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INTRODUCTION

This is the final report for the project titled "CSDP: Seismology of
Continental Thermal Regime". Under the current grant, we have made
considerable progress in the study of both wave propagation in complex
structures and source mechanism of geothermal seismic events. As described in
detail in the next section, we have accomplished the following work in the
past one year period.

(1) Interpretation of long-period events observed at Mt. St. Helens and at
the Fenton Hill hot dry rock experimental site in terms of seismic
radiation from a fluid-filled crack.

(2) Interpretation of teleseismic data collected in and near the Valles
caldera in terms of a\model with irregular topography, caldera fill, and
magma chamber.

(3) Interpretation of VSP (Vertical Seismic Profiling) data from the Oroville
fault zone by ray tracing and polarization calculation for P, SV and SH
waves in heterogeneous and anisotropic media containing aligned
fluid-filled and/or dry cracks.

(4) Development of a new powerful method for calculating seismic motions in
media with irregular topography and interfaces by the superposition of

Gaussian Beams.
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NOTICE
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assumes any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product or process disclosed or

represents that its use would not infringe privately owned rights.
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Summary Report for the Past Year

(1) Interpretation of long-period events observed at Mt. St. Helens and at
the Fenton H1ll hot dry rock experimental site in terms of seismic
radiation from fluid-filled crack.

Since Fehler (1983) found that volcanic tremor and so called "long-period
events" observed at Mt. St. Helens share the same peaked spectrum, the formef
has come to be regarded as a sequence of randomly occurring long-period
events. Recently, Bame and Fehler (1986) showed that the first events which
occur during hydraulic fracturing in virgin rock at the Fenton Hill hot dry
rock site are long-period events. Fig. 1 compares the long-period events from
Mt. St. Helens and Fenton Hill. The similarity in both wave form and spectrum
is striking although the time scale differs two orders of magnitude between
the two. This similarity naturally suggests that the long-period event and
tremor at Mt. St. Helens may also be due to hydraulic fracturing by excess
magma pressure (Nakamura, 1977; Aki et al., 1977).

Figure 2 shows observed waveform of several long-period events at Fenton
Hill and the corresponding spectra. The diversity of waveform is
considerable; all these events have been recorded at the same station within
one hour of the start of pressurization. We believe, however, that they are
all generated by the same fluid-filled crack because the two lowest frequency
peaks are identical for all events. The one at the bottom of Fig. 2 is
probably a tremor composed of several long period events.

In order to simulate these events, we used the computer program written
by Chouet (1986) who solved the coupled equation of motion for fluid and solid
by a finite difference method. As shown on the right hand side of‘Fig. 3, a
fluid-filled crack of rectangular shape with length L and width W fs embedded
in an isotropic homogeneous unbounded elastic medium. Seismic radiation is

excited by the sudden failure of a barrier of area WS as indicated in the same
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figure. The failure of the barrier is simulated by applying a step in normal
stress over the area AS given a short rise time. The fluid flows into the
cavity newly created by the openiny of the barrier, vibration is set up in the
fluid and seismic waves are radiated.

The contour map at the left-hand side of Fig. 3 shows the spectral
amplitude of far-field P and S waves as a function of frequency w and wave
number k. The far-field spectrum in the direction 8 can be obtained as a
cross-section along a straight line passing through the origin (k=0, w=0),
with a slope determined by e. For example, the two lines indicated as
"P-radiation" corresponds to =0 and 9=180°. The contour map is used for a
quick comparison of model prediction and observation. The P-waves farfield
displacement and spectra corresponding to three different cases of barrier
locations are shown in Fig. 4 for 9=30°. MWe find that the yeneral appearance
of predicﬁed records is quite similar to the observed.

Depending on the location of barrier, excited modes are different., If
the barrier is located at a node of a given mode, this mode will not be
excited. For example, when the barrier is at the center of the crack, the
fundamental mode with wavelength A=L disappears. The character of wave-form
changes quite drastically depending on the barrier location. The length of
barrier also affects the wave form considerably as shown in Figs. 5 and 6.
When the barrier lies alony the whole width of the crack (top case), only
longitudinal modes are excited, and the amplitudes of spectrum peaks decay
regularly with frequency. On the other hand, as the barrier length is
shortened, both longitudinal and transverse modes are exited and interact to
give rise to strong peaks at intermediate frequencies. This feature can be
seen in observed cases as shown in Fig. 2. The case 3 shows a strong peak in

the middle of the spectrum while the case 4 shows a regular decay with
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increasing frequency.

