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ABSTRACT

\V

amplitude and synthetic seismogram methods is being investigated. State of the

Modeling of seismic refraction and reflection data utilizing travel-time,

art techniques for both one- and two-dimensional seismic velocity models are
being developed and applied to model studies. It is observed that amplitude
effects are prominent and diagnostic features of the fine structure of one-
dimensional models and of the lateral velocity structure in two-dimensional
models. Techniques for the efficient calculation of synthetic seismograms for
an arbitrary two-dimensional elastic velocity model for a point compressional
source or a dislocation earthquake source have been developed utilizing a finite-
difference approximation to the heterogeneous elastic wave equation in two
dimensions. Numerical difficulties associated with these methods have largely
been overcome. However, the principal problem which remains in order to
routinely apply this method in modeling is that of computer time and storage

constraints.
A
INTRODUCTION
During the past three years our research has been aimed at developing
improved methods for modeling seismograms - particularly those which display
effects of laterally inhomogeneous velocity structure. Our approach has
emphasized the development of computer codes for the calculation of synthetic
seismograms. We have used analytical techniques for calculation of travel-
times in homogeneous dipping or plane layers, and the Reflectivity (Fuchs and
Mueller, 1971) as modified by Kind (1976, 1978), Ray tracing for the calculation

of travel-times and amplitudes through 2-D structures (using techniques described




by Cerveny et al., 1978, and a program provided by Dr. Mark Odegard) and finite
difference synthetic seismograms calculated for elastic and acoustic 2-D models
from either a point or a dislocation (fault) source.
TRAVEL TIME CALCULATIONS IN
PLANE AND DIPPING HOMOGENEOUS LAYERS

A computer program for calculating and plotting both refracted (head wave)
and reflected (subcritical and supercritical or wide angle) seismic arrivals
(phases) for a model consisting of plane or dipping homogeneous layers has been
developed. Travel times for the head waves are given analytically and are
easily determined, as is well-known. However, the reflected travel times require
a numerical iterative procedure to solve the parametric time and distance
equations to calculate the travel time at each desired distance. An example
of the results of this program is shown in Figure 1.

MODIFIED REFLECTIVITY METHOD
SYNTHETIC SEISMOGRAMS

We have extensively used the reflectivity method for calculating synthetic
seismograms for a 1-D model (velocity varies only as a function of depth).
Recently this method has been modified and improved by Rainer Kind and further
improved and documented by us. The program utilizes the reflectivity method
as previously, but now allows inclusion of (1) a compressional or a double couple
{earthquake) source at any depth, (2) calculation of all wave types {(for P and
SV motion) including reflected and refracted P and S waves and Rayleigh waves,
(3) the consideration of absorption by introducing attenuation (Q-l) to each
layer, (4) correct treatment of the free surface which results in prominent
multiple reflected energy.

An example of the use of the modified reflectivity method to a study of the

velocity structure of the Moho discontinuity jis shown in Figures 2-7. Synthetic




seismograms were calculated using the modified reflectivity method for the
models shown in Figure 2 which illustrate possible velocity depth curves for
the Moho varying from a first order discontinuity (FOD) to a linear gradient

transition with a depth range of 2, 5 and 10 km. The synthetic seismograms

are shown in Figures 3-6. The primary Moho arrivals are present in the dis-~
tance range of 80-240 km. Pn is a very weak first arrival beyond about 140 km
with an apparent velocity of about 7.8 km/sec (negative slope on the reduced-
time record sections). The Pn arrivals are somewhat masked by numerical noise
in model Moho 1 - the FOD Moho model. The PmP phase is the prominent reflected
arrival which follows Pn by 1-2 seconds in the range of 16Q-24kam.

The amplitudes of the Pn and PmP phases for the four synthetic seismograms
are shown in Figure 7. It is clear from Fiqure 7 that the amplitude data do

not provide adequate information to distinguish between the FOD model and the

G-2 model. However, the amplitude-distance curves can be used to recognize

and distinguish the G-5 and G-10 models from the FOD model. This means that

a Moho consisting of a gradient zone of about 2 km could not be recognized as

being different from a first order discontinuity, but , if the Moho is a transi-

tion zone as thick as 5 or 10 km, then we could certainly see the effect in the

amplitude-distance data and discover the presence of the transition zone by modeling.
An interesting and significant feature of the synthetic seismogram record

