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Abstract

We investigate the benefits of applying three-dimensional velocity models to seismic
event location. We develop a technique for three-dimensional seismic event location,
utilizing a finite difference method for travel time calculation and a grid search method
for location. We apply this technique to the location of three events in Sichuan
Province, China, an area of complex deformation and scattered seismicity. The lateral
differences between published event locations and those obtained using this three-
dimensional technique are between 6.2 and 12.8 km, suggesting that the relocation
of a larger number of events may refine our understanding of deformation in this
region. The locations using the three-dimensional velocity model compare favorably
with locations using a one-dimensional model, returning location depths consistent
with the geology of the area and showing smaller location variability when using a
jackknifing technique.
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Chapter 1

Introduction

Improving the accuracy of seismic event location is an important part of refining tec-

tonic interpretation. Event locations are an important factor in delineating faults,

and therefore mislocations can significantly distort our understanding of earth struc-

tures. One successful approach to improving event location is the application of

three-dimensional seismic wave velocity models to the process.

The impact of three-dimensional velocity models on tectonic interpretation can

be seen in the case of the Parkfield segment of the San Andreas fault. In this area,

events were mislocated parallel to the fault, which led researchers to believe that it

was not vertical, but had a dip. Using a three-dimensional velocity model (Eberhart-

Phillips and Michael, 1993), these events where relocated such that they correspond

more closely to the surface trace of the fault, greatly reducing the calculated dip of

the fault.

For this thesis, we have chosen a region in Sichuan Province, China (figure 1-

1) where earthquake locations are widely distributed and do not clearly delineate

faults (figure 1-2). We will investigate whether an accurate three-dimensional veloc-

ity model of this area will improve the accuracy of earthquake locations and provide

better identification of active faults. A three-dimensional model is developed on the

basis of previous geophysical and geological studies. Then, three events are relocated

using both one-dimensional and three-dimensional models, demonstrating the poten-

tial importance of a three-dimensional approach in this area. Figure 1-3 shows the



Regional Setting

Figure 1-1: Location of study region (red box).

approximate location of the sample events and station coverage.

1.1 Tectonic Setting

The Sichuan study region, which includes Sichuan Province and surrounding areas,

is located in the southwestern part of China. Western China can be divided into

two main tectonic units, the North China and South China blocks. These blocks

collided in late Triassic time and are now delineated by the Qinling suture zone.

The South China block (also known as the Yangtze block) can be further divided

into the sub-blocks Yangtze I and II (figure 1-4). Yangtze I is a triangular block

making up the northwest of the South China block, with Yangtze II making up the

southeast of the South China block. According to Kimura et al. (1990), the Yangtze

I block, on which Sichuan Province is located, was underthrust to the west during

Jurassic to Cretaceous time and formed the Sichuan Basin. Small underthrusting also

occurred on the eastern and northern borders of the block. The Yangtze I block has
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Figure 1-4: Generalized tectonic map of southwestern China, from Kimura et al.
(1990). Q.S. = Qinling suture zone; N = North China Block; Y I= Yangtze I block;
Y II= Yangtze II block: I = Indochina block.

a complicated deformational pattern resulting from its eastward movement relative

to the North China and Yangtze II blocks. The collision of India with Asia and the

continued northward movement of the Indian plate controls the present day tectonics

of Sichuan Province and the surrounding regions (Burchfiel et al., 1995).

This complex tectonic setting makes three-dimensional modeling of the area es-

pecially relevant. Two important factors in modeling this area are varying sediment

layer thickness and varying crustal thickness. Overall, the Sichuan Basin has a thick

sediment layer relative to the rest of the region. The depth to the Moho under the

region (figure 1-5) also changes considerably. The depth varies from 40 to 63 km

over a 600 km lateral distance, with a general deepening to the west, reflecting the

underthrusting of the Yangtze I block (Ren Jishun et al., 1987).
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1.2 Overview

Our main goals are to develop a technique for three-dimensional seismic event location

and to apply this technique to three events in Sichuan Province. In Chapter 2 we

discuss general problems in developing a regional velocity model, then refine these

discussions as applied to modeling the Sichuan study area. Earthquake location in

three dimensional media including location techniques, finite difference ray tracing,

and the application of the procedure to the Sichuan Province are discussed in Chapter

3. In Chapter 4 we present location results for three seismic events, as well as for

several synthetic events. Finally, in Chapter 5 we discuss how these locations may

change our interpretation of tectonics in the region.



