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. interestiﬁg properties bfrthe’magma‘reservoir by aAmultipie"f{[

"has been developed and gﬁccéSSfully,tested.’

ABSTRACT

We are developing a variety of new seismologicai methods
for determinihg the structure of a geothermal eneréy source
rggion.' In one approach, we~utiiizekseismic signals genera-
ted in the source region by'interpreting them in terms of

the parameters of a seismic source model. For example, using

-a fluid-filled tensile crack driven by excess pressure in

fluid as a model of volcanic tremor, we derived formulas

which relate seismic observations with model parameters, and

| applied the. formulas successfully to an actual eruption in

Kilauea, giving a new insight to the magma transport in a
volcano.  We continued our theoretical work on the diffraction
of seismic waves by a crack and demonstrated that the size

and location of a crack can be well deternmined by particle

motion near the crack at various freqﬁenéies. We applied the

method to Kilauea Iki and found the location of the magma lens
in agreement with that estimated by another method.
We carried oﬁt-an‘é2£ensivé.field‘experiment.in Kilaueawl

Iki, with the.cooperafion of USGS and SANDIA,'and.revealed

use of active, passive, conventional, and-uncngentional

seismic methods,, The self-contained, digital event recorder

AN



"Scope'bf investigations

We are interested in developing effective seismic
exploration methods for determining the;structure‘efvgeo-
thermal energy source regions, such as a magma rééervé{r ,
and conduit in a volcano or a hydrofractured cééck in a
éeothermal well.

One approach we have been taking is to determine phyeical
éarameters of a geothermal eeergy.source_region using seismic
signals generated from there. We focused our attention on
a model based on a fluid-fiiled craek under jerky extensions
by excess fluid pressure. We completea an initial analysis
by means of the finite-difference method for solving dynamic
elasticity problems to find a relation between the observed
spectrum of seismic'signal and the model_parameters. The

relation was successfully applied to one of the best des-

cribed case histories of'volcanic tremor, which occurred

during the October 5-6, 1963 Kilauea erubtion. The result

'shed some new light on the mechanism of magma trahsport in

the volcano. The‘preliminary result from application‘to

seismic signals observed in a geothermal well also gives

a reasonable estimate of the dimension of the hydrofractured

crack.

Another approach we have‘taken is'to use an artificial
souree such -as a;butied explosioh ahd study the diffracted
waves in’the near-£field end far-field of a structure upon

which the primary waves are incident. This method is more
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reliable than passive Qnes"because the seismic source is

at our disposal. We have completed theoretical work on

the diffraction of P waves incident upon dry and weéAcracks.
The result shows a strongly frequency dependen£ patterﬁ of
seismic motion aroundrthe crack which, if observed, can

be used to determiné the orientation and size of the crack.

We applied the method to the seismic motion observed on

the floor of Kilauea Iki crater due to P waves from a
local earthquake outside Iki, and were able to define the
location of the magma lens which agreed well with the de-
termination by other methods.-

In response to the recommendation of the SANDIA/USGS -
Magma workshop, March_1975; we plahned and carried out an
extensive field experiment in Kilauea Iki, with the co-
Ope:ation of SANﬁiAvand USGS, to test a variety of seismic
exploration methods with the?ﬁagma reservoir known to

exist, using explosions and local earthquakes outside Iki

as well as seismic events occurring in the crust of the

Iki floor. The most important conclusion from this work is

" that the use of multiple methods (active, passive, con-

ventional and unconventional) is essential for determining

the seismic properties of complex structures encountered

'in,exploration<xfgeothermai"energy.sources.t‘

Another field work was undertaken to apply the coda .
methdd_(Aki and Chouet, 1975) to Hawaiian earthquakes for

the purpose of finding the regional seismic attenuation
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‘property in a geothermal region. Comparison of the results

with other regions in Japan and California showed an un-
usual_dépth dependence of Qwﬁnder Hawaii; a relatiVely,

high Q at the shallow part of the lithosphere énd"low Q

at the deep part. | |

In order to collect better qﬁality~data for both active

.and passive experiments, we have developed a cdmpletely

self-contained, digital event-recorder using memory and
control circuits. The system inc1udes a precision’clock,-
eliminating the need for a radio time—sighalfreceiVer.

