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Co-seismic slip, post-seismic slip, and aftershocks associated with two large
earthquakes in 1996 in Hyuga-nada, Japan
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We analyzed continuous GPS data to investigate the spatial distribution of post-seismic slip associated with two
large earthquakes of October 19 and December 2, 1996, in Hyuga-nada, Japan. We found that the moment release due
to post-seismic events was comparable to the co-seismic moment release during the two earthquakes. The source
parameters of the first post-seismic event are as follows: the moment release = 1.7 x 10! Nm; the maximum
slip = 0.06 m at about 50 km northwest from the epicenter of the first earthquake; the characteristic decay time
(= final slip/initial slope) = 15 days. For the second post-seismic event, the moment release = 2.0 x 10'° Nm; the
maximum slip = 0.13 m at about 15 km northwest from the epicenter of the second earthquake; the characteristic
time = 100 days. In both events, the slip vectors of the downgoing Philippine Sea (PHS) Plate on the SW-striking
interplate boundary are directed west, in accordance with the co-seismic slip. It is also shown that the sites for
co-seismic slip, post-seismic slip, and aftershocks do not overlap but complementarily share the plate boundary.
This suggests that individual sites are characterized by their own constitutive laws, which may control modes of

moment release as well as the entire sequence.

1. Introduction

On October 19, 1996, alarge thrust earthquake (Ms = 6.7)
occurred in Hyuga-nada, located at the southern extension of
the Nankai trough. About two months later, on December
2, another large thrust earthquake (Ms = 6.7) occurred in
the adjacent area. In Hyuga-nada, the PHS Plate subducts
northwest beneath the Eurasian Plate at a rate of about 40—
70 mm/year (Seno et al., 1993), and the two earthquakes
are consistent with release of stress buildup on the interplate
boundary.

Fore-shocks, main-shocks, and aftershocks are shown in
Fig. 1. The aftershock area of the first earthquake seems to
have been re-activated by the second earthquake. Yagi et al.
(1999) studied the co-seismic rupture and the aftershock area,
and proposed that the aftershock area plays the role of a bar-
rier to dynamic rupture. They also pointed out the occurrence
of significant post-seismic surface displacements measured
by geodetic instruments associated with these earthquakes.
Thus far, such phenomena have been observed after several
earthquakes (e.g., Smith and Wyss, 1968; Stein and Lisowski,
1983; Shen et al., 1994; Heki et al., 1997). Heki et al. (1997)
interpreted the post-seismic displacements in terms of a slow
slip expanding over the co-seismic fault plane. Post-seismic
slip must readjust the stress distribution around the seismo-
genic zone, and affect the occurrence of future earthquakes
(Segall et al., 2000). Scholz (1990) suggested that slow slip
may be restricted to an area where dynamic rupture is im-
peded.
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The 1996 Hyuga-nada earthquake is the first large earth-
quake since the high density network of continuous GPS
was established over the Japanese islands by the Geograph-
ical Survey Institute (GSI) (Tada et al., 1997). The network
has provided us with high-quality continuous data of crustal
movement. In this paper, we use these data to investigate the
spatial distribution of post-seismic slip. Then, combining
the co-seismic fault motions, we examine the distribution of
moment release at various stages.

2. Data
2.1 Data processing

We collected displacement-vectors recorded at the con-
tinuous GPS network of GSI and extracted the horizontal
components on Tsushima Island station (Fig. 2). From the
raw data, we extracted the net displacement due to fault mo-
tions in the following way. The observed coordinates of
the j-th point at time #, G;(¢), contains the initial position
A, the secular motion B¢, the fault-slip-originated motion
S;(t), the local benchmark motion L ;(¢), and the observation
error. The local benchmark motion is treated as a spatially in-
coherent Brownian random walk with a time-dependent vari-
ance given by a scale parameter 7 (unit: [length/time!/?])
(Wyatt, 1982, 1989; Langbein and Johnson, 1997). The ob-
servation error, on the other hand, comes from two sources:
the instrumental instability at each GPS site e;(¢) with a
time-independent variance of o, and the observation error at
a reference station E(¢). Thus, the continuous GPS coordi-
nate G (¢) can be represented as
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Fig. 1. Foreshocks (gray diamonds), one-week aftershocks (open circles) of the Hyuga-nada earthquake of October 1996, and one-week aftershocks (solid
circles) of the Hyuga-nada earthquake of December 1996 as determined by the Shimabara Earthquake Volcano Observatory, Faculty of Science, Kyushu
University. The focal mechanisms are determined by the joint inversion of GPS data and near-field strong ground motion (Yagi et al., 1999).
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Here we want to extract S;(¢) from observed G (¢). To this | & | & 1
end, we first take a simple stack of the GPS displacements — Z Gi(t)=— Z(Aj +Bjt)+ — Z S;()
over all stations in Japan. From Eq. (1), we obtain N j=1 N j=1 N j=l

