.99

11.0

0.0

4.2

(«c)
Strike

0.0®

4.0

Dip

75.0°

2.0

SUp

90.0°

Ri«e Time

3.0

Strike

30.0°

Duration

4.0

Dip

45.0°

P^loff Time

3.0

Slip

o
q
6

I

Focftl depth
Focal Mechani«m

Ri«e Time

2.0

Dur&tton
P^IofT Time

The effect of incorrect crustal structure

Structure parameters cause problems in moment tensor inversion simply because
the crustal structure of many seismically active regions axe poorly known and, as we
shall see, the inversion result is quite sensitive to crustal structure, particxilaxly to the
crustal thickness. Various average global models or their modifications are usually

subevent2
Model subevent 1

c
8 sec

10 sec

TIMT11 km CLVD=28.%
UkmCLVD=8.1%
8 kmCLVD=2.2%

C

26 rays inv.

TIMT 11 kmCLVD=1.3%
14 km CLVD=7.5%

8 kmCLVD=32%

14 rays inv.

TIMT11 kmCLVD=0.0%
14 km CLVD=0.0%
8 kmCLVD=0.0%

€

6 rays inv.

FIGURE 10: The effect of the number of seismic rays on the inverted
focal mechanism by TDMT analysis. The seismic records are generated
by 62 rays. The top is the real source while the rest are the sources
obtained by TDMT inversion with 26,14 and 6 rays.

adopted in studies of teleseismic waves. On average, the uncertainty in structural
parameters could be anything in the range of 5%-I0%, or larger, depending on how
much we know about a particular region.
To show the effect of the uncertainties in crustal thickness on the inversion result,
the seismic records are generated by source Model D (Table 8) and a one-layer crust
over a half-space mantle. Instead of using 30.0 km as the crustal thickness, 25, 35
and 40 km are used to generate the Green's functions in three inversions. It caa
be seen (Figure 11) that the focal mechanisms axe quite stable when the crustal
thickness is around 30±5.0 km. When the crustal thickness is far off (more than
10 km uncertainty in crustal thickness), the focai mechanisms may have up to 10°
uncertainty. Secondly, the incorrect crustal thickness has significant effect on the
shape of each moment tensor element. Figure 12.1 shows the inverted moment tensor
elements in the time domain for inversions using 35 km crust thickness. As a result,
this effect will cause difficulties in recognizing subevents when applying the TDMT
procedure.
The P- and S-wave velocities are another concern. Both abnormally high and
low average crustal velocities have been reported. If the average earth model is used
in the areas where the crustal velocities are not well known, we need to know how
much uncertainty in source parameters can be caused. Two inversions are performed
for the structure specified in Table 2, which has a P-wave velocity of 6.2 km/s. In
the first inversion an average P-wave velocity of 6.0 km/s is used, while in the second
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t;LVLte/^.9%

i
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TIMT11 kmCLVD=3.8%
14 km CLVD=8.6%
8 kmCLVD=:1.5%

40 km crust inv.

FIGURE 11: The effect of cnistal thickness on the inverted focal
mechanism by TDMT analysis. The seismic records are generated
by a 30 km crust model. The top is the real source while the rest are
the sources obtained by TDMT inversion with 25,35 and 40 km crust
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Depths 8 km

Depths 14 km

Depths 11 km

15 sec

FIGURE 12.1: The effect of the incorrect cnistal thickness on the inverted
moment tensor elements by TDMT analysis. The seismic records are generated
from a 30 km crust model while the inversion is performed pretending a
35 km crust structural model.
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Depths 8 km

15 sec

FIGURE 122: The effect of incorrect P wave velocity of the crust on the
inverted moment tensor elements by TDMT analysis. The seismic records
are generated from a 30 km crust with a P wave velocity of 62 km/sec model
while the inversion is performed pretending a P wave velocity of 6.4 km/sec.

46

inversion an average P-wave velocity of 6.4 km/s is used. In both cases the focal
mechanisms can be recovered without problems. Also, the shape of the moment
tensor elements is only slightly affected (Figure 12.2).

4.3

The effect of incorrect epicenter locations

Incorrect epicenter location of earthquakes have two major origins. The first is
the uncertainties of hypocenter determination on the order of 10-100 km. The second
is the finite source dimension. Even if the epicenter location from the hypocenter
determination is good enough, the seismic energy could be emitted from various
points on the fault plane whose dimension is on the order of 10-100 km for a Mg 6.0
(or larger) earthquake. As in the other stability tests, a set of seismic records are
generated using Model D (Table 8) but the TDMT inversion is performed given the
incorrect epicenter location of 10, 20 and 50 km away from the "real" epicenter.
Figure 13 shows the comparison of the inverted results by different epicenter
mis-locations. Apparently, the focal mechanism is quite stable even when the mislocation is about 50 km. The effect of the erroneous Green's function (by 50 km
epicenter mis-location) on the inverted moment tensor elements is not significant
either (Figure 14).
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FIGURE 13: The effect of the epicenter locations on the inverted
focal mechanism by TDMT analysis. The top is the real source while
the rest are the sources obtained by TDMT inversion with 10,20 and
SO km uncertainty of epicenter location.
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FIGURE 14: The effect of epicenter mislocation on the inverted moment
tensor elements by TDMT analysis. The seismic records are generated at a
known epicenter location but the inversion is performed with a 50 km of
epicenter mislocation.
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CHAPTER V

