© Birkhéuser Verlag, Basel, 2002
Pure appl. geophys. 159 (2002) 063-090 _ .
0033—4553/02/030063 28 $ 1.50 + 0.20/0 | Pure and Applied Geophysics

Post-seismic Effects of an M 7.2 Earthquake and Microseismicity
in an Abandoned, Flooded, Deep Mine
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Kunio FunMort,? Norio HIRaNO® and MakoTto Koizumr®

Abstract— An M 7.2 earthquake took place 67 km southeast of an abandoned mine containing
flooded, vertical ore veins at depth of 1 km. Multidisciplinary monitoring of the unweathered country rock
within the mine was carried out for a distance of about one kilometer. The M 7.2 earthquake was followed
by significant post-seismic changes in strain and tilt of ~107°, with a self-potential of ~10 mV, and an
increase in the water level in the mine of about 10 cm/day. These phenomena continued for several months
before returning to pre-earthquake levels. Coseismic elastic deformations were too small to account for the
observed post-seismic changes, and have different senses in strain and tilt from the observed post-seismic
changes. The contractions in strain and the changes in the electric self-potential and water-elevation rate
strongly suggest an increase in pore pressure. An increase in microseismic activity (M < 0) was also
observed around the flooded, vertical ore veins about 1-2 km from our multidisciplinary monitoring
network, when pore-pressure reached a maximum following the M 7.2 earthquake.

Key words: Post-seismic effects, flooded vertical vein, induced seismicity, streaming potential, strain,
water table.

1. Introduction

Immediately after the M 7.2 1995 Hyogo-ken Nanbu (Kobe) earthquake, Japan,
the seismicity rate increased to five or six times the usual level in the Tanba area (the
ellipse in Fig. 1) northeast of the aftershock zone (DISASTER PREVENTION RESEARCH
INSTITUTE, KYOTO UNIVERSITY, 1995, 1996). Increased seismicity was also observed
along the Yamasaki fault (Fig. 1) with a strike conjugate to the Hyogo-ken Nanbu
earthquake fault (e.g., NISHIGAMI ef al., 1995).

One possible cause of these increased seismicity rates is the static, elastic change
in stress associated with dislocation along the source fault of the 1995 Hyogo-ken
Nanbu earthquake. Assuming a dislocation along the source fault consistent with
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geodetic data, HASHIMOTO (1995, 1997) calculated the change in the Coulomb failure
function (ACFF; e.g., STEIN and Lisowsk1, 1983) for faults that might slip along an
E-W compressive stress field in western Japan. He found a coincidence between the
relatively high ACFF and the epicenter of the largest aftershock. He also found that
areas of increased seismicity in the Tanba area and along the Yamasaki fault were
located in the higher ACFF areas. However the ACFF was usually small, at less than
0.06 MPa for most of the Tanba area, and less than 0.02 MPa for the Yamasaki
fault. In addition, there are some areas where the sense of the ACFF does not
coincide with the change in seismicity.

We should consider the effect of a passing surface wave to account for such
remote seismicity, because such a wave can produce dynamic strain (e.g., OIKE and
MATSUMURA, 1985) as large as several ustrain (a few 0.1 MPa) up to several hundred
km from the source of the M ~ 7 event (e.g., GOMBERG and BODIN, 1994).

One of the best-studied examples of such seismicity is the 1992 Landers,
California, earthquake (e.g., HILL ef al., 1993; ANDERSON et al., 1994). GOMBERG
(1996) summarized a number of related studies of this earthquake, and GOMBERG
and DAvis (1996) inferred a trigger threshold dependent on strain rate, based upon
responses to seismicity at The Geysers geothermal field in California. The remaining
problem was to determine a mechanism to considerably delay seismicity, compared
with the very short duration of the dynamic strain. Combining the rate-dependent
threshold with the rate- and state-dependent frictional constitutive law (e.g.,
DIETERICH, 1972, 1978; RUINA, 1983), GOMBERG et al. (1997, 1998) successfully
explained the delayed seismicity as ‘“‘clock advance,” or hastened seismicity as a
nonlinear response to a transient stress perturbation for a hypothetical single block-
spring model. Unfortunately, transient effects related to pore fluids were not used in
their studies to derive a rate-dependent threshold based upon seismicity at The
Geysers. There is certainly a considerable volume of water in The Geysers area (e.g.,
EBERHART-PHILLIPS and OPPENHEIMER, 1984; STARK and DAvis, 1996), but these
researchers had no in situ data for strain or pore pressure at the seismicity sources. In
contrast, SLEEP and BLANPIED (1992, 1994) and HILL et al. (1993) suggested that the
effects of pore fluids can play an important role in inducing seismicity, although there
have been few in situ data derived from the vicinity of a seismic source area to
address this issue.

In this paper we document post-seismic changes in strain, tilt, self-potential and
the underground water table that strongly suggest an increase and subsequent decay
in pore pressure following the 1995 Kobe earthquake (M = 7.2) at a distance of
67 km (Fig. 1). These factors were monitored using multidisciplinary sensors
deployed in unweathered country rock within the Ikuno mine (OGASAWARA et al.,
1992; Figs. 1, 2 and 3), an abandoned, flooded rockburst mine. We also evaluate
similar post-seismic changes in strain and tilt observed for a 1984 M 5.6 earthquake
30 km from the mine (TABEIL, 1987), in an attempt to decipher the causes of post-
seismic changes.
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Figure 1
Location of the Ikuno mine (solid square) and the epicenter of the January 17, 1995 Hyogo-ken Nanbu
earthquake, Japan (M = 7.2, Japan Meteorlogical Agency; white circle) as well as seismicity (M > 1)
from June 1994 to November 1995 (DISASTER PREVENTION RESEARCH INSTITUTE, KYOTO UNIVERSITY,
1996). Fault segments (HASHIMOTO et al., 1996) that were activated during the M 7.2 earthquake are
shown by white lines. Solid lines show active faults. High seismicity is seen in the Tanba area (indicated by
an ellipsoid). Squares with a cross show crustal movement stations where significant change was seen in the
secular strain trend. Although no seismicity was detected, several km distant from the Ikuno mine, small
and shallow earthquakes (M < 0) were observed in the Ikuno mine, as discussed in this paper.