1

+5 ;[Lj(t) +e,OI+E®D. (2
Given that the fault-slip-originated displacement S| (¢) is lo-
calized and the third term L ;(¢) + e, (¢) is spatially incoher-

ent, these terms, after having been stacked over all stations
in Japan, become negligible:
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Fig. 2. GPS stations used in the geodetic inversion are denoted by triangles.
Stars and square indicate the epicenters of the two main shocks and the
reference GPS station, respectively. Fig. 3. The continuous GPS displacements stacked for all stations in Japan.
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Fig. 4. (a) EW component of a coherent observation error, E (¢), (b) its amplitude spectrum, (c) NS component of E(¢), and (d) its amplitude spectrum.
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(a) NS component (raw data)
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Fig. 5. Comparison of raw GPS data with the corrected displacement (a) raw NS component, (b) raw EW component, (c) the corrected NS component,

and (d) the corrected EW component.
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Figure 3 shows the stacked displacement. We can estimate
the first and second terms on the right-hand side of (4) by a
line fitting, and determine the observation error, E(¢). Fig-
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ure 4 represents the E(¢) thus obtained and its spectrum.
Because the spectrum is nearly flat without any special peak,
we regard E (¢) as a white noise.

Figure 5 compares raw data with the corrected displace-
ment: Gj(t) = G;(t) — E(t) at several stations. At 950480
station (Fig. 2), co-seismic and post-seismic displacements
are clearly identified for both Hyuga-nada earthquakes. At
950485 station, the co-seismic displacements associated with
the Kagoshima earthquakes of March 26 and May 13 in 1997
are identified. The post-seismic displacement is barely iden-
tified for the March Kagoshima earthquake, though it is not
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Fig. 6. Displacement vectors converted to elements. (a) co-seismic displacement at the Hyuga-nada earthquake of October 19, 1996 [ X1 ], (b) post-seismic
displacement after the 1996 October earthquake [Y1;], (c) co-seismic displacement of the Hyuga-nada earthquake of December 02, 1996 [X3;], (d)
post-seismic displacement after the 1996 December earthquake [Y;], (€) co-seismic displacement at the Kagoshima earthquake of March 26, 1997

[X3,], (f) post-seismic displacement after the 1997 March Kagoshima earthquake [Y3;], (g) co-seismic displacement at the Kagoshima earthquake of
May 13, 1997 [X4;], (h) displacement associated with a slow event starting on July 18, 1997 [Ys;], and (i) linear trend [B;].
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Fig. 7. Map view of assumed fault plane and background seismicity. Solid line represents the segment A. The dashed lines represent the candidates of
segment B in grid-search. The gray line represents the best solution (dip angle of 25°).

identified for the May earthquake. At 950473 station, which
is located about 100 km north of the first earthquake, a slow
transient movement is clearly seen. In southern Kyusyu, a
linear trend, as shown at 950490 station, is noticeable.
2.2 Decomposition of displacement vectors

In order to decompose the GPS data into fault-slip-orig-
inated displacements, we assume that the co-seismic dis-
placements are represented by Heaviside step function H (¢),
and the displacements due to post-seismic and slow events
are represented by an exponential relaxation function {1 —
exp(—t/T)} where T is a characteristic rise time, which
means (final-slip/initial-velocity). =~ Considering that in
Kyushu the GPS displacements contain only a slight sea-
sonal component, we describe S (¢) as

5
Si(t) =Y H(t — t)(Xi; + V{1 — exp(—(t — 1))/ T))})
i=1
(5)

where ¢; indicates the source origin time of the i-th event,
T; the characteristic time, X;; the co-seismic displacement,
and Y;; the final step of post-seismic displacement. Specific
events are denoted by 7 as

i = 1 for the Hyuga-nada earthquake of Oct. 19, 1996,

i = 2 for the Hyuga-nada earthquake of Dec. 02, 1996,

i = 3 for the Kagoshima earthquake of Mar. 26, 1997,

i = 4 for the Kagoshima earthquake of May 13, 1997, and

i = 5 for a slow slip event starting on Jul. 18, 1997.
Given that the slow event is not accompanied by any co-
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Fig. 8. Map view of the post-seismic slip for the Hyuga-nada earthquake of October 1999. The contour interval of post-seismic slip is 0.02 m. Blue
contours denote the co-seismic slip for Hyuga-nada earthquake of October. The contour interval of co-seismic slip is 0.5 m.

seismic displacement, Xs; is always zero. Also, because
the May Kagoshima earthquake was not followed by a post-
seismic event, Y4 is zero.