APPLICATIONS OF TDMT INVERSION

The source process of the July 30, 1995 Northern Chile eaxthquaJce was analyzed
using the time-dependent moment tensor inversion procedure. The P-wave vertical
component of 15 broadband stations at teleseismic distances was utilized. Four
subevents in the first 34 sec of the mainshock axe recognized. The fifth very strong
subevent ruptured about 50 sec from the onset of the mainshock. The first four
subevents have similar focal mechanisms, and the average focal geometry (strike
22°, dip 26°, slip 113°) suggests a shallowly-dipping and dominantly thrust fault
displacement. The Joint Hypocenter Determination of the fifth subevent with respect
to the initiation of the mainshock shows that this event is located about 30 km west
and 50 km south of the mainshock.
The TDMT procedure is also applied to study the source process of the August
16, 1995 Solomon Islands earthquake. We examined the first 85 seconds of the Pwave arrivaJs for 11 broadband stations. Modifications were made before inversion to
eliminate the effect of directivity. The recovered source-time function indicates that
this earthquake consists of at least two sources with similar focal mechanisms. The
largest two subevents have approximately the same size or moment release. The first
subevent lasted 24 seconds and was followed by another subevent at about 29 seconds
later. Both sources are predominately dip-slip, striking northwest- southeast.
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5.1

The July 30, 1995 Northern Chile earthquake

The Chilean subduction zone has all been ruptured by either large or great
underthrusting eaxthquaJces in the past 100 yeaxs [Kelleher, 1972;

Tichelaar and

RuiF, 1991 and 1993]. The last great earthquakes that ruptured the entire Northern
Chile and the southernmost Peru subduction zone are the 1868 (M^, 8.5-9.0) and
the May 10, 1887 (M„, 8.7) earthquakes [Lonmitz, 1970]. The estimated rupture
zone spans a length of about 500 km along the Northern Chile coast [Abe, 1979;
Comte and Pardo, 1991]. Based on the absence of great earthquakes and the sparse
strong seismicity since the 1887 earthquake, the Northern Chile coastal area has been
recognized as a mature seismic gap [Kelleher, 1972; McCann et al., 1979; Nishenko,
1985]. More recently, Comte et al. [1994] suggested that the May 10, 1994 thrust
event (mj 5.9), together with the 1987 cluster of lower magnitude events possibly
may have activated the northern part of this seismic gap.
The July 30, 1995 earthquake (Mu, 8.1, HRV) initiated just beneath the city of
Antofagasta (23°26.7'S, 70°28.5'W) at 05:11:23.7 am UT [Monfret et al., 1995] and
ruptured the southern extreme of this seismic gap. The mainshock was followed by
an energetic aftershock sequence which was well recorded by several portable broad
band stations in the BANJO^ and SEDA^ seismic arrays and a network installed by
French and Chilean researchers [Gomez et al., 1995]. Eight magnitude 5.2 to 6.1 af^Broadband ANdean JOint (BANJO) Experiment
^Seismic Exploration of the Deep Altiplano (SEDA) Experiment
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FIGURE 15: The Northern Chile earthquake sequence. This is a
comparison of the CMT double-couple and the average focal
mechanisms in the first 34 sec derived from our TDMT analysis.
The Event 5 is the strong late suhevent, whose location is
determined by JHD calculation.
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tershocks occurred within the first 10 hours following the mainshock; two subsequent
aftershocks of magnitude 5.5 and 5.9 occurred on 2 August and 3 August, respec
tively [Swenson et al., 1995]. The distribution of aftershocks indicates a southward
propagation of rupture and an aftershock zone about 200 km long (Figure 15). The
time-dependent moment tensor analysis of the mainshock and the recovered source
parameters are presented along with a brief discussion of the implications of this
event.
Broadband P-wave displacement from 15 GSN^ stations are selected (Figure 19,
upper solid traces). Inversion is performed on a 85 sec time window to include
the major depth phases (e.g. pP and ,P and the multiple reflections in the crust.
Based on the preliminary result of the BANJO and SEDA project [Beck et al., 1995],
we used a 55 km one-layer crust (with Vp=6.0 km/s) over mantle haifspace as the
earth structure. The frequency independent operators

and

for modeling the

attenuation effect for P and S waves are 1.0 and 4.0 sec respectively.
We inverted for the moment tensor elements for a depth range from 15 km
to 65 km with a 2 km depth step. Figures 16.1 - 16.3 show the resulting timedomain moment tensor elements at depth 32, 38 and 44 km. It can be seen that
the 38 km focal depth gives the best causality and the best temporal consistency.
In other words, when calculating the Green's function with a focal depth of 38 km,
the moment rate is close to zero at the beginning of moment release (required by
^Global Seismography Network
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Depth= 32 km

