


ERX

Regional Variations of Cutoff-Depth of Seismicity in the Crust and Their

Relation to Heat Flov and Large Inland Barthquakes

Kiyoshi ITO

Rogioral Center for Farthguske Prediction, Facultly of Science,
Kyotc Upiversitp, Takatsogki-ski, Osaks, Japan

Submitted to Journal of Physics of the Earth

( March, 1990 )



More than 8000 earthquakes are relocated to derlve the regional variations
of seismic-aseismic boundary in the mid-crust in the northern Kinki distriet,
Japan. The depthe to the boundary are estimated as 13-15 and 18-Z0km in
southwestern and northeastern parts of the study area, respectively. The
relationship between the cutoff depth of seismicity and the cause of large
intra-plate earthquakes is studied from the present observations and other
available data of seismicity and surface heat flow, on the basis of the
brittle-ductile transition of rock deformation., The regional variations of
the cutoff depth of seismicity seem to be well correlated with thermal
structure of the crust. The cutoff depths of seismicity in various heat flav
provinces in Japan and other countries are found to be inversely proportional
to the surface heat flow valuses, the depths roughly corresponding to isotherms
of 200-400 "C.

The shape of high-quality depth~frequency distribution of earthquakes is
quite similar to that of the shear resistance calculated from a simple
brittle-ductile transition model. Large intra-plate earthquakes appear to
originate at the peak or just belov the peak of the depth-frequency
distribution, which corresponds also to the deepest portion of the selswogenic
layer. Furthermore, at the source area of the large earthguakes, rupture
geens to start at the steeply changing portions of the cutoff depth of
geismicity. Thus., the seismic-aseismic boundary is closely related to large

intra-plate earthquakes and eventually to tectonics of island ares.

. fetroduction
Seismic activity in the crust ls mostly confined to the upper crust and
only a Tew earthquakes occur in the lower crust. This fact was noticed in late

1960's in California(i.e. Eaton ef #/., 1970}, In Japan the restriction of



seigmicity to the upper crust was flrst reported in eastern Chugoku and northern
Kinki districts (Hashizuae, 1970a.b), then it has been recognized in many regions
by the construction and improvement of microearthquake observation networks
under the Barthquake Prediction Project {Qike, 1975; Takagl and Hasegawa, 18977;
Takagi and Matsuzawa, 1988). Although wany papers have been published so far for
seismie activity with reference to the distribution of active faults, extensive
studies for the depth distribution have been quite a few in Japan.

Kaobayashi{197?) first interpreted the cutoff depth distribution of
selsmicity as brittle-ductile boundary of rock deformation, indicating that
gurface heat flow values are related to the depth of seismicity in
southwestern Japan, The idea is mainly based on the results of laboratory
experinents of rock deformation. He also suggested a possibility that the
crust is not made of two layers, "granitic' and "basaltic™ layers, but of a
rock such as granodiorite. However, the seismicity data he used are not so
accurate that further studies have not been developed for a long time.

On the other hand, the seismic-aseismic boundary was clearly moticed
along the San Andreas fault (Eaton et #/.,1870) and the causes of the boundary
have been studied in relation to the results of laboratory experiments for
rock deformation {Byerlee, 1968; Brace and Byerlee, 1970). On the basis of the
accumulated data of seismicity and rock experiments, a conceptional theologic
modeling of earthquake oc¢currence in the ¢rust has been presented by Brace and
Kohlstedt{1980) and Sibson{1932). The model has been applied to the depth
distribution of seismicity at several regions in California, Europe and other
countries {Meissner and Strehlau, 1982; Chen and Molnar, 1983; Doser and
Kanamori, 1986; Nikumo ez 27,1989},

Sibson(1984) reported that the cutoff depth of seismicity varies along

the San Andreas fault and that large shocks are llkely to cceur at the bottom



of the secismogenic layer. Noreover, tectonie features of the continents and
island arcs have been discussed on the basis of the sirength of the
lithosphere derived from the thickaness of a brittle tayer (Yink er &/ .19384,
Shimamoto, 1989). Therefore, a precise determinatlon of hypocenters is
considered very useful to reveal their relation to the occurrence of large
intra-plate earthquakes and c¢onsequently to the tectonics,

In this paper, we relocate hypocenters of a large number of earthquakes
in order to examine regional variations of a seiseic-aseissic boundary in the
northern Kinki district where a dense network has been monitoring seismie
activity. Then its relation to the thermal strueture and large intra-plate
sarthquakes 18 also exsmined with refereace to the relation between the depth
to the seismic-aseismic boundary and surface heat flow data for well
deterained hypocenters in Japan and other countries. Prom these data, the
oceurrence of earthquakes in the crust iz discussed on the basis af the
Theologic model of rock deformation. We present other svidence which supports
the model suchk as variations of the seismic—aseismic boundary near active
volcanocs vhere thermal structures change abruptly. Purther. we show the
depth to the seismic-aselswie boundary is closely related to the occurrences
of large earthquakes or the tectonics of the inner zone of the Japanesse

islands.