We have finished testing the function of the system and are

'going to carry out field work to collect records -of

volcanic tremor in Hawaii for more detailed study of the
magma transport mechanism and those of teleseismic P waves
in the Southern.Cascade in order to gain experience in data

collection for determining the 3-dimensional seismic

~ velocity anomaly by the methodiqf Aki, Christoffersson and

Huéebye (1976) .
. The principal‘investigatqr spentrio% of the 9 months

academic yeér and 100% of one month in the summer for

this‘éroject. He planned,and carried out the field experi-

ment at Kilauea Iki in March with 4 students;'worked later

‘on the ihterpretatibnfofirecordsaobtained during’the ex-
. periment and finished a paper on the seismic properties of

kthe-magma reservoir which was submitted to the Journal of

Geophysical Research. He is finishing another paper on
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the seismiC'soﬁrce modeling of volcanic tremor and vibration
of a hyd;o—fractured crack, which will alsé be submitted -
to the Journal of.Gedphysical Reésearch. He supervised '
M.'Fehler's work on computational work on the difffaction‘
problém, B. Chouet's Ph.D. thesis on the coda method,

M. Bouchon's work on the synthétic seismogram for the
Kilauea iki.refraction experiment, and P. Mattaboni's work
kon.inStrument development. He also participated in several
panel meetings.at LASL and SANDIA on the exploration of

‘magma reservoirs and dry hot rock areas.

Seismic source mechanism of fluid-driven tensile crack:

" a model for vibratidn of a hydrofréctuféd crack and volcanic
" tremor. |

A fluid-filled ténsile craék driven by the excess
pressure AP in fluid cah'generate'$eismic waves by a suc-
ceséion of jerkynexﬁenSions,‘if the‘fractﬁre'strength‘of
rock varies strqhgly in space. - For a craékfwith half-
~ length 2, a'jerky-éXténsion by A% is'possible,‘if.thé.
fractional fluctuation e of strength [critiéa1 stfess in-

 tensity factor]’saﬁisfieS'théffollowing.ihéquality;

\ -e_i S 0.8 (EQ_) _ o (]_)
AL L \ AP 4 S St

Y_Where Pé is ihe ambient lithostatic pressﬁre.

Suppose that the condition (1) is satisfied and a jerky

extension by A% occurs at one end of the crack with full
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length L = 2%. The particie velocity of the point on the

‘crack surface is computed by a finite-difference method for

a dry crack and a wet crack. The results for a dry crack

~and a wet crack are shown in Fig. 1 and 2 respectively,

where the normal component particle velocity is plotted as

" a function of position x on the crack and time T. The

effect of fluid dampens the vibration. The maximum dis-

placement amplitude observed on the crack can be written as

. . ALAP |
Vmax - C T- . X .o L 4 [ 4 (2)

where p is rigidity, C is a constant which is about 0.1
for the case of extension at.one'end.‘
The far-field spectrum radiated to all directions from

the jerky crack extension can be seen, at a glance, using

~ the wave-number-frequency spectrum of particle velocity

on the crack, as shown iniFig. 3 and 4 respectively for a

dry crack and a wet crack: In these diagrams, the profile

along k = wcosby/c gives the far-field spectrﬁm of waves

with velocity.Cfand,radiation'difection making an angle ¥y
with the length of the crack. Surprisingiy, we find that
the main;spéctral.peaks are outside'the radiation region

for P and S waves.- A.low-frequehcy'peak presént for the

' dry crack_is;wiped out in the wet crack. For‘a,wét-crack,

the near-field is dominated by a peak-with frequency about *
0.9 B/L, where B is the shear velocity. The'far-fieldvpeak'

for a wet crack occurs between 0.4 n 0.8 B/L depending‘
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on radiation direction.
We, then, construct a model of continuous vibration.
by assuming a randomly occurring jerky extension at a

constant rate n per sec. The root-méan—square amplitude of

‘P and S waves can then be expressed as

_1 2 A

RMS(UP) = (4npa3ro) (A+2§ cos”6) C'LAPAS v nAf
S - "'1 Sin 26 .t -

RMS(U") = (4nBro) __ﬂ——— C'LAPAS ¥ nAf

. .. (3)

where Ty is the distance between souxce and.receiver, o
is compressional velocity, C.density, A,u elastic constants,
0 apgle between radiation directidn,and normal to the

crack, AS, incrementai'a;ea for‘each jerky extensidn, and

Af, béndwidth of recordéf. C'.is akconStant which is about

0.1 for peaks in the frequency range 0.4 "~ 0.8 B/L in the

case of a wet crack. A similar formula was obtained for

surface waves.

We applied.the'abOVe‘formulas to the volcanic tremor
observations for the October 5-6, 1963{Kilauea eruption
described by éhimoiuru,et al.(1966) and Moore and Koyanagi

(1969) . Using the amplitude andvspectral~peak'6f volcanic

tremor as well as the amount of magma transport estimated v~

from geodetic observations,we arrived at the following
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mechanism of magma transport. Magma is transported through
many cracks with length lm2 km undergolng jerky exten51ons
'1ndependently. Jerky extensions of these cracks'are caused
by excess magma pressure around 20 bars at the rotal rate
of_one extension per sec. The increment in each extension
is about 103 2. If the depth of the crack is 1 km, the
A crack tip advances by 1 m in each extension.