Mi3

M23
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FIGURE 16.1: The moment tensor elements of the mainshock (Northern Chile,
July 30,1995) by TDMT inversion at 32 km depth.
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Depth= 38 km
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FIGURE 16.2: The moment tensor elements of the mainshock (Northern Chile,
July 30,1995) by TDMT inversion at 38 km depth.
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Depth= 44 km
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FIGURE 16J: The moment tensor elements of the mainshock (Northern Chile,
July 30,1995) by TDMT inversion at 44 km depth.
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FIGURE 17.1: The moment tensor elements of the mainshock (Northern Chile,
July 30,1995) by TDMT inversion at 24 km depth.
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FIGURE 17.2: The moment tensor elements of the mainshock (Northern Chile,
July 30,1995) by TDMT inversion at 28 km depth.
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FIGURE 17J: The moment tensor elonents of the mainshock (Northern Chile,
July 30,1995) by TDMT inversion at 32 km depth.
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the condition of causality) and the moment tensor elements change with time quite
proportionally (required by the condition of temporal consistency). In addition,
the overall back-shoot of the source-time functions in the first 34 sec is minimized
compared with those of the other two depths.
Another criterion employed to determine the best focal depth is the condition of
minimimi fault geometry change within each subevent. It is reasonable to recognize
four subevents in the first 34 sec of the mainshock (Figure 18). The focal mechanisms
of these subevents have slight changes as shown in this figure. However, the focal
mechanism of any time window within each subevent should be fairly constant. To
ensure this condition, we slide a 2.0 sec time window through each subevent and
calculate the focal mechanism for every 2.0 sec. The result shows that the vaxiation
of focal mechanism in each subevent is smaller for 38 km than for all other depths.
In the late peirt of the P-wave records there is a strong pulse of moment release
about 50 sec from the mainshock initiation. We examined the whole depth range of
15 km to 65 km and conclude that another subevent most likely ruptured at a depth
around 28 km after 50 sec of the onset of the mainshock. As in Figiu-es 17.1 - 17.3,
the shape of the time-domain moment tensor elements of this late event is shifted
at depth 24 and 32 km. However, the elements Mu, M22 and Mu are aligned well
at 28 km. Also the focal mechanism for every 2.0 sec period within this subevent
is quite constant. We located this strong late subevent by the Joint Hypocenter
Determination (JHD) developed by Dewey [1971]. Figure 15 shows that this event
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(maxked as Event 5) is about 30 km west and 50 km south of the mainshock epicenter.
Our time-dependent moment tensor analysis of the July 30, 1995 Northern Chile
earthquake yields a complex source of five subevents. In the first 34 sec, the first four
subevents have slightly changed focal mechanisms. This part of the source clearly
corresponds to the mainshock reported from different resources, such as the Harvard
CMT project and the Uses'*. The average focal mechanism in the first 34 sec is very
similar to the CMT best double-couple. Harvard reported a 47 km of centroid depth,
while the best focal depth from our TDMT analysis (38 ± 4 km) is much closer to
the result derived from a local network around the city of Antofagasta by a group of
Chilean and French researchers [Monfret et al., 1995].
The Na^ca plate in this segment is subducting beneath the South America plate
rapidly. The dip angle is about 10°-15° at 20-60 km depth as pointed out by Comte
et al. [1994]. The focal mechanism and the hypocenter location of the first 34 sec
of the mainshock strongly suggest that this paxt of the source represents a reverse
faulting at the plate interface and releases the strain energy accumulated from plate
convergence. While this event is the largest subducting earthquake in this region
since the 1887 great earthquake, it only accounts for a fraction of the displacement
deficit in the Northern Chile segment (16°S-23°S). If the May 10, 1995 thrust event,
together with the 1987 cluster, activated the northern tip of this seismic gap, this
Icirge event most likely activated the southern terminus of this locked section.
^United States Geological Survey
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Studies of more than 200 northern Chile eaxthquakes occurred between 1962 and
1993 by Comte et al. [1995] indicate that the dip angles of the Naizca plate in this area
range from 10° to 20° at depth above 60 km. It can be inferred from the epicenter
location of the fifth subevent (30 km west tind 50 km south of the mainshock) that
its hypocenter is within, or at least in the vicinity of, the plate interface. On the
other hand, this event is basically strike slip along the neaxly vertical nodal plane
(Figure 18). We axe not able to resolve which nodai plane is the actual fault plane
at present axid we feel that more evidence is needed to interpret this late subevent.
5.2

The August 16, 1995 Solomon Earthquake

The Solomon Islands region is a tectonically complex and interesting area. The
Woodlark ridge, the plate boundary between the Solomon Plate and the India Plate,
meets the island chain at 157°E and 8°S. The island chain is ended by the plate
jimction of the Pacific Plate, Bismark Plate and the Solomon Plate at the northwest
terminus (Figure 20). Large underthrusting earthquakes in this area tend to occur
in multiplets separated by a few hours to a few days by time and 30-100 km by
space [Lay and Kanamori, 1980; Schwartz, et al., 1989, ]. These large underthrust
ing eaxthquakes represent the subduction of the Solomon Sea Plate underneath the
Pacific Sea Plate and the Bismark Sea Plate. The multiplets in this area, on the
other hand, exhibit the heterogeneity of mechanical coupling between the subducting
and the overriding plates caused by the contortion of the subducting Solomon Sea
Plate.
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The Solomon earthquake on August 16, 1995 (10:28:0.7, Mu, 7.7, HRV) occurred
in the Solomon trench area about 200 km southeast of the trench jimction. One very
strong aftershock (16:24:34.6, August 16, 1995,