2. Farthouske Pata and Sypocenter Jeterwigation in KNorthern finki Pistrict
Seismie¢ sctivity in the northern Kinki district has been monitaring since
19843 by the dense network of the Abuyama Seismclogical Observatory, Kyoto
University (Okano and Hirano, 1968). The network was improved and equipped
vith a telematersd system by using telephone lines and radio links in 1975

(Kuroiso and Watanabe, 1977), employing an automatic data processing for phase



detection and determination of hypocenters and magnitudes (Watanabe and
Kuroiso, 1977). Since then, both automatic and manually processed dats have
been stored for mere than ten years. The network stations of vhich data are
used in this study are shown in Fig. 1.

Although the automatically processed data are accurate enough to real-
time monitoring of seismic activity, high-quality data are necassary for
precise determination of focal depths. More than 21,000 earthquakes vere
lecated manually and their phase data were stored during 1976 and 1987. I[n
the present study we relocated all the earthquakes that meet the conditlons
described later by the use of the wmanually picked P and S wave data. The
uncertainty in the readings used for this study is within 0.02s{A} and
0.05s{B} for P wave arrivals, which are used for relocating hypocenters. §
vave arrivals are used only to estimate a starting value of origin time.

Hypocenter and origin time are relocated from P wave arrival times to
nininize the standard error of P wave residuals between observed and
calculated travel times for & horizontally layered velocity structure.

The crustal structure used consists of three layers in which P wave velocities
are 5.5 6.0 and 6. Tkn/s with thicknesses of §.0 ,20.0 and 10.0Xa,
respectively. The model is base an the results of refraction surveys (Yoshii
et #/.,1974; Ito and Murakanmi, 1978). Since the stedy area is 100x100km wide
and the focal depths of earthguakes range between 5-20kn, wost of the rays
fron hypocenters to stations estimated as direct waves., Therefore, the upper
part of the crustal structure is mainly used for the caleulation of travel
times. The corrections for station heights are made in calculating the travel
times by the use of a P wave velocity of 4.5km/s for surface layer.

The uncertainty in the determination of hypocenters for the data from the



present network has been estimated by [to and Kurciso (1988). The station
corrections and the thickness of the surface layer have considerable effects
in estimating the focal depths. The absolute focal depths have an error of
about 2km which is caused by the difference of Zkm in the thickness of the
surface layer. Ito and Kurciso{1988). however, indicated that the uncertainty
of the relative focal depths determined from the data of this network is one
tenth of it regardless of the velocity structure, comparing the hypocenters to
those determined by using master evemt location technique. Simultaneous
determination of hypocenters and three-dimensional velocity structure is alsoe
carried out using inversion method to confirm the regional variations of foeal
depths. Eventually the hypocenters are accurate enough to derive regional
variations of foeal depths over the whole study arsa.

¥We sclected the earthquakes that meet the follovwing eriteria; P wave
arrivals for amn earthquake are recorded at more than seven stations and the
standard error of P-wave residuals is within 0.1s. 1t is important for
precise focal depth determination that the epicentral distance of the nearest
station is comparable to focal depth and that the range of epleentral distance
is sufficiently large. These criteria are satisfied for most of the relocated
shocks vith the using of P arrivals of more than seven stations, because the
relocated focal depths range between 5 and 20 kwm and the mean spacing of the
stations is about 15km for the network. Thus we obtain 8431 reloeated high-
guality hypocenters with the wagnitude range of 1.8 to 5.3 on the magnitude
scale of Japan Meteorological Agency (JMA) (Fig.2). Actually we used Watanabe s
formula €1971), which is based on JMA scale, for the determination of magnitude

af small earthguakes.

J. distribution of the Depth of Seissic-Aseissic fovadary in the Northern Kinki



district

Fig.2 shows all reloccated high-quality hypocenters in the northern Kinkl
distriet, This flgure shows the background selsmicity in this district for
nore than ten years. Although the seismic activity varies from place to place
and is concenirated near some active faults, we see a great number of
mlecroearthquakes taking place all over the area, except in a region southwest
of Lake Biwa. Therefore, we can estimate the distribution of foecal depths
over the whole distriet.

Fige. 3{a) and (b} shov the focal depths of earthquakes in several profiles
with a width of 20km projected on vertical ¢ross segcticns along the nartheast-
southwest and northwest-southeast directions, respectively. [n all the
profiles, earthquakes are restricted in the vpper 13-20km of the crust and a
selamic—aselsmic boundary is ¢learly defined vwith only a few shocks in the
lover crust. Morseover regional variations of the boundary are ¢learly seen in
Fig. 3. In partiecular the boundary is deepest in the northeastern part ol the
study area ags compared with that In the other areas.

The epicenters are plotted at every lkm depth Interval from 13 to 20km in
Figz. 4 to draw depth contours of the seismic-aseismic boundary. The contours
indicating a depth boundary of each focal depth are drawn as shown in Fig.d,
neglecting a few earthquakes. The contours shown here are not uniquely
determined but the general tendency of depth variations would not be changed
by different choices of contours. The resultant contour map is shown in Fig. 5.

Roughness or irregularity of the base of the seismogenic layer was
reported by Sibson(1984) for earthquakes along the San Andreas fault, where
the wvavelength of undulatione ig of the arder of 10-100km along the fault with
a change of its depth of 5ke. The regional variations of the seismic-

aseismic boundary shown In Fig.% have wavelength of 10-50km with the maxinum



change of 8km in depth. This iz nearly the same as those along the San
Andreas fault, but the obtained variatlons are in three-dimensional, different

from that in tvo—dimensional zlong the San Andreas fault.