Thus, we can not only reproduce the general appearance of observed
seismogram, but also explain their variability using a single model of fluid
filled crack with different trigger locations and geometry.

The model parameters best constrained by the fit to observation are the
length L and the width W of the crack. For the episode shown in Fig. 2, L and
W are estimated as 5 and 1.25 meters. The thickness of crack can in principle
be determined if we can constrain crack stiffness factor C. Although we need
more parameter sensitivity study to gain confidence in the estimation of C,
C=100 gives a reasonable agreement with observed features of seismograms, and
corresponds to the thickness of 5 mm. We also estimated the magnitude of
excess pressure from the absolute amplitude of tremor, and obtained a
reasonable value of several tens of bars.

Finally, we would like to demonstrate the ubiquity of long-period events
and tremors in the world volcanoes by showing the record of unusual events
observed at Ushima one year before the recent eruption in Fig. 7. The record
is obtained by Ukawa and Ohtake (written communication) and is compared with
the Fenton Hill event shown at the bottom of Fig. 2. The similarity is again
striking. Since the time scale between the two events differs by a factor of

100, the fluid-filled crack at Oshima should have the size of 500 m x 125 m.
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(2) Interpretation of teleseismic data collected in and near the Valles
caldera 1n terms of a model with i1rregular topography, caldera fill and
magma chamber.

Figure 1 shows a map view of the site occupied by six 3-component digital
event recorders in the Jemez Mts. during the field experiment in the summer
and fall of 1986. The sites in the Valles caldera at RDT, JAR and PUA were
moved to FLK, BRY and WAC for the second half of the experiment. The three
eastern sites PIP, GRE and GCA were maintained throughout the entire
experimeht. The linearity and azimuth of the array were chosen with the aim
of recording normally incident teleseimic events from the Tonga Trench for
comparison with the synthetic results computed by the method of Aki and Larner
(1970) for an appropriate caldera model. By adjusting the model until a good
fit is obtained we intend to obtain an accurate profile of P‘and S-wave
velocity for the caldera and underlying structure including the presumed magma
chamber.

Figure 2 shows the free surface topography model used in the synthetic
calculations. The locations of the nine field sites in Figure 1 are also
indicated. The Aki-Larner method produces estimates of the displacement
field, in the frequency domain, at x-coordinates along the free surface of the
model and comparisons with observed data are made at the positions
corresponding to the field sites. Figure 3 shows one possible choice for the
full 3-layered model geometry. The model is defined from x=0 to x=256 km with
the interface irregularities confined to a 40 km interval centered at x=128
km. We have been testing this and 6thér geometries with various degrees of
interface contrasts and incident wave frequencies to attempt the fit with real
data. We have used what information exists about possible interface shapes
and locations and about possible velocities and densities for the media in

each layer. The surficial layer is low velocity caldera fill and its
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thickness and velocities are fairly well known. We model the magma chamber as
a low velocity intrusion into an otherwise uniform granite basement, assigning
the same medium parameters to both layer 2 and the halfspace. Since little
conclusive evidence exists concerniny the size, shape and velocities in the
magma body we believe that these three aspects of the model are more freely
adjustable than those defining the granite basement, caldera fill or surface
topography. We have set about isolating those features of the free surface
displacement profile which can be attributed mainly to interaction with the
magmas by examining several simpler models.

Using the model in Figure 3 as a start we generated the displacement
profiles for two different frequencies of plane P-waves normally incident in
the halfspace. Figure 4 shows the results for f=0.5 and 1.0 Hz for the
vertical and horizontal components of motion. All plots of this kind are
shown normalized by the vertical component solution for the corresponding
problem in which all interface irregularities are removed (flat layer
problem). The plot amplitudes then represent amplification or attenuation
relative to the flat layer solution. The plots in Figure 4 are complicated by
dominant effects of the surficial layer and surface topography and it is
difficult to assign any features to the magma chamber. Figure 5 shows results
for the same model with the surface topography removed. Figure 6 shows the
0.5 Hz plot of Figure 5 alony with the results obtained with the surficial
layer and magma chamber removed in turn. Here we can see thaf the surficial
layer produces the peak amplitude in the vertical component but the magma

