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Progress Report for the Past One Year
(June 1, 1988 - April 30, 1989)
Introduction

This is a progress report for the past one year of research (yéar 2 of 5-year project)
under the project titled "CSDP: Seismology of Continental Thermal Regime", in which
we proposed to develop seismological interpretation theory and methods applicable to
complex structures encountered in continental geothermal areas and apply them to several
candidate sites for the Continental Sciendfic Drilling Projéct.

During the past year, two Ph.D. thesis works wer;: ompleted under the present
project. One is a USC thesis on seismic wave propagation in anisotropic media with
application to defining fractures in the earth. The other is a MIT thesis on seismic Q and
velocity structure for the magma—hydfothcnnal system of the Valles Caldera, New Mexico.
The P.I. co-organized the first International Workshop on Volcanic Seismology at Capri,
Italy in October, 1988, and presented the keynote paper on the "state-of-the-art of volcanic
seismology". We presented another paper at the workshop on "Assorted Seismic Signals
from Kilauea Volcano, Hawaii". Another international meeting, namely, the Chapman
Conference on seismic anisotropy in the earth's crust at Berkeley, California in May, 1988,
was co-organized by the co-P.I. (P.C.L), and we presented our work on scismi.c waves in
heterogeneous and anisotropic media.

Adding the publications and presentatons made in the past year to the list for the
preceding year, the following table lists 21 papers published, submitted, or presented in the

past two years of the present project.

List of Publications and Presentations in the Past Two vears

1. Koyanagi, R., Chouet, B., and K. Aki, The origin of volcanic tremors, Part
I: Data from Hawaiian Volcano Observatory 1969-1985, U.S.G.S.
Professional paper 1350, ed. R.W. Decker, T.L. anht and P.H. Stauffer,
1221-159, 1987. .
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11.

13.

14.

15.

Chouet, B., R. Koyanagi, and K. Aki, The origin of volcanic tremors, rart
II: Theory and discussion, U.S.G.S. Professional Paper 1350, ed. R. W.
Decker, T.L. Wright and P.H. Stauffer, 1259-1280, 1987.

Ferrazzini, V. and K. Aki, Slow waves trapped in a fluid-filled infinite

crack: Implication for Volcanic Tremor, J. Geophys. Res., 92, 9215-
9223, 1987.

Leary, P.C., Y.G. Li and K. Aki, Observation and modeling of fault zone fracture
seismic anisotropy - L. P, SV and SH travel times, Geophys. J. R. astr.
Soc., 91, 461-484, 1987.

Li, Y.G., P.C. Leary and K. Aki, Observation and modeling of fault zone fracture

seismic anisotropy - II. P-wave polarization anomalies, Geophy. J.R. astr.
Soc., 91, 485-492, 1987.

K. Aki, Impact of earthquake seismology on the geological community since the
Benioff zone, The Centennial Bulletin of the Geological Society of America,
100, 625-629, 1988.

Li, Y.G,, P.C. Leary and K. Aki, observation and modeling of fault zone fracture

seismic anisotropy - II. Trapped Love and Rayleigh Modes, submitted to
Bull. Seis. Soc. Am., 1988.

Leary, P.C., D.M. Manov and Y.G. Li, A fiber optical borehole seismometer,
submitted to Geophys. Res. Letters, 1988.

Leary, P.C., Y.G. Li and D.M. Manov, A microprocessor based borehole seismic
sonde, submitted to Geophysics, 1987.

Ferrazzini, V., K. Aki, B. Chouet, and M. Fehler, Very slow waves trapped in a

fluid layer with application to the long period events. Hawaii Symposium
on How Volcanoes work, abstract volume, Jan. 1987.

Roberts, P.M. and K. Aki, A study of the 2-D Seismic structure of the Valles
Caldera, New Mexico using discrete wave-number modeling of observed
teleseismic P-waves, EOS, 68, 1347, 1987.

Leary, P.C. and Y.G. Li, Observation and modeling of fault-zone trapped Rayleigh
modes, Oroville, C A. Annual meeting of Seis. Soc. Am., Honolulu, May,
1988. -

Ferrazzini, V., K. Aki, B. Chouet and M. Fehler, Hydrofracture experiments at
Fenton Hill, New Mexico; Implication for volcanic remor, Annual meetin g
of Seis. Soc. Am., Honolulu, May, 1988.

Benites, R. and K. Aki, Seismic response of inhomogeneous layered media with
irregular interfaces by Gaussian Bean Method, Annual meeting of Seis.
Soc. Am., Honolulu, May, 1988.

Li, Y. G., P.C. Leary and K. Aki, VSP fracture study of Mohave desert and 3-D

modeling by ray tracing, Annual meeting of Seis. Soc. Am., Honolulu,
May, 1988.
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Ferrazzini, V., B. Chouet, M. Fehler and K. Aki, Quantitative analysis of long-
period events recorded during hydrofracture experiments at Fenton Hill,
New Mexico, submitted to J. Geophys. Res., 1989.

Ferrazzini, V. and K. Aki, Assorted seismic signals from Kilauea volcano, Hawaii,
International Workshop on Volcanic Seismology, Capri, Italy, Oct. 1988.

Aki, K., State-of-the-art in Volcanic Seismology, Proc. International Workshop on
Volcanic Seismology, Capri, Italy, Oct. 1988, in press.

Li, Y.G,, P.C. Leary and K. Aki, A ray series approach to travel times and
amplitudes in layered, heterogeneous anisotropic media. Third International
Workshop on Seismic Anisotropy, Chapman conference on seismic
anisotropy in the earth's crust, Berkeley, Calif., 1988.

Li, Y.G., Seismic wave propagation in anisotropic media with applications to
defining fracture in the earth, Ph.D. thesis, University of Southern
California, 262 pp., 1989.

Roberts, P.M,, Seismic Q and velocity structure for the magma-hydrothermal
system of the Valles caldera, New Mexico, Ph.D. thesis, Massachusetts
Institute of Technology, 332 pp., 1989.
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In the following, we shall summarize results obtained from our works during the
past year. We shall start with the paper by the P.I. on the "state-of-the-art in volcanic
seismology" because it reviews the current status of seismological methods for studying
structures and processes under volcanoes and geothermal sites and tries to point promising
directions for future researches. It also serves as an excellent introduction to the main items
of the progress report on our project, because it describes the P.L.'s principles guiding the
proposed research work.

(D State-of-the-art in Volcanic Seismology.

The subject of Volcanic Seismology is the most difficult to study among all the
subjects seismologists have encountered on the earth. This is because seismic sources in
volcanoes involve dynamic motion of gas, fluid and solid, and propagation paths in"
vulcanoes are usually extremely heterogeneous, anisotropic and absorptive, with irregular
topographies and interfaces including cracks in all scales and orientations. Thus, fluid-and
gas-filled cracks, heterogeneity, anisotropy and irregular geometry of boundary are the
recurring themes of our project as exemplified by the items discussed later in the present
progress report.

Our experience indicates that conventional approaches in seismology developed
primarily for stratified subsurface structure have not always been useful for volcanic
seismology.

For example, we don't find very often convincing cases for a successful reflection
survey in a volcanic area, except for some notable cases such as the sedimentary cover
acting as a cap for vapor reservoir in Cerro Prieto, Baja California, a deep refiector in the
Rio Grande rift, New Mexico (Brown et al, 1980), and possible magma chambers in the

oceanic area (Morton and Sleep, 1985).




Likewise, the stanidard refraction survey which is most effective to delineating
vertical structure of the Earth's crust does not seem to have produced results which
strikingly reveal the internal structure of a velcano.