The formulas obtained in this work should be useful for
‘determining the parameters of a hydrofractured crack, if
seismic data are available durinc the pericd of fiuid in-

jection.

Study‘of*diffracticn of plane P Waves by a finite crack

with application to location of avmagma lens.

Before an interpretaticn of eeiSmograms from an active
experiment succeeds in determining.the:size, crientation
and location of an undergrcundkcrack,'thecretical prcblems
~ of the seismic qiffraction by a crack must be solved. We,
‘have completed«the‘study'of diffraction of plane P waves
by a flnlte 2 dlmen51ona1 dry crack u51ng the finite
'dlfference scheme developed by Madarlaga (1976). The
computer’programfhas~been satlsfactorlly'tested againSt
‘problems with known solutions. | _ '

The results are shown ih,Fig. 5 through Fig. 11 for

two different directions of incident waves and various
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‘incident wave-lengths. The direction of incident wave,

and the particle motion in the absence of the crack is
indicated on the right of each figure.  These figures show
the total particle motion at points surrounding the crack.
The crack is located between two croéses in the horizontal-
line at the center of each figure,

It is found that the crack has little effect on particle
motion for incident waves with wave-lengths greater than 10
times the crack-length. 'For>wave lengths less than 5 times
the crack length we see a complex diffraction pattern.

The amplitude and phase of both components of motion are
affected by the crack. For wave—leﬁgths less than.two times
the crack length there is a region of reduced amplitude
(shadow zone) behind the crack. The relative phase of two
components of particle motion varies rapidly with position
inside the shadow zone. |

The results of theoretical calculatibn are used to locate
the edge of a magma lens.in Kilauea Iki crater. Fig. 12
shows the particle motion observed“at sites 17N6 through
17N11 (see Fig. 13 ﬁor map of stations) due to P waves frdm‘
three local earthguakes outside Iki. We found that the ratio;
éf vértical to:h0£izontal displacement amplitude and the
direcﬁion of rotation of particlé motion_Vary along the array 

“in such a Way as expected from our theoretical result if
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there is a Crack'tip located near 17N9. This'location
agrees-witﬁ the boundary'betweén an area with high activity
of small seismic events presumably caused by cooliﬁg-bf’
magma and an area.with véry’little seismicity,'prgsumably
completely frozen. | |

We are currently extending the computation to the case
of wet cracks. These results should be useful for defining
a hydrofractured crack if the data from active experiments
are available. This is the best way to define the crack
in case no seismic events were océurring around the crack
such as used by J. Albright (1976) in_mapping the LASL
‘geofhermal c:ack.‘ M.»Fehier, a.graduate student who did
'tﬁe calculaﬁion of diffraction problém, has been spending
most of the summer at LASL working on the seismic data from

- LASL geothermal wells.

Seismic properties of a shallow magma reservoir in Kilauea

.Iki by active and passive experiments.

Since the paper on this subjeéi is submitted to the
Journal of Géophysiéal Résearch and a.preprint copy was
.forwaréed'to the'Cdntracts~Management Office, We'Shall here
briefly summarize the main results.

B Eruptions in Kiiauea~volcanp; Hawaii produced accessible,
stagnanf laQa ponds in several pit cratérs, which érovide |

an excellent laboratoryffor'studying the mechanisms by which
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lavas cool,.crystaiiiZe, and differentiate.

No systematic geophysical studies have, however, yet
been made of the internal structure of these lava ponds.
Kilauea Iki, in particular, is known to have a magma body
under the crust as confirmed by recent drilling conducted by
' the U. S. Geological Survey. It.also offers an unprecedented
opportunity for testing any geophysical method for exploring
a magma chamber in the earth. We undertook_a seismic experi-
ment with Kilauea Iki as a part of a comprehensive geophysical
experiment being organized in response to the recommendation
of the SANDIA—USGS magma workshop, March 6, 1975.