sections calculated by the modified reflectivity method is the observation of

significant energy in the later arrivals, such as in the distance range of 150-

240 km and 1-6 seconds reduced time, which are due to multiples and P~SV con-
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verted arrivals. The presence of this energy on the synthetic records is con-

sistent with that observed on real refraction record sections. Furthermore, while

the primary arrivals (Pq' Pn, PmP, etc) display excellent phase correlations
over long distances on the synthetic records, the later arrivals show very little
coherency even between adjacent seismograms. This is also consistent with obser-

vations of real refraction profiles. K




RAY TRACING

We are presently utilizing two ray-tracing computer programs for the cal-
. culation of travel-times through laterally inhomogeneous velocity models. One
program is due to Cerveny et al (1978) and the other was written by Dr. Mark

-

Odegard (Odegurd, 1977). Examples of these programs are shown in Figures 8-10.

The principal advantage of ray-tracing techniques is the ability to efficiently
calculate the travel times through a complex velocity model. We are presently
attempting to modify the ray-tracing programs to also calculate amplitudes. As

an example of this, Figure 1l shows a simple one-dimensional model of a layer
over a half-space. The half space also includes a velocity gradient. The one-
dimensional model is used so that comparison can be made with more exact synthetic
seismogram amplitudes from the modified reflectivity program. We have included

in the amplitude calculations the effects of geometrical spreading, energy

partitioning at the interfaces due to reflection and refraction and attenuation

within each layer due to absorption (Q-l). Figure 12 shows the results of ray
tracing through the model illustrated in Figure 11. Figure 13 gives the cal-
culated travel-time curve and Figure 14 the calculated amplitude-distance curves.
We are currently attempting to confirm that the ray tracing calculation of ampli-
tudes and synthetic seismograms with consideration of geometrical spreading,

reflection and refraction coefficients and ( is a reasonable approximation to

wave-theoretical methods such as reflectivity. 1In addition, we are attempting
to utilize the Disk ray theory approach of Wiggyins (Wiggins and Madrid, 1974;
Wiggins, 1976) and McMechan (McMechan, 1974; McMechan and Dey-Sarkar, 1976).
PROGRESS ON FINITE DIFFERENCE SYNTHETIC SEISMOGRAM
CALCULATIONS FOR INHOMOGENEOUS VELOCITY MODELS

Finite difference calculation techniques allow approximation to the hetero-

geneous elastic wave equation and calculation of synthetic displacement




seismograms for two-dimensional velocity models. The finite difference method
allows models to be described by a grid of physical properties, P-wave velocity,
S-wave velocity and density, which may vary both laterally and vertically in an
arbitrary manner. Any source time function of displacement versus time may be
implemented at any position within the model grid. The limit on the source is
only restricted by the frequency content of the source time function. Higher
frequencies require a finer grid size and in addition a small time step in the
finite difference calculations. Another feature which adds versatility to the
finite difference synthetic seismogram calculation method is that all wave types
are atuomatically included since it is a direct (numerical) solution to the
elastic heterogeneous wave equation in two-dimensions. It is relatively simple

to add anelasticity to the finite difference calculations as well by employing
complex seismic velocities. 1In addition, it would be feasible to allow for three-
dimensional propagation. However, this would greatly expand the computer capacity
required for the calculations and thus, we have at present restricted ourselves

to two-dimensional models.

The implementation of the finite difference displacement synthetic seismo-
gram calculations is relatively straight-forward by approximating second partial
derivatives of the heterogeneous wave equations by their finite difference equiva-
lents. Grid spacing and time step requirements must be strictly adhered to or
numerical noise and numerical instability will result. But, given that grid spacing
is small enough and the time step is small enough for the frequency content of the
source function, the finite difference synthetic seismograms are calculated in a
straight-forward way by solving U and W displacements at each grid point in the
entire velocity model for each time step and the time steps are sequentially cal-
culated for the entire lifetime of the finite difference calculation. Therefore,

the difficulties in finite difference synthetic seismogram calculation reduce to

the problems of computer storage and computer time. Given large computer capacity,




realistic geologic models can be approximated with a finite difference grid of

velocities and realistic synthetic seismograms can be calculated for body waves

and surface waves for the inhomogeneous velocity model.
We have programmed the finite difference displacement synthetic seismogram

calculations for the elastic heterogeneous wave equation in two programs. One which

is designed for a simple point explosive source and another which is designed for

an earthquake source in which a dislocation in displacement is utilized as a
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source function. This dislocation may be distributed over a finite length of a

.

fault and the fault may be oriented in any direction in the two-dimensional model.