The tomographic method using teleseismic P time residuals, on the other hand,
seems to have revealed much more insightful picture of the interior of a volcano, probably
because the method is specifically designed to determine the lateral variation of seismic
velocity at various depths.

The use of teleseismic tomography has become almost a conventional approach in
Volcanic Seismology, largely due to the effort of H.M. Iyer (1988) and his colleagues at
the U.S. Geological Survey. This approach has contributed signi-ﬁcantly in defining the
shape and size of a low-velocity body or a high-velécity body (depending on the nature of
surrounding rock) which may be related to the magma body.

This approach can be and should be improved by the inversion of full wave form
data using the solution of seismic wave scattering in 3-D strucﬁxre.

Our study of Valles caldera reported in the present progress report is precisely along
this line.

Seismic tomography using local earthquake data should give a finer image of
subsurface structure because of their shorter wavelengths than teleseismic P waves. A
successful example is Thurber's (1984) detailed study of the structure of Kilauea in which
the small low-velocity zone of the volcano's summit magma reservoir has been resolved
within the otherwise high-velocity core of the volcano. Other examples can be found in a
review paper by Thurber and Aki (1987).

A. Himn and his colleagues at the University of Paris (Nercessian gt al, 1984)
improved the revolution of tomographic picture by the use of Moho-reflected (PMP) waves
generated by explosions which have higher frequencies than teleseismic P waves. The

method worked well for a geothermal area in France, but not for the Long Valley caldera in

California because of the complexity of PMP waves in the latter area. Thus, the PMP



tomography has not yet succeeded to become "conventional”. We must keep looking for a
new "conventional" method which would apply to general geothermal areas.

In the absence of such a method, however, an alterative-approach is to design a
custom-made experiment tailored to a particular goethermal site. In our experiment with
Kilauea Iki (Aki gt al, 1978), a partially frozen lava lake in Hawaii, we found that the use
of a variety of unconventional methods was essential for determining its seismic properties.
For example, the naturally occurring seismic events (caused by thermal stress due to
cooling) above the magma reservoir gave the most detailed information on the lateral extent
of the reservoir. Furthermore, the dispersion of Love waves played an important role in
defining the magma body, because we could not use high-frequency body waves which
suffered strong attenuation and scattering in the severely cracked crust, and Rayleigh waves
could not exist because of too low velocity due to the presence of flat-layered magma. The
SH waves from an earthquake outside Kilauea Iki provided important inforrnation on the S-
wave velocity structure and the viscosity of magma body. Our lesson learned from this
experience was that, case by case, we need an ingenous design of custom-made experiment
tailored to a particular volcano or geothermal site to have an insightful look at its internal
structure and working. This is the general guiding principle of the present project. One of
the most fascinating subject of study in volcanic seismology is volcanic (harmonic) tremor.
Earlier models of the tremor attributed its harmonic character to the propagation-path effect.
According to Omer (1950), the shallow crust of Kilauea volcano is nothing but laminae
composed of lava flows, ash beds and intrusives. The magma flow exerts a transverse
force on one end of the layers and sets these partially free layers into vibration, in a way
similar to bending a deck of playing cards clamped at one end. Thus, in Omer's model, the
tremor is caused by a quasi-free vibration of solid layers forming the shallow part of the
volcano.

Minakami (1974) also considered that the harmonic-character of tremor is not due to

the effect of a particular source mechanism but primarily due to the propagation path effect.



According to him, the tremor is a swarm of so called b-type events which show relatdvely
low-frequency wave trains with a spindle-shaped envelope because of extreme shallowness
of its focal depths.

A similar idea is shared by many seismologists, who know that seismograms
similar to b-type earthquakes are often observed for nonvolcanic sources such as buried
explosions or tectonic earthquakes when the wave path is extremely heterogeneous and
absorptive, as often found in a volcanic area.

Another school of seismologists, however, considered that the harmonic character
of the tremor is due to the source effect, namely, the resonant vibration of a magma body.
It is not easy to resolve this fundamental difference when the data are not adequate. For
example, if only records at a single station are available for tremors originating from the
same source location, it is impossible to separate the source effect from the path effect.

Recently accumulating high-quality data, however, show unequivocal evidence for
the source effect responsible for the harmonic character of tremor at least for some cases.
For example, the period of deep tremor observed in Hawaii is common to all the stations
spread over a large area (Koyanagi et al, 1987) and the period of tremor changes with time
during an episode as in the case of an eruption of Sakurajima (Kamo gt al, 1977).

We believe that the correct attitude to resolve this problem is to try to separate the
source, path and site effects on the tremor spectra and determine the contribution of each
effect case by case. We shall describe later in the present progress report about the
modeling of observed tremor spectra which can be convincingly attributed to the source
effect.

In the present project, we consistently preferred a fluid-filled crack as the seismic
source of volcanic tremor for the following reasons.

Ramberg's (1970) experimental study of magma transport using centrifuges
showed that while a finger convection (blob) is the preferred mode of mass transport when

the viscosity contrast is relatively low between magma and surrounding media, a flow



through fractures is the preferred mode when the contrast is very high. For basaltic
volcanoes, we often observe spectacular fissure eruptions obviously indicating magma
transport through cracks.

Even for andesitic volcanoes with a ¢éntral crator in a coneshaped body, Nakamura
(1977) explained the distribution of sites of flank eruptions by hypothesizing that the vent
below the central crator may be formed as an intersection of vertical fractures oriented in
various directions. Further, sills and dikes are common geologic features of many volcanic
regions. These are some of the reasons why we prefer a fluid-filled crack as the seismic
model of tremor source.

A fluid-filled crack model was suggested first by Sassa (1935) who found that the
observed pattern of motion surrounding a line of crators of Aso volcano during an active
period in 1933 could be explained by an opening-closing mode of a crack coincident with
the crator alignment. Recent development in modeling tremor sources by a fluid-filled
crack have been summarized by Chouet gt al (1987), and aiso discussed by Chouet, and
Ferrazzini and Aki (1988). One of their findings form the application of a fluid-filled crack
model io observed spectra of tremor is that the narrowness of observed spectral peak
requires a sharp impedance contrast between magma and surrounding solid, which is only
possible by the presence of bubbles in the magma.

The role of vesiculation or degassing in magnetic dynamics has been emphasized
recently by various authors. Eaton gt al (1987) made an unusually complete study of
magmatic dynamics during the 1959 eruption of Kilauea volcano, combining continuous tilt
observation by means of the Press-Ewing seismograph and accurate log of eruption of lava
into Kilauea Iki lava lake. They observed many times repeated episodes of magma flow
into and draining back from Kilauea lki were explained in terms of large-scale vesiculation
of lava in the conduit effectively pumping lava from the reservoir up into the lake. During
early episodes, volcanic tremor was observed in the eruption phase but not in the drain-

back phase. In later episodes, however, remor was observed also in the drain-back phase.
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In general, the amplitude of tremor correlated well with the eruption rate, and also with the
tilt near the summit closely related to the amount of magma in the summit reservoir.

In addition to this large-scale cycling of magma between the summit reservoir and
Kilauea Iki, Eaton gt al (1987) observed a periodic change in tlt, called "tilt storm" with
period of about 1 hour for several days before the beginning of eruption. This could be an
indication of a smaller scale cycling involving degassing and magma flow. It is very
interesting to note here that a similar periodic tilt change accompanied by trernor activity
was observed during the recent eruption of Oshima (Fukuyama, personal communication,
1988).

As described by Ferrazzini and Akd (1988), we made a direct visual confirmation of
the role of degassing in generating the so called "gas-piston events” named by Swanson ¢t
al. (1979). We found that the gas-piston event associated with degassing to Puu Oo's
crator shows a very similar spectral signature as the long-period event and continuous
tremor (which is essentially a swarm of long-period events) occurring under the summit.
We feel, therefore, that degassing also plays a major role in generating long-period events
and tremors.