4. Relationship Berween the Seisaic-Aseissic Foundsry and feat Flox

Although we have only limlted data of the thermal gradient and surface
heat flow¥ in the northern Kinki distriet, Fig.B shows surface heat flow
values around this district (Nagao, personal communication}. The low heat
flow values in Lake Biwa area (Fujisava et 4/ ,1985) are consistent with deep
cutoff depths of seismic activity there.

Fig.7 shows the Curie point depth wap derived from aeromagnetic survey
{Okubo, 1984; Okubo et &/ ,1985,1939). Since the Curie point depth
distribution in the Japanese islands is correlated with surface heat flow, the
distribution is thought to indlcate the thermal structure of the erust (Okubo
at 5/,1989). [t should be noticed that the absolute depths of the Curie
points in Fig. 7 are shallower than the seismic-aseismic boundary shown in
Fig. b by about 8-9km in the same area, though the variations of the Curie
point depths appear to roughly agree with the depth variations of the focal
depths. Thus the general tendenecy of the regional variations of the cutoff
depth of seismicity seems to be governed by the thermal structure of the
crust.

In order to reveal the relation between the depth of seismic-aseismic
boundary and surface heat flow, all published data of wel! defined cutoff
depths and surface heat flow are plotted in Fig 8, taking from Sibaon(1982)
and Meissner and $trehlau (1982) together with some avzilable data in Japan.
¥We used the data sets that have both depth-frequency distribution of high-

quality hypocenters and heat flov values in a geothermasl province. The upper



gide of rectangles in Fig. 8 denotes the depth above which 80% of earthquakes
cccur and the lower side the cutoff depth of seismicity. We have a small number
of complete sets of well determined focal depths and surface heat flow values in
the inner zone of the Japanese islands except for geothermal areas where many
kinds of surveys have been c¢onducted for the developnent of geothermal energy.
The data in Kuju geothermal area {NEDO,1983) is plotted as a representative of
the data from hot regjons {a in Fig.8). The data of cutoff depth of
seismicity in western Nagano Prefecture (b in Fig.8) is obtained from the
joint observation of seismic activity by several universities (The Group for
the Seigmological Research in western Nagano Prefecture, 1989). The data in
Tottori region (¢ in Fig.8) is after Tsukuda{1978) and the data in Lake Biva
(d in Fig.8) Is taken from the preseant study. As shown in Flg. 8 the depths to
the seisnic-aseismic boundaries are mearly inversely proportional to the
surface heat flow. This indicates that the temperature in the crust is a
primary factor that determines the cutoff depth of seismicity.

1f the thermal gradient is a comstant. that is ths simplest case of
thermal structure, temperature T at depth 2z is given by

T=To % 2/,
vhere To is the temperature at surface and about 15 "C in Kinki distriet, ¢ is
the surface heat flow and x is the thermal conductivity, The equation isg
transformed as

gr= w#(FT.J),
we get rough values of Qz as £2=500-1500 W/m from the data in Fig.8. If we
assume x =2.7TK/m K (Smithon and Decker, 1974}, 7-7.=180-550 'C, PFor the average
value of #z=100¢ W/m, 7-7.=370 "C. The isotherms of 300 and 350 "C are also

drawn in the Fig.8 calculated by the same method as that of Chapman{1988). I[n



this case more realistic relation is assumed for temperature increase vith
depth (Sibson, 1982).

The temperature over which brittle-ductile transition occurs is about 300
"C {Kabayashi, 1877). [n geothermal areas the cutoff depth of seismicity 1s
as shallow as 2-4km which corresponds to temperatures of 200-400 “C {(NEDO.
1983). These values suggest that 200-400 "C ls a rough estimation of the

temperature at the seismic-aseiswic boundary in the middle ¢rust.

5, A Rheologic Node! of the Seismic-Asaiseic Bovsdary

There are several explanations for the possible cause of the seismic-
aseissi¢ boundary. The explanations include a change from stick-slip to stable
sliding by increasing temperature with depth (Brace and Byerlee, 1970) or by
the "granltic’ and °gabbroie” crustal layers (Scholz, ef af., 1969}, or the
suppression of brittle behavior of rocks by increasing confining stress with
depth (Byerlee,196B), or brittle-ductile transition by increasing temperature
with depth (Kobayashi, 1977; Brace and Kohlstedt, 1930; Sibaon, 1982). Recently
other possibilities for the base of the seismogenic layer have been polnted
out; one model is a frictional sliding constitutive law indicating transition
from velocity-veakening to veloelty-strengthening in the brittle regine {e. g.
Tse and Rice, 1986}, and another model is unstable ductile instability in the
ductile regime (Hobbs et &/, 1986). These are both temperature-dependent
nodels based on rather complicated constitutive law.