Chapter 2

3D Velocity Model

Compiling a velocity model from heterogeneous data sources and formats is a complex

process. Relevant data tends to be available in a number of different representations,

including one-dimensional velocity profiles and regional models, two-dimensional ve-

locity cross-sections, two-dimensional velocity slices at fixed depth, Pn velocity maps,

general sediment velocity information, and depth to Moho maps. A single format for

velocity information is needed in order to combine these different sources, methods

of presentation, and scales into a reasonable model of the Earth.

2.1 Velocity Model Format

The general velocity model developed here is made up of one-dimensional velocity

profiles spaced every 0.5 degrees in latitude and longitude. Each velocity profile is

broken into 5 km constant velocity blocks in depth. The Moho depth is rounded to

the nearest 5 km so that the velocity profile does not represent an average of the

velocity contrast across the Moho. The actual depth to Moho is stored separately.

From this format, velocity can be re-sampled at a finer spacing as required by the

ray tracer. The final model input to the raytracer is made of over 2 million 2.5 km

voxels, 238 in longitude, 270 in latitude and 41 in depth. See appendix A for more

detail on how the model is re-sampled. An S velocity model is calculated assuming a

Poisson ratio of 0.25 (S velocity equals P velocity times V5).



2.2 Sichuan Model

A three-dimensional velocity model was complied using the following regional and

local velocity studies: crustal velocity profiles by Li and Mooney (1998) constructed

from deep seismic sounding data, crustal velocity profiles derived from explosion

data using two-dimensional raytracing by Yin Zhou-xun and Xiong Shao-bai (1992)

and by Xiong Shao-bai et al. (1993), and two-dimensional velocity slices from Liu

Ruifeng et al. (1993) and Zeng Rongsheng et al. (1992) which were derived from

tomographic inversion of local and teleseismic earthquake data. Figure 2-1 shows the

lateral coverage of these studies. Larger studies covering wide sections of the Chinese

continent were also incorporated including two-dimensional velocity images by Li Fu-

Tian et al. (1990) derived from P wave travel time residuals of regional and distant

earthquakes, Pn travel times from McNamara et al. (1997) obtained by travel time

tomography, and a regional velocity profile derived from waveforms and travel times

of long period P waves in the upper mantle by Wang Kai and Yao Zhen-xing (1991).

Where velocity studies overlap, there are often great discrepancies. In these cases the

more local studies are favored. When conflicting numbers are from similarly sized

studies, the most conservative numbers are used.

General information on sediment thicknesses and velocities was obtained from Ren

Jishun et al. (1987) and Ou and Deng (1995) who used a combination of two- and

three-dimensional seismic surveys to study the Sichuan basin sediments. The sedi-

ment data is not as detailed as was hoped. For this reason, all sediment information

used in the model is on the conservative side, with sediments no thicker than 5 km

and sediment velocities ranging from 4.6 to 4.8 km/sec. Depth to Moho data from

Wang Shangwen (1983) and Ren Jishun et al. (1987) was also utilized in building the

velocity model.

Figure 2-2 shows two smoothed cross-sections of the resulting velocity model. Two

one-dimensional velocity models of the area are provided for comparison. Figure 2-3

shows a one-dimensional model by Li and Mooney (1998) for the Sichuan Province

region (figure 2-1 shows the location of this study) developed from bole-hole explosion
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Chapter 3

Earthquake Location in 3D Media

A number of computational methods have been applied to A number of computational

method methods have been applied to earthquake location, we outline and compare

several popular approaches. Earthquakes have traditionally been located using one-

dimensional velocity models. Flinn (1965) implemented the least squares Geiger's

method (Geiger, 1910) for locating events and developed a method for calculating

confidence regions. Julian and Gubbins (1977) discuss two methods of two point

ray tracing, bending and iterative shooting. Both methods can be used with three-

dimensional velocity models. Shooting is an initial value problem where the takeoff

parameters are initially estimated, then refined over several iterations. Bending is a

two point boundary value problem where an estimate of the ray path between two

points is successively refined until it becomes stationary. Um and Thurber (1987)

developed a bending method which minimizes travel time rather than solving the ray

equation. These methods all calculate travel times as they are needed in the location

process.