Thus, degassiné may be playing an important role not only in sustaining the tremor
by creating a high impedance contrast but also in generating it. A complete study of
volcanic tremor requires a new breed of seismologists who can deal with dynamics of gas
and fluid coupled to the seismic radiation observable through a seismograph. Non-linearity

of magmatic dynamics at a source of volcanic tremor is probably much stronger than that at

an earthquake source.
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) ismi veloci for the m -h al m of the Vall
Caldera, New Mexico.

The Valles Caldera liés at the intersection of the Jemmlez Lineament and the western
edge of the Rio Grande Rift in northern New Mexico. As shown schematically in Fig. 1
the caldera and its immediate surroundings comprise one of the world's largest and most
complex volcanic centers, with a long history of eruptive activity extending up to
geologically recent times. We present the results of two different forward modeling
methods used to determine the local 2-dimensional sei$inic structure directly beneath the
caldera. In the first method we modeled observed P-wave delays by ray-tracing.' In the
second method we modeled spectral amplitude variations usin g the Aki-Larner discrete
wavenumber spectral synthesis technique.

We used six portable seismic event recorders to collect teleseismic data at sites |
placed along a line bisecting the caldera. The azimuth of the array was approximately on-
line to scismicaily active r:gions to the northwest and southeast, so that our observations
would be for plane waves arriving nearly parallel to the plane used to specify a 2-D vertical
cross-section of the caldera directly beneath the array line. This design minimized the
effects of 3-D structure in the recorded data. Two separate deployments of the six
instruments along the same line yielded 24 high quality teleseismic signals for on-azimuth
events recorded at most of the sites. The two array configurations are shown in fig. 2 and
fig. 3 in both plan view and vertical cross-section.

Let us first show the evidence for a magma body by a simple and qualitative, but
nevertheless convincing, method using only the measured arrival time of the first P waves.
Fig. 4 shows ray paths classified into five categories of delay relative to that expected for a
standard laterally homogeneous earth model. This diagram is similar to the one used by
Steeples and Iyer (1976) for delineating a low velocity zone (LVZ) beneath the Long Valley

Caldera in California. We clearly recognize to existence of LVZ also under the Valles
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caldera. In order to define the LVZ more quantitatively, we made an extensive ray-tracing
study for a variety of LVZ models and compared with the observed arrival times.

Fig. 5 shows the'best model of LVZ and ray paths corresponding to teleseismic P
waves from northwest (upper diagram) and sutheast (lower diagram). The comparisons
of time delays between observed and predicted using the above best model are shown in
Fig. 6 for an event from northwest and Fig. 7 for ap events from southeast. The variance
reduction by our best model relative to the laterally homogeneous standard earth model is
very high (mostly greater than 90%) as shown in Table I for 21 events.

The modeling of observed spec&al amplitude variations using the Akd, Lamer
(1970) method, on the other hand, revealed a totally different aspect of the subsurface
structure. After carefully studying the resonance, interference and scattering effects by
topography, caldera ﬁll_‘ and magma body, we found that the single most important factor
controlling the observed sp;:ctr;l amplitude variation is the absorption by a very low Q zone
(LQZ) under the caldera.

The best model is shown in Fig. 8, where we find a body of extremely low Q
(about 1) beneath the caldera at the depth interval from about 1 km to 4 km from the
surface. The comparison of the spectral amplitudes between observed and predicted using
the best model are shown in Fig. 9 for a southeast event and in fig. 10 for a northwest
event. The variance reduction is 2gain very high for both cases.

From the ray-tracing study, we demonstrated that the teleseismic P-wave delays
could be explained with a model that contains two relatively simple, homogeneous
components. These are an irregularly shaped, low velocity caldera fill surface layer and a
separate lens-shaped, low velocity inclusion at approximately 10 to 13 km true average
depth beneath the resurgent dome. Although we could not constrain the depths to the top
and bottom of the inclusion, we demonstrated that its minimum height is approximately 8

km and its width at the tapered section is approximately 17-km. Our solution for this
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inclusion was obtained only after fitting as much of the data as possible with the caldera fill
layer alone.

From the spectral amplitude study, on the other hand, we found that the one major
feature required to explain the low amplitudes inside the caldera was a large zone of very
low Q at the bottom of the caldera fill layer. This LQZ was constrained reasonably well to
be about 16 km in width, 4 km in height and approximately 1 km deep to its top. To obtain
the best fit to the data, we found that a relatively non-attenuating upper caldera fill layer was
also required, but that the effects of this feature were secondary to the dominant LQZ
effect. It was also necessary that the LQZ have significantly lower P and S velocities than
its surroundings, in order to produce strong cnéugh-éttenuaticn. The velocity structure
thus preferred for explaining the spectral amplitude data is somewhat inconsistent with the
velocity structure obtained from the ray-tracing study.

The above inconsistency may be reconciled if we increase the thickness of caldera
fill uniformly in the study area. This increase would deepen the low velocity region to
match the low Q zone without significant effect on the observed travel time variation across
the area. Fig. 11 shows such a compromised image of subsurface structure where the
amplitude model and the ray-racing mode!l are superimposed.

We propose that the above seismic image of the Valles caldera is consistent with
its known volcanic evolution. The major stages in the formation of the Valles Caldera were
outlined in Smith & Bailey (1966) as follows. 1) Doming and swelling on a regional scale
of the pre-existing Jemez volcanic field and local formation of ring-fractures above the
Valles magma chamber. 2) Eruption of the second member of the Bandelier tuff through
the established ring-fracture system. 3) Caldera formaton due to collapse of the roof the
Valles magma chamber and subsidence of the central caldera block along the ring fractures.
4) Caldera lake formation and eruption of the early rhyolites, during which approximately
600 m of caldera fill accumulated on top of the subsided central block. 5) Resurgence and

doming of the central caldera block due to renewed magma rise, during which time the
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middle period rhyolites were erupted from the northwestern ring fracture zone and from the
longitudinal graben at the center of the dome.. 6).Eruption of the late period rhyolites as
isolated domes in the moat area between the resurgent dome and the topographic caldera
rim. 7) Hot spring activity in the western part of the caldera and erosion of the caldera fill.
These seven basic stages were recognized by Smith & Bailey (1966) as being éommon to
the development of all Valles-like resurgent calderas that they examined. The Valles
Caldera is currently in the final stage above, which terminates the cycle. The most recent
volcanic activity in the caldera occurred about 100,000 years ago (Heiken & Goff, 1983).