K

We have used some simplifying assumptions which significantly reduce the com-

putation time and computer storage requirements for the finite difference cal-

ey iy S

culations. First we have assumed the models to be perfectly elastic. Addition

XTIy

of an anelasticity factor by introducing complex velocities would increase computer
storage by a factor of about 2 and computer time by a factor of approximately 4,

however, it is relatively easy to add the consideration of anelasticity into the

T T R TPy

finite difference calculations. In addition, for many problems it is sufficient
to assume a reasonable relationship between P and S wave velocities. It is par-

ticularly convenient to assume that Poisson's ratio is equal to % in which case

T 1 WA TR S 1

the wave equations can be simplified considerably and storage in the computer

can also be minimized. 1In addition, the density plays a rather minimal role in
determining the propagation characteristics for most realistic geological situa-
tions and, therefore, it is feasible to assume a relationship between P-wave velo-
city and density such as a Nafe-Drake or a Birch law between velocity and density
and this also simplifies the equations and reduces storage requirements. Special
boundary conditions are required at the free surface of the synthetic seismogram
computational grid and at the other boundaries of the grid which are really
fictitious boundaries. At the artificial boundaries we employ an absorbing

boundary condition which minimizes the reflected energy from these artificial
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boundaries and allows the model size to be as small as possible for a given
geologic model and this increases the versatility of the method.

At each grid point and for each time step the equations for the evalua-
tions of the U and W displacements require solution of an equation which involves
approximately 140 fortran arithmetic operations. The major effort, therefore,
in calculating synthetic seismograms by the finite difference method for elastic
heterogeneous models is the effort spent in solving for these displacements for
each point on the grid for all the various time steps. This can add up to a
very large number. )

As an example of the versatility of the two-dimensional finite difference
synthetic seismogram technique that we have developed, synthetic seismograms
have been calculated for velocity models for an earthquake source. In Figure 15
a homogeneous half-space model has been utilized, 10 seismometers are located
along the free surface separated at a station spacing of 10 kilometers. The
homogeneous half-space has a P-wave velocity of 6 km/sec, a shear wave velocity
of 3.47 km/sec and a density of 2.52 g/cm3. The source was a reverse fault at
depth in the homogeneous half-space approximately beneath seismometer position 6.
The source time function was a ramp in time with a rise time of 2 seconds. The
rupture velocity was 3 km/sec and the total dislocation was a 5 meter displacement.
For a shallow reverse fault source with the upper end of the fault located at
4.4 km depth and a 4.4 km fault length, synthetic seismograms are shown in Figure
16 for seismometer positions 1 through 10. The horizontal components of dis-
placement are the U seismograms and the vertical components are the W seismograms.
For this homogeneous half-space model the radiation patterns illustrated by the
vertical and horizontal component motions conform to theory. Several interesting
features are illustrated on the synthetic seismograms. First, a very small P-
wave, a somewhat larger S-wave and a very prominent surface wave are visible par-

ticularly at large distance from the source. The Rayleigh wave has elliptical
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retrograde motion as can be verified by particle motion studies of the horizontal
and vertical components. A near-field static displacement is visible particularly
for seismogram positions 5 and 6 close to the fault. Also, the amplitudes of the
displacements show a pronounced effect of the radiation pattern of the fault source
as seen by relative amplitudes at similar distances on opposite sides of the source.
Because of the small size and shallow depth of the fault, the seismograms at
distances greater then about 20 km appear to be from a point source.

As a further example of the homogeneous half-space model and to facilitate
comparison with an inhomogeneous velocity model, synthetic seéismograms were cal-
culated for the identical homogeneous half-space as shown in Figure 15 with the
exception that the fault length and depth was increased. 1In Figure 17, synthetic
seismograms are shown for a source which consisted of a 9.6 km long fault that

was located at a 12 km depth in the homogeneous half-space model shown in Figure 15.
Note that the time scale for Figures 16 and 17 differ and that the seismograms

in Figure 17 display some high frequency noise which is a resﬁlt of the numerical
calculations. This noise could be eliminated easily by decreasing the time step
for the calculations, but at the cost of increased computer time. Note that

the effect of the deeper source and larger fault plane has significantly affected
the shape of the recorded seismograms, particularly on the vertical component. A
static displacement field is still visible in the area of about 20 km on either
side of the fault. A very large difference in displacement amplitude is visible
particularly on the vertical component on either side of the fault due to the

depth of the source and the radiation pattern.