More recently, various searches of travel time tables has been used for earthquake

location. Here a table of travel times is needed before the location process can be-

gin. Sambridge and Kennett (1986) developed a directed grid search method which

minimized a misfit function based on travel time residuals. Dreger, et al. (1998)

implemented a grid search routine which searches grids of increasing fineness as the

search is narrowed. Sambridge (1999) introduced a method of searching a parameter



space, such as a set of travel time tables, which preferentially focuses on regions of

good data fit.

3.1 GSEL

Our approach utilizes GSEL (Grid Search Event Location), an algorithm developed

by Rodi (personal communication, 2000) for locating events using a three-dimensional

model. GSEL minimizes the norm of travel time residuals by maximizing a likelihood

function based on the joint probability density function of the arrival time data. It

searches a grid of hypocenters consisting of a set of subgrids of increasing fineness.

The finest grid has a spacing of approximately 0.3 km, such that GSEL finds the

least-square hypocenter to within 0.3 km.

3.2 Finite Difference Ray Tracing

GSEL operates on a set of travel time tables generated for three-dimensional earth

models. These tables could be calculated through a large number of ray bending or

shooting algorithms or using a finite difference ray tracing method. Vidale (1980) de-

veloped a finite difference method for calculating travel times which tracks wavefronts

through a three-dimensional model by solving the eikonal equation of ray theory. This

method, given a reasonably smooth model, accurately calculates propagation, includ-

ing head waves and diffracted waves. Moser (1991) developed a different method

for calculating travel time tables which uses a graph search method for finding the

minimum time ray paths.

Travel times for this study were calculated using the NonLinLoc algorithm (Lo-

max, 2000), which implements the wavefront tracing method of Podvin and Lecomte

(1991). This method applies Huygens' principle in the finite difference approxima-

tion, correctly accounting for different modes of propagation. Podvin and Lecomte

demonstrated that this approach produces accurate first arrival travel times from

velocity models with extreme and arbitrarily shaped velocity contrasts.



3.3 Application to Sichuan Province, China

Before using GSEL to locate events, travel time grids were calculated. The first

step in doing that was choosing grid spacing for the finite difference algorithm. The

accuracy of finite difference calculations is proportional to the density of the grid on

which the times are calculated. Decreasing the spacing between grid points increases

the accuracy but must be balanced with increasing data size and limits on computer

memory. Figures 3-1 shows the travel time error in a homogeneous model at 10, 5,

2.5, and 1 km grid point spacings. Since this is a finite difference method, there

are variations in accuracy depending on how well the ray path can be fit by the

finite difference scheme. The most accurate times are calculated for ray paths that

correspond to a straight line of nodes, either along grid cube edges, corner to corner

through grid cubes, or corner to corner on a cube side. For application to the Sichuan

model, we chose a 2.5 km spaced grid which yields a 0.27 second maximum error for a

homogeneous medium over a region similar in size to the Sichuan study region. The

travel time error is smaller than the picking error for the earthquake arrivals data.

The finer 1 km grid is not used because files becomes prohibitively large.

The velocity model discussed in Chapter 2 uses spherical coordinates and must

be converted to a Cartesian grid as required by the ray tracer. This is done with an

emphasis on preserving distance and requires separate velocity grids for each station.

See Appendix B for more information on this conversion. A flattening correction

is applied to the velocity model to account for curvature of the Earth. Flattening

corrections are discussed in Appendix C.

Travel times were calculated for all the stations. An example of the effect of the

three-dimensional velocity model on travel times can be seen in figure 3-2. Figure

3-2 shows the difference in seconds between the travel times at the surface calculated

from the three-dimensional model and the one-dimensional six layer model (figure

2-3) for station YTS. Near the source, there is only a small difference in travel times.

Further distances, however, show differences up to 2.6 seconds which corresponds to

a distance of more that 15 km. The ring approximately 150 km from the source is a
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result of different Pn crossover distances for the two models, due primarily to different

Moho depths.
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Chapter 4

Location Results

Several synthetic events are generated. Locations are then computed using the one-

dimensional six layer layer model (Ran Zhou et al., 1991; see figure 2-3) and compared

with locations generated by the three-dimensional model. Three real events are locate

using both the one-dimensional six layer model and the three-dimensional model.