We propose that our modeling results are consistent with the general structural
features one might expect to have been formed by the processes governing stages 3.)
through 7.) above. Specifically, our low Q zone is consistent with a highly fractured,
partially water-saturated volume of material which could have been formed by the process
of post-subsidence magma rise and caldera floor resurgence, followed by development of a
large hydrothermal system. Our low velocity zone may be the remains of silicic magma
chamber responsible for at least the two major caldera forming eruptions of 1.1 and 1.4
Ma. In fact, the volume of LVZ estimated from our result (ranging from 270 to 630 km3)
fall within the range of calculation by Kolstad and McGetchin (1978) for three different

initial sizes of pluton yielded after cooling for 1 million years.
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Figure 1.2 Schematic map showing location and major stuctural features of the Valles Caldera.
The Jemez Fault Zone is shown to the southwest of the caldera, and the Pajarito Fault Zone is to
the east, passing through Los Alamos. The Toledo Caldera is approximately coincident with the
Valles Caldera. This figure is reproduced from Felch {1987).
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SCHEMATIC MAP OF VALLES CALDERA AND
SITE LOCATIONS FOR 1987 ARRAY 1
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Figure 2.1a Schematic map (top), modified from Nielson & Hulen [1984), of Jemez Mountains
study region in northern New Mexico showing major topographic and structural surface features
of the Valles Caldera and seismometer deployment sites used in 1987 for array 1. Vertical cross-
sectional view of digitized surface topography is shown at the bottom with the six sites indicated.
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SCHEMATIC MAP OF VALLES CALDERA AND
SITE LOCATIONS FOR 1987 ARRAY 2
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Figure 2.1b Same as Figure 2.1a except site locations shown are for array 2.
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OBSERVED RAY PATHS
MOVEOUT CORRECTED DELAYS CATEGORIZED RELATIVE TO AVERAGE
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Figure 2.35 Observed ray paths for all events recorded on both arrays 1 and 2. Incidence angles
were estimated from Richter [1958] and corrected for the lower near-surface P-wave velocity for
the Valles Caldera region. Rays are categorized according to the strengih of the arrival time delay
for each one and plotted in different line styles indicated in the legend. Site codes are listed near
their locations along the free surface topography profile where the rays end at the top of the figure.
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SAMPLE RAYPATHS FOR BEST MODEL
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(]
Ao- — 1|t T |
E° LT // T
(=2 Y ot
= t
= ¥
2
3 o
S e] / be
(%] 4
@ o]
E o]
E
8 =
108 12 M6 120 124 128 132 138 140 14 148

HORIZONTAL POSITION (Km)

PLANE WAVEFRONT: INCIDENCE ANGLE = -15.0°

-2

£ \\\\\\\‘ \'::;,t;. DN —
WO
o /";;.‘\\‘ \ \\

HORIZONTAL POSITION (Km)

Figure 4.3 Typical raypaths for the best model shown in Figure 4.1 for positive incidence angle
6o = +15° (top) and negative incidence, ; = —15° (bottom).
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Figure 4.4a Comparison of ray tracing results for the best model, Figure 4.2, with observed

delays for the Kuril Islands event shown previously in Figure 4.1b.
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Figure 4.4b Comparison of ray tracing results for the best model with observed delays for the

Jujuy event shown previously in Figure 4.1c.
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Table 1

TABLE 4.1
Residual Variance and Variance Reduction for
Best Ray Model Compared with 21 Events

Event # of Variance

Region 60 | points olins |9MoD Reduction
Guatemala -32.0 0.0776 | 0.0065 | +91.7%
Ecuador —26.5 0.2010 | 0.0571 | +71.6%
Southern Peru —23.0 0.2090 | 0.0649 | +68.9%
Northern Chile —21.0- 0.2180 | 0.0046 | +97.9%
Jujuy, Argentina | —21.0 0.2070 | 0.0047 | +97.7%
Chile-Argentina -19.0 0.1820 | 0.0049 | +97.3%
Central Chile —~18.0 0.5230 | 0.0023 | +99.6%

South of Honshu | +15.0 0.1160 | 0.0360 | -+68.9%

Coast of Honshu | +17.0 0.2050 | 0.0218 | +89.4%

Coast of Honshu | +18.0 0.0449 | 0.0044 | +90.2%

Kuril Islands +20.0 0.1450 | 0.0145 | +90.0%
Sea of Okhotsk +20.0 0.0762 | 0.0149 | +80.4%
Kuril Islands +20.0 0.0282 | 0.0049 | +82.5%
Kuril Islands +21.5 0.1070 | 0.0077 | +92.8%
Kuril Islands +21.5 0.0385 | 0.0013 | +96.6%

Kommandorsky . | +23.5 0.0833 | 0.0027 | +96.6%

Kommandorsky 1. | +23.5 0.0894 | 0.0053 | +94.1%

Andreanof Islands | 4+24.5 0.0586 | 0.0002 | +99.7%

‘DAJLO\U\AAUI&U\M&U\WQWWUANO‘U\

Fox Islands +26.0 0.0466 | 0.0012 | +97.4%
Kodiak Island +28.5 0.0595 | 0.0021 | +96.4%
Coast of Oregon | +40.0 0.0631 | 0.0011 | +98.2%
TOTAL - 5 0.1080 | 0.0097 | +91.0%




MODEL NAME: w181824h40d00Ih.3Iggsm3
LAYER 1:a = 4.600; 8 = 2.600; p =1.700; Q= 100.
LAYER 2: a = 8.000; § = 3.600; p = 2.660; Q = 1000.
LAYER 3:a = 3.000; 8 =1290; p=2.000;Q = 1
HALFSPACE: a = 8.000; § = 3.500; p = 2.8650; Q = 1000.
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Figure 5.1 Model structure which yielded the best fit to the 4-event averaged Kuril Islands
data shown in Chapter 2. All depths are relative to the arbitrary zero datum shown. Material
parameters for each layer are listed at the top. Layer 1 is the upper caldera fill. Layers 2 and the

halfspace are basement granite. Layer 3 is the low Q zone. The name¢ »f the model is also listed

at top for reference.
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VERTICAL COMPONENT SPECTRAL RATIOS
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Figure 5.2a Vertical component spectral ratios for the synthetic Aki-Larner displacement solu-

tions for the model in Figure 5.1 (dashed lines) compared with the observed ratios for the 4-event

averaged Kuril Islands data (solid lines) shown previously in Chapter 2. Incidence angle used was

6y = +20°. Residual variance and variance reduction are shown in each sub-plot for each site.
The total over all sites and over all results for both components are listed at the top of the figure.
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AMPLITUDE RATIO

Figure 5.2_b Same as Figure 5.2a except the results for the horizontal components are shown.
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COMPARISON OF BEST AMPLITUDE AND P-DELAY MODELS
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Figure 6.1 Direct comparison of the two best models obtained from the modeling efforts in
Chapters 4 =..d 5. Solid lines show the best amplitude model and dashed lines show the best ray

model. The latched area shows the range of ambiguity in the overall depth of the caldera fill
interface for the ray model.
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3) Further study on uniqueness problem in seismological delineation of a magma

chamber.

In last year's progress report, we used a new seismogram synthesis method called
"Boundary Integral-Gaussian Beam Method" in studying the wave field observed on the
surface of a half-space contammg a magma chamber. The wave fields inside and outside
the chamber are expresseg superpositions of Green's functions generated at a finite
number of properly distributed point sourcg};and the intensity of each source is determined
to match boundary conditions at the free surface and the surfagf of chafnbcr.