In Figure 18, an inhomogeneous velocity model designed to be similar to a
subduction zone, for example, along the western coast of South America is shown.
This model is scaled identical to the homogeneous half-space model and includes
seismometer positions at 10 km separation the same as the homogeneous half-space
model in Figure 15. Source function and the fault parameters are the same as for

Figure 17 with the exception of the rupture velocity, which for this model was
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at 3.5 km per second. The variations in P-wave velocity are shown by the
numbers in the figure and this inhomogeneous distribution of velocity results

in significant variations in travel time for the seismic waves propagating
through the model. Synthetic seismograms calculated for the model shown in
Figure 18 are illustrated in Figure 19; again vertical and horizontal components
are shown and some high frequency numerical noise is present on the seismograms,
but does not seriously effect the characteristics of the signals. Comparison of
the seismograms for the homogeneous half-space model (Figure 17) and the sub-
duction zone model (Figure 19) clearly illustrates the significant effect of the
two-dimensional velocity structure on the recorded seismograms, particularly

on the ocean side of the subduction zone model, the seismograms differs signifi-
cantly from the homogeneous half-space model. Detailed signal characteristics
also are significantly different between the two models. On the subduction zone
model, a relatively high frequenéy pulse is seen to propagate in the direction
of the fault to seismometer position 5. Refracted energy along the upper mantle
Moho is seen as small first arrivals on the ocean side of the subduction zone
model. Although absorbing boundary conditions are used at the bottom and sides
of the velocity model, some reflected energy is apparent at times between about
17 and 25 seconds, particularly on the ocean side of the subduction zone model
where the velocities are higher and the propagation time from the source to the

lower boundary and back to the surface for the reflected energy is minimized.

This reflected energy could be minimized by moving the lower boundary of the model

to greater depth, but of course at the cost of greater computer time and storage
capacity.

As can be seen from the examples shown, finite difference synthetic seismo-
grams for heterogeneous models can be calculated with reasonable accuracy for

realistic models and sources. The primary limitation of the finite difference

. e, . e




method as it is presently used is the computer time that is required. In

addition, we are presently limited to two-dimensional models, although it may
be possible in the future to utilize three-dimensional models with improved
boundary conditions along the sides of the three-dimensional grid. This would
allow for proper treatment of the geometrical spreading due to a three-dimen-
sional source and propagation. As an example of the efficiency of calculation,
the model in Figure 18 for the subduction zone consisted of 300 grid points in
the horizontal position and 100 grid points in the vertical direction and 1000
time steps were calculated to obtain the synthetic seismograms for 25 seconds of
propagation time. Therefore, 3xlO7 evaluations of the vertical and horizontal
displacement are required. That is, 3x107 calculations of displacement by the
subroutine that was previously mentioned which utilized approximately 140 for-
tran arithmetic operations. Storage requirements for the velocity and displace-
ment grid for the subduction zone model were about 270,000 locations. The
subduction zone model required approximately 15 minutes of CDC 7600 computer
time for calculation.

Further studies which are presently underway at Purdue University involve
attempts to improve the efficiency of the finite difference calculations and
development of a simplified acoustic heterogeneous wave equation program which
is designed to be used as a first step in modeling of two-dimensional seismic
data. The advantages of the acoustic equation is that it is greatly simplified
compared to the elastic equation and will provide a much faster technique for
initial modeling. Of course, the assumption of acoustic wave propagation is
incorrect for most real earth application and, therefore, the acoustic wave pro-
gram would only be used for an initial modeling tocl to approximately derive the
velocity distribution and then subsequent modeling with the elastic wave equation

could be utilized for refinement of the model and confirmation.
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Slight errors in the refracted branch travel times are numerical
effects and should be ignored.
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Figure 16. Seismograms (vertical w(t) and radial u(t}) calculated
for the model shown in Figure 15.
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Figure 17. Seismograms calculated for the model shown in Figure 15
except that the source is now a 9.6 km fault at 12 km depth.
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Figure 19. Seismograms calculated for the model shown in Figure 18.
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