Special attention is paid to the influence of S waves on location and the substantial

differences in depth between the one- and three-dimensional model locations in both

the synthetic and real cases. The Grid Search Location (GSEL) algorithm is used to

compute all locations. The location capabilities of GSEL are compared with those of

a widely used location program, HYPOINVERSE, in appendix D.

4.1 Location of synthetic events

There are gaps in the station coverage for the three real events we will be looking

at. For the initial synthetic location tests, the real seismic array of 16 stations is

supplemented with 17 imaginary stations to fill in these gaps, bring the total number

of stations to 33 (figure 4-1). Arrivals for five synthetic events were calculated using

the three-dimensional travel time tables. These five events share the same epicenter

at 31.6 degrees longitude and 104.2 degrees latitude, which is in the region of the three

real events, and depths of 0, 10, 20, 30, and 40 km. Gaussian noise with a mean of 0.5

seconds was added to the P arrivals, and noise with a mean of 1 second was added to



the S arrivals. Locations were calculated using both the one- and three-dimensional

models, using only P arrivals as well as using both P and S arrivals. The resulting

location epicenters are shown in figure 4-3 and the location depths are shown in figure

4-2. The locations using the three-dimensional model (blue symbols) are within 2.5

km of the true depth when only the P arrivals are used and within 1.1 km when

both the P and S arrivals are used. The locations using the one-dimensional model

(red symbols) are between 11.4 and 32.5 km deeper than the true depth when only

the P arrivals are used. This result for the one-dimensional model does not improve

with the addition of S arrivals which in fact push the location deeper in most cases.

These substantial errors in depth are due to the misrepresentation of the Moho in

the one-dimensional model. The epicenters for locations using the three-dimensional

model are within 1 km of the true epicenter for both the case where only P arrivals are

used and the case where P and S arrivals are taken in to consideration. All of these

locations are slightly to the East of the true epicenter. For the one-dimensional model

locations the epicenters are from 1.2 to 5.2 km away from the true epicenter. These

are all mislocated from 0.9 to 1.7 km west of the true epicenter. This is expected

because the Moho is approximately 48 km deep at the true epicenter and slopes to

the west in the model used to generate the arrival times while the one-dimensional

model has a constant Moho depth of 60 km.

The next set of synthetic tests use the same arrival times as in the above mentioned

test, however, only the real stations and arrivals observed in the real events are used.

This includes P arrivals at 14 real stations (real stations are shown in red in figure 4-1)

and in some cases S arrivals at four of these stations (CDU, GDS, YGD, and YTS).

Locations were again calculated using both the one- and three-dimensional models,

using only P arrivals as well as using both P and S arrivals. The resulting location

epicenters are shown in figure 4-4 and the location depths are shown in figure 4-5.

The resulting depth component in all cases remains similar to the results seen using

the 33 station array. The three-dimensional model location depths are with 2.9 km

of the true depth with or without the S arrivals. Using the one-dimensional model,

mislocations in depth range from 8.3 to 27.8 km deeper that the true depth. The
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calculated epicenters are mislocated to the south of the true epicenter in all cases.

This is due to the gaps in the seismic array coverage to the North. However the

pattern of east-west mislocation remains similar with all the three-dimensional model

epicenters located slightly east of the true epicenter and all the one-dimensional model

epicenters mislocated from 0.8 to 3.8 km to the west. The total lateral mislocation

ranges from 1.5 to 6 km for the one-dimensional model case and from 2 to 3.5 km in

the three-dimensional case.

The largest location errors in all the synthetic tests were in the depth component.

The one-dimensional depths were too deep in all case. This confirms that model error

can shift location depth significantly.

4.2 Location of three real events

Shown in figures 4-6 and 4-7 are event locations calculated by GSEL using the six

layer, one-dimensional model and only P arrivals (red *'s) and the three-dimensional

model using only P arrivals (blue +'s) for three real events. The most distinct differ-

ence between the locations using the one-dimensional and three-dimensional models

is the depth. The one-dimensional model locations are from 15 to 30 km deeper

than those for the three-dimensional model. This difference is perhaps even greater,

since the depth for the one-dimensional location of event three is 62.5 km depth,

resting at the lower extent of the model. When S arrivals are also used for loca-

tion, the one-dimensional locations (red diamonds) remain much deeper than the

three-dimensional locations (blue squares). This pattern of depth locations is sim-

ilar to the pattern seen in the synthetic examples. The depth component of both

three-dimensional locations are near each other and much shallower than the depth

components of the one-dimensional locations.