7.2) and about 24 strong after

shocks {rrib > 5.0) followed the mainshock. The teleseismic P-wave displacements
show obvious directivity of the seismic radiation. The seismic records from 5 of the
selected stations in the azimuth range of 220°-345° are similar to other records except
that they have shorter "apparent" period. This suggests that the mainshock may
have ruptured along a northwest-southeast direction towards the trench junction.
The aftershock region aJso stretched approximately parallel to the Solomon Island
chain. In this section the application of the TDMT procedure to the August 16,
1995 Solomon eaxthquaJce, along with a tentative interpretation cire discussed.
The data processing and analysis procedure for the August 16, 1995 Solomon
earthquake is very similar to the procedure adopted for the July 30, 1995 Northern
Chile earthquake. The only difference in data processing is that we need to slightly
modify the seismic records to eliminate the effect of the directivity. When the earthqualce occurs, the fault rupture propagates along the strike. At the stations where the
fault ruptures toweirds them, the waveform is squeezed along the time axis compared
with those stations perpendicular to the strike. On the other hajid, the waveform is
stretched at the stations where the fault rupture propagates away from them. Both
the waveform amplitude and the duration are affected by radiation directivity.
Unfortunately, the TDMT method developed in this research is not able to take

the directivity into consideration. Most of the time, it is acceptable to perform the
described TDMT analysis when the directivity is not obvious enough to affect the
waveform, as in the July 30, 1995 Chile earthquake. However, when the waveforms
axe distorted, the apparent source-time function for each station may appear differ
ently. This means that the moment tensor elements of TDMT, which is actually
the average moment tensor elements for all stations, are biased and may not give
reasonable source parameters.
To eliminate the effect of the directivity on the waveforms, the seismic records
of the 5 stations in the cizimuth range of 220°-345° are stretched to align with the
record from station CMB {A^ = 51.9°). The broadband P-wave displacements from
11 GSN stations are used in TDMT analysis (Figure 23, upper solid traces). Inversion
is performed on a 85 sec time window to include the major depth phases (e.g. pP
and sP) and the multiple reflections in the crust. The cnistal thickness used for this
area is 55 km while the average P-wave velocity is Vp=5.2 km/s, considering a 50
km crust covered by 1 km of mud ajid 3-4 km sea water on top. The operators tp
and

are 1.0 and 4.0 sec respectively.
We invert for the moment tensor elements for depths ranging from 15 km to 65

km with a 1 km depth step. Figures 21.1 - 21.3 show the resulting time-domain
moment tensor elements at depth 43, 46 and 49 km. In the depth range from 43 49 km, several moment releases can be recognized in the time window of 0-24, 26-30
and probably 42-70 sec for the first, second and the third subevent respectively. By
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Oepth= 46 km

15 sec

FIGURE 21.1: The moment tensor clients of the mainshock (Solomon Islands,
August 16,1995) by TDMT inversion at 46 km depth.

Depths 49 km

FIGURE 21.2: The moment tensor elements of the mainshock (Solomon Islands,
August 16,1995) by TDMT inversion at 49 km depth.
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FIGURE 213: The moment tensor elements of the mainshock (Solomon Islands,
August 16,1995) by TDMT inversion at 52 km depth.
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applying the condition of causality, we can see that the best focaJ depth for the first
and the second subevent is 46 km. The depth for the late part or the third subevent
may be slightly deeper since at 49 and 52 km, the Afn, M22 line up better. Also the
focal mechanism at these depths are more constant in the 42-70 sec time period.
As shown in Figure 22, the August 16, 1995 Solomon earthquake was dominated
by two subevents with equivalent size axid very similar focal geometry. The timing of
each event is well resolved while the relative location is not. Both events are dip-slip
and they strike approximately along the trench. From the strong directivity we can
tell that the main shock initiated at the epicenter and the rupture likely propagated
along a NW-SE direction towards the Solomon Islands and the New Britain arcarc junction. It can be estimated, given the source duration of 24 sec for the first
subevent, that the second subevent is about 50 km NW of the epicenter.
The pulses of seismic moment release axe the mere image of fault plane hetero
geneity, resulted from small, strong patches (asperities) spaced closely together [Lay
and Kanamori, 1980]. The failure of one patch may likely trigger the rupture of the
others. The tectonic process of the Solomon Islands-New Britain area is dominated
by the subduction of the Solomon Sea Plate underneath the Pacific Plate and the
Bitsmark Sea Plate. The continuous curvaturing of the lithosphere around the arcarc junction [Yamaoka et al. 1986; Coper and Taylor 1987] requires a shallower dip
at the corner. The shallower dipping angle increases the contact axea between the
plates and therefore strengths the mechanical coupling between the subducting and
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the over-riding plates. Such an unusual geometry may be responsible for the strong
moment release in this area.
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FIGURE 22: The source representation of the Solomon Islands earthquake on
August 16,1995 by TDMT analysis.
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FIGURE 23: The waveform comparison of the seismic records of the
Solomon Islands earthquake with the synthetics by TDMT analysis.
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CHAPTER VI