We were surprised by the similarity of wave field obs;ed at the free surface
between the case of low velocmha.mber and that of hxﬁﬂelocxty chambcr At that time,
we computed spectral arnplm.ﬁcs*on}y atsg_lected frcqucam In the past year, we
developed a computer program' 0 %c thc txme~dom;1;\sgluuon by applyin g Fourier
transform to the frequency resgome time dclrnam solution confirmed our caxher
finding more convincingly as shown in Figs. 2 through 5. The seismograms in these
figures were computed for 100 stations located along the free-surface, covering a distance
equal to 8 times the radius a of the chamber. The center of the array is immediately above
the center of the chamber. The source is a vertically incident plane wave of Ricker wavelet
shape, whose characteristic frequency f corresponds to selected values of n (ETA) in the
spectra shown in Figure 1 (a), (b), according to:

fe=5-7
where v is the shear wave velocity in the half-space. The total duration of each seismogrami
is 90 seconds. The time axis in all figures is normalized by a/v, so that 10 units represent a
duration of 10 a/v seconds. Figure 1 corresponds to the case of low velocity chamber, for
values of velocity and density ratios of the chamber to the half-space 0.5/1 and 0.67/1
respectively; and depth of the center of the chamber H = 2a. In (a) the characteristic
frequency fc = v/2a (n = 1). A prominent feature observecll in this seismogram section is

the strong attenuation of the incident wave at stations located in the region Ixl<2a on the
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surface. Also wz observe a delay of about 1 time unit of the waves transmitted through the
chamber which reach the §g10n Ixlca. Outside this region the transmitted waves interfere
with the waves reflected at thefboundary of the chamber. The later amvals can be
associated with resonance buflt by u'apped waves inside the chamber, as described in last
year's report. These waveiﬁépcat regularly after 2 times imits and their amplitude
decreases in about 50% each tifne. Referring to Figure 1(a), tﬁ:se pulses dug{e resonance

correspond to the peak value of the amplitude spectrum observed ati=f.  =—-_

In (b), fc = v/a (M =2) and we can observe roughly the same features described for
(a). We must point out here that the amphtudes in both (a) and (b) are normahzed t; 1,ie.
divided by the response of the -spacp ;;v1thout the chamber to an mcxdcnt wave of
amplitude 1. In Figure 3(a), % he depth of thc centeraf the chambcr was mercascd to
H =4a. The same featura ls descnbed for Fxgure 2 are observed in general, but here the
resonance pulses are scpar&t&about 4 time units and the wavefronts are more smoothly
curved. The larger time elapsed between pulses suggests the contribution of the free-
surface effect to the build-up of resonance modes inside the chamber.

The case of a high velocity chamber is shown in Figure 4(a), (b). In contrast with
the low velocity case, here the velocity and density ratios are 2/1 and 1.5/1 respectively.
The depth is kept at H = 2a. In (a) fc = v/2a. The similarity of the attenuation pattern
observed for stations above the chamber is remarkable as compared with the low velocity
chamber, particularly for the region Ixi<a. However, different features are the earlier
arrivals of the waves transmitted through the chamber, that reach stations within Ixl<a, and
the absence of resonance pulses. The latter is in agreement with the fact that most of the
corresponding amplitude spectrum shown in Figure 1(b) is flat and smooth. In the region
Ixl<a it is possible that diffracted waves originated at points (-a, H) and (a, H) on the
boundary of the chamber arrive earlier than the incident wave (Nolet, 1988).

In (b) f. = v/a. Here the earlier arrivals are observed more prominently, particularly

for the region Ixl<2a. Figure 5 corresponds to the case where the depth of the high velocity



chamber is H =4a. In (a) f; = v/2a, we observed that the region of strong attenuation

extends to |xl<2a, becoming more similar to the attenuation pattern shown in 5(a). The
region of earlier arrivals e-xtenCE; és well, 1o 1xl<5a/2. o resonance pulses are observed.
In (b) f. = v/a, and we can obgmd the same features described for (a). Although details
of wave-forms are somew??“

fferent, the ge}eral pattem of wave field observed at the
surface due to vertically incident SH waves 55 very sugxlar between the case of low velocity
chamber and that of high velocity chamber. ©f course, the first arﬁvals are earlier for the
latter case than for the former, but the strong attenuation of main part of the signal at the

surface directly above the chamber is observed equally for both cases.

This is a very ironical suuanon for sexsmologlsts who have been trymg to go
beyond the travel time tomogmvhy to the wave- form mvcmon«fmdehncatmg thc
subsurface structure, because this e)implc strongly suggcsts that it is better to restrict the
data to the first-arrival rather tl;an mciﬁdmg the whole waveform for a unique inversion. It
is clear, at least for this example, that the linearized inversion based on the first Born
approximation, the approach taken by most seismologists so far, would never work.

This shocking finding, however, does not affect the conclusion we obtained for the
Valles Caldera in the preceding section. First, we avoided the formalism of linearized
inversion and instead relied on the variance reduction for many trial forward non-linear

modelings. Secondly, we used primarily the first P-wave time data for the determination of

velocity structure, and the total waveform data were used mainly for delineating the seismic

Q-structure.
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(4) Fra lated seismic attenuation in VSP data.
As described in detail in the Ph.D. thesis of Y.G. Li as we!! as several published

papers listed earlier, we have studied effects of aligned cracks in the earth on the shear-
wave splitting and the P-wave polarization observed by our VSP experiments at Oroville

(in the neighborhood of an active normal fault zone), at Hi Vista (near the San Andreas
fault), and at the Cajon Pass scientific deep drilling site. 'We were able to define

quantitatively the distribution of crack density using ray tracing equations of Cerveny
(1972) for anisotropic heterogeneous media and Hudson's (1981, 1982) elastic constants

for a medium containing aligned cracks. Our results, in general, agreed with those

obtained by other available methods such as borehole televiewer (Moos et al, 1983) and

hydraulic fracturing method (Zoback et al, 1980; Hickman et al, 1988).
We found that the maximum crack density in the Oroville fault zone was 8% with

the crack plane parallel to the fault plane, and average crack density in granite at Hi Vista

was 3.5% with vertical crack plane aligning N30°W, and a population of a cracks was
aligned N70°E in the depth range between 1300 and 1800 m at Cajon Pass with an average

crack density of 2 to 3%.
We also studied the attenuation of seismic waves using the VSP data obtained at the

above three sites.
The three-component VSP data obtained from the Hi Vista borehole site show
coherent waveform for the first arrival as shown in fig. 2, where three columns correspond

to three vibrator sites with offset 100 m from the wellhead in the south (left), southeast

(middle) and east (right) directions, respectively, and three rows correspond to three types

of waves: SH (upper), SV (middle) and P (lower). Each panel contains eighteen

seismograms recorded at depths from 100 m to 600 m at an equal spacing and then rotated

into three mutually orthogonal ray coordinates.
Except for the shear-wave splitting, the anisotropic feature of the shear-wave

artenuaton was observed and interpreted to be reiated to aiigned fractures in the basement




rock. Fig. 3 shows amplitude versus depth curves for the east vibrator site. The solid
curve is denoted by SV s for observed SH-waves. Amplitudes are plotted in the
logarithmic scale. In this case, amplitudes of SV-waves polarized U'an‘s{"érsély;fd the
vertical crack plane decrease faster than SH-waves polarized parallel to the crack plane
when they travel through the fractured medium vertically. We also computed ray
amplitudes of two types of S-waves using twelve first-order diff;;ential equations with
second-order derivatives of the Christoffel tensor with respect to ray parameters and
positions. The Christoffel tensor is formed by the wave slowness and the material elastic
constants determined by the first-order ray tracing. Because two types of S-waves have
different curvatures of the wavefront when they propagate in a particular direction in the
anisotropic medium, they have different geometrical spreading and thus their amplitudes
decay at different rates as the travelling distance increases. Calculated amplitudes versus
depth for SV-waves are plotted as a solid curve denoted by SV a1 while a dashed curve
denoted by SH¢, for SH-waves in Fig. 3. After correction of the geometrical splitting, the
amplitude versus depth curve for the SV-wave is plotted by the dash-dot line while the
curve for the SH-wave by the dot line in Fig. 3. The tendency of the amplitude after
correction of the geometry shows still slight decreases for both types of S-waves. Itis
noted that the amplitude attenuation for SV-wave is larger than SH-wave. Corresponding
to the dominant frequency 30 HZ, the apparent quality factor Q of the basement rock at Hi
Vista borehole site is 60-80.

