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1. Introduction )

This paper describes promising methods for analyzing microearthquake data which
potentially can resolve underground fracture structures to accuracies of the order of ten
meters. We -have been observing microearthquake activity of microearthquakes in the
Takinoue geothermal area in the vicinity of the Kakkonda geothermal power plant, I[vate
Prefeclure, Northeast! Japan (Figure 1) since December 1982. In this area, high temperature
fluid rises through fractures which penetrate a hot body of intrusive rock (1de,1985). The
shape of the Matsuzawa intrusive rock formation was recently established primarily by
core sample analysis (Doi et al.,1988) (Figure 2).

We determined hypocenter locations of numerous microearthquakes recorded hy eight
permanent stations and seven temporal stations (Figure 2) during a pressure build-up test
vhich took place in June,1985. Hany microearthquake hypocenters were located "wilthin Lhe
Matsuzava intrusive rock formation (Figure 2). These microearthquakes (hereafter desig-
nated "Matsuzava microearthquakes”) are presumably associated with fractures within the
intrusive rock.

2. Hypocenter and focal mechanism

Each particular station is characterized by a particular wvaveform that is observed
for each of the Matsuzawa microearthguakes:; see Figure 3, for example. This common
vaveform pattern permits more accurate assessment of P-wave arrival times for the various
microearthquakes, particularly for weak and/or overlapping events. .This analysis revealed
that many of the hypocenters were localed along a NNW-SSE trending vertical plane (Figure
4)}. Focal mechanism solutions indicate both reverse and strike-siip fault Lype salutions
atong a common E-W P-axis (Figure 5).

3. Source process analysis

If the rupture duration (T1) of a microearthquake is extremely small compared to the
impulse response time due to attenuation (T2) (figure 6). the source~time function of a
small microearthquake can be treated as a delta function; the wavefarm of the
micraearthquake can be treated as the empirical Green's function which represents the ef-
fects of beth (l)vave propagation through hetervgeneous media and (2)recerding system
response. Expressing the waveform of the larger microearthquakes as the convolution of the
proper source-time function and the empirical Green's function, we can analyze the
microeartquake source process (Frankel and Kanamori,|1983). This method avoids the dif-
ficulty of directly analyzing the compliicated vaveform resulting lfrom heterovgenegus crus-
tal structure (Figure 6).

¥e used this method to analyze the largest of the Hatsuzava microearthquakes (the
fourth record in Figure 3; hereafter catled the "mainshock"). For the Green's function., ve
used the vaveform of the aftershock which occured immediately after the mainshock
because; (l)both the hypocenter and the focal mechanism of this aftershock are almost the
same as those of the mainshock (Figure 5), (2)the signal-to-noise ratio is high, and
 (3rthe wvaveform similarity belveen this aftershock and the other smaller microearthquakes
indicates that the source process of this aftershock is the same as that of the smatler
events.

For each station ve assumed a source-time function consisting of a single pulse of
duration T (Figure 7). We calculated the waveforms for various values of T, compared thenm
with the vaveform of the mainshock, and selected the value vwhich produced computed
vaveform most similar to the observed mainshock as the apparent rupture duration (Figure
7). Figure 8 showsg the values of T obtained at each station. The apparent rupture duration

is long near station JM8 and short near station GS1. This trend indicates the ruplure
direction; since this direction coincides with the strike of one nodal plane of the focal
mechanism sofution, we infer that the ruputure propagated in the ENE direction along the
.vertical plane as shown in Figure 8.