After the abandoned Ikuno mine was mostly flooded, no seismicity was detected
nearby the Kyoto University microearthquake observation network, which has a
detection threshold of M > 1 (Fig. 1). However, microseismicity (M < 0) was
detected by a small array deployed within the mine (OGASAWARA et al., 1992, 2001;
Fig. 4c). The seismicity in the Ikuno mine is shallow (less than a few km deep)
and distinct from the surrounding natural seismicity. There have been no mining
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Figure 2

Geology of the Ikuno mine (simplified from the geological map supplied by the Ikuno mine). (Upper) plan
view of geology around the Ikuno mine. The Tkuno mine once excavated nearly vertical veins (thick lines)
intruded into Tertiary volcanic rocks. The Kanagase area was the most deeply excavated area and
experienced rock bursts and water-induced earthquakes. The 750 m x 750 m square in Kanagase is the
area where our multidisciplinary observation instruments are installed, as also shown in Figure 3. Dashed
lines show geological faults. (Lower) vertical section A-B. A thick, horizontal, dashed line in the lower
figure represents the underground level where a geophone array is deployed and a crustal movement
monitoring station is located. One of the deepest ore veins was the Kinsei-hi vein where rock bursts
occurred. After the Ikuno mine was closed down, the excavated area below the Ichikawa River was
flooded, and earthquake swarms were induced in the Kanagase area.
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Configuration of the faults, the flooded tunnels at the deep vein, and the monitoring instruments. (a), (b)
and (c): Solid and dashed lines are tunnels and faults, respectively. NeF, NiF, JiF and SjF: the Nendo fault,
the Nii fault, the Juichii fault and Sanjugo fault, respectively. A square indicates the area where we
installed the instruments. Dashed parallelograms in (b) represent fault planes of NiF and JiF projected on
the N-S vertical plane. (d): The instrument configuration in the square in (a), (b), (c) and Figure 2 (after
OGASAWARA et al., 1992). The table of water flooding the veins was measured at the Koei shaft in the
Kanagase area. Significant post-seismic changes were observed using extensometers and tiltmeters at the
Ikuno Geophysical Observation Station (IGOS); self-potential was measured by electrodes in the
Shinhon-ko (E3-E6) tunnel and in the water table of the Koei shaft.

operations at the Ikuno mine since its closure, and little artificial perturbation that
could lead to seismicities. Any seismicity involving the mine is within a few km of our
multidisciplinary monitoring network, consequently it is relatively easy to discuss
triggers for such seismicity. Seismicities (Fig. 4c) have been associated with a rise of
the subterranean water table during heavy rainfall episodes (Fig. 4d; OGASAWARA
et al., 2001). However, the Ikuno mine experienced microearthquakes following the
Kobe earthquake, even though that time period had the least rainfall of any since we
started multidisciplinary monitoring there (Fig. 4e). In this paper we describe the
relationship between pore pressure and seismicity at the mine.
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Figure 4
Records of our multidisciplinary observations encompassing an eight-year period. The onset of the M 7.2
earthquake is shown by the dashed vertical line. (a): Self-potential of E3-E4. (b): Tilt and strain at IGOS.
Arrows indicate direction of downward tilt and extension. (c): Microearthquakes in the Kanagase area.
Horizontal lines show time periods without data. (d): Daily rainfall (lower) and water level at the Koei
shaft (upper). (e): Cumulative rainfall for the preceding three months.
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2. Background

a) The Tkuno Mine and Mine Tremors

The ore veins in the Tkuno mine originated from Tertiary hydrothermal activity.
The deepest ore veins are nearly vertical and at a depth of approximately 1 km
(Figs. 2 and 3). The mine has a history of induced earthquakes, and the deeply
mined, vertical ore veins had rockbursts (M < 2) before the mine was closed down
in 1973 (TANAKA and NISHIDA, 1971; NisHIDA and TANAKA, 1972). In the late 1970s,
the total amount of water flooding the mine reached several tens of millions of tons.
The deep veins experienced induced ecarthquakes (M < 3) during this water
impoundment (TANAKA and NISHIDA, 1977; TANAKA and OkaA, 1979), although
seismic activity nearly ceased once the ore veins were mostly flooded. OGASAWARA
et al. (2001) found that a significant rise of the water table caused by heavy rainfalls
activated microseismicity (M < 0) around the deepest, flooded, vertical ore veins
and around the faults that offset them. They determined that seismicity did not
immediately follow the rise in the water table, even though such a rise caused
immediate changes in strain and tilt as large as 107® (Fig. 4b). They concluded that
microseismicity does not directly respond elastically to the water load or to the
opening of ore veins by the increase in water pressure of about 0.1 MPa. The
localized diffusion of the water resulting from the increase in pore pressure may be
the cause of the microseismicity.