The second set of VSP data taken from the Oroville borehole site shows a stronger
wave attenuation in and near the fault zone. We used various seismic sources: a vertical
impact source, a w :ight drop and a single air-gun in that extensive surface-to-borehole VSP
experiment as shown in Fig. 4. To avoid the complexity of the source radiation and to
obtain the high-frequency seismic energy we chose the data generated by the single air-gun
shooting in a shallow hole 10 m from the wellhead for the study of attenuation. The

dominant frequency of the air-gun source is about 120 Hz. Fig. 5 shows an example of
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three component seismograms recorded at the depth of 1000 feet near the fault zone.
Unfortunately, the stro?ig S-*&Mtgﬁﬁp@:dgy the instrument at the shallow depths, so
we could not use the amplitude information carried by S-waves. Fig. 6a shows wavetrains
of P-motion in a 64 ms time window recorded at 17 depth points from 200 to 1000 feet.
Their amplitude spectra are plotted in Fig. 6b. Complicated waveforms recorded at the
shallow depths (200 - 500 feet) may be caused by the superposition of the primarily
downgoing wave and the multiples from the free surface. For simplicity, we avoided
seismograms of P-waves recorded in the depth shallower than 500 feet. Fig. 7a shows the
coherent waveforms in a 16 ms time window modified by a cosine and 7b shows their
amplitude spectra. The peak spectral amplitudes are shown on the right side to the
corresponding seismograms in fig. 7a. After correction of the geometrical spreading
obtained by ray tracing in the anisotropic medium, the spectral amplitude versus depth
curve is plotted in Fig. 8a. In order to relate this to the fault zone, we plot also the spectral
amplitude versus the distance from the fault plane as shown in fig. 9b. It shows that
seismic waves encounter an obvious attenuation when they travel in and near the highly
fractured fault zone. The quality facet Q of the fractured rock in the vicinity of the fault
zone is estimated to be 6 - 8. As mentioned earlier (fig. 1), the maximum crack density
was about 0.08 in the fault zone. It means that there is some close relationship between the
crack density and the quality factor of the fractured rock.

From above observations at Hi Vista and Oroville, the following questions remain.
(1) What are the causes of amplitude attenuation for P and S waves remaining after the
correction for geometrical spreading? (2) Are they scattering, absorption, or both? How
can they be separated? (3) Why does there seem to be a difference in attenuation between
two types of S waves? (4) If the difference is due to aligned cracks, can we use the
observed attenuation anisotropy to define the distribution of crack? To answer these
questions, we need more high-quality 3 component data and interpretation methods for

separating the scattering and absorption effects.




km/sec

km/sec

038

FAWLT -7

HANGING WALL 20NE ¥4 FOOT WALL
1 L = 1 1 4 T T
orsl AT -
yaR T

CRACK DENSITY

1.7 i A i i X L. A L L
) -60 -40 -20 O 20 4 6 80 i00 120

DISTANCE (m)

Figure 1




TIME (ms)
East Azimuth

400

TIME (ms)

Southeas! Azimuth

" 100 200 300

TIME(ms)
South Azimuth

(W)H1d3a

n\\, ce




¢ 914
(W) H1d3a 3710H3¥09
(0]0; 74 00¢ 00¢

3US YOLVHEIA LSVY3 3HL ¥04 S3ANLNANY HS % AS

G-

G'0-
(pazijowuou) 3ANLNANY

SQ



SOURCE OFFSET (m)

Wellhead 4 ! R S N N NIRRT O O AR
30 60 90 120 150 180 210

WEST AlR

1204

150+

180

RECEIVER DEPTH (m)

Vertical
Geophone | iR
240WM _~ /" ~Normal Fault
Horizon:al g
Geophone
2704 S

3001

F1G. 4




or1000c -

Hq

Hz

0 100 200 300 400 500 600 700 800 900
(ms)

F1G.5

1000




TRAVEL TIME (MS)

Oroville specurum using airgun

sprutjdwe

frequency

200’

o]
DEPTH (XM)

1000’

OROVILLE AIRGUN VSP SEISMOGRAMS (GATED)

(b)

(a)

Fig.6




TRAVEL TIME (MS)

Oroville VSP amplitude spectrum with distance cormection

frequency

=

500

DEPTH (KM)

1000

OROVILLE AIRGUN VSP SEISMOGRAMS (GATED)

(b)

(a)

Fig.7




Log (AT

Log (AT)

6.8

P-wave attenuation in Oroville fault zor

54

T

-+

T

500 550

7.2

600

650 700

750

800 850

Borehole depth (feet)
D)

P-wave attenuation in Oroville fault zone

900

950

1000

6.4

T

6.2

¥

5.8

5.6

T

54

—

e

A

-120

-100

-80

-60

40

Distance from the fault (meter)

h)



21

)] In tation of Sou f Some Volcanic Events in Terms of 3-D

In early 1988 we carried out a field experiment at Kilauea Volcano, supported not
by DOE but by NSF and University, during which the volcano was active and generated
gas-piston events, long-period events and tremors. Figure 1 shows the recording sites of
the data that will be shown in this report. Gas-piston events and tremors were recorded at
the site PUO, and long-period events which have their hypocenter under Kilauea summit
area, have been recorded at HVO, KEA, ESC, NEN, and few of them at PUO.

Typical examples of energy spectra of a gas-piston event, a tremor and a long-
period event are shown in Figures 2, 3 and 4 respectively. All of them show very narrow
peaks and at least some of them are observed repeatedly over many events.

Figure 5 shows the stack of the energy spectra of all components of all stations,
except PUO, of a long-period event, and Figure 6 shows the stack of the three components
of the same event recorded at PUQ. Clearly, the same spectral peaks show up in both
figures. Since the propagation path to PUO is longer and quite different (nearly along the
East-Rift zone) from those to the other instruments, the agreement between spectral peaks
supports the idea that these peaks are not due to a path effect but due to a source effect.

For gas-piston events, all the instruments were located in a very small area and our
argument is not as strong as for long-period events, but we observed similar evidence
supporting the idea that the source is responsible for the narrow peaks.

The sharp narrowness of spectral peaks of gas-piston events and tremor indicates a
Q value as high as 40. Aki er al. (1977) have shown that the damping of the fundamental
mode of isotropic oscillation of a liquid sphere embedded in a solid is determined by the
impedance contrast between solid and liquid. For high impedance contrast Q becomes
directly proportional to the impedance contrast. Numerical simulations of long-period
events (Ferrazzini et al., 1989) by resonance set up in a fluid filled crack also show that Q
increases with the impedance contrast and the only way to obtain the high impedance

contrast required, is to have bubbles in the magma. Gas seems to be a necessary ingredient




in the géneration of all of those signals in order to explain the sharpness of the spectral
peaks as long as the system is linear.

The similarity of the spectral characteristics between gas-piston events and tremor is
clear in Figure 7. This figure compares the stacked energy spectra of gas-piston events
with a tremor spectrum occurring 10 days before the gas-piston events. In spite of the
change of the magmatic activities there is no evidence for a shift in frequency and this
stability implies that the system must be stable and linear.

The strongest long-period events recorded have power spectra quite similar to those
of gas-piston events and volcanic tremor. They are characterized by a dominant peak at
low frequency (.85 Hz for the long-period events, around 2.5 Hz for gas-piston events and
volcanic tremor), followed by two or three peaks with decreasing amplitude at frequencies
which do not corrcspond_ to a simple multiple of the dominant frequency. Neither the
spectrum of a rcsonatin;ﬂuid-ﬁl,lcd pipe (Chouet, 1985) or a spherical magma chambcr
(Crosson and Bame, 1986) wild display such features which seem to be due to a three
dimensional effect at the sourd®. The 3-D fluid-filled crack model developed by Chouet
(1986, 1988) and used quite successfully to simulate long-period events observed by Bame
and Fehler (1986) during hydrofracture experiments in hot dry rock at Fenton Hill, New
Mexico (Ferrazzini et al., 1989) may be more appropriate, but the model does not seem to
generate the spectral features of long-period events and gas-piston events mentioned above.
The inability may be due to the approximation used in solving the equations of motion and
continuity for the fluid in the plane of the crack, i.e. in two dimensions, which may be
responsible of the overall strong excitation of a very slow wave analogue to the tube wave,
called "crack wave". The excess pressure applied being symmetrical with respect to the
crack plane, in the thickness of the crack, only symmetrical modes can exist thus favoring
the crack-wave development.