SEISMOTECTONICS OF NORTHWEST COLOMBIA

6.1

Introduction

Northwest Colombia and its vicinity is where three major plates (the South
America Plate, the Caribbean plate and the Ncizca plate) and two micro plates or
blocks (the Panama Block and the North Andean Block) interact in a complex and
active tectonic environment. The tectonics of this region has been the subject of
many studies in the past [e.g. Molnar and Sykes, 1969; Case et al., 1971; Deway
and Pindell, 1985; and Pennington, 1985]. It is generally agreed that the Caribbean,
Nazca and the South America plates are converging with respect to each other, ac
cording to both geological eind geophysical investigations [Silver et al., 1975; Kellogg
and Bonini, 1982]. The current rates and directions of plate motion in this area
indicate that the Caribbean plate is almost stationary in a hot spot reference sys
tem [Jordon, 1975]. The simplest model of major rigid plates raised a number of
problems in this region. One of the problems is that the location of the major plate
boimdaries are broad and ill-defined.
Seismicity is one of the important indicators of the plate boundaries. To the
first order, seismicity outlines the major plates (Figure 24). It also outlines some
smaller but also relatively rigid micro-plates in between. Earthquake studies provide
information to constrain the properties of plate interaction. Scattered activity within
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FIGURE 25: The focal solutions of the strong earthquakes in Northwest
Colombia since 1975.
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the plates, on the other hand, marks the internal deformation of the plates.
There were three groups of earthquake activities in Northwest Colombia since
1975, i.e., the 1977, 1986-1987 cind the 1992 sequences. The 1977 activity spotted
the northeast of this area, the 1986-1987 sequence covered the southwestern portion.
There were several events in 1990 and 1991 before the 1992 sequence. The intensive
activity started on October 17, 1992 with a large foreshock (M, 6.7). The mainshock
(October 18, M, 7.3) claimed 11 lives and injured 65 people. The mud volcanos trig
gered by this earthquake left 1500 homeless (USGS, 1992). The aftershock activity
of this sequence covered the whole area.
By the moment tensor inversion analysis, the focaJ mechanisms of the strong and
large events in these sequences are derived. The result shows that this area is subject
to a northwest-southeast compressional stress regime. Such a stress field could be a
combined result of the convergence of the Panama block from the northwest and the
rapid, eastward subduction of the Nazca plate underneath Northwest Colombia.
The mainshock (October 18, M,=7.3) of the 1992 earthquake sequence is the
strongest event in the past 15 years in this area. By matching the waveforms using
both the conventional time-independent moment tensor inversion technique and the
time-dependent moment tensor procedure developed in this study, two subevents axe
recognized: a smaller initial phase followed by a larger subevent. Both subevents of
this earthquake have similar left-lateral strike-slip focal mechanism but the foreshock
(October 17, 1992) is a thrust event.
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6.2

Source properties of the October, 18 1992 mainshock

The mainshock (Af, 7.3, 18 October) of the 1992 Colombia earthquake sequence
is a complex earthquake and has been reported as an event with a very large CLVD.
Two types of moment tensor inversion ajialysis for this earthquake axe performed to
recover the source process.
Our first procedure is the conventional TIMT or time-independent moment ten
sor inversion. The seismogram is considered as the output of a series of filters; the
source, propagation effects, site effect at the receiver and recording instrument. We
assimie that the Green's function (the effect of propagation) and instrumentation are
perfectly known. The TIMT inversion requires the condition that all components of
the moment tensor have the same time history. Under this assumption, the moment
tensor is sepcirated into two parts, the time history of the source (the scalar sourcetime function) and the source geometry or the time independent moment tensor.
The Green's functions are constructed with the generalized ray method described by
Helmberger [1974]. The source-time function is represented by a series of weighted
boxcars with very short duration, typically 1.0 sec for large events and 0.2 sec for in
termediate sized earthquakes. An arbitrarily complicated source-time function could
be simulated by chamging the relative heights, or weights, of the boxcars. When per
forming TIMT inversion, we invert for the moment tensor by matching P waveform
and SH waveform displacements at several selected stations chosen to give the widest
azimuthai ajid take-off angle coverage. The source-time function is obtained by an
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FIGURE 26: The source time function of the October 18,1992 Colombia
earthquake by TIMT analysis.
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FIGURE 27: The waveform match and the focal solution of the Ocober 18,
1992 Colombia earthquake by TIMT analysis.

iterative inversion for a given source orientation.
This event generated well recorded teleseismic body waves at GSN stations. 9
P-waves and 3 SH-waves from 9 IRIS stations were selected. P and SH phases are
equally weighted in TIMT inversion. A lowpass filter of 1.0 sec was applied to the
body waves. Figure 27 shows the P and SH displacements at all selected stations.
As shown in Figure 26, two subevents could be identified from the resulting sourcetime function. At a depth about 12 km, the inversion yields a best double-couple
representing predominantly sinistral strike-slip motion of the fault on a nearly vertical
fault plane. Because of the unresolved source complexity, this source geometry is not
robust.
To further investigate the source property of this event, the TDMT analysis is
applied to the P-wave displacements of the October 18 mainshock. In many cases,
it is reasonable to assume that all the components of the moment tensor have the
same time history. However, when an earthquake is complex, that is, when its
fault orientation, slip and/or the focal depth change with time, the time histories of
various moment tensor components are no longer necessarily the same. The TDMT
approach allows the moment tensor elements to have independent time histories by
inverting for the moment tensor elements point-by-point in the frequency domain.
By the TDMT procedure, the inversion is performed for depths range from 5
km to 39 km with a 1 km depth step. Two phases of moment release are recognized
(Figures 28.1-28.3). The first 8 sec corresponds to an event with focal depth about