b) Multidisciplinary Observations at the Ikuno Mine

The monitoring of crustal deformation in the Ikuno mine began in 1943 (SAssa
and NISHIMURA, 1951) with horizontal-pendulum tiltmeters placed deep under-
ground. This was followed in 1977 by the installation of extensometers with super
Invar pipes, horizontal-pendulum tiltmeters and water-tube tiltmeters at the Ikuno
Geophysical Observation Station at an altitude of 360 m (IGOS in Fig. 3d; TABEI
et al., 1985). In addition to monitoring crustal deformation, we started multidisci-
plinary monitoring within the Ikuno mine in 1987 (a thick, dashed, horizontal line in
Figure 2 (lower) represents the level of deployment at an altitude of 360 m;
OGASAWARA et al., 1992). In order to monitor seismicity, geophones were installed
until 1993 on the sidewall at five sites in the tunnels shown in Figure 3d.
Hydrophones were temporarily installed in the Koei shaft (Fig. 3d) to check the
accuracy of hypocenter locations. As no large station corrections were needed for the
geophones and hydrophones, the velocity structure was approximated as homoge-
neous with V), = 4.65 km/s. The accuracy of hypocenter determination was within
several tens of meters until 1993, when a mining museum was constructed
underground and we had to suspend seismic monitoring. Beyond 1993, geophone
S1 was no longer available and S2 was shifted 200 m to the east, and the accuracy of
hypocenter location degraded from several tens of meters to within approximately
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one hundred meters. The seismograms were recorded on a PC system with 12-bit,
2-kHz sampling. The detection threshold was M > —2.5 before 1993 and M > —-1.5
after 1993. To monitor self-potential, Pb-PbCl, electrodes were installed in 1993 in
boreholes several tens of cm deep in the footwall of the tunnel, shown as E3—E6 in
Figure 3d (OGAsAwWARA and FuisiMoRri, 1995). The Nendo fault (nendo means “clay”
in Japanese) is a significant NE-SW-striking, well-fissured fault (Fig. 2) located
within several tens of meters of E3 and E5 (compare E3 and E5 with NeF in Fig. 3).
The strain, the tilt and the self-potential signals are recorded every five minutes. The
level of water in the deep, vertical ore veins at the Koei shaft is measured once a day
by an engineer with a tape measure (Fig. 3d). Further details concerning multidis-
ciplinary monitoring and pertaining to the Ikuno mine and the history of induced
seismicity are in OGASAWARA et al. (2001).

3. The Effects of the M 7.2 Earthquake on the Ikuno Mine

a) M 7.2 Earthquake that Took Place in the Least-rainfall Period

Figure 4e¢ delineates the rainfall pattern over a seven-year period in the Ikuno
mine area. It is especially noteworthy that there was little rainfall from the beginning
of 1994, and that the M 7.2 event occurred during the lowest period of rainfall. The
seismic intensity at the Tkuno mine from the 1995 Hyogo-ken Nanbu earthquake
(M = 7.2) registered at least 4 on the Japan Meteorological Agency scale (6 or 7 on
the modified Mercalli scale).

b) Significant Post-seismic Changes that Cannot be Explained by Coseismic
Stress Changes

The strain began immediately after the Hyogo-ken Nanbu earthquake and
reached its maximum of about 107 for every component (Figs. 4b and 5d), which
corresponds to an areal contraction of about 2 x 107° strain.

>

Figure 5
Significant post-seismic changes for the M 7.2 earthquakes. (a): Electric self-potentials E3-E4 and E5-E6 at
Shinhon-ko (Fig. 3d). As unstable drift seen in E5-E6 in January 1995 was removed. E5-E6 with the drift
removed and adjusted is shown in (a). (c): Tilt at IGOS. Arrows show directions of downward tilt. (d):
Strain at IGOS. Arrows indicate directions of extension. (e): Earthquakes in the Kanagase area.
Horizontal line represents a period without data. (f): Rainfall (lower) and the level of water flooding the
deep ore veins. Note that microseismic events occurred in the Kanagase area during the period when
significant changes were seen in strain and electric self-potential, whereas no significant water table rise or
rainfall was seen. We have no available coseismic strain and tilt steps observed for the 1995, because the
monitoring system was down for 8 days before the 1995 Hyogo-ken Nanbu earthquake. The strain data
after the earthquake are shifted to adjust for this data gap in the layout of this figure.
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The GPS network near the Ikuno mine showed no post-seismic displacement
larger than 0.5 cm following the Hyogo-ken Nanbu earthquake (GEOGRAPHICAL
SURVEY INSTITUTE, JAPAN, 1995). If we divide 0.5 cm by 107°, the order of the
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observed strain in the mine, the result is several km, which corresponds to the upper
size limit of the area that experienced significant post-seismic deformation. This area
is similar to that of the Ikuno mine (Fig. 2), therefore the area which sustained
significant post-seismic deformation was confined within the Tkuno mine.

The recording system was not operational for eight days prior to the 1995 Hyogo-
ken Nanbu earthquake, therefore we have no available coseismic strain and tilt
observations that include this earthquake (Fig. 5). The coseismic strain step can be
estimated by computations (e.g., OKADA, 1992) based on the dislocation theory.
Assuming fault segments as shown in Figures 1 and 6 (HASHIMOTO et al., 1996), we
estimate the coseismic strain and tilt to be as shown in Table 1. The areal strain step
at the Ikuno mine from the Hyogo-ken Nanbu earthquake was about 0.3 x 107°. The
observed post-seismic change in strain corresponds to an areal strain of about
2 x 1079, thus the estimated coseismic areal strain step at the Ikuno mine is about
one-seventh of the observed value. This value is too small to account for the observed
post-seismic change. As shown in Table 1, the characteristics for strain and tilt differ
markedly between coseismic and post-seismic changes.