This approximation may be adequate in the case of fluid injection into thin cracks as

during hydrofracture experiments but may not be valid in the case of a turbulent three
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dimensional fluid flow that we may expect in a bubbly magma. Chouet's model in its
present form does not seem to be able to reproduce the required spectral peaks distribution.
Rather than to extend the finite difference scheme of the fluid dynamics from two to three
dimensions, a solution which will require an enormous amount of computer time, we
decided to consider the excitation of normal modes in a rectangular container, with
absorbing walls. This approach occurred to us by noticing that the spectral peak
distribution of long period events seems to follow those of the normal modes of vibration
of a rectangular room. Let us consider for simplicity a rectangular room with rigid walls of

dimensions Ly, Ly, L. The corresponding eigenfrequencies are given by (Morse and Bolt,

1944):

V=5 @ QR @

where the quantities ny, ny, nz are integers greater or equal to zero and each trio of values
(nx, ny, nz) corresponds to a normal mode of the room. In the case of the long-period

event shown in Figures 5 and 6, assuming that the dominant peak at 0.85 Hz corresponds

to the normal mode (1,0,0) and the acoustic velocity equals 1 km/s, we find the largest
dimension of the room on the order of Ly = 600 m. The second peak occurs at 1.08 Hz, a
frequency less than twice the frequency of the first mode, thus this peak may corresp_qnq?tq -

the normal mode (0,1,0) which leads to the second largest dimension of the room Ly = 470 -

m. The third or fourth peaks may be related to the third dimension of the room if this o

dimension is not too small compared to Lx aad Ly, or may correspond to the normal modes S
(1,1,0) or (2,0,0). The eigenfrequencies found for those two modes are respectively 1.37 ="~
Hz and 1.70 Hz which are very close to the frequencies of 1.34 Hz and 1.6 Hz of the

observed third and fourth peaks respectively, and suggest that the third dimension of the

room L, must be smaller than Lx/2. Since a high contrast of impedance between fluid and

solid was invoked to explain the sharpness of the observed spectral peaks, it is reagonable .




to find that the spectral peak distribution can be fitted with the resonant frequencies of a
fluid-filled box with rigid walls.

Let us now consider the effect of the wall impedance on the resonant frequencies of
aroom. Standing waves in rooms have been the subject of numerous studies, in room
acoustics when the wavelength of the sound wave is much shorter than the dimension of
the room, a geometrical ray analysis is generally more fruitful. In our case, only the lowest
modes of vibration seem to be excited in the observaton and the normal mode analysis
should be a more efficient method to obtain the acoustical response of the room and to

determine to what extent the resonant rectangular room may be compared to the finite -

differenc: 3-D fluid-filled crack model. ‘

Morse and Bolt (1944) and Morse and Ingard (1968) gave an analytic solution for
the Green function in various cases of rectangular rooms and the approximate solution for

irregularly shaped rooms. All these solutions are based on the expansion of the Green

~

functon in series of normal modes, and this is the approach that we will follow im-orderte ——

compute the normal velccity field at the surface of the cavity which may be compared

directly with the finite difference solution. For this purpose, we need first to get the

i

eigenvalue and eigenfunction solutions for the standing waves in the roQ—————= __ = —

Jore

Let us consider a rectangular fluid-filled room with dimensions given by Lg, Ly,

P

L., let V be the volume of the room, S the surface enclosing this volume. The fluid = —====-

velocity and pressure may be expressed in terms of the velocity potendal y: J— -i~'=e:_—_—_!: ,:‘"‘ o
V= -Vy -
a\U ‘ =
P=pPr—
ot

and v sausfies the equation:
Viy = -Kly
Taking the coordinate system at the Genter of tire ToomT, T generat SOOI Tory Tay be

Yrilihwig.



W= { €08 Tdn,x ( cos (nqny)'){ cos |™dn,z
" Vsin | Ly sin \ Ly sin | L,

Where cos and sin holds for even and odd modes with respect to the subscript value of
nj; i=x,y,z which refer to the n;th mode along the i axis and the subscript n of y refers to a

trio of values (nx,ny,nz).

The characteristic values qq are in general complex numbers and may be expressed

by the form qpj = M - iv where p is the real part corresponding to the wavenumber and v

is the imaginary part representing the attenuation. These two parameters are determined by
the boundary condition that the ratio of pressure to normal velocity at each wall equals the
impedance Z corresponding to outgoing waves in the medium immediately outside the
room:

Z=Vp[aw aw

ot on
where n is the normal to S oriented outward the room.
Fixing the boundary condition at x = +L5/2 and writing B = pgc/Z, we get the

equation for 9ny:

b1e 7T .
T30 1g i) = ik, B

for the even modes, and

Tqn,
2

cotg(nqp, /2) = +ikLsp
for the odd modes.

The same boundary condition applied aty =+L.,/2 and z = +1 /2 yields similar
equations for ny and 9n,. In these equations, if B does not depend on the angle of
incidence of the sound wave then the quantities 9nx depends only on properties of the x-

walls and the calculations can be carried out independently for each pair of walls and the

results combined at the end.

— —e—
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Dropping the subscript for q and L and putting q = p-iv and B = &-ic, the
separation of the preceding equations into real and imaginary part gives for the even modes:

a1 a2 e = Ko

(v:anlczE [1-tanh232¥]+(ptanhlzu{l+tan2n—2&])/2(l+tanh2321tan2%&) =kLg

19
and for the odd modes:
(vianhZY [l+tan2n—2u—]+(utamn2—u[l-tanh2&2!-])/2(tanh2%"l +zanﬂ2‘i) =i

-vianE [1-tanh?EY. IV (] 4tan2it 2LV yan2tHy o
(-vtan—- [1-tanh?E0]+(utanh B {1 +tan2—-])/2(tanh?BY +tan?—-) %&_,

Each pair of equations can be solved numerically for u and v using Newton-Raphson's
method, given the values of L, £ and o, and of the frequency w/2nt = kc/2n. Assuming
that the impedance contrast does not depend on the angle of incidence of the sound wave, if
acceptable in the case of a hard walled room, may not be accurate to compute the pressure
and velocity fields at the surface of the room. For given dimensions of the room and a
mode of vibration, the angles of incidence of the sound wave can be found and the
impedance Z at each wall surface can be determined. The boundary equations for the six

walls can then be solved simultaneously. We are currently working on this problem.
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(6)  Testing of fiber opd i I.

A prototype fiber optic seismograph reported in last year's progress report has been
continuously operated in a shallow instrument vault housing a 3-component station of the
USC Los Angeles Basin seismic network. The performance of our fiber optic seismograph
has been satisfactory in both vertical and horizontal mode as shown in Figures 1 and 2
which compare time records of local earthquakes obtained by the fiber optc seismograph
and standard network seismograph (LAC). Figure 3 also shows a satisfactory agreement in
the frequency domain. Several operational details remain to be tested and/or developed. At
present the sensitivity of the fiber optical sensor is an order of magnitude less than that of
the L4C seismometer. The sensitivity of the fiber optic sensor can be improved by
upgrading the quantity of the light source and photo detector, and by increasing the inertial
mass. Increasing the inertial mass has the further benefit of broadening the low frequency
side of the instrumental passband. The prospects for a horizontal borehole seismic sensor
with frequency response at or possibly well below 1 Hz are appealing for deep borehole
studies of natural seismicity.