Because GSH and GS6 are located perpendicular to the inferved rupture plane., the ap-
parent rupture durations at G585 and GS56 should represent the true rupture duration. The
tength of the fault atong which this microearthquake occured can be eslimated by multiply-
ing the rupture duration T by the rupture velocity Vr. Assuming Vr = 0.9Vs = 2.2 kn/s, ve
obtain the length of the fault L:

L=Tx Vr = 0.014 sec x 2200 n/sec

4. Fracture structure

Taking the direction of the rupture plane of the mainshock to be ENE-WSW, we can in-
terpret the spatial distribution of focal mechanism solutions (Figure 5) more explicitly.
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If all the strike-siip microearthquakes have the same ENE-WSW rupture plane orientation as
the mainshock, they appear to connect the en-echelon array of reverse faulting Ltype
microearthquakes (Figure 9). The distribution of P-axes and T-axes of the focal mechanism
sglutions (Figure 5b) shows that local and regional stress fields coincide. Under Lhese
circumstances, the fault pattern shown in Figure 9 is plausible. '
‘The hypocenter distribution indicated 1the presence of a NNW-SSE trending vertical

fracture wilthin the Matsuzawva intrusive formation (Figure 4). If the fracture is a single
planar reverse fault, it must be relatively impermeable owing Lo the compressional siress
field. |If, however, the fracture consists of a series of small faulls as indicated in

Figure 9, Lhe compressive stress may be suslained without pore closure, and the fracture
zone may consequently be very permeable. That is., a small strike-slip fault such as Lhe
source fault for Lhe "mainshock” studied here could result in a permeable reverse faull
structure. '

5. Conclusions

Precise analysis of the microearthquake sifnals has provided a clear hypucenter dis-
tribution which is characterized by the NNW-SSE trending vertical plane wvhich consists of
a series of small fanlts, These results have provided an accurate delineation of the frac-
ture structure vhich vas previously unavailable. We conclude with a fev observations con-
cerning the analysis and the data upon which it is based. )
ta) As shown in Figure 3, at stalion GS5 , there is a sirong signal 0.1 second afier the
P-wave arrival. This later feature is believed to be the same vave reflected al the source
region for the following .reasons (1) Station G35 situated on exposed rock. so Lhe effects
of surface reflection can probably ruled oul. (23 Similar lale fenture can be discerned at
station GS3 (Figure 7b). (3) The direct wave is weak at GS5 because of the source radia-
tion pattern. |If the late feature is a reflected vave which vas radiated from Lhe source
in another direction, the greater strength of the late feature (compared to the first
motion) may be explained. Other iate features are also detected at some slations. Analysis
of variations of these features from station to station and/or from eveni to. event may
shed l'ight on the location and characteristics of the reflector/scalterer.
(b In this paper vwe determined hypocentral locations assuming a layered velocity siruc-
ture and using the HYPO7! program (Lee and Lahr,1975). More sophisticaled meihods might
provide a clearer hypocenter distribution. First motion particle molion directions are
somevhat at variance with the station/source geometry, which sugzests that tihree-
dimensional ray tracing should really be used to locate hypocenters.
(c) In.order to analyze Lhe source process properly, the empirical Green's function should
be integrated both in space and in time, and the response at all stations should be
modeled simultaneously. Such an approach should reveal more detailed fracture structures.
td) The clarity of the first motion records obtained at stalion GS3 (Figure 7h) permitted
us to estimate the seismic moment of the mainshock to Le 5x1010 dyne-cm. The mainshock
stress drop vas estimated to be 10 bars. Although not conclusive, this suggests that it

may be possible to use empirical earthquake source correlation to estimate the dynamics of
fractures.
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Figure 1.
Location of the Takinoue geothermal
o5 -area. The eight-stalion seismic
TAKINOUE network has been geployed since
50° December, 1982. Microearthquake
vaveforms are recorded in digital
form by 500 Hz sampling (1o and
g Sugihara,1987).
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Figure 4. Micro-
earthquake hypocenter
distribution in the
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rock formation.
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Figure 5. _
5000 —220 5240 (a) Distribution of focal mechanism solu-
tions of the Matsuzawa microearthquakes.
(b> Distribution of P-axes and T-axes of
® the Matsuzava microearthquakes.
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Figure 7. Waveforms of mainshock and } {
aftershock recorded at GSI (Figure 7a) and Y L !
at GS3 (Figure 7b). Waveforms synthesized 4870 o
by convolution of the empirical Green’s Figure 9
function (waveform of the aftershock) and : '

various source-time functions are also shown finterpretation of focal mechanism solutions.
for comparison.
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