For given values of 7;, t, and o, we can estimate X, ¥,
A, and B using the linear least squares method. Grid-search
is made to estimate the characteristic time 7; using good
quality data only. We assumed the value of scale parameters
(t,0) = (4 mm/year'/?| 10 mm) and obtained the results
that 71 = 15, T, = 100, 75 = 30, and 75 = 100 (days).

Based on these parameters and Eq. (5), the displacements
for individual events are shown in Fig. 6. Co-seismic dis-
placements of the two Hyuga-nada earthquakes (X;; and
X, ;) were directed southeast (Figs. 6(a), (c)). The amplitude
decreases with epicentral distance. Post-seismic displace-
ments (Y;; and Y,;) were also directed east or southeast
(Figs. 6(b), (d)). The amplitude also decreases with epi-
central distance. For each earthquake, the decay rate of the
post-seismic slip is smaller than that of the co-seismic slip,
indicated that the depth range of post-seismic slips is deeper
than that of co-seismic slips. At a glance, the post-seismic
displacement of the first earthquake seems to be similar to
that of the second earthquake. However, the NS component

is slightly different between these cases, indicating that slip
occurred in different regions.

Co-seismic displacements due to the Kagoshima earth-
quakes of March (X3;) and May (X,;) reveal a common
pattern, as shown in Figs. 6(e) and (g). The post-seismic dis-
placement after the March earthquake (Y3;) is similar to the
co-seismic displacements, as shown in Fig. 6(f). On the other
hand, the slow slip component (Ys;) has a different pattern in
that the displacement in northern Kyushu is larger than that
in southern Kyushu (Fig. 6(h)). Such a displacement pat-
tern is consistent with the previous result obtained by Hirose
et al. (1999). It is inferred that the slow event source must
be located beyond the northern end of the other source areas.
Precise analysis of this component will be made in a separate
paper.

The linear trend component (B;) is shown in Fig. 6(i).
The pattern of displacement vectors is again quite different
between the northern and southern areas of Kyusyu. The
overall features are fairly consistent with crustal movement
during a period of 1891-1982 obtained by the GSI network
(Tada, 1985).
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Fig. 9. Comparison of the observed displacements (open arrows) and
the synthetic ones (closed arrows) for the post-seismic slip after the
Hyuga-nada earthquake of October.

3. Source Inversion

Using the post-seismic displacements derived from GPS
data, we determine the causative fault motions. We employ
an inversion method originally developed by Yoshida et al.
(1996) and slightly modified here. We assume that post-
seismic slips occur on the plate boundary. The fault plane
is divided into sub-faults, where slip vectors are represented
by a linear combination of the two orthogonal components.
The increase of model parameters may give rise to instability
on the solution in the sense that a small change in observed
records would result in a large change in the solution. To sta-
bilize the solution, we here impose a smoothness constraint
on the slip distribution. Thus, we give the objective function,
minimized in the inversion as follows:

2
S=2 [Xf -2 Dmnkankj} +BD (VD) (6)
J

mnk mnk

where D,y and F),,;; are the k-th component of the un-
known slip vector at the mn-th subfault and the correspond-
ing Green’s function for the j-th station, respectively, V2 is
the Laplacian operator, and g is the relative weight of the
constraints. To determine the value of 8 objectively, we
adopted the minimum Akaike’s Bayesian information crite-
rion (ABIC) (Akaike, 1980). ABIC value is defined by

ABIC = (K; + K, — K,»)log S — K,, log p*
+log |ATA + B*RTR| + C, (7)

where K; = number of data points, K,, = number of model
parameters, A = matrix of the Green’s function, R = matrix
of the Laplacian operator, and C = a constant independent
of B. The minimum ABIC method has been successfully
applied to various inversion problems (e.g. Yoshida, 1989;
Yabuki and Matsu’ura, 1992; Ide et al., 1996). We calcu-
lated Green'’s function for each segment using the computer
program written by Yabuki and Matsu’ura (1992) based on
Maruyama’s (1964) formulations.

For the configuration of the plate boundary between the
Philippine Sea Plate and the Eurasian Plate, we considered
the spatial distribution of micro-earthquakes obtained by
Kyushu University and the fault plane solution of the Oct.
and Dec. Hyuga-nada earthquakes determined by Yagi et al.
(1999). The fault plane for the two mainshocks is given by
(strike, dip) = (210°, 12°). Assuming that the plate bound-
ary is a continuation of this fault plane, we put an additional
fault segment denoted by B which is connected to the main-
shock fault plane denoted by A (Fig. 7). The fault area of
segment A and segment B are 140 x 60 km? and 140 x 50
km?, respectively, and they are divided into sub-faults with
an equal area of 10 x 10 km?. We tried to determine the dip
angle of the fault segment by grid search, and obtained the
dip angle of 25°. The fault segment B is shallower than the
seismicity zone associated with the downgoing PHS plate.