A prellminary experlnent made in August 1975 by B. Chouet
revealed a high activity of seismic events occurring beneath
the floor of Iki. A seismograph located near the center of
the lake recorded about one hundred events per hour. ‘In_
March 1976, both active and passive experiments were carried
out using 13 seismic channels with various combinations of
vertical and horizontal seismographs. In the actige experi~-.
ment, in addition to the usual P-refraction'survey, we studied
the propagation of SH and Love waves. The map of shot points
and seismograph sites is’given in Fig. 13. 1In the passivev
experiment, we stﬁdied not only the events occurring within
the Tki crater; but also seismic signals propagated through
the magma body from the earthquakes outside Iki. Fortunatelf,

the .outside seismicity was high enough for such an experiment
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partlcularly because of the activity follow1ng the Kalapana
earthquake (M=7.2) of November 29 1975. _

The results obtained are very intriguing. Befh P";r'ave‘~
“travel time and Love wave dispersion data requipeaa low
Velocity body under the crust of Iki. The ihterpretation
-of P wave observation was made by a new exact synthesis
ﬁethod for a layered medium recently developed by M. Bouchon.
‘The lateral extent of this low velocity body agrees well
with the area of high activity of seismic events in the
crust. The most surprising observation is 9 Hz SH waves
clearly recorded at the center of Iki's floor from an out-
side earthquake. This may be explained by the Bingham body
theory of Shaw et al. (1968) who found a finite yield
strength for magma in the Makaopuhi lava lake by an injsitu
viscosity measurement. The:stressiassociated with our
- seismic signal is comparable to the yield strength measured

by them. As suggested'by Shaw et.al., vesicles (bubbles) in
| magma,may~be responsible for the nen—Newtonian behavior, ”
The presence.of vesicles also'reduces ﬁhe'cempressibility of -
magma drastiéally, and helps to explain the extremely low '
P-velocity under the crust of Iki.inferfed from the refraction
data. From the dispersion of Loveﬁwaves, we find, for a given
thlckness of. magma lens, the apparent shear velocity and

consequently the apparent viscosity of magma. Then,; the



'transmission of 9 Hz S-waves imposes an additional constraint
) oﬁ the relation between the thickness and viscosity. From
Love and S-wave data, we infer a rather thin (less ﬁhanxlo
meters) magma lens with viscosity around 107 poiseﬂend_cor-
responding shear velocity about 0.2 km/sec. The oresence of
vesicles of a few volume percent in the melt can reduce the
apparent bulk modulus to as low as the apparent rigidity
inferred from the Love and S-wave data. The P-velocity of
about 0.3 km/sec is possible in the melt of apparent viscosity
107 poise with 5% vesicles. The observed‘refraction data
further require the P-velocity in the lower crust to be about
0;9 km/sec. Such a low velocity may be possible if the
cracks in the lower crust are kept open by pressurized gas
or water vapor trapped by the overlying magma lens. Because
of gas pressure in the crack, the cracked solid,behaves as
if it were at zero effective ‘pressuré. In fact, we found
the P-veloc1ty around()sakm/sec at the top of the upper crust
in the most. severely cracked part of Tki.

Our experiment demonstrates the 1mportance'of multiple
approaches in seismic studies of a complex structure like a
partially frozen lava lake. The seismic events within Iki
gave the most detailed information on the lateral extent of
" the magma lens. The dispersioneof Love waves played an im-
portant role in defining the low velocity body because we .

could not use high-frequency body waves which suffered'strong_



attenuation and:scattering in the severely cracked crust.
The SH waves ftom an earthquake outside Iki provided im-
portant information on the physical property of the magma
body. All these results p01nt out that the study of such a

complex structure requires both active and passive seismic

‘experiments using conventional and unconventional techniques.

In the revised proposal dated 15 December, 1975, we
stated that we planned to cemplefe.4 seismoéraph systems
and the playback system before the summer, and carry out
the testing during the summer. We have‘cdmpleted one
seismograph system and.the playback system as shown in
Fig. 14 and 15, Fig. 14 shows the seismometer and pre-
amplifier in the left ffont, and the;upper part of the tape
recorder and electronics assembly is exposed from a water-
proof.’centainer. In the field,'the container is buried in
ﬁhe ground, and the maintenance check is made in the half-

exposed setting by the use of a suitcase paeked'playback

unit: shown onvthe.fight of Fig. 14. It contains digital play-

back electronlcs, a strlp chart recaorder, a master clock and -

other elements for checking ‘the operation of a seismograph
system,

Fig. 15 shows the exposed interior of the’event-recorde;ﬁ

It contains the tape recorder, precision oscillator, amplifier,
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A toD converter, dlgltal memory and control cxrcult.

We have tested the system successfully at our Walleoe
Geophysical Observatory. Fig. 16 shows sample records of
seismic events (presumably quarr& blasts) obtained by the

system.

We are going to carry out field experiments to collect

"volcanic tremorldata from Hawaii and teleseismic P wave

data from Cascade before the end of this year. Unfortun-

ately, because of unexpected delays in delivery of certain

items, the completion of the planned additional three

seismograph systems will be near the end of thzs year, SO
that the fleld experlments durlng the current year will be
done with one system. Since the purpose of ‘the field ex-

periment during the current yeat is primarily to test the

functioning of the event-recorder, the reduced number of

seismographs does not seriously impair our original plan.
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