Since the seismic-aseismic boundary is closely related to the thermal
structure 2s described in the previcus section, the temperature dependent
aodels are plausible. In this ssction a model based on gimple brittle-ductile
transition of rock deformation {§Sibsonm, 1982) is applied to explain the cutoff

depth of geismicity. Other temperature dependent wodels are too complicated



and with tco many experimentally-undetermined parameters to estimate the
strength of the crust.
In the seismogenie layer frictional shear failure of pre-existing
fractures is governed by Byerlee' s law(1978),
= nea,
where t and &,  are respectively shear and normal stresses acting on the fault
surface, and the coefficlent of static frietion z=0.75. The effective mnormal
stress is assumed to be
Fn= Op=F= Cp=A.5,.
P is the fluid pressure, A, ia the pore fluid factor and &~ is the vertical
stress taken as equal to the ijithospheric load. Under hydrostatic fluid
pressure A .=0.38 for an average crustal density of 2.75g/a' (Sibson, 1982).
On the other hand, in the ductile regime the dominance of creep is
assumed go that the approximate constitutive law is
& = A2 ) exp(-V/RT).
where £ [s the strain rate, R is the gas comstant, T is absolute temperature,
¥ is the activation energy and A and n are constants of material. WKe assume
the foraula for temperature T as a function of the surface heat flow Q,
T=T.+ §z/n + 822 /2x,
vhere T, Is the average temperature at the surface, & is the conductivity and
B is the radiocactive heat production. Khen we get T as a funetion of depih 2
using above egation, we get shear resistance under the assumption of other
parameters.
Ke calcuiated shear resistance as a fuaction of depth for many
combinations of the parameters. Fig 9 shows an example of the shear
resistance calculated for +=2.7 ¥/a X and B=2.3 n¥/n* for temperature

distribution and £=10""*, A=1.26xED™" NPa™“/s, n=3.0 and V=123 kJ/mol in
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ductile regime. The average temperature at the surface is taken as T.=15 °C
and heat flow, Q=60n¥/m*. The pore pressure and temperature have consliderable
effects on the depth of the brittle-ductile transition {Sibson, 1984; Meissner
and Strehlau, 1982}, However, the parameters involved in the power law also
affects the brittle-ductile transition depth.

In Fig.9 the shear resistance in brittle regine is shown for three
different types of fault movement (Sibson, 1974). [n northern Kinki district
most of the earthquakes are of strike-slip or dip-slip type {Ite and
¥atanabe, 1877).  Consequently, e can estimate an appropriate depth of the
brittle-ductile transition that coincides with the observed cutoff depth of
seismicity in the northern Kinki distriet within the uncertainty of the
parameters.

Fig. 10 shows a depth-frequency distribution of earthquakes in the southern
part of the study area by the use of master event location method., Tt is
outstanding that the frequency of earthquakes steeply decreases in the depth
range af 12-1%km. When focal depths are not very accurate, resuliant depth-
frequency distribution is a normal distributicen with a mean at the peak of the
distribution ard in this case a asymmetrical sharp decrease of the frequency in
the deeper portion cannot be not seen. The abrupt decreases of the seismicity
belov the peak of depth-frequency distribution has been detected in many regions
for high-quality focal depths. Some exaaples are seen in Meissner and Strehlau
(1982) and Sibson(1084).

The general shape of the distribution in Fig.10 is similar to that of the
shear resistarce shown in Fig. 9. In particular, the steep decrease of
earthquakes with increasing fecal depths is quite similar to the decrease of

the shear resistance in the ductile regixe. This similarity suggests that the
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shear resistance in the crust has strong effects on the frequency distribution
of focal depths of earthquakes in the crust {Meissner and Strehlaw, 1982).

It the peak of the frequency distribution of focal depths correspends to
that of the shear resistance. the brittle-ductile boundary would not coincide
exactly with the seismic-aseismic boundzry. and earthquakes could occur even
below the peak of the shear resistance or in the ductile regime. The seismic-
aseismic boundary in that case may occur at a certaim level of the shear
resistance in the ductile regime. When a rock contains more than two kinds of
ninerals with different strengths such as quartz and felzpar, the britile-
ductile boendary may have a certain depth range of the transition
zone(Strehlau, 1946). The zone with steep decrease of the shear resistance
night correspond to the transitlon zone.

The relation between the seismic-aseismic boundary and the shear
resistance 1& not completely wnderstood in terms of the mechanical property of
rocks. However, the transition zone betweenr the brittle and ductile layers,
it any. may rot be so thick because tha frequancy distribution of the focal
depths is quite simiiar to the shear resistance with incereasing depth.
Thertore, the sinple brittle-ductile transition model seems to well explain
the depth distribution of seismieity in the erust.

P wave velocity in the lower crust is much faster than that in the upper
¢rust in the northern Kinki district(Yoshii ez #/.,1974; lto and
Murakami, 1979). The lomer crust may therefore be made of different rocks from
that of the upper crust. Hence the shear resistance with depth is calculated,
taking plagioclase as a representative constituent of rock for the lower
ecrust, where the parameters in the power ¢reep law are A=2.0x107* MPa/s, n=3.12
and V=298 kJ/wol (Shimamoto, 1989). The shear resistance thus caleculated in

the lower erust is shown by a dashed line in Pig. %. In this cass the lower
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erust is still aseisnie.

8. The Seiswic-Aseisaic Boundsry and the Velocity Discomtinuity

The seismic-aseismic boundary has long been believed as a veloclty
boundary betveen the upper and lower c¢rusts, or the Conrad diseontinuity
{Takagi and Hasegawa, 1977; Hashizume and Matsui,1979). Although the seismic-
aseiswic boundary happens to ccincide with the Conrad discomtinulty in some
regions, 1t is not penerally true. Im particular, in geothersal areas and
near velcanoes, the seismic-aseismic boundaries are as shallow as 2-8km
(e.g. NEDO, 1983) which is too shallow for the Conrad discontinuity. Moreover,
o velocity discontinuity seems to correspond to the cutoff depth of selsmicity
there.