chamber is primarily responsible for the peaks in the horizontal component.
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Also the vertical component shows zones of mild attenuation at about x=112 and
144 km and a significant drawdown of the peak amplitude, both of which are
clearly caused by the magma chamber. These effects increase with increasing
contrast between the granite and magma and eventually will produce attenuation
in the vertical component at x=128 km for f=0.5 Hz. Concurrently the peaks in
the horizontal component will grow until vertical and horizontal amplitudes
overlap. These numerical experiments help to design future field experiments
for crucial observations.

During the 1986 field experiment we recorded a magnitude 6.0 teleseism
from the Tonga Trench at sites RDT, JAR, PIP, GRE and GCA. All sites except
GRE displayed horizontal motions comparable in amplitude to the vertical
component. Since Tonga is far enough away (delta = 88 deygrees) to assume
nearly vertical incidence for waves arriving below the caldera model we
assumed the horizontal motion to be due to scattered waves generated by the
caldera sub-structure. The GRE vertical record was used as the reference in
the spectral ratios because scattering was the least at GRE. The north-south
components were ignored since the synthetic solutions for P-SV scattering
problems only yive motions parallel to the x-z model plane.

The spectral ratios at 0.2, 0.5 and 1.0 Hz are summarized in the

following table.
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Table 1. Spectral Ratios

RDT JAR PIP GRE GCA
v 0.5 0.3 3.0 1.0 0.5

Y 7 (AU PRSPPI DU PRI PRSP P,
H 2.0 0.3 0.3 0.2
v 0.6 0.5 0.5 1.0 0.5

VYT 72 OO PR Y PPN PRSP PP
H 1.0 0.5 1.0 0.5
v 0.4 0.6 1.0 1.0 1.0

VY 2 [ R PR (RO PRI S
H 0.2 0.4 0.8 (1.0)

The most interesting result from Table 1 is that the vertical component
amplitudes at stations within Caldera (RDT and JAR) are lower than at stations
located on the rim or outside. As shown earlier by the numerical experiment,
we know that the topography and magma chamber have the effect of reducing
vertical component amplitude, but the caldera fill have the effect of
increasing it. Our observation appears to support that the former effect is
stronger than the latter.

The observed horizontal-component amplitude should further resolve the
question. Their spatial pattern at 0.5 and 1 Hz is, however, somewhat
erratic, and cannot give conclusive results. On the other hand, the amplitude
at 0.2 Hz shows a systematic increase toward the rim consistent with the

effect of magma chamber as shown in Fig. 6.
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Thus, our preliminary results suggest the presence of magma chamber under
the caldera. Further numerical experiments and additional observations would
give us more definitive results on the geometry and seismic properties of the

mayma chamber,
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(3) Interpretation of VSP data in terms of a heterogeneous anisotropic
medium containing aligned cracks.

A nulti-offset and multi-depth 3-component VSP (Vertical Seismic
Profiling) survey was carried out in a hole in Oroville, California, drilled
through a fault zone where an earthquake occurred in 1975. The borehole
seismograph may be oriented and pinned securely against the borehole wall.

We used a weight-dropping seismic source called “thumper". The seismograph
was placed at various depths and the thumper walked away from the top of the
hole toward and perpendicular to the surface trace of the fault as
schematically shown in Fig. 1.

The observed 3-component records were rotated in such a way that the
radial component (P) parallel to the ray path, the horizontal component (SH)
perpendicular to ray path and the SV component orthogonal to P and SH are
separated on the basis of an initial model of velocity distribution. Some of
the observed P, SV, and SH records are shown in Fig. 2. The thumper generated
coherent SH waves probably because of the interaction with the near-surface
anisotropy with non-vertical axis of symmetry.

We observed a very clear shear-wave splitting: SH waves arrived earlier
than SV waves roughly by 0.05 ms per 1 meter of propagation path.
Qualitatively, this can be explained by dry or wet cracks aligned parallel to

the fault zone. In order to obtain a quantitative result, we modeled the
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medium by an elastic body with elastic constants Cijs (i,j=1,2...6), given by

0 1
Cij = Cig *+ Cyy (1)

o 1
where Cjj is an isotropic elastic constant, and Cjj is the anisotropic

perturbation due to the presence of aligned cracks.