Figure 4-8 shows the depth distribution of seismic events in the Sichuan study

area from 1980 to present. Events located using a fixed depth of 33 km have been

omitted. The majority of events are located above 40 km, with a large number of

events in the 15 to 35 km range, similar to the three-dimensional model locations.
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There are very few events in the 50 to 60 km range that the one-dimensional model

locations favor.

Figure 4-7 shows how the epicenters of the events move depending on location

models. The three-dimensional model locations (blue symbols) tend to be further

from the published locations (black x's) than the one-dimensional model locations

(red symbols). All of these locations are a significant distance, however, from the

published locations, varying from 6.2 to 12.8 km laterally.

4.3 Informal jackknife type error estimate

The jackknife (Efron and Gong, 1983) is a method of estimating standard error.

Given a statistic of a data set, the change in that statistic when it is calculated using

a subset of the data set is an indicator of the error of the data set. The less the

statistic changes when calculated using various data subsets, the smaller the error

of that data set. This idea is applied informally to the locations of the three real

events. Each event is located a number of times, excluding one station each time.



The average of the difference between each location using a subset of the data and

the location using the full data set is calculated. This average is used as an indicator

of error, a smaller average indicates that a more appropriate model was used.

Each event was located using the method above, both using the one-dimensional

and three-dimensional models. Locations with the three-dimensional model varied

less for events one and two compared to results using the one-dimensional model.

For event one, the average location change was 2.72 km using the three-dimensional

model and 5.74 km using the one-dimensional model. For event two these averages

were 5.30 km and 6.34 km. The smaller location variability suggests that the three-

dimensional model is more appropriate than its one-dimensional counterpart. For

event three the results for the one-dimensional model seem better, with an average

location change of 2.33 km using the three-dimensional model and 1.81 km using

the one-dimensional model. On closer inspection, however, locations for event three

using the one-dimensional model are at the lower depth bound for the crusts (the

lower extent of the model) almost half the time. Without this lower depth bound, the

average location change for the one-dimensional case would have been larger, however

deeper locations are geologically unlikely since this would put the hypocenters below

the Moho.



Chapter 5

Conclusions

Three-dimensional velocity models are an important tool for improving event location

in geologically complex areas. The relocation of only three events in this region

does not provide enough information to make conclusions about fault structure or

deformation patterns. However, the lateral change in location for these events, from

6.2 to 12.8 km, is significant. This suggests that relocation of a larger number of

events may lead to a refined understanding of the deformation of this region.

Location depths resulting from the three-dimensional velocity model correspond

more closely to our geological understanding of the region than those for the same

events using the six layer, one-dimensional velocity model. Earthquakes tend to occur

in the middle to upper crust instead of near the Moho where material becomes more

ductile and less susceptible to faulting. Looking at the location of events in Sichuan,

from 1980 to the present, the majority of events are located shallower than the one-

dimensional model locations.

Event locations can continue to be improved by refining the three-dimensional

velocity model. The incorporation of more local velocity studies and sediment thick-

ness information will be an important part of this process. Another path to model

improvement could be through tomographic inversion of travel times, using the three-

dimensional model as a starting point and updating it to reduce residuals for a large

number of events.



Appendix A

Velocity Model Interpolation

The velocity model is a set of velocity profiles, spaced every 0.5 degrees in x and y,

and an exact Moho depth for each of those points. Each profile is made up of a set

of velocities which are sampled every 5 km in depth. Each velocity represents the

average velocity for a given 5 km section in depth. For example, the first velocity

in each profile represents the average velocity from 0 km depth to 5 km depth. The

Moho is rounded to the nearest 5 km such that the velocity contrast across it is

preserved.