The Conrad discontinuity has not been clearly determined in southwestern
Japan from seismic refraction experiments, because the first arrivals through
the lower crust are observed only in a short spicentral range and because
reflected maves from the Conrad discontinuity have been poorly recorded.

The available data of travel times in the northern Einki district
indicate that the P-wave velocities in the vpper and lower crust are about
6kmn/s and b.4-6. 8ke/s, respectively., The depth to the velocity boundary is
as deep as about Z1-Z4km in the northeastern part of the study area (Yoshiil et
al.,1974; Hurukawa, 1988}, on the other hand, it is rather shallow about 13-
20km in its southwestern part. (Eto and Murakanmi, 1979}). The difference in the
depth to the veloclty boundary correlates with reglonal variations of the
cutoff depth of seismicity. However. the absolute depth to the velocity
discontinuity is deeper than the geismic-aseismic boundary by about 3$-5knm,
which seems to exceed the uncertainty in focal depths and velocity

discontinuity. This suggests that there is a transition layer betweesn the
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cutoff depth of seismicity and the lower crust with a high P-wave velocity,
although the detailed characteristics of the layer are not clearly cbtained.

Okanc and Kuroiso{1936) presented a P wave crustal structure with a
velocity increase in the middle and lower crusts from the analysis of travel
tives from earthquakes in the northern Kinki district. In the model P wave
velocity increases from 6.0 to 6.4 kn/s in the depth range of 12-20km and also
increases gradually from 6.4 to 6. Tkm/s in the lower crust. Tkis interaediate
layer way correspond to that betveen the cutoff depth of seismicity and the
velocity boundary derived from refraction seismology.

Klemperer (1987) indicated that the depth to the top of the reflective
lower crust is related to surface heat flow values in England, the United
States and other contineats. The top of the reflective lover erust is shallow
at high heat flow provinces. In northers Einkl district there seems to be
relationship atong the cutoff depth of seismicity, heat flow and velocity
discontinuity. In addition, Poisson s ratic derived from velocity ratio,
¥p/V¥s, is larger in the lower crust than those in the upper crust in the
Chugoku, northern Kinki and Chubu districts (Hashizume, 1970a; Ukawa and
Fukac, 1981, 1982},

The above evidence leads to a hypothesis that refleective boundaries may be
groxing by ductile flow in the lower crust in tectonically active regions such
as in the Japanese islands (Pavlenkova, 1884; Smith and Bruhn, 1984; Kusznir and
Park, 1986; Meissner and Never, 1986; Moonsy and Brochier, 1987). This flow in
the lower crust may cause stress concentration near the base of the

seisnogenic layer.

7. Regional Veriations of the Seisaic-Aseisnic Soundary and Large [ntra-Piate
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Farthouakes

Flg. 11 shows the distribution of historical large earthquakes (W= §6)
{Usani, 1987) superposed on the contour map of the seismic-aseismic boundary
shown in Fig. 5, The large events with magnitudes greater than T appear to
have occurred elther at the despest portion of the seismogenic layer or at the
steeply changing portions of the seismic-aseismic boundary. The epicenters of
the historical earthquakes are not so accurate as compared ¥ith those of
instrumentally determined events in recent years. Hovever the locations of
hkistorical earthquakes in the northern Kinki district are considerably
accurate in view of many kistorical docusents on earthquake damage. Even if
the epicenters shift by about 1O0km, their locations relative to contours do
not change greatly as compared with the depth variations of the seismic-
aseismic boundary.

In the central part of the Tohoku district the seiswlc—aselsmle boundary
beneath the source region of the 1896 Rikuu earthquake (M=7.5), which is one
of the largest inland earthquakes there, is about Skm deeper thanm those in the
surrounding area (Faculty of Science, Tohoku University, 1%37). [n addition,
the depth to the boundary is well correlated with the chaﬁge of Curie point
depths (Hasegawa, 1990). This seems to be a piece of evidence that the Rikuu
earthquake occurred in a deep portion of the seismogenic¢ layer in the Tohokn
distriet. Thus, the focal depths of large intra-plate earthquakes arc related
to the thickness of the seismogenic layer. Honkura et &/ (1988) reported that
earthquake magnitudes of large sarthquakes in the Japanese islands are roughly
correlated with the the Curie point deptk beneath the sourte region, and tried
to make a zoning of the possible largest earthquakes based on the Curie point
depths.

Sibson(1982)} reported that most of the mwain shocks of moderate to large
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earthquakes initiate near the base of aftershock areas which neariy coiﬂcides
vith the seismic-aseismic boundary of backgrouwnd seismicity. Hamada{l987T)
relocated aftershocks of large inland earthquakes in Japan and indicated that
nost of the main shocks., especially those with dip-slip favlt mechanisms,
started near the base of aftershock areas.

Fig.12{b) shows the relaticn between focal depths and the cutoff depths Ff
seismicity for the hypocenters of small to woderate-sized earthquakes (M=3.8)
occurred in the northern Kinki distriet and accompanied with aftershocks,
Epicenters are also shown in Fig.12(a). These indicate that wost of the
earthquakes occurred near the base of the seismogenic layer, where the shear
resistance igs inferred to be large.