Several aspects of the performance of the fiber optic sensor are not presently
thoroughly studied. The prototype sensor is more fragile than a seismometer. A sharp
blow that does not damage a seismometer may break the fiber. Stll at question is whether
the fiber is significantly weakened due to steady state abrasions of the fiber by the teeth of
the deforming mass or whether the fiber is simply overdriven by deflection of the mass.
We have postponed placing the prototype at a significant depth in a borehole until we
understand the extent of fiber abrasion. As a measure or protection against abrasion we
will coat the deforming jaws with a layer of aluminum. For protection against the hazards
to lowering the sensor downhole, we can install a motor driven shim that pins the inertial
mass for deployment, than retracts for operation.

A drawback to the fiber optic accelerometer detection of vertical motion is that when

the pendulum system is horizontal the inertal mass creeps toward or away from the optical
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fiber. Thus, there is a steady baseline shift in the sensor. Since inertial and gravitational
masses are indistinguishable, there may be no passive mechanical configuration which
overcomes the slow deformation of the accelerometer mass. It may be possible to stabilize
the creep with a sdff fiber, but mindful of fiber fabrication we have not attempted this
solution.

We conclude that detection of horizontal or vertical acceleration in the short period
seismic passband 5 to 30 Hz via distortions of an optical fiber compares well with a
standard short period seismometer and a force-balanced accelerometer. At feasible
sensitivides, the fiber optic sensor can probably outperform available electromechanical
horizontal motion sensors available for deployment in the confined space and high

temperatures of deep crustal boreholes or geothermal wells.
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PROPOSED RESEARCH FOR THE NEXT YEAR.

As described in the preceding progress report for the second year of our 5-year
project, we have made a considerable progress and gained momentum in all aspects of
originally propased task. In the next one-year period, we shall continue along the lines of
research developed in the last two years.

First, we shall complete one or more papers on the seismic Q and velocity structure
of the Valles Caldera, using the results of Robert's thesis work to be submitted to
appropriate journals. We plan to do some additional works before completing these
papers, because the extremely low Q value we found has triggered vigorous discussions
among the members of thesis committee, and ‘e want to analyze the existing data available
at the Los Alamos National Laboratory to further substantiate our conclusion. This work
will be done by the P.I. and Peter Roberts who is now working at the LAML as a post-
doctoral fellow.

Secondly, we shall investigate systzmatically the applicability of so called "Born
inversion” to the seismic waveform data using the models of high-velocity and low-velocity
inclusion for various velocity contrasts. The question of the validity of linearized iterative
inversion procedure involvea in the Bom inversion is fundamental to the inverse problem
in seismology, and our study will give an insight to this problem by the use of our new
synthetic seismogram method, namely, the Gaussian beam-boundary integral method
described in the progress report. This study will be carried out by Ratael Benites as a part
of his Ph.D. thesis work, which is expected to be completed in the next year. Thirdly, we
plan to improve our interpretation method for fracture related seismic attenuation in VSP
data. In the past, our method enabled us to estimate the orientation and density of
fractures, but not the sizes and shapes of fractures, because our method was based on
Hudson's (1981) formula of elastic constants for aligned cracks which are valid only for

wavelengths much longer than the crack size. We need formulas valid for wavelengths
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comparable to a shorter than the crack size, to make a reliable estixhation of the size and
shape of the crack.

We made a literature search, but failed to find such formulas. The existing theories
applicable to wavelengths comparable to and shorter than the scale length of inhomogeneity
are mostly concemned with an elastic medium perturbed randomly but continuously
according to an autocorrelation specified by the correlation distance and mean squared
fluctuation.

We propose to study the intrinsic as well as scattering attenuation due to cracks for
a wide range of wavelength relative to the crack size, following the T-matrix method as
used by Varadan et al. (1979) and Bring et al. (1982) for electromagnetic waves and by
Varadan et al. (1983) for acoustic waves. They characterize the random medium by an
effective complex wave number k which is a function of the concentration, size and
distribution of scatterers. We shall extend their method to the problem of elastic waves in
composite media including the medium containing fluid-filled cracks. This work will be
carried out by Yongong Li who is now a post-doctoral fellow at USC. ,

Fourth, we shall continue to work on the study of source spectra of volcanic
events, including the gas-piston and long-period events and tremors observed in the
Kilauea volcano, using the model of 3-dimensional chamber filled with magma and gas.
We shall solve the equations described in item (5) of the progress report and compare the
solution with those obtained earlier by the finite difference calculation under the assurmption
of thin crack. We  _!l then apply our new solution to various observations at Kilauea in
order to determine the structure and material property of magma system. The new
interpretation method will be useful for studying seismic signals generated in continental
geothermal sites, because we found at the recent Capri workshop on volcanic seismology
that many of the features of seismic signals are common between the Hawaiian volcano and

volcanoes in Japan and Italy.
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Finally, we shall continue the testing of fiber optic sensor in boreholes at USC
seismic network sites. Lab tests and surface deployment tests will be conducted on a
higher mass, lower stiffness version of the sensor (in order to improve its sensitivity and
low frequency response). A second horizontal component and a vertical component will
also be constructed in-house and packaged for borehole deployment. The borehole
packaging will include devices for shimming the deformer jaws for downhole and uphole
transport. The 3-component package will be monitored via the USC Los Angeles Basin
seismic network communications and recording facility (as done presently).

The Magma Energy Extraction Project deep drill hole at the Long Valley Caldera,
CA, is scheduled to begin its Phase I drilling in July of this year. Phase I calls for a cased
2500 hole through surface rhyolites and tuffs into the Bishop Tuff formation. The Bishop
Tuff, which originated in the last major eruptive episode at the Long Valley Caldera, is
thought to be a critical formation for fluid circulation, reservoir recharge and heat
extraction. As such it represents an important target for 3-component VSP profiling for
fracture related anisotropy.

We will conduct a reconnaissance VSP survey at the end of Phase I drilling. The
level of effort will be comparable to a scaled up Hi Vista VSP reported on above. The
present upgraded USC VSP digital tool capability allows us to employ a vibrator source for
adequate penetration and offset. The multi-offset, multi-azimuth reconnaissance survey
will establish basic VSP parameters: P-wave penetration through lossy uppermost rhyolite
and tuff layers; the degree of P>S conversion at the Bishop Tuff interface; the P- and S-
velocity structure; the dip of interface; and the presence or absence of horizontal reflectors
in the tuff (and possibly below the tuff). The horizontal component data will be analyzed
for the extent of and direction of shear wave splitting. The vertical component data will be
analyzed for reflectivity below the hole.

The major VSP cost will be the vibrator. At about $1000/day plus transport for the

vibrator, a 3 day shoot with one day in hand for set up and repeat runs, will cost about
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35,000. Three full vibrator days will yield near-offset 10 meter interval velocity and
reflectivity data, and four to six multd-azimuth intermediate offset, runs for shear wave
data. We will use part of our field expense funding for vibrator rental; USC has agreed
to provide additional funds to make up the difference.

In the event that the hole is too hot for our tool, we will use our high temperature
analog tool with downhole buffering electronics. The analog option is the less desirable as
the analog tool clamping is less firm than that of the digital tool, and the analog tool does
not provide independent tilt orienting information. However, analog tools are the industry

standard and we can complete the experiment with it.
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