Assuming a reasonable value of the elastic modulus corresponding to the
V, = 4.65 km/s used for hypocenter locations (OGASAWARA et al., 2001), the
observed post-seismic strain change of about 2 x 107® would correspond to a stress

20
0 [---mmmmmm e ® e
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_20 ,,,,,,,,,,,, \ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Figure 6
Relationship of the Ikuno mine to two earthquakes (M 5.4 in 1984 and M 7.2 in 1995) that produced
significant post-seismic effects at the mine. The M 5.4 event had almost no dip-slip component (after
NisHIGAMI and TSUKUDA, 1985), while the M 7.2 event had a significant thrust-slip component as well as a
strike-slip component (data after HASHIMOTO et al., 1996).
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Table 1

Comparison of coseismic and post-seismic changes in strain (¢) and tilt for M 7.2 and M 5.6 events. Coseismic
changes were calculated assuming fault segments shown in Figure 6. Post-seismic changes of M 5.6 are after
TABEI (1987)

Strain Coseismic step Post-seismic change
Eareal Eshear Comp axis Eareal Eshear
M 5.6 (1984) -7x 107 4%107° N93°E -3x107° 1x1077
M 7.2 (1995) -3x 1077 2% 1077 N52°W -3x107° 1x1077
Tilt Coseismic step Post-seismic change
Radian Direction Radian Direction
M 5.6 (1984) 3% 1077 SE-down 2% 107° SW-down
M 7.2 (1995) 1x1077 E-down 6x107° SW-down

change of about 0.1 MPa. This is about five times larger than the change in the
Coulomb failure function shown on the map published by HAsHIMOTO (1995, 1997).
In addition, the observed post-seismic contraction suggests an increase in fault
strength sufficient to inhibit faulting.

Similar post-seismic strain and tilt changes were observed after an M = 5.6
earthquake in 1984 about 30 km to the southwest of the Ikuno mine (TABEI 1987).
Figure 7 indicates post-seismic changes in strain versus lapse time (in days) for the
main events in 1995 and 1984. Even though the estimated coseismic strain and tilt
were quite different between the 1995 and 1984 events (Table 1), the magnitude and
duration of the strain changes were surprisingly similar to each other at EXT2 and
EXT3. EXTI and EXT4 were unstable in 1984, which is why we think they were
dissimilar. Consequently, the elastic response to the dislocation at the source of the
M 7.2 and M 5.6 events cannot account for the magnitude and the sense of the post-
seismic changes in strain or tilt.

c¢)Self-potential, Indirect Evidence of the Perturbation in the Underground
Water System

TABEI (1987) suggested that perturbation of underground water might account
for the post-seismic changes in strain and tilt in 1984. However, he had no data
available other than strain and tilt values to investigate further.

A clear symptom of perturbation to the underground water system is a post-
seismic change in electric self-potential (hereafter SP; KUWABARA et al., 1997a,b).
There were gradual changes in SP from September 1993 to June 1994 (Fig. 4a),
which we cannot currently explain. However, the post-seismic SP change can be
easily distinguished after the onset of the M 7.2 event (Fig. 4a).
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A comparison of post-seismic strain effects for the M 5.6 event in 1984 and the M 7.2 event in 1995. Strains

are plotted versus lapse time after the onset of these events. Note that all are contracted. Regardless of the

differences in magnitude and distance from the events, the EXT2 and EXT3 profiles are surprisingly similar

to each other. EXT1 and EXT4 are similar, but not so similar as EXT2 and EXT3. We should take them
into account that EXT1 and EXT4 were unstable in 1984.

In Figures 5a and 5b the time-axis for post-seismic SP changes is expanded. We
had two dipoles, E3-E4 and ES5-E6, with the same direction but different spans
(Fig. 3d). Since E5-E6 was sometimes unstable (Fig. 5b), we removed the unstable
change in E5-E6 in late January 1995 and shifted to the change shown in the lower
part of Figure 5a. The differences in high-frequency variation (>10 cycles/day) for
E3-E4 and E5-E6 (Fig. 5a) are caused by differences in the span of the dipoles and a
remote artificial electric noise source, which suggests that both dipoles detected
electric fields well. Independent of differences in the spans of the dipoles, there was a
similar magnitude of post-seismic change observed for both dipoles, suggesting that
the sources are near E3 and E5. E3 and ES are installed within 1 m of each other and
both are situated within a few tens of meters of the Nendo fault (compare Figs. 3a
with 3d). The post-seismic SP change was very slow, compared with the SP changes
associated with heavy rainfalls (see May or July, 1995 in Fig. 5 or 7). Rainwater
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Figure 8
A comparison of post-seismic changes in self-potential and strain. (a and b): Observed SP and strain.
(c and d): Theoretically estimated SP and strain, assuming an instantaneous point-source for the pore-
pressure increase, a diffusivity, ¢ = 2 x 107* m?/s and a distance, r = 100 m. Vertical dotted lines
represent the onset of the M 7.2 earthquake and the instantaneous increase in pore pressure. Self-potential
and strain are estimated according to Eqs. (1) and (2).Theoretically estimated self-potential (c) and strain
(d) explain well the delayed response in self-potential to the onset and instantaneous response of strain to
the onset. These also explain well the different recovery processes for self-potential and strain. Therefore,
the observed self-potential and strain are strong evidence of a pore-pressure increase, although their
variations seem to have different exponential changes with different time constants.



76 Hiroshi Ogasawara et al. Pure appl. geophys.,

flows rapidly through open fissures near the ground surface, however post-seismic
changes are not caused by such rapid water flow.

If we plot SP and strain together (Figs. 8a and b), we see the following
characteristics:

(1) The post-seismic change in SP began several days after the M 7.2 earthquake,
whereas the strain started immediately after the earthquake. This suggests that the
self-potential signal is not caused by a piezo-elastic response to the coseismic stress
change of the M 7.2 earthquake. Although the visco-clastic response of a rock mass
with some time constant may be able to account for the post-seismic strain and tilt
observed immediately after the M 7.2 event, it cannot account for the delay in post-
seismic change seen only in the self-potential.