Recently focal depths of large earthquakes have become so accurate that we
can obtain not only the relation of the main shock to its aftershock area bui
also the regional variatioms of the base of aftershock area of large earthquakes.
Fig. 13 showse, for example, the hypocenter distribution of the main shoek and
aftershocks of the 1984 Festern Nagano Prefecture sarthquake (M 6.9} {0oida er &/,
1990)., These aftershocks define a clear depth boundary of the seismogenic layer
dipping from east-northeast to west-southwest direction, with the maximum
difference In the depth of the bourdary about Bkm. It has been revealed that
the largest aftershoek of M6.2 as well as the main shoek oecyrred near the
bottom af the aftershock area.

Other well-located focal depths of aftershoeks of large earthquakes also
show some regional variations of their cutoff depth., for example, the 1978
Oshima-Kinkai earthquake of M6.9 (Association for the Development of
Earthquake Prediction Research, 1983) and the 1984 Nihonkai-Chubu earihquake

of M7.7 (Xosuga et 2/ ,1987), Both of the main shocks started at steep
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portions of the base of aftershock areas, which seem to correspond to steep
boundary of the seismic-aseismic transition, A model to explain these cases
1s shown schematically in Fig.14. In additlion, It has been recognized that
the aftershock area of a large earthquake consists of several segments
corresponding to different rupture modes of the wain shock. This suggests
that the change of the mode during the rupture process of the main shock may
be caused by the regional variations in the depth of the seiswogenic layer.

Guodong and Zhaoxun(1980) and Loc et #/ (1990) reported that the 1975
Heicheng and the 1976 Tangshan earthquakes occurred in the areas where the
heat flow and the crustal strueture change abruptly from surrounding areas.
Earthquake generating stress is supplied by plate motions on global scale. but
an additional factor that causes the regional or local stress concentration 1s
necessary for the recurrence of large earthquakes in the same rtegion in inland
areas located far from plate boundaries. They considered that upheaval of the
upperaost mantle canses some additional stress near a steep boundary of the
crustal siructure. Thermal stress may also play an additional role in order
to trigger earthquakes. This is an important suggestion for better

understanding of the cause of intra-plate earthquakes.

8. Large Ferthguskes nesr Active Volcamoes

We have another evidence that seems to indicate a clear relationship
between the depth to the seismogenic layer and earthquake magnitudes. Fig. 15
shows the cross section of the depth distribution of earthquakes near [zu-
Oshima volcano (Yamaoka et &/, 19B8). The cutoff depth of seismicity just
below Tzu-Oshima voleanc 1s as shallow as Skm, while it is 2-10kn deep below
the flanks of the volcano.

The accuracy of hypocenter determination of earthquakes near some active
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volcanoes in Japan have been greatly improved in recent years by the wide-area
seismic networks of voleamological observatioas for the prediction ef veleanic
eruptions. The depth sections of seismicity similar to that of Izu-Oshima
voleano have been obtained by the observation natworks for several active
voleanoes, for example Sakurajima (Nishi, 1978), Aso (Sude et 2/ ,1984), Unzen
(Matsuo, 1985), and Kirishima (lda et #/,1986). Smith 2f 27 (1977) reported
similar features of focal depth distribution and the thermal structure la the
Yellowstone hat spot. Shallow cutoff depths of seiswicity can also be seen in
many of the geothermsl areas (e.g.NEDD, 1983).

In Fig. 16 earthquake magnitudes are plotted as a function of distance
between the epicenters and the crater of [zu-Oshima volecano for the
earthquakes that occurred during 1975-1987 taken frem the Seismological
Bulletin of JMA. This shows that large earthquakes with magritude equal to or
greater than 6 cccur more than 10 kw away from the cemter of the voleano.
Kubotera{1948) listed large earthquakes with mpagnitude greater tham 6 that
gceurred near voleanoes in Japan. Similar results are derived for most of
active volcances in the list. Consequently, large and moderate earthquakes
near active volcanoes in lapan occur more than about 10km away from the center
of the volcances as shown in Fig. 1T,

The largest earthquake accompanied ¥ith the 1936 fissure eruption of Izu-
Oshima volecano has a magnitude of 5.1. 0kada(l983) indicates that the
magnitudes of earthquakes directly related to velcanic eruptions in the
vorld are about 5 and that no larger shocks cceur at the same time of
eruptions. It may be inferred from these observations that the seismogenic
layer is so thin inmmediaztely close to craters that the accumulated stress is
too small to cause a large earthquake, whereas at the foot or cutside the

volcano the seismogeni¢ layer is thiek enough to accunplate high stress
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leading a large earthquake.

Mizoue et a2/ (1988) classified the inner zone of central Japan into three
zones by the type of earthquake occurrence. They are aseismic zones in and
near the voicanic front, earthquake swarm zones in the neighboring inland area
and large earthquake zones in inlamd area. They interpreted these by lateral
thermal variations from high-temperature zone in the volcanic front to low-
temperature inland area, referring to the depth distribution of Curie points
(Okubo, 1984). This fact can be explained by the change in the thickness of a
brittle layer due to temperature variations in the same way as that for
the zones near volcanoes. As described above only small earthquakes oceur in
the voleanie front zone shere the seismogenic layer is thin. Earthquake
svaras likely to occur in the neighboring Inland region, where the brittle
layer is not thlek enough for large earthquakes. Thermal stiress may also
contribute to the swarms. Large earthquakes occur only in the inland zone
where the seismogenie layer 1s thiek.