4. Results

Figure 8 shows the post-seismic slip following the Hyuga-
nada earthquake of October 19, 1996. Slip vectors are mainly
directed southwest. The direction is nearly coincident with
the co-seismic slip obtained by Yagi et al. (1999), and is con-
sistent with plate motion as proposed by Seno (1993). On
the other hand, the major slip occurs outside the co-seismic
slip area. The maximum slip is 0.06 m at about 50 km north-
west of the main shock epicenter. The moment release is
1.7 x 10! Nm (Mw = 6.8) where a rigidity of i = 40 GPa
is assumed. This value is comparable to the co-seismic mo-
ment release of 2.3 x 10! Nm. The characteristic time (7})
is 15 days. Figure 9 compares the observed displacements
with synthetics. The overall feature is well reconstructed by
the present model.

Figure 10 shows the post-seismic slip following the
Hyuga-nada earthquake of December 2, 1996. Slip vectors
are mainly directed southwest, which direction is similar to
that of the post-seismic slip of the first earthquake. The ma-
jor slip occurs in a deeper area than the co-seismic source
area obtained by Yagi et al. (1999). The maximum slip of
0.13 mis found 15 km northwest of the main shock epicenter.
The moment release is 2.0 x 10" Nm (Mw = 6.8), which
is larger than the co-seismic moment release of 1.5 x 10"
Nm obtained by Yagi et al. (1999). The characteristic time
(T3) is 100 days, which is longer than that of the previous
post-seismic event. Figure 11 compares the observed dis-
placements with synthetics. The overall waveform match is
satisfactory.

5. Discussion
Spatial distribution of moment release

Figure 12 summarizes the post-seismic slips obtained in
this paper, the co-seismic slip, fore-shocks, and aftershocks.
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Fig. 10. Map view of the post-seismic slip for the Hyuga-nada earthquake of December 1996. The contour interval of post-seismic slip is 0.02 m. Blue
contours denote the co-seismic slip for Hyuga-nada earthquake of December. The contour interval of co-seismic slip is 0.5 m.

It can be seen from this figure that the co-seismic slip areas of
these events do not overlap. A similar feature was observed in
the 1976 Imperial Valley earthquake. Scholz (1990) pointed
out that the post-seismic slip was restricted to the top several
kilometers of the sedimentary layer, where dynamic slip was
impeded.

Our results suggest a sequence of fault motions as follows.
The post-seismic slip was triggered in an area surrounding
the fault plane of the first main shock. It rapidly developed a
shear stress concentration at an edge of its slip area, and trig-
gered the second large earthquake. The sites of co-seismic
slip, post-seismic slip, and aftershocks share a plate bound-
ary region in a complementary fashion. These sites may
have their own constitutive laws, which may control indi-
vidual modes of moment release as well as the entire event
sequence. Post-seismic slip may play an important role es-
pecially in the interaction of such compound earthquakes.

Depth extent

The depth extent of moment release due to co-seismic
and post-seismic slip is shown in Fig. 13. The co-seismic
slip is restricted to a depth range of 13 to 23 km where the
oceanic plate subducts with a shallow dip angle, while the

post-seismic slip extends to a depth of 40 km where the sub-
ducting plate has a steep dip angle. Similar features were ob-
served in the 1946 Nankai earthquake (Thatcher and Rundle,
1984) and the 1994 Far Off Sanriku earthquake (Nishimura,
1997).

The depth extent of co-seismic slip must be controlled
by the transition from unstable slip to stable slip. Moreover,
according to laboratory experiments, temperature is the most
important factor in the stability of slip (Scholz, 1998). Our
result indicates that the lower limit of the seismogenic zone
in Hyuga-nada is significantly shallower than that in ordinary
subduction zones, which is, say, 45 km (Scholz, 1998). This
shallowness may support the warmer plate model in this area
proposed by Peacock and Wang (1999).

6. Conclusion

We used continuous GPS data to examine the post-seismic
slips associated with two large earthquakes in 1996 in Hyuga-
nada, Japan. We found that the moment releases due to post-
seismic events are comparable with the co-seismic moments,
and that the sites of co-seismic slip, post-seismic slip, and
aftershocks do not overlap so much but share a plate bound-
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ary region in a complementary fashion. We infer that these
individual sites have their own constitutive laws of frictional
sliding, and these laws control the occurrence and features
of earthquakes.
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