(2) Except for the delay, a change in SP is not the same as a change in strain.

However, these are important evidence that an increase in pore pressure causes
both. To demonstrate this, in Figures 8c and d we show self-potential and the strain
theoretically obtained by assuming an instantaneous point source for pore-pressure
increase, Ap. Since SP is proportional to the gradient of pore-pressure, P (e.g., ISHIDO
and MIzUTANI, 1981), for the simplest case, we can assume a point source and SP
that can be expressed as:

oP 0

Ap 2

————exp(—r-/4at) (1)
(4nat)3/ 2 ’

where r is the distance from the source, « the diffusivity and ¢ the lapse time after an
instantaneous increase in pore pressure. Associated with Ap, radial stress o,, is given
as:

2K, r ro 2
= —— erf —— ) — —— r* [4at , 2
=2 Het(57) - v 2

where K is a constant proportional to Ap and the elastic modulus. We find Eq. (2) in
textbooks on thermo-elasticity as a response to a point of instantaneous heat (e.g.,
TAKEUCHI, 1981) and

Ki=(1+v)aQG/2n(1 —v) , (3)

where v and G are Poisson’s ratio and the rigidity, o the thermal expansion
coefficient, Q heat instantaneously generated. However, the linearity of the pore-
elastic effect is precisely analogous to the theory of linear thermo-elasticity, as RICE
and CLEARY (1976) noted. Therefore, Eq. (2) can be used to express temporal change
in stress associated with an instantaneous increase in pore pressure at a given point.
Figures 8c and 8d show examples of theoretical SP and g, that fit better with the
observed values (Figs. 8a and 8b), assuming a = 2 x 107" m?/s and » = 100 m. We
learn from Egs. (1-2) and Figures 8c and 8d as follows:
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— SP is delayed with respect to the onset of pore-pressure increase, whereas strain
responds instantaneously to its onset. The distance to the source and diffusivity
determine the delay in SP.

— SP starts to recover only after a significant delay, compared to the quick start of
recovery of strain. The rate of recovery is determined by the spatial distribution of
Ap and diffusivity.

Equations (1) and (2) are Green’s functions, thus we can obtain better-fitted profiles

by convolving these while considering the space/time variation of Ap. Assuming an

instantaneous line or plane source at a distance of ~100 m in a medium with
permeability equal to ~1077 cm/s and an annual change, KuwABARA (1998) found
that the profile which best fits the observed self-potential with a correlation
coefficient of 0.88 is shown in Figure 9. Permeability on an order of 107 cm/s
suggests diffusion along the 2nd or 3rd order geological discontinuities’ zone (PUSCH,
1995), which is characterized by a fracture zone with a 1-100 m width, 10-1000 m

Correlation Coefficient

5 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0 t —~
S . P S ‘
100 mm/day
-10 I PO B R J._.LWM-_]Wlh.u.

94/12/01 94/12/31 95/01/30 95/03/01 95/03/31 95/04/30 95/05/30 95/06/29
Time [YY/MM/DD]

Figure 9
A model to account for the observed post-seismic change in self-potential (after KUWABARA, 1998).
(Upper): The observed self-potential and a best-fit model, with a correlation coefficient of 0.88 obtained by
assuming a plane source of instantaneous pore-pressure increase and annual change. (Lower): Residuals
and rainfall shown by bars.
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spacing and 100 m—10 km length. The Nendo faults delineated as thin dashed lines in
Figures 3 and 4 are consistent with these ranges. The excavated areas are also
candidates, because the ‘cut and fill method’ was adopted for mining at Ikuno and
the underground water diffused through the excavated areas as easily as through the
fault zones.

We will not attempt further to find a unique solution to account perfectly for all
of the observed strain, tilt and self-potential, because data from only a single station
are not enough to fully constrain the solution. However, at least there is a suggestion
that Ap did not increase instantancously, but gradually with time, and reached its
maximum in early February. This happened because the observed strain shows a
gradual response to the onset (Fig. 8a), regardless of the fact that the theory (Eq. (2),
Fig. 8b) predicts an instantaneous strain response to the onset of an instantaneous
pore-pressure increase.

d)Direct Evidence: A Significant Change in Water Flooding the Deep Vertical Ore Veins

There is another line of evidence to suggest that the underground water system
was perturbed, as reflected in the post-seismic self-potential change. The water level
flooding the deep ore veins is usually measured once a day by an engineer at the
Koei shaft (Fig. 3d). This water level is controlled by drain pumps so that it does
not overflow into the river. Therefore, the water table will rise linearly if no pumps
are working, whereas it will drop linearly if either pump is working. As a result, the
water table oscillates within a period of several days and a triangular shape with an
amplitude of a few m (see the period from November 1994 to March 1995 in
Fig. 5f).