82

Depth= 13 km

Depths 17 km

Depths 21 km

Mil

M|2

">Vy^

\aX^
Mi3y>

15 sec

FIGURE 28.1: The inverted moment tensor elonents in the time domain for the
October 18,1992 Colombia earthquake. The source depths are 13,17 and 21 km
for the left, center and the right respectively. The horizontal axis is the
time in sec starting from the origin time.
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FIGURE 28^: The inverted moment tensor elements in the time domain for the
October 18,1992 Colombia earthquake. The source depths are 17,21 and 25 km
for the Irft, center and the right respectively. The horizontal axis is the
time in sec starting from the origin time.
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FIGURE 30: The waveform comparison of the seismic records of the
Colombia earthquake on October 18,1992 with the synflietics
by TDMT analysis.
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5 km shallower them that of the later moment release. The second subevent started
about 8 sec after the rupture initiation and was dominant in terms of moment release.
Both subevents were strike-slip (Figure 29) cmd likely ruptured the same fault. The
temporal change of focal depth was responsible for the large CLVD (30%-40%) in
the TIMT inversions.
TABLE 9: Source parameters of the Urge and very strong earthquake* in Northwest Colombia
Depth
Origin time

Longitude

Magnitude

Lfttitude

Focal incchani«m

Resource

(km)

09/13/1994

lO/lS/1992

10/17/1992

03/19/1987

01/29/1986

78.714° W

78.882° W

78.808° W

78J08° W

78.783° W

7.082° K

7.075° N

8.845° K

8.775° N

8.855° N

21.0

17.0-21.0

13.0

10.0

10.0

5.8

Af. 7.3

6.2

mfc 5.7

5.6

Strike

283°

Dip

77°

SUp

131°

Strike

35S°

Dip

88°

SUp

-8°

Strike

49°

Dip

40°

Slip

99°

Strike

38°

Dip

17°

SUp

108°

Strike

273°

Dip

82°

SUp

-172°

Strike
08/31/1977

6.3

78.584° W

13.2° N

15.0

mfc 5.7

This study

Thu stady

ThU ftudy

HRV

HRV

101°

Dip

17°

SUp

-175°

HRV

Source properties of other strong earthquakes in Northwest Colombia

Four very strong earthquakes (mj >5.6) have occiirred in the Northwest Colom
bia since 1975 in addition to the 1992 Mj 7.3 large event. We inferred the source
parameters for the strong event on September 13, 1994(mi, 5.8), the strong foreshock on October 17, 1992(m6 6.2) and the January 29, 1986 (m^ 5.6) earthquake
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FIGURE 31; The wavdbnn match and the focal solution of the Ocober 17,
1992 Colombia earthquake by TIMT analysis.
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FIGURE 32: The waveform match and the focai solution of the September, 13
1994 Colombia earthquaice by TIMT analysis.
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by TIMT inversion. Listed in Table 9 axe the results for these earthquakes and the
source parameters of the other earthquakes from cited resources.