Following Hudson (1981), we have

A2 a2 A(A+2y)
A2 a2 A(a+2y) U3z ’
— A(a+2u) a(a+2u) (A+2y)2
Cij = - (2)
n 0 2y2 0
22 U11
0 0

here Uy1 = 16/3 (A+2u)/(3a+4y) and U3z = 4/3 (A+2y)/(a+y) and e is the crack
density. The crack density is defined by 0'Connell and Budiansky (1974) and
is equal to N<a3> for circular cracks, where N is the number of cracks in unit
volume, and a is the radius of crack. We assumed that the crack density e is
a function of distance from the fault plane, and expressed the variation by
simple curves specified by a small number of parameters.

We used the ray tracing system deécfibed by Cerveny and Psencik (1972)
for a two-dimensional anisotropic heterogeneous medium. For a point (x,z) on

a ray path and a slowness vector (p,q), the equation for ray tracing, with
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travel time, as the independent variable can be written as

dx
- = p (A11 + Ag5 - 2A11Ag5 p2 + A g2) / D

T
dz
- = q (A33 + Asy - 2A33A55 g2 + A p2) / D

T
dp

-= = = {3A11/3X p2 Dy + 3A33/3X q2 D1 + 3Ag5/aX F +
dr

23A13/3X p2q2 (A13 + Agg)) / 2D

dq
-- = - {8A11/3z P2 D2 + 3A33/3; q2 D1 + Ag5; F +
dt

23A13/0z p2q2 (A3 + Ags} / 2D
for P-SV waves, and

dx

P Ag6

dz

q A4g

dr
dpP

dt

- 1/2 (3Agp/3x p2 + 3Ag4dx q2)

dq

dt

- 1/2 (3Ae6/dz P2 + 3Ag4/92 q2)
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for SH waves, where
Dy =1 - A1) P2 - Ass q2, Dz = 1 - Ags p2 - A3 q2
A

A132 + 2A13 Ass = Aj] A3z, D =Dy + D

F=p2+4q2 - A1) p4 - A33 q* + 2p2Q2 Ay3,
and Ajj = Cijj/p.

There are three vectors associated with the waves in anisotropic medium,
The first is the group velocity with components (dx/dr, dz/dt). The second
is the direction of the propagation of wave front, or the slowness vector with
components (p,q). The last one is the direction of particle motion, or
polarization vector. This is determined by solving the eigen-value and eigen-
vector problem for plane harmonic waves in anisotropic media (Aki and
Richards, 1980, p. 185).

Using the above equations, we formulated an inverse problem for the
travel time P, SV and SH waves. Fig. 3, 4 and 5 shows the fit of observed
(dots) and calculated times (curves in the inset) for typical ray paths for
the case of P, SV and SH respectively. Final result is shown in Fig. 7, where
the crack density is plotted as a function of distance from the fault. We
find that

(1) the maximum crack density at the center of fault zone is 7%,

(2) the effective width of the fault zone is about 25 m, and

(3) although the crack density decreases with distance from the fault,

the hanging wall contains much more cracks than the foot wall.

The comparison of observed and calculated polarization vector of first P
waves also supported the model determiﬁed from travel time data as shown in
Fig. 6. The model explains well some extraordinary observations such as the

reversal of the sign of first motion with the depth of seismograph.
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TRAVEL TIME (msec)

Normalized amplitude seismic grains at three borehole depths for
fault range of source offsets. Rows are from top to bottom, P
(along ray path), SV (normal to ray path, in sagittal plane), and
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90 m, 210 m, and 305 m. Note the transition from hanging wall to
footwall denoted by early arrivingd energy at the bottom of each
panel. Note also the clear velocity difference between SH and SV
enerqy at lower receiver locations.
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(4) Development of a powerful new method for calculating seismic motions in
media with irregular topography and interfaces by the superposition of
Gaussian Beams.

Despite recent development in the theory of Gaussian Beams to solve some
seismoloyical problems, since its introduction into seismoloygy by Cerveny et
al. (1982), there is a certain lack of experience in determining to what
extent the advantayges and limitations of the theory can be of practical
importance.