It rained briefly before and after the Hyogo-ken Nanbu earthquake on January
17, 1995 (Fig. 4e), and no significant change in the water table at the deep veins was
seen as prima facie evidence associated with the earthquake (Figs. 4d and 5f); we see
only the normal oscillatory changes. However, if we carefully examine the rate of rise
for the water table when no pumps were working (the black bars in Fig. 10a;
averages are shown by open circles), a jump of about 10-15 cm/day is seen in the
elevation rate when the earthquake occurred. We also find a jump in the lowering
rate of the water table while the no. 1 or no. 2 pump was working (see gray bars with
and without stripes in Fig. 10a, respectively), implying an interesting response.
Therefore, in Figure 10b we made plots of a composite water table rate by
superimposing the rising/descending rates with respect to those averaged over the
period prior to the M 7.2 event. Interestingly, a moving average for seven days (the
thick line in Fig. 10b) shows a gradual decrease following the jump, and a gradual
recovery from March until heavy rainfall occurred in May. The rate of the water
table refers to the flow rate of water that is proportional to the gradient of pore
pressure according to Darcy’s law, having the same physical response to pressure as
the self-potential. As seen in Figure 10b, the composite water table rate (a thick line)
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Changes of water level rate flooding the deep ore veins, associated with the M 7.2 earthquake. (a): Raw
data on water level rate for periods with and without the operation of pumps are shown by bars. Average
rates before and after the M 7.2 earthquake are represented by circles, diamonds and squares. There are
jumps in rate at the onset of the M 7.2 event. (b): A composite water level rate. Rates compared to the
average for a prior period of the M 7.2 are superimposed. A thick line shows the moving average for seven
days. Self-potential (dotted line) and rainfall are shown for comparison. The observed self-potential and
water level rate are similar from the event’s onset to May with abundant rainfall, being consistent with
physics that both self-potential and level rate are proportional to the pore-pressure gradient.

looks similar to self-potential (a dashed line), which strongly suggests a close physical
relationship between them. Because the water discussed here floods the deep ore veins

79
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in the Ikuno mine, we suggest that pore pressure over the Ikuno mine increased along
with the M 7.2 earthquake.

Such minute changes in the water table are seen only during periods with low
rainfall. One month before and two months after the M 5.6 event in 1984, it rained
considerably more than before and after M 7.2 in 1995. This gives us the rare chance
to observe an M 7.2 event during a period of low rainfall, and we were able to
distinguish the post-seismic changes independently of any rainfall effect.

e)Earthquake Activity in Ikuno Mine During the Post-M 7.2 Changes

As seen in Figure 5e, there was a swarm of four small earthquakes (M > —1.5)
following the M 7.2 earthquake. It should be noted that all four small earthquakes
occurred in the period of maximum contraction. As discussed in Section 3c, strain
directly corresponds to pore pressure, and therefore these fours events occurred in
the period with maximum pore pressure and minimum strength.

Figures 11a—11c show the hypocenters of events that occurred before 1993.
Diamonds are scaled with lapse times after the onset of heavy rainfalls, and we see
that larger diamonds tend to concentrate around deep ore veins (see an area with
many deep tunnels in Fig. 11) and around the Nii and Juichii faults that offset the
veins (see NiF and JiF in Figs. 11a and b). In Figures 11d—11f the hypocenters of
microearthquakes after the M 7.2 event are superimposed as squares. We find that
these post-seismic microearthquakes are also located in the area with post-heavy
rainfall seismicity. This suggests that these events were also induced by pore-water
fluctuation, since it is inferred that post-heavy rainfall seismicity is related to pore-
water fluctuation.

However, an event occurred just before the M 7.2 event (Fig. Se and a triangle in
Figs. 11d-11f). In 1994 five events swarmed (Fig. Se and circles in Figs. 11d-11f) in
spite of the relatively low rainfall (Fig. 4¢). Certain reasons are needed to explain
these earthquakes; otherwise the events following the M 7.2 event appear to be
chance phenomena.

Since ten earthquakes occurred during approximately 15 months when there was
low rainfall, starting in January 1994, 1.33 (=2 x 10/15) events were expected in a
two-month period, with significant post-seismic change. Similarly, by 8.67 events
would be expected to occur in the following 13-month period without a post-seismic
change. As the observed numbers of events were 4 and 6 for the periods with and
without a post-seismic effect, the chi-square is 6.15, which corresponds to a
probability of 0.023.

This probability is low but not extraordinarily low. However, here we must
consider the coda of the M 7.2 event and the multitude of aftershocks that occurred
following it (see Fig. 1). These aftershocks significantly masked small earthquakes in
the proximity of the Ikuno mine. In addition, the recording system was frequently
interrupted by the dead time for post-trigger processing for every aftershock



Vol. 159, 2002 M 7.2 Post-seismic Effects/Seismicity in a Flooded Mine 81

10500 10500
£
9500 & 9500
%
S
8
8500 ® 8500
z
b) N-S ti
7500 7500 L2 NS section
8500 9500 10500 11500 750 0 =750 -1500
E-W coordinate, m Altitude, m
750
. £
: ° g
L. £
@ : -750 <
o
(c) E-W section -1500
10500 10500
€
9500 & 9500
._g
S
3
8500 ® 8500
= !
(e) N-S section
7500 7500 :
8500 9500 10500 11500 750 0 =750 -1500
E-W coordinate, m Altitude, m
O After M7.2
750 A Jan. 9,95
</ :\\ O 94 swarm
. ) £ Delay in day
% 0 g . 160
Wg 2 0 80
A =
&j> ’ -750 < O 40
O
(f) E-W section -1500
Figure 11

Comparison of hypocenter locations. (a—c): Hypocenters for 56 seismic events before 1993 (after
OGASAWARA et al., 2001). Diamonds are scaled with the delay after the onset of heavy rainfall (1988-1992).
Thin lines: flooded tunnels in ore veins. Thick lines: faults (NeF, NiF and JiF: Nendo fault, Nii fault and
Juichii fault). (d—f): Earthquakes in a low rainfall period in 1994 (circles), an earthquake 8 days before the M
7.2 event (a triangle) and the events after the M 7.2 event (squares) superimposed on Figures 11(a—c).
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Figure 12
Effect of a coda of M 7.2 and frequent aftershocks to microearthquake monitoring in the Ikuno mine. The
period when mine events could not be detected is estimated from the relationship between magnitude and
the F-P time. The time for post-trigger processing is added to the F-P time to calculate the masked
percentage of microearthquake monitoring in the mine. Magnitude data for aftershocks of the M 7.2 event
(after the Japan Meteorological Agency).