Since volcanie reglon 1s considered as a8 wesk area in the crust, active
faults nay be nucleated at the volcano during tectonic deformation process
(Nakanura, 1987).  For further details, however, large earthquakes are known
to oceur wore than 10km away from the center of volcanoes as deseribed above,
and hence active faults should have originated below the flank of volcanoes.
Thus the variations of the seismogenic layer and thermal structure have ¢lose

relations te the magaltudes and nucleation of large inland earthquakes.

8, Discussion
The Curie-point depth distribution shews appreciable regional variations
of thermal structure over the wavelength of 10-100km (Okubo et af 1985). The

existence of many hot springs alsc indicates that the thermal structure varies
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not omly In voleanic and geothermal areas but also all over the Japanese
islands, It may therefore be concinded that the regional variations of the
seismic-aseismic boundary are possibly attributed to those of the thermal
structure in the Japanese islands.

Intra-plate earthquakes are generally thought to be caused by the
novenent of active faults. However, Matsuda(1975) indicated that only 50% of
inland earthquakes with magrnitude equal to or greaisr than 6 correspond to
active faults. Therefore we can consider that active faglts ars results of
repsated large earthquakes at the same area. 1f the large earthguakes tend to
oceur aleng the steeply changing portions of seismic—aseismic boundary, active
faults should be formed at the steep brittle-ductile boundary. Since the
stress field at the boundary will remain almost same conditions for a
sufficiently long time, we can understand that the repeated earthquakes have
nearly the same type of fault mechanlsm in the same area. The boundary
between geological structures or old fractures with the same direction as that
ot steep seismic-aseismic boundary aleo possibly plays an iaportant role for
the foermation of the faults In the ares,

Sibson{1984) sugpgested that large earthquakes are likely to nucleate at
the base of the deepest portion of seismogenic layer. However as deseribed in
the previous section, many large earthquakes started at the base of the
steeply changing portion of the seismogenic layer. This reason is not
necessarily obvious. Generally it may be easier for the rupture to nucleate
at the rough boundary of the base of the secismogenic layer with different
mechanical property. The undulation of the seismic~aseismic boundary may also
ke a possible source of complex rupture process of large earthquakes due to

asperities or barriers. [t is plausible that an earthquake become large when
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the decpest portion of the seismogenic layer is ruptured. We need more high
quality data for the variations in the base of aftershock area to make clear
the relationship among undulations of the base of the scismogenic layer,
nucleation of an earthquake and rupture process of the main shoek.

Matsuda{1976)} reported that the doeminant type of active faults in the
Tohoku distriet is dip-slip type, vhich differs from strike-slip type in
southmestern Japan. This has been explained by the combination of fault
strikes and the direction of the tectonic stress. In the Tohoku district the
tectonie force resulting from plate subductior is tremding east-west and the
strikes of faults are oriented north-scuth, being perpendicular to each other,
therefore dip-slip movement of the faults Is predominant. [In southwestern
Japan, on the other hand, as fault strikes are oblique to the tectonic stress,
strike-slip movement is predominant for the faults. This is also understood
by replacing the strikes of active faults by the direction of weak zone of the
seisnogenic layer, or by the direction of steep change of the selsmic-aseismic
boundary. The condition whether the weak zone is perpendicular or oblique to
the tectonie stress specifies the predominant fault type.

Although the regional variations of the cutoff depth of the seismicity is
closely related to the thermal structure, the local change in ihe depth of the
ceisnic-aseismic boundary can be caused by the change of the structure, or the
change of the kind of rock materials {(Doser and Xansmori, 1986). In particular
an abrupt change of the boundary nay be related to the crustal structure. As
shown in Fig. 5, contours of the seismic—aseismic boundary change abruptly in
the southern part of Lake Biwa, which may correspond to the change of the
strueture, The relaticnships among the seismic-aseismi¢ boundary, thermal
structure and veloeity structure have not yet been sufficiently known in the

northern Einki district. We need more precise determination of the velocity
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structure and more detailed surveys of heat flow to reveal the relationships.
A major part of the crustal strength in the inner zone of island ares is
supported by a brittle layer in the crust, because ductile deformation of rock
is predominant In the lower crust and the upper mantle due to high temperature
(Shimamoto, 1989)., 1n this case the depth variations of thermal structure is
important for tectonics of island arcs, because the thermal structure may
be the primary cause of the regioral varlatlons In the thicknesses of
seismogeniec layer. However, heat flow measurements on land areas are very
hard and ¢ost too much., Hence the precise detereination of foc¢al depths is
useful to estimate the strength of the crust and the upper mantle.

The parameters involved in the rheologic mode]l still have large
uncertainty to derive a definite model of the shear resistance in the erust,
especially of the depth to the brittle-ductile boundary. Therefore, rheclogic
modeling is still a conceptional one to explain the cutoff depth of
seismicity. However the model is a useful guide to reasonable explanations
for the nucleation of intra-plate earthquakes and teetonies, because it
relates seismicity with plausible rheologic deformations of rocks and with
mechanical properties such as shear tresistance, with reference to the thermal
structure. We reed more precise estimates of various parametars of rock
deformation by labaratory eiperiments as well as more precise survey of depth
distribution of seismicity for further development of the model. Direct
boring to the cutoff depth of seismicity is also expected for in situ

measurements of rock properties including pore pressures in the crust,

10 toncluding Remarks
The depth variations of a seismic-aseismic boundary in tbe mid-erust have

been studied here from precise determination of focal depths of more than 3000C
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sMall to moderate-sized shocks in the northern Kinki district. The wavelength
of undulation of the seismic-aseismic boundary is found to be about 10-50km
and the change of depth to the houndary is about Gkm.