Most of the earlier‘applications were actually given within the context
of introducing the theory, assuming simplified cases and calculating
synthetic travel times and seismograms due to ideal incident seismic waves
(Cerveny, 1983; Cerveny et al., 1983). Later on, only a few hard tests were
performed for more complicated cases in 2-D (Nowack and Aki, 1983) and 3-D
(Klimes and Cerveny, 1983) and on vertically heterogeneous media (Madariaga,
1983). Applications to study the crust-lower lithosphere using an efficient
dynamic ray tracing has been performed by M;ller (1983) and a hybrid method
which combines both the Gaussian beam and the normal mode theories has been
applied to calculate the waveform synthesis of surface waves in laterally
heteroyeneous earth (Yomogida and Aki, 1984). These works have contributed to
estimate the capabilities of the Gaussian beam solution in dealing with
problems that seismologists meet in real cases.

In this work we will try to contribute to this purpose by applying the
theory to calculate the scattered waves in a homogeneous half-space with an
irregular topography. An important feature of the yaussian beam solution, of
practical value in this problem, is that it is regular at every point where
the field is to be calculated, overcoming probléms inherent to other methods,
such as the breakdown of the ray theory at caustics and the instability of the

source point discretization of the boundary integral method.



-4]1-

The general expression for an individual gaussian beam representing a
SH-wave in a homogeneous medium is:
; 2
(50-1L02)1/2 n

5Ny = G(Sg) =======--- ~iwlt-t(s,n)] (= mece=e-
vs(ssn,w) G(SO)(S-iLOZ) v T exp [L(s)]Z) (1)

where:
s, n are the ray-centered coordinates, sg the ray coordinate of the beam's
origin point, (Figure 1)
G(Sg) is the initial amplitude,
AS 2 1l/2
L(s) = Ly (1 + (----) I is the width of the
nly2
beam, which varies along the ray path from an initial width Ly at s for a

given circular frequency w. A more convenient parameter L, independent of

frequency can be defined by
LM = (ZB/w)l/zLo’

1 1
t(s,n) = = [s + 1/2 K(s) n2], K(5) = ==c-cocecacncano
8 wLm?
S[1 + (=---)2]
AS
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The quantity K(s) can be interpreted as the curvature of the wave front as a

function of distance s measured along the central ray.

represents a time delay at a point off the central ray relative to the travel
time at the central ray. The complex valued function
J H2(s) = ( mmmemeea- )
Sg - 1Ly2
is calculated such that - < arg (J(s)) < = for s > sg, i. e., élong the
principal branch.

Since a single Gaussian beam has little, or perhaps no relevance in
seismoloyy, we are driven to represent our total wave field due to the
incident and scattered waves as a superposition of many beams propagating at
different directions. The incident wave can be a beam representation of a
plane wave or a line source (Nowack and Aki, 1983). To represent the
scattered waves we select P points along the topography and shoot Q beams from
each point (Figure 2), at different take-off angles, covering a broad range of
directions. The ray-centered coordinates are calculated in terms of the
geographical coordinates and the take-off angles in a simplie way, since the
medium is homogeneous. The total field is then expressed by:

P Q
v(s,n) = Go Vok * £ EGpq V pqlssn) (2)
0 Vok p=1 q=€q Pq
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where k i1s a parameter characterizing the source beams, with amplitudes Go,
and Gpq are the complex amplitudes of the beam originated at p-th point in the
direction q. The dependency on y is understood. We calculate the
coefficients Gpq by imposiny the boundary conditions along the free surface in
the least squares sense.
To do this, let us assume an error ¢ in the values of tractions at points
i along the surface:
av
---- = 8(xj) (3)
N z = J(xi)
where J(x) is a function describinyg the topography. We minimize the squared
errors integrated along the free surface,

av |2

an

dx (4)
z=J(x)

with respect to each coefficient, accordiny to:

e
- =0 (5)

3qu

Putting equation (2) into (5) yield the linear system of P x Q equations which

is solved for qu.



L Ailpq Gpq = byl
Psq
where: (6)
aV]] v
Apqgil = [ -- _-pa dx
an  an
av ]] aVok
bpg = [ -- ~Gp -- ) dx
J an an

and i = 1,-=-, P, 1 = 1,---, Q are dummy indices.