(Fig. 12). There are known instances of microseismicities that immediately followed
passage of the seismic wave of large earthquakes (e.g., HILL et al., 1993). Therefore,
the possibility exists that more than four seismic events occurred in the vicinity of the
Ikuno mine.

The above is only our inference. Accordingly, we will endeauor next to confirm
that the two swarms in 1994 and 1995 did not occur by chance. These two swarms
took place in 2-month periods, spanning four months. Similar to that noted above,
2.67 events (=4 x 10/15) are expected to occur on average in a 4-month period.
However, all ten events swarmed in a 4-month period and no events took place in the
other 11-month period. The chi-square for this case is 27.5, which corresponds to a
probability of 5 x 1077, strongly suggesting that these two swarms did not occur by
chance. In addition, the likelihood of 1995 post-seismic seismicity will increase if we
can find a good reason to account for the 1994 swarm.

Over an eight-year period we have never had swarms such as those which
occurred during the 1994 period of low rainfall. We also find that events in 1994 were
located in an area similar to that in which heavy-rainfall seismicity took place.
Therefore, we looked for any change that took place only in 1994, and found secular
changes that could account for this concurrence of events. There is a clear
acceleration to secular change in the S62°W tilt component shown in Figure 4b; it
tilted by only a few uradians from 1988 to 1994, and then by several uradians just in
1994. At the same time, as seen in Figure 4b, there was a change in the secular trend
in EXT3 with a direction nearly parallel to the E-W tectonic maximum compression;
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it expanded from 1988 to 1994 by above five ustrains, whereas it reversed and started
contracting by a few ustrain in 1994. Such strain and/or tilt behavior was also
observed at other crustal movement stations in the area of Figure 1 (shown as
squares with crosses; FURUSAWA, 1995), which depicts seismicity beginning in June
1994 (KATAO and ANDO, 1996). Consequently, we infer that the 1994 swarm at the
Ikuno mine was related to a regional change in stress state. Although this is
speculative, the swarm may have been caused by the stress change itself or a delayed
change in strength associated with a velocity-weakening, as predicted by the rate- and
state-dependent friction constitutive law (e.g., DIETERICH, 1972, 1978; RUINA, 1983).

As we could have found an explanation for the 1994 swarm, we speculate that the
post-seismic swarm of four earthquakes was related to the M 7.2 event or to the
significant post-seismic change.

f) Comparison with Post-heavy Rainfall Effects

OGASAWARA et al. (2001) noted significant changes in strain, tilt and water table
rate following a rise of several m in the water table due to heavy rainfall exceeding
several tens of mm/day (Fig. 3). They also documented that the microseismicity in
flooded deep ore veins, and on faults that offset the veins, was associated with a
significant elevation of underground water. We compare the characteristics of the
post-heavy rainfall effect with the post-seismic effect of the M 7.2 event, as
summarized in Table 2.

The post-M 7.2 effects in strain and tilt were similar in magnitude and duration to
the post-heavy rainfall effect. However, the direction of the post-M 7.2 tilt was nearly
orthogonal to the post-heavy rainfall tilt. Contraction with slight shear was observed
for the post-M 7.2 strain, whereas there was significant shear for the post-heavy
rainfall strain. The post-heavy rainfall effects in strain and tilt are well explained by
the opening of vertical veins caused by a rise of the water table, but are not
necessarily consistent with the faulting mechanisms of microearthquakes induced in
the mine. In contrast, the post-M 7.2 strain and tilt are well explained by an increase
and decay in pore pressure above the mine. Therefore, we infer that the post-M 7.2
effect in strain and tilt affected the entire mine, whereas the post-heavy rainfall effect
was localized only within deep ore veins.

In contrast, the post-M 7.2 microseismicities were seen in a similar location to the
post-heavy rainfall microseismicity, namely around the flooded deep veins and the
faults that offset the veins.

As discussed above, the post-M 7.2 microseismicity was feasibly caused by an
increase in pore pressure. However, the post-M 7.2 water-table rate was considerably
slower than the post-heavy rainfall rate, and in fact was too small to detect during a
period of such heavy rainfall. We may speculate on this situation as follows:

Pore-water perturbations that are difficult to sense during heavy rainfall periods
can lead to microseismicity in the mine. A significant post-heavy rainfall rise of the
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Table 2

Summary of characteristics observed in post-M 7.2 changes and other responses relevant to discussion. O:
Similar or comparable, X: different. DWE: dependent upon water elevation

M 7.2 post-seismic Post-heavy rainfall
This study
Strain
Magnitude ~2 % 107° ~1x 107 DWE* o?
Duration Several months Several months; DWE* (0)4
Shear Little Significant™® X
Tilt Magnitude ~6 % 107° <several x 107 DWE* O?
Tilt direction SW-down SE; Pointing vein* X
Duration Several months Several months; DWE* (04
Source of strain
and tilt
Some broad Within deep veins X
Self-potential
Magnitude ~10 mV Several mV ?
Duration Several months <one month X
Delay Several days Little X
Correlation to strain and tilt Good but different N/A
Correlation to water table rate Good and similar N/A
Water level
Elevation Less than change Several m* X
by pumping
Rate ~10 cm/day ~m/day* X
Duration Several months Depends on pumping* X
Microseismicity
Hypocenters Near deep veins Near deep veins* O
Active period A few months after the A few months after the O
M 72 water table elevation*

With high pore pressure

* after OGASAWARA et al. (2001).

water table as large as the post-M 7.2 or post-M 5.6 increase in pore pressure would
act as a trigger to perturb pore water and lead to a decrease in strength, resulting in
microseismicity. The post-heavy rainfall perturbation of pore water is localized in
deep ore veins, and the perturbation itself is difficult to detect as strain and tilt at
IGOS, 1-2 km from the microseismicity hypocenters. However, only significant
water table elevation above veins about 1.0 x 1.0-km wide is detectable as associated
strain and tilt for heavy rainfall periods.