6.4

Tectonic implications

GIS technology came into the study of earthquakes in the 1980's but has been
growing at an accelerated pace. In a short period of less than ten years, GIS ap
plication in seismology developed rapidly and started to play an important role in
ecirthquake hazard assessment and emergency response. The merge of GIS technol
ogy and the data processing techniques of seismology produced a new generation of
GIS, namely the Geophysical Information Systems. This new generation of GIS is
characterized by strong capability of numerical processing and is designed for geo
physical data analysis. The direct and probably the most popular application of
GIS in seismology is in earthquake hazard assessment and earthquake emergency
management. As an experiment, GIS concepts and the Arc/Info package, one of
the ESRI ® products, are applied in this study to Northwest Colombia to map the
major geological features such as the fault systems, strong earthquake epicenters and
sedimentary rock types.
There are two data resources for this study. The supplemental geological map
of Northwest Colombia by Page [1986] provides comprehensive information about
the major fault systems, sedimentary rock types and the river systems. The strong
®Environmental Systems Research Institute
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earthquake epicenter data are obtained from PDE ® catalog.
Undoubtedly the offshore subduction zone, representing the underthrusting of
the Ncizca plate, is the most active fault zone in Colombia, but it is not accessible from
field geology investigation. The most active inland faults are the eastern frontal faults
of the Cordillera Oriental. Major faults which have a moderate degree of activity are
the Bucaramajiga and EL Carmen faults on the west side of the Cordillera Oriental
(Figure 33), the Romeral fault zone in the Cordillera Central, the Calima (Figure 33
and Figure 34) and the Murri-Mutata faults (Figure 34) in the Cordillera Occidental.
The fault systems which are most likely related with the 1992 earthquake se
quence are the Murri-Mutata fault zone and the Murindo fault. The Murri-Mutata
fault zone consists of the Murri fault on the south and the Mutata fault on the north.
It extends from the Caribbean sea on the north to the south for about 300 km. This
fault zone trends between iV10°W to N25°W. Near Mutata, the two faults overlap
and are 2 to 5 km apart. General topographic relationship indicates up-to-the-east
reverse displacement across this fault zone. In the southern portion, the Cordillera
Occidental erosion surface is displaced approximately 1500 m up on the east across
the Murri fault. Near Turbo, the Mutata fault displaces late Tertiary and probably
Quaternary strata hundreds of meters with up on the east displacement [Page, 1986].
The Murindo fault is located in the western part of the Cordillera Occidental,
west of the Murri-Mutata fault. It strikes north to iV10°W and extends 100 km
^Preliminary Determination of Epicenters by the National Earthquake Data Center, USGS
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to northern Atrato basin where it is probably buried by late Quaternary sediments.
It may continue northwestward beneath the northern Atrado basin. The general
topographic relationships indicate that its displacement is up to the west. The
surface is displaced approximately 300 m across the Murindo fault. The degree of
activity was not known and was thought to be low.
The rock types mapped by Page [1986] include the bed rock, Pliocene and Qua
ternary sedimentary rocks. Most of the sedimentary rocks are in the vicinity of major
river systems. In some cases, rivers tend to follow the fault strike direction and may
cause mud flow when earthquake occurs.
The eaxthquake epicenter data obtained from PDE catalog include the epicenters
of two very strong earthquakes (mj, > 6.0) which occurred in October 17 and 18,
1992 and the epicenters of 20 strong aftershocks (mj > 5.0).
The Unix station Arc/Info is selected to create and maintain the database. The
construction of the geological database for Northwest Colombia consists of several
steps including database planning, data entry by digitizer and from digitized PDE
catalog, spatial data correction, building topology, entering attributes and projection
transformation.
The following is a list of the final coverages used to store vaxious features and
the geographic references,

• CLMREF: the master coverage in the geographic reference coordinate sys
tems.
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• FRAME: the map frajne.
• PBND: the political boundary.
• COAST: the polygon coverage consists of ocean and land.
• COASTL: the line coverage of coastlines.
• PDE: the point coverage stores the epicenters of the 1992 strong eaxthquaJce
sequence.
• FAULT: the line coverage for the major fault systems in NW Colombia.
• SEDM: the polygon coverage outlines the rock types in this region, the at
tribute SEDM-CODE tells if a region is ocean, bedrock, Pliocene sedimentary
or Quaternary sedimentary rocks.
• RIVER: the line coverage of major stream systems.
The final coverages are in the geographic reference projection. The database
covers the Northwest Colombia from 79°W to 72'^W and from 4°iV to 10°iV". The
area ruptured by the 1992 sequence is approximately at the center.
Northwest Colombia is situated at the northwest corner of the South America
(Figure 24). To the north, the Caribbean plate, which has existed for at least 50
Ma., is converging or possibly underthrusting the Northwest Colombia, with poorly
defined Wadatt-BeniofF zone, in a southeast direction [Kellogg et al., 1980]. To the
west, the Panama block is also converging in a southeast direction and the oceanic
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Neizca plate is rapidly ( 6.4 cm/year ) subducting underneath Colombia [Jordaji,
1975].
The seismicity and Quaternary fault displacement cannot be explained satisfac
torily by a single Caribbean-Nazca-South America triple junction. By adding the
independent Panama microplate, Adamek ajid Froblich [1988] defined part of the
southwest boundary of the Caribbean plate as the Panama Deformed Belt (PDB).
However, between Panama to the west and Venezuela to the east, the southern
boundary of the Caribbean plate is still ill-defined. It is not clear, tectonically, if
Northwest Colombia is part of the South America plate or is part of an independently
deformed block between major plates. This region is not clearly associated with the
Caribbean plate nor the South America plate. This buffer region or Northern Andean
Block [Cline and others, 1981a] includes Andes Mountains of northern Colombia, the
Pacific and Caribbean coastal ranges and lowlands, and part of eastern Panama.
The North Andeaji Block has moved at about 1.0 cm/year north-northeast rel
ative to the the South America plate in the last 5-10 m.a., according to the studies
by estimating fault zone displacement [Kellogg and Bonini, 1982] and the block vec
tor diagrams [Deway and Pindall, 1985]. However, this block is not as rigid as the
major plates. Strong earthquakes, such as the March 31, 1983 earthquake along the
Romeal Cauca fault and the October 18, 1992 earthquaJce, characterize its internal
deformation.
The final overlay of all the currently available features (Figure 33) and a zoom-in
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of the aftershock region (Figure 34) show that the 1992 strong earthquake sequence
consists of two clusters, a minor group ruptured Mutata fault at the northeast end
of the eiftershock region. On the other hand, most of the strong events, including
the two meunshocks, eire located about 20 km west of Murindo fault. There could be
two possible interpretations.
First, there is an unknown fault underneath the northern Atrato basin and this
earthquake sequence ruptured this unknown fault zone with strike-slip motion along
based on the focal mechanism obtained by this study. Second, considering
the uncertainty of epicenter determination, this group of strong eaxthquaJces actu
ally ruptured the Murindo fault in the southwest portion of the aftershock region.
Murindo fault was thought to be inactive in the past, the 1992 earthquake sequence
probably reactivated this fault with dominantly strike-slip displacement. Both in
terpretations are possible. Epicenter relocation and field investigation are necessary
to further rectify the explanations.
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FIGURE 33: Geological environment of the Northwest Colombia and the
strong events (mb>5.0) of the October 1992 sequence. Fault systems,
rivers and rock types are automated from W. Page (1986).
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CHAPTER VII