To begin the resampling process, the exact depth to the Moho is bilinearly in-

terpolated for each new point of interest. The following formula is used for the

interpolation:

X=(a)*(b)*A+(1-a)*(b)*B+(a)*(1-b)*C+(1-a)*(1-b)*D (A.1)

where A, B, C, and D are the data values at the four nearest points, X is the

value at the new point, and a and b represent the distance of X from it's nearest

neighbors (fig A-1).

This Moho depth is then used to 'stretch' and 'shrink' each of the four nearest ve-

locity profiles so that their Moho depths are aligned with that of the new point (figure

A-2 (2)). Then, the new velocity profile is calculated through bilinear interpolation



Figure A-1: Bilinear interpolation of data at point X uses the values at points A, B,
C, and D weighted by the relative distance of X from each of them.

of the adjusted velocity profiles (figure A-2 (3)).

Through this process, the velocity contrast across the Moho is not smeared over

several velocity blocks. At most, one velocity in each profile represents a combina-

tion of crustal and mantle velocities. If bilinear interpolation were used without the

'stretch/shrink' step, in areas where the depth of the Moho changes dramatically

the interpolated velocity profiles would not have a sharp velocity contrast across the

Moho (figure A-2 (4)). Instead the velocities near the Moho would be an average of

crust and mantle velocity values.
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Appendix B

Velocity Model Conversion

Converting the velocity model from a spherical to a Cartesian system causes some

distortion of the model geometry. To minimize the impact of this distortion on travel

time calculations, special attention is paid to preserving lateral distance between

points.

For a given station, the distance from it to any point in the Cartesian grid should

be as close to the distance from the station to the same point in the spherical model.

A simple conversion of degrees to kilometers using a constant is not adequate since

kilometers per degree varies with latitude. Instead, the distance and azimuth from

the station to a given point on the Cartesian grid is calculated using the following

formulae:

S 180 dx2 +dy 2  (B.1)
r * 6371

180 dx
a = arctan(-) (B.2)gr dy

A is the angular distance between the two points, a is the azimuth of the point

with respect to the station measured clockwise from north, dx and dy are the x and y

components of the distance from the station to the point measured in the Cartesian

coordinate system (Lay and Wallace, 1995). Then the latitude and longitude for that

point on the sphere is calculated using the distance and azimuth using the following



equations:

latoint = 90 - arccos (cos(90 - A - latstation) - cos(latstatio) *cos(90 - A)* (1 -cos (a)))

(B.3)

lOnpoint = lOnstation+ arctan( sin()) * cos(90 - A)
sin(90 - A - latstation) + sin(latstation) * cos(90 - A) * (1 - cos(a))

(B.4)

With the latitude and longitude of the point, the velocity can be interpolated from

the spherical model.



Appendix C

Flattening Corrections

When flattening a three-dimensional model of velocity, a compensation must be made

for the difference in the length of the ray path connecting two points on a sphere and

the path connecting the same two points on a flat earth model. To compensate for

the longer ray path in the Cartesian model, velocities must be slightly faster with

depth than in the spherical model. Approximate flattening corrections were applied

to the velocity model using the following formula.

Vflattened(i) = e6an * Voriginai(i) (C.1)

where Voriginai(i) is the ith velocity in the spherical model, Vflattened(i) is the ith

velocity in the Cartesian model, and z(i) is the depth of the original velocity (Biswas

and Knopoff, 1970).



Appendix D

Comparison of GSEL and

HYPOINVERSE

The widely used, one-dimensional earthquake location program HYPOINVERSE

(Klein, 1978) was used to compute locations for three real events using the one-

dimensional six layer model (Ran Zhou et al., 1995). The six layer model was chosen

from a group of one-dimensional models after it returned the smallest residual nor-

mals for the three events discussed below. GSEL locates the events using travel time

tables generated by HYPOINVERSE for the same one-dimensional model. For all

three events, the resulting residual normal from the GSEL location is smaller than

that from the HYPOINVERSE location. This confirms that the GSEL program is

finding a better location in each case (where better means a more accurate data fit as

measured by the residual normal). Differences in location can be seen in figures 4-6

and 4-7 where the location by HYPOINVERSE is marked with green circles and the

locations by GSEL using the one-dimensional model are marked by red diamonds.

GSEL is used for locating events because it returns a smaller residual normal than

HYPOINVERSE for one-dimensional models and because it has the capability of

locating events in three-dimensional models.
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