5. Conclusions

The Hyogo-ken Nanbu earthquake occurred epicentrally 67 km from the Ikuno
mine (Fig. 1). The mine had been closed because of rock bursts, and had vertical
veins at about 1 km depth flooded after the closure. Significant post-seismic changes
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followed the M 7.2 earthquake in strain, tilt, self-potential and water table rate in
unweathered, subsurface country rock (Figs. 4, 5) despite low rainfall. These changes
continued for months before returning to pre-earthquake levels. Both strain and tilt
changed in similar ways. The self-potential and the water level rate also changed in
similar ways to each other (Fig. 10), although in a different manner from the strain
and tilt changes (Fig. 8). Even though these similarities and differences are
qualitative, they can be successfully explained by an increase and decay with
diffusion of pore pressure, and by physical relationships between strain,
self-potential, water-table rate and pore pressure (Fig. 8). In addition, four
microearthquakes occurred 1-2 km from our multidisciplinary monitoring network
in the mine during a period with maximum pore pressure, which corresponds to
minimum strength (Fig. 5).

Post-seismic changes in strain were surprinsingly similar between the M 7.2
seismic event in 1995 and the M 5.6 event in 1984 (Fig. 7). Nonetheless, the estimated
static coseismic strains were quite different and very small for the M 5.6 event,
compared with the observed post-seismic strain (Table 1). Therefore, we infer that
post-seismic change are caused not by static strain change, but probably by dynamic
strain from passing seismic waves.

We observed only a small number of microearthquakes in the mine, owing to the
triggering threshold of our recording equipment. We lacked continuous seismic
records with which we could ascertain if there had been additional small earthquakes
in the mine within the coda period of a large event or as aftershocks. We also lacked
strong-motion data that would have given us insights of dynamic loading. The parts
of the Ikuno mine where we were able to install instruments were very limited
because we started our work 15 years after the mine had closed. We hope that these
limitations can be addressed in the future. Nonetheless, we must emphasize that we
did successfully monitor post-seismic effects during a period of minimal rainfall.
Large earthquakes seldom occur, and this was a rare opportunity to study post-
seismic effects under these conditions.

The magnitude of the events that occurred in the Ikuno mine was very small.
However, they occurred in a limited area during a critical state in a mine that was
easy to stimulate seismically. The wider the area over which a critical state prevails,
the larger will be the expected magnitude. Although our conclusions are speculative,
we still consider that they are applicable to larger natural earthquakes that are
shallower than several km. For example, OGASAWARA (2001) carried out an
analogous experiment and follow-up numerical analysis to demonstrate that both the
power law and exponential decay in seismicity can be explained by transient pore
pressure and induced stress. The conditions intrinsic to the Ikuno mine are a large
volume of water in a seismogenic zone with open ore veins. Areas with subsurface
hydraulic activity contain considerable water and often accompany shallow
earthquake swarms. Therefore, we speculate that such areas may be stimulated in
a manner similar to the post-M 7.2 or post-heavy rainfall effects in the Ikuno mine. A
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similar situation prevails where earthquake swarms are associated with upward
intrusion of fluid into vertical cracks. For example, earthquake swarms are common
off the Izu Peninsula, Japan. These swarms generally accompany significant crustal
movement caused by the tensile opening of vertical cracks as wide across as several
tens of cms. These cracks are not as narrow as the open veins in the Ikuno mine (e.g.,
TADA and HASHIMOTO, 1988, 1989; OKADA and YAMAMOTO, 1991). Accordingly we
think that multidisciplinary monitoring in mines with flooded, deep veins and
induced seismicity is very important to understanding the nature of seismogenic
zones under these conditions.

In point of fact, most remote areas (> one fault length) around the M 7.2 event
increased in water discharge independent of coseismic static strain (KoizuMmI et al.,
1996; Fig. 13), which suggests that pore-pressure increases were common phenom-
ena in many places. However, it is clear that a pore-pressure increase cannot
account for the triggered seismicity, if any, in water-poor areas. A number of
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Figure 13
Change in water discharge in hot springs or mineral springs after the 1995 Hyogo-ken Nanbu earthquake
(after Korzumr et al., 1996). Coseismic volumetric strain change, (thin and thin dashed lines). Solid
symbols and open symbols represent increases and decreases in water discharge, respectively. An increase
in water discharge was seen at more than 80 percent of the investigated sites, although sites with increased
discharge were not necessarily located in the contraction area.
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studies have attempted to account for such seismicity under the negligible influence
of water (e.g., GOMBERG, 1996; GOMBERG et al., 1998) and some of these studies
may possibly apply to same extent in the present case. However, these studies have
not considered all possible phenomena, in particular in situ data from the immediate
vicinity of the hypocentral faults. The typical distance from a surface monitoring
station to the hypocenter of a natural earthquake is normally more than 10 km. We
think that we will not fully understand the response of the fault to dynamic strain
until we have complied in situ data from close to the hypocenter of a triggered
event. The Research Group for Semi-controlled Earthquake Generation Experi-
ments in South African Gold Mines initiated underground monitoring of normal
strain and shear strain several meters from a fault. There is negligible water near
this fault, and an event of M > 2 is exptected as a result of mining activities
(OGASAWARA et al., 2001). Strains reaching 107 are continuously monitored
without clipping, and minute changes are monitored with 24-bit, 25-Hz sampling.
This research group expects to obtain interesting in situ data, which may allow them
to understand not only the response of a fault to dynamic strain, but also the
initiation process of an earthquake.
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