CONCLUSION

The time-dependent moment tensor (TDMT) inversion procedure is developed
to recover the source paxameters of complex earthquakes at teleseismic distances.
The time-dependent moment tensor representation of seismic sources, the general
ized ray method and the linear inversion theory are the major theoretical bases of
TDMT technique. This procedure has been tested by a large suit of synthetic data
sets generated by complex sources, mostly multiple subevents with varied source ge
ometry and focal depth. Three typical test examples are presented to demonstrate
how the TDMT procedure resolves the geometrical and temporal variations of seis
mic sources with complex rupture history. The first test case (Model A) is a simple
source with dip-slip focal mechanism. This example demonstrates that TDMT works
for the simple cases and shows the inverted moment tensor elements when there is no
complexity involved. The second test case (Model B) is a double event with vaxied
source geometry at the same focal depth of 11 km. The subevents of this test case axe
recognized based on the physical requirements of causality and the temporal consis
tency among the moment tensor elements. Source parameters of both subevents axe
well recovered though they have different focal geometry. The last example (Model
C) is a double source with a smaller dip-slip event followed by a larger, dominantly
strike-slip event with the first source placed at II km and the second source at 17

km. This is the case of a general complex earthquaJce of multiple sources with varied
focal geometry at different focal depths. This example illustrates that the TDMT
procedure is capable of recovering the source parameters of such complex sources
and also shows that how well the source complexity can be resolved depends on the
characteristics of the source, the data coverage and the way the physical constraints
are applied.
Various factors such as the earth structure, epicenter location and the seismic
phases considered may cause uncertainty in inverted source parameters if the syn
thetic Green's functions are constructed for moment tensor analysis. The effects of
erroneous Green's functions by possible unknown factors are examined to show the
stability of the TDMT procedure. This kind of tests is performed by using incor
rect Green's functions, such as the Green's function generated by incorrect earth
structure, in TDMT inversion. The first stability test is done by giving a differ
ent set of P-wave arrivals in TDMT analysis. When the major P-wave arrivals are
taken into consideration, the resulting source parameters are robust. The effect of
the crust thickness is tested by 25, 35 and 40 km crust against a "correct" 30 km
crustal thickness. The inverted result is stable if the imcertainty in crustal thickness
is around 5 km. However, larger uncertainty in crustal thickness cause obvious errors
in source parameters and difficulties in recognizing the subevents. The last stability
test examines the effect of event mislocation or the effect of finite source dimension.
The source epicenter is placed 10, 20 and 50 km away from the real source epicenter

in this test. The recovered seismic sources in all cases suggest that the effect of the
finite fault dimension is not obvious when a point source model cam be adapted at
teleseismic distances.
The TDMT technique is applied to recent complex earthquakes: the July 30,
1995 Northern Chile earthquake and the August 16, 1995 Solomon Islands earth
quake, and the studies of the seismotectonics of Northwest Colombia. The Northern
Chile earthquake on July 30, 1995 (M^ 8.1) is a complex, multiple event. Four
subevents can be recognized within the first 34 seconds with similar thrust focal
mechanisms. Another strong subevent dominates the late pajt of the waveform ajid
is located at a depth around 28 km. The Solomon Islajids earthquaJce on August
16, 1995 has two subevents with similar size and focal geometry. No obvious depth
chaaige is resolved. Both subevents are thought to represent the subduction of the
Solomon Sea Plate underneath the Pacific Sea Plate. The Colombia earthquaJse on
October 18, 1992 is one of the strongest earthquakes to have ever occurred in the
Northwest Colombia. Two subevents are recognized by both time-independent and
time-dependent moment tensor inversion techniques. However, the TDMT inver
sion recovered more reliable source parameters of these subevents and identified the
causes of large CLVD's for TIMT inversions.
There were several groups of earthquake activity concentrated in the Northwest
Colombia since 1975. The moment tensor inversion techniques and the GIS (Ge
ographic Information Systems) are combined to study the tectonics of this region.
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The focal solutions of the strongest events in this area are recovered and the ge
ological environment is mapped by GIS. The 1992 sequence most likely ruptured
the Murindo fault system. The prevailing focal mechajiism in this area suggests a
northwest- southeast compressional stress regime has dominated in the past 20 yeajs.
Fault ruptures axe either left-lateral strike-slip striking approximately due north or
dip-slip striking northeast. The direction of the fault displacement is consistent with
the regional stress property deduced from the current plate motions.
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