The depth to the seismic-aseismic boundary is inversely proportiomal to
the surface heat flow value, and the regional variations of the seismie-
aseisnic boundary seem to be well correlated with the thermal structure of the
¢crust, where temperature at the cetoff depth of seismicity in the crust is
estimated about 200-400 "C.

The shape of frequency distribution of the focal depths is quite similar
to the depth distribution of the shear resistance calculated from a simple
rheologic model which consists of the upper crust in a brittle regime and the
lower crust in a ductile regime. This shows that the rheologic model is
appropriate to account for the cutoff depth of seismicity.

Large intra-plate earthquakes seem to nucleate at steep changing portions
of the seismic-aseismle boundary in the erust, and large inland earthquakes
occur in a deep pertion of the seismogenic layer. Thus the undulations of the
cutaf! depth of seismicity is closely related to the depth of large
garthquakes In inland areas of island arcs.

The regional variationrs of the seismopenic¢ layer play an important role
to tectonics in island arcs becaunse the strength of the inner zone of island

arcs depends largely on the thlcknesses of a brittle layer In the crust.
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Figure captains

Fig.l Map showing seismograph stations of the Abuyama Seismolemical
Observatory, Kyoto University in the northern Kinki distriet, Japan
Fig.2 Distribution of epicenters of well-determined earthquakes used to draw
contours of seismic-aseismic boundaries. Triangles shox recording

stations. 5ize of the plus sign denotes a magnituds.

Fig.§ Cross sections of hypocenters in profiles with 20km In width projected
on planes along NB-S¥ direction {A-E) {a) and along NW-SE direction (a-1)(b).
Station names attached to the top of each flgure show the stations
in each profile.

Fig.4 Distributions eof well-determined eplcenters at a depth iaterval of 1lka
and contours of seismic-aseismic boundary. Thick lines indicate selsmic-
agseismic boundary. Triangles and plus signs denote staticms and
epicenters, respectively.Fig. 5. Contours of the seismic-aseismic
beundary in the northern Kinki district.

Fig. 8. Surface heat flow data (Nagao personal communication) in the northern
Kinki distriet.

Fig. 7. Curie point depth distribution after Okubo (1984). CLonter interval is
1 knm.

Fig. 8. Depth of seismic-aseismie boundaries and surfaee heat Tlow for well



deternined focal depths. The upper side of the rectangle indicates the
depth above which 90% of shoeks occur and lower side is the cutoff depth
of seismicity. A-D are after Sibson(1982), E-G are after Neissmer and
Strhelau{1982} and a-d (hatched rectangles) denote dats in Japam; a, Kuju
geothermal area; b, western part of Naganc prefecture; ¢, Tottori regiom;
d, Lake Biwa region, see text for refernce. [sotherm of 300 and 350 “C
are calculated by the same method as Chapman{1986).

Fig.9. Shear resistance with depth for a simple brittle-ductile transition
model for granite {solid lines) and plazioclase {dashed line), see text
for parameters.

Fig.10. Depth-frequency distribution of earthquakes determined by the use of
master event location technique in the southern part of the study area .

Fig.11. Contours of the seisnic-aseismic boundary and historical large (M)
intra-plate earthquakes in the northern Kinki district. Epicenters are
determined by Usami (1987).

Fig.12. (a) Epicenters of small and moderate earthquakes during 1976-1987 in
the northern Kinki district superposed on the c¢ontours of seismic-aseimic
boundary in Fig. 5. (b} The seismic-aseismic boundary beneath an
eathquake is plotted as a function of the focal depth of the earthquake.

Solid line shows the cutoff-depth of seismicity. Magnitude scale is the



gane in both figures.

Fig. 13. Hypocenter distribution of the main and aftershocks of the 1984
Festern Nagano Prefecture earthquake modified from Qoida ¢¢ &/ ,1990.
Double circles denote the main shock, the largest aftershock (M 6.2) and
the secondly largest aftershoek (M 5.3).

Fig.14. (a} A schematle model of the nucleation of a large inland earthquake.
{b} Shear strengtrh with incresing depth based on & simple rheologic
model,

Fig. 15, Depth section of hypocenters near [zu-Oshimaz velecano and the cutoff
depth of seismicity (solid line} revised from Yamaoka etz 2/ (1988). The
1986 fissure eruptions occurred in the horizontal distance range of 0-5kn
in northwest directiom.

Fig.18. Earthquake magritudes as a function of distance between the eplcenters
of the earthquakes by JMA and the crater of Izu-Oshima volcana, It is
noticed that no large earthquakes occur near the volcano.

Fig. 17. Mapgnitude of large earthquakes near active volcanoes in Japan as a
function of the distance from voleano. The large earthquakes with
magnitude equal to or greater thanm & are based on the list by Kubotera

{1948},
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