In equation 6, Ailpq represents the constraint imposed over the
traction due to the beam at i in the direction 1 by all the values of the
tractions due to the beam at p in the direction q along the surface. bjj
represents the constraints imposed by the source.

As an example for illustrating our method, we consider the problem of
vertically incident plane SH waves upon a canyon of sinusoidal shape (Figure
3a). Our results are compared with those obtained by Bouchon for a similar
case usiny the Aki-Larner method (1973). Following Bouchon, we study incident
waves having wavelength A = 5h, where h is chosen as a fraction of the half
width w, A reasonable agreement with Bouchon's result is obtained for, h =
0.8, 0.53, 0.4 times w, which correspond to rather steep topography.
Interestingly, unlike the Aki-Larner method, our method yives more stable
result for rough topography than smooth one, because of the matrix singularity
for the case of flat topography. Since the Aki-Larner method is mosﬁ stable
for the flat case, the two approaches may compensate each other.

Further testing of our method was made using the case of semi-circular

canyon. Results are compared with the closed form exact solution for the

total field obtained by Trifunac (1973). The amplitude of the displacement at
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the surface is shown against the normalized frequency
N = e=<e = eeee, for n =0.75, 1.0, 1.25, 1.75 and 2.0 (Figure 4).

From these examples we immediately notice that, although there is a good
local agreement of the gaussian beam solution within the interval -W, W with
both Aki-Larner and Trifunac solution, the solution outside the interval is in
general poorly matched. We found that the scattered wave field is highly
sensitive to the choice of parameter Ly which determines the initial beam
width,

In figure 5 the residual stress at the surface is caléu]ated for
different values of Ly. The best match of the boundary conditions occurs for
Lo = 1.3 km-1/2 and large residuals occur for a departure of as little as 0.4
from Lo. We notice also that the optional values of L, may depend on the
frequency. Every scattered beam is characterized by a unique Ly, at any point
along the surface. Obviously, this decreases the resolution at points of
strony diffraction (at the border of the circular cannyon for example)
whenever we chose a wide Ly to satisfy the boundary conditions at the flat
surface.

The optimal choice of Lg in terms of other parameters of a given
scattering problems is still to be investigated. The fact that the solution is
poor outside the valley i§ probably due to two reasons: Firstly, we consider
the beam source points only in and near the valley and truncate the outside
contributions. Secondly, there is no representation of inhomogeneous waves in
our gaussian beam synthesis.

Regarding the stability of the least squares approximation in our method
as mentioned earlier it is more stable when the slope of the irregularity is

stronger or when frequencies are higher. This can be seen from the expression
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for the matrix Ajjpq; products of derivatives with respect to the normal are
integrated along the topography. If the irregularity is smooth, neighbored
beams are not very distinct from each other and make A an ill-conditioned
operator. This problem can be eliminated if we determine the beam amplitude
in the wave number domain as was done in the Aki-Larner method. We are very
much excited by this initial success, because the Gaussian beam synthesis
method described above can be extended to the heterogeneous medium with

irregyular topography and discontinuities in a straight-forward manner,
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FIGURE CAPTIONS
Gaussian "bell-shaped" solution of the elastodynamic wave
equation concentrated close to the ray g. The unit vectors t and
n are tangential and normal to the ray at the observation point P
respectively. The distance s is measured along the ray from the
origin point Sq.
Source point discretization of the topography. From a selected
point p, Q beams are shot at different directions to represent
the scattered waves. a is the slope of the irregularity at p.
An incident plane wave is represented by a superpositon of
Gaussian beams depending on the parameter k.
Comparison of the normalized displacement amplitudes due to a
vertically incident SH plane wave upon a sinusoidal canyon
calculated by using (a) Gaussian beams and (b) Aki-Larner
techniques.
Comparison of the displacement amplitudes due to vertically
incident SH plane wave upon a circular canyon, calculated by
using (a), (b) Gaussian beams and (c) the analytic solution

obtained by Trifunac. n is a normalized frequency defined by

oW 2w

n = == = ==, No Gaussian beam solution is shown for n=0.25 and
m8 A

n=00500

Residuals of the shear stress calculated at the surface by using
Gaussian beams for the case shown in Figure 4 (c). The effect of

Lo, the initial beam width parameter, is emphasized.
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FIGURE 1
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